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1. Abbreviations

ADAM17 Protease A disintegrin and metalloproteinase 17

APC Antigen presenting cells

Akt Protein kinase B

BCR B cell receptor

cAMP Cyclic adenosine monophosphate
CAR Chimeric antigen receptors
CCL22 C-C motif chemokine 22

CCR4 C-C chemokine receptor type 4
CCR5 C-C chemokine receptor type 5
CCR8 C-C chemokine receptor type 8

CCR10 C-C chemokine receptor type 10

CD80 Cluster of differentiation 80

CD86 Cluster of differentiation 86

CLL Chronic lymphocytic leukemia

CTL4 Cytotoxic T-lymphocyte-associated protein 4
DCs Dendritic cells

EGFR Epidermal growth factor receptor

Eomes Eomesodermin

EPAC Exchange protein directly activated by cAMP
FAST Fas-activated serine/threonine kinase

FOXP3 Forkhead box P3
GzmB Granzyme B

HIF-1a Hypoxia-inducible factor-1a
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HMGCR
IBS
iDCs
IFN-I
IL-2
IL-10
IL-35
igM
IPP
LCMV
LPS
MDSC
MHC
MVA
mTOR
NFAT
NSCLC
ov
PD-1
PDE
PD-L1
PI3K
PKA
ROR-yt

SASP
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3-hydroxy-3-methyl-glutaryl-coenzyme A reductase
Irritable bowel syndrome
Inflammatory dendritic cells

Type | interferon

Interleukin 2

Interleukin 10

Interleukin 35

Immunoglobulin M
Isopentenyl-diphosphate
Lymphocytic choriomeningitis virus
Lipopolysaccharide
Myeloid-derived suppressor cells
Major histocompatibility comple
Mevalonate

Mechanistic target of rapamycin
Nuclear factor of activated T cell
Non-small cell lung cancer
Oncolytic viruses

Programmed cell death 1
Phosphodiesterase

Programmed death-ligand 1
Phosphoinositide 3-kinases
Proteinkinase A

Retinoic acid—related orphan receptor

Senescence-associated secretory phenotype
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TACE
TAM
Tc
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TGF-
Th17
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TNFa
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TNFa converting enzyme
Tumor-associated macrophages
Cytotoxic antigen-activated CD8* T
Tricarboxylic acid

T cell receptor

Transforming growth factor beta

T helper 17

Tyrosine-based inhibitory motif (ITIM) domain
Tumor micro-environment

Tumor necrosis factor alpha

Tumor necrosis factor receptor

Toll-like receptor

Tylosis with esophageal cancer

Fas apoptotic inhibitory molecule 3
Thymocyte selection-associated HMG box
Regulatory T cells

Thrombospondin-1
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2. Introduction

Cancer is a major cause or mortality world-wide and understanding the
processes influencing tumor growth will help to uncover novel therapeutic options
and preventative strategies. Tumor-defining characteristics, the so-called ‘Hallmarks
of Cancer’ have been described decades earlier by Hanahan and Weinberg in their
seminal paper'. These characteristics, mainly attributable to the tumor cells
themselves such as the ability to sustain proliferative signaling and evade apoptosis
have now been re-worked into a more complex model involving the tumor micro-
environment (TME) and the inflammatory, metabolic and immune processes shaping
and remodeling it?. Specifically, tumor-promoting inflammation has been recognized
as an enabling characteristic of tumor growth and the ability to evade the immune
system as an emerging hallmark. Both tumor-promoting inflammation and the ability
to evade the immune system support the development of the core hallmarks namely
sustaining proliferative signaling, resisting cell-death, inducing angiogenesis,
enabling replicative immortality, activating invasion and metastasis and evading
growth suppressors?. Although it is debatable whether tumor-promoting inflammation
should be considered a separate enabling characteristic or a natural consequence
of the immune components within the TMES3, it is clear that inflammation and immune
evasion are intimately linked and a deeper understanding of both is required in order
to identify targetable therapeutic vulnerabilities. The over-arching topics presented in
this thesis are illustrated in Figure 1 and are centered on the themes novel-anti
cancer therapeutics particularly in the context of combinatorial and
immunotherapeutic approaches. The themes of immune responses following
infection, viral immunotherapy and non-infectious inflammatory stimuli are explored
from the perspective of specific immune subsets differentially regulated by these

processes using murine knock-out and transgenic models.
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Figure 1: Schematic overview of the over-arching topics (Novel anti-tumoral agents,
Infection and Inflammation) in this habilitation thesis. Publications are numbered from
1-7. Double sided arrows between the different areas indicate thematic overlap
between the areas. Specifically, the publication whose theme overlaps with multiple
areas is indicated inside the arrow. The illustration was created by A. Pandyra.

The publications comprising this this thesis focus on the following three areas:

(1) Discovering novel anti-cancer treatment options, through drug repurposing
Strategies (Publication 1, Longo*, Pandyra™* et al.) that influence the TME (Publication
2, Liu...Pandyra) or are novel viral immunotherapies (Publication 4, Kalkavan et al.).
Publication 3 (Liu..Pandyra) summarizes the Iimpediments to successful
immunotherapies in the context of T cell exhaustion and senescence mechanisms
within the TME.

(2) Identifying novel factors governing immunological responses in dendritic
cells (DCs, Publication 5, Lang*, Meryk*, Pandyra* et al) and monocytic populations
(monocytes, granulocytes and macrophages, Publication 6, Lang®, Lang*, Meryk*,
Pandyra™ et al.) following chronic viral infection and inflammatory innate stimuli

respectively and
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(3) Uncovering molecular inflammatory mechanisms governing shedding of the
tumor necrosis factor (TNF) receptor (Publication 7, Maney*, Mcllwain*, Polz*

Pandyra* et al.).

l. A. Immune cells influencing anti-tumoral responses

Harnessing the immune system to treat solid tumors and hematological
malignancies has ushered a novel therapeutic era. The tumor micro-environment
(TME) is complex with many targeting opportunities due to the signaling networks
and cross-talk between immune and tumor cells. The modulation of cytotoxic
antigen-activated CD8" T (Tc) cells using checkpoint inhibitors has been at the
forefront of this immunotherapy revolution*. The antigen-specific process requires
the engagement of the TCR-CD3 complex on Tc cells with an MHC class | bound
tumor antigen-derived peptide as well as co-stimulatory signals. Responsible for the
direct tumor cell killing through granule exocytosis®, Tc cells are integral in
eradicating tumors and are currently targeted by many approved immunotherapies.

A tumor’s ability to evade the immune system is dynamic, complex and
dependent on the balance of immunosuppressive and/or activating activities of
infiltrating immune cells. These include antigen presenting cells (APCs) such as
dendritic cells (DCs), tumor-associated macrophages (TAMs), myeloid-derived
suppressor cells (MDSC) and CD4*CD25"FoxP3*T regulatory T cells (Tregs) (Figure
2).
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Figure 2: Overview of the tumor microenvironment and the different immune infiltrates
impacting the balance between immunosuppressive and immune-activating
processes. Infiltrates which are generally immunosuppressive (Treg, MDSC and M2
TAMs are indicated in red circles. Infiltrates which are anti-tumorigenic (Tc, APC and
M1 TAMs) are pictured in in blue circles. The illustration was created by A. Pandyra.
Tc effector function is complicated and shaped by the spatiotemporal
distribution of APCs in the tumor milieu and tumor-draining lymph nodes, cytokines
and the presence of other immune cells. Initial priming of naive T cells occurs in the
lymph node through direct interaction with antigen present on APCs such as DCs.
DCs also co-express receptors such as CD80 necessary for binding to CD28 and
inducing co-stimulatory signals. Upon migration of primed Tc cells into the TME, the
tumor cells expressing the antigenic peptide become targets. The numbers of
infiltrating CD8* T cells varies widely across tumor types. Some tumors, such as
melanoma and non-small cell lung cancer (NSCLC), generally have a high degree
Tc infiltration. Other tumors, such as pancreatic and neuroblastoma, typically have a
low degree of Tc infiltrates, although within a specific tumor type, there is a lot of
intra-tumoral heterogeneity®. Many factors during this process can impact the ability
of Tc cells to target tumor cells.
Treg’s are subsets of T cells which play a role in maintaining immune

homeostasis and present a critical barrier for immunotherapies through their
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suppressive effects on Tc cells. Tregs have been found in lymph nodes where they
impact DC function through CCL22. CCL22, a chemokine produced by dendritic
cells, enables cell-to-cell contact between DCs and Treg through Treg-expressed
CCR4’. Tregs accumulate within the TME, and their ability to infiltrate into tumors
has been linked to the expression of multiple chemokine receptors such as CCR4,
CCR5, CCR8 and CCR10. Within the TME, Tregs wusually express
immunosuppressive molecules such as CTL-4, which binds to CD80 and CD86 on
APCs thereby affecting Tc effector function®. Treg suppressive mediated-effects on
APCs and Tc effector cells can also occur through cytokine secretion of IL-10, TGF-
B, and IL-35. These inhibitory cytokines suppress antigen presentation in APCs. IL-
35 and IL-10 promote T cell exhaustion. Metabolic competition for the consumption
of IL-2 through the expression of CD25 on Tregs also suppresses Tc effector
functions®. Tregs are also found in peripheral circulation, but their precise role in
facilitating immune evasion are not as well characterized as with the TME-associated
Tregs.

While myeloid-derived suppressor cells (MDSC) which can be of granulocytic
or monocytic origin share phenotypic characteristics with monocytes and neutrophils,
the markers that precisely define them are still poorly defined and their
characterization as a separate immune population is controversial. Bone marrow
derived myeloid cells are mainly composed of granulocytes and mononuclear cells
such as monocytes, macrophages and DCs. Following signals from pathogens, toll-
like receptor (TLR) ligands, damage-associated molecular patterns and pathogen-
associated molecular pattern molecules, the mobilization of monocytes and
granulocytes occurs from the bone marrow to the site of infection/stimulation and/or
damage followed by short-term release proinflammatory cytokines and phagocytic
activity’®. However, during persistent albeit lower grade steady unresolved
inflammatory signals such as during cancer of chronic infection, myeloid cells
experience a different set of triggers that is thought to differentiate them into MDSCs.
MDSCs suppress adaptive immunity, enhance tumor progression and metastasis,
are considered pathologic and their accumulation in the peripheral blood been shown
to correlate with response to therapy, clinical outcome, stage, metastasis in many
tumors such as melanoma, breast, non-small-cell lung cancer and hematological
malignancies'®. Furthermore, monocyte infiltration into the TME is indicative of a poor

clinical prognosis''. Monocytic MDSC (M-MDSCs) can differentiate into TAMs or

10



Habilitation Thesis Dr. phil. Aleksandra Pandyra

inflammatory DCs (iDCs) in tumor tissues'. TAMs are generally considered to be
immunosuppressive and promote tumor progression but that is largely dependent on
their polarization. Specifically, M1 macrophages are considered to be anti-
tumorigenic, pro-inflammatory, capable of high antigen presentation and inhibiting
cell proliferation. In contrast, M2 macrophages are generally anti-inflammatory,
immunosuppressive and characterized by a low antigen presenting capacity'?. iDCs
have been shown to have a dual role within the TME. While some studies suggest
that they can promote T cell responses'®, others have shown them to be
immunosuppressive under specific contexts’®. The immune subsets investigated in

this cumulative body of work are shown in Table 1.

Table 1: Immune subsets investigated in this cumulative body of work

Immune Cells Markers * Publication Stimuli
Treg's CD4,CD25,FOXP3, RORy 2 Tegaserod
Monocytes CD11b, Ly6C, IFNB 4,5,6 LCMV, Listeria, LPS
Granulocytes CD11b, Ly6G, CD115 6 LCMV, Listeria, LPS
iDCs CD11b, CD11c, Ly6C 5 LCMV, CpG
CD8 T cells Tet-GP33, IFNy 24,5 LCMV, Tegaserod

*Murine markers, iDCs = inflammatory dendritic cells, LPS = Lipopolysaccharide

l. B. Challenges to effective checkpoint inhibition

Monoclonal antibody checkpoint inhibitors such as Nivolumab'® are currently
used to treat solid tumors and they target the inhibitory receptors such as the
programmed cell death 1 (PD-1)'® receptor which is expressed on T cells following
activation of T cells as a mechanism of inhibitory immunoregulation. Expression of
PD-1 or other inhibitory receptors on T cells, coupled with the corresponding ligands
such as Programmed death-ligand 1 (PD-L1) often expressed by tumor cells,
preclude lasting and effective anti-tumoral responses by infiltrating Tc’s. Checkpoint
inhibitors that are mainly monoclonal antibodies targeting inhibitory receptors de-
repress these inhibitory networks. Examples include nivolumab, pembrolizumab and
pidilizumab that target PD-1 and the anti-CTLA-4 antibody ipilimumab. CTLA-4 is
expressed on Tregs and treatment with ipilimumab depletes Tregs from the TME"".
PD-L1, which can be expressed by tumor cells in the TME as well as tumor and
lymph node infiltrating DCs, limits the activation of Tc’s. Several anti-PD-L1
monoclonal antibodies such as Durvalumab and Atezolizumab are approved for the

treatment of various solid tumor moieties.

11
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Many more T cell based therapies are currently in the experimental phase of
pre-clinical or clinical testing’®. While immunotherapies have made remarkable
progress in increasing the survival of some patients, low response-rates, toxicities as
well as lack of available bio-markers in predicting response, makes the successful
implementation of these therapies challenging. Although the repertoire of suggested
biomarkers including PD-L1 expression, genomic and transcriptomic signatures,
profiling of tumor-infiltrates and presence of clonal neoantigens have been proposed,
they are yet to be clinically validated and implemented'® 20.21.22.23 ' A major obstacle
is the inability to effectively target Tc’s. This can occur through Tc intrinsic or acquired
resistance helped by dysfunctional states present within the immunosuppressive
networks?* of the TME: exhaustion and senescence. While T cell exhaustion has
been extensively studied and targeted, T cell senescence, especially within the
context of anti-tumor immunity, is an emerging concept in the field of T cell
dysfunction.

Both exhausted and senescent T cells accumulate during chronic viral
infections?® and cancers?®. Exhaustion and senescence are both considered
dysfunctional states. They are characterized by dampened granzyme B (GzmB)—
mediated effector function and impaired proliferation?”. However, they are defined by
distinct surface marker, cytokine, transcriptional and metabolic profiles. When Tc
cells are exhausted through excessive and continuous stimulation, they upregulate
inhibitory cell surface receptors such as PD-1 and LAG-3 and possess a decreased
capacity to secrete interleukin 2 (IL-2) and interferon gamma (IFN-y)?¥(Figure 3). The
exhausted transcriptional Tc profile is very context dependent and is driven, during
varying stages of exhaustion, by nuclear factor of activated T cell (NFAT), nuclear
receptor Nrda, thymocyte selection-associated HMG box (TOX), eomesodermin
(Eomes) and T-Bet?®. While exhausted and senescent Tc cells share characteristics
such as the upregulation of surface markers Tim-3 and tyrosine-based inhibitory
motif (ITIM) domain (TIGIT), senescent Tc cells also upregulate CD57 and CD45RA
(Figure 3). The cytokine secretory profile of senescent Tc cells sharply contrasts that
of exhausted T cells (Figure 3). Senescent Tc cells secrete high levels of
inflammatory cytokines such as IL-2, IL-6, IL-8, TNF-a, IFN-y and the
immunosuppressive IL-10 and TGF-B (Figure 3), a program known as senescence-

associated secretory phenotype (SASP). This in turn has critical consequences not

12
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only for T cell themselves, but for other immune cells within the TME milieu, including
APCs such as DCs, TAMs and MDSCs. Transcriptional programs in senescent Tc’s
have been shown to be mediated by T-bet3? but otherwise are poorly characterized.
Senescence-inducing stimuli include exposure to DNA damaging agents, stress
signals and repetitive stimulation linked but not limited to the ageing process. It
should be pointed out that dysfunctional T cell states other than exhaustion and
senescence such as anergy have also been described. Anergic T cells are hypo-
responsive, produce low levels of IL-2 and generally have little effector function. T
cell anergy is caused by insufficient CD28 dependent co-stimulation of the TCR, but
the surface markers of anergic T cells are poorly characterized®'. Insufficient CD28
stimulation within the TME combined with tumor cell expressing factors, such as PD-
L1 and CD95, is also closely linked to deletion of effector T cells through a process
known as tolerance. Tolerance is exacerbated by TGF-p and IL-10%2. Taken
together, senescent, anergic and exhausted Tc cells often co-exist in the TME or
circulation and simultaneously exert immunosuppressive effects. The current
limitations of check-point inhibitors suggest that targeting multiple dysfunctional Tc
cell states would be therapeutically beneficial. A deeper understanding of the

mechanisms and functional consequences of T cell senescence are urgently needed

13
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Figure 3: Surface phenotypic, metabolic and transcriptional differences between
CD8* T cell dysfunctional senescent and exhaustive states. Characteristics common
to both dysfunctional states are shown in the middle, overlapping section. While both
T cell states exhibit decreased effector function, senescent T cells have a very
distinct senescence-associated secretory phenotype (SASP). While some surface
markers such as Tim-3 and TGIT are common to both dysfunctional T cell states,
there is otherwise quite a distinct pattern of expression. Ag = antigen. Use of
lllustration is permitted by MDPI (open access journal Creative Commons CC BY 4.0
license, authors retain copyrights).

1. Metabolic rewiring of the TME

Metabolic re-programming within the TME is critical to many pro-tumorigenic
processes3* 35 Cancer cells have a high rate of glucose consumption through
aerobic glycolysis, resulting in low glucose and high lactate concentrations in the
TME?®. Antigen-activated effector T cells, once they become primed and

activated in the Ilymph nodes, begin their clonal expansion and rapid

14



Habilitation Thesis Dr. phil. Aleksandra Pandyra

proliferation3*. Therefore, they have metabolic requirements different to those of
circulating naive cells which rely on oxidative phosphorylation for their energy
requirements. Rapidly proliferating T cells have higher glycolytic activity?” and
increased amino acid metabolism38. TCR-mediated T cell activation is followed by
metabolic re-programming and biomass accumulation. Changes in metabolism
include a switch to aerobic glycolysis despite there being enough oxygen present to
generate glucose through the tricarboxylic acid (TCA) cycle®*. Aerobic glycolysis
provides important intermediates for cell growth, such as glucose-6-phosphate, 3-
phosphoglycerate and citrate. Molecularly, this metabolic transition is supported by
mTOR, PI3K activity, the transcription factor Myc and hypoxia-inducible factor-1a
(HIF-1a)3* 38,

Effector T cell activity is sensitive towards intracellular NAD depletion, often
occurring in the TME. Tregs, however, have developed re-programming strategies
mediated by the transcription factor FOXP3 to maintain their proliferative capabilities
and suppressive functions, despite low glucose and high lactate levels®. It remains
to be elucidated whether within the TME Treg numbers would be high enough to
deplete glucose pools. However, in addition to Treg competing for glucose
consumption, other immune cells within the TME also have distinct metabolic
requirements which can affect glucose pools. MDSCs have high glucose uptake
rates and can contribute to the dysfunction of other immune cells by limiting pools of
available glucose*?. MDSCs can also affect the T cell activation through depletion of
amino acids such as cystine and cysteine*'. Conditions of hypoxia within the TME
compounded by increased tumor acidity can cause an accumulation of
immunosuppressive M2 polarized TAMs, which are critical in maintaining a

tolerogenic phenotype, expanding Tregs and suppressing CD8* T cell function2.

Il. A. Approaches to target the TME

Combining checkpoint inhibitors with other activators of the immune system
such as innate activating toll-like receptor (TLR) 8 agonists could maximize the
benefits of immunotherapy in hematological malignancies and solid tumors. TLR8
agonists have already been shown to reverse the T cell tumor-induced senescence
in mouse models of cancer*’. They have the added benefit of increasing immune
infiltration and activating other anti-tumoral immune cells such as dendritic and NK

cells. The TLR8 agonist motolimod (VTX-2337) has been evaluated in clinical trials,

15
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is well tolerated and shows promise activating the immune system in cancer
patients** 4%, Other approaches include combining immunotherapies with oncolytic
viruses or other anti-cancer agents. The first clinical trial combining an oncolytic virus
therapy (T-Vec) with the anti PD-1 Pembrolizumab demonstrated that T-Vec
promoted tumoral T cell infiltration improving Pembrolizumab’s efficacy*®. Patients
with advanced melanoma in a phase Il randomized study receiving a combination of
T-Vec with the anti-CTLA-4 antibody ipilimumab experienced significantly higher
objective responses than patients receiving ipilimumab alone*’. Virus based
vaccines are also being evaluated in currently open clinical trials such as
viagenpumatucel-L (gp96-lg-secreting allogeneic tumor-cell vaccine HS110) in
combination with the anti-PD-1 Nivolumab in patients with non-small cell lung
adenocarcinoma.

As 40-85 percent of patients treated with checkpoint inhibitors fail to exhibit a
sustained clinical response*®, combinatorial approaches that also reverse Tc cell
senescence could be of therapeutic benefit. As induction of tumor cell senescence
can be advantageous in the context of tumor clearance, strategies to reverse T cell
senescence should be carefully considered. While induction of tumor cell
senescence can initially stop uncontrolled proliferation, the SASP profile of
senescent tumor cells can promote tumor relapse, inflammation and recruit
immunosuppressive immune cells to the TME. Agents that induce apoptosis in
senescent cells termed “senolytics” (e.g., dasatanib and quercetin), are currently
being tested in pulmonary fibrosis and after radiotherapy to improve clinical
symptoms*®. Whether these agents can be used in neoplastic malignancies to clear
senescent tumor cells and/ or senescent Tc cells is an area warranting further
exploration.

Agents such as ralimetinib that target p38 MAPK, which are safe and have
already been used in clinical trials®®, are an attractive option as they could dually
target Tc senescence signaling and tumor proliferation. In addition to their direct anti-
tumoral effects, other inhibitors of the MAPK pathway already approved for the
treatment of metastatic melanoma are also promising. These include the B-Raf-
targeting inhibitor vemurafenib or MEK1/2 targeting inhibitor trametinib. These drugs
have already been shown to increase the number of CD8" TlLs and enhance
checkpoint inhibition in murine models®'. Whether these inhibitors also reverse Tc

senescence and enhance checkpoint inhibition in the clinical setting remains to be
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elucidated. However, combinatorial therapy is paramount in achieving clinical
success.

Combinatorial approaches of various targeted therapies together with
immunotherapies are also being tested®2. However, the high-costs®3 associated with
immunotherapy highlights an urgent need for novel anti-cancer therapeutic options.
The application of drugs used for alternate diseases as novel anti-cancer
therapeutics, known as drug repositioning, has been successfully implemented in the
clinical setting®* and these compounds can be a rich potential source of novel, readily
available anti-cancer therapeutics.

Statins, potent inhibitors of the rate-limiting enzyme in the essential metabolic
mevalonate (MVA) pathway, HMGCR?>> %6, are used in the treatment of patients with
hypercholesterolemia (Figure 4). The MVA pathway utilizes acetyl-CoA to generate
sterols and isoprenoids which are essential to sustain tumor growth and progression
and is highly integrated into other crucial pathways of cancer cells including PI3K—

AKT, hedgehog and steroid hormone signaling®”’.

Acetyl-CoA

1 HMG-CoA synthase (HMGCS1)
HMG-CoA

}HMG-CoA reductase (HMGCR) jm=Statins
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Figure 4: A schematic overview of the mevalonate (MVA) pathway and its
downstream metabolites (pictured in black rectangles). These metabolites are
affected by the inhibition of the MVA pathway’s rate limiting enzyme HMG-CoA
reductase by statins. Use of illustration is permitted under standard copyright in
AACR journals®®,

The frequent use of statins in the prevention of adverse cardiovascular events

has led to epidemiologic evidence suggesting that statin use may reduce cancer
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incidence®®. It has been shown that statins can trigger tumor-specific apoptosis® 6':
62, These apoptotic effects have been attributed to direct inhibition of HMGCR in
tumor cells followed by depletion of fundamental MVA-derived end products such as
isoprenoids and cholesterol®3.

In tumor cells, dysregulation of the MVA pathway has been postulated to be
responsible for the observed therapeutic index. Higher tumor expression levels of
HMGCR and other MVA pathway enzymes are associated with poor prognosis and
reduced survival in patients with cancer®. Statins have been shown to have anti-
tumoral immunomodulatory roles®® ¢ and have been suggested to enhance the
activity of other immunotherapies including oncolytic viruses (OVs)®’. Interestingly,
one of the metabolites of the MVA pathway, isopentenyl-diphosphate (IPP) tend to
accumulate in tumor cells with aberrant activation of the MVA pathway. IPP activates
the expansion of host yd T cells which kill IPP-expressing cells in an MHC-I
independent manner. Inducing accumulation of IPP in tumor cells is being
investigated as an anti-cancer strategy in combination with IL-2 for the treatment of
solid tumors such as breast and prostate cancer®’.

Publication 1 (Longo, J*, Pandyra, AA*, Stachura P, Minden MD,
Schimmer AD, Penn LZ. Cyclic AMP-hydrolyzing phosphodiesterase inhibitors
potentiate statin-induced cancer cell death. Mol Oncol; 2020, 14:2545,
Published by FEBS Press and John Wiley & Sons Ltd.) explores the topic of
repurposing statins in combination with phosphodiesterase inhibitors (PDE) to
increase tumor-cell apoptosis in hematological malignancies Figure 5). Publication
2 (Liu W, Stachura P, Xu HC, Umesh Ganesh N, Cox F, Wang R, Lang KS,
Gopalakrishnan J, Haussinger D, Homey B, Lang PA, Pandyra AA.
Repurposing the serotonin agonist Tegaserod as an anticancer agent in
melanoma: molecular mechanisms and clinical implications. J Exp Clin Cancer
Res, 2020, 39:38) used a pharmacological screen to identify Tegaserod, a serotonin
agonist used in the clinic to treat IBS, as having anti-tumor activity (Figure 5).
Tegaserod’'s anti-melanoma activity was verified in in vivo syngeneic models of
cancer where the compound decreased the infiltration of Treg’s into the TME and
synergized with the standard of care therapies. Taken together, the first portion of
the thesis identified novel treatment combinatorial ~modalities with

immunomodulatory properties.
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Figure 5: Graphical abstract summary of publications 1 and

2 is shown. In Publication 1 phosphodiesterase inhibitors

were found to potentiate stain-induced tumor cell death through
inhibition of SREBP2 (red) cleavage and cAMP accumulation
(blue). In Publication 2, Tegaserod was identified as a novel
anti-tumor agent decreasing the infiltration of T regulatory cells
(Treg) and inhibiting the the PISK/Akt/mTOR pathway. The
illustration was created by A. Pandyra, with parts of the figure
re-used with permission from FEBS PRESS (under the terms
of the Creative Commons Attribution License (CC BY)%

lll. B. The Lymphocytic choriomeningitis virus (LCMV) as an
immunotherapy and model to study viral infection

The use of viruses to combat cancer presents many unique opportunities and
advantages. This has been particularly relevant in recent decades as recognition of
the importance of the immune system in tumor surveillance has revolutionized the
therapeutic landscape. Viruses are ideal vectors for gene therapy approaches and
have been successfully applied in virus-based therapeutic vaccines as well as cell-

based vaccines®8. Virus-based anti-tumor vaccines encode a combination of tumor-
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specific antigens, co-stimulatory proteins and immunomodulating molecules which
boost the immune system to elicit anti-tumor responses®. Promising examples in
clinical development include the TG4010 modified vaccinia virus Ankara (MVA)
vaccine encoding the prostate specific mucin 1 (MUC1) antigen and the interleukin
2 (IL-2) gene®. Virus engineered cell based vaccines are centered on more
personalized approaches and modify a patient’s immune cells ex vivo using viral
vectors. Notable examples include the recently approved YESCARTA and KYMRIAH

both of which target a patients’ T cells with a retrovirally inserted anti-CD19 Chimeric

PUBLICATION 4
CD8* effector T cell exhaustion
T cell |mmun|ty\ A /

IFN-I signaling ¢=mm < ‘ > m==) Immune pathology
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Figure 6: Graphical abstract summary of publication 4.
(1) LCMV-selective intra-tumoral replication causes the
Infiltration of monocytes (2) whose production of type |
Interferons (3) has anti-tumoral effects. The illustration
was created by A. Pandyra.

\

Antigen Receptor (CAR) for the treatment of acute lymphoblastic leukemia’®.

For decades LCMV has been the prototypic experimental arenavirus of choice
for immunologists. The Arenaviridae family consists of three genera,
Mammaarenavirus, Reptarenavirus and Hartmanivirus, the first of which infects
mammalian hosts. The Mammaarenavirus genus consists of 41 distinct viral species
capable of infecting mammalian hosts and is geographically, genetically and

epidemiologically sub-divided into Old and New World groups. LCMV belongs to the
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former group. The genome of arenaviruses is bi-segmented and composed of two
single-stranded negative sense RNA biomolecules. The large (L) segment encodes
the matrix protein (Z) and the RNA-dependent RNA polymerase L protein (LP). The
viral nucleoprotein (NP) and the glycoprotein precursor (GPC) are encoded by the
small (S) segment. The GPC is further post-translationally processed to the
peripheral virion attachment protein GP1 and the transmembrane protein GP210.
The LCMV lifecycle is limited to the hosts’ cytoplasm and clathrin-independent or
clathrin-dependent endocytotic viral entry is upon others mediated by the surface
receptor a-dystroglycan’'. Not only does infection with LCMV result in robust CD8*
effector T cell responses but also in long-term immunity. LCMV poses a relatively
low health hazard making it an ideal model to study CD8" effector T cell mediated
immunity. Indeed, its wide experimental use has led to monumental discoveries such
as the discovery of MHC restriction as well as PD-1 and its role during T cell
exhaustion'®. By expressing LCMV-specific epitopes on tumor cells it has been
possible to study various aspects of CD8 mediated anti-tumor immunity’2.
Publication 4 (Kalkavan H, Sharma P, Kasper S, Helfrich I, Pandyra AA, Gassa
A, Virchow |, Flatz L, Brandenburg T, Namineni S, Heikenwalder M, Héchst B,
Knolle PA, Wollmann G, von Laer D, Drexler I, Rathbun J, Cannon PM, Scheu
S, Bauer J, Chauhan J, Haussinger D, Willimsky G, L6hning M, Schadendorf D,
Brandau S, Schuler M, Lang PA, Lang KS. Spatiotemporally restricted
arenavirus replication induces immune surveillance and type | interferon-
dependent tumor regression. Nat Commun; 2017, 8:14447) demonstrated that
direct intravenous or peritumoral injection of the hepatotropic LCMV-WE in several
syngeneic or spontaneous murine and human xenograft models of cancer, including
subcutaneous, endogenous hepatocellular carcinoma and spontaneous MT/ret
melanoma led to regression or complete elimination of early-stage pre-established
tumors (Figure 6).

LCMV preferentially replicated in tumor cells and metastatic sites leading to
robust immune infiltration with some, albeit minimal accompanying replication in the
liver. LCMV replication within the tumor persisted for at least thirty days post-tumor
inoculation and tumor regression was dependent on IFN-I production by tumor-
infiltrating monocytes. Importantly, IFN-I did not blunt LCMV replication within the
tumor allowing for sustained innate immune activation and clearance of LCMV from

other organs.
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Infection with LCMV has been used for years to elucidate aspects of chronic
and acute infections®® 73, T cell exhaustion'® 2%, interferon responses’ and the
molecular factors in specific immune subsets influencing the course of infection” 7>
6. In publication 5 (Lang PA*, Meryk A*, Pandyra AA*, Brenner D, Briistle A, Xu
HC, Merches K, Lang F, Khairnar V, Sharma P, Funkner P, Recher M, Shaabani
N, Duncan GS,
Duhan V, Homey B,
Ohashi PS,
Haussinger D,
Knolle PA, Honke N,
Mak TW, Lang KS.
Toso regulates

differentiation and

activation of
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Figure 6: Graphical abstract summary of publications 22:164.), responses
5 and 6. Infection with LCMV and listeria leads to ,

of inflammatory

persistence in Toso”-mice mediated by inflammatory
dendritic cells (iDCs) and monocytes/granulocytes dendritic cells (iDCs)
respectively. The illustration was created by A. Pandyra. were investigated

following chronic infection of wild-type (WT) and Toso-deficient (Toso™") mice (Figure
7). iDCs differentiate from blood monocytes and infiltrate infected tissue and are
ontologically different from monocytes. Following acute infection with hepatotropic
viruses, iDCs are essential for re-stimulating virus-specific CD8* T cells and therefore
contribute to virus control. iDCs have been found in several other inflammation-
related pathologies including psoriasis, rheumatoid arthritis and cancer’’.
Importantly, pro-immune roles of iDCs within the TME have been recently identified
and shown to correlate with anti-tumoral and Th17 responses as well as T cell
activation’®. Therefore, identifying factors governing iDC function has the potential to

shed important light on how to manipulate this subset within the TME to maximize
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anti-tumoral efficacy. Toso is a plasma membrane protein that contains an
extracellular region with homology to the Ig variable (IgV) domains and a cytoplasmic
region with partial homology to Fas-activated serine/threonine kinase (FAST
kinase)’®. Toso was first identified as a molecule expressed on activated T cells
capable of protecting T cells from programmed cell death. Toso is additionally
expressed on B cells, overexpressed in B-cell lymphomas®, and is important for
macrophage homeostasis®!. Mechanistically, Toso was originally described to
influence Fas signaling” 8. However, the physiological relevance of the diverse
functions attributed to Toso remain to be verified which and this is addressed by
publications 5 and 6.

V. Inflammation and monocytes

Another important immune infiltrating component affecting anti-tumor immunity
are monocytes, the precursors of iDCs. Monocytes, particularly PD-L1 positive
monocytes also termed myeloid-derived suppressor cells (MDSC), can exert their
immunosuppressive effects through inhibition of anti-tumor functions of T and NK
cells, secretion of immunoregulatory cytokines and presentation of surface inhibitory
molecules®. This monocytic population plays a significant immunosuppressive role
at various points in tumor progression® including in relapsed tumors®. Monocytes
are intimately linked with tumor-associated inflammatory processes which
paradoxically can contribute to tumor transformation, progression and metastasis?
through various mechanisms including the production of pro-inflammatory cytokines,
8 _ Inflammatory processes and sources of inflammation within the context of cancer
are multi-faceted and can occur prior to cancer development through infection,
chronic inflammation and autoimmunity. Inflammation also develops within the TME
and is supported by dysregulated oncogenic signaling®’, infiltration of
immunosuppressive cells such as MDSCs, pre-existing pathogens® and metabolic
changes facilitated by alterations in the microbiome®. Publication 7 (Maney* SK,
Mcliwain DR*, Polz R*, Pandyra AA*, Sundaram B, Wolff D, Ohishi K, Maretzky
T, Brooke MA, Evers A, Vasudevan AA, Aghaeepour N, Scheller J, Mink C,
Haussinger D, Mak TW, Nolan GP, Kelsell DP, Blobel CP, Lang KS, Lang PA
Deletions in the cytoplasmic domain of iRhom1 and iRhom2 promote shedding
of the TNF receptor by the protease ADAM17. Sci Signal; 2015, 8:ra109.)
highlights the contribution of the cytoplasmic domain of iRhom1 and iRhom2 in

promoting shedding of the tumor necrosis factor receptor (TNFR) by the protease A
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disintegrin and metalloproteinase 17 (ADAM17 also known as TNF-a converting
enzyme TACE, Figure 8)°°. ADAM17 is a membrane-bound metalloproteinase that
processes a wide array of cell surface/membrane proteins. It is a central regulator of
epidermal growth factor receptor (EGFR), TNFR signaling pathways, which control
cell proliferation, survival, inflammation, oncogenesis, and immunity. ADAM17 plays
a critical role in tumor progression and inflammation due to the role in shedding pro-
inflammatory molecules, pro-tumorigenic substrates and adhesion molecules®’.
Further inflammatory process were investigated in Publication 6 (Lang PA*, Meryk
A*, Pandyra AA*, Brenner D, Brustle A, Xu HC, Merches K, Lang F, Khairnar V,
Sharma P, Funkner P, Recher M, Shaabani N, Duncan GS, Duhan V, Homey B,
Ohashi PS, Haussinger D, Knolle PA, Honke N, Mak TW, Lang KS. Toso

regulates

shedding
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r‘\ *
) %T and activation of
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TT dendritic cells
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Figure 8: Graphical abstract summary of publication 7. Mutational inflammatory
deletion in the cytoplasmic domain (C) of iRhom1 (*) increased shedding immune
of the TNFr, ADAM17 activity and resistance to TNF-induced cell death.
The illustration was created by A. Pandyra, with parts of the figure responses were
re-used with permission from AAAS (under License to publish for ) )
dissertation purposes)%- investigated

following infection
and administration of innate immune stimulators in wild-type (WT) and Toso-deficient
(Toso™”) mice (Figure 7). Monocytes were determined to play a critical role in
protecting mice against cytokine-induced septic shock following lipopolysaccharide

(LPS) administration in Toso™~ mice.
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3. Discussion

The cumulative work presented in this habilitation thesis elucidates several
aspects of tumor biology and onco-immunology. Firstly, this work identified novel
anti-cancer therapies translatable to several tumor types. Importantly, the use of
drugs previously used in the clinic albeit for non-cancer purposes has enabled a more
directly translational approach to identify new therapies. The pharmacological and
safety profiles of such drugs are readily available making their potential translation
into the clinic more rapid. As is the case for many treatment regimens, it is optimal to
administer a drug in multimodal and combinatorial treatment strategies to increase
tumor-specific anticancer effects. In Publication 1, we provide a complimentary
approach of combining statins and already FDA-approved PDE inhibitor agents in
the treatment of hematologic malignancies. In Publication 1, we found that
dipyridamole and cilostazol potentiated statin-induced cell death in a PKA-
independent manner (Figure 5). In addition to PKA, cAMP also regulates specific ion
channels and exchange protein directly activated by cAMP EPAC proteins, which are
cAMP-dependent guanine nucleotide exchange factors for the RAP GTPases®.
Future work is required to delineate the mechanism by which elevated cAMP levels
sensitize cancer cells to statin-induced apoptosis. We further demonstrated that the
PDE inhibitors dipyridamole and cilostazol inhibit the SREBP2-regulated feedback
mechanism of the MVA pathway via an additional, cAMP-independent mechanism.
Interestingly, cilostazol has previously been reported to inhibit insulin-induced
expression of SREBP1%, but the potential involvement of cAMP signaling was not
explored.

The data presented in publication 1 has important clinical implications, as many
cAMP-hydrolyzing PDE inhibitors are approved for several non-oncology
indications®*. For example, cilostazol (marketed as Pletal) is currently approved and
widely used to treat intermittent claudication. As the combination of cilostazol and
statins has already been evaluated clinically in healthy subjects® % and in patients
with cardiovascular indications®” without added adverse effects, there is the
possibility of fast-tracking these agents to phase Il trials.

The overexpression of several PDEs has been observed in solid and
hematological tumors, and the possibility of cAMP-hydrolyzing PDE inhibition as an

anticancer strategy has been preclinically explored alone or in combination with
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chemo- and targeted molecular therapies® . In hematological malignancies,
primary chronic lymphocytic leukemia patient samples were found to have PDE7B
overexpression and noted to be sensitive to PDE7 inhibition in a cAMP-dependent
manner®. Another study found a strong synergistic combinatorial effect between
adenosine A2A receptor agonists and cAMP-hydrolyzing PDE inhibitors in MM and
diffuse large B-cell lymphoma cell lines and primary patient samples®®. Given that a
number of PDE inhibitors are poised for repurposing and that statins have
demonstrated anticancer activity in early-phase clinical trials, further studies are
needed to evaluate the therapeutic benefit of a statin-PDE inhibitor combination for
the treatment of cancer.

Importantly, it was recently demonstrated that PDE inhibitors exert potent anti-
MDSCs activity'® and have immunostimulatory properties in metastatic melanoma
patients. Specifically, a PDE inhibitor, Tadalafil, increased infiltration of CD8* T cells
in melanoma tumors and is suggested as a future agent capable of augmenting
immunotherapies’’. The possibility of testing the statin/PDE combination in order to
augment immunotherapies in poorly infiltrating ‘cold’ tumors is an attractive area of
further exploration as is combining Tegaserod, the novel anti-melanoma agent
discovered in publication 2 with anti-CTL-4 monoclonal antibodies such as
ipilimumab. Tegaserod had potent anti-melanoma activity and was tested in vivo in
syngeneic murine models which enabled the study of the infiltrates in the TME. The
infiltration of Treg’s as well as FOXP3 and ROR-yt expression in CD4* T cells in the
TME milieu was decreased in the tumors of Tegaserod treated mice. In tumor cells,
Tegaserod suppressed the PI3K/Akt/mTOR pathway in both BRAF WT and mutant
tumor cells. Recently, a report has shown phosphorylation of S6 to be marker of
sensitivity to BRAF mutated melanoma and that suppression of S6 after MAPK
treatment was a predictor of progression-free survival'®. In our investigation,
Tegaserod’s suppression of p-S6 and its strong synergy with vemurafenib in BRAF
mutated human melanoma cell lines is in accordance with the above report.
Importantly, Tegaserod also suppressed S6 phosphorylation in non-BRAF mutated
melanoma cell lines indicating a broader therapeutic potential of Tegaserod in
patients without the BRAF mutation but where the PI3K/Akt/mTOR pathway is
activated such as in patients harboring NRAS mutations'®3. The suppression of S6
phosphorylation is likely mediated by decreased mTORC1 activity as

phosphorylation of the direct upstream regulator of S6, p70 S6 kinase was also
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blunted. mTORC1 integrates several upstream pathways related to cellular growth
and metabolism including MAPK through RSK'%4 PI3K/Akt' as well as the liver
kinase B1 (LKB1)-adenosine monophosphate-activated protein kinase (AMPK)1%6,
As Tegaserod did not perturb the MAPK pathway but decreased Akt
phosphorylation at a residue known to be phosphorylated by mTORC2, it’s likely that
S6 is affected through the PI3K/Akt pathway although the potential contribution of
AMPK would also have to be explored. Finally, in the remaining part of the directly
therapeutically relevant anti-tumoral applications, Publication 4 proposes to use
LCMV as a direct anti-cancer immunotherapeutic agent. The ability of viruses to Kill
cancer cells has been recognized for several decades and is supported by recent
Food and Drug Administration and European Union (EU) approval of T-Vec. The
specific mechanisms of virotherapy have long been considered to be directly
oncolytic. Recently, it was recognized that induction of an inflammatory response
contributes to virus mediated tumor regression’®” 19 In cancer therapies with
oncolytic viruses, this is considered to be of limited therapeutic value and merely a
collateral effect. By contrast, in our study, we provide evidence that a powerful
immune response itself induced by arenavirus replication may lead to complete
tumor regression. Treatment with a non-oncolytic arenavirus is advantageous in
inducing sustained immune surveillance. First, an arenavirus such as LCMV will not
kill the host cell by direct cytopathic effects. Therefore, virus replication is maintained
until an immune response is induced within the tumor tissue. Secondly, arenavirus
replication will not be limited by strong IFN-I responses'®. In addition, LCMV usually
fails to induce rapid neutralizing antibodies'°. Thus, arenavirus replication in tumors
can only be controlled by infiltration of virus-specific CD8" T cells. As long as CD8*
T cells do not infiltrate the tumor, arenaviruses can replicate for several days or
weeks even if tumor cells respond to IFN-I. In this direct comparison and using IFN-
I-responsive tumor models LCMV was therapeutically more potent than the oncolytic
viruses VSV-GP and rVACV which require defects in the IFN pathway for efficient
replication in tumor cells''"- 112, However, the relationship between infiltrating CD8*
T cells and arenavirus therapy is LCMV strain dependent. For example, Schadler et
al.’”? used the low replicative ‘neurotropic strain” LCMV Armstrong (LCMV
Armstrong) in addition to lipopolysaccharide (LPS) and anti-CD3, to increase
thrombospondin-1 (Tsp1) in T cells and tested the anti-tumoral potency of Tsp1. In

their study, growth of B16F10 melanomas was observed for approximately 2 weeks
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after LCMV Armstrong infection and anti-tumoral effects after LCMV Armstrong
administration were dependent on Tsp1 and T cells. By contrast, our studies with the
‘viscerotropic strain’ LCMV-WE used in our studies revealed that its potent anti-tumor
activity was mediated via IFN-I and was T-cell independent. The differences in
mechanism and potency underlying the anti-tumor effects of LCMV in the two studies
likely reflect strain-dependent differences between the different arenaviruses used,
the impact of the specific cancer types examined and the different timepoints used.
In the long-term observation of approximately 80 days, our study showed that the
absence of T cells was beneficial for LCMV-WE therapy. Moreover, we based our
studies largely on the mechanism of anti-tumoral action of LCMV in a murine head
and neck cancer model, whereas Schadler et al. used malignant melanoma, where
effective immunotherapies mainly depend on tumor-specific T cells. This may also
explain the lower efficiency and efficacy of IFN-dependent LCMV therapy on B16F10
melanoma compared with head and neck or colon cancer.

The use of LCMV-WE could fill a gap in virotherapy in the treatment of IFN-I-
responsive cancers. Careful characterization of IFN-I responsiveness and additional
LCMV host factors may guide the selection of patients suitable for LCMV cancer
therapy. As robust CD8" T cell tumoral infiltration would blunt LCMV replication, it is
unlikely that this therapy would be combined with checkpoint inhibitors. Rather it
could be an attractive option for the treatment of patients who have failed to respond
to checkpoint inhibitors or typically ‘cold’ poorly infiltrating tumors where treatment
with checkpoint inhibitors is not an option.

Interestingly, in this context of using LCMV-WE as an anti-cancer therapeutic,
LCMV-induced anti-tumor immunity depended mainly on the recruitment of IFN-
producing Ly6C* monocytes. Early recruitment of this monocytic population was
beneficial in regressing the pre-established tumors. The potential emergence of
these immunosuppressive MDSC populations within the TME following LCMV
treatment should be further evaluated especially in the longer-term tumor growth
models.

Publication 5 and 6 address the question of how monocytes and/or
inflammatory cells originating from monocytes behave in the context of chronic viral
infection, bacterial acute infection and other inflammatory stimuli including innate
immune activators. Both of these studies made use of Toso-deficient (Toso™") mice

to address whether Toso functionally contributes to immune responses following
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infectious and inflammatory stimuli. Toso has been identified as being functionally
important in several subsets of immune cells. Given that Toso can act as a cell
surface receptor for secreted IgM, it is not surprising that Toso is critical for
maintaining the function of B cells. Recently, using a cell-type specific knockout
system where Toso was knocked out in CD19* B cells (Toso™” x CD19-Cre*), Nguyen
et al. demonstrated that Toso was expressed in the trans-Golgi networking of
developing B cells and was critical in curbing the IgM-BCR transport and
expression''4. Accordingly, B cells in Toso™ x CD19-Cre* mice were characterized
increased tonic BCR signaling, dysregulated B-2 cell homeostasis and increased B-
1 cell differentiation''4. A critical role for Toso in the function of human T cells was
also recently highlighted '°. Meryk et al. investigated the role of Toso in human T
cells in the elderly and discovered that Toso expression was decreased in these
individuals and linked to changes in methylation patterns in the gene locus.
Furthermore, Toso was found to function as a costimulatory molecule following IgM
binding capable of enhancing TCR signaling and cytokine production®. Taken
together it's clear that Toso affects a wide variety of signaling events following a
diverse set of infectious and inflammatory stimuli in granulocytes''®, monocytes'"®,
dendritic cells''”- 118 and B cells''“.

Although Toso™  mice were more susceptible to Listeria infection, Toso™"
granulocytes were still able to uptake Listeria, albeit at decreased levels. However,
it is unclear whether additional mechanisms besides Listeria uptake were also
defective in the absence of Toso. As activation of innate immune cells can partially
depend on the phagocytosis of pathogenic pattern molecules, it's possible that Toso
is not only directly affecting innate immune cell effector functions, but perhaps more
importantly is regulating immune activation, which strongly impacts pathogen control.
Following innate immune LPS treatment, Toso”  mice were characterized by
decreased cytokine production which protected the mice from septic shock.

In the context of chronic viral infection (publication 5), Toso was essential in
clearing the pathogen through enabling the differentiation and maturation of iDCs, a
process that is required for the control of persistence-prone virus infection. Impaired
function of Toso during infection with non-cytopathic viruses such as LCMV and
hepatitis viruses may be beneficial for the host by preventing potentially damaging
immunopathology’'®. Interestingly, the presence of virally induced pathology

following infection with persistent low cytopathic viruses such as HIV, Hepatitis B and
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Hepatitis C virus''® can differ between individuals, and the underlying cause for such
differential outcomes remains unclear. We speculate that differences in expression
or function of Toso may contribute to the inter-individual variability of disease
outcome following viral infections. On the other hand, Toso deficiency may be
disadvantageous for the host following infection with high cytopathic viruses that
need to be cleared to ensure host survival. Indeed, Yu et al. found Toso™ mice to
be more susceptible to infection with influenza virus strain A/PR8 (H1N1)'2°, Using
tissue specific ablation of Toso, the phenotype was recapitulated in Toso™~ x CD19-
Cre™ mice, again highlighting the importance of Toso in the B cell compartment and
in this context differentiation/maintenance of regulatory B cells'?. An obvious
limitation of our whole body knockout models is the inherent complexity Toso exerts
on many immune cells therefore making it difficult to ascertain whether Toso is
mechanistically relevant to the immune population in question or whether it is a by-
product of impaired interactions with other immune cells where Toso might be more
functionally relevant. Due to its over-expression in CLL, Toso has been highlighted
as a selective target for CAR-T cell therapies'' and others have proposed it to be a
target of curbing pathogenic T cell responses at local inflammatory sites'?°.

Ectodomain shedding facilitated by the proteolytic release of transmembrane
proteins such as TNF that are crucial in maintaining tissue homeostasis. However,
when this process is deregulated this can result in detrimental effects and contribute
to pathology several diseases including rheumatoid arthritis, osteoarthritis,
atherosclerosis, IBS, Alzheimer’'s and cancer®'. An increased understanding in the
factors controlling TNF shedding can give insight in how to better therapeutically
target these pathogenic processes. In publication 7, we have identified a high degree
of functional overlap for iRhom1 and iRhom2 in controlling the activity of ADAM17.
Deletion of part of the cytoplasmic N terminus of either iRhom1 or iRhom2 results in
a gain of function by promoting constitutive ADAM17-dependent shedding of TNFRs,
thereby blocking downstream signaling and protecting cells from TNF-induced
cytotoxicity.

Little is known about how the iRhoms are functionally controlled. Our results
suggest that the extended cytoplasmic N-terminal domain is of conserved importance
for the actions of both iRhom1 and iRhom2. Dominant inherited human N-terminal
mutations in iRhom2 result in overgrowth of epithelial tissues and predisposition to

esophageal cancer'??. Our results involving dominant N-terminal mutated mouse
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iRhoms and enhanced TNFR shedding from TOC patient—derived keratinocytes
suggest that these human mutations could similarly result in greater or constitutive
ADAM17 activity. This could result in direct consequences for neoplasia, such as
overproduction of EGFR ligands, strongly implicated in cancer'®® or shedding of
TNFRs as an evasion mechanism for tumor cells to escape cell death induced by
TNF. Increased abundance of ADAM17 is also known to be associated with breast,
ovarian, kidney, colon, and prostate cancers®'.

Interestingly, ADAM17 activity was recently associated with tumor cell immune
evasion through PD-L1 cleavage modulation'?*. PD-L1, like PD-1, blunts anti-tumor
immunity, inhibits the clonal expansion of antigen-specific anti-tumoral CD8* T cells
and is a major immunotherapeutic target (clinical examples include Durvalumab,
atezolizumab and avelumab). As ADAM17, in addition to proteolytically cleaving pro-
inflammatory molecules, also processes PD-L1, it is therefore not entirely
unexpected that high levels of PD-L1 and ADAM17 are associated with poor cancer
prognosis®!. Although it's difficult to selectively target ADAM17 due its broad
expression, involvement in many physiological processes and homology to other
ADAM metalloproteases such as ADAM10, efforts are nevertheless underway to
develop selective small-molecule inhibitors and monoclonal antibodies. Another
potentially attractive therapeutic option is the targeting of iRhoms as they are able to
differentiate between substrates ADAM17 and ADAM10'25. Although both iRhom1
and 2 are expressed in all tissues, only iRhom2 is expressed in immune cells'26
presenting an opportunity to target ADAM17 exclusively in immune cells. Indeed,
iRhom2-deficient mice are protected against sepsis and rheumatoid arthritis due to
iRhom2/ADAM17/TNF pathway blockage'®’. An interesting subject of future
explorations would be investigating the effects of iRhom2 in tumor initiation and

progression combined with innate and infectious using iRhom2-deficient mice.
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4. Summary - English

The original papers summarized in this habilitation thesis elucidate aspects of
tumor treatment through novel combinations and immunomodulating agents.
Notably, we identified that a phosphodiesterase (PDE) inhibitor, cilostazol, and other
compounds that increase intracellular cyclic adenosine monophosphate (cAMP)
levels potentiate statin-induced apoptosis in acute myeloid leukemia and multiple
myeloma cells. Using screening approaches, we have identified a drug with anti-
melanoma activity in vitro and in vivo that has the potential to be combined with the
standard of care agent Vemurafenib and Cobimetinib in both BRAFV600E and BRAF
WT melanoma as well as immunotherapies as Tegaserod decreased the infiltration
of immunosuppressive FOXP3 and ROR-yt positive CD4+ T cells into the TME. We
further identified a novel immunotherapeutic virus by demonstrating that the
arenaviruses lymphocytic choriomeningitis virus (LCMV) preferentially replicated in
tumor cells in a variety of murine and human cancer models. LCMV replication led to
prolonged local immune activation, rapid regression of localized and metastatic
cancers, and long-term disease control. Additional original papers in this habilitation
thesis presented aspects of immunological responses following chronic viral
infections, bacterial infections and innate immune stimulation pertaining to key
immune populations that are known to influence anti-tumor immunity. Specifically,
we observed that intrinsic expression of Toso (Faim3, FcIR) influenced the
differentiation and activation of iDCs in vivo and DCs in vitro. Lack of iDCs in Toso-
deficient (Toso™") mice reduced CD8*T-cell function in the liver and resulted in virus
persistence. We found Toso to have an essential role in the differentiation and
maturation of iDCs, a process that is required for the control of persistence-prone
virus infection. Toso also played a critical regulatory function in innate immune
activation. Toso-deficient neutrophils exhibited more reactive oxygen species
production and reduced phagocytosis of pathogens compared with controls.
Cytokine production was also decreased in Toso™™ mice compared with WT animals,
rendering them resistant to septic shock induced by lipopolysaccharide but
susceptible to bacterial infection. Lastly, we elucidated key molecular aspects of
inflammatory processes by demonstrating how loss of the amino terminus in iRhom1
and iRhom2 impairs TNF signaling, despite enhancing ADAM17 activity. This can

contribute to our understanding of how mutations in the amino-terminal region
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contribute to the cancer predisposition syndrome tylosis with esophageal cancer
(TOC).
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5. Summary — Deutsch

Die in dieser Habilitationsschrift zusammengefassten Originalarbeiten
beleuchten Aspekte der Tumorbehandlung durch neuartige Kombinationen und
immunmodulierende Wirkstoffe. Insbesondere haben wir festgestellt, dass
Phosphodiesterase (PDE)-Inhibitoren, Cilostazol, und andere Verbindungen, die den
intrazellularen Gehalt an zyklischem Adenosinmonophosphat (CAMP) erhdhen, die
durch Statine ausgeldste Apoptose bei akuter myeloischer Leukamie und multiplen
Myelomzellen verstarken. Mit Hilfe von Screening-Ansatzen haben wir einen
Wirkstoff mit Anti-Melanom-Aktivitat in vitro und in vivo identifiziert, der das Potenzial
hat, mit den Standardtherapeutika Vemurafenib und Cobimetinib sowohl beim
BRAFVG600E als auch beim BRAF-WT-Melanom sowie mit Immuntherapien
kombiniert zu werden, da Tegaserod die Infiltration von immunsuppressiven FOXP3-
und ROR-yt-positiven CD4+ T-Zellen in die TME verringert. Daruber hinaus zeigen
wir dass das lymphozytare Choriomeningitis-Virus (LCMV) in einer Reihe von
Krebsmodellen bevorzugt in Tumorzellen repliziert. Die LCMV-Replikation fuhrte zu
einer verlangerten lokalen Immunaktivierung, zu einer raschen Ruckbildung von
lokalisierten und metastasierten Krebserkrankungen und zu einer langfristigen
Krankheitskontrolle. Weitere Originalarbeiten in dieser Habilitationsschrift befassen
sich  mit immunologischen Reaktionen nach chronischen Virusinfektionen,
bakteriellen Infektionen und der Stimulation des angeborenen Immunsystems in
Bezug auf wichtige Immunpopulationen, die eine Anti-Tumor-Immunitat
beeinflussen. Insbesondere haben wir beobachtet, dass die intrinsische Expression
von Toso (Faim3, FcIR) die Differenzierung und Aktivierung von iDCs in vivo und
DCs in vitro beeinflusst. Das Fehlen von iDCs in Toso-defizienten (Toso-/-) Mausen
reduzierte die Funktion der CD8+T-Zellen in der Leber und fihrte zu einer
Viruspersistenz. Wir fanden heraus, dass Toso eine wesentliche Rolle bei der
Differenzierung und Reifung von iDCs spielt, ein Prozess, der fiir die Kontrolle der
persistenzanfalligen Virusinfektion erforderlich ist. Toso spielt auch eine
entscheidende regulatorische Funktion bei der Aktivierung des angeborenen
Immunsystems. Toso-defiziente neutrophile Granulozyten produzierten mehr
reaktive Sauerstoffspezies und zeigten eine geringere Phagozytose von
Krankheitserregern als die Kontrollgruppe. Auch die Zytokinproduktion war bei Toso-

/- Mausen im Vergleich zu WT-Tieren vermindert, was sie resistent gegen einen
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durch Lipopolysaccharid ausgeldsten septischen Schock, aber auch anfalliger flr
bakterielle Infektionen machte. Schliel3lich konnten wir wichtige molekulare Aspekte
von Entzindungsprozessen aufklaren, indem wir zeigten, wie der Verlust des
zytoplasmatischen Teils von iRhom1 und iRhom2 die TNF-Signalubertragung
beeintrachtigt, oowohl die ADAM17-Aktivitat erhoht wird. Dies konnte bei Mutationen
in dem zytoplasmatischen Teil des iRhom2 bei dem Tylosis Syndrom Tylose mit

Osophaguskrebs (TOC) eine wichtige Rolle spielen.
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Dipyridamole, an antiplatelet drug, has been shown to synergize with sta-
tins to induce cancer cell-specific apoptosis. However, given the polyphar-
macology of dipyridamole, the mechanism by which it potentiates statin-
induced apoptosis remains unclear. Here, we applied a pharmacological
approach to identify the activity of dipyridamole specific to its synergistic
anticancer interaction with statins. We evaluated compounds that pheno-
copy the individual activities of dipyridamole and assessed whether they
could potentiate statin-induced cell death. Notably, we identified that a
phosphodiesterase (PDE) inhibitor, cilostazol, and other compounds that
increase intracellular cyclic adenosine monophosphate (cCAMP) levels poten-
tiate statin-induced apoptosis in acute myeloid leukemia and multiple mye-
loma cells. Additionally, we demonstrated that both dipyridamole and
cilostazol further inhibit statin-induced activation of sterol regulatory ele-
ment-binding protein 2, a known modulator of statin sensitivity, in a
cAMP-independent manner. Taken together, our data support that PDE
inhibitors such as dipyridamole and cilostazol can potentiate statin-induced
apoptosis via a dual mechanism. Given that several PDE inhibitors are
clinically approved for various indications, they are immediately available
for testing in combination with statins for the treatment of hematological
malignancies.

1. Introduction

However, in normal cells and many cancer cells, treat-
ment with statins activates the transcription factor sterol

The synthesis of cholesterol and other isoprenoids via
the mevalonate (MVA) pathway is tightly regulated to
maintain homeostasis. In many cancer cells, an increased
dependency on isoprenoid biosynthesis for growth and
survival confers sensitivity to the statin family of drugs,
which inhibits the rate-limiting enzyme of the MVA
pathway, HMG-CoA reductase (HMGCR) [1].

Abbreviations

regulatory element-binding protein 2 (SREBP2), which
functions to upregulate genes involved in MVA metabo-
lism to restore homeostasis. Activation of this feedback
response has been associated with statin resistance in
cancer cells [2—4]. In contrast, subsets of cancer cells that
do not induce this feedback loop following statin treat-
ment readily undergo apoptosis [2,4].

AML, acute myeloid leukemia; ANOVA, analysis of variance; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine
monophosphate; GGPP, geranylgeranyl pyrophosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; HMGCR, HMG-CoA reductase;
MM, multiple myeloma; MVA, mevalonate; PDE, phosphodiesterase; PKA, protein kinase A; gRT-PCR, quantitative reverse transcription—
PCR; SD, standard deviation; sgRNAs, small guide RNAs; SREBP, sterol regulatory element-binding protein.
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We previously demonstrated that inhibition of this
feedback response via RNAi-mediated knockdown of
SREBP2 potentiates statin-induced cell death in lung
and breast cancer cell lines [5]. Moreover, through a
drug screening approach, our laboratory identified that
the drug dipyridamole, an antiplatelet agent approved
for secondary stroke prevention, can synergize with
statins to induce apoptosis in acute myeloid leukemia
(AML) and multiple myeloma (MM) cells [6]. We fur-
ther demonstrated that dipyridamole inhibits statin-in-
duced SREBP2 cleavage and activation, thus
abrogating the restorative feedback loop of the MVA
pathway (Fig. 1) [6]. Since these initial observations in
AML and MM, dipyridamole has been shown to inhi-
bit statin-induced SREBP2 activation and potentiate
statin-induced cell death in breast [3] and prostate [4]
cancer; however, the mechanism by which dipyri-
damole inhibits SREBP2 and potentiates statin-in-
duced cancer cell death remains poorly characterized.

In this manuscript, we present data to suggest that
the synergistic anticancer interaction between statins
and dipyridamole is twofold. In part, the ability of
dipyridamole to function as a phosphodiesterase (PDE)
inhibitor and increase cyclic adenosine monophosphate
(cAMP) levels sensitizes cancer cells to statin-induced
apoptosis. Additionally, dipyridamole and another
cAMP-hydrolyzing PDE inhibitor, cilostazol, are able

HMG-CoA

Statin — lHMGCR .

Mevalonate ‘
SREBP2 —— Dipyridamole
GGPP Cholesterol
Cell survival

Fig. 1. Dipyridamole inhibits the sterol-regulated feedback loop of the
MVA pathway. Schematic representation of the MVA pathway.
Statins inhibit the rate-limiting enzyme of the pathway, HMGCR,
which catalyzes the conversion of HMG-CoA to MVA. MVA is
subsequently used to synthesize various metabolites that are
important for cell growth and survival, including GGPP and cholesterol.
Statin-mediated cholesterol depletion induces the cleavage and
activation of SREBP2, which in turn induces the transcription of genes
involved in MVA metabolism to restore homeostasis. We previously
identified that the drug dipyridamole can inhibit statin-induced
SREBP2 activation; however, the mechanism by which dipyridamole
inhibits SREBP2 cleavage remains poorly understood.

J. Longo et al.

to inhibit statin-induced SREBP2 activity, and thus
potentiate the proapoptotic activity of statins through a
second, cAMP-independent mechanism. Collectively,
these data warrant further investigation into the combi-
nation of a statin and cAMP-hydrolyzing PDE inhibi-
tor for the treatment of hematological malignancies.

2. Materials and methods

2.1. Cell culture and compounds

KMSII1, LP1, OCI-AML-2, and OCI-AML-3 cell lines
were cultured as described previously [6]. S49 wild-type
(CCLZR352) and kin- (CCLZR347) cells were pur-
chased from the University of California, San Francisco
(UCSF) Cell Culture Facility and were cultured in Dul-
becco’s modified Eagle medium supplemented with
10% heat-inactivated horse serum, 100 units-mL ™'
penicillin, and 100 pg-mL™" streptomycin. Cell lines
were routinely confirmed to be mycoplasma-free using
the MycoAlert Mycoplasma Detection Kit (Lonza, Mis-
sissauga, Canada). Atorvastatin calcium (21CEC Phar-
maceuticals Ltd., Markham, Canada) and fluvastatin
sodium (US Biological, Burlington, Canada) were dis-
solved in ethanol. Dipyridamole (Sigma, Oakville,

Canada), cilostazol (Tocris Bioscience, Burlington,
Canada), S-(4-nitrobenzyl)-6-thioinosine (NBMPR)
(Tocris  Bioscience), 4-{[3'.4'-(methylenedioxy)benzyl]

amino}-6-methoxyquinazoline (MBMQ) (Calbiochem,
Oakville, Canada), fasentin (Sigma), and forskolin
(Sigma) were dissolved in DMSO. Mevalonate and
dibutyryl-cAMP (db-cAMP) were purchased from
Sigma and dissolved in water. Geranylgeranyl
pyrophosphate (GGPP) (methanol : ammonia solution)
was purchased from Sigma.

2.2. Cell viability assays

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) assays were performed as previously
described [7]. Briefly, cells were seeded at 15 000—
20 000 cells/well in 96-well plates and treated as indicated
for 48 h. Percent cell viability was calculated relative to
cells treated with solvent control(s). Fluvastatin dose-re-
sponse curves were plotted, and area under the dose-re-
sponse curve (AUC) values were computed using
GRAPHPAD PRISM V6 software (San Diego, CA, USA).

2.3. Cell death assays

Cells were seeded at 750 000 cells/well in 6-well plates
and treated as indicated for 48 h. For propidium
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iodide (PI) staining, cells were fixed in 70% ethanol
for at least 24 h, stained with PI, and analyzed by flow
cytometry for the % pre-Gl1 DNA population as a
measure of cell death, as previously described [2]. For
Annexin V staining, cells were processed and stained
using the Annexin V-FITC Apoptosis Kit (BioVision
Inc., Burlington, Canada) as per the manufacturer’s
protocol, or washed and stained as indicated in
Annexin V Binding Buffer (BD Biosciences, Missis-
sauga, Canada). Apoptosis assays using primary AML
cells were performed as described previously [6].
Patient samples were obtained with informed consent
under a protocol approved by the University Health
Network Research Ethics Board in accordance with
the Declaration of Helsinki.

2.4. CCLE data mining

RNA sequencing data for the selected AML and MM
human cell lines from the Cancer Cell Line Encyclope-
dia (CCLE) [8] were analyzed using the UCSC Xena
Functional Genomics Explorer (https://xenabrowser.
net/) [9].

2.5. CRISPR/Cas9-mediated gene knockout

Independent small guide RNAs (sgRNAs) that target
PRKACA were cloned into lentiCRISPR v2 (Addgene
plasmid #52961, Watertown, MA, USA). A sgRNA
targeting a random locus on chromosome 10 was used
as a negative control. HEK-293Tv cells were co-trans-
fected with the sgRNA constructs, pMD2.G and
psPAX2 using calcium-phosphate. LP1 cells were
transduced with the lentiviral supernatants in the pres-
ence of 8 ug-mL ™' polybrene, after which they were
selected with 1 pg-mL ™" puromycin. The sequences for
the sgRNAs were obtained from Ref. [10] and are as
follows:

¢C10 Random: AAACATGTATAACCCTGCGC
gPRKACA #1: ACGAATCAAGACCCTCGGCA
gPRKACA #2: AGATGTTCTCACACCTACGG

2.6. Immunoblotting

For proteins other than HMGCR, immunoblotting
was performed as previously described [4], using the
following primary antibodies: SREBP2 (1 : 250; BD
Biosciences, 557037), Actin (1 : 3000; Sigma, A2066),
PKA C-a (1:1000; Cell Signaling Technology,
#4782), a-Tubulin (1 : 3000; Calbiochem, CP06), and
Ku80 (1 :3000; Cell Signaling Technology, #2180).
For HMGCR immunoblots, cells were seeded at

Statins & PDE inhibitors induce cancer cell death

750 000 cells/well in 6-well plates and treated as indi-
cated for 24 h. Whole cell lysates were prepared by
washing cells twice with cold PBS and lysing cells in
~ 80 uL of buffer (20 mm Tris pH 7.5, 150 mm NaCl,
1 mm EDTA, 1 mm EGTA, 0.5% Triton X-100, pro-
tease inhibitors) on ice for 30 min. Lysates were
cleared by centrifugation and protein concentrations
determined using the Pierce 660 nm Protein Assay Kit
(Thermo Fisher Scientific). Dithiothreitol (DTT) was
added to a final concentration of 1 M. 4x Laemmli
sample buffer was then added to the DTT-containing
lysates at room temperature. Samples were not boiled
to limit aggregation of membrane proteins. Blots were
probed with primary antibodies against HMGCR (A9)
(1 : 1000; prepared in-house) and actin.

2.7. Quantitative RT-PCR

Total RNA was isolated using TRIzol Reagent (Invit-
rogen, Mississauga, Canada). cDNA was synthesized
from 500 ng RNA using SuperScript III (Invitrogen),
or RNA was directly used for RT-PCR analysis using
the iTaq Universal Probe One-Step Kit (Bio-Rad, Mis-
sissauga, Canada), according to the manufacturer’s
instructions. Quantitative reverse transcription—PCR
(qRT-PCR) was performed using TagMan probes
(Applied Biosystems, Mississauga, Canada) for the
following genes: HMGCR (Hs00168352), HMGCSI
(Hs00266810), INSIGI (Hs01650979), and GAPDH
(Hs99999905).

2.8. Intracellular cAMP quantification

Intracellular levels of cAMP were measured using the
Cyclic AMP Chemiluminescent Immunoassay Kit (Cell
Technology, Hayward, CA, USA) as per the manufac-
turer’s protocol. Briefly, 1.5 x 10° cells/well (6-well
plate) were incubated with the compounds as indi-
cated, washed with PBS, and lysed in 150 pL of the
provided lysis buffer.

3. Results

3.1. The cAMP-hydrolyzing PDE3 inhibitor
cilostazol phenocopies dipyridamole to
potentiate statin-induced cancer cell death

Dipyridamole has been reported to have multiple tar-
gets and can function as an inhibitor of nucleoside
transport [11], glucose uptake [12], and PDEs [13]
(Fig. 2A). To test which, if any, of these reported
functions of dipyridamole are important for
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Fig. 2. The cAMP-hydrolyzing PDE3 inhibitor cilostazol phenocopies dipyridamole to potentiate statin-induced cancer cell death. (A)
Schematic representation of the reported targets of dipyridamole and additional compounds that target these proteins. ENT, equilibrative
nucleoside transporter; GLUT, glucose transporter; PDE, phosphodiesterase; PKA, protein kinase A. (B) OCI-AML-2, OCI-AML-3, and KMS11
cells were treated with atorvastatin (4, 2 and 4 um for OCI-AML-2, OCI-AML-3, and KMS11 cells, respectively) + a glucose uptake inhibitor
(fasentin; 12.5, 6.3, and 12.5 um for OCI-AML-2, OCI-AML-3, and KMS11 cells, respectively), ENT inhibitor (NBMPR; 20 um), cGMP-
hydrolyzing PDE5 inhibitor (MBMQ; 10 um), or cAMP-hydrolyzing PDE3 inhibitor (cilostazol; 25, 12.5, and 25 pm for OCI-AML-2, OCI-AML-3,
and KMS11 cells, respectively). After 48 h, cell viability was evaluated by MTT assays. Data are represented as the mean + SD. *P < 0.05
(one-way ANOVA with Tukey's multiple comparisons test, where the indicated groups were compared to the other groups of that cell line).
#P < 0.05 (one-way ANOVA with Tukey's multiple comparisons test, comparing the two indicated groups).

potentiating statin-induced cancer cell death, we
assayed additional compounds with similar activities
for their ability to phenocopy dipyridamole. For these
experiments, we evaluated the following compounds:
NBMPR [equilibrative nucleoside transporter 1
(ENT1) inhibitor], fasentin [glucose transporter 1
(GLUT1) inhibitor], MBMQ (PDES inhibitor), and
cilostazol (PDE3 inhibitor). AML (OCI-AML-2, OCI-
AML-3) and MM (KMSI11) cells were treated with
each compound alone or in combination with atorvas-
tatin. The concentrations of each compound were cho-
sen such that they had minimal single-agent effects on
cell viability (< 20%), but were still within the range
known to inhibit the target under investigation [14—
20]. Of the four compounds evaluated, only the combi-
nation of atorvastatin and cilostazol was observed to
decrease AML and MM cell viability in all three cell
lines (Fig. 2B). We further demonstrated that these
effects were on-target and not specific to atorvastatin,
as a similar decrease in cell viability was observed
when cilostazol was combined with fluvastatin, another
statin drug (Fig. S1). Moreover, the addition of exoge-
nous MVA or GGPP was able to fully rescue the
decrease in cell viability caused by the statin—cilostazol
combination (Fig. S1), further supporting that these
effects were due to MVA pathway inhibition.

3.2. Compounds that increase cAMP levels
phenocopy dipyridamole to potentiate statin-
induced apoptosis

PDE:s catalyze the hydrolysis of cAMP and cyclic gua-
nosine monophosphate (¢cGMP) (Fig. 2A), thereby reg-
ulating the intracellular concentrations of these
secondary messengers. There are 11 PDE proteins that
can be expressed in mammalian cells, which differ in
their cellular functions, structures, expression patterns,
and affinities for cAMP and ¢cGMP [21,22]. Dipyri-
damole is known to inhibit multiple cAMP- and
c¢GMP-hydrolyzing PDEs with varying affinities
[13,22]. In contrast, cilostazol is reported to be a speci-
fic inhibitor of PDE3, which is a cAMP-hydrolyzing

PDE [13,21]. Given our observation that the statin—
cilostazol combination was uniquely able to decrease
the viability of AML and MM cells, we hypothesized
that inhibition of cAMP hydrolysis by dipyridamole
may be responsible, at least in part, for its ability to
synergize with statins to induce cancer cell death.
Indeed, dipyridamole treatment, at the concentration
used throughout this study (5 pum), resulted in a 2.5-
fold increase in intracellular cAMP levels (Fig. S2).

To evaluate whether the PDEs targeted by dipyri-
damole and cilostazol are expressed in AML and MM
cells, we mined the Cancer Cell Line Encyclopedia
(CCLE) database [8]. Indeed, multiple PDEs, including
isoforms of PDE3, PDES, PDE6, PDE7, and PDES,
are highly and consistently expressed in a panel of
AML and MM cell lines, including previously charac-
terized statin-sensitive (e.g., KMS11, OCI-AML-3) and
insensitive (e.g., LP1) cell lines (Fig. 3A) [6,23,24]. We
subsequently evaluated the ability of an adenylate
cyclase activator (forskolin) and cell-permeable analog
of cAMP (db-cAMP) to potentiate statin-induced
apoptosis in AML cells. The combination of fluvas-
tatin and dipyridamole, cilostazol, forskolin, or db-
cAMP significantly induced apoptosis in OCI-AML-2
and OCI-AML-3 cells, whereas no significant apopto-
sis was observed in response to treatment with each
cAMP-modulating compound on its own (Fig. 3B). To
determine whether primary cells were similarly sensi-
tive to the combination of a statin and PDE inhibitor,
we treated primary AML cells with fluvastatin and/or
cilostazol for 48 h, after which apoptosis was quanti-
fied by Annexin V staining using flow cytometry.
Indeed, the fluvastatin—cilostazol combination signifi-
cantly induced apoptosis in these cells (Fig. 3C). This
is consistent with our previous report that the statin—
dipyridamole combination can induce apoptosis in pri-
mary AML cells [6]. Notably, we evaluated the statin—
cilostazol combination in primary cells from three of
the same patients as in our previous report with
dipyridamole, and observed concordant results [6].
Collectively, these data suggest that elevating intracel-
lular levels of cAMP may be an effective way to
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Fig. 3. Compounds that increase cAMP levels phenocopy dipyridamole to potentiate statin-induced apoptosis. (A) RNA expression of the
different PDEs in a panel of human AML and MM cell lines. Data were mined from the CCLE database. (B) OCI-AML-2 and OCI-AML-3
cells were treated with fluvastatin (4 um for OCI-AML-2 and 2 puwv for OCI-AML-3) + a PDE3 inhibitor (cilostazol; 20 uwm), an adenylate
cyclase activator (forskolin; 10 um) or do-cAMP (0.1 mm). After 48 h, cells were labeled with FITC-conjugated Annexin V and apoptotic cells
were quantified by flow cytometry. *P < 0.05 (one-way ANOVA with Dunnett's multiple comparisons test, where the indicated groups were
compared to the solvent controls group of that cell line). Data are represented as the mean + SD. (C) Primary AML cells were cultured in
the presence of solvent controls, 5 um fluvastatin, 20 pm cilostazol, or the combination. After 48 h, cells were labeled with FITC-conjugated
Annexin V and analyzed by flow cytometry. Data from four independent AML patient samples are represented as box plots with whiskers
depicting the maximum and minimum values. *P < 0.05 (one-way ANOVA with Dunnett's multiple comparisons test, where the indicated
group was compared to the solvent controls group).

sensitize hematological cancer cells to statin-induced To test whether compounds that increase cAMP levels
apoptosis. similarly inhibit the induction of sterol metabolism
gene expression in response to statin treatment, we
treated LP1 cells with fluvastatin as a single agent or
in combination with a PDE inhibitor (dipyridamole or
cilostazol), forskolin or db-cAMP, and then evaluated
We previously demonstrated that dipyridamole inhibits the expression of three SREBP2 target genes by qRT—
statin-induced SREBP2 cleavage and activation, which PCR: HMGCR, HMG-CoA synthase 1 (HMGCS]),
sensitizes cancer cells to statin-induced apoptosis [4,6]. and insulin-induced gene 1 (INSIGI). We chose LPI

3.3. Compounds that increase cAMP levels
differentially modulate sterol metabolism
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cells for these experiments because we previously
demonstrated that this cell line robustly activates
SREBP2 in response to statin exposure, and cotreat-
ment with dipyridamole sensitizes them to statin-in-
duced apoptosis [6]. As expected, treatment of LPI
cells with fluvastatin resulted in the induction of all
three sterol-regulated genes, a response which was
completely blocked by dipyridamole cotreatment
(Fig. 4A). Cilostazol similarly inhibited fluvastatin-in-
duced expression of these SREBP2 target genes
(Fig. 4A). In contrast, forskolin and db-cAMP had
weaker, if any, effects on the expression of these
sterol-regulated genes in this cell line, and yet both
compounds potentiated statin-induced apoptosis
(Figs 3B and 4A, Fig. S3). Concordantly, only dipyri-
damole and cilostazol decreased statin-induced
HMGCR protein expression (Fig. 4B), which was
associated with the inhibition of SREBP2 cleavage fol-
lowing statin treatment (Fig. 4C).

cAMP can regulate several effectors, the most well
studied of which is cAMP-dependent protein kinase A
(PKA). PKA phosphorylates a multitude of proteins
with diverse roles in signal transduction, metabolism,
ion transport, and transcription regulation [25]. In par-
ticular, PKA has been shown to phosphorylate and
negatively regulate SREBP1 (the master transcriptional
regulator of fatty acid biosynthesis) in vitro at a resi-
due that is conserved between SREBP1 and SREBP2
[26]. However, given our observation that db-cAMP
did not inhibit statin-induced SREBP2 target gene
expression (Fig. 4A), we reasoned that the effects of
dipyridamole and cilostazol on SREBP2 were likely
independent of cAMP/PKA signaling. To validate this
model, we knocked out the alpha catalytic subunit of
PKA (PKA Co, encoded by PRKACA) in LP1 cells
and evaluated the subsequent effects on dipyridamole
and cilostazol activity. Consistent with a cAMP/PKA-
independent mechanism, both dipyridamole and
cilostazol retained their ability to inhibit SREBP2 and
potentiate statin-induced cell death in PKA-depleted
LP1 cells (Figs S4 and S5).

Statins & PDE inhibitors induce cancer cell death

To further confirm the above observation, we evalu-
ated dipyridamole and cilostazol activity in isogenic
wild-type and PKA-null (kin-) S49 cells [27]. S49 kin-
cells have no detectable PKA activity due to improper
cis-autophosphorylation at serine 338 during transla-
tion, which renders the catalytic subunit of PKA insol-
uble [28]. Indeed, dipyridamole and cilostazol
potentiated statin-induced cell death in both S49 wild-
type and kin- cells (Fig. S4).

Taken together, these data suggest that compounds
that increase cAMP levels, including PDE inhibitors
and forskolin, can sensitize hematological cancer cells
to statin-induced apoptosis. Furthermore, PDE inhibi-
tors such as dipyridamole and cilostazol further pos-
sess cCAMP/PKA-independent activity against statin-
induced SREBP2 activation (Fig. 5).

4. Discussion

Our laboratory previously reported a novel role for
the drug dipyridamole as an inhibitor of the SREBP
family of transcription factors [4,6]. As a result, dipyri-
damole can sensitize certain cancer cells to statin-in-
duced apoptosis (Fig. 1) [4,6]. However, given the
polypharmacology of dipyridamole, the mechanism by
which it inhibits the SREBP proteins and synergizes
with statins remains to be fully understood. As a step
toward elucidating this mechanism, we evaluated indi-
vidual compounds that phenocopied the different
known functions of dipyridamole for their ability to
sensitize AML and MM cell lines to statin-induced cell
death. Through this approach, we were able to dissect
the polypharmacology of dipyridamole and implicate
its role as a cAMP-hydrolyzing PDE inhibitor in
potentiating statin-induced apoptosis.

Our study revealed that cAMP-hydrolyzing PDE
inhibitors, including dipyridamole and cilostazol, sensi-
tize hematological cancer cells to statin-induced apop-
tosis via a dual mechanism (Fig. 5). By inhibiting PDE
activity, dipyridamole and cilostazol increase intracel-
lular cAMP levels (Fig. S2) [18]. We demonstrated

Fig. 4. Compounds that increase cAMP levels differentially modulate sterol metabolism. (A) LP1 cells were treated with 4 um

fluvastatin + 5 um dipyridamole, 20 pm cilostazol, 10 um forskolin, or 0.1 mm db-cAMP for 16 h, and RNA was isolated to assay for
HMGCR, HMGCS1 and INSIG1 expression by gRT-PCR. mRNA expression data are normalized to GAPDH expression. Data are
represented as the mean + SD. *P < 0.05 (one-way ANOVA with Tukey’s multiple comparisons test, where the indicated groups were
compared to the solvent controls group), *P < 0.05 (one-way ANOVA with Tukey's multiple comparisons test, comparing the two indicated
groups). (B) LP1 cells were treated with 4 um fluvastatin + 5 pm dipyridamole, 20 pm cilostazol, 10 pum forskolin, or 0.1 mm db-cAMP for
24 h, and protein was isolated to assay for HMGCR expression by immunoblotting. 1 = HMGCR oligomer, 2 = HMGCR monomer.
Immunoblots are representative of three independent experiments. (C) LP1 cells were treated with 4 pm fluvastatin + 5 pm dipyridamole or
20 pm cilostazol for 8 h, and protein was isolated to assay for SREBP2 cleavage (activation) by immunoblotting. F, full-length SREBP2; C,
cleaved SREBP2. Immunoblots are representative of three independent experiments.
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that other compounds that increase cAMP levels, (e.g., KMSI1, OCI-AML-3) and statin-insensitive

including forskolin, similarly sensitize cancer cells to
statin-induced cell death. Importantly, cotreatment
with a statin and cAMP-modulating agent was effec-
tive at potentiating cell death in both statin-sensitive

2540

(e.g., LP1) cell lines (Fig. 3B, Figs S1, S3,and S4D).
Our data are consistent with a previous report, where
the combination of lovastatin and db-cAMP was
shown to enhance differentiation and cytotoxicity in
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Fig. 5. Proposed model for how cAMP-hydrolyzing PDE inhibitors
potentiate statin-induced cancer cell death. Compounds that
increase intracellular cAMP levels, including PDE inhibitors (e.g.,
dipyridamole, cilostazol) and forskolin, can sensitize cancer cells to
statin-induced apoptosis. Dipyridamole and cilostazol also inhibit
statin-induced activation of SREBP2 through a cAMP-independent
mechanism, which abrogates the restorative feedback loop of the
MVA pathway and further sensitizes cancer cells to statin-induced
apoptosis.

embryonal carcinoma and neuroblastoma cell lines
[29]. However, the critical cAMP-regulated effector
that modulates statin sensitivity in cancer cells remains
to be identified. In the present study, we found that
dipyridamole and cilostazol potentiate statin-induced
cell death in a PKA-independent manner (Fig. S4). In
addition to PKA, cAMP also regulates specific ion
channels and the EPAC (exchange protein directly
activated by cAMP) proteins, which are cAMP-depen-
dent guanine nucleotide exchange factors for the RAP
GTPases [30]. Future work is required to delineate the
mechanism by which elevated cAMP levels sensitize
cancer cells to statin-induced apoptosis.

We further demonstrated that the PDE inhibitors
dipyridamole and cilostazol inhibit the SREBP2-regu-
lated feedback mechanism of the MVA pathway via
an additional, cAMP-independent mechanism (Fig. 4).
Interestingly, cilostazol has previously been reported
to inhibit insulin-induced expression of SREBP1 [31],
but the potential involvement of cAMP signaling was
not explored. Data in the literature are conflicting as
to the effects of PDE inhibitors on lipid metabolism.
A recent study demonstrated that combined inhibition
of PDE4 and PDES in Leydig cells promotes SREBP2
signaling, cholesterol metabolism, and steroidogenesis
[32]. In contrast, data from a randomized controlled
trial in patients with type 2 diabetes revealed that
cilostazol treatment significantly lowered serum triglyc-
eride and low-density lipoprotein (LDL) cholesterol
levels [33]. The data we present here clearly show that
dipyridamole (a pan-PDE inhibitor) and cilostazol (a
PDE3 inhibitor) can abrogate SREBP2 cleavage and

Statins & PDE inhibitors induce cancer cell death

activation in AML and MM cells exposed to a statin.
It is therefore possible that different PDEs play unique
roles in regulating SREBP2 signaling and sterol meta-
bolism and that PDE-mediated regulation of SREBP2
is tissue type- and context-dependent. In the context of
cancer, dipyridamole has been shown to inhibit statin-
induced SREBP2 cleavage and activation in AML,
MM, breast cancer, and prostate cancer cells [3,4,0],
suggesting similar regulation in many different cell
types. A rigorous analysis of the effects of different
PDE inhibitors on lipid metabolism and investigation
into the mechanism(s) by which these clinically
approved drugs act to modulate cancer cell metabo-
lism should be a focus of future studies. Interestingly,
unlike many other PDE inhibitors, dipyridamole and
cilostazol also inhibit adenosine uptake [11,34]. While
we did not observe enhanced cell death when the ade-
nosine reuptake inhibitor NBMPR was combined with
a statin (Fig. 2B), it remains possible that dipyri-
damole and cilostazol inhibit sterol metabolism via a
PDE-independent mechanism or through simultaneous
modulation of multiple targets.

The data presented here may have important clini-
cal implications, as many cAMP-hydrolyzing PDE
inhibitors are approved for several nononcology indi-
cations [21]. For example, cilostazol (marketed as Ple-
tal) is currently approved and widely used to treat
intermittent claudication. The overexpression of sev-
eral PDEs has been observed in solid and hematolog-
ical tumors, and the possibility of cAMP-hydrolyzing
PDE inhibition as an anticancer strategy has been
preclinically explored alone or in combination with
chemo- and targeted molecular therapies [35-40]. In
hematological malignancies, primary chronic lympho-
cytic leukemia patient samples were found to have
PDE7B overexpression and noted to be sensitive to
PDE7 inhibition in a cAMP-dependent manner [38].
Another study found a strong synergistic combinato-
rial effect between adenosine A2A receptor agonists
and cAMP-hydrolyzing PDE inhibitors in MM and
diffuse large B-cell lymphoma cell lines and primary
patient samples [41]. Given that a number of PDE
inhibitors are poised for repurposing and that statins
have demonstrated anticancer activity in early-phase
clinical trials [42-49], further studies are needed to
evaluate the therapeutic benefit of a statin-PDE inhi-
bitor combination for the treatment of cancer. As the
combination of cilostazol and statins has already
been evaluated clinically in healthy subjects [50,51]
and in patients with cardiovascular indications [52,53]
without added adverse effects, there is the possibility
of fast-tracking these agents to phase II trials in
AML and MM.
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5. Conclusion

In summary, we propose a working model whereby
cAMP-hydrolyzing PDE inhibitors, such as dipyri-
damole and cilostazol, increase cAMP levels and inhibit
SREBP2 activation via independent mechanisms, both
of which converge to potentiate statin-induced apoptosis
in hematological cancer cells (Fig. 5). Given that statins
and a number of PDE inhibitors are already approved
for various nononcology indications, future studies are
needed to thoroughly evaluate the potential therapeutic
benefit of these agents for the treatment of hematologi-
cal malignancies. Moreover, our experimental approach
to dissect the polypharmacology of dipyridamole is one
that may be useful when interrogating novel functions
of other repurposed drugs.
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Fig. S1. Statin-cilostazol-induced cancer cell death can
be rescued by exogenous MVA or GGPP. KMSI11 and
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OCI-AML-3 cells were treated as indicated with flu-
vastatin (2 pM for KMSI11 and 0.5 uM for OCI-
AML-3 cells), cilostazol (12.5 pM), mevalonate (0.2
mM) and/or GGPP (2 uM). After 48 hr, cell viability
was evaluated by MTT assays. Data are represented as
the mean + SD. *p < 0.05 (one-way ANOVA with
Tukey’s multiple comparisons test, where the indicated
groups were compared to the other groups of that cell
line).

Fig. S2. Dipyridamole treatment increases intracellular
cAMP. OCI-AML-3 cells were treated with 2 uM flu-
vastatin + 5 uM dipyridamole for 15 min and intracel-
lular cAMP levels were quantified. Data are
represented as the mean + SD. *p < 0.05 (one-way
ANOVA with Dunnett’s multiple comparisons test,
where the indicated groups were compared to the sol-
vent controls group).

Fig. S3. Forskolin and db-cAMP sensitize LP1 cells to
fluvastatin-induced apoptosis. LP1 cells were treated
with 4 uM fluvastatin + 10 uM forskolin or 0.1 mM
db-cAMP for 48 hr, after which apoptotic cells (dou-
ble Annexin V-positive and 7AAD-positive cells) were
quantified by flow cytometry. Data are represented as
the mean + SD. *p < 0.05 (one-way ANOVA with
Dunnett’s multiple comparisons test, where the indi-
cated groups were compared to the solvent controls
group).

Fig. S4. Potentiation of statin-induced cancer cell
death by dipyridamole and cilostazol is independent of
PKA. (A) Immunoblot for PKA C-a expression in
LP1 cells expressing Cas9 and a sgRNA to a random
locus on chromosome 10 (gC10 Random) or one of
two different locations within PRKACA (representa-
tive of three independent experiments). (B) LP1 gC10
Random and gPRKACA sublines were treated with a
range of fluvastatin concentrations (0-24 uM) + 5 uM

Statins & PDE inhibitors induce cancer cell death

dipyridamole or 10 uM cilostazol. After 48 hr, cell via-
bility was evaluated by MTT assays. The area under
each fluvastatin dose-response curve is plotted. Data
are represented as the mean + SD. *p < 0.05 (one-way
ANOVA with Dunnett’s multiple comparisons test,
where the indicated groups were compared to the flu-
vastatin alone group of that subline). (C) Immunoblot
for PKA C-a expression in S49 wildtype (WT) or kin-
(PKA-null) cells (representative of three independent
experiments). (D) S49 WT and kin- cells were treated
with 5 puM fluvastatin + 2.5 uM dipyridamole or 5
uM cilostazol for 48 hr, fixed in ethanol and assayed
for DNA fragmentation (% pre-G1 population) as a
marker of cell death by propidium iodide staining.
Data are represented as the mean + SD. *p < 0.05
(one-way ANOVA with Dunnett’s multiple compar-
isons test, where the indicated groups were compared
to the solvent controls group of that cell line).

Fig. S5. Dipyridamole and cilostazol inhibit the sterol-
regulated feedback loop of the MVA pathway inde-
pendent of PKA. (A) LP1 gPRKACA sublines were
treated with 4 uM fluvastatin + 5 uM dipyridamole or
20 uM cilostazol for 16 hr, and RNA was isolated to
assay for HMGCS]I expression by qRT-PCR. mRNA
expression data are normalized to GAPDH expression.
Data are represented as the mean + SD. *p < 0.05
(one-way ANOVA with Sidak’s multiple comparisons
test, where the indicated groups were compared to the
solvent controls group of that subline). (B) LP1 gC10
Random or gPRKACA #1 cells were treated with 4
UM fluvastatin + 5 uM dipyridamole or 20 puM
cilostazol for 8 hr, and protein was isolated to assay
for SREBP2 cleavage (activation) by immunoblotting.
F = full-length SREBP2, C = cleaved SREBP2. Immu-
noblots are representative of three independent experi-
ments.
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Abstract

Background: New therapies are urgently needed in melanoma particularly in late-stage patients not responsive to
immunotherapies and kinase inhibitors.

Methods: Drug screening, IC50 determinations as well as synergy assays were detected by the MTT assay.
Apoptosis using Annexin V and 7AAD staining was assessed using flow cytometry. TUNEL staining was performed
using immunocytochemistry. Changes in phosphorylation of key molecules in PI3K/Akt/mTOR and other relevant
pathways were detected by western blot as well as immunocytochemistry. To assess in vivo anti-tumor activity of
Tegaserod, syngeneic intravenous and subcutaneous melanoma xenografts were used. Immunocytochemical
staining was performed to detect expression of active Caspase-3, cleaved Caspase 8 and p-S6 in tumors. Evaluation
of immune infiltrates was carried out by flow cytometry.

Results: Using a screen of 770 pharmacologically active and/or FDA approved drugs, we identified Tegaserod
(Zelnorm, Zelmac) as a compound with novel anti-cancer activity which induced apoptosis in murine and human
malignant melanoma cell lines. Tegaserod (TM) is a serotonin receptor 4 agonist (HTR4) used in the treatment of
irritable bowel syndrome (IBS). TM's anti-melanoma apoptosis-inducing effects were uncoupled from serotonin
signaling and attributed to PI3K/Akt/mTOR signaling inhibition. Specifically, TM blunted S6 phosphorylation in both
BRAFY5%F and BRAF wildtype (WT) melanoma cell lines. TM decreased tumor growth and metastases as well as
increased survival in an in vivo syngeneic immune-competent model. In vivo, TM also caused tumor cell apoptosis,
blunted PI3K/Akt/mTOR signaling and decreased S6 phosphorylation. Furthermore TM decreased the infiltration of
immune suppressive regulatory CD47CD25" T cells and FOXP3 and ROR-yt positive CD4™ T cells. Importantly, TM
synergized with Vemurafenib, the standard of care drug used in patients with late stage disease harboring the
BRAF®%%F mutation and could be additively or synergistically combined with Cobimetinib in both BRAF**F and
BRAF WT melanoma cell lines in inducing anti-cancer effects.
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Conclusion: Taken together, we have identified a drug with anti-melanoma activity in vitro and in vivo that has the

potential to be combined with the standard of care agent Vemurafenib and Cobimetinib in both BRA

BRAF WT melanoma.

F\/éOOE and

Keywords: Tegaserod, Melanoma, PI3K/Akt/mTOR pathway, Apoptosis

Background

Melanoma accounts for a large proportion of skin-
related deaths and its incidence and mortality is on the
rise [1, 2]. Despite advances in treatment options, the 5-
year survival for patients suffering from late stage disease
is only 20% [2]. The current therapeutic landscape en-
compasses surgery to remove early stage melanomas,
traditional chemotherapy and radiation therapy for the
more advanced stages, targeted therapies as well as
immunotherapy. An increased understanding of the mo-
lecular landscape driving melanoma particularly activat-
ing mutations such as BRAF'®°°" harbored by 50% of
melanoma patients, has led to the development of small
molecule inhibitors designed to specifically target mul-
tiple nodes of the MAPK pathway [3]. The approval of
the Anti-CTLA checkpoint inhibitor Ipilimumab [4] in
2011 ushered immunotherapies focused on targeting the
PD1/PD-L1 axis. This has had a tremendous impact on
the therapy landscape in treating patients with advanced
melanoma improving not only overall survival but lead-
ing to long-term survival in some patients. However, re-
sistance to targeted therapies as well immunotherapy
where bio-markers of response are not yet well-
established [5, 6], present challenges in the treatment of
melanoma. Although combinatorial approaches of the
various targeted therapies together with immunother-
apies are underway [7], the high-costs [5] associated with
immunotherapy highlights an urgent need for novel
anti-melanoma therapeutic options. The application of
drugs used for alternate diseases as novel anti-cancer
therapeutics, known as drug repositioning, has been suc-
cessfully implemented in the clinical setting [8] and
these compounds can be a rich potential source of novel,
readily available anti-cancer therapeutics.

We conducted a pharmacologic screen composed of
the NIH Clinical Collection (NCC) of 770 small mole-
cules, FDA-approved or which have been previously
used in human clinical trials to identify novel anti-
melanoma agents. Each molecule was screened in the
murine B16F10 cell line and its half maximal inhibitory
concentrations (IC50) was determined. Amongst the
compounds whose IC50 values were in the low micro-
molar range, Tegaserod (TM), a serotonin receptor 4
(HTR4) agonist, validated successfully in secondary
screening approaches with BRAF WT and BRAFY%F
human melanoma cell lines and was pursued in further

in vitro and in vivo studies. In melanoma, serotonin has
been found to increase melanogenesis via HTR2A, an ef-
fect that was reversed by HTR antagonists [9]. And while
HTR2B-C antagonists have been shown to inhibit migra-
tion in uveal [10] and metastatic melanoma [11], little is
known about serotonin agonists, particularly HTR4 ago-
nists in the context of this tumor type.

TM induced apoptosis in the BI6F10 murine melan-
oma cell line as well as several human melanoma cell
lines. In vivo, TM was well tolerated and efficacy was
demonstrated in a syngeneic melanoma model testing
primary tumor growth and metastasis. Importantly, TM
strongly synergized with the standard of care BRAFY%F
targeting Vemurafenib in human melanoma cell lines
harboring this mutation. Mechanistically, TM sup-
pressed PI3K/Akt/mTOR signaling converging on the
ribosomal protein S6 (S6) in vitro and in vivo. PI3K/
Akt/mTOR inhibition was likely responsible for TM’s
pro-apoptotic effects and anti-metastatic effects in mel-
anoma cell lines as pharmacological inhibition of the
pathway using specific inhibitors recapitulated the apop-
totic phenotype confirming the sensitivity of melanoma
cells to PI3BK/Akt/mTOR pathway perturbation.

Results

A screen of pharmacologically active drugs identifies
Tegaserod (TM) as having anti-melanoma activity

To identify drugs with novel anti-melanoma activities
using an unbiased approach, we tested the NIH Clinical
Collection (NCC) composed of 770 small molecules
against the murine B16F10 (B16F10) melanoma cell line.
A murine cell line was chosen with the intent of testing
sensitivity in an in vivo immune-competent syngeneic
model where immune cell-host interactions could also
be evaluated. B16F10 cells were exposed to a concentra-
tion range (10 pM-78 nM) for 72 h and the IC50 values
for each compound were determined by assessing cell
viability at each dose using the MTT assay (Add-
itional file 1: Figure S1A). From the compounds with
determinable IC50 values, many had IC50 values in the
low micromolar range (<2 uM) that could be subdivided
into broad pharmacological and/or functional classes
(Fig. 1a). Positive hits included members of the statin,
antifungal and antihelmintics categories, most of which
are already being pre-clinically evaluated as therapeutics
in melanoma or other cancers [12-14]. Others,
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Fig. 1 A pharmacological screen identifies Tegaserod (TM) as having anti-melanoma activity. a B16F10 murine melanoma cells were treated with
770 pharmacologically active compounds at a concentration range of 10 uM-78 nM. Several classes of compounds had anti-cancer activity with
IC50 values in the low micromolar range as assessed by MTT assay following 72 h of exposure. b Tageserod (TM) a serotonin agonist was further
validated and found to have anti-cancer effects in the B16F10 cell line and a panel of human malignant melanoma cell lines, A375, RPMI-7951
(RPMI), SH4, SK-MEL-24, MeWo and MEL-JUSO (n = 3-6). ¢ Treatment with low micromolar doses of TM induced apoptosis in a time and dose-
dependent manner as assessed by Annexin V/7AAD staining (n = 4-6). Percent apoptosis was ascertained by summing up the Annexin V*/7AAD™
and Annexin V*/7AAD" populations. *P < 0.05 as determined by a 2-way ANOVA with a Dunnett's post-hoc test. d, left panel Immunofluorescent
TUNEL staining of RPMI cells 48 h post TM (5 uM) treatment is shown (A representative image of n=3-5 is shown). *P < 0.05 as determined by a
1-way ANOVA with a Dunnett's post-hoc test. Scale bar indicates 100 pm. d, right panel Quantification of the TUNEL apoptosis staining is shown

(n=3-5). Error bars in the all experiments indicate SEM
A\

belonging to the microtubule disruptors, antimetabolite
and topoisomerase inhibitors are already in use as anti-
cancer agents [15]. Secondary screening validation fo-
cused on compounds in the serotonin signaling categor-
ies. Tegaserod (TM), a serotonin agonist had IC50
values in the low micromolar ranges in B16F10 cells as
well as several human malignant melanoma cell lines
(Fig. 1b). The chosen melanoma cell lines have both
wildtype (WT) and mutated BRAF. Specifically, the
A375, SH4, RPMI-7951 (RPMI) and SK-MEL-24 harbor
the BRAFY*°F mutation while the B16F10 murine cells
and the human MeWo and MEL-JUSO cell lines are
BRAF WT. As the MTT assay is only an indirect indica-
tor of cell viability, we next assessed whether TM is cap-
able of inducing apoptosis. There was a significant time
and dose-dependent increase in apoptosis in all cell lines
tested as determined by measuring Annexin V and
7AAD staining following treatment with TM (Fig. 1c).

To further verify and characterize cell death observed
following treatment of melanoma cells with TM, we
assessed apoptosis using TUNEL staining in representative
BRAFY°F and BRAF WT melanoma cell lines, RPMI and
B16F10 cell lines respectively. Treatment with TM in-
duced an increase in TUNEL staining relative to untreated
controls (Fig. 1d). Taken together, we have identified a
compound with previously unknown anti-melanoma ac-
tivity that induces apoptosis in melanoma cell lines.

Tegaserod (TM) exerts its anti-cancer effects
independently of serotonin signaling
We wondered whether melanoma cancer cell lines ex-
press serotonin receptors 5-HTRs. We mined expression
data from the Cancer Cell Line Encyclopedia (CCLE)
[16] and found that some receptors particularly HTR7
have a high expression relative to the others in the hu-
man melanoma cell lines used in our system (Fig. 2a).
TM was synthesized with the primary intent of function-
ing as a 5-HTR4 agonist [17]. HTR4 mRNA was weakly
detected (not detectable in the MeWo cell line) but
HTR4 protein expression was undetectable in all melan-
oma cell lines tested (Fig. 2b).

The main transduction mechanisms of the G-coupled
5-HTR1 and 5-HTR4-7’s occur through modulation of

cAMP levels [18]. We therefore wondered whether TM
alters cCAMP levels in melanoma cell lines. Treatment of
melanoma cell lines with TM did not alter cAMP levels
(Additional file 1: Figure S2A). The expression of genes
that have been previously shown to be upregulated upon
serotonin (5-HT) treatment through PKA signaling,
PDE2A, MET, TREM1, THBSI1, SERPINB2 and SI1PRI
[19] was not changed following TM treatment (Add-
itional file 1: Figure S2B). As expected, with the lack of
change in cAMP levels, there was no significant increase
in the phosphorylation of the cAMP response element
binding protein (CREB) in RPMI, B16F10, A375, SK-
MEL-24, MeWo cells although p-CREB was increased in
SH4 and MEL-JUSO cells (Fig. 2c). To further address
the question of whether serotonin agonist signaling is re-
sponsible for the apoptotic phenotype, we treated melan-
oma cancer cells with a wide range (100 upM—0.4 uM) of
5-HT. Treatment with 5-HT had little effect on the mel-
anoma cells (Fig. 2d) and co-treatment of 5-HT with
TM had no effect on apoptosis induced by TM (Fig. 2e).
Taken together, the anti-melanoma effects caused by
TM are likely not being mediated through 5-HTR4
signaling.

Tegaserod (TM) blunts of ribosomal protein S6 (S6)
phosphorylation through the PI3K/Akt/mTOR pathway
We wondered what signaling pathways perturbed by
treatment with TM are responsible for the apoptotic
phenotype in melanoma cells.

Common driver oncogenic pathways critical to melan-
oma pathogenesis are the MAPK and PI3K/Akt and
mTOR pathways [20]. ERK phosphorylation was not sig-
nificantly affected following treatment of melanoma cells
with TM at early time-points, 8 and 18 h, prior to apop-
tosis induction (Additional file 1: Figure S3). Phosphoryl-
ation of ribosomal protein S6 (S6) on the Ser?35/236
phosphorylation sites was inhibited in all human melan-
oma cell lines tested (Fig. 3a and Additional file 1: Figure
S4A). Phosphorylation of S6 on the Ser***** phosphor-
ylation sites was also inhibited in the RPMI and SH4
cells lines (Additional file 1: Figure S4B). As there was
no difference in S6 phosphorylation between control and
TM treated B16F10 cells at 8 and 18 h we also assessed
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Fig. 2 TM induces apoptosis independently of serotonin signaling (a) Expression of the different serotonin receptors (5-HTRs) in our panel of
human melanoma cell lines. Data was mined from the Cancer Cell Line Encyclopedia. b, upper panel mRNA expression of 5-HTR4 which is
targeted by TM is shown. Expression values are represented as Log10 (CTHTR4- CTGAPDH) and visualized through Morpheus software (Broad
Institute) (n=3-5). b, lower panel Protein expression of HTR4 in melanoma cell lines is shown using mouse brain as a positive control (A
representative immunoblot of n =3 is shown). ¢, upper panel Changes in phosphorylation of the transcription factor CREB 8 and 18 h post TM
treatment are shown (A representative immunoblot of n =3-5 is shown). Quantification of immunoblots is shown in C (lower panel). d Treatment
with serotonin (5-HT) for 72 h did not have anti-proliferative effects in melanoma cells (n = 3-4). e Co-treatment of TM (3 uM for B16F10 and A375
and 5 uM for RPMI, SH4, MeWo and MelJuso melanoma cells) with serotonin (5-HT, 100 uM) did not impact the anti-melanoma effects of TM and
did not alter TM induced apoptosis as assessed 72 h post treatment using the Annexin V/7AAD assay (n = 3-6). Error bars in the all experiments
indicate SEM; *P < 0.05 as determined by a Student’s t-test (unpaired, 2 tailed), or a one-way ANOVA with a Dunnett’s post-hoc test

earlier time-points. At 2 and 4 h post TM treatment, p-
S6 was also blunted as assessed by immunofluorescence
staining (Fig. 3b).

S6 is phosphorylated by the p70 S6 kinase directly
downstream of the mammalian target of rapamycin
(mTOR) complex 1 (TORC1) [21]. TORC1 converges
on multiple upstream signaling pathways including the
MAPK [22] and PI3K/Akt /mTOR pathways [23-25].
The MAPK pathway activity, as assessed by ERK phos-
phorylation was unperturbed in response to TM treat-
ment (Additional file 1: Figure S3). Through the PI3K/
Akt pathways, activated Akt can activate TORC1
through tuberous sclerosis complex 2 (TSC2) or PRAS40
phosphorylation [25, 26]. AKT phosphorylation on
Ser473 was suppressed at 8 or 18 h post treatment with
TM in RPMI, SH4 and B16F10 cells (Fig. 3a). Not sur-
prisingly, phosphorylation of the kinase directly up-
stream of S$6, p70 S6 at Thr**'/Ser*®*, was also
decreased in RPMI, B16F10 and SH4 cells post TM
treatment (Fig. 3a). Maximal Akt activation occurs
through phosphorylation of two key residues, Ser 473 by
mTORC2 [27] or DNA-dependent protein kinase
(DNA-PK) [28] and by phosphoinositide-dependent kin-
ase 1 (PDK1) at Thr*®® [29]. However, as PDK1 phos-
phorylation at Ser’*' was not blunted following
treatment with TM (Additional file 1: Figure S4B) and
phospho-Akt at residue Thr 308 was not detectable in
our system under normal cell growth conditions (data
not shown) Akt activity by TM might be rather sup-
pressed through mTORC2 or DNA-PK. However, there
is the possibility that suppression of phosphorylation at
alternative Akt sites occurs through other regulators
such CK2 [30] or GSK-3« [31] and this would have to
be further explored.

To confirm that melanoma cells used in our system
are sensitive to PI3K/Akt/mTOR inhibition, we treated
melanoma cells with specific inhibitors of AKT (MK-
2206, a highly selective Akt1/2/3 inhibitor), PI3K
(ZSTK474, a class I PI3K isoforms inhibitor) and mTOR
(KU-0063794, a specific dual-mTOR inhibitor of
mTORCI1 and mTORC2). All our tested melanoma cell
lines both BRAFY*® and BRAF WT were sensitive to
AKT, PI3K and pan-mTOR inhibition with IC50 values

in a similar range as that of TM (Additional file 1: Figure
S5 and Table 1). ZSTK474 and/or MK-2206 and/or KU-
0063794 also induced apoptosis in both BRAFY*F and
BRAF WT melanoma cell lines (Fig. 3c). Taken together,
TM suppresses p-S6 through blunting PI3K/Akt/mTOR
signaling in melanoma cells, an effect that is likely re-
sponsible for the pro-apoptotic effects observed as treat-
ment with various inhibitors of the pathway was able to
recapitulate the phenotype.

Tegaserod (TM) delays tumor growth, reduces
metastases, increases survival and suppresses p-S6

in vivo

To evaluate the efficacy of TM against melanoma tumor
growth we used a syngeneic immune-competent model.
Mice were subcutaneously inoculated with B16F10 cells,
and 7 days later, randomized and treated with daily in-
jections of TM or vehicle for 5 days. Treatment signifi-
cantly decreased tumor growth (Fig. 4a) and resulted in
only slight decreases in weight following treatment
(Additional file 1: Figure S6A). There were no changes
in liver damage markers AST, LDH and ALT (Add-
itional file 1: Figure S6B). The in vitro TM-mediated
PI3K/Akt/mTOR signaling inhibition was re-capitulated
in vivo. When immunohistochemical staining of tumor
tissue harvested 13 days post inoculation was performed
for phosphorylation of S6 (Ser235/236), one third of
control tumor slides were classified as having a high
positive score. This is sharp contrast to tumors from
TM treated mice where only one slide scored as having
a high positive score (Fig. 4b). Images were scored for
positive staining using the IHC profiler which employs
an automated, unbiased approach to evaluate antibody
staining in tissue sections [32]. Furthermore, tumor ly-
sates from TM treated mice had significantly lower Akt
and S6 phosphorylation levels (Fig. 4c).

To assess tumor apoptosis, immunohistochemical
staining of tumor tissue harvested 13 days post inocula-
tion was performed for active Caspase-3 and cleaved
Caspase-8 (Fig. 4d and Additional file 1: Figure S6D).
50% of tumor slides from TM-treated mice stained for
active Caspase-3 had a positive score and the other 50%
were scored as low positive. In contrast, tumor slides



Liu et al. Journal of Experimental & Clinical Cancer Research (2020) 39:38 Page 7 of 16
<
A RPMI B16F10 A375 SH4
8h 18 h 8h 18 h 8h 18 h 8h 18 h
c™My c™, ™, cTM, M, cTM, M, cTM,
70—-_.‘ PPN [ Fp——"  ep——" |—_—| |--—| |--...| I“—l AKT
35— v o= | o == e vl | .- |'-“"-' H—— | I- - _||--_|p-36 (Ser235/236)
i el e e e e
55ﬂ—-——{ |----| |.......| |_......_| |_...-| |....-.-| |._._,,_| |_-_| Tubulin
70
T == | Eea]Ess] =« ||l [~ |[== |p-p70s6 (Thra21/sera2s)
70—
| |- |h--||--—| -] |- ] | —— p7086
55—|......._| |:.:;.;._'.| |-- -—| |.......... e _;| |.....| |-.;.'..‘.:| |:‘.;..;| Tubulin
£ 1.0 - TM5uM 1.2 & TM3uM 1.8 & TM3uM 14 & TM5uM
3% % B TM3uM 5 TM15uM & TM1.5uM B TM3uM
E g %:% N §<§
X Eé 0.5 0.6 * 0.9 X
< g% I L 0.7
1 TE
o s b
“= 00 00— —— 0.0 0.0
8» 18 8 18 8 18 8 18
Time (hr) Time (hr) Time (hr) Time (hr)
g 10 3.0 1.2 1.2
© Go
()] Eg 05 * 15 06 0.6 E:i
Q 5% ! i : .
e O O T
Time (hr) Time (hr) Time (hr) Time (hr)
= 1.4 1.0 3.0 22
© ct ﬁ ;?
0 23
o E3o7 05 1 15 1.1
~ 23
o &
Q. 50.0 Y 0.0—7—— 0.0 0.04 ¥
8 18 8 18 8 18 8 18
Time (hr) Time (hr) Time (hr) Time (hr)
Control T™ 1.5 uM ™™ 3 uM
© 100~ [1 Control
B = 1 KU-0063794 *
% = S B MK-2206
' N N + * B ZSTK474
P a
(0] >0 é *
n (@) * *
© c J'r\- 50+ * *
(7)) a c
& = *
- [}
- c
[a c
2 < Ll ﬂ“
[m) 0 ﬂ ~ n n
= 50 um = 50 um =50 um T T T T
. \J /\63 $0 %O
% [ T —— - TM3uM Qg vib @@ B\)
Bg 8 TM15uM N
25 * @Q/
22 05
53 *
ool ——
2 4
Time (hr)
Fig. 3 (See legend on next page.)




Liu et al. Journal of Experimental & Clinical Cancer Research (2020) 39:38 Page 8 of 16

(See figure on previous page.)

Fig. 3 TM blunts ribosomal protein S6 (S6) phosphorylation through the PI3K/Akt/mTOR pathway. a Treatment with increasing doses of TM at
the indicated time-points prior to apoptosis induction decreased phosphorylation of Akt (p-Akt) at Ser 473, phospho-S6 (p-S6) at Ser235/6 and
phospho-p70 S6 (p-p70 S6) in RPMI, B16F10, A375 and RPMI cells (representative immunoblots of n=3-7 are shown) and quantified below. b
Immunofluorescent p-S6 staining of B16F10 cells treated with TM for 2 h is shown (A representative image of n =3 is shown) and quantified in B,
lower panel). Scale bar indicates 50 um. ¢ Treatment for 48 h with the PI3K inhibitor ZSTK474 (2 uM for MeWo, 6 uM for MEL-JUSO and A375 and

1 UM for RPMI), pan-Akt inhibitor MK-2206 (2 uM for MeWo, 6 uM for MEL-JUSO, 10 uM for A375 and 4 uM for RPMI) and mTORC1/mTORC2
inhibitor KU-0063794 (2 uM for MeWo and 4 uM for all other cell lines) induced apoptosis in melanoma cells as assessed by Annexin V/7AAD
staining (n = 3-6). Percent apoptosis was ascertained by summing up the Annexin V*/7AAD™ and Annexin V'/7AAD". Error bars in the all
experiments indicate SEM. *P < 0.05 as determined by a Student’s t-test (unpaired, 2 tailed) or a one-way ANOVA with a Dunnett’s post-hoc test

from vehicle-treated mice were 5% negative for cleaved
Caspase-3, and only 27% scored positive and 68% scored
low positive (Fig. 4d). There was a significantly higher
contribution from the high positive stained areas for ac-
tive Caspase-3 in the tumors of TM-treated mice (Add-
itional file 1: Figure S6C) indicating that TM treatment
caused tumor cell apoptosis in vivo. When tumor lysates
were probed for cleaved Caspase-8, tumors from TM
treated mice demonstrated a trend towards increased
cleaved Caspase-8 but differences were not significant
(Additional file 1: Figure 6E).

To evaluate the ability of TM to decrease metastasis
in vivo, we intravenously injected B16F10 melanoma
cells into C57BL/6] mice and monitored lung metasta-
ses in control and TM treated mice. Mice treated with
TM had significantly less lung metastases (Fig. 4€). As a
result, the mice treated with TM survived significantly
longer than control mice (Fig. 4f). Taken together, we
have shown that in vivo TM is well tolerated, can retard
tumor growth, induces tumor apoptosis and blunts p-Sé.

Tegaserod (TM) decreases the infiltration of regulatory T
cells and synergizes with BRAF and MEK inhibitors

Next, we wondered whether TM treatment impacted
immune infiltrates. We harvested tumors from mice at
day 13 post inoculation when there were no significant
differences in tumor size and found that the numbers of
NK1.1*CD3"~ natural killer (NK) cells, Ly6C"€"Ly6G™
monocytes, Ly6C°"Ly6G™e" granulocytes and CD8" T
cells were not different between tumors harvested from
control and TM treated mice (Fig. 5a). However, tumors
harvested from TM treated mice were characterized by
lower amounts of infiltrating CD4" T cells (Fig. 5a). As
regulatory CD4"CD25" T cells play a crucial role in sup-
pressing anti-tumoral immunity [33] and have been
shown to be susceptible to PI3K/PTEN/mTOR axis

inhibition [34], we next checked whether there were any
differences in the percentage of infiltrating regulatory
CD4"CD25" T cells between TM treated and control tu-
mors. Not only was the percentage of CD4"'CD25" T
cells lower in tumors harvested from TM-treated mice
(Fig. 5b), but the infiltration of FOXP3 expressing
CD4" cells was decreased (Fig. 5¢c). By contrast, surface
markers of exhaustion (PD-1), activation (KLRG1, Gran-
zyme B, perforin, Interferon gamma (IFNy)) and death
(CD95) were no different on tumor infiltrating CD8" T
cells between TM and vehicle treated mice (Fig. 5c).

Any potential novel therapy will not be used as in a
mono-therapeutic setting but will be combined with the
current standard of care. We therefore ascertained
whether TM could be combined with Vemurafenib, a B-
Raf inhibitor approved for the treatment of late-stage
melanoma [35]. We tested the combination in human
cell lines harboring the BRAF"**°F mutation targeted by
Vemurafenib, namely RPMI, A375 and the SK-MEL-24
cells. TM synergized with Vemurafenib in all cell lines
tested (Fig. 5d). Other kinase inhibitors currently in use
for the treatment of late stage melanoma include the
MEK inhibitor Cobimetinib. TM also synergized with
Cobimetinib in A375 cells at higher effective doses
(ED75 and ED90) and was additive in RPMI, B16F10,
MeWo and MEL-JUSO melanoma cell lines (Fig. 5d).
Taken together, we have shown that TM inhibited
tumor growth in vivo and can be successfully combined
with the current standard of care.

Discussion

Our screen identified several potential hits with anti-
melanoma activity including serotonin agonists and
other compounds, such as statins, antihelmintics and an-
tifungals which are already being re-purposed as anti-
cancer agents pre-clinically or in the clinical setting. The

Table 1 Melanoma cell line sensitivity to PI3K/Akt and mTOR pathway inhibition

Compound Target IC50+SEM

B16.F10 A375 RPMI SH4 MeWo MEL-JUSO
MK-2206 Pan-AKT 0.29+£0.05 4.76£0.58 1.92+0.36 3.11+£091 1.2620.01 3.03+£0.35
ZSTKA74 PI3K 0.95+0.33 269+1.14 0.51+£0.05 2.80+0.81 1.06£0.07 347+0.28
KU-0063794 Pan-mTOR 0.68+0.26 1.90+1.45 1.63+0.28 1.71£0.86 0.97+0.05 1.84+0.12
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Fig. 4 Tegaserod (TM) delays tumor growth, induces tumor cell apoptosis and inhibits Akt and p-S6 phosphorylation in vivo. a C57BL/6 J mice
were subcutaneously injected with 5 x 10° B16F10 cells. Seven days post-tumor injection, mice were randomized and into two groups and
treated daily with 5 mg/kg of Tegaserod or vehicle for five consecutive days. a Tumor volume was measured for 18 days after which mice were
sacrificed (n=6-8). b Mice were sacrificed on Day 13 post tumor-inoculation and immunohistochemical staining of tumor tissue for p-5S6 is
shown (a representative image of n=6 mice is shown). A third of pictures from tumors of mice treated with vehicle were classified as ‘high
positive’ for p-S6 compared to only 1 slide from TM treated mice (3-5 pictures from different fields of view were obtained of tumors from each
independent mouse, for a total of 26 and 18 tumor pictures for vehicle and TM treated mice respectively). ¢, left panel Immunoblots of tumor
lysates from TM or control treated mice confirmed decreased Akt (Ser473) and S6 (Ser235/6) phosphorylation (n = 6-9 mice, with 3 mice being

shown on one immunoblot) quantified in ¢, right panel. d Mice were sacrificed on Day 13 post tumor-inoculation and d, left panel
immunohistochemical staining of tumor tissue revealed that tumors of mice treated with TM had increased active Caspase-3 expression (a
representative image of n=6 is shown). d, right panel. The relative score distribution of tumor slides is shown (3 pictures from different fields of
view were obtained of tumors from each independent mouse (n=6), for a total of 18 tumor pictures for each stain and treatment group. e
C57BL/6 J mice were intravenously injected with 2 x 10° B16F10 cells. Starting at day 1 post inoculation, mice were treated with 5 mg/kg of
Tegaserod or vehicle three times a week. Mice were sacrificed at Day 14 post tumor inoculation and lung metastases counted with representative
lung images shown in the right panel (n=10). f C57BL/6 J mice were intravenously injected with 10° B16F10 cells. Starting at day 1 post
inoculation, mice were treated with 5 mg/kg of Tegaserod or vehicle three times a week till day 17 post-inoculation. Mice were monitored for
survival (n = 6-7). All Scale bars indicate 50 um. Error bars in the all experiments indicate SEM. *P < 0.05 as determined by a determined by a
Student's t-test (unpaired, 2 tailed) or and log-rank test for analysis of Kaplan Meier survival curves

serotonin signaling class of compounds that were positive
hits in the original screen included serotonin agonists as
well as the anti-depressants indatraline and maprotiline.
The latter two are multi-functional and not only prevent
the re-uptake of serotonin but also dopamine and nor-
epinephrine and did not have appreciable anti-melanoma
activity when compared to the other compounds in the
serotonin signaling class including TM. Serotonin signal-
ing occurs when serotonin, a neurotransmitter present in
the gut, blood platelets and the central nervous system
(CNS), binds to serotonin receptors (5-HTRs) resulting in
complex physiological and behavioral changes affecting
mood, cognition, digestion, pain perception [18, 36]. The
pharmacological opportunities to modulate these physio-
logical processes and impact human disease are vast and
have resulted in a plethora of 5-HTR agonist and antagon-
ist ligands. There are seven families of human serotonin
receptors mostly part of the G-protein coupled receptor
family differentially expressed throughout the CNS, liver,
kidney, heart, gut [18]. We were intrigued by the possibil-
ity of investigating TM because the role of serotonin sig-
naling in cancer remains controversial. Serotonin and 5-
HTR2A agonists were found to induce melanogenesis in
melanoma cell lines [9]. Jiang et al. reported increased
levels of serotonin and 5-HTR2B in human pancreatic
ductal adenocarcinomas which promoted pancreatic
tumor growth in mice [37]. Many other studies have simi-
larly reported growth stimulatory effects of serotonin sig-
naling through various 5-HTRs and inhibitory effects of 5-
HTR antagonists in many tumor types [38, 39]. However,
there have also been reports, albeit much fewer, suggest-
ing that treatment with serotonin agonists might also have
anti-cancer effects in glioma [40] and breast cancer cells
[41]. Involvement within the autocrine loops and activa-
tion of the MAPK, JNK, PI3K/Akt/mTOR [37, 38] path-
ways has been implicated in serotonin’s mitogenic role.

We did not observe any pro or anti-mitogenic effects
following treatment with serotonin (5-HT) in melanoma
cells. Co-treatment of TM with 5-HT did not effect the
compound’s ability to induce apoptosis in the melanoma
cells. This suggests that the affinity of the synthetic lig-
and TM is stronger for the 5-HTR’s than for the natural
ligand 5-HT, and/or that the pro-apoptotic effects of
TM can be uncoupled from serotonin signaling. Treat-
ment with 5-HTR ligands, agonists or antagonist pre-
sents a complex scenario. As previously reported [38]
treatment with one ligand can yield opposing concentra-
tion dependent results. Serotonin signaling following
TM treatment might occurring through other 5-HTRSs.
TM has been reported to be an agonist for the 5-
HTR1A-D and an antagonist for 5-HTR2A-B [42]. In
our case, we used doses in the low micromolar range,
high enough to elicit tumor apoptosis inducing pleio-
tropic effects [42, 43]. Although we did not observe sig-
nificant changes in cAMP levels and 5-HT responsive
genes following TM treatment in most of the cell lines,
increased p-CREB levels were observed in the SH4 and
MEL-JUSO cells suggesting a possible involvement of
other serotonin receptors including ones previously un-
identified as being targets for TM. However, other an-
tagonists and agonists present in the screen including
the 5-HTR4 agonists (Cisparide) that did not have any
anti-cancer effects further suggesting that TM is
uniquely acting to distinctly target other molecules,
likely upstream receptors or kinases of the PI3K/Akt/
mTOR pathways.

The current repertoire of clinically approved treatment
options in melanoma encompasses agents that inhibit
proliferation and induce cell death [44]. This includes
targeted inhibitors of the BRAF pathway and checkpoint
inhibitors. The former class of agents such as Vemurafe-
nib cause cell arrest and trigger apoptosis [35, 45] while
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Fig. 5 Tegaserod (TM) decreases tumor infiltration of CD257CD4" T cells and synergizes with Vemurafenib and Cobimetinib. a-¢ C57BL/6 J mice
were subcutaneously injected with 5 x 10° B16F10 cells. Seven days post-tumor injection, mice were randomized and into two groups and
treated daily with 5 mg/kg of Tegaserod or vehicle for five consecutive days. Mice were sacrificed on Day 13 post tumor-inoculation and tumor
infiltrating lymphocytes using were assessed using FACS analysis (n = 3-6). d Melanoma cell lines harboring the BRAF'*°°F mutation, A375, RPMI-
7951 (RPMI) and SK-MEL-24 were exposed to a dose range of TM and Vemurafenib in a fixed 1:1 ratio. BRAFYF and BRAF WT melanoma cell
lines were exposed to a dose range of TM and Cobimetinib in a fixed ratio (RPMI, 1:2, A375 64:1, MeWo 4:1, MEL-JUSO 4:1, B16F10 1:1). Synergy
was evaluated using the combination index (Cl) from the dose-response curves. Cl < 1 indicates synergy, Cl =1 indicates additivity, and Cl > 1
indicates antagonism. The EC50 (50% effective concentration) and EC75 (75% effective concentration) or EC90 (90% effective concentration) are
shown (n=3-6). *P < 0.05 as determined by a one-sample Student’s t-test

the checkpoint inhibitors cause immunogenic cell death  Resistance to the targeted inhibitors and variable check-
through lytic and apoptotic cell death mediated by acti-  point inhibitor response rates has shifted the focus in re-
vated CD8" T and NK cells respectively [6, 44]. cent years interest to finding novel combination
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treatments to overcome resistance and increase response
rates [7]. Strategies include targeting other forms of cell
death such as necroptosis [46], inhibiting MAPK reacti-
vation that occurs following targeted therapy treatment,
and concomitantly inhibiting other pathways including
the PI3K/Akt/mTOR [47, 48].

Recently, a report has shown phosphorylation of S6 to
be marker of sensitivity to BRAF mutated melanoma
and that suppression of S6 after MAPK treatment was a
predictor of progression-free survival [23]. In our inves-
tigation, TM’s suppression of p-S6 and its strong synergy
with vemurafenib in BRAF mutated human melanoma
cell lines is in accordance with the above report. Import-
antly, TM also suppressed S6 phosphorylation in non-
BRAF mutated melanoma cell lines indicating a broader
therapeutic potential of TM in patients without the
BRAF mutation but where the PI3K/Akt/mTOR path-
way is activated such as in patients harboring NRAS mu-
tations [48]. The suppression of S6 phosphorylation is
likely mediated by decreased mTORC1 activity as phos-
phorylation of the direct upstream regulator of S6, p70
S6 kinase was also blunted. mTORCI1 integrates several
upstream pathways related to cellular growth and me-
tabolism including MAPK through RSK [22], PI3K/Akt
[25] as well as the liver kinase B1 (LKB1)-adenosine
monophosphate-activated protein kinase (AMPK) [49].
As TM did not perturb the MAPK pathway but de-
creased Akt phosphorylation at a residue known to be
phosphorylated by mTORC2 [27], it’s likely that S6 is af-
fected through the PI3K/Akt pathway although the po-
tential contribution of AMPK would also have to be
explored. Interestingly, Yoon et al. found that dual
mTORC1/2 inhibition following treatment with Torinl
in A375 melanoma cells induced focal adhesion re-
organization, increased the size of focal adhesions and
increased migration and invasion in vitro [29]. TM did
not phenocopy Torin 1 using B16F10 cells, as treatment
with TM decreased the number metastases in vivo in an
immuno-competent murine model where the presence
of tumor infiltrating lymphocytes was considered. The
immunosuppressive and pro-tumorigenic contribution
of regulatory CD4" T cells in the tumor microenviron-
ment is well established [50]. As the infiltration
of FOXP3 expressing CD4" T cells and regulatory CD4"
T cells in TM treated tumors was decreased, this likely
contributes to TM’s anti-cancer effects in vivo.

Tegaserod (Zelnorm, Zelmac) which is used for the
treatment of irritable bowel syndrome (IBS) [51, 52] was
also shown to be effective against chronic constipation
[53]. Although Tegaserod was well-tolerated and effect-
ive, it was removed off the market in the Unites States
in 2007 at the FDA’s request [54] chiefly due cardiovas-
cular (CV) safety concerns raised through retrospective
clinical trial analysis. However, all adverse cardiovascular
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events occurred in patients with CV disease and/or CV
risk factors. Furthermore, the link between Tegaserod
and adverse CV outcomes was not recapitulated in sub-
sequent epidemiological studies [55, 56] which found no
association between Tegaserod use and adverse CV’s.
The tolerability and availability of the drug would likely
outweigh the relatively low cardiovascular risk (0.1%) as-
sociated with Tegaserod usage especially in melanoma
patients with few treatment options. In vivo, TM re-
tarded decreased metastatic and primary tumor growth,
induced apoptosis and suppressed p-Akt and p-S6 in
tumor cells. TM is available in generic form and has the
potential to be re-purposed as an anti-melanoma agent.
The dose we used in mice, 5mg/kg, once daily, is
roughly equivalent to a Human Equivalent Dose (HED)
[57] of 0.405 mg/kg. Given that TM is available as a 6
mg pill administered twice daily, the doses we used in
our in vivo studies are within the physiological range.
Furthermore, as the compound synergized with Vemura-
fenib and other kinase inhibitors currently used in mel-
anoma patients with late-stage disease, this is likely a
favorable point of clinical entry especially since most pa-
tients eventually develop resistance to Vemurafenib and
other kinase inhibitors [7, 47]. Furthermore, as the BRAF
WT cohort of patients are a diverse group, treatment
options are much less clear cut [44, 58] although im-
munotherapies, as with BRAFY*°° melanoma are a prom-
ising albeit costly treatment approach [59]. Currently
there are a lot of different combinations in clinical trials
using MEK in combination with inhibitors of the PI3K/
AKT/mTOR axis [58] (NCT01941927, NCT01363232,
NCT01337765).

Conclusions

Taken together, we have identified a compound that is
effective in inducing apoptosis in both BRAF'®*°F and
BRAF WT melanoma and has the potential to be readily
translated to the clinic especially in the case of BRAF
WT melanoma where fewer approved treatment options
exist. Tegaserod blunted phosphorylation of S6 through
inhibition of the PI3K/Akt/mTOR pathway in vitro and
in vivo. Tegaserod synergized with Vemurafenib in
BRAFY*°° human cell lines and could also be combined
with Cobimetinib in BRAF WT cell lines.

Materials and methods

Cell culture and compounds

B16F10, A375, SH4, RPMI-7951 and SK-MEL-24 melan-
oma cell lines were purchased from ATCC. MeWo and
MEL-JUSO cell lines were kindly provided by Dr. A.
Roesh (Universitatsklinikum Essen, Essen, Germany). The
MEL-JUSO and MeWo cell lines were both originally pur-
chased from ATCC. B16F10 murine cells, A375 and SH4
human malignant melanoma cell lines were maintained
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Dulbecco Modified Eagle’s Medium (DMEM). Human
RPMI-7951 malignant melanoma cells were maintained in
Eagle’s MEM. SK-MEL-24 were maintained in Eagle in
Earle’s BSS with non-essential amino acids. MeWo and
MEL-JUSO cell lines were maintained in Roswell Park
Memorial Institute (RPMI) medium. All media were sup-
plemented with 10% FCS (15% for SK-MEL-24) and peni-
cillin streptomycin. Cells were incubated at 37°C in 5%
CO? and all cell lines were routinely confirmed to be
mycoplasma-free (MycoAlert Mycoplasma Detection Kit,
Lonza). The NIH Clinical Collection (NCC) composed of
770 small molecules mainly dissolved in DMSO at a con-
centration of 10 uM was obtained from the NIH, Tega-
serod (Sigma) was dissolved in DMSO, serotonin (Sigma)
was dissolved in water. MK-2206, ZSTK474, KU-0063794,
Vemurafenib, Cobimetinib (Selleckchem) were dissolved
in DMSO.

MTT assays

For the MTT colorimetric assay, cells were seeded in 96
well plates and viability was assessed following addition
of the MTT (Sigma) reagent. Half-maximal inhibitory
concentrations (IC50) values were computed from dose—
response curves using Prism (v5.0, GraphPad Software).

Flow Cytometry

For Annexin V/7AAD apoptosis assays, trypsinized cells
were washed and stained in Annexin V binding buffer
(BD Biosciences). Melanoma cells were treated at doses
of 2 x — 4x IC50 values for TM and 2 x IC50 for PI3K/
Akt/mTOR inhibitors. Stainings of CD4" cells for
FOXP3, RORy and GATA3 and of CD8" cells for Gran-
zyme B, perforin and IFNy were performed using the
Foxp3 mouse Treg cell staining buffer kit (eBioscience).
Cells were analyzed using FACS (FACS Fortessa, BD
Biosciences).

Immunofluorescence

For TUNEL staining, cells were seeded on cover slips,
treated and 48 h later fixed by 4% formaldehyde in PBS
for 30 min, permeabilized with 0.1% Triton X-100, 0.1%
sodium citrate in PBS for 2 min and stained using the
TUNEL staining kit as per manufacturer’s protocol
(Roche). For p-S6 staining, cells seeded on cover slips
were stained with primary anti-p-S6 antibody (Ser 235/6,
Cell Signaling) overnight, followed by incubation with
secondary anti-Rabbit IgG Cy3 conjugate antibody.
Cover slips were incubated with DAPI in PBS for 30
min. Images were taken with an Axiocam 503 color
microscope (ZEISS).

Immunoblotting
Cells were lysed using boiling hot SDS lysis buffer (1.1%
SDS, 11% glycerol, 0.1 mol/L Tris, pH 6.8) with 10% pB-
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mercaptoethanol. Tumor tissue was crushed using a tis-
sue lyser (TissueLyser II, QIAGEN) and cells were gently
lysed using Triton X-100. Blots were probed with anti-
a-tubulin (Merck), anti-HTR4 (ThermoFischer), anti-
cleaved Caspase 8, anti-Akt, anti-p-Akt (Ser 473), anti-
S6, anti-p-S6 (Ser235/6, Ser240/4), anti-p70 S6, anti-p-
p70 S6 (Thr421/Ser424), anti-p-ERK1/2, anti-ERK1/2,
anti-p-CREB (Ser133) and anti-CREB (all from Cell Sig-
naling) and detected using the Odyssey infrared imaging
system (Odyssey Fc, LI-COR Biosciences). Immunoblots
were quantified using Image].

Combination index (Cl) determination

Synergy between TM and Vemurafenib, and Cobimetinib
was evaluated by calculating the CI [60]. Dose—response
curves were generated for TM, Vemurafenib and Cobimeti-
nib alone and each drug in combination with TM at a con-
stant ratio following compound exposure for 72 h. Viability
was assessed by the MTT assay. CompuSyn software was
used to evaluate synergy using the median-effect model.

Histology

Histological analysis was performed on snap frozen tissue.
Briefly, snap-frozen tissue sections fixed in acetone,
blocked with 10% FCS and stained with anti-active Caspase
3 (BD Biosciences), cleaved Caspase 8 (Cell Signaling). For
p-S6 (Cell Signaling) staining, snap-frozen tissue sections
were fixed in 10% neutral buffered formalin and blocked
with 5% FCS/ 0.3% Triton X-100 in PBS. Images were
taken with an Axiocam 503 color microscope (ZEISS) and
quantified using Image J. For conventional immunohisto-
chemistry tumor slides, IHC profiler Image ] plugin was
used as previously described in detail [32].

Serum biochemistry

Aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT) and L-Lactatdehydrogenase (LDH) were mea-
sured using the automated biochemical analyser
Spotchem EZ SP-4430 (Arkray, Amstelveen, Netherlands)
and the Spotchem EZ Reagent Strips Liver-1.

Quantitative RT-PCR

RNA was isolated using Trizol (Invitrogen) and RT-PCR
analyses were performed using the iTaq™ Universal
SYBR® GreenOne-Step RT-qPCR Kit (Biorad) according
to the manufacturer’s instructions. For analysis, expres-
sion levels were normalized to GADPH.

Intracellular CAMP assay
Intracellular CAMP levels were determined as per man-
facturer’s instructions (Enzo Life Biosciences).
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Mice and in vivo treatments

C57BL/6] mice were maintained under specific
pathogen-free conditions. Seven to nineweek old
C57BL/6] mice were subcutaneously injected with 5 x
10° B16F10 cells. Seven days post injection, when tumor
volume reached approximately 50 mm?, mice were ran-
domized and treated daily for 5 consecutive days with 5
mg/kg Tegaserod or vehicle control (2.5% DMSO in
PBS). Tegaserod and vehicle were administered intraper-
itoneally (i.p.). Tumors were measured using calipers
and tumor volume was calculated using the following
formula: (tumor length x width?)/2. For metastases
quantification experiments, C57BL/6] mice were intra-
venously injected with 2 x 10° B16F10 cells and treat-
ment with Tegaserod and vehicle (administered i.p.)
occurred 1day post inoculation and continued three
times weekly till day 14 post inoculation at which time
mice were sacrificed. Metastases from lungs, stored in
PBS for short term storage, were manually counted. For
survival experiments, C57BL/6 ] mice were intravenously
injected with 10° B16F10 cells. Treatment with Tega-
serod and vehicle (administered i.p.) occurred 1 day post
inoculation and continued three times weekly till day 17
post inoculation. Experiments were performed under the
authorization of LANUV in accordance with German
law for animal protection.

Data mining using the CCLE

RNA-Seq expression data (Read Count) from the Cancer
Cell Line Encyclopedia (CCLE) [16] (Broad Institute and
Genomics Institute of the Novartis Research Foundation)
for the selected human melanoma cell lines was analyzed
using Xena Functional Genomics Explorer [61] and visual-
ized using the MORPHEUS matrix visualization software
(https://software.broadinstitute.org/morpheus).

Statistical analyses

Data are expressed as mean + S.E.M. Statistically signifi-
cant differences between two groups were determined
using the student’s t-test and between three or more
groups, the one-way ANOVA was used with a post-hoc
Dunnett test. To assess significance between Kaplan
Meier survival curves, the log-rank test was used. Values
of P < 0.05 were considered statistically significant.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513046-020-1539-7.

Additional file 1: Figure S1. B16F10 cells were treated (10 pM-78 nM)
for 72 h and 1C50 compound values determined. Compounds for which
IC50 values were not determinable or were above 10 uM were placed on
the 10 pM line. Figure S2. (A) Treatment at the indicated time points
with TM (3 uM for B16F10 and A375, 5 uM for RPMI and SH4) did not in-
duce changes in CAMP levels (n = 3-4). (B) Treatment with TM for 18 h
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did not induce changes in serotonin responsive genes. Expression was
normalized to GAPDH (n = 3-4). Figure S$3. TM did not affect the MAPK
pathway. Melanoma cells were treated as indicated with increasing con-
centrations of TM (representative immunoblots of n = 3-5 are shown).
Blots are quantified in (B). Figure S4. (A) Changes in phospho-S6 (p-S6)
at Ser235/6 in MeWo and MEL-JUSO melanoma cells (n = 5-6) following
TM treatment are shown. (B) Changes in p-S6 (Ser240/244) (n = 2-3) and
p-PDK1 (Ser241) (n = 3-4) following treatment with TM are shown. Fig-
ure S5. Dose response curves following treatment with the PI3K inhibitor
ZSTK474, pan-Akt inhibitor MK-2206 and mTORC1/mTORC2 inhibitor KU-
0063794 are shown (n = 3-4). Figure S6. (A) TM-treated mice as de-
scribed in Fig. 4a. experienced a small decrease in body weight (n = 6-8).
(B) Treatment with TM did not alter liver damage parameters (n = 3). (C)
Quantification of the active Caspase-3 staining for Fig. 4d is shown (n =6
mice). (D) Immunohistochemical staining of tumor tissue for cleaved
Caspase-8 is shown and quantified (n = 6 mice). (E) Tumor lysates probed
for cleaved Caspase-8 are shown (n = 6-9 mice, with 3 mice shown).
Error bars in all experiments indicate SEM. *P < 0.05 as determined by a
Student’s t-test (unpaired, 2 tailed) or a one-way ANOVA with a Dunnett’s
post-hoc test.
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Simple Summary: Inmunotherapies harness the hosts” immune system to combat cancer and are
currently used to treat many tumor types. Immunotherapies mainly target T cells, the major immune
population responsible for tumor-cell killing. One of the reasons that T cells may not respond to
immunotherapeutic treatment is that they are in a dysfunctional state termed senescence. This review
seeks to describe the molecular mechanisms that characterize and induce T cell senescence within the
context of the tumor microenvironment and how this might affect treatment responses.

Abstract: The inability of tumor-infiltrating T lymphocytes to eradicate tumor cells within the
tumor microenvironment (TME) is a major obstacle to successful immunotherapeutic treatments.
Understanding the immunosuppressive mechanisms within the TME is paramount to overcoming
these obstacles. T cell senescence is a critical dysfunctional state present in the TME that differs
from T cell exhaustion currently targeted by many immunotherapies. This review focuses on the
physiological, molecular, metabolic and cellular processes that drive CD8* T cell senescence. Evidence
showing that senescent T cells hinder immunotherapies is discussed, as are therapeutic options to
reverse T cell senescence.

Keywords: CD8" T cells; senescence; immunotherapy; metabolism

1. Introduction

Harnessing the immune system to treat solid and hematological malignancies has ushered a novel
therapeutic era. The tumor micro-environment (TME) is complex, with many targeting opportunities
due to the signaling networks and cross-talk between immune, tumor and stromal cells. However,
the modulation of cytotoxic antigen-activated CD8* T (T.) cells has been at the forefront of the
immunotherapy revolution [1]. The antigen-specific process requires the engagement of the T cell
antigen receptor (TCR)-CD3 complex on T, cells with a major histocompatibility complex (MHC)
class I-bound tumor antigen-derived peptide as well as co-stimulatory signals. Responsible for the
direct tumor cell killing through granule exocytosis [2], T, cells are integral in eradicating tumors and
are currently targeted by many approved immunotherapies. The monoclonal antibody checkpoint

Cancers 2020, 12, 2828; doi:10.3390/cancers12102828 www.mdpi.com/journal/cancers
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inhibitors such as nivolumab [3] are currently used to treat solid tumors, and they target the inhibitory
programmed cell death 1 (PD-1) [4] receptor expressed on T cells. In the adoptive T cell therapy
field, a patient’s T cells are expanded ex vivo, transduced with synthetic chimeric antigen receptors
(CAR) targeting a tumor specific target antigen such as CD19, and transferred back to lymphodepleted
patients. Currently approved CAR-T cell therapies include the second generation anti-CD19 CAR T-cell
products axicabtagene ciloleucel and tisagenlecleucel for the treatment of B-cell malignancies [5,6].
Many more T cell based therapies are currently in the experimental phase of pre-clinical or clinical
testing [7]. While immunotherapies have made remarkable progress in increasing the survival of
some patients, low response rates, toxicities, as well as lack of available bio-markers in predicting
response, make the successful implementation of these therapies challenging. A major obstacle is the
inability to effectively target T, cells. This can occur through T, intrinsic or acquired resistance helped
by dysfunctional states present within the immunosuppressive networks [8] of the TME: exhaustion
and senescence. While T cell exhaustion has been extensively studied and targeted, T cell senescence,
especially within the context of anti-tumor immunity, is an emerging concept in the field of T cell
dysfunction. This review focuses on senescence in the CD8* T cell compartment. It aims to explore the
different mechanisms that induce senescence in the context of TME, ways in which T cell senescence
affects responses to immunotherapies and how T cell senescence can be therapeutically reversed.

2. Exhaustion and Senescence

Both exhausted and senescent T cells have been found to accumulate during chronic viral
infections [9,10] and cancers [11,12]. Exhaustion and senescence are both considered dysfunctional
states. They are characterized by dampened granzyme B (GzmB)—mediated effector function
and impaired proliferation [13]. However, they are defined by distinct surface marker, cytokine,
transcriptional and metabolic profiles (Table 1).

Table 1. Characteristics of senescent and exhausted T cells.

Senescent T Cells Exhausted T Cells
Stimulus Repetitive Ag Stimulation, Stress Continuous Ag Stimulation

Cytokine Secretion T IEN-y, IL-6, IL-8, IL-10, TNF, TGF- L IFN-y, IL-2, TNF

Surface Markers T CD57, Tim-3, TGIT, CD45RA, KLRG1, | TPD-1, LAG—C.’), CD 160, 2B4, CTLA-4,

CD28, CD27 Tim-3, TGIT
Metabolism T Glycolysis, | Mitochondrial Biogenesis | Glycolysis, | Mitochondrial Biogenesis

Transcriptional T-bet Eomes, NFAT, TOX, T-bet, Nr4a

Effector Functions | Granzyme B, |Perforin | Granzyme B

| Proliferative Capacity, T DNA Damage

Phenotypic Characteristic Molecules, T SA-p-gal activity

| Proliferative Capacity, Cell Cycle Arrest

| Decrease, T Increase.

When T, cells are exhausted through excessive and continuous stimulation, they upregulate
inhibitory cell surface receptors such as PD-1 and LAG-3 and possess a decreased capacity to secrete
interleukin 2 (IL-2) and interferon gamma (IFN-y) [14] (Figure 1). The exhausted transcriptional T,
profile is very context dependent and is driven, during varying stages of exhaustion, by nuclear factor
of activated T cell (NFAT), nuclear receptor Nr4a, thymocyte selection-associated HMG box (TOX),
eomesodermin (Eomes) and T-Bet [15]. While exhausted and senescent T. cells share characteristics
such as the upregulation of surface markers Tim-3 and tyrosine-based inhibitory motif (ITIM) domain
(TIGIT), senescent Tt cells also upregulate CD57 and CD45RA (Figure 1). The cytokine secretory profile
of senescent T, cells sharply contrasts that of exhausted T cells (Figure 1). Senescent T cells secrete high
levels of inflammatory cytokines such as IL-2, IL-6, IL-8, TNEF, IEN-y and the immunosuppressive IL-10
and TGEF-3 (Figure 1), a program known as senescence-associated secretory phenotype (SASP). This in
turn has critical consequences not only for T cell themselves, but for other immune cells within the
TME milieu, including antigen presenting cells (APCs) such as dendritic cells (DCs), tumor-associated
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macrophages (TAMs) and myeloid-derived suppressor cells (MDSC). Transcriptional programs in
senescent T¢s have been shown to be mediated by T-bet [16] but otherwise are poorly characterized.
Senescence-inducing stimuli include exposure to DNA damaging agents, stress signals and repetitive
stimulation linked but not limited to the ageing process. It should be pointed out that dysfunctional T
cell states other than exhaustion and senescence such as anergy have also been described. Anergic
T cells are hypo-responsive, produce low levels of IL-2 and generally have little effector function.
T cell anergy is caused by insufficient CD28 dependent co-stimulation of the TCR, but the surface
markers of anergic T cells are poorly characterized [17]. Insufficient CD28 stimulation within the
TME combined with tumor cell expressing factors, such as PD-L1 and CD95, is also closely linked
to deletion of effector T cells through a process known as tolerance. Tolerance is exacerbated by
TGF-$ and IL-10 [18]. Taken together, senescent, anergic and exhausted T, cells often co-exist in
the TME or circulation and simultaneously exert immunosuppressive effects [11,19]. The current
limitations of check-point inhibitors suggest that targeting multiple dysfunctional T, cell states would
be therapeutically beneficial. A deeper understanding of the mechanisms and functional consequences
of T cell senescence are urgently needed.

Repetitive Ag Stimulation
Stress signals induced by:
a) Nutrient deprivation
. . . c) Therapy
Continuous Ag Stimulation Other immune cells (Treg)
Ageing

l ‘ | Glycolysis | Mitochondrial 1 Glycolysis

| biogenesis
l‘ Eomes NFAT TOX

Nrda r T-Bet r

—_—, — — — — —

KExhausted @mon to both Senescent /

e® |
i
] Increase i Perforin ﬁ Upregulated surface marker
l Decrease Transcription factor
Downregulated surface marker
. Granzyme B . Cytokine
Exhaustion-inducing stimulus Senescence-inducing stimulus

Figure 1. Surface phenotypic, metabolic and transcriptional differences between CD8" dysfunctional
senescent and exhaustive states. Characteristics common to both dysfunctional states are shown the
in the middle, purple overlapping section. While both T cell state exhibit decreased effector function,
senescent T cells have a very distinct senescence-associated secretory phenotype (SASP) with increased
cytokine production of IFN-y, IL-6, IL-8, IL-10, TNF and TGF-{3. In contrast. exhausted T cells are
characterized by decreased IL-2, TNF and IFN-y production. While some surface markers such as
Tim-3 and TGIT are common to both dysfunctional T cell states, there is otherwise quite a distinct
pattern of expression. Ag = antigen.

3. Mechanisms of T Cell Senescence Induction

Senescent T cells have been found in primary and metastatic solid tumor sites [19-23] as well as
hematological malignancies [11,24]. T. senescence can be classified into two major cellular mechanisms
which are however not entirely separated from one another: premature and replicative senescence.
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Premature senescence is caused by external factors such as stress within the TME incurred by (i)
effects of immune and tumor cells, (ii) TME metabolic changes, (iii) and drug and radiation therapy,
all of which are closely interlinked and not necessarily independently occurring events (Figure 2).
Replicative senescence is linked to age-related changes and to telomeric shortening. T cell anergy on
the other hand, is closely linked to peripheral tolerance.

Glucose

Tumor microenvironment L) fi <_> deprivation Chameiieracy
#—rﬁ Radiation
_— = l Ageing

= Senescent inducing stimulus
Ag Antigen

Figure 2. T cell senescence can occur via multiple mechanisms within the tumor microenvironment.
Tregs, through glucose metabolic competition and transfer of cAMP produced by tumors, can induce
CD8™ T cell senescence, as can other metabolites produced by tumor cells, such as adenosine. Repeated
antigen stimulation and external factors such as chemotherapeutic and radiation therapy also induce
premature senescence. A key molecular pathway involved in CD8* T cell senescence induction is
non-canonical signaling through p38-MAPK.

3.1. Signaling Pathways Involved in T, Senescence

The intrinsic molecular pathways governing premature and replicative senescence are not
completely defined but involve the MAPK pathway. The diverse and complex MAPK pathway with
its three subgroups, Erk, Jnk and p38, is involved in many aspects of innate and acquired immune
regulation. Classical engagement of the MAPK pathway downstream of the TCR does not occur in
senescent T, cells as they lack the costimulatory molecule CD28. p38-MAPK activation however, can
also be mediated by environmental stressors such as low glucose, DNA damage and by proinflammatory
cytokines which trigger AMPK to auto-phosphorylate p38. Henson et al. showed that p38 MAPK
expression was elevated in human senescent CD8* T cells and that blocking p38 following inhibitor
treatment resulted in increased mitochondrial mass, improved mitochondrial function and enhanced
proliferation [25]. Human senescent CD27-CD28 CD4* T cells prompt AMPK-stimulated recruitment
of p38, resulting in p38 autophosphorylation, facilitated by the protein scaffold TAB1, which inhibits
telomerase activity and parts of the TCR signalosome [26]. In addition to p38, involvement of the other
MAPK members Erk and Jnk have been found to impact T cell senescence in the context of a new
immune inhibitory complex termed the sestrin—MAPK activation complex (sMAC). sMAC formation
is increased with age [27]. In human and murine CD4" T cells, sestrins induced senescence through
binding and simultaneous activation of Erk, Jnk and p38 to form sMAC. Silencing sestrin enhanced T
cell activity. Although CD4* T cells were experimentally used in this study, the authors did show that
sestrin deficiency increased vaccine responses in aged mice and increased the frequency of splenic
CD8* T cells. A follow-up study specifically examining the effects of sestrin in CD27-CD28~CD8*
T cells, showed that a divergent mechanism was responsible for sestrin-dependent senescence in
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CD27-CD28~CD8™" T cells linked to a natural killer group 2 member D (NKG2D)-DNAX Activating
Protein of 12KDa (DAP12)-sestrin 2 complex. Disturbance of the NKG2D-DAP12-sestrin 2 complex
through sestrin 2 genetic inhibition, restored TCR signaling [28]. T cell mitochondrial dysfunction also
accelerates senescence. It was recently demonstrated that Tfan//f! Cd4¢"* mice (where mitochondrial
transcription factor A (TFAM) is depleted in CD4* and CD8* lymphocytes) prematurely died due to
multiple age-related changes [29]. Taken together, the full extent of the molecular pathways involved
T. senescence are not completely elucidated. The current knowledge, however, presents targetable
opportunities to potentially reverse senescence and understand how senescent T, cells might impact
immunotherapies in the treatment of cancer.

3.2. The TME Drives Tc Premature Senescence

3.2.1. Immune and Tumor Cells

A tumor’s ability to evade the immune system is dynamic, complex and partially dependent on the
immunosuppressive activities of infiltrating immune cells. T, effector function is similarly complicated
and shaped by the spatiotemporal distribution of APCs in the tumor milieu and tumor-draining lymph
nodes, cytokines and the presence of other immune cells such as regulatory CD4*CD25"FoxP3* T
(Treg) cells. Initial priming of naive T cells occurs in the lymph node through direct interaction with
antigen present on APCs such as DCs. DCs also co-express receptors such as CD80 necessary for
binding to CD28 and inducing co-stimulatory signals. Upon migration of primed T, cells into the TME,
the tumor cells expressing the antigenic peptide become targets. The numbers of infiltrating CD8*
T cells varies widely across tumor types. Some tumors, such as melanoma and non-small cell lung
cancer (NSCLC), generally have a high degree T, infiltration. Other tumors, such as pancreatic and
neuroblastoma, typically have a low degree of T, infiltrates, although of course within a specific tumor
type, there is a lot of intra-tumoral heterogeneity [30]. Many factors during this process can impact the
ability of T, cells to target tumor cells.

Regulatory CD4*CD25MFoxP3* T (Treg) cells are subsets of T cells which play a role in maintaining
immune homeostasis and present a critical barrier for immunotherapies through their suppressive
effects on T, cells. Tregs have been found in lymph nodes where they impact DC function through
CCL22. CCL22, a chemokine produced by dendritic cells, enables cell-to-cell contact between DCs
and Treg through Treg-expressed CCR4 [31]. Tregs accumulate within the TME, and their ability to
infiltrate into tumors has been linked to the expression of multiple chemokine receptors such as CCR4,
CCR5, CCR8 and CCR10. Within the TME, Tregs usually express immunosuppressive molecules
such as CTL-4, which binds to CD80 and CD86 on APCs thereby affecting T effector function [32].
Treg suppressive mediated-effects on APCs and T, effector cells can also occur through inhibitory
cytokine secretion of IL-10, TGF-§3, and IL-35. These inhibitory cytokines suppress antigen presentation
in APCs. IL-35 and IL-10 promote T cell exhaustion. Metabolic competition for the consumption of
IL-2 through the expression of CD25 on Tregs also suppresses T. effector functions [33]. Tregs are also
found in peripheral circulation, but their precise role in facilitating immune evasion are not as well
characterized as with the TME-associated Tregs [32].

Relating specifically to Treg-mediated T, senescence induction, an important study demonstrated
that co-transfer of Tregs and naive CD8" T cells into Ragl7~ mice transformed naive T cells into
senescent T cells (as assessed by SA-3-Gal positivity). Furthermore, the senescent T cells acquired
immunosuppressive functions both in vitro and in vivo. Involvement of the mitogen-activated protein
kinase (MAPK) pathway was implicated, as pre-treatment with ERK and p38 inhibitors abrogated these
immunosuppressive effects [34]. Another critical study by Liu at al. using ex vivo cultured primary
human T cells demonstrated that human Tregs induced nuclear kinase ataxia—telangiectasia-mutated
protein (ATM)-associated DNA damage responses in Tcs [35]. The majority of subsequent mechanistic
experiments demonstrated that senescence was mediated by competition for glucose, which triggered
phosphorylation of the energy sensor AMP-activated protein kinase (AMPK) in cooperation with
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Statl and Stat3. These mechanistic studies were performed using naive CD4" T cells. However, the
authors did show that Treg-induced naive CD8" T cell senescence was blocked by pre-treatment with
ATM or STAT inhibitors in NOD SCID gamma (NSG) mice, indicating that similar mechanisms of
senescence induction also occur in CD8* T cells. These studies did not directly explore the specific
co-localized induction of Treg-induced T, senescence within the TME. However, as Tregs and Tcs are
often co-expressed within tumors [36,37] and tumor-draining lymph nodes [38], the clinical relevance
of these in vivo and ex vivo studies is plausible. These interactions, however, would likely be mediated
by APCs, which these studies did not address. APCs might guide the cellular interaction between
Tregs and Tcs through costimulatory (CD28/CD80 and CD86, OXO/OXOL, CD95/CD95L) on CD8* T
cells or co-inhibitory (PD-1/PD-L1 and CTLA-4/CD80) signals on CD8* and CD4* T cells, respectively.
Other immune cells within the TME might also indirectly impact T, senescence. Treg and MDSC
populations often support each other’s expansion through positive feedback loops involving TGF-f3
and other cytokines [33]. In turn, MDSCs can be expanded by many of the SASP cytokines secreted by
T, senescent cells such as TGF-f3, IL-6 and IFEN-y [39].

Tumor cells are the targets of Tcs following priming in the lymph nodes. T.-mediated tumor cell
killing occurs through TCR-mediated T, cell binding to MHC-I-restricted tumor antigens on tumor
cells. This interaction releases cytolytic perforin and granzymes causing tumor cell killing. Tumor
cell killing can also occur through the death receptor pathway mediated by the expression of CD95
on tumor cells and CD95L on T cells. Receptors present on tumor cells such as PD-L1 can diminish
T. cells responses through the PD-1-PD-L1 axis [2]. Tumor cells can also downregulate MHC-I and
CD95 expression to dampen responses and evade apoptosis. Immunosuppressive cytokines produced
by tumor cells such as TGF-f3 and IL-10 also influence T effector function. Metabolites produced by
tumor cells, elaborated on in the section below, can also affect Tcs.

Tumor cells have been shown to induce T. senescence in in vitro and in vivo models. Montes et al.
showed that ex vivo incubation of human T cells isolated from healthy donors with a variety of human
tumor cell lines triggered downregulation of CD28 expression. Activation of ATM, shortening of
telomere length and an ability to suppress antigen nonspecific and allogeneic-induced proliferation of
responder T cells were also observed [40]. Tumor-induced senescence was dependent on direct tumor-T
cell contact [40]. Another pivotal investigation demonstrated that adoptive transfer of tumor-specific
CD8* tumor-infiltrating lymphocytes (TIL) 586 cells into tumor-bearing (586 mel cells) NSG mice
induced senescence, as assessed by SA-B-Gal* staining in TILs [41]. Activation of TLRS signaling in
tumor cells was able to reverse the tumor-induced senescence [42]. Taken together, tumor-infiltrating
immune cells such as Tregs as well as tumor cells have been shown to be capable of inducing T cell
senescence. As this evidence largely stems from ex vivo studies, the role of critical cells mediating T,
priming such as DCs in facilitating this process remains to be explored.

3.2.2. Metabolic Changes

Metabolic re-programming within the TME is critical to many pro-tumorigenic processes, including
driving senescence [43,44]. Cancer cells have a high rate of glucose consumption through aerobic
glycolysis, resulting in low glucose and high lactate concentrations in the TME [45]. Antigen-activated
effector T cells, once they become primed and activated in the lymph nodes, begin their clonal
expansion and rapid proliferation [43]. Therefore, they have metabolic requirements different to those
of circulating naive cells which rely on oxidative phosphorylation for their energy requirements. Rapidly
proliferating T cells have higher glycolytic activity [46] and increased amino acid metabolism [47].
TCR-mediated T cell activation is followed by metabolic re-programming and biomass accumulation.
Changes in metabolism include a switch to aerobic glycolysis despite there being enough oxygen
present to generate glucose through the tricarboxylic acid (TCA) cycle [43]. Aerobic glycolysis provides
important intermediates for cell growth, such as glucose-6-phosphate, 3-phosphoglycerate (3PG) and
citrate. Molecularly, this metabolic transition is supported by mTOR, PI3K activity, the transcription
factor Myc and hypoxia-inducible factor-1ac (HIF-1cx) [43,47]. As already described above in the study
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by Liu et al., increased glucose consumption by Tregs reduced the glucose pool available for naive T
cells, initiating AMPK signaling cascades and DNA damage responses [35]. Effector T cell activity
is sensitive towards intracellular NAD depletion, often occurring in the TME. Tregs, however, have
developed re-programming strategies mediated by the transcription factor FOXP3 to maintain their
proliferative capabilities and suppressive functions, despite low glucose and high lactate levels [48]. It
remains to be elucidated whether within the TME Treg numbers would be high enough to deplete
glucose pools. However, in addition to Treg competing for glucose consumption, other immune cells
within the TME also have distinct metabolic requirements which can affect glucose pools. MDSCs
have high glucose uptake rates and can contribute to the dysfunction of other immune cells by limiting
pools of available glucose [39]. MDSCs can also affect the T cell activation through depletion of amino
acids such as cystine and cysteine [49], but whether that eventually also contributes to T. senescence
induction is not known. Conditions of hypoxia within the TME compounded by increased tumor
acidity can cause an accumulation of immunosuppressive M2 polarized TAMs, which are critical in
maintaining a tolerogenic phenotype, expanding Tregs and suppressing T. function [50].

Tumor cells also produce metabolites that are inducers of T cell senescence. For instance adenosine,
whose production is catalyzed by the surface ectonucleotidases CD39 and CD73, accumulates in the TME
through CD38 and CD73 expression on cancer exosomes [51]. Adenosine exposure triggered replicative
senescence in human CD8* T cells, decreased proliferative capacity and reduced IL-2 production [52].
Furthermore, adenosine can impact APCs that are critical for T, function. Tumor-produced adenosine
has been shown to decrease DC maturation and immune function [53]. Another example is cyclic
adenosine monophosphate (c(AMP), produced by tumor cells and a suppressor of T cell function [54].
In ex vivo co-culturing experiments, CAMP was shown to be transferred from Tregs to Tcs through direct
gap junction formation, thereby suppressing proliferation of Tcs and decreasing IL-2 production [55].
However, the in vivo relevance of these findings in the context of the TME has yet to be validated.
Other TME-associated metabolites such as indoleamine 2,3-dioxygenase (IDO) [56], although not yet
shown to directly induce T, senescence, plausibly contribute to the induction of T, dysfunction through
activation of Tregs.

3.2.3. Chemotherapeutics and Radiation Therapy

DNA damage caused by commonly used chemotherapeutics can lead to senescence induction
in both tumor and normal cells [57]. Most chemotherapeutic agents are genotoxic and cause DNA
damage by triggering chromosomal breaks or double stranded DNA breaks. This is followed by
induction of the DNA damage response (DDR) mediated by ATM and ATR kinases, whose downstream
targets are cell cycle regulatory proteins checkpoint homologs 1 and 2 (Chk1 and Chk2). Chkl and
Chk2 trigger the activation of various cyclin-dependent kinase inhibitors causing cell cycle arrest [58].
It is not surprising that treatment with such agents can also lead to immuno-senescence, especially
in rapidly proliferating populations such as T, cells following antigen exposure. A six months
longitudinal study tracked shifts in CD8" T cell populations in DNA-damaging chemotherapy-treated
breast cancer patients. The study found that senescent-enriched CD28~CD57* cells were more
pre-dominant in cancer patients compared to the untreated healthy age-matched group. The study
also found that immuno-senescence and immune risk parameters were more pronounced in the
chemotherapy-treated group [22]. When peripheral CD8* T lymphocytes were assessed in metastatic
breast cancer patients during the post-salvage taxane chemotherapy follow-up, it was found that
CD8*CD28~ populations were increased in breast cancer patients compared to the control cohort [23].
In another longitudinal study, radiotherapy and chemotherapy in early-stage breast cancer patients
increased senescent cytotoxic T lymphocytes [59]. Shortened telomere length was observed in peripheral
blood mononuclear cells in non-Hodgkin’s lymphoma patients undergoing chemotherapy [60]. These
results are correlative, and the functional consequences of T, cell senescence induction in these clinical
settings should be mechanistically explored. Tumor senescence might be beneficial to the organism
under some contexts, as it stops tumor-cell proliferation. However, the unintended potentially
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detrimental consequences of T, cell senescence should be considered during the course of therapy,
especially if immunotherapy treatment such as CAR-T cell therapy is to be further applied.

3.3. Age-Related Replicative Senescence

Replicative senescence in normal somatic cells is telomere dependent and occurs as a result of
telomere shortening or a classical DNA damage response triggered by a dysfunctional telomerase [61].
Telomerase dysfunction can be triggered by oxidative stress [62]. This is paralleled in T, cells.
The natural aging process is accompanied by blunted immune responses to anti-viral, bacterial and
other stimuli as well as decreased responsiveness to vaccines [63,64]. Repeated antigen stimulation
throughout an individual’s life time is one potential cause of aging-induced T. senescence. Others
include physiological changes such as thymic shrinking which limits the naive T cell pool, changes in
the bone marrow, and obesity [62,65,66]. While ex vivo stimulated human CD8" T cells have been
shown to have high initial telomerase activity, their telomere lengths shorten following several rounds
of antigen stimulation, and their telomerase activity dramatically decreases [67]. A decrease in the
number of naive CD8" T cells and suppressed functionality in terms proliferation and decreased
cytokine production accompany age-related dysfunction [63,68]. In aged mice, proliferative defects
have also been demonstrated in anti-viral memory CD8* T cells [69]. Senescence has also been observed
in CD8* T cells which have not undergone repetitive antigen stimulation. A recent study explored a
specialized subset of semi-differentiated antigen naive but semi-primed T cells expressing the activation
marker CD44 termed “virtual memory” CD8" T cells (CD44MCD49d™; Tyy). The investigation found
Tym cells accumulated in aged mice and humans and acquired a dysfunctional senescent but not
exhausted phenotype [70]. The presence of Ty cells in aged individuals would be expected to
diminish primary CD8* T cell responses while still maintaining a base effector function and the ability
to secrete cytokines.

4. Tc Cell Senescence and Effects on Immunotherapy Response

4.1. Checkpoint Inhibitors

Given the increased accumulation of senescent T, cells in older individuals, it would be reasonable
to expect that age would dimmish response to immunotherapies. Curiously, however, some reports
indicate that advanced age positively correlates with anti-PD-1 therapy response [71]. In this study,
when a total of 538 metastatic melanoma patients treated with pembrolizumab were stratified according
to age and response, a smaller percentage of patients aged over 62 years had progressive disease.
The study, which controlled for prior MAPK inhibitor therapy, did not control for mutational burden
but did corroborate the patient data with murine models. Genetically identical tumors experienced
better, albeit minor, anti-PD-1 responses in aged mice. The study found that in younger patients, Tregs
were increased and CD8* T cells decreased in the TME. The authors speculated that memory CD8* T
cells, which accumulate with age and expand in response to immunotherapy, may be responsible for
improved anti-PD-1 responses. However, accumulation of memory CD8* T cells in aged individuals
is not absolute and is relative to a decrease in naive T cells due to thymic shrinking. Other studies
in various tumor types have found no correlation [72,73], or a negative correlation between age and
checkpoint inhibitor response [74]. The study citing the negative correlation was carried out in patients
with advanced renal cell carcinoma with a small sub-group of older patients. Furthermore, the study
did not assess infiltrates in the TME. Age-induced senescence might affect other critical immune cells
which could impact responses to checkpoint inhibitors, including the abovementioned Ty cells [70].
The phagocytic function of macrophages/monocytes is decreased during aging and might impair
release of antigens into the micro-environment. Aging also decreases numbers and antigen presenting
functions of APCs, which would impact T cell effector function [75].

It is difficult to conclusively ascertain whether older patients fare better/worse following
immunotherapy treatment given the usually low numbers of elderly patients included in clinical trials.



Cancers 2020, 12, 2828 9 of 15

Immunotherapy response, particularly to checkpoint inhibitors, is complex, and no successful biomarker
of response has been established. Several biomarkers have been suggested, including neo-antigen
burden, PD-L1 expression, genomic and transcriptomic signatures and immune infiltration [76,77].
While age-induced T cell senescence might impact response to immunotherapy treatment, other more
significant factors could over-ride these effects. For example, a recent study reported that tumors
in younger female individuals accumulated more poorly presented driver mutations than those
in older and male patients. Accordingly, these female patients had poorer immune checkpoint
therapy responses [78]. Taken together, it remains to be proven whether age is a predictor of
immunotherapy response

Irrespective of age, patients with accumulated senescent T, cells within the TME might respond
poorly to checkpoint inhibition, which seeks to de-repress the exhaustive T, phenotype but does
not target the senescent one. A small pilot study of melanoma patients was able to identify
patients with primary resistance to checkpoint inhibitors by using lymphocyte phenotyping for
senescence markers CD27, CD28, Tim-3 and CD57 [79]. The study tracked senescence markers in the
peripheral blood for 12 weeks post diagnosis of metastatic melanoma. Another study found that in
multiple myeloma, T-cell clones exhibited hypo-responsiveness and a telomere-independent senescent
(KLRG-1*/CD57*/CD160*/CD28") phenotype. These senescent T cells also expressed low levels of
PD-1 and CTL-4 [24]. Although limited in the numbers of assessed patients, these studies suggest that
senescent T. impede responses to checkpoint inhibitors.

4.2. CAR-T Cell Therapy

CAR-T cell therapy has the potential to be curative in patients with hematological malignancies
such as leukemia and lymphoma. However, CAR-T cell therapy application to solid tumors whose
targetable antigen repertoire can be difficult to predict will be more challenging. CAR-T cell therapy
depends on the isolation and expansion of a patient’s T cells harvested from the periphery. Itis plausible
to speculate that functionally impaired senescent T cells in this context would provide an impediment
to successful T cell expansion and/or CAR activity once in the TME. In vivo, murine studies have shown
that PD-1 upregulation within the tumor microenvironment impeded the function of CD28-CAR-T
cells, which was restored by concomitant treatment with anti-PD-1 antibodies [80]. Furthermore,
introduction of a patient’s expanded T cells into the TME might lead to terminal differentiation of the T
cells caused by TME-induced T, senescence or exhaustion [81]. Taken together, although this requires
further exploration, there is reasonable correlative evidence to suggest that senescent T, cells impact
immunotherapy responses.

4.3. Targeting T Cell Senescence

As 40-85 percent of patients treated with checkpoint inhibitors fail to exhibit a sustained clinical
response [82], combinatorial approaches that also reverse T, cell senescence could be of therapeutic
benefit. As induction of tumor cell senescence can be advantageous in the context of tumor clearance,
strategies to reverse T cell senescence should be carefully considered. While induction of tumor
cell senescence can initially stop uncontrolled proliferation, the SASP profile of senescent tumor
cells can promote tumor relapse, inflammation and recruit immunosuppressive immune cells to
the TME. Agents that induce apoptosis in senescent cells termed “senolytics” (e.g., dasatanib and
quercetin), are currently being tested in pulmonary fibrosis and after radiotherapy to improve clinical
symptoms [83,84]. Whether these agents can be used in neoplastic malignancies to clear senescent
tumor cells and/or senescent T cells is an area warranting further exploration.

Agents such as ralimetinib that target p38 MAPK, which are safe and have already being used
in clinical trials [85], are an attractive option as they could dually target T, senescence signaling and
tumor proliferation. In addition to their direct anti-tumoral effects, other inhibitors of the MAPK
pathway already approved for the treatment of metastatic melanoma are also promising. These include
the B-Raf-targeting inhibitor vemurafenib or MEK1/2 targeting inhibitor trametinib. These drugs have
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already been shown to increase the number of CD8" TILs and enhance checkpoint inhibition in murine
models [86,87]. During senescence, upregulation of BCL-2 family members (BCL-XL, BCL-W) have
been reported in several studies, across various cell types [84]. Of note, inhibitors targeting the BCL-2
protein family, including novitoclax, are selectively senolytic in some cell types [88]. Moreover, several
other pro-survival pathways have been implicated in eliminating senescence, including the p53/p21
axis, receptor tyrosine kinase, HIF-1 and serpine anti-apoptotic pathways [84,89]. HSP90, a member of
the chaperone protein family, was identified as a new class of senolytics [90,91]. HSP90 is upregulated in
several tumor types and promotes the stabilization of PI3K/Akt, ERK and other pro-survival signaling
pathways upregulated during cellular senescence [92]. Therefore, downregulation of pro-survival
signaling pathways upon HSP90 inhibition may be responsible for its senolytic activity [90]. Whether
these inhibitors also reverse T, senescence and enhance checkpoint inhibition in the clinical setting
remains to be elucidated. However, combinatorial therapy is paramount in achieving clinical success.
Therefore, these strategies might present good therapeutic opportunities. They also have the advantage
of using already approved therapies.

Combining checkpoint inhibitors with other activators of the immune system such as TLR8
agonists could maximize the benefits of immunotherapy. TLR8 agonists have already been shown to
reverse the T cell tumor-induced senescence in mouse models of cancer [41]. They have the added
benefit of increasing immune infiltration and activating other anti-tumoral immune cells such as
dendritic and NK cells. The TLR8 agonist motolimod (VTX-2337) has been evaluated in clinical trials,
is well tolerated and shows promise activating the immune system in cancer patients [93,94]. Other
approaches exist, such as the reprogramming of senescent T, cells from pluripotent stem cells (T-IPSCs).
However, this approach is complicated by the unpredictable re-arrangement of the TCR [81].

Taken together, as our molecular understanding of the pathways governing T, cell senescence
increases, so will the ability to effectively target this dysfunctional subset of T cells, reverse their
immunosuppression and augment currently used immunotherapies. Furthermore, assessing senescent
T cell accumulation following treatment with currently used therapies in cancer patients might help to
optimize treatment strategies and uncover novel bio-markers of immunotherapy response.

5. Conclusions

Senescent T cells are phenotypically distinct from exhausted T, cells. Their immunosuppressive
function brings new obstacles to successful immunotherapy. Regardless of whether the tumor-specific
T cell senescence is of replicative or premature origin, a deeper molecular understating of the molecular
pathways driving this process is needed. This will open new therapeutic options to eradicate challenges
imposed by a suppressive TME. Currently, MAPK pathway inhibitors and TLR8a agonists are amongst
the most clinically promising candidates to reverse T cell senescence. They can potentially be used in
combinatorial approaches with checkpoint inhibitors to target many levels of immune dysfunction
and maximize anti-tumor immunity. Much progress has been made in defining T cell senescence as
a distinct dysfunctional state. However, clinical evidence showing the functional importance of T
cell senescence in solid tumors and hematological malignancies is largely correlative and needs to be
further explored.
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Spatiotemporally restricted arenavirus replication
induces immune surveillance and type | interferon-
dependent tumour regression
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Immune-mediated effector molecules can limit cancer growth, but lack of sustained immune
activation in the tumour microenvironment restricts antitumour immunity. New therapeutic
approaches that induce a strong and prolonged immune activation would represent a major
immunotherapeutic advance. Here we show that the arenaviruses lymphocytic choriomeningitis
virus (LCMV) and the clinically used Junin virus vaccine (Candid#1) preferentially replicate in
tumour cells in a variety of murine and human cancer models. Viral replication leads to
prolonged local immune activation, rapid regression of localized and metastatic cancers, and
long-term disease control. Mechanistically, LCMV induces antitumour immunity, which depends
on the recruitment of interferon-producing Ly6C ™ monocytes and additionally enhances
tumour-specific CD8* T cells. In comparison with other clinically evaluated oncolytic viruses
and to PD-1 blockade, LCMV treatment shows promising antitumoural benefits. In conclusion,
therapeutically administered arenavirus replicates in cancer cells and induces tumour regression
by enhancing local immune responses.
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challenge because of limited availability of tumour-specific

agents and development of drug resistance. Next to chemo-
therapy and targeted therapies, immunotherapy is one promising
approach to treat cancer!.

The immune system can directly attack tumour cells via
antigen-specific cytotoxic CD8 ™ T cells, activated natural killer
(NK) cells or antibody-mediated cytotoxicity>®. In addition,
cytokines such as tumour necrosis factor-o, interferon (IFN)-y
or type I IFN (IFN-I) can directly exert antiproliferative and
pro-apoptotic effects on tumour cells, or indirectly, through
modulation of the tumour microenvironment’*, Despite the
physiological existence of these potent anticancer effector
molecules, neoplastic cells can survive and expand in immune-
competent individuals. Escape from immune surveillance is
mainly explained by limited immune activation or tumour-
induced immunosuppression within the microenvironment?.
Effective induction of strong and sustained immune activation
at the tumour sites would therefore be a promising therapeutic
approach against cancer.

Viruses have a very high capacity to activate the innate and
adaptive immune system. This is mainly explained by three
mechanisms. First, viruses introduce new antigens to the immune
system, which are recognized by the host as foreign®. Second,
viruses carry ligands for pattern recognition receptors, which
trigger the innate immune system®. Third, viruses are usually
drained from peripheral sites to the lymphatic system where they
undergo spatiotemporally restricted replication in antigen-
presenting cells and thereby specifically activate innate and
adaptive immune cells®”.

Arenaviruses are enveloped and pleiomorphic, with a diameter
of 60-300nm and two single-stranded RNA genome segments.
The non-cytopathic arenaviruses propagate rapidly without
directly harming susceptible tissues. Rather, it is the immune
response against infected cells that may cause severe tissue
damage and disease symptoms®®. Arenaviruses can infect
humans and disease outcome depends on the specific strain.
Lassa virus and Junin virus are responsible for the Lassa and
Argentine haemorrhagic fever, respectively'’. In contrast, human
infection with the arenavirus strains lymphocytic chorio-
meningitis virus (LCMV, strain WE) and Candid#1, which is a
clinically applied vaccine virus to protect against Argentine
haemorrhagic fever, is usually asymptomatic or causes non-
specific symptoms such as fever and malaise!'2, LCMV-WE
induces a strong T-cell response, which can be antitumoural in
cancer models!>!*, Therefore, recombinant single-cycle LCMV is
considered a vaccine virus with potential to immunize against
tumour antigens!®.

Here we investigate whether neoplastic cells can serve as
natural reservoir for arenavirus replication and whether such
replication can induce spatiotemporally restricted innate immu-
nity, virus-specific and tumour-specific adaptive immune activa-
tion. We show that LCMV and Candid#1 preferentially replicate
in cancer cells and induce immune surveillance resulting in
IFN-I-dependent tumour regression.

Effective treatment of advanced tumours remains a major

Results

Arenavirus preferentially replicates in cancer cells. In recent
times, we found that fast replication of arenavirus in dendritic
cells led to massive activation of the innate and adaptive immune
system®. As cancer cells are characterized by altered cell cycle,
metabolism and translation!® relative to their normal counter-
parts, we wondered whether arenaviruses might preferentially
replicate in tumour cells and whether this affects the anti-
tumoural immune response. To explore the replication capacity

of arenaviruses in tumour cells, we infected human cancer cells
and the healthy parenchymal counterpart they originated from
with the non-cytopathic LCMV. Primary hepatocytes, colon
epithelial cells, melanocytes and bronchial epithelial cells showed
limited LCMV replication as compared with malignant cells
originating from these tissues (Fig. 1a,b). Having established that
arenaviruses preferentially replicate in tumour cells, we next
infected a tumorigenic cell line that is capable of forming tumours
in a syngeneic setting using immune-competent mice.
Specifically, we infected the murine squamous oropharynx
carcinoma cell line (MOPC)'” with LCMV-WE in vitro. Within
72h, all cancer cells revealed LCMV replication without affected
cell survival (Fig. lc and Supplementary Fig. 1). Next, we
established palpable tumours in C57BL/6 mice by subcutaneous
injection of MOPC cells and infected the mice with 2 x 10
plaque-forming unit (PFU) LCMV peritumourally. Immuno-
fluorescence revealed viral replication within these tumours, but
not in other regions of the skin (Fig. 1d). The presence of
subcutaneous MOPC tumours significantly increased local and
splenic virus propagation in C57BL/6 mice (Fig. le) and
virus persisted in tumours for more than 30 days (Fig. 1f). To
generalize this phenomenon, we analysed the replication of
LCMV in a broad panel of other murine cancer models.
Peritumoural injection of LCMV in subcutaneously established
B16F10 melanoma'® and MC38 colon cancer!®, as well as
intravenous administration of LCMV in endogenously hepa-
tocellular carcinoma bearing LoxP-TAg? resulted in intra-
tumoural propagation of LCMV (Fig. 1g-i).

B-Myb promotes arenavirus replication. Lack of IFN-I receptor
and deregulated IFN signalling is proposed to be one mechan-
ism accounting for enhanced viral replication and IFN-unre-
sponsiveness in cancer cells??2, However, analysis of the
Cancer Genome Atlas (TCGA) database revealed high
expression of Ifnarl and Ifnar2 in a range of cancer entities
(Supplementary Fig. 2a) and human cancer cell lines
showed expression of Ifnarl and Ifnar2  (Supple-
mentary Fig. 2b). To test whether human cancer cell lines can
respond to some of the many murine IFN-I in a xenograft
system, we treated Sw480 cells and HeLa cells with different
IFN-I subtypes in vitro. Sw480 and HeLa cells responded to
murine IFN-02 and human IFN-04 but not to murine IFN-o04
(Supplementary Fig. 2c). Moreover, all the murine cancer cells
tested in our in vivo studies expressed Ifnarl (Supplementary
Fig. 2d). In comparison with MC38, B16F10, LoxP-TAg and
MT/ret, MOPC cells showed highest expression levels (Supple-
mentary Fig. 2d).

We hypothesized that the fast cell cycle and metabolism of
cancer cells promote replication of arenavirus and thereby
explains the fast propagation of LCMV in cancer cells. Recent
reports show that the expression of the cell cycle kinase CDK2
is associated with increased HIV replication in myeloid and
lymphoid cells?>. CDK2 phosphorylates B-Myb, which enhances
the transcription of a number of genes involved in cell proli-
feration and metabolism?42. To explore whether B-Myb (Mybl2)
is one factor in cancer cells contributing to enhanced arenavirus
replication, we studied Mybl2 expression and phosphorylation
in cancer tissues and non-malignant controls. Indeed, tumours
expressed higher Mybl2 RNA levels and exhibited increased
B-Myb phosphorylation (Supplementary Fig. 2e,f). The presence
of B-Myb correlated with higher expression of known viral
host factors in MOPC tumours than control tissue (Supple-
mentary Fig. 2g). In line, knockdown of B-Myb limited LCMV
replication (Supplementary Fig. 2h). Therefore, we concluded that
B-myb overexpression is one viral susceptibility factor in cancer
cells.
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Figure 1| Arenavirus preferentially replicates and persists in cancer cells. (a) Immunofluorescence in tissue-matched human normal untransformed and
tumour cells 2 days after LCMV infection (MOI 1) (n=3 per group). Scale bar, 20 um. (b) Infectious virus particles in supernatants from human normal
(hN) untransformed and tumour cells, which were infected with LCMV (MOI 1) and analysed on indicated days (n= 6 per group). (¢) Immunofluorescence
of MOPC cells untreated or infected with LCMV (MOI 1) 72 h after infection (n=3/group). Scale bar, 20 um. (d) Immunofluorescence of tumours in
MOPC-tumour-bearing C57BL/6 mice (day — 10) treated with or without 2 x 104 PFU LCMV peritumourally (LCMV, green; 4,6-diamidino-2-phenylindole
(DAPI), blue, n=3 per group). Scale bar, 200 um. (e) Infectious virus particles in skin and spleen (day 8) of C57BL/6 mice or MOPC-tumour-bearing mice
(day — 3) treated with 2 x 104 PFU LCMV subcutaneously (n=4 per group). (f) LCMV-NP RNA in tumours of MOPC-tumour-bearing C57BL/6 mice (day
—10) treated with 2 x 104 PFU LCMV intratumourally (n= 8 per group). (g) Immunofluorescence of tumours (day 7, n=23) from B16F10-tumour-bearing
C57BL/6 mice (day — 3) treated with or without 2 x 104 PFU LCMV peritumourally. Scale bar, 200 pm. (h) Immunohistochemistry of tumours (day 7,
n=13) from MC38-bearing C57BL/6 mice (day — 3) treated with (n=6) or without (n=7) 2 x 104 PFU LCMV peritumourally. Scale bar, 200 um.

(i) Immunohistochemistry (day 6, n=3) of livers from LoxP-Tag-tumour-bearing or WT mice, which were treated with or without 2 x 106 PFU LCMV
systemically. Scale bar, 200 um. Data are shown as mean = s.e.m. and analysed by unpaired Student's t-test. *P<0.05, ***P<0.001 and ****P<0.0001.

Arenavirus replication leads to tumour regression. Next we
wondered whether LCMV replication in tumour cells influences
tumour progression. We infected C57BL/6 mice bearing small
tumours with LCMV peritumourally. Untreated control tumours
grew robustly and mice succumbed to the tumour within 30 days
(Fig. 2a). Peritumoural LCMV injection completely abolished
tumour growth and mice survived relapse-free for an observa-
tional time of 80 days (Fig. 2a), without virus- or tumour-related
symptoms. In mice bearing very advanced MOPC tumours,

LCMV infection induced considerable tumour regression and
significantly prolonged survival (Fig. 2b). To explore the activity
of LCMV virotherapy in metastatic cancers, we compared local
and systemic virus administration in mice bearing simultaneous
MOPC tumours in the left shoulder and the right flank. Peritu-
moural injection of LCMV in the right flank resulted in virus
replication only in the flank (Supplementary Fig. 3a). Systemically
administered LCMV reached both tumour sites (Supplementary
Fig. 3a). In agreement, intravenous LCMV application, but not
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Figure 2 | Persistence of arenavirus leads to tumour regression. (a) Tumour diameter and survival of MOPC-tumour-bearing mice (day — 3) treated with
or without 2 x 104 PFU LCMV peritumourally (n=10 per group, three experiments pooled). (b) Tumour diameter and survival of MOPC-tumour-bearing
mice (day —10) treated with or without 2 x 104 PFU LCMV intratumourally (n=10 per group, three experiments pooled). (¢) Tumour diameter of the
shoulder tumour from C57BL/6 mice receiving simultaneously subcutaneously 5 x 10° MOPC cells in the flank and shoulder (day — 3), treated without
(n=5) or with 2 x 10% PFU LCMV given into the flank (n=4) or intravenously (n=5). (d) Tumour diameters (shoulder and flank) and survival of WT mice
bearing MOPC tumours simultaneously in the shoulder and flank, treated with or without 2 x 109 PFU LCMV intravenously on day O (n=6 per group).
(e) Tumour diameter from MC38-bearing C57BL/6 mice (day — 3) treated with (n=6) or without (n=7) 2 x 10% PFU LCMV peritumourally. (f) Tumour
diameters from B16F10-tumour-bearing C57BL/6 mice (day — 3) treated with or without 2 x 104 PFU LCMV peritumourally (n =6 per group). (g) Number
of melanomas (day 15) in MT/ret mice treated with (n =3) or without (n=4) 2 x 10% PFU LCMV systemically. (h,i) Representative picture (h, day 6, n=3)
and quantification of tumour nodules (i, day 6 n=3, day 20 n=6) of/in the livers from LoxP-Tag-tumour-bearing or WT mice, which were treated with or
without 2 x 108 PFU LCMV systemically. Scale bar, 0.5 cm. Data are shown as mean % s.e.m. and analysed by unpaired Student's t-test. *P<0.05,
**P<0.01, ***P<0.001 and ****P<0.0001.
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local LCMV injection into the flank tumour, induced regression
of distant shoulder tumours (Fig. 2c). Conclusively, control of
multiple tumour sites and prolonged survival of mice with
advanced stage metastatic tumours can be achieved by systemic
LCMV therapy (Fig. 2d). Next, we analysed the antitumoural
activity of LCMV against a broad ganel of murine cancer models
including MC38 colon cancer!”, B16F10 melanoma's, the
endogenous hepatocellular carcinoma model LoxP-TAg? and
spontaneous MT/ret melanoma model?®. Peritumoural injection
of LCMYV limited the growth of subcutaneous MC38 (Fig. 2¢) and
B16F10 melanoma tumours (Fig. 2f). To test the activity of
LCMV virotherapy on spontaneously developing malignant
melanomas in the MT/ret mouse model?®, LCMV was injected
intravenously once cutaneous tumours became palpable.
Strikingly, LCMV-infected MT/ret mice developed significantly
less macroscopically visible tumour nodules than untreated mice
(Fig. 2g). Next, we studied LCMV virotherapy in endogenously
developing liver cancers. Nine-month-old LoxP-TAg mice
harbouring palpable liver tumours either received an
intravenous injection of LCMV (2 x 10° PFU) or were left
untreated. Intriguingly, 20 days after LCMV injection tumour
nodules had largely disappeared (Fig. 2h,i). Consistent with these
findings, serum liver enzyme levels, which reflect tumour burden
in the liver, were significantly lower in LCMV-treated LoxP-TAg
mice than in uninfected LoxP-TAg controls (Supplementary
Fig. 3b).

IFN-I was essential for tumour regression. To dissect whether
LCMV replication or LCMV-induced immune infiltration
impacts tumour growth, we studied tumour growth in Map3-
k14*»/3 mice, which have defective nuclear factor-kB signa-
lling and therefore lack lymph nodes and immune functions?’.
LCMV-induced tumour regression was dependent on Map3ki4
(Supplementary Fig. 4), suggesting that immune infiltration is
crucial. Indeed, LCMV replication induced a dense infiltrate
composed of T cells (CD90.2, CD4 and CD8) and inflammatory
Ly6C " monocytes (Fig. 3a). Strong infiltrates of Ly6C * mono-
cytes were detected in draining lymph nodes (dLNs) of LCMV-
treated subcutaneous MOPC tumours (Fig. 3b). Monocytes
have the plasticity to execute diverse effector functions and are
therefore equipped to inhibit tumour growth?3, As inflamma-
tory monocytes also produce IFN-I after innate sensing®’,
we postulated that LCMV-induced IFN-I secretion in Ly6C ™
monocytes impacts tumour growth. To analyse IFN-I production
in Ly6C ™ monocytes, we established MOPC tumours in IFN-B
reporter mice (IFNBmOb/ moby and infected them with LCM V30,
IFN-B-producing Ly6C ™ monocytes were detected in the dLN of
tumour-bearing mice after infection with LCMV (Fig. 3¢).
Ly6C T monocytes were further characterized as mPDCA-1M,
CD11c™d and B220™ed (Fig. 3c), suggesting that they
were differentiated into IFN-I-producing cells*!. Consistently,
quantitative real-time PCR (qRT-PCR) analysis revealed high
expression of IFN-I-associated genes in dLN after LCMV
infection, and IFN-o serum levels were enhanced in LCMV-
infected tumour-bearing mice (Fig. 3d,e). To dissect the role of
monocytes and IFN-I on tumour regression, we studied tumour
growth in mice depleted of myeloid cells in vivo using different
antibodies. First, we treated mice with an antibody against the
myeloid differentiation antigen Gr-1 (clone RB6-8C5), which
depletes Ly6G ™ and Ly6C ™ cells>*=3* (Supplementary Fig.5a).
Another experimental group was treated with an antiLy6G
antibody (clone 1A8), which only binds to Ly6G™ cells
(Supplementary Fig. 5b). Depletion of Ly6C* and Ly6G ™ cells
(monocytes and granulocytes) with clone RB6-8C5 abrogated
LCMV-mediated tumour suppression (Fig. 3f), whereas depletion

of Ly6G™ cells (granulocytes) with clone 1A8 alone had no
impact on the antitumoural effect of LCMV (Supplementary
Fig. 5¢). This suggests that monocytes are centrally involved in
LCMV-induced tumour regression. The role of monocytes was
confirmed using Ccr2 =/~ mice, which have reduced monocyte
numbers?® and in which LCMV-mediated tumour suppression
was significantly blunted (Fig. 3g). To corroborate the involve-
ment of IFN-I in LCMV-mediated tumour regression, we used
Irf3~/~ xIrf7 =/~ mice, which lack IFN-I induction after LCMV
infection®>. LCMV infection failed to suppress tumour growth
in Irf3~/~xIrf7=/~ mice (Fig. 3h), supporting the functional
importance of IFN-I for the antitumour effect of arenavirus
infection. Analysis of T cells (Supplementary Fig. 6a), B cells
(Supplementary Fig. 6b) and NK cells (Supplementary Fig. 6¢,d)
failed to reveal an impact of these immune cell subsets on LCMV-
induced control of early stage tumours, suggesting that IFN-I acts
independent of these cell subsets on tumour regression.

Monocyte recruitment and IFN-I induction in human cancer.
To gain further insights into the possible translation of arena-
viruses to human cancer therapy we studied primary tumour
biopsies from 34 patients with oropharyngeal cancers. Multigene
expression analysis by qRT-PCR revealed a strong correlation
between the expression of human monocytic markers CDI14 or
CD16 and diverse IFN-I-related genes such as IFNBI, USP18 and
IRF7 (Supplementary Fig. 7a,b), indicating that human monocytic
infiltrates can produce IFN-I within human tumour tissues. To
investigate whether our observation is expandable to different
human cancer types, we accomplished a gene-set enrichment
analysis (GSEA) by using the human cancer TCGA database.
Indeed, CDI14 " cell populations were enriched for TFN-I-related
genes (Supplementary Fig, 7¢)3°.

Ambiguous role of CD8 ™ T cells in cancer virotherapy. So far,
we found that monocytes and IFN-I were essential factors needed
for tumour regression, and that T cells were dispensable for
LCMV cancer therapy of early stage tumours. However, we
wondered how the presence of CD8' T cells might also
contribute to tumour regression. We hypothesized that CD8 *
T cells have a dual role in arenavirus-based therapy. On the one
hand, they are essential in controlling virus, therefore limiting
viral persistence. On the other hand, tumour-specific CD8 ™
T cells might be activated by arenavirus and might therefore
contribute to tumour regression. Indeed, we found that virus-
specific CD8 " T cells were induced during arenavirus therapy
(Fig. 4a). The presence of virus-specific CD8 ™ T cells limited
replication and effectiveness of LCMV therapy during systemic
treatment (Supplementary Fig. 8a). Conversely, lack of virus-
specific CD8™ T cells prolonged the antitumoural effects of
IFN-I and enhanced survival even in an advanced tumour stage
(Supplementary Fig. 8b,c).

To analyse the role of LCMV on tumour-specific CD8 ™
T cells, we infected mice bearing Ovalbumin-expressing BI6F10
tumours in the presence of tumour-specific CD8 ™ T cells. LCMV
enhanced expression of IL-2Rf (CD122) and IL-7Ra (CD127) on
tumour-specific CD8™ T cells, both of which promote cell
survival (Fig. 4b)8. Moreover, LCMV infection enhanced tumour-
specific CD8 ™ T cells in tumour infiltrates after vaccination with
tumour antigen (Fig. 4c). Accordingly, the combination of LCMV
and tumour-specific CD8' T cells was most effective in
suppressing tumour growth in the B16F10 melanoma model
and in the EL4 subcutaneous lymphoma model (Fig. 4d,e). This
suggests that LCMV enhances the infiltration and function of
tumour-specific CD8' T cells, which contributes to LCMV-
mediated tumour regression.
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Reduced vasculature correlates with LCMV treatment. Next, we
investigated the mechanism of IFN-I-induced tumour suppres-
sion in our models. As MOPC cells express the IFN-a/f receptor
subunit 1 (IFNARI) (Supplementary Fig. 2d), we analysed
LCMV-induced tumour regression in Ifnar ~/~ mice, which are
deficient in the IFN-I receptor. LCMV infection equally
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suppressed tumour growth in wild type (WT) and Ifnar —/~
mice (Supplementary Fig. 9), suggesting that IFN-I secreted by
infiltrating Ly6C ™ monocytes directly acts on tumour cells. As
IFN-Is are potent inhibitors of tumour associated angiogenesis®’,
we studied the expression of angiogenic factors by tumour cells in

relation to LCMV treatment. Interestingly, almost all angiogenic
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regulators studied were suppressed by LCMV infection (Supple-
mentary Fig. 10a). Moreover, CD31 7" vessel formation was
severely blunted in LCMV-infected tumours (Supplementary
Fig. 10b), leading to reduced microvessel density (MVD) and
increased vessel-to-vessel distances (Supplementary Fig. 10c).
Consistent with reduced angiogenesis, we observed hypoxic areas
in LCMV-treated tumours (Supplementary Fig. 10d) that were
characterized by limited tumour cell proliferation and increased
apoptosis (Supplementary Fig. 10e).

Arenaviruses induce regression of human tumours. To explore
whether arenavirus therapy could be translated to the human
system, we used human xenograft models in NOD/SCID mice.
Peritumoural LCMV injection led to regression of subcutaneously
established HeLa and FaDu tumours in NOD/SCID mice
(Fig. 5a,b). Next, we studied the clinically used Junin virus
vaccine, Candid#1 (refs 11,12). Candid#1 replicated in Sw480-
and HepG2-tumours in vivo (Fig. 5¢,d). Infection with LCMV
and with Candid#1 limited growth of Sw480 tumours (Fig. 5e).
Similarly, Candid#1 limited growth of HepG2 and Sw872
tumours (Fig. 5f,g). These data suggest that the vaccine virus
Candid#1 has antitumoural properties much similar to the
laboratory strain LCMV-WE.

LCMYV is superior to oncolytic viruses and PD1 blockade. Next,
we compared LCMV with two oncolytic viruses presently in clinical
or preclinical development: a chimeric variant of vesicular stoma-
titis virus (VSV-GP)?® and a recombinant TK-depleted vaccinia
virus (TK~ VACV-GFP/LacZ, rVACV)*. Although VSV-GP is
currently being developed (www.viratherapeutics.com), another
very similar VSV variant (VSV-IEN) is being investigated in a
Phase I study for hepatocellular carcinoma (ClinicalTrials.gov
NCT01628640). rVACYV is so far tested as a double deletion mutant
(TK™ and VGF ™) in a phase I study, with patients with advanced
solid tumours*’, In the MOPC tumour model, intravenous and
intratumoural application of VSV-GP and rVACV showed limited
antitumoural effects when compared with LCMV (Fig. 6a,b). Even
a 100-fold higher dose of VSV-GP or rVACV did not reach the
efficacy of LCMV-induced tumour regression in the MOPC
tumour model (Fig. 6b). In line, human Sw480 xenografts were
more susceptible to intratumoural LCMV therapy than to VSV-GP
or rVACYV (Fig. 6¢). Next, we analysed the effects of PD-1 blockade
together with LCMV treatment. We observed strong expression of
PD-L1 in MOPC tumours (Fig. 6d). Blockade of PD-1 (in Pdcdl ~ /=
mice) had no impact on tumour regression in the MOPC model
(Fig. 6e). In contrast, combination of PD-1 blockade with LCMV
had the strongest impact on tumour regression in advanced
tumour stage (Fig. 6e).

Discussion

The ability of viruses to kill cancer cells has been recognized for
several decades and is supported by recent Food and Drug
Administration and European Union (EU) approval of an
oncolytic herpesvirus (Talimogene laherparepvec, Amgen,
Inc.)™. The specific mechanisms of virotherapy have long been
considered to be directly oncolytic. Recently, it was recognized
that induction of an inflammatory response contributes to virus-
mediated tumour regression*>*°, In cancer therapies with
oncolytic viruses, this is considered to be a limited collateral
effect. By contrast, in our study, we provide evidence that a
powerful immune response itself induced by arenavirus
replication may lead to complete tumour regression.

Treatment with a non-oncolytic arenavirus is advantageous in
inducing sustained immune surveillance. First, an arenavirus such
as LCMV will not kill the host cell by direct cytopathic effects.
Therefore, virus replication is maintained until an immune
response is induced within the tumour tissue. Second, arenavirus
replication cannot solely be limited by a strong IFN-I
response”>*°1. In addition, LCMV usually fails to induce rapid
neutralizing antibodies>2. Thus, arenavirus replication in tumours
can only be controlled by infiltration of virus-specific CD8 ™
T cells. Consequently, as long as CD8 ™ T cells do not infiltrate
the tumour, arenaviruses can replicate for several days or weeks
even if tumour cells respond to IFN-I. In a direct comparison of
the IFN-I-responsive tumour models MOPC and Sw480, we
found that LCMV was therapeutically more potent than the
oncolytic viruses VSV-GP and rVACV. These results could
have been expected, because, in contrast to LCMV, VSV-GP and
rVACV require defects in the IFN pathway for efficient
replication in tumour cells>3=3%, Consequently, arenavirus
therapy could fill a gap in virotherapy in the treatment of
IFN-I-responsive cancers. Careful characterization of IFN-I
responsiveness and additional LCMV host factors may guide
the selection of patients suitable for LCMV cancer therapy.

Treatment with arenaviruses might also have certain dis-
advantages. The broad tropism of arenaviruses®® might induce
adverse events. Live arenaviruses could also replicate in healthy,
non-malignant tissue. This replication could induce an immune
response in normal tissue, leading to immunopathological side
effects®>2. Although >5% of humans show evidence of previous
LCMV exposure without severe symptoms'?, especially in
highly immunocompromised patients overwhelming replication
of attenuated vaccine virus could lead to life-threatening
disease®>>” or to gain of selection mutants of the virus>®. Both
risks can be limited by intervention with neutralizing antibodies
against the arenavirus strain or antiviral therapy®’. In our murine
models we observed initially enhanced LCMV replication in the
presence of tumours, but viral replication lead to an immune
response that was capable to control intratumoural virus load.

Figure 3 | IFN-I was essential for arenavirus-induced tumour regression. (a) Immunofluorescence (day 10) of tumours from MOPC-tumour-bearing
C57BL/6 mice (day —10) treated with or without 2 x 104 PFU LCMV peritumourally (n = 3/group). Scale bar, 200 pum. (b) Immunohistochemistry of dLNs
from MOPC-tumour-bearing mice treated with 2 x 104 PFU LCMV subcutaneously (n = 3/group). Scale bar, 200 pm. (c) Representative FACS blots (day 2)
from dLNs of MOPC-tumour-bearing C57BL/6 mice (day — 3) and IFN-B-reporter mice (IFNB™P/Mob) treated with 2 x 104 PFU LCMV peritumourally
(day O, n=4 per group). Grey area indicates isotype control. (d) gRT-PCR analysis of dLNs (day 3) from MOPC-tumour-bearing C57BL/6 mice (day — 3)
treated with or without 2 x 104 PFU LCMV peritumourally (n=3 per group). (e) IFN-o serum ELISA (day 3) from MOPC-tumour-bearing C57BL/6 mice
(day — 3) treated with or without 2 x 104 PFU LCMV (n= 4 per group). (f) Tumour diameters of MOPC-tumour-bearing C57BL/6 mice (day — 3) injected
with or without anti-Ly6C + G antibody (200 pg, days — 2, 2 and 7) and treated with (n =6 per group) or without (n= 6 control; n=7 anti-Ly6C + G-dep.)
2 x 104 PFU LCMV peritumourally (two experiments pooled). (g) Tumour diameters of MOPC-tumour-transplanted WT and Ccr2”~ mice (day — 3)
treated with (n=9 per group) or without (n=6 per group) 2 x 104 PFU LCMV peritumourally (two experiments pooled). (h) Tumour diameter from
MOPC-tumour-bearing WT and Irf37~ x Irf7~ mice (day x 3) treated with or without 2 x 104 PFU LCMV peritumourally (n=6 per group, two
experiments pooled). Data are shown as mean + s.e.m. and analysed by unpaired Student's t-test. Survival is shown in Kaplan-Meier method and analysed

by log-rank test. NS, nonsignificant; *P<0.05, **P<0.01 and ***P<0.001.

NATURE COMMUNICATIONS | 814447 | DOI: 10.1038/ncomms14447 | www.nature.com/naturecommunications 7



A RT | C |_ E NATURE COMMUNICATIONS | DOI: 10.1038/ncomms14447

a b
B wt mopPc
[0 wrLemv
§ 7/ wT MOPC, LCMV
§ 1x10° N.S.
£ d
S 8x10°
7]
5
8 6x10° PD-1 - IL2RB
2 *
8 4105 250 5004 1
- = = [
& = 200 T 400 £ 1,500
o 2x10° N.S. 2 150 = 300 3 1000
3 s A 100 T 200 c
% g ; 500
FI) MOPC LCMV s.c. LCMV i.v. 50 100
'_
0 0 0
Cc d -O-- Control
-<0-- Control -@- OT1
-@- OT1 *x - OT1, LCMV
° -B OT1,LCMV -+ LCMV
3 60,000 - ~ LOMV |* 100 -
- 3 ]
5 E
© | —
8 2 £ 80 1
= § 40,000 - T < 9
£z " 3 3 601
o 0 £ 2
£ 2 o 3 2
L o © 40
[=fte} i = (2}
3t 20,000 %0 3 LY AL S B G
58 [] !
e <8 0 i
S 0 T T T T e !
= 0 10 20 30 40
OVA + + + + Time (d)
CpG - - + +
LCMV - + - +
e -<-- Control -<-- Control
-@- OT1 - -@ OTi .
-8 OT1,LCMV @ OT1,LCMV
- LCMV * -+ LCMV
1.8 0 100 A
E 80 4
é ; 60
8 g
3 2
c i
5 g
E 20
N B 0 S
0 3 6 9 12 15 0O 5 10 15 20 25 30
Time (d) Time (d)

Figure 4 | CD8 " T-cell activation contributes to arenavirus-mediated tumour regression. (a) LCMV-specific CD8* T cells in the blood (day 8) of
MOPC-tumour-bearing or control mice, which where infected with LCMV (n=3). (b) Expression of PD-1, IL-2RB and IL-7Ra on tumour-specific CD8+ T
cells (OT1, day 8) of B16-OVA-tumour-bearing C57BL/6 mice (day — 10) transferred with 5 x 108 OT1 splenocytes (day — 1) and additionally treated with
(n=5) or without (n=3) LCMV (i.t. 2 x 104 PFU). (¢) Total numbers of tumour-specific (OVA), antigen-exposed (CD44 1) CD8* T cells (day 2) in
tumours of B16-OVA-tumour-bearing C57BL/6 mice (day — 13), which were vaccinated with ovalbumin (200 pg, day — 3, i.v.) with or without CpG (20 pg,
day —3,i.v.) and additionally treated with or without LCMV (5 x 10° PFU, i.t., n=28). (d) Tumour diameter and survival of B16-OVA-tumour-bearing
C57BL/6 mice (day — 10) treated with (n="5 per group) or without (n=4 per group) 5 x 10® OT1 splenocytes (day —1) and additionally treated with or
without LCMV (i.t. 2 x 10% PFU). (e) Tumour diameter and survival of EL4-OVA-lymphoma-bearing C57BL/6 mice (day — 6) treated with (n=7 per
group) or without (n = 4-5 per group) 5 x 10° OT1 splenocytes (day — 1) and additionally treated with or without LCMV (i.t. 2 x 10° PFU, day 0). Data are
shown as mean = s.e.m. and analysed by unpaired Student's t-test. NS, nonsignificant; *P<0.05, **P<0.01 and ***P<0.001.
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Figure 5 | LCMV and arenavirus vaccine Candid#1 induce regression of human tumours. (a) Tumour diameter from Hela-tumour-bearing NOD/SCID
mice (day — 8) treated with or without 2 x 104 PFU LCMV intratumourally (n=8 per /group). (b) Tumour diameter and survival from FaDu-tumour-
bearing NOD/SCID mice (day — 10) treated with or without 2 x 109 PFU LCMV i.t. (=5 per group) (¢) Immunofluorescence (day 10) of tumours from
Sw480-tumour-bearing NOD/SCID mice (day —10) treated with or without 2 x 104 PFU Candid#1 intratumoural (n=3 per group). Scale bar, 200 pum.
(d) Immunofluorescence (day 10, n=3 per group) from HepG2-tumour-bearing NOD/SCID mice treated with or without 5 x 10° PFU Candid#1
intratumourally. Scale bar, 200 um. (e) Tumour diameter and survival from Sw480-tumour-bearing NOD/SCID mice (day —11) treated with (n=5) or
without (n=6) 5 x 10° PFU LCMV or 2 x 104 PFU Candid#1 (n=7) intratumourally. (f) Tumour diameter from HepG2-tumour-bearing NOD/SCID mice
treated with (n=>5) or without (n=4) 5 x 10° PFU Candid#1 intratumourally. (g) Tumour diameter (untreated n = 6; treated n=8) and survival (n="5 per
group) from Sw872 liposarcoma-bearing NOD/SCID mice treated with or without 5 x 10° PFU Candid#1. Data are shown as mean + s.e.m. and analysed by
unpaired Student'’s t-test. Survival is shown in Kaplan-Meier method and analysed by log-rank test. *P<0.05, **P<0.01 and ****P<0.0001
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Figure 6 | LCMV induces the strongest tumour regression compared with oncolytic viruses and PD1 blockade. (a,b) Tumour diameter and survival of
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group). (¢) Tumour diameter and survival of Sw480-tumour-bearing NOD/SCID mice treated i.t. with 2 x 108 PFU of LCMV, rVACV, VSV-GP or MOCK
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***P<0.0071; scale bar, 200 pm.

Using the hepatotropic LCMV strain WE, we observed some viral
replication in livers of B16F10 mice, but liver enzymes were under
the upper limit of normal when tested 20 days after virus
injection. LCMV-treated WT, transgenic and NOD/SCID mice
did not show any virus or immunopathology related signs of
sickness. Nevertheless, the clinical applicability of arenavirus-
based treatment has to be carefully evaluated.

We found that arenavirus-based tumour therapy required
IFN-I. IEN-I has substantial antiproliferative activity in different

10

cancer types®”. Three major mechanisms could be responsible for
these effects: first, IFN-I can directly induce cell cycle arrest in
cancer cells®™®l; second, TFN-I can trigger an antigen-specific
antitumour immune response’; and third, IFN-I can inhibit
angiogenesis®>’. We found in the MOPC model that arenavirus
infection enhanced IFN-I induction, enhanced antitumour
immune response and limited angiogenesis.

LCMV treatment did not influence PD-L1 expression in the

tumour nor PD-1 expression on CD8' T cells. In contrast, it
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enhanced tumour-infiltrating tumour-specific CD8 * T cells, as
well as survival signals in these cells. In line with these findings,
a combination of CD8 ™ T cells and LCMV, or a combination of
PD-1 blockade and LCMV, were the most effective tumour
treatments.

To date, different strains of LCMV are in laboratory use for the
investigation of acute and chronic viral infections, as well as an
efficient tool to enhance and examine T-cell responses in murine
models of infection, autoimmune disease and cancer!>!>°662, For
example, Schadler et al'* used the low replicative ‘neuro-
tropic strain’” LCMV Armstrong (LCMVarm) in addition to
lipopolysaccharide ~ (LPS) and anti-CD3, to increase
thrombospondin-1 (Tspl) in T cells and tested the antitumoural
potency of Tspl. In their study, growth of B16F10 melanomas was
observed for approximately 2 weeks after LCMVarm infection and
antitumoural effects after LCMVarm administration were
dependent on Tspl and T cells. By contrast, our studies with the
‘viscerotropic strai’ LCMV-WE revealed that its potent
antitumour activity was mediated via IFN-I and was T-cell
independent. The differences in mechanism and potency
underlying the antitumour effects of LCMV in the two studies
may reflect strain-dependent differences between the different
arenaviruses used, the impact of the specific cancer types examined
and the different timepoints used. Thus, similar to Schadler et al.'*
we observed an impaired antitumoural effect of LCMV in
Ragl =/~ mice compared with WT mice within the first 2
weeks after LCMV treatment of established tumours, indicating the
involvement of T cells (Supplementary Fig. 8b, middle panel).
However, in the long-term observation of approximately 80 days,
we show that the absence of T cells is beneficial for LCMV-WE
therapy (Supplementary Fig. 8b). Moreover, we based our studies
largely on the mechanism of antitumoural action of LCMV in a
murine head and neck cancer model (MOPC), whereas Schadler
et al'* used malignant melanoma, where effective immuno-
therapies mainly depend on tumour-specific T cells®*. This may
also explain the lower efficiency and efficacy of IFN-dependent
LCMV therapy on BI16F10 (Fig. 2f) compared with MOPC
(Fig. 2a) or MC38 colon cancer (Fig. 2e).

Studies from others, such as Ochsenbein et al!® and Flatz
et al.'>, used LCMV as a model to activate tumour-specific CD8 *
T cells. In agreement with their work, we use transgenic tumour
models to show that OVA-specific T cells show enhanced
antitumoural effects, when additional T-cell activation via LCMV
infection is performed. However, we demonstrate that T cells
exhibit an ambiguous role in LCMV treatment of tumours. In the
presence of tumour-specific T cells, LCMV enhances antitu-
moural immune defenses, but the presence of virus-specific
T cells limits the antitumoural activity of LCMV by controlling
viral replication (Supplementary Fig. 4). Moreover, studying the
mechanism of antitumoural action of LCMV-WE, we found
that T cells were largely dispensable in our MOPC tumour model
in Tcrab=’/~, Ragl =/~ and NOD/SCID mice. Rather,
LCMV-induced antitumour immunity depends mainly on the
recruitment of IFN-producing Ly6C * monocytes.

We found that monocytes, which infiltrate into human
tumours, have the ability to produce IFN-I. It remains an open
question whether local or systemic injection of Candid#1 in
humans could be similar to mice in enhancing the local IFN-I
response and thereby inducing tumour regression. In recent times
it was found that IFN-free therapy of chronic hepatitis C
virus-related hepatocellular cancer leads to unexpected early
tumour recurrence®®. This finding underlines the potent
antitumoural effects of IFN-I on cancer growth during
persistence of virus.

In conclusion, we found that locally or systemically adminis-
tered arenaviruses preferentially replicate in murine and human

cancer cells, and strongly induce a local innate immune
response, leading to effective regression of disseminated cancers
in vivo.

Methods

Human material. Formalin-fixed, paraffin-embedded primary tumour tissue was
retrieved from the archives of the Department of Otorhinolaryngology, University
Hospital Essen, from patients who had signed their informed consent according to
the Declaration of Helsinki and with approval from the institutional review board
at the University Hospital Essen.

Viruses. The LCMV strain WE and VSV (strain Indiana) were kindly provided by
Rolf Zinkernagel (Institute of Experimental Immunology, ETH, Zurich, Switzer-
land). LCMV was propagated in L929 cells, which were purchased from ATCC
(CCL-1). VSV was propagated in BHK cells, which were bought from ATCC
(CRL-8544). Virus titres in tissue of infected mice were measured using plaque
assays. For detection of virus in the skin, about 10 mg of the infected skin area was
used. Candid#1 was grown in Vero E6 cells purchased from ATCC (CRL-1586).
Recombinant VSV-GP (provided by Professor von Laer, Division of Virology,
Medical University Innsbruck, Austria) was generated as previously described>®.
VSV-GP was grown on Vero cells under serum-free conditions. Recombinant

Tk — Vaccinia virus strain Western Reserve containing the green fluorescent
protein gene expressed under the P7.5 promoter within the Tk (thymidine kinase)
locus of the genome (originally provided by B. Moss, National Institutes of Health,
Bethesda, MD) was propagated, purified and titrated following standard
methodology®”.

Cell lines and depletion antibodies. MOPC cells (murine oropharynx cancer)
were initially named MTEC and were provided by Dr H.J. Lee of the University of
Towa. Cells were cultured in previously described culture medium!’. MaMel66a
cells (human malignant melanoma) were provided by Professor Schadendorf®®.

MC38-OVA (MC38 cells, murine colon carcinoma) and EL4-OVA cells
(murine ovalbumin-expressing lymphoma) were a kind gift of Bertrand Huard
(University Medical Center, Geneva, Switzerland). BI6F10 cells (murine malignant
melanoma) were purchased from ATCC (CRL-6475). B16-OVA (OVA-expressing
B16 malignant melanoma cells) were provided by Professor P. Knolle, Technical
University, Munich, Germany. SW480 (human colon carcinoma, CCL-228) and
FaDu cells (human oropharyngeal carcinoma, HTB-43), A549 cells (human
bronchial carcinoma, CCL-185), HepG2 cells (human hepatoma, HB-8065) and
HeLa cells (human cervix carcinoma, CCL-2) were purchased from ATCC. SW872
cells were kindly provided from Professor Bauer (University Hospital, Essen,
Germany).

Human normal untransformed cells were purchased from ATCC (FHC
CRL-183), LONZA (NHBE CC-2540; HRE CC2556) and PromoCell (NHEM
C-12453), which were cultured and maintained according to the companies’
protocols.

Monoclonal fluorescence-labelled antibodies against LCMV-NP (VL4)
and LCMV-GP (clone KL25), and unlabelled anti-NK1.1 antibodies were
produced in-house (Professor P.A. Lang, Heinrich Heine University, Diisseldorf,
Germany).

Anti-Ly-6G (1A8), anti-Gr-1 Ab (RB6-8C5) and anti-IFNAR1 (clone
MARI1-5A3) depletion antibodies were purchased from Bio X Cell. All
other antibodies used for immunofluorescence are listed in Supplementary
Table 1.

Mice. C57BL/6] (Jackson Laboratory; 00664), Map3k14“l)’/ aly (Professor Shibata,
Kyoto, Japan), Ifnarl ~/~ (Jackson Laboratory; 028288), Terab~/~ (Jackson
Laboratory; 002116), Jh =/~ (Jackson Laboratory; 002438), Ragl —/- (provided by
Professor P.A. Lang, Heinrich Heine University, Diisseldorf, Germany), Ccr2 =/~
(Jackson Laboratory; 004999), OT-1 (kindly provided by Professor J. Fandrey,
University Hospital, Essen) and Irf3 x Irf7 =/~ (Provided by Professor Lohning,
Charite Hospital Berlin) were maintained on the C57BL/6 background. IENB™oY
mob mice (provided by Professor Scheu, University of Diisseldorf, Germany)
express the yellow fluorescent protein under the IFN promoter and therefore IFN-
I-producing cells can be detected in fluorescein isothiocyanate channel®?. The
spontaneous tumour models LoxP-TAg9 (liver cancer) and MT/ret (melanoma)
were used on C57BL/6 background. LoxP-TAg9 mice were provided by Professor
Willimsky (Charite, University of Berlin, Germany). MT/ret mice were provided by
Dr Helfrich (University Hospital Essen, Germany). For human xenografts, NOD/
SCID mice were used (Charles River; 001303). Six- to 8-week-old, age- and sex-
matched mice were used for all the studies. All mice were maintained in single
ventilated cages, with the authorization of the Veterindramt Nordrhein Westfalen
(Diisseldorf, Germany) in accordance with the German law for animal protection
or institutional guidelines of the Ontario Cancer Institute.

For in vivo depletion of NK cells, 50 pg anti-NK1.1 (in 400 pl, in house) was
injected intraperitoneally (i.p.) on days —3 and — 1. For depletion of Ly-6C
and Ly-6G cells (monocytes and granulocytes), 200 pig anti-Ly6C + G antibody
(Gr-1, clone RB6-8C5, Bio X Cell BE0075) was given i.p. on days —2, 2 and 7.
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For depletion of Ly6-G cells (granulocytes), 500 pg anti-Ly6G (clone 1A8, Bio X
Cell BE0075-1) was given starting on day — 2 and repeated on day 2 and day 7.
For depletion of IFNARI, 1 mg anti-IFNARI antibody (clone MAR1-5A3, Bio X
Cell BE0241) was given i.p. on day — 1 and repeated by i.p. injections of 250 g
IFNARI on days 2 and 8. Same amounts of the IgG1 Isotype control (clone
MOPC21, Bio X cell) were injected to the control group. Polyl:C was provided by
Sigma (P9582).

Therapeutic application of arenavirus. The time of infection with virus was set to
day =0. In subcutaneous tumour models, tumour cells where injected 13-3 days
before as stated (that is, day — 10). The optimal dose to guarantee persistence of
virus in the tumour was 2 x 10* PFU LCMV peritumourally or 2 x 10% PFU
intravenously. Viral doses are indicated in the figure legends. Cell supernatant was
used for vehicle control.

Histological analysis and immunocytochemistry. Histological analysis were
performed on snap-frozen tissue as previously described®”. In brief, sections
were fixed with acetone for 10 min and nonspecific antigens were blocked
in PBS containing 2% FCS for 15 min, followed by various stainings for 45 min.
Immunocytochemistry was performed on cells grown on coverslips>’.
In brief, cells were fixed in 4% Formalin/PBS for 10 min, washed in PBS
and then permeabilized in 1% Triton X-PBS for 10 min. After blocking with
10% FCS/PBS for 30-60 min, various stainings for 45 min were followed.
Coverslips were mounted on microscope slides using mounting medium
(83023, Dako).
Images were acquired with a fluorescence microscope (KEYENCE BZ II
analyser). Quantifications were performed using the Image J software (NIH).

Morphometric analysis of tumour vessels and hypoxia. Morphogenic analyses
were performed using consecutive cryosections stained for the endothelial cell
marker CD31. MVD was quantified by using the average of three tumour sections
per tumour (top, middle and base). For MVD and vessel-vessel distances n = 1,168
peritumoural vessel-vessel distances (50-100 vessels/tumour), 5 regions of interests
per sample were quantified from n = 3 histological samples. MVD was calculated as
number of vessels per tumour area. Vessel-to-vessel distance was calculated using
the middle section of the three generated using corresponding Cell P Software
(Olympus, Germany). For analysis of hypoxic tumour areas, Pimonidazole was
injected 30 min before killing the mice. Hypoxic tumour areas were detected by the
formation of pimonidazole adducts. Tumour sections were immunostained using
the Hypoxyprobe-1 Plus kit according to the manufacturer’s protocol (Natural
Pharmacia International, Inc.) and the hypoxic area index quantified as the
percentage of positive tumour area per total tumour area in tumours of corre-
sponding volumes.

Flow cytometric analysis. Single-cell suspensions of cells were incubated with
anti-CD16/32 (anti-FcglII/II receptor, clone 2.4G2) in a 1:100 dilution for 10 min,
then stained with conjugated antibodies. All fluorescently labelled monoclonal
antibodies (Supplementary Table 1) were diluted 1:100 to their original
concentration in FACS buffer. Tetramer was used from NIH tetramer core facility.
All stained cells were analysed on LSRII/FACS Fortessa (BD Biosciences) flow
cytometer and data were analysed with Flowjo software.

IFN-o ELISA assay. Serum IFN-o levels were determined according to the
manufacturers’ specifications (Research Diagnostics RDI, Flanders, NJ).

Reverse transcription and qRT-PCR. Total RNA was isolated by using TRIzol
(Ambion), reverse transcribed into complementary DNA using Quantitect Reverse
Transcription Kit (Qiagen) and analysed by qRT-PCR using the SYBR Green
Master Mix (Applied Biosystems, Darmstadt, Germany) or using Taqman gene
expression assay (Life Technologies). Either commercially available Primer sets
(Supplementary Table 2-4) or self-designed primers ordered from Eurofins
Genomics (Ebersberg, Germany) (Supplementary Table 5) were used. For analysis,
the expression levels of all target genes were normalized to either 18S or glycer-
aldehyde 3-phosphate dehydrogenase messenger RNA expression. Relative gene
expression levels were calculated with the ACt method.

VSV assay. Cells per well (1 x 10%) were plated in a 24-well plate on day — 1. On
day 0, cells were treated with different concentrations of human IFNo4 (11100-1,
PBL Assay Science), murine IFNo4 (12115-1, PBL Assay Science) or murine IFNo2
(14-8312-62, eBiosciences) and then infected with 500 PFU/ per well VSV. After
2 h Methylcellulose overlay was added. On day 1, cell layer was stained with crystal
violet.

Small interfering RNA transient transfections. MCF7 cells were seeded at
4% 10* cells per well in a 24-well plate and, 24 h later, transfected with control or
B-Myb small interfering RNA duplexes (Origene SR419327) using Hiperfect

(Qiagen 301705) as a transfection reagent. Transfected cells were infected for 24 h
with LCMV-WE, 24 h post-small interfering RNA transfection.

Statistical analysis. Mean values were compared using an unpaired Student’s
two-tailed ¢-test. Data are expressed as means * s.e.m. Student’s ¢-test was used to
detect significant differences between groups. Chi-Quadrat test was additionally
used. Survival was compared with log-rank (Mantel-Cox) tests. The level of
statistical significance was set at P<0.05.

Gene set enrichment analysis. RNA-sequencing gene expression data from the
TCGA for different types of cancer were downloaded using the cgdsr package of
the cBioportal gateway for Cancer Genomics (http://www.cbioportal.org) and
mRNA expression z-scores (RNA Seq V2 RSEM) used. TCGA tumours were
ranked based on CD14 expression and selected top and bottom samples used as the
input for GSEA. GSEA was performed with 1000 permutations using the Browne
IFN-response gene set.

Data availability. The authors declare that all data supporting the findings of this
study are available within the article and its Supplementary Information files, or are
available from the authors upon request.
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Toso regulates differentiation and activation of
inflammatory dendritic cells during persistence-prone
virus infection

PA Lang"?'%, A Meryk®*'°, AA Pandyra®'’, D Brenner*®, A Briistle*, HC Xu'®, K Merches®®, F Lang®, V Khairnar®, P Sharma®,
P Funkner', M Recher’, N Shaabani®, GS Duncan®, V Duhan®, B Homey®, PS Ohashi*, D Haussinger', PA Knolle®, N Honke®'",
TW Mak**"" and KS Lang"*""

During virus infection and autoimmune disease, inflammatory dendritic cells (iDCs) differentiate from blood monocytes and
infiltrate infected tissue. Following acute infection with hepatotropic viruses, iDCs are essential for re-stimulating virus-specific
CD8 " T cells and therefore contribute to virus control. Here we used the lymphocytic choriomeningitis virus (LCMV) model
system to identify novel signals, which influence the recruitment and activation of iDCs in the liver. We observed that intrinsic
expression of Toso (Faim3, FcuR) influenced the differentiation and activation of iDCs in vivo and DCs in vitro. Lack of iDCs in
Toso-deficient (Toso™") mice reduced CD8 * T-cell function in the liver and resulted in virus persistence. Furthermore, Toso™~
DCs failed to induce autoimmune diabetes in the rat insulin promoter-glycoprotein (RIP-GP) autoimmune diabetes model. In
conclusion, we found that Toso has an essential role in the differentiation and maturation of iDCs, a process that is required for
the control of persistence-prone virus infection.

Cell Death and Differentiation (2015) 22, 164-173; doi:10.1038/cdd.2014.138; published online 26 September 2014

More than 500 million people worldwide suffer from chronic
infections with hepatitis B or hepatitis C viruses." Although
both viruses are poorly cytopathic, persistence of either virus
can lead to chronic liver inflammation and potentially cause
liversteatosis, liver cirrhosis, end-stage liver failure or hepato-
cellular carcinoma. Virus-specific CD8* T cells are a major
determinant governing the outcome of viral hepatitis due to
their antiviral activity against virus-infected hepatocytes.?™®
However, during prolonged infection, virus-specific CD8* T
cells are exhausted, resulting in their loss of function and
consequently virus persistence.® Regulators influencing
CD8* T-cell function during chronic virus infection still remain
ill defined.

Inflammatory dendritic cells (iDCs) can develop from a
subset of monocytes recruited to the site of inflammation.”®
This monocyte subset is characterized by the expression of

CD115"/Ly6C"/CCR2* .7 iDCs express CD11¢c, CD11b, and
Ly6C.%"" IDCs that exhibit tumor necrosis factor (TNF)-u
production and inducible nitric oxide synthase (iNOS) were
named TNF-o and iNOS producing DCs (Tip-DCs). iDCs
contribute to the elimination of pathogens following bacterial
infection.’™'* During infection with influenza virus, iDCs
enhance CD8" T-cell immunopathology, but have limited
impact on viral replication.’'® According to recent observa-
tions, chronic activation of toll-like receptor 9 leads to
intrahepatic myeloid-cell aggregates (IMATE).'® These
aggregates, which contain iDCs, are essential for T-cell
activation and therefore participate in virus control."®
Co-stimulatory signals from either direct cell contact or from
cytokines in combination with continued antigen contact in
iIMATEsS lead to proliferation and activation of virus-specific T
cells.’® These observations suggest that infiltration of
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professional antigen-presenting cells into target organs is
important for the maintenance of strong antiviral cytotoxic
CD8 " T-cell activity. Factors regulating iDC infiltration into the
liver remain poorly understood.

Toso is a membrane protein whose extracellular domain has
homology to the immunoglobulin variable (IgV) domains.
The cytoplasmic region has partial homology to the FAST
kinase (Fas-activated serine/threonine kinase).'” Toso is
expressed on B cells and activated T cells'” and is over-
expressed in B-cell lymphomas.'®'® Expression of Toso can
influence survival of macrophages.® Originally, Toso was
described as an inhibitor of FAS signaling.'”?' More recently,
a role of Toso in IgM binding and TNFR signaling was also
demonstrated®?>2* and consistently, Toso-deficient animals
are protected from lipopolysaccharide (LPS)-induced septic
shock.2#2% Recently, we identified a role of Toso in the
activation of granulocytes, monocytes, and DCs.262® During
infection with Listeria, the expression of Toso regulated
granulocyte function.262” The role of Toso in the function of
monocytes and other myeloid cells still remains to be further
elucidated.

In this study, we investigated the role of Toso during chronic
viral infection by using the murine lymphocytic choriomenin-
gitis virus (LCMV). We report that Toso promotes the
differentiation and maturation of iDCs at virus-infected sites,
which were essential for effector CD8* T-cell function and in
accelerating the control of the virus. We further tested the role
of Toso in the rat insulin promoter-glycoprotein (RIP-GP)
autoimmune diabetes model and found that Toso was
required to trigger diabetes in RIP-GP mice. Taken together,
we have identified an essential role of Toso in the differentia-
tion and maturation of iDCs, which is essential for the control
of persistence-prone virus infection and triggering of auto-
immune disease.

Results

LCMV infection induces iDCs in the liver. To investigate
signals important for iDCs generation in the liver, we first
infected wild-type (WT) mice with 2x10° plaque-forming units
(PFU) of LCMV strain WE. In confirmation of previous
reports, we found that MHC-Il" CD45* cells infiltrate the
liver between days 4 and 6 (Figure 1a). MHC-II* cells
expressed CD11c (Figure 1a). Some of the CD11c™ cells
expressed iNOS (Figure 1b). This suggests that iDCs
infiltrate the liver during LCMV infection. Using flow cyto-
metric analysis, we found that in addition to CD8" T cells,
CD11b* myeloid cells also infiltrated the liver following
LCMV infection. Most of those cells expressed Ly6C, and a
subpopulation expressed CD11c (Figure 1c). Quantification
of the fluorescence-activated cell sorting (FACS) data
showed that on day 6, a time point when CD8" T cells
infiltrate the liver, iDCs also infiltrated the liver (Figure 1d).
Furthermore, inflammatory signals derived by CD8 " T cells
were responsible for infiliration of iDCs because lack of
CD8™* T cells limited recruitment of iDCs (Figure 1d). Taken
together, these data suggest that inflammatory signals in the
liver recruit and activate CD11c™ cells during LCMV
infection.
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Toso is necessary for the development of iDCs in the
liver. Next, we explored whether Toso influences the
recruitment and differentiation of CD11¢c™ cells. We infected
WT mice and Toso”~ mice with 2 x 10° PFU of LCMV-WE
and analyzed the livers 6 days later. The infected hepato-
cytes in WT animals were surrounded by T cells (CD90.2 ")
and iDCs (Figure 2a). Toso”~ mice showed similar numbers
of infected hepatocytes and CD8" T cells (Figure 2a). In
contrast to WT mice however, numbers of CD11c™* iDCs
were limited in Toso”~ mice (Figure 2a). Using flow
cytometric analysis we observed that iDCs were reduced in
liver tissue of Toso™”~ mice when compared with WT animals
(Figures 2b and c), whereas CD8" T cells on day 6 were
comparable between WT and Toso™~ mice (Figure 2c). Toso
was previously shown to influence signaling of IgM and
CD95.172%24 To explore whether either of the signal was
responsible for the lack of iDCs observed in the liver of
Toso™~ mice, we analyzed mice that were deficient in soluble
IgM (slgM™~ mice) and Fas (Fas®”" mice). We did not
observe reduced numbers of iDCs in sigM™~ or Fas”*" mice
(Supplementary Figure 1), suggesting that Toso influenced
iDC generation independently of both signals. Taken
together, these data indicate that iDCs infiltrate LCMV-
infected liver tissue and this is dependent on the expression
of the membrane protein Toso.

Intrinsic Toso expression regulates the differentiation of
iDCs. Next, we wondered whether cell intrinsic expression
of Toso was critical for iDC infiltration into liver tissue. We
generated mixed bone marrow chimeras by lethally irradiat-
ing recipient WT mice followed by reconstitution with either
WT, Toso™", or a 1:1 mixture of WT and Toso” bone
marrow. Cells derived from WT bone marrow were identified
using the CD45.1 congenic marker. Cells derived from
Toso™~ bone marrow were identified with CD45.2. Fifty days
after bone marrow transplantation, mice were infected with
2x10° PFU of LCMV. On day 6 following infection, the
number of iDCs of WT or Toso™~ origin in liver tissue was
determined. As expected, iDCs in mice that received WT
bone marrow were all of CD45.1 origin, whereas iDCs in
mice which received Toso™~ bone marrow were all of CD45.2
origin (Figure 3a). Numbers of iDCs were reduced in mice
reconstituted with Toso™~ bone marrow when compared with
mice reconstituted with WT bone marrow (Figure 3b). Mixed
bone marrow chimeras, which received a 1:1 ratio of WT
and Toso™~ bone marrow, showed a reduced proportion of
iDCs of Toso™~ (CD45.2) origin (Figures 3a and b). This was
not due to a difference in hematopoietic cell development as
no difference was observed in numbers of blood monocytes
of WT (CD45.1) or Toso™~ (CD45.2) origin (Figure 3c).
These data indicate that cell intrinsic Toso expression is
critical for infiltration and differentiation of iDCs into the target
tissue during LCMV infection.

Toso is critical for maturation of functional DCs
in vitro. Next, we determined whether our in vivo phenotype
was reproducible in vitro. We treated bone marrow cells with
granulocyte macrophage colony-stimulating factor (GM-
CSF) and measured expression of Ly6C and CD11c 6 days
later. We found that cultures from WT cells showed a
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Figure1 LCMV infection induces iDCs in the liver. C57BL/6 mice were infected with 2 x 10° PFU of LCMV-WE on day 0. (a) After 0, 4 and 6 days, the livers were removed
and analyzed using histology for expression of LCMV-NP, the pan leukocyte marker CD45, MHC-Il and CD11c (one representative of n=5 is shown). (b) On day 0, 4 and 6,
livers were analyzed using histology for expression of CD11c and iNOS (one representative of n =5 is shown). (c) Livers from uninfected (naive) mice and day 6 infected mice
were digested and cell suspensions were stained for CD8, CD11b, Ly6C and CD11c. Top panel: Dot plots show expression of CD11b and CD8. Lower panel: expression of
Ly6C and CD11c for cells gated on CD11b. Gate indicates iDCs. One of three representative dot plots is shown. (d) Livers from uninfected (naive) WT mice and day 6 infected
WT and CD8a™~ mice were digested and cell suspension was stained for CD8, CD11b, Ly6C and CD11c. The Graph shows the number of CD8 ™ T cells and iDCs (CD11b *

Ly6C " CD11c™, n=6). Scale bars, 25 um (main image and inset)

significantly higher percentage of CD11c™ cells when
compared with bone marrow cultures from Toso™~ mice
(Figures 4a and b). We did not detect a significant difference
in total numbers of WT and Toso”~ CD11c* cells/well on our
day 6 DC cultures, although there is a trend of higher
numbers of CD11c* WT cells (Figure 4b). Co-staining
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revealed that the Ly6C-positive cells were Gr1™ CD11b™
CD80 " cells (data not shown). To test the effect of Toso on
the activation of DCs, we generated bone marrow DCs
in vitro and activated them 9 days later with LPS. In WT mice
we found that DCs expressed CD80 and CD86 and produced
interleukin-6 (IL-6) after LPS challenge, whereas Toso™~
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Figure 2 Toso is necessary for development of iDCs in the liver. Toso™~ mice and corresponding WT control mice were infected with 2 x 108 PFU of LCMV-WE. (a) On
day 6, livers were analyzed for T cells (CD90.2), dendritic cells (CD11c *) and virus-infected cells (NP *) by immunofluorescence (one representative slide of n= 6 is shown).
Scale bars, 20 um. (b and ¢) On day 6, livers were examined for CD8 * T cells and iDCs (CD11b™ Ly6C* CD11c™). Dot plots show expression of CD11b and CD8
(top panel), and expression of Ly6C and CD11c for cells gated on CD11b (lower panel). Statistical analysis of total CD8 ™ T cells and inflammatory DCs (CD11b ™ Ly6C ™

CD11c™) is shown (c), n=6, pooled from two independent experiments)

DCs displayed limited expression of CD80 and CD86 and
limited production of IL-6 (Figures 4c and d). To validate the
capacity of Toso”~ DCs to activate CD8 ™" T cells and induce
co-stimulatory signals in vivo, we injected in vitro-generated
bone marrow-derived dendritic cells of WT and Toso”~ mice
into RIP-GP animals after pulsing with the LCMV peptides
(GP33, GP276, and GP61).2° Induction of diabetes in this
model depends on the induction of auto-reactive CD8" T
cells, which infiltrate the pancreas.®>32 WT DCs induced
auto-reactive CD8" T cells and mice developed diabetes
(Figure 4e). In contrast, Toso”~ DCs could not induce
diabetes in RIP-GP mice (Figure 4e). Next, we wanted to
gain insights into the mechanism of reduced activation of
Toso”~ DCs. Previously, we identified that Toso can
influence nuclear factor ‘kappa-light-chain-enhancer of
activated B cells (NF-«B) signaling.?® Indeed, we found that
after activation with LPS, Toso”™ DCs showed reduced
phosphorylation of NF-xB p65 (Figure 4f), whereas phos-
phorylation of p38 and ERK was not affected by the absence
of Toso (Figure 4f). In conclusion, we found that the absence
of Toso on DCs resulted in reduced activation of DCs, an

effect that was correlated with reduced phosphorylation of
NF-xB.

Toso influences function of CD8 " T cells in the liver. To
further validate whether the lack of iDCs in Toso™~ mice
results in attenuated CD8 © T-cell responses, we utilized the
P14 mouse that expresses a transgenic T-cell receptor
recognizing the LCMV epitope GP33.%% P14 TCR transgenic
splenocytes expressing the congenic marker (CD45.1) were
injected intravenously into naive CD45.2" WT and Toso™~
recipients. Recipient mice were infected with LCMV, and the
donor and host CD8* T-cell response was monitored. Till
day 6, the expansion of donor (CD45.1 positive) T cells was
similar between WT and Toso”~ mice (Figure 5a). As
expected, the numbers of iDCs in the liver were reduced in
Toso ™~ mice (Figure 5a). This strengthens our data that Toso
has intrinsic functions in iDCs. Adoptively transferred virus-
specific CD8" T cells exhibited significantly reduced inter-
feron-gamma (IFN-y) production when transferred into
Toso™" recipients (Figure 5b). This indicates that reduced

numbers and function of iDCs in Toso™" recipient mice have
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Figure 3

Intrinsic Toso expression regulates iDCs differentiation. CD45.2 + WT mice were irradiated and reconstituted with bone marrow from either CD45.1 " WT mice,

CD45.2* Toso™ mice or with a 1: 1 mixture of WT and Toso™~ bone marrow. Fifty days after bone marrow transplantation, mice were infected with 2x10° PFU of LCMV
(a) representative FACS plots showing expression of CD45.2 and CD45.1 on iDCs (Ly6C * CD11c ™ cells) in the liver (n= 6). (b) The total number of inflammatory DCs from
the liver derived from CD45.1 ™ WT bone marrow and CD45.2* Toso™~ bone marrow is shown from WT > WT chimeras (black), Toso™ > WT chimeras (white), and WT &
Toso™~>WT chimeras (gate CD45.1 = blue; gate CD45.2 = red) (n= 6, pooled from two independent experiments). (¢) The total number of monocytes (Ly6C™ CD11b ™)
present per il of blood derived from CD45.1* WT bone marrow and CD45.2" Toso” bone marrow is shown from WT > WT chimeras (black), Toso™ >WT chimeras
(white) and WT and Toso™~>WT chimeras (gate CD45.1 = blue; gate CD45.2 = red) (n=6, pooled from two independent experiments)

an impact on CD8 " T-cell function in the liver. To analyze the
direct impact of DCs on CD8" T cells in the liver, we
performed adoptive transfer experiments of WT and Toso™~
DCs into WT and Toso™  mice. On day 6, we analyzed
frequencies of virus-specific CD8" T cells in the liver.
Transfer of WT DCs enhanced the frequency of LCMV
glycoprotein 33-41 (LCMV-GP33)-specific CD8 " T cells in
WT mice (Figure 5c). In contrast, WT mice transferred with
Toso”~ DCs showed reduced frequencies of LCMV-GP33-
specific CD8* T cells (Figure 5c). Similarly, Toso™”~ mice
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showed increased LCMV-GP33-specific CD8 " T cells when
transferred with WT DCs (Figure 5c). Transfer of Toso”~
DCs resulted in limited increase of LCMV-GP33-specific
CD8" T cells (Figure 5c¢). Collectively, these data demon-
strate that lack of Toso in DCs rather than in T cells
influences CD8 " T-cell function in the liver.

Toso deficiency alters CD8" T-cell-dependent virus
control and immunopathology. To investigate the impact
of Toso on the course of virus-induced hepatitis, virus
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Figure 4 Toso is critical for maturation of functional dendritic cells. (a and b) Bone marrow cells from Toso”"and corresponding WT control mice were cultured in the

presence of 40 ng/ml GM-CSF. Numbers of CD11¢ ™

cells were analyzed on day 6. Representative FACS plot (a) and quantification of CD11c ™ cells in percentage of living

cells (n=8) and absolute numbers of CD11c ™ cells per well (b, n= 4-6) are shown. (¢ and d) DCs were generated from WT and Toso”bone marrows. On day 9, DCs were
stimulated with LPS. The MFI of CD80 and CD86 was analyzed on cells gated for CD11c at the indicated time points (¢, n= 6). Interleukin-6 was analyzed in the supernatant
foIIowmg 20 h stimulation with the indicated concentrations of LPS (d, a representative of two independent experiments is shown with three technical replicates). (e) WT or
Toso™"dendritic cells were generated from bone marrow cells cultured with 400 ng/ml GM-CSF. Ten days later, dendritic cells were incubated with GP33, GP276 and GP61
with or without addition of CpG (5 M) and injected into RIP GP mice. Induction of diabetes was analyzed (n = 6). (f) Western blot of p-p65, p-p38, p-ERK and actin in bone
marrow-derived dendritic cells isolated from WT and Toso™" mice without or with stimulation with 50 ng/ml LPS at the indicated time points (one of two experiments is shown)

control, and the systemic antiviral T-cell response, we
infected WT and Toso™~ mice with 2 x 10° PFU LCMV-WE.
On day 6, we phenotyped CD8" T cells in the spleen and
liver. WT CD8" T cells of LCMV-infected mice showed
expression of programmed cell death-1 (PD-1), CXCR3 and
reduced expression of interleukin-7 receptor alpha chain
(IL7R2) when compared with CD8* T cells of naive mice
(Figure 6a). This suggests strong T-cell activation in WT
animals.3* In contrast, CD8* T cells in the spleen of Toso™~
mice showed reduced expression of PD-1, CXCR3 and

higher expression of IL7Rx (Figure 6a) suggesting reduced
actlvatlon of CD8* T cells in Toso” mice. Accordingly,
Toso”~ mice showed reduced numbers of virus-specific
CD8™* T cells after day 6 when compared with WT animals
(Figure 6b). This indicates that iDCs contribute to continuous
activation and expansion of antiviral T cells. Consequently,
Toso™~ mice failed to clear virus from blood, whereas WT
mice eliminated LCMV from circulating blood 3 weeks after
infection (Figure 6c). Next, we assessed liver cell damage by
measuring the alanine-amino transferase (ALT) activity in the

Cell Death and Differentiation
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Figure 5 Toso influences function of CD8 * T cells in the liver. 10* splenocytes from an LCMV-specific T-cell receptor transgenic mouse (P14 mouse expressing CD45.1)
were injected intravenously into CD45.2* WT and Toso™ recipient mice on day — 1. On day 0, recipient mice were infected with 2 x 10° PFU of LCMV-WE. (a) On day 6,
following infection livers were analyzed for host CD8* T cells, donor T cells (CD45.1 ") and iDCs (Ly6C " CD11c ™) (n=5, pooled from two independent experiments).
(b) Spleen lymphocytes were re-stimulated with LCMV-derived GP33 peptide and IFN-y produced by donor TCR transgenic CD8 © CD45.1 " cells was analyzed by
intracellular staining (c), n = 5, pooled from two independent experiments). (¢) WT and Toso™~ mice were infected with 2 x 10° PFU of LCMV-WE. On day 3, WT and Toso™"
DCs (derived from the bone marrow) which were infected with LCMV 24 h earlier were transferred into infected mice. On day 6, frequencies of virus-specific CD8 * T cells were
analyzed in the liver by GP33 tetramer staining (n=5-9)

serum of LCMV-infected WT and Toso™ mice. Consistent Toso-deficient mice when compared with WT controls

with the reduced T-cell function, virus-induced liver cell
damage was reduced in Toso-deficient mice (Figure 6d). We
speculated that the reduction in liver cell damage was due to
limited T-cell function. To gain further insights we used the
LCMV strain Docile, which also persists in WT mice. During
infection, antiviral CD8" T cells were again reduced in
Toso™~ mice when compared with WT animals (Figure 6e).
Nevertheless, LCMV established a persistent infection in WT
and Toso”~ mice (Figure 6f). Consistently, the reduced

CD8™" T-cell response corresponded to lower ALT levels in
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(Figure 6g). Taken together, these data indicate that Toso
promotes long-term in vivo CD8" T-cell function and virus
persistence.

CD8™* T cells can be activated during bacterial infection
in Toso” mice. DCs are needed for the generation of
almost any CD8" T-cell response. In contrast, iDCs in the
liver impact the CD8* T-cell response only under very specific
conditions. Next, we analyzed the impact of Toso during
subcutaneous bacterial infection. We infected WT and Toso™~
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Figure 6 Toso deficiency alters CD8 * T-cell-dependent virus control and immunopathology. (a—c) Toso™ mice or WT mice were infected with 2 x 10° PFU of LCMV-
WE. The CD8 * T cells in the spleen and liver were analyzed by flow cytometry using the markers PD-1, CXCR3 and IL7R-«. Black line shows expression in CD8 * T cells of

virus-infected WT and Toso™~

mice. Gray histograms show expressionin CD8 ™ T cells of naive WT mice (a, n= 3-6). Virus-specific CD8 ™ T cells were analyzed in the blood

by GP33 tetramer staining (b, n=3-4). Titers of infectious virus were analyzed in the serum of LCMV-WE-infected mice (c, n=4-8, * P<0.05). At the indicated time points,
serum ALT activity was analyzed (d, n= 3-8, *P<0.05). (e-g) WT or Toso™~ mice were infected with 2x10° PFU of LCMV-Docile. Virus-specific CD8 * T cells were analyzed
inthe blood by GP33 tetramer staining (e, n = 4). Titers of infectious virus were analyzed over time in the serum of WT or Toso™~ mice (f, n = 3-4). At the indicated time points,

serum ALT activity was analyzed (g, n=3-4, *P<0.05)

mice subcutaneously with Listeria-GP33. Under these condi-
tions, Toso”~ mice generated a functional CD8" T-cell
response (Supplementary Figure 2) suggesting a specific role
for Toso on the immune response during LCMV infection.

Discussion

In this study, we report a novel role of Toso in promoting
effective immune responses during chronic virus infection
using the well-defined LCMV model system. Infection of
Toso™” mice with LCMV led to reduced effector CD8 © T-cell
function, resulting in delayed virus clearance. This did not

result from an inherent defect in CD8 " T cells in the absence
of Toso, but rather correlated with the impaired functionality of
Toso™~iDCs within infected liver and spleen.

iDCs in WT animals expressed high levels of CD11c, MHC-
Il and CD80. Some of these cells additionally expressed iNOS
and TNF-o (also called Tip-DCs). CCR2 is essential for the
exit of monocytes from the bone marrow into circulating
blood'®3® and thus is likely to impact iDC development.
However, while CCR2 is important for release of mature
monocytes from bone marrow, Toso appears to play a role in
the differentiation of these cells after their entry into infected
tissues. The differentiation of iDCs in lungs of influenza-

Cell Death and Differentiation



Toso regulates activation of inflammatory dendritic cells
PA Lang et a/

172

infected mice has also been described."" iDCs during
influenza infection may also contribute to the development
of fully functional effector CD8" T cells."® Although the
absence of Toso may be expected to be disadvantageous for
the host following infection with a cytopathic virus-like
influenza, impaired function of Toso during infection with
non-cytopathic viruses such as LCMV and hepatitis viruses
may be beneficial for the host by preventing potentially
damaging immunopathology.'®® Interestingly, the presence
or absence of virally induced pathology following infection with
persistent low cytopathic viruses such as HIV, Hepatitis B and
Hepatitis C virus, and with cytopathic viruses such as severe
acute respiratory syndrome 3% and H5N1 influenza® can
differ between individuals, and the underlying cause for such
differential outcomes remains unclear. We speculate that
differences in expression or function of Toso may contribute to
the inter-individual variability of disease outcome following
viral infections.

Toso” mice infected with LCMV exhibited reductions in
CD8™" T-cell activation as determined by decreased IFN-y
production. It remains unclear which signals contribute to the
different functions of CD8 " T cells in Toso™ mice. PD-1 is
known to promote T-cell exhaustion, whereas IL7R provides
essential survival signals to T cells.*® Thus, changes in the
expression of these molecules on T cells or the ligands on
antigen-presenting cells in Toso”"mice may alter the ability of
these cells to survive during chronic infection.*'~** However,
in the absence of Toso, the generation of memory T cells was
impaired, suggesting that Toso, in promoting DC-T-cell
interactions, impacts the generation and maintenance of
effector CD8" T cells. In humans, chronic virus infection
enhances PD-1 expression and correlates with virus persis-
tence.**% Based on those findings and our own observations,
we hypothesize that Toso, in addition to PD-1, may modulate
T-cell effector function.

The molecular mechanisms affected by Toso signaling in
DCs still remain elusive. While we identified NF-xB as an
important downstream transcription factor affected by Toso
expression, the upstream signaling remains unknown.
Recently, Toso was discovered to be a receptor for IgM?®
and while there is good evidence that IgM can activate
Toso,*647 we also observed IgM-independent effects of Toso.
Indeed, Toso has been described as influencing very diverse
signaling events.”:2%21:2448 | view of the diverse signaling
pathways affected by Toso, we speculate that Toso might
interfere with several pathways eventually converging on the
downstream transcription factor NF-kB.

In conclusion, we have shown that Toso expression
promotes functional maturation and activation of iDCs within
virus-infected tissue. Impaired DC maturation resulted in
impaired expansion and effector function of CD8* T cells,
increased viral replication and reduced immunopathology.

Materials and Methods

Virus, bacteria and mice. Toso”mice were used as previously
described.2® sigM™~ mice, lacking soluble IgM and Fas”P" mice, lacking FAS
signaling, were kept on C57BL/6 background. P14 mice that express LCMV-
GP33-specific T-cell receptor as a transgene were used. For adoptive transfer
experiments, mice congenic for CD45 (CD45.1) were used to distinguish between
transferred cells and endogenous (CD45.2) cells. All experiments were performed
in single ventilated cages. Animal experiments were carried out with authorization
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of the Veterindramt of Nordrhein Westfalen, Germany and in accordance with the
German law for animal protection and in accordance to the institutional guidelines
at the Ontario Cancer Institute. LCMV strain WE was originally obtained from F.
Lehmann-Grube (Heinrich Pette Institute, Hamburg, Germany) and was
propagated in L929 cells. Virus titers were measured using focus-forming assays
as previously described.“® Mice were infected with 2 x 10° PFUs LCMV-WE. For
bacterial infections, recombinant Listeria expressing the LCMV-GP33 epitope was
used. This recombinant strain of Listeria is highly attenuated compared with WT
Listeria strains. For experiments with mixed chimeras, C57BL/6 mice were
irradiated with 10.5Gy. The next day, mice were reconstituted with either WT
(CD45.1) bone marrow, Toso™ (CD45.2) bone marrow or with a 1:1 mixture of
WT (CD45.1) and Toso”<(CD45.2) bone marrow. After 50 days, mice were
infected with LCMV and analyzed 6 days post-infection.

DC cultures. To generate conventional DCs, we isolated bone marrow taken
from femurs and tibias of mice. Following erythrocyte elimination, we cultured bone
marrow cells in very low endotoxin Dulbecco’s modified Eagle medium
supplemented with 10% fetal calf serum and 0.1% f-mercaptoethanol (S-ME)
in the presence of GM-CSF. On day 3 of differentiation, an equal volume of growth
medium was added. Growth medium was exchanged on day 6 of differentiation,
and differentiation status was checked by FACS. On day 9 of differentiation, cells
were harvested for use in stimulation experiments with LPS and for immunization
of RIP-GP mice.

Histology. Histological analysis was performed on snap-frozen or formalin-
fixed tissue as previously described®'* using anti-LCMV-NP antibody generated
in-house (clone VL4, clone KL53). Antibodies against CD11b, CD11c, CD90.2 and
F4/80 were purchased from eBiosciences (San Diego, CA, USA). Anti-NOS
antibody was purchased from AnaSpec (Fremont, CA, USA).

ALT. ALT levels were measured using a serum multiple biochemical analyzer
(Ektachem DTSCII, Johnson & Johnson Inc., Rochester, NY, USA).

Western blot and ELISA. Proteins were isolated with trizol and solubilized
with 10M urea/s50mM DTT. Protein lysates were normalized for total protein
(Bio-Rad). Proteins were analyzed by electrophoresis under denaturating
conditions using 4-20% SDS Clear-PAGE and blotted onto nitrocellulose
membranes (Whatman, Buckinghamshire, UK). The membranes were stained
with antibodies against p-p65, p-p38, p-ERK and actin (Cell Signaling, Danvers,
MA, USA). IL-6 in the serum of cultured DCs was detected using the mouse IL-6
Elisa kit (eBiosciences).

Flow cytometric analysis. Tetramers were kindly proved by the NIH.
Surface and intracellular FACS staining was performed as previously described.’
For liver FACS the upper right liver lobe (lobus, representing 20% of the total liver)
was digested with Liberase, DNAse (Roche, Basel, Switzerland) for 30 min at
37°C and then smashed. Spleens were smashed without digestion. Anti-CD8a
(BD Biosciences, San Jose, CA, USA), anti-PD1, anti-CXCR8, anti-IL-7 Re, anti-
CD11c, anti-CD11b, anti-Ly6C, anti-CD80, anti-CD86, anti-MHC-II (eBioscience)
were used. For quantification of total cell numbers in the liver and spleen,
calibrating beads were added to the cell suspensions and total numbers calculated
back accordingly.

Statistical analysis. Data are expressed as mean+ S.E.M. Statistically
significant differences between two different groups were analyzed using Student's
ttest. Analyses with several groups were tested using a one-way ANOVA with
post-testing according to Bonferroni or Dunnett. Statistically significant differences
between treatment groups in experiments involving more than one analysis time
point were calculated using two-way ANOVA (repeated measurements). P-values
<0.05 were considered statistically significant.
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Rapid activation of immune responses is necessary for antibacterial
defense, but excessive immune activation can result in life-threat-
ening septic shock. Understanding how these processes are balanced
may provide novel therapeutic potential in treating inflammatory
disease. Fc receptors are crucial for innate immune activation.
However, the role of the putative Fc receptor for IgM, known as
Toso/Faim3, has to this point been unclear. In this study, we
generated Toso-deficient mice and used them to uncover a critical
regulatory function of Toso in innate immune activation. Develop-
ment of innate immune cells was intact in the absence of Toso, but
Toso-deficient neutrophils exhibited more reactive oxygen species
production and reduced phagocytosis of pathogens compared with
controls. Cytokine production was also decreased in Toso™~ mice
compared with WT animals, rendering them resistant to septic
shock induced by lipopolysaccharide. However, Toso™~ mice also
displayed limited cytokine production after infection with the bac-
terium Listeria monocytogenes that was correlated with elevated
presence of Listeria throughout the body. Accordingly, Toso™~ mice
succumbed to infections of L. monocytogenes, whereas WT mice
successfully eliminated the infection. Taken together, our data re-
veal Toso to be a unique regulator of innate immune responses
during bacterial infection and septic shock.

sepsis | ROS | LPS

During systemic bacterial infection, bacteria have to be con-
trolled within the first few hours to days to guarantee survival.
Macrophages, monocytes, and granulocytes are major contributors
to antibacterial immune defense. Each of these cell types con-
tributes to control of infection through phagocytosis of bacteria,
production of antibacterial substances, and generation of cyto-
kines, which recruit additional immune cells. Antibacterial im-
mune responses can cause substantial collateral damage to tissue,
and therefore immune effector functions have to be well con-
trolled. How the innate immune system manages to restrict acti-
vation of effector cells largely to the sites of bacterial infection is
still under intensive investigation.

Toso is a plasma membrane protein that contains an extracel-
lular region with homology to the Ig variable (IgV) domains and
a cytoplasmic region with partial homology to Fas-activated serine/
threonine kinase (FAST kinase) (1). Toso was first identified as
a molecule expressed on activated T cells capable of protecting
T cells from programmed cell death (1). Toso is additionally
expressed on B cells, overexpressed in B-cell lymphomas (2, 3), and
is important for macrophage homeostasis (4). Mechanistically,
Toso was originally described to influence Fas signaling (1, 5). We

www.pnas.org/cgi/doi/10.1073/pnas.1222264110

previously reported that TNF-induced apoptosis is enhanced in the
absence of Toso (6, 7). Other work has shown that Toso can act
as an Fc receptor for IgM (8, 9) and is important for the phagocyto-
sis of IgM-coated targets (10). However, the physiological relevance
of the diverse functions attributed to Toso remains to be verified.

In this study, we analyzed how Toso influences innate immune
activation during bacterial infection in vitro and in vivo. We
generated gene-targeted Toso-null (Toso™~) mutant mice and
found that phagocytosis of pathogenic bacteria into both gran-
ulocytes and monocytes is influenced by IgM and Toso. In vivo,
the lack of Toso reduced antibacterial cytokines, resulting in
enhanced tolerance toward LPS-induced septic shock. However,
Toso™~ mice were found to succumb to infection with Listeria
monocytogenes more readily than WT controls.

Results

Toso Is Expressed on Granulocytes and Monocytes. To study the
physiological role of Toso, we first generated Toso-deficient
mice as described in Experimental Procedures and Fig. S1. We
then analyzed Toso expression on bone marrow—derived gran-
ulocytes from WT and Toso™~ animals using a Toso-specific
antibody (7). Immature (Ly6G™¢") and mature (Ly6Gh‘) gran-
ulocytes from WT bone marrow exhibited expression of Toso
(Fig. 14). Next we analyzed expression of spleen-derived
monocytes. Monocytes showed clear expression of Toso (Fig.
1B). These findings indicate that Toso is present on innate im-
mune cells such as monocytes and granulocytes.

Toso Does Not Influence Differentiation of Granulocytes and Monocytes.
To determine whether Toso is important for the generation of
myeloid cells, differentiation of granulocytes and monocytes from
myeloid precursors was analyzed in WT and Toso™~ mice (Fig.
24). Pre-GM and GMP cells were comparable between WT and
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Fig. 1. Toso is expressed on granulocytes and
monocytes. (A) Bone marrow cells from WT and
Toso ™'~ mice were immunostained with anti-Ly6G
(high expressing cells = mature granulocytes, me-
dium expressing cells = immature granulocytes)
plus rat anti-mouse Toso antibody. Red shows
staining for WT cells; gray area shows staining of
Toso™'~ cells. One of two experiments is shown. (B)
Splenocytes from WT and Toso™~ mice were
stained with anti-CD115 (monocytes) plus rat anti- Toso

>

Ly6G- cells

mouse Toso antibody (red). Red shows staining for WT cells; gray area shows staining of Toso™

Toso™'~ mice (Fig. 2 B and C). Monocytes and immature and
mature granulocytes were also present in similar numbers in WT
and Toso™~ mice (Fig. 2 D and E), suggesting that differentiation
of granulocytes and monocytes was not dramatically impaired in
the absence of Toso.

Lack of Toso Enhances Reactive Oxygen Species Production in
Granulocytes. Next, the function of Toso in mature granulocytes
was investigated by stimulation with N-formyl-methionine-leucine-
phenylalanine (fMLP). fMLP engages the formyl peptide receptor
(encoded by the Fprl gene) on granulocytes, mimicking pathogen
contact (11, 12). About 10% of WT granulocytes produced reactive
oxygen species (ROS) and degranulated following fMLP treatment
(Fig. 3 4 and B). In contrast, treatment with fMLP activated 50%
of Toso™~ granulocytes, suggesting that the activation threshold to
produce ROS is reduced in Toso-deficient granulocytes (Fig. 3 4

o9)

Ly6GM cells
(mature granulocytes)
CD115* cells

Ly6G™med cells
(immature granulocytes)

—_—
Toso
Toso Toso

'~ cells. One of two experiments is shown.

and B). Even without fMLP treatment Toso™~ granulocytes also
showed enhanced release of ROS compared with WT granulocytes
(3.5 £ 0.6% vs. 1.4 + 0.3%; P = 0.003). This phenotype could be
reproduced using an independent strain of Toso KO mice
(Toso™*!; Fig. S2). Treatment with either LPS or GM-CSF, two
stimuli known to prime granulocytes (13, 14), in combination with
fMLP showed similarly enhanced ROS production in Toso-
deficient granulocytes. Cellular stress (such as heat or cold
shock) can also activate primed granulocytes (15) and repre-
sents a source of stimulation thought to contribute significantly
to (auto)inflammatory diseases (16-18). To determine whether
Toso™'~ "granulocytes were unusually prone to such activation,
we incubated WT and Toso™'~ granulocytes for 30 min at a
range of temperatures and measured numbers of degranulating
neutrophils. Temperature reduction from 37 °C to 14 °C in-
duced degranulation in about 30% of Toso™'~ granulocytes but
in only a negligible percentage of WT granulocytes (Fig. 3D).

Immature mature
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[ HSC . PeGM  GWP  (Mm) 2\ i 2 mature
[~ . N\ . TR # £ granulog.
e — () ‘.
4 @/ AN
- @ monocyte |
N4 N4
B WT Toso™~
PI- lin- c-kit+ Sca-1- CD41- FcgRIl/II-
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8 ) 8 8 2 Fig. 2. Toso does not influence granulomonopoiesis
S ; 2 2 1o £, in the bone marrow. (A) Scheme of granulocytes and
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progenitor compartments (PreGM and GMP) of WT
mice and Toso™~ mice by staining for CD150, CD105,
FcgRIVII, lineage markers, ckit, Sca-1, and CD41.
Original FACS contour plots (B) and quantification of
progenitor compartments (C, n = 3) are shown. One of
two experiments is shown. (D and E) Flow cytometric
analysis of WT mice and Toso™  mice stained for
CD11b, Ly6G, CD115, and lymphoid markers (lymph).
Original FACS contour plots (D) and quantification of
different granulo- and monocytic subsets (£, n = 3) are
shown. One of two experiments is shown.
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These findings indicated that the absence of Toso triggered
enhanced ROS production in granulocytes.

Toso Influences Phagocytosis of Granulocytes and Monocytes. Next
we analyzed whether Toso is involved in the phagocytosis of
bacteria. Toso is described as an Fc receptor for IgM, which is
internalized after IgM binding (8-10). To determine whether Toso
and/or IgM are important for triggering granulocyte-mediated
phagocytosis of Listeria, we incubated samples of peripheral blood
from WT, Toso™~, or sIgM_/ ~ mice with carboxyfluorescein suc-
cinimidyl ester (CFSE)-labeled Listeria monocytogenes and used
flow cytometry to evaluate Listeria binding by Ly6G-positive
granulocytes. WT granulocytes showed greater binding of Listeria
than either Toso™~ or sigM™~ granulocytes (Fig. 44). Although
a significant proportion of Listeria could still bind to granulocytes
in the absence of Toso, confocal microscopy confirmed that re-
duced binding of CFSE-positive Listeria was also correlated with
reduced Listeria uptake in Toso deficiency (Fig. S3). Next, we
further investigated the mechanism of reduced Listeria binding to
Toso™~ granulocytes by incubating CFSE-labeled Listeria with
granulocytes isolated from WT or Toso™~ mice in the presence of
serum obtained on day 3 postinfection from Listeria-infected WT
or sIgM~'~ mice. Binding of Listeria by Toso™~ granulocytes
was reduced compared with WT controls under normal serum
conditions, but not in the absence of serum IgM (Fig. 4B).
Similar to granulocytes, Toso-deficient monocytes also showed
reduced binding of Listeria (Fig. 4C). These data suggest that

Fig. 4. Toso influences phagocytosis of granulocytes and
monocytes. (A) Peripheral blood was incubated for 60 min
with 10° CFU of CFSE-labeled Listeria and CSFE-positive gran-
ulocytes were analyzed by flow cytometry. Data points are
values for individual mice (n = 3-6/group). (B) Blood leuko-
cytes from WT or Toso™~ mice were washed three times to
remove IgM. Granulocytes were then incubated for 60 min
with CFSE-labeled Listeria plus serum from WT or sigM~"~ mice
that had been infected with Listeria 3 d prior. Listeria uptake
by granulocytes was analyzed. Horizontal line, mean for IgM
independent Listeria uptake. Results are the mean + SEM (n =

Listeria* Granulocyte (%) >

B wT

P=0.0006 T 1, _
— P=0.0010 Toso™~

Fig. 3. Lack of Toso enhances ROS production in gran-
ulocytes. (A and B) Blood cells from WT or Toso™"~ mice
were incubated with or without the indicated concen-
trations of fMLP for 30 min at 37 °C, and granulocyte
activation was assessed by measuring ROS production
500 (dihydro-rhodamine staining) and degranulation (side-
2 scatter) as described in Experimental Procedures. (Left)
Representative dot plot of cells gated on total gran-
ulocytes (A). The mean percentage + SEM of total
granulocytes that was activated at each fMLP concen-
tration (B, n = 6). (C) Blood cells from WT and Toso™~
mice (n = 6/group) were primed by incubation for 30 min
with 40 ng/mL GM-CSF supernatant or 500 ng/mL LPS,
and activated by stimulation with 2 pM fMLP for 15 min.
The percentage of activated granulocytes was de-
termined as for A. (D) Blood cells from WT and Toso™~
mice (n = 6/group) were incubated at the indicated
temperatures for 30 min. The percentage of gran-
ulocytes that had degranulated was measured using
flow cytometric side scatter as described in Experimental
Procedures. Results shown are the mean percentage of
degranulated cells + SEM.

Toso is integrally involved in the IgM-mediated attachment of
Listeria. Absence of Toso led to reduced phagocytosis of Listeria
in Toso™'~ granulocytes.

Toso Deficiency Leads to Reduced NF-xB Phosphorylation and Cyto-
kine Production. We previously demonstrated that Toso limits
signaling induced by the proinflammatory cytokine TNF-a (7).
Limited signaling was mainly linked to defects in NF-kB acti-
vation. Because Toso-deficient granulocytes showed enhanced
ROS production and granulocytes and monocytes exhibited
defective phagocytosis, we wondered whether toll like receptor
(TLR)-induced cytokine production might also be impaired.
Indeed, LPS-stimulated Toso ™~ macrophages exhibited delayed
NF-xB activation after LPS stimulation compared with WT
macrophages (Fig. 5).

Lack of Toso Reduces the LPS Response In Vivo. Next we analyzed
cytokine production in WT and Toso™~ mice during treatment
with LPS. We found that systemic injection of LPS led to reduced
IL-6 and TNF-a production in Toso™~ mice relative to controls
(Fig. 6 A4 and B). In line with this, Toso™~ mice survived LPS
treatment, whereas WT mice died (Fig. 6C). Those data show that,
although ROS production was enhanced in Toso™'~ mice, the cy-
tokine response during LPS challenge was functionally limited.

Impaired Control of Listeria in Toso-Deficient Mice. Our data showed
that lack of Toso correlated with enhanced ROS production but
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10). (C) Peripheral blood was incubated for 60 min with 10° CFU of CFSE-labeled Listeria, and CSFE-positive monocytes were analyzed by flow cytometry. Data

points are values for individual mice (n = 6/group).
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after LPS stimulation
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Fig. 5. Toso deficiency leads to reduced NF-xB phosphorylation, Bone mar-
row—derived macrophages were generated from WT and Toso™~ bone mar-
row. Cells were challenged with LPS (100 ng/mL). NF-kB activation was
analyzed after different time points. One of three similar experiments is shown.

reduced cytokine production and phagocytosis. To determine the
impact of those deficiencies on the control of bacterial infection,
we infected WT and Toso™~ mice with L. monocytogenes. Con-
sistent with our in vitro results, peripheral blood granulocytes
obtained from Toso™~ mice on day 2 after systemic Listeria in-
oculation (1 x 10* CFUs) showed elevated ROS production
compared with granulocytes from infected WT mice (Fig. 74).
This observation correlated with the increased release of mye-
loperoxidase (MPO) protein into the serum of infected Toso '~
mice compared with infected WT animals (Fig. 7B). There were
no obvious differences in the number of granulocytes in infected
organs (Fig. 7C). However, the number of bacteria was enhanced
within the granulomas compared with WT mice (Fig. 7C). Re-
duced bacterial control in the presence of granulocytes suggested
that infiltration of granulocytes into target tissues was not de-
fective in the absence of Toso, but likely that these granulocytes
displayed reduced effector function within the tissues. Consis-
tently, cytokine production was reduced in Toso™~ mice com-
pared with WT mice after L. monocytogenes infection compared
with WT animals (Fig. 7D). Three days after infection, higher
Listeria titers were found in Toso ™~ spleen, liver, and brain tissue
compared with the WT tissue (Fig. 7E). As a result, Toso™~ mice
rapidly succumbed to a dose of Listeria that was generally lethal
to only 20% of WT mice (Fig. 7F), indicating that Toso is es-
sential for effective control of Listeria in vivo. Taken together,
the absence of Toso resulted in limited cytokine production after
L. monocytogenes infection and death of infected Toso™~ mice.

Discussion

In this study, we demonstrated that Toso regulates ROS pro-
duction, cytokine production, and phagocytosis. A previous report
established that the presence of Toso on T cells rendered them
less sensitive to Fas-induced cell death (1), and we have recently
shown that Toso overexpression reduces apoptotic signaling in-
duced by TNF-a treatment (6, 7). In addition, we found here that
Toso is involved in IgM-dependent phagocytosis and that the lack
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O Toso™”
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of Toso reduces cytokine responses after LPS treatment. The latter
effect correlated with reduced NF-kB phosphorylation. Taking
those effects together, we suggest that Toso is probably involved
in several signaling pathways. From our findings, we conclude two
functions of Toso: (i) Toso can act as an FcR that can bind to
IgM-coated pathogens, triggering phagocytosis; and (ii) Toso
regulates surface signals that drive antipathogenic signaling. Such
dual functions have been previously described for other gran-
ulocyte receptors, including o-integrin (CD11b). CD11b not only
acts as receptor for several ligands (ICAM-1, iC3b, collagen, fi-
brinogen) (19) but also negatively regulates TLR signaling (20-22).
The mechanism of phagocytosis probably involves small GTPases
and actin polymerization (23); however, how these are linked to
Toso remains to be studied.

We found that the susceptibility of Toso-deficient mice to bac-
terial infection correlated with reduced phagocytic capacity and
enhanced ROS production. Even without any additional stimula-
tion, ROS were detectable in Toso-deficient granulocytes. To-
gether those data suggest that fMLP signaling was probably not
affected specifically by Toso. More likely, Toso expression gener-
ally enhances the activation threshold of granulocytes. From our
data, we would interpret that the absence of this mechanism in
Toso deficiency would result in activation of granulocytes without
any additional stimulus. Recently, Cole et al. showed that ROS
production enhanced the spread of Listeria between cells (24),
hastening mouse death. In line with that, depletion of monocytes
rather than depletion of granulocytes enhanced susceptibility to
Listeria infection in mice (25). These studies, and the data described
here, underscore that enhanced ROS production of granulocytes
likely has an overall negative impact in the control of Listeria. How
early and enhanced ROS production can negatively impact Listeria
infection remains largely unexplained. We found that deficiency of
Toso led to enhanced bacterial titers in the spleen, liver, and brain.
Using histology, we also found enhanced Listeria numbers within
granulomas. As the granulomas did not show an obvious difference
in size between WT and Toso™~ mice, we suggest that homing to the
site of infection was not altered between WT and Toso™~ mice.
Instead, it was likely the effector function within the infected tissue,
which was defective in the absence of Toso.

We found that, Toso™'~ granulocytes were still able to uptake
Listeria, albeit at a reduced level. Because Toso™~ was never-
theless more susceptible to Listeria infection, it is unclear whether
additional mechanisms besides Listeria uptake are also defective
in the absence of Toso. As activation of innate immune cells can
partially depend on the phagocytosis of pathogenic pattern
molecules, we postulate that Toso is not only directly affecting
innate immune cell effector functions, but perhaps more impor-
tantly is regulating the immune activation, which strongly impacts
pathogen control. Indeed, using LPS treatment, we found that
Toso influences cytokine induction during this model of sterile
immune activation.

Enhanced ROS production and deficient cytokine response in
parallel to reduced phagocytosis are likely the reason for the
rapid death of Toso-deficient mice during Listeria infection (26,
27). Theoretically, enhanced ROS levels could also lead to death
of mice due to collateral damage to tissue (28). However, because
we saw significantly enhanced bacterial titers in the brains of

m WT
O Toso”

P =0.0005

Fig. 6. Lack of Toso reduces the LPS response in vivo. WT and
Toso™~ mice were injected intraperitoneally at a dose of 25

T
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60 mg/kg. (A) TNF-a was analyzed after 4 h (n = 6). (B) IL-6 was
analyzed after 2 h (n = 11). (C) Survival was monitored (n = 11).
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Toso-deficient mice and because we could rescue Listeria suscep-
tibility of Toso-deficient mice with transfer of WT granulocytes
(Fig. S4), we would rather speculate that bacterial burden was the
reason for the hastened death of Toso-deficient mice.

Although the main function of granulocytes is the early control of
pathogens, hyperactivation of these cells is a hallmark of auto-
inflammatory disorders such as periodic fever syndromes and au-
toimmune diseases such as rheumatoid arthritis, vasculitis, and
autoinflammatory lung injury (18, 29-31). The reasons for these
instances of inappropriate granulocyte activation are not known
(16, 17). In particular, vasculitis is associated with enhanced gran-
ulocyte activation and/or autoantibodies directed against granulo-
cytic components (31, 32). Consistent with this disease, Toso-
deficient animals exhibit autoantibody formation (33). Future
studies will examine the exciting possibility that Toso also influ-
ences granulocyte activation in human inflammatory diseases.

In conclusion, we demonstrated that Toso is a regulator of
granulocyte activation. Toso thus plays a key role in the co-
ordination of granulocyte phagocytosis, ROS production, and
degranulation and is critical for the normal control of bacterial
infection in mice.

Experimental Procedures

Mice. Genomic DNA fragments containing the Toso gene were isolated from
a mouse genomic DNA library (129J)/Ola; J. Rossant, SickKids Hospital, Uni-
versity of Toronto, Toronto, Canada) using a mouse full-length Toso cDNA as
a probe. The KO construct was assembled using two PCR-generated frag-
ments: a 6.5-kb fragment found within an intron located in the 5’ leader
sequence of the gene and a 0.65-kb fragment downstream of the last me-
thionine. Both fragments were inserted on either side of a neomycin (neo)
expression cassette, such that homologous recombination caused the re-
placement of almost all of the Toso coding region by neo (Fig. STA). An
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artificial EcoRl site was added to reduce the WT 6-kb EcoRI fragment to a 2.3-
kb size when probed on a Southern blot with a flanking probe. The KO
construct was electroporated into D3 embryonic stem (ES) cells, and a clone
demonstrating homologous recombination was injected into E3.5 C57/BL6
blastocysts, which were implanted in pseudopregnant ICR mice. The chimeric
progeny were bred until germ-line transmission was achieved, and hetero-
zygotes bearing the KO allele were intercrossed to generate homozygous
progeny. Deletion of Toso was confirmed by PCR and RT-PCR analyses of various
tissues (Fig. S1 8-D). Toso~~ mice were backcrossed into the C57BL/6 background
for more than nine generations before use in experiments. Toso®"?' mice, an
independent line of Toso KO mice on the C57BL/6 background, have been
previously described (7). sigM™~ mice were also maintained on the C57BL/6
genetic background. All experiments were performed in single ventilated cages.
Animal experiments were carried out in Germany and Canada under the au-
thorization of the Veterinaramt of Duesseldorf and in accordance with German
laws for animal protection and according to institutional guidelines at the
Ontario Cancer Institute of the University Health Network.

Listeria Infection and In Vitro Phagocytosis. L. monocytogenes (ATCC strain
43251) bacteria were the kind gift of Klaus Pfeffer (Institute of Medical Mi-
crobiology and Hospital Hygiene, Heinrich-Heine-University Duesseldorf,
Duesseldorf, Germany) and were maintained in heart infusion agar as pre-
viously described (34). If not otherwise indicated, mice were infected i.v. with
2 x 10* CFU of Listeria. For CFSE labeling, 10° CFUs Listeria were incubated for
10 min with 50 pM CSFE (Invitrogen) in 10 mL PBS. After two washes in PBS/10%
(vol/vol) FCS and an additional three washes in medium, CSFE-labeled Listeria
were incubated for indicated time points with granulocytes in antibiotic-free,
FCS-free medium.

Granulocyte Activation and FACS. Stimuli for granulocyte activation were
fMLP (Sigma Aldrich), LPS (Sigma), and GM-CSF (self-made from GM-CSF-
producing cells [X630]). For granulocyte activation studies, mouse periph-
eral blood was incubated with DMEM/2% FCS containing fMLP plus anti-Gr1,
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anti-CD11b antibody (eBiosciences) and dihydro-rhodamine (Alexis). For
priming studies, granulocytes were pretreated for 30 min with cytokines
followed by 15-min activation with fMLP. Granulocytes, which produced
enhanced levels of ROS and showed degranulation in SSC-A, were consid-
ered activated granulocytes. Toso expression was analyzed by an anti-Toso
antibody generated previously in the laboratory of K.-H.L. Absolute counts
of bone marrow cells were determined on a Z2 cell counter (Beckman
Coulter). FACS analysis was performed on a LSRIl flow cytometer (Becton
Dickinson) after staining with fluorochrome-conjugated antibodies (Becton
Dickinson, eBioscience, Biolegend) as previously described (35, 36). Toso
expression was analyzed by a monoclonal antibody against murine Toso
(clone B68) that was generated in the laboratory of K.-H.L. (7).

Bone Marrow-Derived Macrophages. Bone marrow cells were treated with
macrophage colony-stimulating factor (M-CSF) derived from L929 cells in very
low endotoxin DMEM 10% FCS. After 8-10 d, cells were used for experiments.

LPS Treatment. WT and Toso-deficient animals were injected i.p. with a 25-
mg/kg dose of LPS (026:B6; Sigma).

Myeloperoxidase. Levels of myeloperoxidase protein in serum were quanti-
fied by ELISA (Hycult Biotech) according to the manufacturer’s instructions.

Quantitative RT-PCR. RNA extraction and ¢cDNA synthesis were performed
using Trifast (peglab) and the QuantiTec Rev. Transcription Kit (Qiagen)
according to the manufacturers’ instructions. Analysis of specific gene ex-
pression was performed using Toso (Faim3) kits (Applied Biosystems or
Qiagen). The mRNA expression levels of all target genes were normalized
against GAPDH or 18sRNA.

Temperature Shock Experiment. Mouse peripheral blood (10 uL) was in-
cubated with 100 pL DMEM/2% FCS plus anti-Gr1 and anti-CD11b for 30 min
either at 4 °C, 15 °C, 24 °C, 37 °C, or 42 °C. Degranulated granulocytes were
determined by SSC-A.
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Abstract

The protease ADAM17 (a disintegrin and metalloproteinase 17) catalyzes the shedding of various
transmembrane proteins from the surface of cells, including tumor necrosis factor (TNF) and its
receptors. Liberation of TNF receptors (TNFRs) from cell surfaces can dampen the cellular
response to TNF, a cytokine that is critical in the innate immune response and promotes
programmed cell death but can also promote sepsis. Catalytically inactive members of the
rhomboid family of proteases, iRhom1 and iRhom2, mediate the intracellular transport and
maturation of ADAMI17. Using a genetic screen, we found that the presence of either iRhom1 or
iRhom?2 lacking part of their extended amino-terminal cytoplasmic domain (herein referred to as
AN) increases ADAM17 activity, TNFR shedding, and resistance to TNF-induced cell death in
fibrosarcoma cells. Inhibitors of ADAM17, but not of other ADAM family members, prevented
the effects of iRhom-AN expression. iRhom! and iRhom?2 were functionally redundant, suggesting
a conserved role for the iRhom amino termini. Cells from patients with a dominantly inherited
cancer susceptibility syndrome called tylosis with esophageal cancer (TOC) have amino-terminal
mutations in iRhom2. Keratinocytes from TOC patients exhibited increased TNFR1 shedding
compared with cells from healthy donors. Our results explain how loss of the amino terminus in
iRhom1 and iRhom2 impairs TNF signaling, despite enhancing ADAM17 activity, and may
explain how mutations in the amino-terminal region contribute to the cancer predisposition
syndrome TOC.

INTRODUCTION

A disintegrin and metalloproteinase 17 (ADAM17) [also known as TNFa converting
enzyme (TACE)] is a membrane-anchored metalloproteinase, capable of processing a wide
array of cell surface/membrane proteins, and is a central regulator of epidermal growth
factor receptor (EGFR) and tumor necrosis factor receptor (TNFR) signaling pathways,
which control cell proliferation, survival, oncogenesis, and immunity (1). TNF is liberated
from its membrane anchor by ADAM17 to produce a soluble proinflammatory cytokine (2—
4). However, ADAM17 can also modulate responses to this cytokine by catalyzing shedding
of TNF-binding receptors p55 (TNFR1) and p75 (TNFR2) (5, 6). TNFRI1 signaling is a key
component of innate immunity, host defense, and septic shock (7, 8), yet TNFR1
engagement can also induce cell death through signaling leading to activation of caspase-8

).

ADAMI17 is controlled by catalytically inactive members of the rhomboid protease family:
iRhom! and iRhom2. These integral membrane proteins promote the maturation and
transport of ADAM17 to the cell surface (10-13). Absence of iRhom2 abolishes ADAM17
activity in immune cells thereby blocking TNF secretion, resulting in susceptibility toward
bacterial infections but resistance to septic shock and rheumatoid arthritis (11-14). In
nonhematopoietic cells, ADAM17 appears to be controlled by a combination of iRhom?2 and
iRhom1 (10). The essential role of iRhoms in regulating the function of ADAMI17 is
highlighted by recent iRhom1 and iRhom2 double knockout studies demonstrating fully
impaired ADAM17 maturation across all tissues examined (15) and striking similarity
between [Rhom I~ iRhomZ”~ mice and ADAM17-deficient mice (15). However, much

Sci Signal. Author manuscript; available in PMC 2020 May 06.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Maney et al.

RESULTS

Page 3

remains to be learned about how iRhoms accomplish their regulation of ADAM17 and what
features of iRhoms are important for their function.

Reports have identified familial dominantly acting mutations in the N-terminal cytoplasmic
tail of iRhom?2 (also known as RHBDF2 in humans) as causative for a rare syndrome named
tylosis with esophageal cancer (TOC), which is characterized by palmoplantar keratoderma
and up to 95% lifetime risk of malignancy of the esophagus (16, 17). These TOC-associated
mutations in iRhom?2 are associated with an increase in the maturation and activity of
ADAMI17 in patient-derived epidermal keratinocytes, resulting in significantly up-regulated
shedding of ADAM17 substrates, including EGF family growth factors and proinflammatory
cytokines (18, 19). Furthermore, studies of two separate spontaneous mouse mutants (Cub
and Uncv) reveal hair and skin abnormalities also associated with deletions in the N
terminus of iRhom2 (11-14, 20). Although the immediate consequences of these murine
mutations are not entirely clear, especially in the case of cub mice, all studies in both
humans and mice suggest phenotypes involving misregulation of ADAM17 substrates and
offer a clue that the N-terminal domain of iRhom2 may be important for controlling its
activity (21).

Our initial identification of a connection between iRhom2 and ADAM17 involved a cyclic
packaging rescue (CPR) screen for TNF resistance, which identified a version of iRhom2
with a truncated N terminus (12). Here, we report a separate TNF resistance CPR screen,
which identified two versions of iRhom1, both also missing parts of their N termini. To gain
more insight into how iRhoms operate, we examined the ability of truncated and full-length
iRhoms to regulate ADAM17 activity in a well-defined cellular context. We observed a high
degree of functional overlap for iRhom1 and iRhom2 and demonstrate that deletion of parts
of the cytoplasmic N terminus of iRhom?2 or iRhom1 results in specific enhancement of
ADAM17 activity, TNFR shedding, and resistance to TNF-induced cell death. Our results
support the link of N-terminal iRhom mutants with constitutive activity of ADAM17.

Truncation of iRhom2 or iRhom1 cytoplasmic domains triggers resistance against TNF-
induced cell death

L-929 murine fibrosarcoma cells are highly sensitive to TNF-induced cell death through
engagement of their cognate cell surface receptors (22-24). Complementary DNAs (cDNAs)
capable of conferring resistance to L-929 cell killing by TNF were identified from a mouse
3T3 cell-derived cDNA library through enrichment in a CPR screen (25). Three different
cDNAs were isolated after six successive rounds of infection, cell killing, and rescue of viral
particles from surviving cells (Fig. 1A). Sequencing revealed the identity of these hits as c-
FLIP, an established negative regulator of TNF-induced cell death (26), along with two
cDNAs corresponding to nucleotides 249 to 2571 and 618 to 2571 of native iRhom1 (the
latter referred to henceforth as iRhom1-AN) (Fig. 1B and fig. S1A). The similarity of this
result to the identification of an N-terminally truncated version of iRhom2 we previously
reported using a separate CPR screen (12) and recent literature concerning mutations in the
N terminus of iRhom?2 (20, 21, 27) led us to investigate whether there was a selective
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advantage for removal of part of the extended cytoplasmic N terminus, a hallmark feature of
iRhoms (28).

Full-length and AN truncated iRhom proteins were detected at predicted molecular weights,
and in similar abundance, in cells stably overexpressing tagged iRhom constructs (Fig. 1C).
We first compared the ability of cells overexpressing either full-length wild-type iRhom?2,
iRhom2-AN, or vector control to withstand exposure to recombinant TNF (Fig. 1D). We
observed only a slight reduction in cell death assessed by annexin Vand 7-AAD staining for
cells expressing wild-type iRhom2, whereas iRhom2-AN cells had markedly lower levels of
annexin V, 7-AAD—positive cells (Fig. 1D). We found similar effects when comparing cells
expressing wild-type iRhom1 versus iRhom1-AN, which were also strongly resistant to TNF
cytotoxicity (Fig. 1E). Next, we confirmed these observations using a separate assay to
measure cells remaining adherent after 48 hours of TNF treatment. Consistently, we
observed a slight protection against TNF-mediated cell death in wild-type iRhom2—
expressing cells, but major protection was triggered by iRhom2-AN (fig. S1B). Moreover,
iRhom1-AN-expressing cells were also protected against TNF-induced cell death compared
to wild-type iRhoml (fig. S1C). Cells expressing full-length and AN-iRhoms retained a
similar capacity to undergo cell death resulting from other stimuli, such as staurosporine
(fig. SID). These data indicate that deletion of part of the cytoplasmic domain of either
iRhom1 or iRhom?2 confers a selective advantage over their full-length counterparts in TNF
resistance.

Truncated iRhoms curb TNFR signaling through release of TNFRs

We next investigated the mechanism by which iRhom2-AN confers resistance toward TNF-
induced cytotoxicity by examining the status of signaling downstream of the TNFRs. TNFR
engagement in L-929 cells results in activation of both cell survival and cell death signaling
pathways, causing activation of cell survival-associated nuclear factor kB (NF-xB) and
cleavage of cell death—associated poly(adenosine diphosphate-ribose) polymerase (PARP)
(29-32). When we examined PARP levels by immunoblot, we detected cleaved PARP in
TNF-treated control cells (Fig. 2A). However, PARP cleavage was reduced in cells
expressing wild-type iRhom?2 and was not detected in cells expressing iRhom2-AN (Fig.
2A). Next, we looked for hallmarks of TNF-mediated NF-xB activation (33) and detected
inhibitor of xB-a (IxB-a) phosphorylation and degradation as well as Ser>3°
phosphorylation of p65 in vector and wild-type iRhom2—expressing cells but not in iRhom2-
AN-expressing cells (Fig. 2B). These findings indicate that TNFR signaling was blocked by
iRhom2-AN upstream of both survival and death signaling branches (9).

To test whether surface TNFR abundance itself was affected by different iRhom?2 isoforms,
we used flow cytometry to measure TNFR abundance on the surface of L-929 cells
transduced with vector, wild-type iRhom2, or iRhom2-AN. TNFR1 and TNFR2 abundance
was highly reduced on cells expressing iRhom2-AN or iRhom1-AN compared to cells
expressing vector or either wild-type iRhom (Fig. 2, C and D). When we measured the
concentration of soluble TNFRs in conditioned media from these cultures, we observed
greater concentrations of soluble TNFR1 and TNFR2 in conditioned media from cells
expressing iRhom2-AN or iRhom1-AN than in those from control cells or cells expressing
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either wild-type iRhom (Fig. 2, E and F). These effects were not associated with either
decreased TNFR transcript expression (fig. S2, A and B) or large differences in total cellular
abundance of TNFRs (fig. S2, C to E).

Together, the data indicate that the blockade in TNFR signaling after AN-iRhom expression
was caused by reduced surface abundance and enhanced shedding of TNFRs. Previous work
suggested that shedding of TNFRs was responsible for iRhom2-mediated resistance toward
TNF by blocking TNFR signaling (11, 12). We now show that this shedding mechanism is
true not only for truncated iRhom?2 but also for truncated iRhom1. Furthermore, we confirm
that TNFR signaling is blocked by AN-iRhom expression by showing that both downstream
cell survival and cell death signaling responses are impaired in these cells.

iRhom-regulated TNFR shedding depends on ADAM17

TNFRs are cleaved from the cell surface by membrane proteases such as ADAM17 (fig.
S3A) (5, 6). To investigate whether increased TNFR shedding into the supernatant of
iRhom-AN-expressing cells was dependent on metalloproteinases in L-929 cells, we
investigated shedding in the presence of several ADAM family inhibitors. Increased release
of TNFRs into the supernatant of iRhom2-AN—expressing cells relative to control or wild-
type iRhom2 was blocked by the broad-spectrum metalloproteinase inhibitor marimastat
(Fig. 3A). Furthermore, shedding induced by iRhom2-AN or iRhom1-AN was unaffected by
an ADAM10-selective inhibitor, GI254023X (GI) (34), but was abolished by an inhibitor of
both ADAM10 and ADAM17, GW280264X (GW) (Fig. 3, B and C). Consistently, culturing
iRhom2-AN—expressing cells with marimastat restored the ability of recombinant TNF to
trigger cell death to a similar extent as that observed in cells expressing wild-type iRhom?2
(Fig. 3D). TNF itself had little effect on TNFR shedding (fig. S3, B and C).

To firmly establish that AN-iRhoms exert their effects through ADAMI17, we stably
expressed either a scrambled control or one of two ADAM17-specific short hairpin RNA
(shRNAs) (Fig. 4A) in L-929 cells transduced with vector, wild-type iRhom?2, and iRhom2-
AN. Surface TNFR1 and TNFR2 abundance was reduced in cells expressing iRhom2-AN or
iRhom1-AN relative to wild-type or vector-transduced controls; however, these effects were
rescued by ADAMI17 silencing (Fig. 4B and fig. S4, A and B), suggesting that truncated
iRhoms enhance ADAM17-dependent shedding. Next, we examined whether ADAM17
silencing would disrupt the survival advantage of AN-iRhoms against TNF. As expected,
knocking down ADAM17 abolished the survival advantage caused by expression of AN-
iRhoms conferred in response to TNF (Fig. 4, C and D). Together, the data indicate that
TNFR shedding and TNF resistance phenotypes associated with expression of N-terminally
truncated iRhoms can be blocked by knockdown or inhibition of ADAM17, establishing
ADAMI17 as a mechanism through which iRhoms mediate their effects on TNF signaling, at
least in the cell context studied.

Truncation of the cytoplasmatic tail results in enhanced presence of iRhom2 at the cell

surface

We next asked how wild-type iRhoms and their AN counterparts might differentially affect
ADAM17 activity. Binding of iRhom?2 to ADAM17 is thought to be important for ADAM17
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maturation and activation (11-13). When we pulled down either wild-type or truncated
iRhom2, we detected ADAM17 in both immunoprecipitated lysates (Fig. SA). Reciprocally,
when ADAM17 was pulled down, both wild-type iRhom2 and iRhom2-AN were detected
(Fig. 5A). Similar data were obtained in wild-type iRhom1— and iRhom1-AN-expressing
cells (fig. S5A). These data indicated that both isoforms of iRhom1 and iRhom?2 are capable
of binding ADAM17, consistent with previous reports (12, 35).

When we enriched for cell surface proteins, we noticed that a larger proportion of iRhom2-
AN was present in surface fractions versus intracellular fractions and relative to wild-type
iRhom?2 (Fig. 5B). These findings were further confirmed by T7 surface antibody staining
and flow cytometry, where the MFI for iRhom2-AN was significantly higher than that for
wild-type iRhom2 (Fig. 5C). Consistently, immunofluorescence of tagged iRhom?2 revealed
greater staining intensity for iRhom2-AN versus wild-type iRhom2 on formalin-fixed cells,
differences which were not apparent after 1% Triton permeabilization (Fig. 5D).
Furthermore, in permeabilized cells, subcellular localization of both wild-type iRhoms and
AN-iRhoms in the proximity of Golgi marker GM 130 (fig. S5B) was consistent with
previous reports (12, 36). Increased surface localization of iRhom2-AN compared with wild-
type iRhom?2 persisted after ADAM17 knockdown and in ADAM17 knockout fibroblasts
(Fig. 5, E and F) (4), indicating that ADAM17 is not strictly required for iRhom2-AN
trafficking.

Truncated and wild-type iRhom2 did not exhibit significantly different rates of protein
degradation after inhibition of protein synthesis with cycloheximide, as measured by
immunoblotting (fig. S5C). This argues against a role for differential protein stability
affecting iRhom?2 surface abundance. Increased surface abundance of iRhom2-AN is also
unlikely to be the result of greater RNA expression because transcript abundance was
comparable between iRhom2-AN and wild-type iRhom?2 (fig. S5D). We detected mature
ADAM17 on the cell surface of cells expressing vector, wild-type iRhom2, or iRhom2-AN
(fig. SSE). However, a puzzling overall reduction in the total quantity of mature ADAM17
was observed in immunoblots of cells expressing iRhom-AN (Fig. 5A and fig. S5, A and E),
an effect that was prevented by marimastat treatment (fig. SSF). These data indicate that AN-
iRhoms are capable of binding to ADAMI17 in a similar manner to that of wild-type iRhoms
and that the specific effects of iRhom2-AN may be related to its enhanced abundance at the
cell surface.

N-terminal iRhom mutations increase constitutive activity of ADAM17

ADAM17 can be rapidly activated in response to stimuli including phorbol 12-myristate 13-
acetate (PMA) (37, 38). We therefore wondered whether the effects of AN-iRhoms might
influence the rapid activation of ADAMI17. When we stimulated L-929 cells with PMA, we
observed an expected increase in TNFR1 and TNFR2 shedding from cells expressing either
vector or wild-type iRhom?2 (fig. S6A). In contrast, we did not detect PMA-induced TNFR
shedding from cells expressing iRhom2-AN (fig. S6A), and the amount of TNFRs in the
stimulated cells expressing iRhom2-AN was not increased when compared to cells
expressing wild-type iRhom?2 (fig. S6A). In all cases, PMA-stimulated TNFR shedding was
blocked by marimastat (fig. S6A) or GW, which both inhibit ADAM17, but not by the
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ADAM10-selective inhibitor GI (Fig. 6A). Furthermore, similar data using cells expressing
iRhom1-AN or wild-type iRhom1 indicated that both truncated iRhoms may induce a
constitutively active TNFR shedding state, resembling PMA-stimulated shedding state in
control cells (Fig. 6B).

To investigate these effects in a different cellular context, we coexpressed wild-type or
truncated iRhom?2 or as control an unrelated cytoplasmic protein MAD2 (mitotic arrest
deficient 2) along with the iRhom2-selective AP-tagged ADAM17 substrate KitL2 in
iRhomZ2™'~ iMEFs (10, 12). To improve the detection of potential differences in shedding,
we took advantage of the reversible nature of ADAM17 inhibition with marimastat to block
shedding overnight, enabling uncleaved substrate to accumulate, and then observed
constitutive shedding immediately after washout of the inhibitor. Compared to control cells,
only cells expressing iRhom2-AN exposed overnight to marimastat exhibited greatly
enhanced shedding of KitL2 (Fig. 6C). In a separate experiment, we used an irreversible
inhibitor of ADAM17 [diphenylamine carboxylate (DPC)], which selectively binds to active
ADAMI17. Thus, if ADAMI17 is not activated while cells are exposed to DPC, ADAM17 can
be fully activated after the inhibitor has been removed; however, if ADAM17 is activated in
the presence of DPC, ADAM17 will not be able to recover activity after the inhibitor is
removed (37). Incubation of cells expressing iRhom2-AN with DPC for as little as 30 min
prevented the increased KitL2 shedding even after the inhibitor was removed, whereas cells
expressing wild-type iRhom?2 required overnight exposure to DPC to exhibit ADAM17
inactivation (fig. S6B). These data suggest that ADAM17 is constitutively in a more active
state in the iRhom2-AN setting.

Dominantly acting familial mutations in the N-terminal cytoplasmatic tail of iRhom2 cause a
cancer susceptibility disorder called TOC (16, 17). These mutations increase constitutive
ADAMI17 activity in keratinocytes (18). Compared to overexpression of wild-type murine
iRhom?2 in iRhom1 and iRhom2 double knockout iMEFs, expression of a construct bearing
mouse homologs of two causative iRhom2!136T/P139L TOC mutations caused increased
constitutive TGF-a shedding (Fig. 6D). Finally, we examined human immortalized
keratinocyte cell lines TYLK1 and TYLK2 derived from TOC patients bearing heterozygous
mutation in iRHOM2U86T'WT) (16 17) and control keratinocyte cell lines (K17).
Significantly higher amounts of constitutive TNFR1 shedding into culture supernatants were
detected from cells generated from TOC patients compared to cells derived from healthy
controls (Fig. 6E), shedding that could be blocked by the ADAMI17 inhibitor TMI-005.
These data are consistent with enhanced ADAM 17-dependent shedding of amphiregulin,
TGF-a, and heparin-binding EGF-like growth factor that is observed in TOC patient—
derived keratinocytes (18). These results indicate that ADAM17 activity is enhanced by N-
terminal iRhom mutations and may provide an explanation for why cells that have AN-
iRhom proteins have a selective advantage over their wild-type counterparts in promoting
resistance to TNF-induced cell death.

DISCUSSION

Here, we have identified a high degree of functional overlap for iRhom1 and iRhom2 in
controlling the activity of ADAM17. Starting from unbiased genetic screens, we have
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established that deletion of part of the cytoplasmic N terminus of either iRhom1 or iRhom?2
results in a gain of function by promoting constitutive ADAM17-dependent shedding of
TNFRs from L-929 cells, thereby blocking downstream signaling and protecting cells from
TNF-induced cytotoxicity. We demonstrate that iRhom1- and iRhom2-dependent effects are
conserved for at least two endogenous ADAM17 substrates (TNFR1 and TNFR2), and using
gene silencing shows these effects to be specific to ADAM17.

Little is known about how the iRhoms are functionally controlled. Our results suggest that
the extended cytoplasmic N-terminal domain is of conserved importance for the actions of
both iRhom1 and iRhom?2. Dominant inherited human N-terminal mutations in iRhom?2
result in overgrowth of epithelial tissues and predisposition to esophageal cancer (39). Our
results involving dominant N-terminal mutated mouse iRhoms and enhanced TNFR
shedding from TOC patient—derived keratinocytes suggest that these human mutations could
similarly result in greater or constitutive ADAM17 activity. This could result in direct
consequences for neoplasia, such as overproduction of EGFR ligands, strongly implicated in
cancer (40) and previously observed in TOC keratinocytes (18), or shedding of TNFRs as an
evasion mechanism for tumor cells to escape cell death induced by TNF. Increased
abundance of ADAM17 is also known to be associated with breast, ovarian, kidney, colon,
and prostate cancers (41).

Recent studies involving two separate spontaneous mouse mutants with deletions in the N
terminus of iRhom2 describe hair and skin abnormalities in these animals (20, 21, 27, 42).
Discerning the consequences of these mutations has not been entirely straightforward; Hosur
et al. report enhanced stability of mutant iRhom2 in cub mice and elevated secretion of
ADAM17 substrate amphiregulin, observations not corroborated by Siggs ef al. (20) in the
same mice. Mice bearing a separate Uncv allele display aberrancies in hair follicles, which
may be connected to misregulation of ADAM17 substrates. In the case of both cub and
Uncv, expression of mutant alleles results in an apparent decrease in mature ADAM17 by
Western blotting (20, 27). Paradoxically, we also see an apparent reduction in mature
ADAM17 by immunoblot after expression of AN-iRhoms, despite strong evidence of
enhanced ADAM17 activity. Because this effect could be reversed by inhibiting ADAM17
with marimastat, we hypothesize that the apparent reduction of mature ADAM17 may be an
artifact of activation-associated autocatalytic degradation of ADAM17 known to occur when
it is strongly activated, such as by high concentration of PMA (43). Rapid inhibition of
ADAM17 activity with DPC in iRhom2-AN—expressing cells provides further evidence for
enhanced constitutive ADAM17 activity in this context.

Aside from the mouse and human mutations listed above, the in vivo relevance of alternative
iRhom1 or iRhom?2 isoforms has not yet been described. However, expression of C-
terminally tagged iRhom2 and iRhom1 frequently results in lower—molecular weight bands,
which could correspond to posttranslationally processed iRhoms lacking N-terminal regions
(11, 44). Whether these versions exist for endogenous proteins, and whether they represent
activated iRhom states, warrants investigation in future studies, including the generation of
high-quality antibodies. Similar to our results, a previous study involving expression of
human iRhom1 (44) (then referred to as p100"Rh) i the fly wing identified a phenotype for
an N-terminally truncated but not full-length version of the protein. Because iRhom1 has
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been previously suggested to play a role in human cancer (45, 46), and considering
functional overlap, we have identified between N-terminal mutations in iRhom1 and iRhom2
the potential existence of human mutations in iRhom1, and their contributions to cancer
warrants further study.

MATERIALS AND METHODS

CPR screening

L-929 selector cell line was established by transfection of expression plasmids coding for
mCAT1 (murine cationic amino acid transporter, mediating ecotropic retrovirus infection)
and hCAR (human coxsackie-virus and adenovirus receptor), and selected for high
infectivity to green fluorescent protein—expressing ecotropic retrovirus and human
adenovirus and high susceptibility to TNF. CPR was carried out as described previously
(25). The Phoenix ecotropic packaging cell line was transfected with retroviral mouse 3T3
cell cDNA library by using calcium phosphate coprecipitation. Retroviral supernatants were
obtained 2 days after transduction and used to transduce the selector cells. Two days after
retrovirus transduction, cells were cultured with TNF (2 ng/ml) for 24 hours. Surviving cells
were allowed to recover from TNF stress and expanded in culture for 3 days, and then
infected with adenoviruses expressing gag-pol and env (amounts of adenoviruses were
determined empirically). Rescued retroviruses were harvested 2 days after adenovirus
infection and used to transduce new batches of selector cells. Genomic DNA was extracted
from a fraction of the surviving cells at each round of screening. A portion of cDNA inserts
were amplified by PCR using primers 5'-AGCCCTCACTCCTTCTCTAG-3" and 5'-
ACCTACAGGTGGGGTCTTTCATTCCC-3" and sequenced.

Generation and maintenance of cells expressing iRhom isoforms

Constructs of wild-type iRhom1 and iRhom1-AN, and wild-type iRhom2 and iRhom2-AN
were constructed using a three-step ligation. The 5" and 3" portions were amplified, and
restricted middle portion was ligated into modified version of pMSCVpuro (Clontech)
containing a C-terminal T7 tag vector. Retrovirus encoding wild-type iRhom1 and iRhom1-
AN, wild-type iRhom?2 and iRhom2-AN, and empty pMSCVpuro alone (BD Biosciences)
was produced in Phoenix ecotropic packaging cells and used to infect L-929 cells. Stable
L-929 cells were generated through selection using puromycin (10 pg/ml). Unless otherwise
indicated, cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2 uM of L-glutamine, 0.1 U of penicillin, streptomycin (0.1 pg/ml),
antibiotics, and 10% fetal calf serum (FCS).

MEFs were isolated from E13.5 wild type, ADAM1777(4), iR27~ iR17", and iR1/27~ (10,
12, 15) embryos to generate primary MEFs for immortalization. Briefly, head and viscera
were removed, and the remaining tissues were subjected to trypsin treatment for 15 min at
37°C. Cells were collected and immortalized by transducing the plasmid expressing SV40
large Tantigen maintained in DMEM supplemented with anti-biotics and 10% FCS.
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Immunofluorescence

Intracellular immunofluorescence staining was performed in L-929 cells stably expressing
T7-iRhom2, T7-iRhom2-AN, T7-iRhom1, T7-iRhom1-AN, and control vector, grown on
glass coverslips, fixed with 4% formalin, and were permeabilized with 1% Triton X-100. All
iRhom versions were detected using a T7 tag rabbit primary monoclonal antibody (mAb) at
1:300 (Abcam) and donkey anti-rabbit Cy3-labeled secondary Ab (Jackson
ImmunoResearch). The Golgi marker GM 130 (BD eBioscience) was recognized with a
donkey anti-mouse Cy2-labeled secondary Ab (Jackson ImmunoResearch). Surface
immunofluorescence staining of T7-iRhom2 and T7-iRhom2-AN cells was performed after
fixation with 4% formalin. iRhom versions were detected using a T7 tag rabbit mAb at
1:300 (Abcam) and donkey anti-rabbit Cy3-labeled secondary Ab (Jackson
ImmunoResearch). Slides were stained with phalloidin-FITC (Sigma) and Hoechst 34580
(Invitrogen). Images were captured using confocal microscopy (Zeiss ELYRA).

Stable knockdown of ADAM17

Lentiviral particles were generated by calcium phosphate transfection of subconfluent (50 to
60%) 293TV cells with 10 pg of shRNA (OriGene) and 5 pg each of pMDG1.vsvg, pRSV-
Rev, and pMDLg/pRRE constructs. Lentiviral particles were collected 24 and 48 hours later,
filtered through a 0.45-um filter, and stored at —80°C. Parental L-929 cells were infected
with lentiviral particles containing the indicated shRNAs, and cells were selected with
puromycin selection (48 hours; 5 ug/ml).

ELISA detection of TNF and TNFR shedding

To analyze the TNFR shedding in L-929 cells overexpressing T7-iRhom2, T7-iRhom2-AN,
T7-iRhom1, T7-iRhom1-AN, and control vector, cells were seeded (1 x 10°) in 24-well
plates. After 24 hours, supernatant was harvested and subjected to enzyme-linked
immunosorbent assay (ELISA; DuoSet ELISA, R&D Systems), which was performed
according to the manufacturer’s instructions. Cells were co-incubated with marimastat (20
UM; BB 2516, Tocris Bioscience) for 6 hours. For the treatment with GI or GW (Sigma),
culture medium was removed, and the cells were washed with phosphate-buffered saline
(PBS). Fresh FCS-free DMEM containing 3 uM of the inhibitors was added to the cells, and
the TNFR shedding was analyzed after 6 hours.

Similarly, for TNFR shedding from TOC patient—derived keratinocytes, 2 x 10° cells per cell
line were seeded into 24-well tissue culture plates. After 24 and 48 hours, supernatant was
harvested and used for ELISA, performed according to the manufacturer’s instructions (as
above). To enable blockade of ADAM17, cells were co-incubated with ADAM17 inhibitor
TMI-005 (500 nM) or vehicle (DMSO). This medium was then collected after either 24 or
48 hours, and the concentration of TNFR therein was measured by ELISA. All experiments
were catried out in triplicate.

Ectodomain shedding assay for AP-tagged KitL2

iRhom2-deficient fibroblasts were transfected with iRhom and AP-tagged KitL2 constructs
using lipofectamine 2000 as previously described (47). Twenty-four hours after transfection,
cells were incubated with marimastat (a gift from O. Ouerfelli, Sloan-Kettering Institute,
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New York, NY) or DPC-333/BMS-561392 (a gift from R. Waltermire, Bristol-Myers
Squibb, New Brunswick, NJ) overnight or as indicated, followed by three brief washes.
Constitutive shedding was measured after 2 hours of subsequent incubation. Quantification
of AP activity culture supernatant and cell lysate was performed by colorimetric assays as
previously described (47).

Viability assay
L-929 cells (1 x 103) overexpressing T7-iRhom2, T7-iRhom2-AN, T7-iRhom1, T7—
iRhom1-AN, and control vector were seeded in 24-well plates. Same conditions were used
for ADAM17 shRNA-treated cells. Cells were incubated with recombinant mouse TNF
(R&D Systems), with or without 20 uM BB 2516 (Tocris Bioscience). Viability was
determined at indicated time points using annexin V-7-AAD exclusion (eBioscience) by
flow cytometry (48).

Clonogenic assay

L-929 cells (1 x 105) overexpressing T7-iRhom2, T7-iRhom2-AN, T7-iRhom1, T7—
iRhom1-AN, and control vector were seeded in 24-well plates. Cells were treated with
recombinant mouse TNF (R&D Systems) at the indicated concentrations. After 48 hours,
cells were washed and stained with crystal violet at room temperature for 1 hour. The
remaining crystal violet was dissolved with methanol after analysis.

Reverse transcription PCR

RNA was extracted using RNeasy Kit (Qiagen). mRNA expression of wild-type iRhom1 and
iRhom1-AN, and wild-type iRhom2 and iRhom2-AN was performed by reverse transcription
PCR (Bio-Rad). For the analysis, the expression of the entire target mRNA was normalized
to B-actin or GAPDH expression. Gene expression values were then calculated on the AAG
method. Relative quantities (RQ) were determined with the equation RQ = 2744,

Cell surface protein isolation

Surface proteins from L-929 cells over expressing T7-iRhom2, T7-iRhom2-AN, or control
vector were isolated using the sulfo-NHS-SS-biotin—based Cell Surface Protein Isolation Kit
(Pierce) according to the manufacturer’s instructions, after addition of 20 uM BB 2516
(Tocris Bioscience) and 1,10-phenanthroline (Sigma) to the lysis and wash buffers. Cell
surface fractions were compared to column flow-through (intracellular fractions) by
immunoblotting.

Flow cytometry

Single-cell suspensions from cultured cells were stained for 20 min at 4°C with T7 antibody
in PBS containing 1% FCS and 5 mM EDTA. Staining for annexin Vand 7-AAD
(eBioscience) was performed in solution containing SmMCa2". Staining with TNFR1- and
TNFR2-biotin antibodies (eBioscience) was performed in PBS containing 1% FCS and 5
mM EDTA for 1 hour at room temperature, followed by wash and incubation with
phycoerythrin-Cy7—coupled streptavidin-labeled antibody (eBioscience) for 30 min at 4°C.
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Immunoprecipitation and immunoblotting

Briefly, cells were lysed in PBS containing 1% Triton X-100 (PBS-T; Sigma), EDTA-free
protease inhibitor cocktail (Roche), PhosSTOP (1 tablet/10 ml), and the inhibitors BB 2516
(20 uM; Tocris Bioscience) and 1,10-phenanthroline (10 mM; Sigma). The pulldown was
performed using mouse mAbs recognizing the T7 tag or ADAM17 antibody (Abcam). To
analyze the PARP cleavage, the cells were exposed to 2.5 ng of recombinant mouse TNF
(R&D Systems) for indicated time points. Phospho-p65 or phospho—IxB-a activation was
determined by harvesting cells from 60-mm dishes after treatment with 2.5 ng of
recombinant mouse TNF for indicated time points. After lysis, the samples were used for
immunoblotting using phospho-p65 and phospho-IxB-a antibodies (Cell Signaling).

Stability assay

L-929 cells (1 x 10°) overexpressing T7-iRhom2, T7—-iRhom2-AN, or control vector were
seeded in 24-well plates. Cells were incubated with cycloheximide (100 pg/ml; Sigma) for
indicated time points. After fixing cells using 4% formalin (Sigma) in PBS at room
temperature for 40 min, cells were washed two times with and resuspended in PBS-T for 15
min at room temperature in the dark. After additional wash and suspension in PBS
containing 1% FCS and 5 mM EDTA, cells were stained with a T7 antibody (eBioscience)
on ice for 30 min, followed by measurement using flow cytometry.

Statistical analysis

Data are expressed as means = SEM or SD. Statistical significance between two groups was
analyzed using the Mann-Whitney U'test. For experiments involving analysis of multiple
time points, two-way analysis of variance (ANOVA) with an additional Bonferroni posttest
was used. Pvalues <0.05 were considered statistically significant. In all the experiments, n
indicates the number of independent experiments performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. N truncated iRhom1-AN confers TNF resistance as identified by CPR screening.
(A) Polymerase chain reaction (PCR) results from each round in the CPR screen (see

Materials and Methods) showing enrichment for ¢c-FLIP and two short versions of iRhom1
in TNF-resistant cells. (B) Systematic representation of wild-type (WT) and short versions
of iRhom1 identified by CPR relative to their predicted transmembrane domain structures.
(C) Immunoblotting and densitometry for T7 in lysates from L-929 cells expressing a
control vector, T7-tagged WT or AN-iRhom1 (iR1) or iRhom2 (iR2) (n= 3). (D and E) Cell
death, assessed by annexin V binding and 7-AAD staining using flow cytometry, in 1 x 103
L-929 cells transfected as indicated and treated with recombinant TNF for up to 48 hours (n
>5). Data are means + SEM from the number of experiments (n) indicated; *P < 0.05, **P<
0.01, ***P<0.001 against AN; #P<0.05,"P<0.01 against vector. nt, nucleotide; aa,

amino acid.
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Fig. 2. iRhom2-AN induces TNFR shedding.
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(A and B) Immunoblotting and densitometry for PARP (A) or total and phosphorylated NF-

kB pathway proteins (B) in lysates from L-929 cells overexpressing a vector control,

iRhom2-WT, or iRhom2-AN and exposed to recombinant TNF (2.5 ng/ml) for up to 8 hours

(A) or 45 min (B) (7= 3, normalized to control and actin). (C and D) Flow cytometry

analysis of TNFR1 and TNFR2 surface abundance on L-929 cells overexpressing WT or

truncated iRhom2 (C) or iRhom1 (D) (7= 5 or 6, respectively). (E and F) Amount of

TNFR1 and TNFR2 in supernatants from 1 x 10> L-929 cells expressing WT or truncated
iRhom?2 (E) or iRhom1 (F) (n=5). Data are means + SEM from the number of experiments
(n) indicated; * P< 0.05, ¥*P< 0.01, *** P< 0.001 against AN; #P< 0.05, #P<0.01, ##p<

0.001 against vector. RFU, relative fluorescence units.
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Fig. 3. Effects of AN-iRhoms can be blocked by ADAM17 inhibitors.
(A and B) Abundance of TNFR1 and TNFR2 in the culture supernatants from 1 x 103 L-929

cells expressing WT or truncated iRhom?2 cultured in presence or absence of marimastat
(MM; 20 uM) (A) or GI or GW (each 3 uM) (B) for 6 hours (2= 5 or 6, respectively). (C)
As in (B) in 1 x 107 L-929 cells expressing WT or truncated iRhom1. (D) Cell death as a
percentage of annexin—7-AAD" cells in cultures (1= 3) of 1 x 103 L-929 cells expressing
WT or truncated iRhom?2 treated with recombinant TNF in the presence or absence of
marimastat (20 uM). Data are means + SEM from the number of experiments (n) indicated,
**P< (.01, ¥*¥*%P<0.001 against WT; #P< 0.05, ##P< 0.001 against vector.
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Fig. 4. Stable knockdown of ADAM17 prevents increased TNFR shedding and resistance to TNF.
(A) Immunoblot for pro (P) and mature (M) ADAM17 in lysates from L-929 cells

expressing full-length and AN-iRhom? transfected with either a scrambled control (Scrl) or
an ADAM 7-targeted sShRNA (ADAM17-Shl). Blot is representative of three experiments.
(B) Surface abundance of TNFR1 and TNFR2 as determined by flow cytometry on L-929
cells expressing a vector control, full-length (WT) iRhom2 or iRhom2-AN in the presence of
either control or ADAM17 shRNA (n= 6). (C and D) Cell death as a proportion of annexin—
7-AAD" cells in cultures of 1 x 103 L-929 cells stably expressing full-length or AN-iRhom?2
(C) or iRhom1 (D) and either scrambled or ADAM17 shRNA treated with recombinant TNF
for 48 hours (n=4 or 6, respectively). Data are means + SEM from the number of
experiments (n7) indicated; *P< 0.05, ***P<(0.001. MFI, mean fluorescence intensity.
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Fig.5. Truncation of the cytoplasmatic tail results in increased surface expression of iRhom?2.
(A) Immunoprecipitation (IP) for T7 or ADAM17 followed by immunoblotting for the same

in lysates from L-929 cells stably expressing T7-tagged WT or truncated iRhom2. Blot is
representative of three experiments. (B) Immunoblotting for iRhom2 using a T7 antibody in
intracellular and cell surface fractions from L-929 cells stably expressing WT or truncated
iRhom?2. Blot is representative of three experiments. (C) Surface abundance of iRhom2,
determined using an antibody against T7, on stably transfected L-929 cells (n= 8). (D)
Immunocytochemistry for iRhom2 using T7 antibodies (Cy3), phalloidin—fluorescein
isothiocyanate (FITC), and Hoechst staining in stably transfected L-929 cells, fixed, and/or
permeabilized as indicated (n> 3 experiments). (E and F) Flow cytometry analysis of MFI
of the surface abundance of iRhom2 on unpermeabilized stably transfected L-929 cells
expressing either scrambled or ADAM17 shRNA (n> 4 experiments) (E) or immortalized
WT or Adam17knockout (KO) mouse embryonic fibroblasts (MEFs) (n= 12 experiments)
(F). Data are means = SEM from the number of experiments (#) indicated; ***P< 0.001.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. Na*/K* ATPase, Na*- and K*-
dependent adenosine triphosphatase.
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Fig. 6. N-terminal mutations in iRhom2 trigger constitutive activity of ADAM17.
(A and B) TNFR1 and TNFR2 in conditioned media of 1 x 10° L-929 cells expressing WT

or AN-iRhom2 (A) or iRhom1 (B) cultured with PMA (100 ng/ml) in the presence (where
indicated) of GI or GW (3 uM each) (= 6). (C) KitL2 shedding in immortalized MEFs
(iIMEFs) genetically lacking iRhom?2 transfected with alkaline phosphatase (AP)-tagged
KitL2 along with MAD2 (control), iRhom2-WT, or iRhom2-AN, and (where indicated, +)
preincubated with marimastat overnight (MM/ON), followed by washout of the inhibitor (n
= 3). (D) Transforming growth factor—a (TGF-a) shedding from iMEFs genetically lacking
iRhom1 and iRhom2 and transfected with AP-tagged TGF-a along with MAD?2 (control),
murine WT iRhom2, or iRhom2!136TP159L (> 5) (E) Concentration of soluble TNFR1 in
supernatants from 2 x 10° keratinocytes from either healthy donors (K17 cells) or tylosis

patients who have mutations in IRHOM2U86T/WT) [TYL K] and TYLK2 treated with
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vehicle (dimethyl sulfoxide; DMSO) or TMI-005 ADAM17 inhibitor for 24 (left) or 48
(right) hours]. Data are means + SEM from the number of experiments (n) indicated; * P <
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0.05, **P<0.01, *** P< 0.001 against WT (A and B) or MAD2 (D and E); #P< 0.05
against vector (A and B) or mutant construct (D and E).
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