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1 Introduction

Protecting their integrity is a core concern of all living things. In addition to phys-
ical damage, starvation and competition by rivals, among other dangers, most or-
ganisms are constantly threatened by pathogenic entities. To protect themselves, life
forms ranging from single cell organisms such as bacteria to complex vertebrates have
evolved diverse defense systems granting them immunity from pathogens through var-
ious mechanisms. These defenses, collective termed an organism’s “immune system”
can take many forms: They can be located inside cells or on their membranes, or
they can be secreted as a response to extracellular immunogens and work entirely
independently of cells. They can be based on proteins, lipids, nucleic acids or small
molecule second messengers (Takeuchi and Akira 2010; J. Chen and Z. J. Chen 2018;
Shimizu 2009; Sorek et al. 2008; Zaver and Woodward |2020; Boehm and Swann 2014).
Nonetheless, at their root, all these systems share a common ability: They can dis-
tinguish between self and non-self structures (C. A. J. Janeway |1989). A broad cat-
egorization of immune systems differentiates between two branches that work closely

together in more complex organisms: innate and adaptive immunity.

1.1 The innate immune system

Many species protect themselves with passive barrier organs such as skin that generally
keep most pathogens at bay (Murphy et al. 2012). Internal threats and pathogens that
have successfully crossed these barriers next face what is typically considered a host’s
first line of active defense: the innate immune system (C. A. J. Janeway |1989). The
primary tasks of this system are to sense the presence of non-self or altered-self-derived
signatures and to then mount a tailored response to clear the corresponding threat.
For both of these tasks innate immune systems have various tools at their disposal
that in more complex multicellular organisms are often distributed across multiple

cell types. Cells of the innate immune system can be found in almost all human
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tissues, often developing an intricate relationship with a given tissue and contributing
to its maintenance in the absence of pathogens (Meizlish et al. 2021; Kane and Lynch
2019).

1.1.1 Sensing non-self

Diverse non-self derived motifs including lipids, nucleic acids and proteins are detected
by a readily available repertoire of germline-encoded proteins called pattern recogni-
tion receptors (PRRs) (Medzhitov and C. A. Janeway [2002; Takeuchi and Akira 2010).
These sensors are expressed in specialized sentinel cells of the immune system and in
some regular tissue cells. The specificity of PRRs is hard-coded into their amino acid
sequence and has been evolutionarily selected to detect invariant microbe-associated
molecular patterns (MAMPs, also referred to as pathogen-associated molecular pat-
terns (PAMPs) (C. A. J. Janeway |1989; Koropatnick et al. 2004)) or host danger
signals. They often surveil a “niche”, a spatially defined cellular or extracellular com-
partment. PRRs can be grouped into several families by their structural similarity

and mechanism of action (Takeuchi and Akira [2010).

Toll-like receptors

The transmembrane Toll-like receptor (TLR) proteins monitor the extracellular space
from the plasma membrane and, following endocytosis of extracellular material, the
membranes of the endolysosomal system (Medzhitov, Preston-Hurlburt, et al. [1997;
Fitzgerald and Kagan [2020). They are expressed on cells of the innate immune system
such as macrophages and dendritic cells but also on non-professional immune cells such
as fibroblasts and epithelial cells. All TLRs share a structure of extracellular leucine
rich repeats (LRRs) that bind their respective ligands, a transmembrane domain,
and an intracellular Toll-interleukin-1 receptor (TIR) domain to relay their activation
status. Ten different TLRs have been identified in humans and twelve in mice. The
TLR10 gene is a non-coding type of genetic locus called a pseudogene in mice. Humans
in contrast do not have coding genes for TLRs 11-13. TLRs 1, 2, 4, 5, 6 and 10 are
localized on the plasma membrane while TLRs 3, 7, 8, 9, 11, 12 and 13 reside on
the endosomal membrane. TLR4 can be localized on both the plasma membrane and
the endosomal membrane. Upon ligand binding, TLRs form homo-, and, in case of
some TLRs, heterodimers. The endosomal TLRs 3, 7, 8, 9 and 13 are activated by
nucleic acids; a list of TLRs and their respective ligands is provided in table
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Table 1.1 | Human and mouse Toll-like receptors and their ligands. TLRs
are membrane-bound pattern recognition receptors that dimerize upon ligand binding.
Instead of homodimers, TLRs 1, 2 and 6 form the indicated heterodimers when they
recognize their ligand. TLRs 11-13 are expressed in mice but not humans. TLR10 is
a pseudogene in mice.

TLR Ligand References
TLRI1:TLR2 triacyl-lipopeptides Takeuchi, Sato, et al. [2002
Takeuchi, Hoshino, et al. 1999

TLR2:TLR6 diacyl-lipopeptides Takeuchi, Kawai, et al. 2001
Takeuchi, Hoshino, et al. 1999

TLR3 dsRNA Alexopoulou et al. 2001
TLR4 Lipopolysaccharide (LPS) Poltorak et al. 1998
TLR5 Flagellin Hayashi et al. 2001
Gewirtz et al. 2001

TLR7 ssRNA Diebold et al. 2004

Hemmi, Kaisho, et al. 2002
Heil et al. 2004

TLRS8 ssRNA Heil et al. 2004
Greulich et al. 2019

TLR9 CpG DNA Hemmi, Takeuchi, et al. 2000
TLR10 inhibits TLR2? Oosting et al. 2014
TLR11 Profilin Yarovinsky et al. [2005
TLR12 Profilin Koblansky et al. 2013
Andrade et al. 2013

TLR13 13nt sequence from Oldenburg et al. 2012
ribosomal ssRNA X.-D. Li and Z. J. Chen 2012

Hidmark et al. 2012

The endosomal TLRs are regulated to be activated at their destination directly or
indirectly by the trafficking adaptor UNC93B1 (Kim et al. 2008; B. L. Lee et al. 2013;
Pelka et al. 2018; Majer, B. Liu, Woo, et al. 2019; Majer, B. Liu, Kreuk, et al. 2019;
Tabeta et al. 2006).

TLRs signal recognition of their respective ligands to downstream pathways in the cy-
tosol via two adaptor proteins that bind to their cytosolic TIR domain: TIR-domain-
containing adapter-inducing interferon-f (TRIF, also known as TIR domain contain-
ing adaptor molecule 1 (TICAM1)), for TLR3 and TLR4, and Myeloid differentiation
primary response 88 (MyD88) for all other TLRs (Fitzgerald and Kagan 2020; O’Neill
and Bowie 2007). TLR4 can use both adaptors depending on its localization on the
plasma membrane (MyD88) or the endosome (TRIF). Downstream of TRIF or MyD88,

a network of signalling cascades amplifies the signal generated by TLR dimerisation,
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integrates inputs from various cellular sensors, and ultimately connects activation of
TLRs to the activation of transcriptional programs. After the formation of a MyDS88
assembly known as the myddosome and subsequent activation of Interleukin-1 recep-
tor associated kinases (IRAKs) (Motshwene et al. 2009; S.-C. Lin et al. 2010), the E3
ubiquitin ligase Tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6)
is recruited (Z. Cao et al. [1996). TRAF6 facilitates recruitment of TAB1 and -2 to
K63-linked polyubiquitin chains, which leads to activation of Transforming growth
factor B-activated kinase 1 (TAK1) (C. Wang et al. 2001), followed by Inhibitor of
nuclear factor kB kinase (IKK) o and IKKf{, and ultimately to IkB degradation and
activation of the dimeric transcription factor Nuclear factor 'k-light-chain-enhancer’
of activated B-cells (NF-«kB), which initiates a pro-inflammatory transcriptional pro-
gram (Israél [2010). Depending on the cell type it is activated in, this program can
include the production of paracrine mediators such as IL-6, cell surface proteins that
signal to interacting cells, or lead to remodelling of the cytoskeleton for example to
enable cell migration (Fitzgerald and Kagan 2020). TAKI1 also promotes mitogen-
activated protein kinase (MAPK)-driven activation of the activator protein 1 (AP-1)
transcription factor complex consisting of ¢-Fos and c-Jun, which in concert with NF-
kB facilitates the transcription of pro-inflammatory and chemotactic genes (Murphy et
al.[2012). TRAF6 additionally activates Tank binding kinase 1 (TBK1) and its homo-
logue IKKe. Via the kinase Akt they trigger rapid metabolic reprogramming towards
an increase in glycolysis that is initially accompanied by an increase in tricarboxylic
acid (TCA) cycle activity (O’Neill, Kishton, et al. 2016; Everts et al. [2014; Krawczyk
et al. [2010). At later stages promoted by the transcription factor hypoxia-inducible
factor 1-a (Hif-1e¢), immune cells can shift away from TCA cycle activity and instead
generate ATP via aerobic glycolysis, a transition known as Warburg effect that was
first discovered in highly proliferating cancer cells (Everts et al. 2014; Warburg et al.
1924). The purpose of this metabolic switch in immune cells is unclear, but blocking
the initial metabolic shift towards glycolysis in dendritic cells was shown to dampen
inflammatory reactions (Everts et al. [2014; Krawczyk et al.|[2010). Current hypotheses
state that the inefficient but rapid generation of ATP and the preservation of carbo-
hydrates as building blocks for cellular materials are priorities for freshly activated

immune cells that produce large quantities of effector molecules or proliferate quickly
(O’Neill, Kishton, et al. 2016).

The adaptor protein TRIF recruits TRAF3 to activate TBK1. TRIF harbours a
pLxIS amino acid motif (S. Liu et al. 2015) which, after phosphorylation by TBKI,
can bind the transcription factors interferon regulatory factor 3 (IRF3) or IRF7. De-
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pending on the cell type and activation circumstances the respective IRF's are then
also phosphorylated by TBK1, homodimerize and translocate to the nucleus to initi-
ate a type-I-interferon-driven antiviral transcriptional program (Fitzgerald and Kagan
2020).

For the nucleic-acid sensing and therefore mostly antiviral endosomal TLRs 7-9 it has
recently been shown that the pLxIS motif-containing adaptor protein TASL enables
type-1 interferon production downstream of MyD88 engagement (Heinz et al. 2020).
The kinase that phosphorylates this pLxIS motif has remained elusive.

RIG-I-like receptors

Retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are cytosolic proteins
with a helicase domain that detect the presence of non-self RNAs (Rehwinkel and
Gack 2020). As such, these proteins are important for the detection of many viral
infections (Kato et al. [2006). The RLR family consists of three members: RIG-I,
melanoma differentiation-associated protein 5 (MDAS5) and Laboratory of Genetics
and Physiology 2 (LGP2) (Rehwinkel and Gack 2020). Both RIG-I and MDAS5 have
an N-terminal CARD domain that mediates signalling to the mitochondrial outer
membrane protein mitochondrial antiviral-signalling protein (MAVS, also known as
[PS-1). MAVS;, in turn, serves as an activation platform for the kinase TBK1, and
ultimately, the transcription factors IRF3 and -7 as well as NF-kB (S. Liu et al. 2015;
Seth et al. 2005). Since host RNA is abundant in the cytosol, RLRs have to sense
particular pathogen-associated motifs on RNA to avoid aberrant activation. RIG-I
senses a triphosphate moiety on an RNA’s 5" end that on host messenger RNAs (mR-
NAs) is replaced by a 7-methylguanylate cap during splicing, but can be missing on
unspliced virus-derived RNAs (Hornung, Ellegast, et al.|2006; Cui et al. 2008). MDAS5
senses long dsRNA in the cytosol, a hallmark of many viral infections that is produced
either as a transcription intermediate or during replication of the viral genome (Berke
and Modis 2012; B. Wu et al. 2013). LGP2 is thought to play a regulatory role in
RLR-mediated immune defense (Rodriguez et al. 2014; Rothenfusser et al. 2005). Of
note, the generation of double stranded host RNAs is actively prevented by enzymes
called adenosine deaminase acting on RNA (ADAR) (Liddicoat et al.|2015; Rice et al.
2012). These enzymes deaminate adenosine, generating inosine, thereby weakening the

Watson-Crick base pairing between adenosine and uridine, destabilizing dsRNA.
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Table 1.2 | Classification of human NLR proteins by their N-terminal do-
main.

NLR family N-terminal domain homology Examples

A Acidic transactivator domain CIITA

B Baculovirus inhibitor repeats (BIR) NAIP

C Caspase activation and NOD1, NOD2,
recruitment domain (CARD) NLRC4

P Pyrin domain (PYD) NLRP1, NLRP3

X None NLRX1

NOD-like receptors

The Nucleotide-binding and oligomerization domain-like receptors with LRRs (Nod-
like receptors, NLRs) are a group of cytosolic immune sensors named after their shared
core nucleotide binding and oligomerization (NOD or NACHT) domain (Inohara and
Nunez 2003). By their N-terminal domain, NLRs can be divided into five groups as
shown in table [L.2l

NLRs are commonly activated by self-oligomerization upon ligand binding. Notable
exceptions include CIITA (C2TA), a transcriptional transactivator controlling major
histocompatibility complex (MHC) II gene expression (Harton et al. [1999; Steimle et
al.|1993) and NAIP, which does not have an LRR domain and after ligand engagement
nucleates the oligomerization of NLRC4 (L. Zhang et al. 2015; Vance 2015; Roy et
al. |1995). NLRX1 localizes to mitochondria and was initially proposed to negatively
regulate MAV'S activation (C. B. Moore et al. 2008). However, conflicting reports have
since cast doubt on these conclusions and the function of NLRX1 remains unclear
(Rebsamen et al. 2011; Wright et al. 2003; Diez et al. 2003). Examples of sensor NLRs
include NOD1 and NOD2 that sense petidoglycans, the main component of gram-
positive bacteria’s cell walls (Caruso et al.[2014). After oligomerization these receptors
recruit the kinase Receptor-interacting serine/threonine-protein kinase 2 (RIPK2) via
their CARD domains to activate NF-kB. Several NLRPs such als NLRP1, NLRP3
and NLRP10 as well as NLRC4 are known to form large protein complexes called
inflammasomes that trigger lytic cell death in response to sensing MAMPs (Broz and
V. M. Dixit 2016).
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cGAS-STING

Double-stranded DNA (dsDNA) occuring in the cytosol, a hallmark of several virus in-
fections, is sensed by the cyclic GMP-AMP synthase (¢cGAS)-Stimulator of interferon
genes (STING) pathway (Hopfner and Hornung [2020; Decout et al. 2021). ¢cGAS, upon
binding dsDNA, synthesizes the second messenger cyclic Gp(2’-5")Ap(3’-5’) (cGAMP),
which in turn is sensed by the endoplasmic reticulum (ER)-resident protein stimula-
tor of interferon genes (STING)(Gao et al. 2013; Sun et al. 2013; J. Wu et al. 2013;
Ablasser et al. [2013). Of note, STING can also sense other cyclic dinucleotides, for
example of bacterial origin, where these molecules frequently act as second messengers
(Burdette et al. [2011). After activation, STING travels from the ER to the ER-Golgi-
intermediate compartment (ERGIC) and the Golgi apparatus before its degradation
in the lysosome, an acidic compartment for the degradation of extra- and intracel-
lular material (de Duve et al. |1955). At the ERGIC, STING interacts with TBK1
and via its pLxIS motif serves as a platform for the activation of IRF3, leading to
a type-I-interferon response (S. Liu et al. [2015). c¢GAS-like enzymes have also been
discovered to synthesize cyclic di- and trinucleotides as second messengers in prokary-
otes, and have recently been proposed as a new family of PRRs, the cGLRs (Slavik
and Kranzusch 2023; Y. Li et al. 2023). Given that DNA is not itself a MAMP, but is
immunogenic only upon of its aberrant localization in the cytoplasm rather than the
nucleus, its sensing need to be tightly regulated. Three prime repair exonuclease 1
(TREX1), a cytosolic DNA exonuclease, prevents accumulation of DNA in the cytosol
(Stetson et al. 2008). Its importance as a regulator is underscored by the fact that
loss-of-function mutations in TREX1 can cause Aicardi-Goutieres syndrome, a severe
condition signified by constitutive type-I-interferon signalling caused by excessive ac-
tivation of the innate immune system (Crow et al. 2006). Similar findings have been
made for other nucleases such as DNase II (Ahn et al. 2012). In addition, cGAS binds
to histones, structural DNA-binding proteins, with very high affinity, inhibiting its
cGAMP synthesizing ability. This prevents cGAS from being engaged by the hosts’s
own DNA during cell division when the nuclear envelope breaks down (D. Cao et al.
2020; Kujirai et al. |[2020; Pathare et al. 2020; B. Zhao et al. 2020; Uggenti et al. 2020;
Michalski et al. 2020; Boyer et al. 2020).
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AIM2-like receptors

The absent in melanoma 2 (AIM2)-like receptors (ALRs), also called PYHIN proteins,
are encoded in the diverse mammalian-specific ALR genetic locus (Lugrin and Mar-
tinon [2018). The proteins encoded by this locus share a pyrin and a DNA-binding
hematopoietic expression, interferon-inducible nature, and nuclear localization (HIN)
domain, but only one orthologue, the ALR name giver AIM2, is present in multiple
species. AIM2 is known for forming an inflammasome in response to DNA in mouse-
and some human cells (Fernandes-Alnemri et al. 2009; Hornung, Ablasser, et al. 2009;
Biircksttimmer et al. 2009). Of note, a DNA inflammasome in human monocytes is
formed by NLRP3 activation downstream of STING, independently of AIM2 (Gaidt,
Ebert, Chauhan, Ramshorn, et al. 2017). The human protein IFI16 and its mouse
orthologue p204 have been proposed to form a nuclear inflammasome in response to

several viruses, but evidence of caspase-1 activation by direct interaction has not been
found (Doitsh et al. |2014; Monroe et al. 2014).

1.1.2 Relaying signals and eliminating threats

After the engagement of its sensors, the immune system seeks to clear a threat or
contain it until it can be cleared by other mechanisms. To this end, cells engage spe-
cific transcriptional programs that lead to the production of immune effectors, which
can directly attack a pathogen or set off and sustain an immune reaction. For more
serious cases, this often involves an immune reaction that is tailored to a given insult
such as an inflammatory reaction or antiviral immunity. Inflammatory reactions are
classically characterized by four symptoms: pain, redness, heat, and swelling of the
affected region (Murphy et al. 2012). Systemic reactions can involve fever. These
symptoms are induced by specific mediators that are created or released upon acti-
vation of innate immunity. One class of such mediators are small soluble proteins
that cause reactions in bystander cells, also known as cytokines. The cytokine tumour
necrosis factor (TNF) was originally discovered to induce cell death in a cancer cell
line (Carswell et al.|1975; W. P. Kolb and Granger |1968; Ruddle and Waksman 1968).
In addition to promoting cell death via the TNFR adaptor FAS-associated death do-
main protein (FADD) and formation of a cytosolic protein complex called “complex
I1”, TNF can potentiate inflammatory reactions by activating the transcription factor

NF-kB via interaction of the adaptor protein TNF receptor type 1-associated DEATH
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domain protein (TRADD) with TRAF2, leading to the formation of the membrane-
associated “complex 1”7 (Micheau and Tschopp 2003; Hsu et al. [1996). NF-kB in turn
leads to production of more TNF among other pro-inflammatory cytokines such as
IL-6 and pro-IL-1f3. TNF also induces local redness, heat, and swelling by promoting
vasodilation, increasing blood flow and causing fluid eflux from blood vessels into
the surrounding tissue (Murphy et al. 2012). This in turn leads to infiltration of im-
mune cells into affected tissues, most abundantly a short-lived type of white blood
cell (leukocyte) called neutrophil granulocyte. In addition to cytokines, lipid media-
tors generated by enzymes called cyclooxygenases (COX) can cause pain and other

symptoms of inflammation (Baral et al. [2019).

Type-I-interferon-driven immune reactions, named for their ability to interfere with
viruses, in contrast to inflammatory reactions are primarily directed against viruses
(McNab et al. 2015). The major type-I-interferons (IFNs) o and (3 are soluble protein
mediators that signal the presence of viral pathogens to neighbouring cells. On these
bystander cells they engage the interferon-ot/f3 receptor (IFNAR). Similar to other
cytokine receptors, IFNAR dimerizes upon ligand binding and signals through Janus
kinases (JAKs), which phosphorylate signal transducer and activator of transcription
(STAT) proteins that dimerize and translocate to the nucleus to drive the expression
of a large number of interferon stimulated genes (ISGs) (Platanias [2005; Schoggins
et al. 2011). In complex with the transcription factor IRF9, STAT1 and STAT2 form
the IFN-stimulated gene (ISG) factor 3 (ISGF3) transcription factor complex that
binds to a separate DNA motif termed IFN-stimulated response element (ISRE) and
switches on a different set of ISGs. Notable ISGs include Viperin, an enzyme that
produces an inhibitor of viral RNA polymerases (Gizzi et al. 2018), and APOBEC3G,
an ssDNA cytosine deaminase that is packaged into HIV-1 virions and restricts HIV-1
integration and replication (Sheehy et al. 2002).

Specific effector mechanisms used by the innate immune system include the uptake
(phagocytosis) and degradation of detected non-self structures in the lysosomal com-
partment of specialized cells called macrophages by their discoverer Elie Metchnikoff
in 1882 (Gordon [2008). These cells are also strong initiators of immune reactions upon
non-self sensing (Takeuchi and Akira 2010). Another potent mechanism that curbs the
spread of pathogens is programmed cell death, in which cells compromise their own
integrity to limit the replicative niche that is available to intracellular pathogens. The
complement system, a protease and protein complex formation cascade that consists
of proteins in the blood, becomes activated on non-self surfaces to induce inflamma-

tion, phagocytosis and membrane pores in its target (Ricklin et al. 2010). Weakening
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membrane integrity is also a frequent mechanism of action of antimicrobial peptides

such as dermcidin or defensins (Ganz 2003).

1.1.3 Emerging non-self sensing paradigms in innate immunity

In addition to pattern-triggered immunity (PTI), an alternative non-self sensing paradigm
called effector-triggered immunity (ETI) has been proposed to underlie innate im-
munity (Remick et al. [2023). Instead of sensing specific non-self structures such as
MAMPs, effector-triggered immunity employs receptors that sense the action of a
pathogen effector, often indirectly through the perturbation of a critical host process or
structure. This so-called “guard immunity” describes the activation of immune path-
ways (the “guards”) upon the disruption of critical host processes (the “guardees”)
(Vance 2010). Originally discovered to be widespread in plants, examples of guard
immunity have also been discovered in the human immune system (Dangl and Jones
2001; Remick et al. 2023): The PRR Pyrin senses the perturbation of the GTPase
RhoA (Xu et al. 2014), and thereby the ability of host cells to remodel their cytoskele-
ton, by monitoring its downstream targets PKN1/2 (Park et al. 2016). Upon loss
of an inhibitory phorphorylation on Pyrin normally placed by these kinases, Pyrin is
activated and initiates an immune response. The antiviral human protein MORCS3,
in addition to its direct antiviral activity, has recently been shown to act as a tran-
scriptional repressor of the genetic IFNBI1 locus that encodes the antiviral type-I in-
terferon gene interferon-f (Gaidt, Morrow, et al. 2021). When the HSV-1 effector
ICPO initiates MORC3 degradation by ubiquitination, it unleashes the derepression of
an antiviral type-I-interferon response instead. By encoding two constitutively active
functions with opposing roles, MORC3 guards its own antiviral effect, a paradigm

named self-guarding (Remick et al. 2023).

Another sensing paradigm that is more similar to PAMP or MAMP sensing is the
sensing of danger-associated molecular patterns (DAMPs) and alarmins. In contrast to
PAMPs and MAMPs, DAMPs and alarmins are host molecules that elicit an immune
reaction upon detection by immune cells. While alarmins such as the IL-1 family
members [L-1o and I1L-33 are direct activators of immune responses, DAMPs are host
molecules with different functions that can also engage immune sensors, for example
when they are mislocalized (Bertheloot and Latz [2017; Matzinger 1994). Examples of
DAMPs are ATP or uric acid crystals that activate NLRP3, or host DNA that can
activate cGAS or AIM2.

10
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1.1.4 Limitations of innate immune systems

Despite its ability to detect non-self structures and its power to clear out most pathogens
before they establish an infection, our innate immune system has a few inadequacies
that make it insufficient to defend our bodies from the breadth of pathogens we are ex-
posed to on its own: First and foremost, the innate immune system can only deal with
pathogens it has evolved to detect. While ETI expands the range of pathogens the
innate immune system can respond to without the need for specific recognition, many
pathogens have likewise evolved measures to avoid or delay detection or clearance, in-
stigating an evolutionary arms race with their hosts (Tenthorey et al. 2022). Second,
innate immune systems have a limited capacity to remember and deal more effec-
tively with future encounters of the same pathogen, especially across longer timescales
(Netea et al. 2020). These gaps are filled by the other branch of our immune system:

the adaptive immune system.

1.2 The adaptive immune system

To effectively deal with pathogens that cannot be cleared by the passive and active
mechanisms employed by our innate immune system, our adaptive immune system
has evolved the ability to generate effector cells and -molecules that are specifically
tailored to a given pathogen or non-self threat (Flajnik|[2018). In contrast to the innate
immune system, the machinery behind adaptive immunity requires macroscopic tissue
structures and organ systems and takes several days to mount an immune reaction.
Underlying adaptive immunity is the ability of many cells to present fragments derived
from degraded pathogen or non-self proteins on their surface, thereby signalling the
presence of pathogens or non-self structures to neighbouring cells (Neefjes et al. 2011).
Depending on their source, antigens are presented on either of two proteins contained
in the major histocompatibility complex (MHC) gene locus: MHC-I presents antigens
from the cytosol, whereas MHC-II presents antigens from endo- and lysosomes that
were taken up by cells through phagocytosis. The activation of adaptive immunity
is triggered by non-self sensing of the innate immune system; paramount to this link
is a cell type called “dendritic cell” (DC), named after its stellate morphology, that
was originally discovered by visual inspection of mouse spleens under the microscope
(Steinman and Cohn [1973; Cabeza-Cabrerizo et al.|2021). In peripheral tissues, these

cells take up extracellular content, surveilling it for the presence of MAMPs and other

11
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non-self signatures. Upon activation of the extensive range of PRRs they express,
DCs are triggered to migrate to the nearest lymphatic tissue to present antigens to
T-lymphocytes circulating through lymphatic tissues (Cabeza-Cabrerizo et al. [2021).
These T-lymphocytes originate from stem cells in the bone marrow and maturate in
the thymus — hence the name T-cell. Through semi-random recombination of their
genetic material, a process known as V(D)J recombination named after the three
variable genetic fragments that are combined into one gene, each T-cell expresses a
unique surface receptor that can sense a peptide antigen presented on MHC-I or -II
(Schatz and Ji 2011). During their maturation in the thymus, T-cells are selected
to bind weakly to MHC-self antigen complexes, ensuring that a given T-cell receptor
can both bind MHC (positive selection), but also isn’t strongly self-reactive (negative
selection) (Murphy et al. 2012). This procedure gives rise to a clonal repertoire of
T-cells that is little self-reactive, preventing autoimmunity by a mechanism known
as central tolerance, but at the same time functional and maximally diverse — the
number of different T-cell receptors present in humans is estimated to be at least
100 million at a time (Qi et al. 2014). Two types of T-cells are distinguished based
on their expression of the MHC-binding co-receptor proteins CD4, binding MHC-II,
and CD8, binding MHC-I. When a T-cell encounters a PRR-activated dendritic cell
presenting its matching “cognate” antigen in lymphatic tissues, the T-cell is licensed
for an adaptive immune reaction and stimulated via autocrine interleukin-2 (IL-2)
signalling to proliferate rapidly (Murphy et al. 2012). To activate MHC-I-binding
CD8* T-cells, DCs face a conundrum: If they are not infected by an intracellular
pathogen themselves, they will only take up its components through endocytosis, which
leads to antigen presentation on MHC-II, but not the CD8*-T-cell-activating MHC-I.
To solve this problem, DCs can activate a mechanism called “cross-presentation” which
leads to the presentation of antigens derived from endocytosed material on MHC-I
either via MHC-I loading in the endosome or peptide release from the endosome into
the cytosol (Joffre et al. 2012). Licensed effector T-cells can leave the lymphatic system
and home in on sites of infection. There, CD8% T-cells, also called cytotoxic T-cells
(cytotoxic T-lymphocytes, CTLs), can induce cell death in infected cells that present
the CTL’s cognate antigen via MHC-I. In addition, fragments of altered self proteins
presented by cancer cells can lead to these cells being targeted by CTLs (Murphy
et al. 2012). To prevent pathogens or cancer cells from tampering with the expression
of MHC molecules to escape detection by the adaptive immune system, a specialized
cell type know as natural killer cell (NK cell) kills cells that do not express MHC
molecules (Mujal et al. 2021). CD4" T-cells, also known as helper T-cells, exert their

effector function mainly by influencing other cells of both the innate and adaptive
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immune system (Murphy et al. 2012). For example they can activate macrophages
that present their cognate antigen to clear an infection with endosomal pathogens
by inducing the increased generation of reactive oxygen species (ROS). CD4" T-cells
are also strong producers of cytokines. Depending on the cytokine milieu in which
they proliferate they can differentiate into several lineages signified by the activation
of different master transcription factors. These lineages then in turn secrete different
cytokine profiles, directing an immune reaction towards a more pro-inflammatory,
anti-viral or anti-parasitic response. CD4" T-cells also play a crucial role in the
activation of another adaptive immune cell type: B-cells. Analogous to T-cells, B-
cells are named for their maturation in the bone marrow (Murphy et al. [2012). Also
similar to T-cells, each B-cell expresses a unique antigen receptor that is generated
by V(D)J recombination. However, B-cell receptors have two identical binding sites
that recognize the binding of a soluble protein in its natural 3D structure instead of an
MHC-bound peptide derived from the protein antigen as is the case for T-cells (Flajnik
2018). Before licensing by DCs, antigens bound to the B-cell receptor are internalized
and presented on MHC-II. After licensing by DCs, B-cells turn into effector cells called
plasma cells. Alternative splicing turns their B-cell receptors into soluble proteins,
the so-called antibodies. These antibodies bind to non-self antigens, neutralize them
and mark them for phagocytosis. Affinity maturation in germinal centers, B-cell-rich
structures in secondary lymphoid organs, can further enhance antibody specificity by
selecting B-cell clones and modifying their antibodies on the genetic level through a
process called somatic hypermutation. Here, B-cells semi-randomly modify part of the
DNA that encodes the antigen-binding regions of their B-cell receptor during affinity
maturation in germinal centers. The mechanisms that target this diversity-increasing
mechanism to specific genomic regions have not been fully elucidated (Odegard and
Schatz 2006). Separate antibody isotypes that share antigen specificity but differ in
their effector functions can irreversibly be generated from clones of the same B- or
plasma cell by genome rearrangement in a process called class-switching. Both B- and
T-cells can become memory cells that are “archived” in lymphatic tissues (Akkaya
et al. 2020; Farber et al. |2014). Upon re-encountering their cognate antigen, these
memory cells can quickly be reactivated again without the help of a DC, forming the
basis of adaptive immune memory. Immune memory, in turn, constitutes the biological
basis of vaccination, also called active immunization, a pharmacological intervention
aimed at targeting the immune system against a given threat (Pollard and Bijker
2021). Indeed, in line with the role of DCs, vaccines typically contain an adjuvant, a
substance that is known to trigger innate immunity in order to enhance activation of

adaptive immunity.
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1.3 Evolution of immune systems

It has become clear that many components of our innate immune defense pathways
have been conserved through evolution (Wein and Sorek 2022). Indeed, the origin of
many human PRRs can be traced back to evolutionarily older organisms: Toll receptor,
a homologue and the name giver of mammalian TLRs, was originally discovered to
play a crucial role in Drosophila development in a genetic screen for anatomic defects
in the 1980s (Niisslein-Volhard and Wieschaus |1980), but later discovered to also
play a role in immunity (Lemaitre et al. [1996; Poltorak et al. [1998). More recent
research has revealed that immune signalling pathways are evolutionarily conserved
at least functionally to an even larger extent, as various homologues and analogues of
mammalian defense pathways have been found in prokaryotes (Wein and Sorek 2022).
Examples include cyclic oligonucleotide-based antiphage signalling system (CBASS),
a bacterial immune mechanism that detects invading phages and executes cell death
when engaged (Duncan-Lowey and Kranzusch [2022). This system relies on cyclic
di- or trinucleotides, produced by enzymes sharing homology with cGAS, as second
messengers to activate the cell death-inducing effectors. NACHT domain-containing
bacterial proteins that resemble NLRs and play a role in defense against phages have
been identified as well (Kibby et al.|2023). Bacterial Gasdermin homologues that are
activated by proteolytic cleavage and removal of a C-terminal peptide to subsequently
form membrane pores have also been described (Johnson et al.2022). The discovery of
a new type of adaptive immune system illuminated how adaptive immune systems may
have evolved from innate immune systems over time: Lamprey, a species of marine
jawless vertebrates have an adaptive immune system with clonally different antigen
receptor-expressing cell populations that resemble T- and B-cells (Boehm, McCurley,
et al. [2012). Their antigen receptors, called variable lymphocyte receptors (VLRs),
are composed of LRR domains that are randomly arranged by a mechanism similar
to gene conversion, in which DNA fragments from a different locus are sequentially
integrated into the VLR locus (Boehm, McCurley, et al. [2012; Pancer et al. 2004).

1.4 Cell death as the ultima ratio in host defense

A last resort in host defense is programmed cell death (PCD), a group of pathways lead-
ing to cells actively inducing their own death (J. P. Kolb et al.|2017; Bertheloot, Latz,

and B. S. Franklin 2021). This reaction is evolutionarily conserved in prokaryotes,
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where it is termed abortive infection (ABI) (Lopatina et al. [2020). PCD is thought
to act by limiting the replicative or survival niche of pathogens, thereby restricting
their proliferation and spread. In addition, many forms of cell death cause an im-
mune reaction in neighbouring cells through the release of pro-inflammatory DAMPs
and alarmins (Pinci et al. 2022). While the main purpose of CTLs of the adaptive
immune system is the induction of cell death in their target cells, PCD is frequently
induced induced in close connection with non-self sensing as part of a rapid, early
immune response and therefore mostly considered to be part of innate rather than
adaptive immune defense. Although different PCD pathways often occur together and
especially in vivo many pathways can contribute to defense against a given pathogen
at the same time, the molecular players and downstream consequences of many cell
death pathways are distinct and can be clearly defined. While a number of PCD path-
ways exist, three are particularly widespread and important for immunity: Apoptosis,

Necroptosis and Pyroptosis.

1.4.1 Apoptosis

The first recognized PCD pathway was apoptosis, an evolutionarily conserved, im-
munologically silent type of cell death during which cells shred their DNA and de-
compose into small vesicular bodies without cytosolic content leaking to the extra-
cellular space (Kerr et al. [1972). In vivo these remnants are ultimately taken up
and degraded by macrophages, a process known as efferocytosis (Doran et al. 2020).
Apoptosis requires the activity of enzymes named caspases (cystein-aspartic acid pro-
teases) (Van Opdenbosch and Lamkanfi 2019; Ramirez and Salvesen 2018). These
enzymes are synthesized as inactive zymogens and become active after cleavage, often
through proximity-induced trans-autoproteolysis. With the exception of caspase-8, all
caspases are either involved in apoptosis (apoptotic caspases) or in inducing an in-
flammatory type of cell death (inflammatory caspases). Apoptosis can be initiated via

two pathways, termed intrinsic or mitochondrial apoptosis and extrinsic apoptosis.

Intrinsic apoptosis is a homeostatic process. During embryonal development (Ke et al.
2018), but also during adult life, cells constantly undergo apoptosis as a result of age,
dysfunction or a lack of growth factors (Singh et al. 2019). The master regulators of
intrinsic apoptosis are the mitochondrial BCL-2 homology (BH) domain containing
proteins BCL-2, BCL-XL and MCL1. To set off intrinsic apoptosis, cellular processes
initiate the production or liberation of BH3-only proteins such as BIM, BID or PUMA.
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These pro-apoptotic effectors bind and activate the mitochondrial pore-forming pro-
teins BAX and BAK. However, they are themselves bound and kept in check by the
pro-survival BCL-2 proteins. Intrinsic apoptosis is thus regulated by an equilibrium
between pro-apoptotic and pro-survival effectors. Upon activation of BAX or BAK the
mitochondrial outer membrane is permeabilized (MOMP), and proteins form the inter-
membrane space spill into the cytosol. Cell death is inevitable at this point, even if the
following downstream processes of apoptosis are inhibited. The mitochondrial protein
cytochrome c, after leaking into the cytosol, binds apoptotic protease-activating factor
1 (APAF1) and together with the enzyme caspase-9 forms a protein complex called
apoptosome (Pan et al. 1998; Tsujimoto [1998). Formation of this complex leads to the
activation of caspase-9. The initiator caspase 9 then activates the so-called effector
caspases 3, 6 and 7. The effector caspases mediate the activation of nucleases such
as CAD (X. Liu et al. |1997), plasma membrane scramblases such as Xkr8 (J. Suzuki
et al. 2013) and proteases that induce the characteristic decomposed morphology of
apoptotic cells. “Eat-me” signals such as PtdSer presented on the plasma membrane
promote the engulfment of apoptotic remnants (J. Suzuki et al. 2013; Segawa et al.
2014).

The extrinsic apoptosis pathway is initiated by the engagement of plasma membrane
receptors such as Fas and TNFR1, among others by their respective ligands FasL. and
TNF (Ashkenazi and V. M. Dixit [1999). Binding of these ligands leads to oligomer-
ization of the receptor and ultimately to the recruitment of caspases 8 or 10 by ho-
motypic DED and death domain interactions in protein complexes known as complex
ITa (TNFR) or DISC (Fas). Active caspase-8 or -10 then induces the activation of the

effector caspases, converging with intrinsic apoptosis.

Crosstalk between intrinsic and extrinsic apoptosis exists: Caspase-8 can cleave the
molecule BID, which activates BAX and BAK, causing MOMP and activating intrinsic
apoptosis via caspase-9 (Singh et al. 2019). NF-kB activation has pro-survival effects
which are partially mediated by the transcription of the protein FLIP, which inhibits
caspase-8, antagonizing the death induction by TNFR activation.

1.4.2 Necroptosis

In contrast to accidental necrosis, which refers to cell death by excessive membrane
damage, for example through physical force, necroptosis is a programmed cell death

pathway (Weinlich et al. 2017). Unlike apoptotic cells, cells undergoing necroptosis
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release their cytoplasmic content, making necroptosis an immunogenic form of cell
death. Necroptosis is defined as programmed cell death executed by the pore-forming
effector MLKL after its activation through the kinase RIPK3. While it is clear that
MLKL is recruited to membranes and oligomerizes there, the exact mechanism of how

MLKL weakens membrane integrity has not been determined.

The protein ZBP1, which binds cytosolic Z-form RNA or DNA, activates RIPK3
by homotypic interaction through its receptor-interacting protein (RIP) homotypic
interaction motif (RHIM) domain. Z-form DNA is a hallmark of virus infections such
as influenza virus, suggesting necroptosis to be part of a ZBP1l-activated antiviral
defense strategy (T. Zhang, Yin, Boyd, et al. [2020). The aberrant activation of ZBP1
is prevented by the adenosine deaminase ADARI1 (Jiao et al. [2022; T. Zhang, Yin,
Fedorov, et al. 2022; Reuver et al. 2022).

Necroptosis can also be induced downstream of TNFR (Laster et al. 1988) and TRIF-
competent TLR signalling (Weinlich et al. [2017). When downstream signalling via
complex I is blocked, the cytosolic complex II can form with the adaptor FADD (New-
ton and Manning 2016). Following inhibition of translation, complex ITa forms, leading
to the activation of caspase-8 and apoptosis. Upon destabilization of complex I, for ex-
ample by inhibition of TAK1 or TAPs, RIPK1 can leave complex I and form complex
IIb, thereby initiating caspase-8 mediated apoptosis (Pasparakis and Vandenabeele
2015). Necroptosis is then kept in check by the catalytic activity of caspase-8, which
cleaves RIPK1 and RIPK3 to prevent necroptosis (Y. Lin et al. [1999; Feng et al.
2007). This prevention of necroptosis is functional even in the absence of caspase-8
autoprocessing and homodimerization due to the formation of a catalytically active
heterodimer of caspase-8 with the NF-kB target protein FLIP. This heterodimer does
not induce apoptosis, but instead inhibits necroptosis (Oberst et al. 2011). Upon
additional inhibition of caspase-8, necroptosis is induced through a RIPK1-RIPK3-
MLKL axis. Of note, lytic cell death such as necroptosis can itself induce the release
of membrane-bound TNF by activation of ADAM proteases (Pinci et al. 2022).

1.4.3 Pyroptosis

Pyroptosis is morphologically characterised by cell swelling and eventual rupture of the
plasma membrane, similar to necroptosis. However, the mediators of pyroptosis are a

family of proteins known as “Gasdermins”, named after the gastrointestinal expression
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pattern of Gasdermin A in mice (Broz, Pelegrin, et al. [2020). They were first identi-
fied as the ultimate mediators of pyroptosis by two landmark studies in 2015, both of
which identified Gasdermin D (GSDMD) as the executioner of immune cell pyroptosis
(Kayagaki, Stowe, et al. 2015; J. Shi, Y. Zhao, K. Wang, et al. 2015). The Gasdermins
all have two domains, a pore-forming and thereby death-inducing N-terminus that is
held in check under steady-state conditions by the inhibitory C-terminus. Upon cleav-
age of Gasdermins in a linker region between their N- and C-terminus by proteases
such as inflammatory caspases or neutrophil elastase the N-terminal fragment is re-
leased, translocates to the plasma membrane and induces pyroptosis (Xia et al. 2021;
Devant and Kagan 2023). Intriguingly, a membrane protein called NINJ1 has been
shown to be required for cell rupture downstream of Gasdermin engagement despite
the pore-forming ability of Gasdermins, with NINJ1/" cells swelling without rupturing
(Kayagaki, Kornfeld, et al. 2021). While recent studies shed light on the mechanism by
which NINJ1 causes plasma membrane rupture (Degen et al. 2023; David et al. [2023),
the signalling events leading to its activation remain unclear. In addition to the leak-
age of cytosolic content, pyroptosis is a highly pro-inflammatory form of cell death due
to its close connection with the activation of inflammatory caspases, which generate
soluble pro-inflammatory mediators such as IL-1-family cytokines that are maturated
by proteolytic cleavage of their inactive zymogen precursors. These cytokines are re-
leased passively through Gasdermin pores, with their small size permitting release

independently of membrane rupture (Xia et al. 2021).

The inflammatory caspases -1 and -11 (in mice) and -1, -4 and -5 (in humans) are
activated by the canonical and non-canonical inflammasomes (Jiménez Ferndndez and
Lamkanfi [2015). Importantly, the non-canonical inflammasome-forming caspases -4,
-5 and -11 can cleave Gasdermin D, the predominant Gasdermin isoform in immune
cells, but not pro-IL-13. However, release of these cytokines usually still accompanies
pyroptosis initiated by activation of these caspases because Gasdermin D pore forma-
tion induces NLRP3 activation, and thereby results in caspase-1 activation. Other
Gasdermins also initiate immunologically relevant pyroptosis: GSDME can be cleaved
by caspase-3 and thereby convert apoptosis into pyroptosis in cells with high levels
of GSDME (Y. Wang et al. 2017). GSDMA has recently been shown to be cleaved
directly by a protease of the skin pathogen S. pyogenes, inducing keratinocyte pyropto-
sis (Deng et al.|2022). Gasdermin pore formation can be countered by the endosomal
sorting complexes required for transport (ESCRT) membrane repair system, poten-
tially creating a threshold of active Gasdermin molecules required for pyroptosis (Riihl
et al. 2018).
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Table 1.3 | Human inflammasome sensors. NLRP1 and CARDS can be activated
by the destabilization of their respective N-termini, for example by protease-mediated
degradation. The non-canonical inflammasome is formed in response to cytosolic LPS
by caspase-4 or -5 in humans and caspase-11 in mice. [FI16 has not conclusively been
proven to form an inflammasome. The molecular trigger for NLRP3 remains unclear.

Sensor Trigger Reference
NLRP1 DPP9 displacement Okondo et al. 2017
Hollingsworth et al. 2021

Destabilized N-terminus Sandstrom et al. 2019

Chui et al. 2019
Robinson et al. 2020

dsRNA Bauernfried et al. 2021

CARDS DPP9 displacement Rao et al. 2022
Sharif et al. 2021

Destabilized N-terminus Q. Wang et al. 2021

NLRP3 TGN dispersal? J. Chen and Z. J. Chen 2018
NAIP/NLRC4 T3SS Needle proteins Kofoed and Vance [2011
Y. Zhao et al. 2011

NLRP10 mitochondrial damage Proéchnicki et al. 2023
Zheng et al. 2023

NLRP12 Y. pestis Vladimer et al. 2012
AIM2 dsDNA Rathinam et al. 2010
IF1167 dsDNA Unterholzner et al. 2010
Pyrin RhoA inhibition Xu et al. 2014
caspase 4, -5, -11  cytosolic LPS Kayagaki, Warming, et al. 2011

J. Shi, Y. Zhao, Y. Wang, et al. 2014
Schmid-Burgk, Gaidt, et al. 2015

1.4.4 Inflammasomes

The term “inflammasome” was coined in Jiirg Tschopp’s lab to describe the discovery
of a large multiprotein complex that activates inflammatory caspases and hence leads
to maturation of pro-IL-1f (Martinon, Hofmann, et al. |2001; Martinon, Burns, et al.
2002). It is now understood that inflammasomes are cytosolic multiprotein complexes
that induce pyroptosis (Broz and V. M. Dixit 2016). They follow a modular composi-
tion, where multiple sensors make use of the same protein complex architecture that
leads to the activation of caspase-1. Inflammasome activation begins with circular
oligomerization of an inflammasome sensor, often into 10- or 11-membered rings (L.
Zhang et al.[2015). A list of human inflammasome forming sensors and their activators
is provided in table [1.3]
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The inflammasomes that are activated by a PYD-containing sensor protein rely on the
adaptor protein Apoptosis-associated speck-like protein containing a CARD (ASC) for
caspase recruitment by homotypic PYD-PYD and CARD-CARD interactions. How-
ever, CARD-containing inflammasomes such as NAIP/NLRC4 and NLRP1 usually
employ ASC despite their CARD domain to boost inflammasome activity: while ASC-
deficient cells still undergo pyroptosis they release less IL-1f (Franchi et al. 2006).
Upon nucleation by an active sensor, ASC forms a long filament from which caspase
filaments are nucleated. This structure, known as the pyroptosome, is macroscopi-
cally visible as a single micrometer size “ASC speck” in the cytosol (Masumoto et al.
1999).

The NLRP3 inflammasome

The NLRP3 inflammasome is formed by the sensor NLRP3, the adaptor ASC and
caspase-1. NLRP3 has been intensively studied after its description as the target
of cold-induced genetic disorders in 2001 owing to its substantial clinical relevance
(Hoffman et al. 2001): In addition to its involvement in infectious diseases it mediates
the detrimental inflammatory component of sterile inflammatory conditions such as
gout and atherosclerosis, and has been proposed to exacerbate Alzheimer’s disease
(Halle et al. |2008; Hornung, Bauernfeind, et al. 2008; Martinon, Pétrilli, et al. [2006).

NLRP3 is strongly expressed in monocytes and macrophages.

The NLRP3 protein is composed of three domains: An N-terminal pyrin domain
(PYD) that interacts with ASC as an adaptor for caspase-1, a central nucleotide-
binding and oligomerization (NACHT) domain and a C-terminal array of LRRs (Lamkanfi
and V. M. Dixit 2014). The NACHT domain harbours walker A and B motifs which
coordinate ATP for hydrolysis (Duncan et al. 2007). ATP hydrolysis is required for in-
flammasome formation as shown by experiments with walker motif-defective mutants
in which IL-1f3 secretion was abolished. The activity of NLRP3 follows a complex,
two-step regulation pattern (Swanson et al. 2019): similar to pro-IL-1f3, the NLRP3
gene is not expressed in all NLRP3 inflammasome-competent cells under steady state
conditions. Instead, its expression often has to be upregulated before it can be acti-
vated, a phenomenon known as transcriptional priming (McKee and Coll [2020). While
some cells express sufficient levels of NLRP3 under steady-state conditions, they can
still benefit from modulation of the NLRP3 protein in other ways, a group of pathways
collectively called non-transcriptional or post-translational priming. The necessity for

this priming step is thought to be a unique feature of the NLRP3 inflammasome,
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although emerging evidence suggests non-transcriptional modulation may play a role
in NLRP1 activation as well (Jenster et al. 2023). Processes that have been shown
to modulate NLRP3 activity without activating it immediately include its phospho-
rylation (Song et al. [2017), dephosphorylation (Stutz et al. 2017), ubiquitination and
deubiquitination (Py et al. 2013), and subcellular relocalisation (Zhou et al. 2011;
Schmacke, O’Duill, et al. 2022) among others. These pathways can integrate various
signals to represent an overall inflammatory status that is reflected in the priming
state of NLRP3. However, many of them show high plasticity between species, cell
types and conditions, with factors and pathways that are reported as essential in a
given setting often being dispensable in another (Schmacke, O'Duill, et al. [2022; Mc-
Kee and Coll 2020). It is unclear why NLRP3 apparently depends on these different
priming pathways so heavily, but one suggestion is that NLRP3 is activated through a
host cell perturbation that is not specific to the presence of non-self. In this scenario,
priming would act as a safety mechanism preventing aberrant NLRP3 activation, tying

its activation to the activation of innate immunity.

A number of cellular perturbations can activate NLRP3: ITonophores (Perregaux and
Gabel |1994; Gurcel et al. 2006), crystals and particulate matter (Dostert et al. 2008;
Hornung, Bauernfeind, et al. 2008), extracellular ATP (Mariathasan et al. 2006) and
the small molecule imiquimod (Grofl et al. 2016) among others. Since it is unlikely
that these diverse activators all interact with NLRP3 directly, even more so since
some of them exert their effects from outside and some from inside cells, they are
thought to converge on a common molecular event that causes NLRP3 activation.
Different molecular triggers have been proposed to ultimately activate primed NLRP3
and lead to the assembly of the NLRP3 inflammasome. Early reports suggested re-
active oxygen species (ROS) as the NLRP3 activator, but this idea is hard to prove
conclusively owing to the volatile nature of ROS (Zhou et al. [2011; Dostert et al.
2008; Munoz-Planillo et al. 2013). A more recent theory is that efflux of K* from the
cytosol activates NLRP3 (Mufioz-Planillo et al. [2013). Indeed, many NLRP3 agonists
converge on the induction of K*-efflux. However, experiments with the TLR7 and
TLRS8 agonist imiquimod and the activation of NLRP3 in response to LPS alone have
shown that K*-efflux-independent NLRP3 activation is possible (Grofl et al. 2016;
Gaidt, Ebert, Chauhan, Schmidt, et al. 2016). A recent groundbreaking study has
proposed trans-Golgi network (TGN) dispersal as a unifying trigger for NLRP3 acti-
vation (J. Chen and Z. J. Chen 2018). In this model K*-efflux serves to bring NLRP3
to the TGN through increased charge-charge interaction of a poly-lysine patch within
NLRP3 with the lipid PtdIns4P on the TGN, but is not sufficient to activate NLRP3
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for inflammasome formation. However, dispersal of the TGN is a visible correlate
of a complex and reversible biological process that is not always associated with in-
flammasome activation (Sdenz et al.[2009). Even though there appears to be a strong
correlation between these two processes, a specific trigger for NLRP3 still has not been

found.

Curiously, priming and activation signals can be provided through the same PRR:
Studies in human monocytes have shown that TLR4 activation by LPS can lead to in-
flammasome activation by activating both NF-kB signalling and caspase-8 (Zewinger
et al. 2020; Gaidt, Ebert, Chauhan, Schmidt, et al. 2016). Another puzzling finding
regarding NLRP3 is the requirement for its protein cofactor Never in mitosis gene A
(NIMA)-related kinase 7 (NEK7). Originally described to facilitate the proper as-
sembly of mitotic spindles using its kinase function, it has recently been shown that
NEKT7 is essential for NLRP3 activation in mice (Schmid-Burgk, Chauhan, et al. 2016;
H. Shi et al. 2016; He et al. [2016). Rescue experiments with a kinase-dead mutant
have shown that the kinase activity of NEK7 is not required for its role in NLRP3
activation. Despite NEK7 being a direct interactor of NLRP3 (Xiao et al. 2023), the
molecular mechanism by which it affects NLRP3 remains elusive. Findings like the
involvement of NEK7 have demonstrated that the two-step model for NLRP3 inflam-
masome formation is likely an oversimplification that does not live up to the biological
reality. In fact, the ultimate contributions to NLRP3 inflammasome formation of
pathways classically ascribed to either priming or activation have often blurred rather
than sharpened the line between the two. Recent structural studies have described
non-functional cage-like NLRP3 assemblies that reflect an inactive state of NLRP3
(Andreeva et al. [2021; Hochheiser et al. 2022). It has been hypothesized that priming
may work to dissolve this cage, enabling oligomerization of NLRP3 in response to its
activating stimuli, but it has so far not been clarified at which step of the NLRP3
inflammasome formation cascade these cages emerge, leaving their physiological rele-

vance unclear.

1.5 Molecular genetics

The entirety of an organism’s genetic material, called the genome, contains the in-
structions for building all its structures and implementing its behaviours (Alberts et
al. 2008). Reproduction of all known biological entities entails the duplication of their

genome, and the growth of a descendant based on the instructions contained in the
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genome. With the exception of some viruses, whose genome is made from single- or
double stranded RNA, all known genomes take the form of one or several long, usually
double-stranded molecules of DNA (R. E. Franklin and Gosling [1953; Watson and
Crick [1953; Avery et al. [1944). Part of an organism’s genome consists of instructions
for transcription of DNA into messenger RNAs that serve as templates for the assem-
bly of proteins, highly diverse chains of amino acids with varying length that fold into
complex three dimensional assemblies. Their diversity allows proteins to efficiently ful-
fil various roles from enzymes catalyzing chemical reactions to structural components
building intra- and extracellular skeletons and transport pathways. The genetic code
that determines how DNA is translated into proteins — a triplet of three nucleobases
codes for one amino acid — is universal across all currently known forms of life (Niren-
berg and Matthaei 1961). This finding provided the basis for genetic engineering,
powering research disciplines such as synthetic biology and nowadays making rapid
progress towards interpreting and modulating protein function directly from DNA se-
quence (Jumper et al. [2021; Baek et al. 2021). Other parts of the genome contain
instructions for non-protein-coding RNAs that can have catalytic or regulatory func-
tions including ribosomal (rRNA) and transfer RNAs (tRNA) in addition to species
such as long non-coding RNAs (IncRNAs) (Alberts et al. 2008; Statello et al. 2021).
Finally, a large part especially of the more complex genomes of eukaryotic organisms
is not transcribed into RNAs at all, but instead serves a regulatory function for ex-
ample by modulating 3D genome architecture or serving as a binding site for proteins

regulating RNA transcription (Rowley and Corces [2018)).

Progress in genetic engineering has enabled the most specific targeted perturbation
of biological processes to date (J. Y. Wang and Doudna 2023): The ability to alter a
genome in a defined manner allows targeted disruption of individual genes (“knock-
outs”) and the insertion of short fragments or entire genes into random or defined
genetic loci (“knock-ins”). Perturbing a specific genetic locus enables the investigation
of causal relations between genome and function instead of the correlational analyses

provided by observational studies.

1.5.1 The CRISPR era of genome editing

A recent leap in genome editing technologies has come from harnessing a prokary-

otic immune system termed clustered regularly interspaced short palindromic repeats
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(CRISPR) for genome editing in mammalian cells (Gasiunas et al. 2012; Jinek, Chylin-
ski, et al. 2012; Mali et al. 2013; Cong et al. 2013; Jinek, Chylinski, et al. [2012):
CRISPR systems were originally discovered in bacteria as defense systems against
bacteria-targeting viruses called bacteriophages or phages (Hille et al. 2018). After
detecting an invading phage, a prokaryote can actively integrate parts of the phage’s
genome into a specific region of its own genome (Wiedenheft et al. 2012). This re-
gion contains so-called protospacer fragments of different invading phages separated
by homogenous sequences, coining the term CRISPR. These fragments are transcribed
into CRISPR RNAs (crRNAs) that are complimentary to the original phage’s genome.
Upon reinfection with a phage, CRISPR associated (Cas) proteins with nuclease ac-
tivity are targeted to the phage genome by the crRNAs and then cleave its genome,
disabling the phage. The presence of a conserved sequence motif called protospacer
adjacent motif (PAM) in the phage’s but not the prokaryote's genome prevents this
system from targeting its host’s genome in an autoimmune manner (Wiedenheft et al.
2012). CRISPR systems mark a simple case of adaptive immunity with a memory in

evolutionarily old organisms.

Expressing the components of these CRISPR systems, specifically Cas9 and a modi-
fied crRNA that already contains the tracrRNA, called single guide RNA (sgRNA), in
mammalian cells, enables mammalian genome editing with unprecedented efficiency
and precision (J. Y. Wang and Doudna [2023). By exchanging the 18-20bp protospacer
region in the sgRNA it is possible to program Cas9 to target specific DNA regions.
The Cas9 enzyme contains two nuclease domains, HNH and RuvC, that are required
for cleaving the complementary and non-complementary DNA strand, respectively
(Jinek, Jiang, et al. 2014). These DNA double strand breaks are then repaired via
either of two major pathways: non-homologous end joining (NHEJ) or Homology di-
rected repair (HDR) (J. K. Moore and Haber 1996 Scully et al. 2019). NHEJ works
by recognizing free DNA ends with the heterodimer Ku70-Ku80 that is also essential
for V(D)J recombination of variable adaptive immune system genes — in fact, loss of
function mutations in NHEJ genes are often associated with severe combined immun-
odeficiency (SCID), a disease marked by the complete loss of T- and B-lymphocytes
(Murphy et al. |2012). In case of the blunt ends that are most frequently introduced
by Cas9, the Ku70-Ku80 dimers on both DNA ends form a complex with the proteins
X-ray repair cross-complementing protein 4 (XRCC4) and DNA ligase IV, leading
to rejoining of the DNA strands (Scully et al. 2019). However, in cases where DNA
repair works to perfectly restore the original sequence, it remains complementary to

the sgRNA, so that Cas9 can cut again. This process is repeated until one of the
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nucleases and polymerases that usually make incompatible DNA double strand break
ends compatible is recruited and introduces a mutation (Chang et al. 2017). If this
mutation causes an insertion or deletion (indel) of a number of nucleotides that is not a
multiple of three it breaks the reading frame of the genetic code, a so-called frameshift
mutation. This leads to nonsensical translation, and, given that three of 64 possible
nucleobase triplets encode a translation stop instead of the addition of another amino
acid, to the premature termination of the polypeptide. The resulting defective riboso-
mal peptide (DRiP) is then degraded in the proteasome. mRNAs with such premature
termination codons (PTCs) are degraded by nonsense-mediated decay (NMD), which
upon recognition of a PTC based on its distance from the polyA tail or the existence
of an exon-junction complex after the PTC activates its central regulator UPF1 to re-
cruit endo- and exonucleases that dismantle and degrade RNA (Lykke-Andersen and
Jensen 2015). This leads to a targeted functional genetic knockout. In contrast to
NHEJ, HDR uses a homologous DNA strand to facilitate double strand break repair
(Jasin and Rothstein 2013). HDR is slower and engaged less frequently for CRISPR-~
induced double strand breaks than NHEJ, but can be exploited to introduce a specific
mutation at the site of a DNA cut by providing a donor oligonucleotide, thereby allow-
ing the “writing” of genetic information into genomes (Schmid-Burgk, Hoéning, et al.
2016; K. Suzuki et al. 2016; Anzalone et al. 2019).

A number of other CRISPR systems originating from different bacteria targeting both
DNA and RNA have been described since the discovery of Cas9 (Zetsche et al. 2015;
Abudayyeh et al. 2016; J. Y. Wang and Doudna [2023). CRISPR systems have dramat-
ically accelerated the generation of genetic knockouts in mice and mammalian cells.
By providing access to model systems lacking specific genes, CRISPR systems have
simplified the investigation of a wide range of biological questions with perturbational
rather than purely observational approaches. Only a decade after the discovery of
their potential for genome editing, CRISPR-based therapies are now being evaluated

in the clinic as a potential cure for several diseases (Katti et al. 2022).

1.5.2 Genetic screening

The genetic basis of a biological process can be investigated in an unbiased manner
by conducting so-called “forward genetic screens”. In these experiments, a library of
genetic variants is generated by introducing random genetic perturbations into many

individuals of a biological model system. Mutants with interesting phenotypes are
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then isolated from the library and their perturbation is determined, for example by
genome sequencing. Thereby, genotypes are mapped to phenotypes. Forward genetic
screens conducted in model organism such as D. melanogaster, C. elegans or mice
led to a number of groundbreaking biological discoveries in the past (Brenner [1974;
Niisslein-Volhard and Wieschaus |1980; Kayagaki, Stowe, et al. [2015).

With the advent of modern genome-editing technologies, forward genetic screens have
been miniaturized to the level of individual cells (Shalem et al. 2015). In these cell-
based screens a library of cells, each of which carries a different genetic perturbation, is
searched for phenotypes of interest. Interesting cells are then isolated from the library
and their perturbations analyzed by sequencing. In addition to CRISPR-mediated
genome editing, such screens can be conducted using random genomic integration in
haploid cell lines, a technique known as haploid genetic screening (Carette et al. 2009;
Fessler et al. 2020).

The two approaches have different strengths: CRISPR can target multiple copies of the
same gene in a vast range of cell types and organisms. However, since perturbations
introduced by CRISPR are not entirely random, but determined by sgRNAs, CRISPR
screens rely on complex libraries containing many thousands of sgRNAs. These screens
are therefore limited in their targeting space, with genome-wide screens usually only
targeting protein-coding genes (Shalem et al. [2015). Haploid genetic screening in con-
trast is based on the truly random integration of gene trap-containing DNA pieces —
translation stop-inducing genetic sequences — into the genome, and therefore by design
also targets non-coding RNAs and regulatory regions (Carette et al. 2009). However,
since haploid screens depend on cells with a haploid genome, they can only be con-
ducted in specialized cells that are limited in the range of biological phenomena they
can model. Since they cover a wider range of genomic mutations, the cell libraries gen-
erated by haploid genetic screens can be more than an order of magnitude larger than
those used in CRISPR screens, requiring cell isolation methods with an appropriate

throughput.

From a screening cell library with a single mutation in each cell either generated
via insertional mutagenesis including gene traps or CRISPR, cells with interesting
phenotypes have to be isolated. In most screens conducted so far, this has been

achieved by either of three methods:

1. Faster proliferation of target cells that eventually outgrow other cells enable

screens for proliferation speed (S. Chen et al. [2015).
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2. Protection from cell death as a phenotype allows for the expansion and analysis

of surviving cells (Kayagaki, Stowe, et al. 2015).

3. Fluorescence-activated cell sorting (FACS) as the most versatile method can
isolate cells based on changes in the intensity of fluorescently labelled markers
(Parnas et al. [2015).

The versatility of FACS notwithstanding, these technologies limit the phenotypes that
are amenable to cell-based forward genetic screening at genome scale (Bock et al.2022).
Several approaches have therefore tried to extend genetic screening to other modali-
ties: Perturb-seq and CROP-seq use single cell RNA sequencing to determine cellular
phenotypes, but do not contain an enrichment step, requiring enormous sequencing
throughput, making genome-scale screens costly (Replogle et al. [2022; A. Dixit et al.
2016; Datlinger et al.2017). Technologies for screens based on microscopy images have
been developed as well: In situ sequencing uses sequencing by synthesis, the method
behind large scale short read sequencing directly in cells to sequence sgRN A-associated
barcodes (Feldman et al.2019). Image-based cell sorters separate dissociated cells with
protein distribution phenotypes assessed by low-resolution, microsecond exposure flow
imaging at unprecedented throughput (Schraivogel et al. 2022). Originally developed
to isolate specific cells from their tissue context for further analysis, marking indi-
vidual cells by converting photoswitchable or photoactivatable fluorophores with a
FRAP laser at single cell resolution promises to connect the throughput and ease of
sorting cells via FACS to information rich high-resolution images obtained by state-
of-the art microscopy (Victora et al. 2010; Yan et al. 2021; Kanfer et al. [2021; J. Lee
et al. |2020). Still, a technology that does not impose limits on screening library size
to ensure representation of rare phenotypes, allows for the unbiased identification of
phenotypes using the latest computer vision methods, and permits reanalysis of past
screens as new analysis methods become available while being compatible with both
state-of-the-art and widespread microscopy techniques had not been available until
now (Schmacke, Méadler, et al. 2023).
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2 Summary

2.1 NLRP3 priming by translocation

Working on the role of NEK7 in NLRP3 activation, we had discovered that, in con-
trast to the role of NEK7 in mouse cells, human cells activate NLRP3 independently
of NEK7. “Transplanting” mouse NLRP3 into a model of human monocytes rescued
the activity of mouse NLRP3 in the absence of NEK7. From this result we concluded
that rather than a difference between the two NLRP3 orthologues, a difference be-
tween cellular signalling must be responsible for the differential requirement of NEK7
for NLRP3 activation. Coupled with the finding that TLR4 stimulation via LPS
can bypass the requirement for NEK7 in mouse cells, we concluded that a pathway
activated downstream of TLR4 can bypass NEK7 by priming NLRP3. Tracing the
signalling cascade of TLR4 by genetically knocking out its components, we arrived at
the kinase IKKf3. Indeed, experiments with knockouts of IKKf3 in mouse and human
cells explained both phenotypes: LPS could no longer bypass NEK7 in mouse cells
and NLRP3 signalling in human cells was blunted. Why human cells are incapable
of using NEK7 to prime NLRP3 in the absence of IKKf(3 remains unclear. Using
human induced pluripotent stem cell-derived macrophages that we could genetically
engineer to lack NEK7 as a model system, we confirmed that human cells in contrast
to mouse cells do not require NEK7, but instead fully rely on IKK{ to prime NLRP3.
Elucidating the mechanism by which IKKf( primes NLRP3 for NEK7-independent
inflammasome activation, we found that IKK[( activity recruits a fluorescently tagged
NLRP3 variant to the trans-Golgi network, a finding we corroborated by mass spec-
trometry analysis of subcellular fractions. Our results define recruitment of NLRP3

to a specific organelle as a new priming modality of the NLRP3 inflammasome.
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2.2 CRISPR screening for subcellular spatial
phenotypes at genome scale

The development of charge coupled device (CCD) chips has enabled the acquisition
of digital images at high resolution (Boyle and Smith [1970). In combination with
modern microscopes the latest development of such chips has enabled the collection
of large digital datasets representing the spatial composition of cells. A technology
that can profile this composition and connect it to the genetic identity of individual
cells at scale could generate insights into complex cellular biology. Here we developed
a new genetic screening technology for image-based phenotypes. We first generated a
library of 40 million human U20S cells with one genetic knockout in each cell using
CRISPR/Cas9. The cells in this library had been genetically engineered to express
the fluorescently labelled autophagosome marker LC3 (mCherry-LC3). We stimulated
these cells with the mTOR inhibitor Torin-1 to induce autophagy, during which LC3
gets redistributed onto autophagosomes. We then acquired microscopy images of this
library and segmented these images into single cells using a nuclear stain to identify
individual cells and a membrane stain to associate a the cytosol of a cell with its
nucleus. This resulted in a dataset of single cell images across three channels: Nucleus
and membrane that were used for segmentation and an image corresponding to the
distribution of LC3 in each cell. Given that each cell in this library harboured a
different genetic knockout, we expected some cells to have been unable to redistribute
LC3 onto autophagosomes following Torin-1 stimulation owing to the lack of a gene
that is essential for this process. We then sought to identify these cells based on
their LC3 images. Since these data are inherently large and complex, we made use of
the recent breakthrough in image analysis by machine learning models (LeCun et al.
2015). Using a knockout of ATGS, an essential autophagy gene, as a positive control,
we trained a binary classifier based on a convolutional neural network to differentiate
between images of cell undergoing autophagy and images of cells that had a blunted
response to Torin-1 or were left unstimulated, and therefore not undergoing autophagy.
With this classifier we were able to identify individual cells in our library that were
incapable of forming autophagosomes in response to Torin-1. We then used fully
automated laser microdissection to isolate the nuclei of these cells and subsequently
sequenced their genetic perturbations. Here we found almost all genes known to be
essential for autophagy to be defective in this pool of selected cells. This experiment
demonstrates that our technology is capable of associating image-based phenotypes

with the genotype of individual cells at genome scale.
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Summary

The NLRP3 inflammasome plays a central role in antimicrobial defense as well as in the
context of sterile inflammatory conditions. NLRP3 activity is governed by two independent
signals: the first signal primes NLRP3, rendering it responsive to the second signal, which
then triggers inflammasome formation. Our understanding of how NLRP3 priming contributes
to inflammasome activation remains limited. Here, we show that IKKp, a kinase activated
during priming, induces recruitment of NLRP3 to phosphatidylinositol-4-phosphate (PI4P),

a phospholipid enriched on the frans-Golgi network. NEK7, a mitotic spindle kinase that
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had previously been thought to be indispensable for NLRP3 activation, was redundant for
inflammasome formation when IKKP recruited NLRP3 to PI4P. Studying iPSC-derived human
macrophages revealed that the IKKB-mediated NEK7-independent pathway constitutes the

predominant NLRP3 priming mechanism in human myeloid cells. Our results suggest that PI4P

binding represents a primed state into which NLRP3 is brought by IKK activity.

Introduction

Cells of the innate immune system employ a repertoire of so- called pattern recognition
receptors (PRRs) to discriminate self from non-self. Engagement of these PRRs triggers

a broad array of effector functions geared toward eliminating a microbial threat. The
inflammasome pathway constitutes a special class of this PRR system that is signified by
the activation of the cysteine protease caspase-1 in a large supramolecular protein complex.1
Activation of caspase-1 causes maturation of pro-inflammatory cytokines, most prominently
IL—1[3,2 as well as the induction of a special type of cell death, known as pyroptosis.> Among
inflammasome sensors, NLRP3 plays a pivotal role in antimicrobial defense as well as
sterile inflammatory diseases.* This is owed to the fact that NLRP3 is a highly sensitive,

yet non-specific PRR. In this regard, NLRP3 has been shown to respond to the perturbation
of cellular homeostasis by a broad array of diverse stimuli, rather than being activated by

a specific microbe-derived molecule.” K* efflux from the cytosol has been identified as a
common denominator of many NLRP3 triggers.6 In this function, several types of lytic cell
death have been shown to result in secondary engagement of the NLRP3 inflammasome
pathway.” However, K* efflux-independent NLRP3 stimuli have also been described .3 and
a recent report has identified dispersal of the frans-Golgi network (TGN) as a common
denominator of both K* efflux-dependent and -independent NLRP3 triggers.©

Unlike other inflammasome sensors, NLRP3 critically depends on the engagement of

a priming step.!! This priming signal can be provided by different types of receptors,
typically PRRs that trigger NF-kB activation. Lipopolysaccharide (LPS) activating TLR4
is commonly used to provide a priming signal preceding the actual NLRP3 activation
step. Initially, the necessity of priming had been ascribed to the fact that NLRP3 is
expressed at limiting amounts in murine macrophages. In this respect, it has been shown
that in a process now also called “transcriptional priming,” NF-kB activating stimuli

drive the expression of Nlip3, thereby facilitating its activation.!2-13 In line with these
findings, inhibition of transcription blocks this mode of NLRP3 priming, whereas transgenic
expression of NLRP3 bypasses the requirement of transcriptional priming.!2-13 Extending
this concept, NLRP3 can also be primed non-transcriptionally, e.g., by a short pulse

of LPS treatment.!4~16 These modes of priming have been ascribed to a variety of post-
translational modifications of NLRP3, including phosphorylation, de-phosphorylation, de-
ubiquitination, and de-sumoylation.!7-18 Although being mechanistically unrelated, these
events are commonly referred to as post-translational or non-transcriptional priming. The
fact that many cells already express NLRP3 at sufficient amounts under steady-state
conditions underscores the importance of non- transcriptional priming.!®

Immunity. Author manuscript; available in PMC 2023 June 13.
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Despite considerable insight into pathways that result in NLRP3 priming, the activation step
of the NLRP3 inflammasome and its interconnection with priming have remained enigmatic.
In this regard, we and others have identified the mitotic spindle kinase NEK7 (NIMA-related
kinase 7) as a critical cofactor in NLRP3 activation in murine cells.20-22 Notably, this

role of NEK7 is distinct from its function in the cell cycle, as its kinase activity is not
required for NLRP3 activation.2!-22 NEK7 has been suggested to interact with NLRP3 in a
K* efflux-dependent manner, and deletion of NEK7 does not affect transcriptional NLRP3
priming.2!122 This, in combination with a study modeling a NEK7-containing NLRP3
pyroptosome based on a cryo-EM structure of the NLRP3/NEK?7 complex,? has led to

the conclusion that NEK?7 is involved in NLRP3 activation downstream of K* efflux.2* Of
note, studies identifying NEK7 as an indispensable factor for NLRP3 activation have mainly
been conducted in murine models. Here, we report that reductionist genetic dissection of
NLRP3 signaling in human cells revealed an additional pathway of NLRP3 priming that
enables NLRP3 inflammasome activation independently of NEK7.

Human iPSC-derived macrophages and human myeloid cell lines activate NLRP3
independently of NEK7

We and others have previously described NEK7 to be essential for the activation of the
NLRP3 inflammasome in the murine system.20-22 To study the role of NEK7 in the human
system, we adopted a recently described iPSC-derived macrophage model, in which human
iPS cells are differentiated into macrophages in vitro (hiPS-Macs).2> hiPS-Macs are fully
capable of inflammasome activation: after priming with LPS, activation of the NLRP3
inflammasome with the ionophore Nigericin or the NAIP-NLRC4 inflammasome with
Needle Tox resulted in pyroptosis (LDH release) accompanied by the release of IL-1p and
IL-18 (Figures S1A and S1B). Both cytokine and LDH release in response to Nigericin,
but not Needle Tox, were sensitive to the NLRP3 inhibitor MCC950 (Figures S1A and
S1B). To investigate the role of NEK7 in NLRP3 inflammasome activation in hiPS-Macs,
we generated NEK 7'~ iPS cell clones via CRISPR-Cas9 genome editing. NEK7 deficiency
neither affected macrophage differentiation nor did it lead to altered NLRP3 expression
levels (Figure S1C). Contrasting previous reports from mouse cells, 2022 NEK 7-deficient
hiPS-Macs showed no major impairment of their NLRP3 inflammasome response (Figures
1A and S1D). Cytokine and LDH release following Nigericin stimulation remained sensitive
to MCC950 in NEK 7/ hiPS- Macs, confirming that Nigericin-induced pyroptosis was still
mediated by NLRP3 in these cells (Figure 1A). As expected, NAIP-NLRC4 activation and
IL-6 release also proceeded unperturbed in NEK 7/~ hiPS-Macs (Figures 1A and S1D).

We then sought to further characterize NEK7-independent NLRP3 activation in human
cells. To this end, we used the BLaER1 transdifferentiation system that we have previously
adopted to study innate immune sensing.2°27 Mirroring hiPS- Macs, NEK7-deficiency
showed no impact on NLRP3 inflammasome activation as assessed by release of LDH and
IL- 1b (Figures 1B and S1E). To address whether the role of NEK7 for NLRP3 activation in
human cells was overshadowed by a functional redundancy with its close homolog NEK6,
we generated cells deficient for both NEK6 and NEK7. Analogous to NEK7-deficient

Immunity. Author manuscript; available in PMC 2023 June 13.

33



siduosnuely JoyIny s1opung DN 2domng o

siduosnuely JoyIny s1opung DN 2domng o

3 Publications

34

Schmacke et al.

Page 4

cells, NEK6"~ x NEK7'- BLaER1 cells displayed unimpaired activation of the NLRP3
inflammasome (Figures 1B and S1E). As expected, NLRP3’- BLaERI1 cells showed no
response to Nigericin stimulation, whereas they remained responsive to NAIP-NLRC4
inflammasome activation (Figures 1B and S1E). In line with these observations, caspase-1
maturation upon Nigericin treatment also proceeded independently of NEK7 (Figure 1C).
Pretreatment with the NLRP3-specific inhibitor MCC95028 or prevention of K* efflux by
increased extracellular K* concentration® blunted NLRP3 activation in wild type, NEK 7"
and NEK6"~ x NEK7'" cells stimulated with Nigericin, whereas it left the NAIP-NLRC4
inflammasome intact (Figures S1F and S2A-S2D), indicating that Nigericin still relied on
inducing K* efflux to trigger NLRP3 inflammasome activation in absence of NEK7. In
line with the results obtained in BLaER1 cells, THP-1 cells deficient in NEK7 showed no
attenuation of Nigericin-triggered inflammasome activation, whereas NLRP3'- THP-1 cells
were completely defective (Figures 1D, 1E, and S2E).

NEK7-independent NLRP3 activation in human cells contrasts with NEK7-dependent
NLRP3 activation in mouse cells published by us and others.20-22 To investigate if

this difference is caused by species-specific features of the human and mouse orthologs

of NLRP3, we reconstituted NLRP3'- BLaERI1 cells with different NLRP3 orthologs.
Phenocopying the human ortholog, NEK7-deficient BLaER1 cells expressing mouse NLRP3
(mmNIrp3) mounted an unperturbed response to Nigericin (NLRP3) and Needle Tox (NAIP-
NLRC4) (Figures 1F, 1G, and S2F). Taken together, these results demonstrate that unlike
mouse cells, human cells are intrinsically capable of activating NLRP3 in a NEK6- and
NEK7-independent manner.

Priming activates IKKp to enable NEK7-independent NLRP3 inflammasome formation

Having established that human cells activate NLRP3 in absence of NEK7, we wondered
whether the NEK7-independent pathway could be triggered in mouse cells where NLRP3
activation has been shown to depend on NEK7 21 Here, we used an immortalized mouse
macrophage cell line constitutively expressing mmNIrp3 (mmMacs) in which we had
initially discovered the requirement of NEK7 for NLRP3 activation through a forward
genetic screen.20 These cells do not require transcriptional priming of NLRP3 for
inflammasome activation, and stimulation with Nigericin alone already activated NLRP3

in a fully NEK7-dependent manner (Figures 2A and 2B). When testing different priming
modalities, we found that simultaneous treatment with LPS and Nigericin led to NLRP3
activation independently of NEK7, as determined by LDH release and caspase-1 maturation
4 h after stimulation (Figures 2A and 2B). Concurrent stimulation with Pam3CSK4 or
R848 instead of LPS (Figures S3A-S3D) and with ATP instead of Nigericin (Figure 2C)
similarly resulted in a NEK7-independent response. Of note, this NEK7 bypass triggered by
concurrent priming and stimulation was only uncovered when studying the inflammasome
response several hours after treatment (Figure S3E). Indeed, the NLRP3 inflammasome
response 1 h following concurrent LPS + Nigericin treatment was still NEK7-dependent
(Figure S3F). However, concomitant LPS treatment enhanced this early NEK7-dependent
NLRP3 inflammasome response compared with Nigericin treatment alone. This is consistent
with previous reports on rapid, non-transcriptional NLRP3 priming enabling accelerated
inflammasome formation.!4-13-29 Taken together, these results suggest that NEK7-mediated
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priming and the LPS-induced NEK7 bypass pathway are not only functionally redundant but
may also act synergistically to accelerate NLRP3 activation.

LPS sensing initiates diverse transcriptional programs. However, NEK7-independent
priming remained functional in the presence of translation-blocking concentrations of
cycloheximide (CHX), indicating that it does not require de novo protein synthesis (Figures
2D and S3G). To elucidate the signaling cascade of NEK7-independent post-translational
priming, we genetically perturbed TLR4 and its downstream signaling adaptors TRIF
(TicamI) and MyD88 in either unmodified or Nek7/- mmMac cells. NLRP3 activation

in response to Nigericin treatment remained intact in TicamI”~ or Myd88' cells (Figure
2E, right panel; Table S1), whereas these cells displayed a selective lack of antiviral

(IP-10) or pro-inflammatory (TNF) gene expression, respectively (Figure 2E, left and middle
panels). TLR4 deficiency abrogated LPS-dependent cytokine production altogether (Figure
2E, left and middle panels). Accordingly, unlike their TLR4-sufficient counterparts, Nek 7"
x TIr4"- cells were fully defective in NLRP3 activation (Figure 2E). In contrast, Nek 7!
cells additionally deficient in either MyD88 or TRIF were still able to mount an NLRP3
inflammasome response after LPS + Nigericin treatment, albeit less effectively (Figure 2E).
As expected, Myd88'~ x TicamI’ cells deficient in NEK7 were fully defective in NEK7-
independent NLRP3 activation (Figure 2E). Altogether, these results indicate that the NEK7
bypass can be induced downstream of both Myd88 and TRIF signaling. To identify the
common factor mediating the NEK7 bypass, we turned our attention to the TAK and IKK
complexes that constitute the apical kinase complexes governing pro-inflammatory signal
transduction downstream of both MyD88 and TRIF. When we used the small molecule
Takinib to block the activity of TAK1, the key kinase of the TAK complex, we found

that the NEK7 bypass was largely inhibited, whereas NLRP3 activation in response to
Nigericin remained intact (Figure S4A). We obtained analogous results when we blocked
IKKP, a kinase in the IKK complex, using TPCA-1 (Figure S4B). Of note, for both
inhibitors, the NEK7 bypass was not fully abrogated; however, it was attenuated to the
same extent as the production of the NF-kB-dependent cytokine TNF (Figures S4A and
S4B). The NEK7 bypass was blocked when we deleted Zkbkb, the gene coding for IKKf,
but remained unperturbed when we deleted Chuk, the gene coding for IKKa (Figures
2F-2H). Nek 7’ x Ikbkb”- mmMac cells were almost completely defective in NLRP3
inflammasome activation, whereas AIM2 inflammasome activation in response to dsDNA
transfection remained intact (Figures 2F-2H). Priming with R848 or NLRP3 activation with
ATP similarly resulted in IKKB-dependent NLRP3 inflammasome formation independently
of NEK?7 (Figures S4C and S4D). In conclusion, since IKK is activated downstream of the
TAK1 complex, these findings suggest that IKKp constitutes the critical kinase mediating
NEK?7-independent NLRP3 inflammasome formation.

RIPK1 and caspase-8 have been implicated in non-transcriptional NLRP3 priming.3°
Although the NEK7 bypass continued to function in Nek7’~ x Ripkl”- mmMac cells
(Figure S4E), Nek 7' x Casp8’- mmMacs were fully defective in activating the NLRP3

inflammasome despite Casp8’ cells displaying unperturbed NLRP3 activation (Figure S4F).

ASC specking was also abrogated in Nek7/~ x Casp8’- mmMacs in response to LPS
+ Nigericin (Figure S4G), showing that caspase-8 deficiency affects NEK7-independent
NLRP3 priming upstream of inflammasome formation. Since we found IKK to be crucial
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for the NEK7 bypass, we checked whether caspase-8 deficiency had an effect on IKK
activity.3! Indeed, we observed reduced IKKB phosphorylation after LPS stimulation of
Casp8’- mmMacs (Figure S4H), suggesting that reduced IKKP activity, rather than a
specific role of caspase-8, explains the inability of Nek7’~ x Casp8’-mmMacs to activate
NLRP3 in response to LPS + Nigericin.

In contrast to ATP and Nigericin, which depend on K* efflux to engage NLRP3, the

TLR7 agonist Imiquimod (R837) has been shown to induce NEK7-dependent NLRP3
inflammasome formation independently of K* efflux.® In mmMac cells, Imiquimod strongly
depended on NEK7 for NLRP3 activation even in combination with LPS (Figure 3A).

Given that all K* efflux-dependent stimuli tested here can engage the NEK7 bypass with
concurrent IKKp activation, we investigated whether K* efflux might boost Imiquimod-
driven NLRP3 activation in Nek7/- mmMacs. Indeed, under low extracellular K* conditions
that facilitate K* efflux,'® Imiquimod stimulation together with LPS led to a NEK7-
independent response that was significantly increased over LPS stimulation alone and not
detectable with a physiological extracellular K* concentration of 5 mM (Figures 3B and 3C).
Although the relative contributions of LPS- or Imiquimod- induced IKKp activity and K*
efflux- or Imiquimod-induced NLRP3 activation remain unclear, these data indicate that K*
efflux enhances the NEK7-bypassing effect of IKKp activation.

Human myeloid cells use IKKp instead of NEK7 to prime NLRP3 by default

Moving back into the human system, we wondered whether NLRP3 priming through IKKp
was also responsible for the NEK7-independence of NLRP3 activation in human cells.
Using the hiPS- Mac model, we found that JKBKB™" cells showed a strong defect in NLRP3
inflammasome activation, whereas NAIP-NLRC4 activation proceeded normally, with IL-18
release being partially compromised (Figures S5A and S5B). However, we also observed a
reduction in IL-6 amounts in IKKB-deficient hiPS-Macs following LPS stimulation (Figure
S5C). IKKB, by governing NF-kB-dependent NLRP3 expression and also mediating the
non-transcriptional NEK7 bypass, fulfills a dual role in NLRP3 priming. Hence, any effects
on NLRP3 priming in ZKBKB"~ hiPS-Macs cannot unequivocally be ascribed to either
transcriptional or non-transcriptional NLRP3 priming based on these experiments. Although
these results establish that IKK is critical for NLRP3 priming in human cells, the relative
contributions of transcriptional and non-transcriptional priming remain unclear in the hiPS-
Mac model.

To clarify whether transcriptional or non-transcriptional NLRP3 priming is the predominant
priming modality in the human system, we employed the BLaER1 model system. Given that
hiPS-Macs express NLRP3 under steady-state conditions without transcriptional priming,
we first sought to clarify if transcriptional priming was required for NLRP3 activation

in BLaER1 cells. Although BLaERI cells deficient in TAK1 (MAP3K7), in which NF-
kB-mediated transcription after LPS sensing is completely abrogated, did indeed not
produce pro-IL-1fB upon LPS treatment anymore, they still expressed NLRP3 (Figure S5D).
Congruently, blocking protein translation with CHX did not affect NLRP3 activation in
these cells (Figure S5E). These data show that in BLaER1 cells, transcriptional priming

is not required for NLRP3 inflammasome activation. Still, again mirroring hiPS-Macs,
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stimulation with Nigericin alone was not sufficient to activate NLRP3, but additional
treatment with LPS was required to enable NLRP3 inflammasome formation in BLaER1
cells (Figure S5F). The NAIP-NLRC4 inflammasome formed in response to Needle Tox
irrespectively of LPS priming as expected (Figure S5F). These data demonstrate that
BLaERI cells require non-transcriptional priming of NLRP3 for inflammasome activation.
In line with these findings, a short pulse of concomitant LPS + Nigericin treatment led

to robust NLRP3 activation in BLaER1 cells (Figure S5G). RIPK1, RIPK3, and caspase-

8 were dispensable for NLRP3 activation in response to Nigericin and NLRC4 activation,
but in GSDMD- BLaERI1 cells, LDH release for both inflammasomes was blunted (Figure
S5H).

Given that non-transcriptional priming was still dependent on TAK1 in BLaERI1 cells and
that TAK1 activates IKKB, we then assessed NLRP3 activation in BLaER1 cells deficient
for IKKP. Corroborating our findings from hiPS-Macs and the murine system, LDH
release and caspase-1 maturation following NLRP3 activation were blunted in JKBKB'
BlaERI1 cells (Figures 4A, 4B, and S5I). In contrast, cells deficient in IKKa (CHUK),

a close homolog of IKKf, did not display a defect in inflammasome formation (Figure
4A). Cells deficient in both IKKa and IKKB(CHUK x IKBKB”-) phenocopied IKBKB™
cells (Figures 4A and 4B). As expected, given the steady-state expression of NLRP3 in
BLaER1 cells, RELA”~ x RELB’~ cells displayed unperturbed NLRP3 activation (Figures
4A and S5I) despite strongly reduced pro-inflammatory cytokine transcription (Figure S5J).
Reconstitution of JKBKB'- BlaER1 cells with wildtype IKKp, but not IKKB-K44M, a
kinase-dead mutant of IKK[S,32 rescued NLRP3 activation, showing that the kinase activity
of IKKP was required for non-transcriptional NLRP3 priming (Figures 4C and 4D).

To investigate the kinetics of IKKB-mediated non-transcriptional NLRP3 priming, we

added the IKKP inhibitor TPCA-1 to BLaER1 cells at different time points pre and post
NLRP3 priming. Expectedly, adding TPCA-1 concurrently with LPS blocked all priming
and abrogated NLRP3 activity (Figure 4E). However, adding TPCA-1 concurrently with or
30 min after Nigericin also blocked or strongly reduced NLRP3 activity, respectively (Figure
4E). Experiments with primary human monocytes corroborated these findings (Figure S5K).
In summary, these data show that rapid, non-transcriptional priming by IKK is required for
NLRP3 activation, further suggesting that human cells are NLRP3 inflammasome competent
in the absence of NEK7 because they engage IKKp by default.

Synergistically with IKKB, NEK7 can accelerate NLRP3 activation human cells

Having demonstrated that IKK activation constitutes the predominant priming pathway

in the human system, we wondered whether NEK7-mediated priming could be used by
human cells at all. A hallmark of NEK7-mediated NLRP3 priming is the direct interaction
of NEK7 and NLRP3.2! NLRP3 co-immunoprecipitated with NEK7 from THP-1 cells,
indicating that the human NEK?7 protein (hsNEK7) could in principle function to prime
NLRP3 (Figures 5A and S6A). Of note, this interaction was independent of K* efflux. We
then reconstituted NLRP3 inflammasome signaling in HEK-293T cells, which normally do
not express NLRP3 or ASC, the core signaling components of the NLRP3 inflammasome
(Figures S6B and S6C). Notably, in this reconstitution system, inflammasome activation is
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driven by overexpression of NLRP3 and proceeds without stimulation by Nigericin. Hence,
we consider inflammasome formation in this HEK-293T inflammasome assay to directly
report the priming status of NLRP3. Here, we found that the mouse and human orthologs of
NEK?7 enhanced the activation of both NLRP3 orthologs, showing that hsNEK?7 is capable
of priming NLRP3 (Figures 5B and S6D). To investigate if NEK7 has a physiological role
in NLRP3 priming, we went back to our hiPS-Mac system. Since we had found NLRP3
activation to require both NEK7 and LPS priming after concomitant LPS + Nigericin
stimulation at early time points in mouse cells (Figure S3F), we tested the same condition
in hiPS-Macs. Indeed, concomitant stimulation with LPS + Nigericin for 1 h resulted in
NEK7-dependent release of LDH, whereas 4 h of LPS + Nigericin stimulation rendered
NLRP3 activation NEK7-independent (Figures 5C and 5D).

From these data, we conclude that IKK, which is required to activate NLRP3 in all human
cell lines tested here, operates in synergy with NEK7 to drive NLRP3 priming. NEK7 can
accelerate NLRP3 priming at early time points, when IKK is not yet fully active. At later
time points, IKKB becomes redundant with NEK7.

Recruitment of NLRP3 to PtdIns4P induces NEK7- independent inflammasome activation
Finally, we investigated how IKKf activation enables NEK7-independent NLRP3 activation.
As it has recently been reported that interaction of NLRP3 with phosphatidylinositol-4-
phosphate (PI4P) on the TGN is an essential requirement for inflammasome formation,°
we investigated the subcellular localization of NLRP3 during priming. To this end we
generated Pycard’™ 1774 mouse macrophages expressing a fusion protein of the PI4P-
binding pleckstrin homology (PH)-domain of oxysterol- binding protein (OSBP) and
mCherry (OSBP[PH]-mCherry). In these cells, we found LPS treatment to result in the
accumulation of NLRP3 at PI4P-rich sites (Figures 6A and 6B). Of note, this translocation
cannot be caused by NLRP3-mediated pyroptosis, since Pycard’~ cells are incapable of
NLRP3 inflammasome formation. The recruitment of NLRP3 to PI4P was markedly reduced
by the IKKP inhibitor TPCA-1 (Figures 6A and 6B). In line with our findings on LPS-
dependent non-transcriptional priming in human and mouse cells, NLRP3 recruitment to
PI4P occurred rapidly, generally within 30 min after LPS stimulation (Figure S6E). We

did not observe NLRP3 translocation to mitochondria — in fact, PI4P-rich sites appeared
mostly distinct from mitochondria (Figure S6F). To identify the cellular compartment that
NLRP3 is recruited to, we fractionated lysates of Pycard’ 774 cells. Post-nuclear lysates
were centrifuged at 5,000 x g to obtain a pellet (P5) and supernatant (S5) fraction. The S5
fraction was further subjected to centrifugation at 100,000 x gto yield a pellet (P100) and
supernatant (S100) fraction. We found NLRP3 in all fractions irrespectively of LPS priming
or concomitant IKKP inhibition (Figure 6C). However, when we further fractionated P100
across a linear sucrose gradient, we found NLRP3 to become enriched in the top fractions
upon LPS stimulation, where we also found the PI4P-binding OSBP(PH)-mCherry fusion
protein (Figure 6D). This enrichment of NLRP3 was blocked in the presence of TPCA-1,
and, in line with our imaging data, unstimulated cells showed some NLRP3 enrichment

on both ends of the gradient. Of note, the mitochondrial membrane protein TOMM40 was
also present in the P100 fraction, but at the opposite end of where the OSBP(PH)-mCherry
construct was found. We then analyzed the organelles present in fractions #2 and #11 via
mass spectrometry (Table S2). The TGN, but not the cis-Golgi network, was highly enriched
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in fraction #2 along with weakly PI4P* organelles such as endosomes>? (Figures 6E and
S6G). Taken together, upon priming, NLRP3 translocates to PI4P-rich sites mostly on the
TGN.

Based on these data, we hypothesized that the accumulation of NLRP3 on PI4P-rich sites
induces NEK7-independent NLRP3 activation. To confirm this hypothesis, we directly
tethered NLRP3 to PI4P by fusing it to the PH-domain of OSBP as reported before.!?
Although a previously described K127A, K128A, K129A, and K130A quadruple mutant of
mmNIrp3 (Nlrp3(4KA)) was incapable of localizing to the TGN in J774 cells, NIrp3(4KA-
OSBP(PH)) constitutively localized to the TGN as expected (Figure S6H). When we
expressed wild-type Nlrp3, NIrp3(4KA), and NIrp3(4KA-OSBP(PH)) in Nirp3'~ 1774
mouse macrophages, we found wild-type Nlrp3 to facilitate caspase-1 maturation in a
NEK7-dependent manner and Nlrp3(4KA-OSBP(PH)) to activate caspase-1 independently
of NEK7 (Figure 6F). Nlrp3(4KA) expectedly did not lead to any detectable caspase-1
processing (Figure 6F). Of note, these cells did not require priming with LPS, as they
expressed NlIrp3 under the control of a doxycycline-inducible promoter, mirroring above
results (Figure 2).

Together, these results demonstrate that IKKP induces NEK7- independent NLRP3 priming
by increasing the recruitment of NLRP3 to PI4P and establish PI4P-recruitment of NLRP3
as a priming modality of the inflammasome (Figure S6I).

Discussion

Since its first description in 2001 34 NLRP3 has attracted much attention as a key driver of
antimicrobial and sterile inflammation.” Nonetheless, despite being in the focus for almost
two decades, the molecular mechanism of NLRP3 activation has remained obscure. The
two-step model of inflammasome priming and activation predates the discovery of NLRP3
and inflammasomes altogether, originating from the notion that both a pro-inflammatory
and a cell-death inducing signal are required to release mature IL-1f from murine bone
marrow-derived macrophages.> In retrospect, these early studies had assessed NLRP3
inflammasome activation employing a K* efflux-inducing trigger. Subsequent studies have
revealed that the pro-inflammatory signal indeed serves two independent functions in the
context of NLRP3 inflammasome activation. Although this signal is critically required to
induce pro-IL-1P expression, it is also necessary to render NLRP3 activatable in the first
place. This became apparent when studying the maturation of caspase-1, the expression of
which is independent of a pro-inflammatory signal, as a proxy of NLRP3 inflammasome
activation. Here, it has been revealed that unprimed macrophages do not mature caspase-1
upon K* efflux-inducing stimuli!3-3¢ but that additional priming by a pro-inflammatory
signal was required to facilitate this step. Of note, this unique requirement of NLRP3
priming by a pro-inflammatory signal (referred to as signal 1 or priming in this manuscript)
must not be confused with the signal that induces pro-IL-1p expression. Indeed, although
both signals can be provided through the same PRR, they can also be separated, and the
pro-IL-1f inducing stimulus is not necessary for NLRP3 inflammasome activation.
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Although the two-step activation model constitutes an important conceptual framework for
NLRP3 activation, it has proven to be an enormous conundrum because it is not trivial

to allocate signaling events upstream of NLRP3 to either priming or activation. The fact
that several pathways toward NLRP3 priming have been described’” is likely attributable to
stimulus-, cell type-, and species-dependent aspects as well as temporal dynamics playing an
important role in this context. We conceptualize that priming serves the function to increase
the cellular pool of NLRP3 molecules that are able to respond to an activating stimulus,
either by upregulating production of the NLRP3 protein or by lowering the activation
threshold of individual NLRP3 molecules. In this regard, we would interpret the existence
of multiple redundant NLRP3 priming pathways as the possibility to integrate diverse
pro-inflammatory inputs to achieve this activatable state. In fact, we consider this pleiotropy
to be a key trait of NLRP3 priming, but not activation pathways. The mitotic spindle kinase

20-22 and it has

NEK?7 has been shown to be an essential cofactor of NLRP3 activation,
been suggested that NEK7 facilitates inflammasome formation by mediating recognition of
the second signal.2!-23 Studying the role of NEK7 in iPS-cell-derived human macrophages,
we made the unexpected discovery that NLRP3 activation can be fully operational in the
absence of NEK7. By genetically dissecting NLRP3 inflammasome signaling, we uncovered
that these cells employ a NEK7-independent signaling cascade instead that drives IKKp-
dependent, post-translational priming of NLRP3. Although this IKKB-dependent priming
signal is the default pathway by which human cells engage the NLRP3 inflammasome,
murine macrophages predominantly rely on NEK7 for NLRP3 priming. However, they can
bypass NEK7 and switch to IKKfB-dependent priming under pro-inflammatory conditions
signified by, for example, TLR activation. The NEK7-independence in human myeloid cells
could not be attributed to species-specific constitutions of the NEK7 or NLRP3 molecules
themselves: immunoprecipitation and reconstitution experiments showed that human NEK7
interacted with human NLRP3 and that NEK7 was able to facilitate NLRP3 activity. In

line with this notion, iPSC-derived human macrophages also employ NEK?7 to activate

the NLRP3 inflammasome; however, this requires LPS priming and indicates a synergy
between NEK7 and IKK only observed at an early time point, when the IKK post-
translational priming mechanism is not yet fully operational. Indeed, in these cells, NEK7
becomes obsolete after prolonged LPS-priming when the IKKf priming cascade is active.
Mechanistically, IKKp activity recruited NLRP3 to PI4P, a phospholipid enriched on the
TGN. Tethering NLRP3 to PI4P led to inflammasome activation independently of NEK7,
confirming that increased PI4P interaction serves to prime NLRP3 for inflammasome
formation. Based on the redundancy between IKK and NEK?7 in facilitating NLRP3
inflammasome formation, we conclude that NEK7 serves as a priming factor of the NLRP3
inflammasome.

NEK?7 holds a unique position among NLRP3 priming pathways in that it is constitutively
expressed and apparently uncoupled from upstream signals in its pro-inflammatory capacity.
It has been suggested that NEK7 is employed for NLRP3 activation to avoid inflammasome
formation during mitosis, when NEK?7 is not available 22 Furthermore, it has been
speculated that the cellular perturbation triggering NLRP3 commonly occurs during mitosis,
and thus, the dependency on NEK7 prevents inadvertent inflammasome activation during
cell division.23 However, the here-uncovered redundancy of NEK7 priming with other cell
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cycle-independent priming pathways (e.g., IKKB) advocates against a specific de-coupling
of NLRP3 inflammasome activation and proliferation. This is also in line with the fact that
many NLRP3 inflammasome-competent cells of the innate immune system are postmitotic.
As such, despite detailed mechanistic insight into how NEK7 can accelerate NLRP3
inflammasome activation, the physiological role of NEK7 remains to be determined. The
redundancy of NEK7 with a priming factor that acts by enhancing the interaction of NLRP3
and PI4P suggests that NEK?7 itself might be involved in recruiting NLRP3 to PI4P at the
TGN.

The role of K* efflux is currently debated in the field: although it was recently shown that
K efflux alone is not sufficient to drive inflammasome activation in primed BMDMs and
consequently argued that K* efflux only promotes recruitment of NLRP3 to the TGN, !0

an older report demonstrated that K* efflux does indeed suffice: inflammasome activation
did occur in response to K* efflux in primed BMDMs.® Our study shows that recruitment
of NLRP3 to PI4P can be induced by IKKp activation independently of K* efflux. In line
with the latter report, K* efflux was still required for inflammasome formation following
IKKB-mediated PI4P recruitment of NLRP3, hinting at a role of K* efflux beyond recruiting
NLRP3 to PI4P. Whether K* efflux or dispersal of the TGN serves as the ultimate trigger of
NLRP3 inflammasome formation remains to be investigated. From the fact that both IKK-
and NEK7-mediated NLRP3 priming still require K* efflux for inflammasome formation
but that IKKp-mediated priming can bypass NEK7, we conclude that NEK7 itself acts as

a priming factor upstream of K* efflux. Of note, K* efflux-independent NLRP3 activators
have also been described.8 For one such agonist, Imiquimod, the NEK7 bypass was only
activated in the presence of K* efflux, suggesting that K* efflux boosts NEK7-independent
NLRP3 activation synergistically with IKKp.

Another study recently implicated IKKP in the recruitment of NLRP3 to the TGN 38 n
contrast with our findings, in their setting, Nigericin stimulation was still required for TGN
recruitment of NLRP3, as reported previously.!? The authors concluded that IKK@ enhances
Nigericin-dependent TGN dispersal, which they suggested to be the cause of increased
NLRP3 activity.38 However, whether increased TGN dispersal is a cause or an effect of
increased cell death cannot be concluded from their work. In our study, we observed

that IKKP activation recruited NLRP3 to PI4P on an undispersed TGN independently of
Nigericin stimulation or TGN dispersal in pyroptosis-deficient Pycard’ cells. We showed
that recruiting NLRP3 to an intact TGN was sufficient for subsequent inflammasome
formation independently of an additional priming stimulus. Hence, it is unlikely that the
increased TGN dispersal observed by Nanda and colleagues would explain the priming
effect of IKKP that we describe here. Rather, given that we observe K* efflux to act
synergistically with IKKB and NEK7, increased recruitment of NLRP3 to the TGN might
explain the previously reported effects 38

This study establishes NEK7 as a priming rather than an activation signal for NLRP3.
Moreover, in its capacity as a priming factor NEK7 does not constitute an absolute
requirement for NLRP3 inflammasome activation. Instead, a priming signal emanating
from IKK can fully compensate for NEK7 by enhancing the interaction of NLRP3 and

Immunity. Author manuscript; available in PMC 2023 June 13.

41



siduosnuely JoyIny s1opung DN 2domng o

siduosnuely JoyIny s1opung DN 2domng o

3 Publications

Schmacke et al.

Page 12

PI4P. This signal supersedes the NEK7 requirement in human myeloid cell lines and also
represents the dominant priming entity in iPSC-derived human macrophages.

Limitations of the study

Methods

We have shown that NEK7-independent priming of NLRP3 depends on the kinase activity
of IKKP but does not require de novo translation. However, the target that is phosphorylated
by IKKP remains to be determined in future studies. To confirm that recruitment of NLRP3

to PI4P is sufficient for NEK7-independent inflammasome activation, we overexpressed
an engineered fusion protein of NLRP3(4KA) and the PI4P-interacting PH domain of the
protein OSBP that constitutively interacts with PI4P, as reported previously.!? Although

we controlled for unspecific NLRP3 activation by expressing NLRP3 fused to a non-PI4P-

binding point- mutated version of the same PH domain, we cannot exclude that engineering
NLRP3 influenced its dependency on NEK7. Finally, owing to the fact that Nek7'~ mice
are not viable,3 this study does not include an experiment showing that IKKP activation

bypasses NEK7 in vivo.

Key Resources Table

42

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

anti-Caspase-1 (p20) (human),
mAb (Bally-1)

AdipoGen, San Diego, CA

Cat# AG-20B-0048-C100

anti-Caspase-1 (p20) (mouse), mAb | AdipoGen Cat# AG-20B-0042-C100
(Casper-1)
anti-NEK7 Abcam, Cambridge, UK Cat# ab133514

anti-NLRP3/NALP3, mAb
(Cryo-2)

AdipoGen

Cat# AG-20B-0014-C100

anti-Human IL-1 beta /IL-1F2

R&D Systems Inc,

Cat# AF-201-NA

Minneapolis, MN

Chemicals, peptides, and recombinant proteins

disodium salt hydrate

1-Thioglycerol (MTG) Sigma-Aldrich, St. Louis, MO Cat# M6145

Accutase Stemcell Technologies, Cat# 07920
Vancouver, Canada

Adenosine 5 -triphosphate Sigma-Aldrich Cat# A6419

Ascorbic Acid

Sigma-Aldrich

Cat# A4544-100G

B-27 supplement

Thermo Fisher Scientific,

Cat# 17504-001

‘Waltham, MA
Blasticidin S HCI (10 mg/ml) Thermo Fisher Scientific Cat# A1113903
BSA GE Healthcare, Chicago, IL Cat# SH30574.01
CHIR99021 Miltenyi Biotec, Bergisch Gladbach, Germany | Cat# 130-103-926
Cycloheximide Carl Roth, Karlsruhe, Germany Cat# 8682.1

Doxycycline hyclate

Sigma-Aldrich

Cat# D9891-1G
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REAGENT or RESOURCE SOURCE IDENTIFIER
Geltrex Thermo Fisher Scientific Cat# A1413302
Geneluice Merck, Darmstadt, Germany Cat# 70967-3

Ham’s F12 nutrient mix

Thermo Fisher Scientific

Cat# 21765029

Herring Testis(HT)-DNA sodium Sigma Aldrich Cat# D6898

salt

Hoechst-33342 Sigma-Aldrich Cat# B2261-25MG
Human CSF-1 (M-CSF) (iPSC R&D Systems Cat# 216-MC-005

differentiation)

Human Transferrin

Roche, Basel, Switzerland

Cat# 10-652-202-001

IMDM with GlutaMAX

Thermo Fisher Scientific

Cat# 31980022

Imiquimod (R837) Invivogen Cat# tlrl-imq
L-Glutamine Thermo Fisher Scientific Cat# 25030024
LFn-YscF Rauch et al 40 N/A

Lipofectamine 2000 Transfection
Reagent

Thermo Fisher Scientific

Cat# 11668019

LPS-EB Ultrapure

Invivogen, San Diego, CA

Cat# tlrl-3pelps

LysC Wako Cat# 12902541
MCC950 Sigma-Aldrich Cat# PZ0280
MitoTracker DeepRed Thermo Fisher Scientific Cat# M22426
mTeSR1 Stemcell Technologies Cat# 85850

N-2 Supplement

Thermo Fisher Scientific

Cat# 17502048

Nigericin sodium salt

Sigma-Aldrich

Cat# N7143

Pam3CSK4

Invivogen

Cat# tlrl-pms

Phorbol 12-myristate 13-acetate

ENZO Life Sciences, Farmingdale, NY

Cat# BML-PE160-0005

Protective antigen (pA) Biotrend, Cologne, Germany Cat# LL-171E
Puromycin Dihydrochloride Carl Roth Cat# 0240.4
R848 Invivogen Cati# tlrl-r848-5
Recombinant Human BMP-4 R&D Systems Cat# 314-BP-010

Recombinant Human CSF-1 (M-
CSF) (BlaERI differentiation)

Recombinantly produced

N/A

Recombinant Human DKK-1 R&D Systems Cat# 5439-DK-010
Recombinant Human FGF2 R&D Systems Cat# 233-FB-025
Recombinant Human IL-3 R&D Systems Cat# 203-IL-010

Recombinant Human IL-3
(BLaERI differentiation)

Recombinantly produced

N/A

Recombinant Human IL-6 R&D Systems Cat# 206-1L-010
Recombinant Human SCF R&D Systems Cat# 255-SC-010
Recombinant Human VEGF R&D Systems Cat# 293-VE-010

ROCK Inhibitor Y-27632

Stemcell Technologies

Cat# 72302

Stempro-34 SFM

Thermo Fisher Scientific

Cat# 10639-011

Takinib

Selleck Chemicals, Houston, TX

Cat# S8663

TPCA-1

R&D Systems

Cat# 2559/10
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REAGENT or RESOURCE SOURCE IDENTIFIER
Trypsin Sigma-Aldrich Cat# T6567
b-Estradiol Sigma-Aldrich Cat# E8875
Critical commercial assays

Human IL-1p ELISA Set II BD Biosciences, San José, CA Cat# 557953

Human Total IL-18 DuoSet ELISA

R&D Systems

Cat# DY318-05

MiSeq Reagent Kit v2, 300 Cycles

Illumina, San Diego, CA

Cat# MS-102-2002

Mouse CXCL10/IP-10/CRG-2
DuoSet ELISA

R&D Systems

Cat# DY466

Mouse TNF (Mono/Mono) ELISA
Set II

BD Biosciences

Cat# 558534

OptEIA Human IL-6 ELISA Set BD Biosciences Cat# 555220
OptEIA Mouse IL-1p Elisa Set BD Biosciences Cat# 559603

Pierce LDH Cytotoxicity Assay Kit | Thermo Fisher Scientific Cat# 88954
Deposited data

g/llaass spectrometry data of Figure This study PRIDE: PXD035302
Immunoblot source data and raw This study Mendeley

numerical data used to plot the
figures

data: https://doi.org/
10.17632/h7vc8hnb7j.1

Experimental models: Cell lines

BLaERI1 Rapino et al.?® N/A
HEK-293T Cavlar et al #! N/A
iPSC Camargo Ortega et al #2 N/A
Mouse Macrophages, Nirp3, Asc- Franklin et al.+3 N/A

CFP, Cas9-expressing

THP-1

ATCC, Manassas, VA

Cat# TIB-202

Target sites of sgRNAs used in this study

hsMAP3K7 GTAAACACCAACTCATTGCGTGG

hsNEK6 GTCTTTTCGCTGCTCGCTGGCGG

hsNEK7 ATTACAGAAGGCCTTACGACCGG

hsNLRP3 GCTAATGATCGACTTCAATGGGG

hsIKBKB ATGAAGGTATCTAAGCGCAGAGG

mmMyd88 GGTTCAAGAACAGCGATAGGCGG

mmNek7 GTCTCTTGGATGGAGTGCCGG

mmNIrp3 CCTCTCTGCTCATAACGACGAGG

mmTicam1 GTACAGGCGAGCCACCGTCCAGG

mmTIr4 GATCTACTCGAGTCAGAATGAGG

mmPycard GTGCAACTGCGAGAAGGCTATGG

Recombinant DNA

LentiCas9-Blast Sanjana et al.* N/A
LentiGuide-Puro Sanjana et al N/A
pBabe-U6-sgRNA-Cas9 Schmidt et al.*® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pBlast-hsNEK7 This study N/A
pBlast-mCherry-OSBP(PH) This study N/A
pBlast-mmNek7 This study N/A
pLIX-hsNLRP3 This study N/A
pLIX-mmNIrp3 This study N/A
pLIX-mVenus-mmNIrp3 This study N/A
pLIX-mVenus-mmNIrp3(4KA) This study N/A
pLIX-mVenus-mmNIrp3(4KA- This study N/A
OSBP(PH))

pLKO.1-sgRNA-CMV-GFP Schmid-Burgk et al.*¢ N/A
pRP-Asc-RFP This study N/A
prZ-CMV-Cas9 Schmid-Burgk et al.* N/A

Software and algorithms

CellProfiler 3.1.5 Carpenter et al.*’ https://cellprofiler.org

CHOPCHOP Labu et al.*® https://chopchop.cbu.uib.no
MaxQuant 2.0.3 Cox and Mann*® https:/maxquant.org
Outknocker Schmid-Burgk et al.*¢ http://www.outknocker.org
Perseus Tyanova et al. > https://maxquant.org/perseus/
Prism 9.0 GraphPad, San Diego, CA https://www.graphpad.com/

scientific-software/prism/

Experimental Model and Subject Details

BLaER1 cells—BLaERI cells (female) were cultivated in RPMI supplemented with 10 %
FCS, 1 mM pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin at 37 °C and 5 %
CO,. BLaERI1 cells were differentiated in medium containing 10 ng/ml hrIL-3, 10 ng/ml
hrCSF-1 (MCSF) and 100 nM b-estradiol for 5-6 days. In the course of these studies, we
serendipitously identified that BLaER1 cells express transcripts of SMRV (squirrel monkey
retrovirus) and subsequent experiments confirmed that BLaER1 cells harbor the SMRV
proviral genome. Testing early passages of BLaERI1 cells by Dr. Thomas Graf (personal
communication) confirmed that the parental BLaER1 cell line° is positive for SMRV.

Of note, extensive characterization of BLaER1 monocytes in comparison to other human
myeloid cells has not provided any indication that SMRYV positivity would impact on the
functionality of these cells as myeloid cells. Samples of other cell lines used in this work
were confirmed to be free of SMRV by PCR. All BLaER1 cell experiments were conducted
on a CASP4'- background (herein referred to as control).

THP-1 cells—THP-1 cells (male) were obtained from ATCC and cultivated in RPMI
supplemented with 10 % FCS, 1 mM pyruvate, 100 U/ml penicillin and 100 mg/ml
streptomycin at 37 °C and 5 % CO,. THP-1 cells were differentiated by adding 100 ng/ml
PMA to the medium for 18 hours, rinsed off with ice-cold PBS and replated for experiments.
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mmMacs and J774 mouse macrophages —Mouse macrophages were cultivated in
DMEM supplemented with 10 % FCS, 1 mM pyruvate 100 U/ml penicillin and 100 mg/ml
streptomycin at 37 °C and 5 % CO,. mmMacs were detached for passaging with 0.05 %
Trypsin at 37 °C for 15 minutes after one PBS wash and then rinsed off with DMEM. J774
cells were passaged by scraping in 5 ml fresh DMEM and transferred to new flasks.

hiPSC, hiPS-Macs cell culture—Human induced pluripotent stem cells (hiPSCs) used
to make NEK77~ hiPSCs were kindly provided by Adam O’Neill and Magdalena Gétz #2
hiPSCs for IKBKB™- were purchased from XCell Science. hiPSCs were cultivated on
Geltrex-coated plates in complete mTeSR1 Medium at 37 °C and 5 % CO, and detached for
passaging using 1.5 ml Accutase for 5 minutes at 37 °C after a PBS wash. After passaging,
cells were cultivated in the presence of 5 mM ROCK-Inhibitor overnight.

Differentiation of hiPSCs into hiPS-Macs—Differentiation into iPS-Macs was
achieved as described previously.?> Briefly, 150,000 hiPSC were plated into a one well

of a Geltrex- coated 6-well plate and differentiated in StemPro base medium with StemPro
Supplement, 200 mg/ml human transferrin, 2 mM gluta- mine, 0.45 mM MTG and 0.5 mM
ascorbic acid (= StemPro medium, ascorbic acid was added just before use) by stimulation
with 50 ng/ml VEGF, 5 ng/ml BMP-4 and 2 mM CHIR99021 at 5 % oxygen for two days,
followed by two days of stimulation with 50 ng/ml VEGF, 5 ng/ml BMP-4 and 20 ng/ml
FGF2. From day four, StemPro medium was supplemented with 15 ng/ml VEGF and 5
ng/ml FGF2. Starting at day six, 10 ng/ml VEGF, 10 ng/ml FGF2, 50 ng/ml SCF, 30 ng/ml
DKK-1, 10 ng/ml IL-6 and 20 ng/ml IL-3 were added to StemPro medium until day ten.
From day eight, cells were cultivated under normoxic conditions. From day twelve, 10 ng/ml
FGF2, 50 ng/ml SCF, 10 ng/ml IL-6 and 20 ng/ml IL-3 were added to StemPro medium.
Starting at day sixteen, cells were cultivated in 75 % IMDM with 25 % F12 supplement,

N2 supplement, B-27 supplement, 0.05 % BSA and 100 U/ml penicillin and 100 mg/ml
streptomycin (= SF-Diff medium) supplemented with 50 ng/ml rhCSF-1 (M-CSF) at least
until day 28. Culture medium was exchanged as necessary, but at least every two days. After
differentiation, hiPS-Macs were carefully harvested from the supernatant, spun down and
replated in RPMI with 10 % FCS, 1 mM Pyruvate, 100 U/ml Penicillin and 100 mg/ml
Streptomycin for experiments.

HEK-293T cells —HEK-293T cells were cultivated in DMEM with 10 % FCS, 1 mM
pyruvate, 100 U/ml penicillin and 100 mg/ml streptomycin at 37 °C and 5 % CO,. For
passaging, cells were washed with PBS once and then incubated with 0.05 % Trypsin at 37°
for 5 minutes. Cells were then rinsed off with DMEM.

Trans-Golgi network imaging —1J774 macrophages expressing mVenus-mmNIrp3 and
the PH-domain of hsOSBP (OSBP-PH) fused to mCherry were plated in ibidi 8-well slides
(100,000 per well in 200 ml of DMEM) and imaged on a Nikon Eclipse Ti spinning disk
confocal microscope with 100x magnification on the following day. Results were manually
quantified from at least 10 randomly selected areas per condition per replicate using FI1JI Sl
For nuclear staining, Hoechst-33342 was diluted to a final concentration of 10 mg/ml.
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ASC speck imaging— ASC specks in transiently transfected HEK-293T cells were
imaged 24 hours after transfection on a Leica Hi8 epifluorescence microscope using 10x
magnification. Specks were quantified with CellProfiler.*”

Immunoblotting—Cells were lysed at approximately 5 Mio/ml in 1x Lammli Buffer

and boiled for 5 minutes at 95 °C. For precipitation of total protein from supernatants,
stimulations were done in medium containing 3% FCS. Precipitation of total protein from
supernatants was achieved by combining 700 ml of supernatant with 700 ml MeOH and 150
ml of CHCl3. Samples were spun down at 20.000 g for 20 minutes, and the upper phase
was discarded. Again, 700 ml MeOH were added and samples were centrifuged at 20.000 g
for 20 minutes. The pellet was then dried and resuspended in 100 ml 1x Lammli buffer and
boiled at 95 °C for 5 minutes. Samples were run on 12% SDS-PAGE gels at 150 V for 85
minutes and were subsequently transferred onto a nitrocellulose membrane at 100 V for 75
minutes at 4 °C. Membranes were then blocked in 5 % milk for 1 hour at room temperature.
Primary and secondary antibodies were diluted in 1-5 % milk.

ELISA and LDH assay—LDH assays were done on supernatants immediately after
experiments. Results are presented relative to a lysis control from the same experiment with
the values of unstimulated controls subtracted as background. ELISAs were done according
to manufacturer’s instructions on supernatants stored at -20 °C.

Stimulation of immune signaling—NLRP3 was primed as indicated with 1 mg/ml
Pam3CSK, or 200 ng/ml LPS. NLRP3 was activated with 5 mM ATP or Nigericin at

6.5 mM (BLaERI cells) or 10 mM (all other cells) as indicated. To activate the AIM2
inflammasome 400 ng HT-DNA were transfected into a 96-well with 0.5 ml Lipofectamine
in 50 ml OptiMEM by incubating OptiMEM and Lipofectamine for 5 minutes followed

by 20 minutes of incubation of the Lipofectamine-DNA mix in OptiMEM and dropwise
addition of the mix to the cells. For immunoblots, transfections were done in a 12-well
format. The amount of Lipofectamine and HT-DNA was scaled accordingly by well area.
The NAIP- NLRC4 inflammasome was activated with an anthrax toxin lethal factor fused
to the Burkholderia T3SS needle protein (LFn-YscF, 0.025 mg/ml), which was delivered
into cells with protective antigen (pA, 0.25 mg/ml).*0 If not otherwise indicated, cells were
stimulated with this construct (herein referred to as Needle Tox) for 2 hours.

Inhibition of translation —For mmMacs, cycloheximide (CHX) was added to the
medium 30 minutes before stimulation to a final concentration of 10 mg/ml. For
BLaERI1 cells, CHX was added to the medium simultaneously with LPS at the indicated
concentrations in the range of 1-10 mg/ml.

Doxycyclin-inducible gene expression—In BLaERI1 cells and 1774 Pycard’ cells
transduced with pLIX-Puro derived vectors, gene expression was induced by adding medium
to a final concentration of 1 mg/ml doxycycline for the last 24 hours of differentiation. J774
cells transduced with Nlrp3 variants for analysis of caspase-1 processing were stimulated
with 1 mg/ml doxycycline for 18 hours before stimulation for inflammasome activation.
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Inhibition of TAK1, IKKB and NLRP3—Takinib was added to a final concentration of
50 mM as indicated. TPCA-1 was used at 5 mM final concentration as indicated. MCC950
was added as indicated to a final concentration of 10 mM.

Inhibition and induction of K* efflux—To block K* efflux, Potassium chloride
(KCI) was added to medium together with the priming stimulus to the indicated final
concentrations. The osmolarity of the medium was kept constant over all conditions. To
induce K™ efflux, cells were stimulated in sterile Hank’s balanced salt solution with (140
mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 1.0 mM MgSO,, 10 mM HEPES (pH 7.5),5.5 mM
glucose) or without potassium (145 mM NaCl, 1.3 mM CaCl,, 1.0 mM MgSQy, 10 mM
HEPES (pH 7.5), 5.5 mM glucose) with 10% FCS as described before.10

Sucrose gradient fractionation—For the fractionation experiment, Nlip3'~ x Pycard’
J774 cells stably transduced with pLI-mVenus-mmNLRP3, pBlast-AUG- OSBP(PH)-
mCherry were used.

Two days prior to stimulation, 13107 cells were plated per 15 cm dish, using 2 dishes

per condition (unstimulated, LPS, TPCA- 1 > LPS). 18-20 hours prior to stimulation,
doxycycline was added to a final concentration of 1 mg/ml to induce expression of mVenus-
mmNLRP3. As indicated, cells were pre-treated with 5 mM TPCA-1 for 30 minutes.
Subsequently, cells were stimulated with 200 ng/ml LPS for 30 minutes. Cells were washed
once with PBS and scraped using 500 mL of ice-cold isotonic buffer (0.25 M sucrose, 10
mM Tris-HCI (pH 7.5), 10 mM KCl, 1.5 mM MgCl,, 1 mM DTT) supplemented with
protease inhibitor. Then, cells were homogenized by performing 30 strokes with a 29G
needle (VWR, BDAM324891). Lysates were centrifuged at 10003g for 5 minutes at 4°C to
remove nuclei and any remaining cells. The resulting supernatant was centrifuged at 50003g
for 10 minutes at 4°C to obtain the heavy membrane fraction (pellet, P5). The resulting
supernatant was centrifuged at 100,0003g for 20 minutes at 4°C in a TLA 120.2 rotor
(Beckman Coulter) to obtain the light membrane fraction (pellet, P100) and the cytosolic
fraction (supernatant, S100). The fractions P5 and P100 were washed once with isotonic
buffer, pelleted repeating the centrifugation step at 50003g and 100,0003g, respectively, and
resuspended in 500 mL isotonic buffer.

The fraction P100 was then loaded onto a 20%-60% continuous sucrose density gradient
(10 mM Tris-HCI (pH 7.5), 100 mM KCI, 1.5 mM MgCl,, 1 mM DTT, and protease
inhibitor cocktail). The gradients were centrifuged in an SW40Ti rotor (Beckman Coulter)
at 170,0853g for two hours at 4°C and 13 fractions of 0.93 ml each were collected using a
BioComp Gradient Station. 30 mL of each fraction were used for SDS-PAGE followed by
immunoblotting.

Furthermore, to analyze the distribution of various organelle markers, the fractions PS5,

P100 and S100 were subjected to SDS- PAGE followed by immunoblotting. Protein
concentrations were determined by BCA assay and adjusted between samples (unstimulated,
LPS, TPCA-1 > LPS) for each of the fractions separately.
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Mass spectrometry sample preparation—Sucrose gradient fractions #2 and #11

were lysed in 1% SDC with 100mM Tris-HCI. Protein amounts from each sample were
adjusted to 30 mg with a BCA protein assay kit. Samples were reduced with 10mM
tris(2-carboxy(ethyl)phosphine) (TCEP), alkylated with 40mM 2-chloroacetamide (CAA),
and digested with trypsin and lysC (1:50, enzyme/protein, w/w) overnight. Digested peptides
were desalted using SDB-RPS-stage tips. Desalted peptides were resolubilized in Sml 2%
ACN and 0.3% TFA and about 200 ng of peptides were injected into the mass spectrometer.

Samples were loaded onto 50-cm columns packed in-house with C18 1.9mM ReproSil
particles (Dr. Maisch GmbH), with an EASY- nLC 1200 system (Thermo Fisher Scientific)
coupled to the MS (Orbitrap Exploris 480, Thermo Fisher Scientific). A homemade column
oven maintained the column temperature at 60°C. Peptides were introduced onto the column
with buffer A (0.1% formic acid) and were eluted with a 120-min gradient starting at 5%
buffer B (80% ACN, 0.1% formic acid) followed by a stepwise increase to 30% in 95

min, 65% in 5 min, 95% in 235 min and 5% in 235 min at a flow rate of 300 nL/min.
Samples were measured in data-dependent acquisition with a TopN MS method in which
one full scan (300-1650 m/z, R=60,000 at 200m/z) at an Automatic Gain Control (AGC)
target of 3310e6 ions was first performed, followed by 15 data-dependent MS/MS scans
with higher-energy collisional dissociation (AGC target 1x10e5 ions, maximum injection
time at 25ms, isolation window 1.4 m/z, normalized collision energy 30%, and R=15,000 at
200 m/z). Dynamic exclusion of 30 s was enabled.

Analysis of MS samples—The MS raw files were processed in MaxQuant version
2.0.3.0% and fragment lists were queried against the mouse UniProt FASTA database
(25,320 entries, 10/2020) with cysteine carbamidomethylation as a fixed modification

and N-terminal acetylation and methionine oxidations as variable modifications. Enzyme
specificity was set as C-terminal to arginine and lysine as expected using trypsin and lysC as
proteases and a maximum of two missed cleavages.

Bioinformatics analysis of the MS data was performed using the Perseus software suite
(version 1.6.7.0) 50 After filtering to remove potential contaminants, reverse hits, and
proteins only identified by modification sites, the remaining summed intensities were log,-
transformed. Quantified proteins were filtered for at least 2 valid values in one fraction
across three biological replicates. Missing values were imputed by sampling from a normal
distribution (width 0.3, downshift 1.8) and significantly up- or downregulated proteins

were determined by two-sided Student’s t-test (FDR < 0.05, SO R 1.5). To determine the
systematic enrichment or de-enrichment of a select list of GOCC annotated organelles in
each fraction a Fisher’s exact test was performed on the significantly differentially regulated
proteins between the two fractions.

Transient Transfection of HEK-293T cells —HEK-293T cells were transiently
transfected with 400 ng plasmid DNA in 50 ml OptiMEM with 1 ml GenelJuice by
incubating GeneJuice with OptiMEM for 5 minutes followed by 15 minutes of incubation
of the DNA-GenelJuice mix in OptiMEM. DNA concentrations were kept constant across all
conditions using pBluescript as stuffer DNA.

Immunity. Author manuscript; available in PMC 2023 June 13.

49



siduosnuely JoyIny s1opung DN 2domng o

siduosnuely JoyIny s1opung DN 2domng o

3 Publications

20

Schmacke et al.

Page 20

Plasmid DNA purification—Plasmid DNA was purified from E.Co/i DH5a using a
Thermo HiPure Maxiprep Kit according to manufacturer’s instructions.

Preparation of lentiviral particles —Lentiviral particles were prepared according to.52
Briefly, HEK-293T cells were transfected with 20 mg transfer plasmid, 15 mg pCMVD8.91
packaging plasmid and 6 mg pMD2.G VSV-G pseudotyping plasmid dish by diluting the
plasmids in 1 ml 1x HBS, adding 50 ml 2.5 M Calcium chloride and gently pipetting

the mix onto a 10-cm dish with approximately 6 Mio. HEK-293T cells in fresh medium.
Alternatively, pMDLg/pRRE and pRSV-REV were used as packaging plasmids.>3 After 8
hours the medium was exchanged. Supernatants were harvested 48 hours later, spun down
and filtered before being used to transduce target cells. Successfully transduced cells were
selected with 2.5 - 5 mg/ml puromycin or 10 mg/ml blasticidin S for 48 hours, or FACSorted
for fluorescence markers.

Genome editing and overexpression—sgRNA oligos were designed using
CHOPCHOP*® and cloned into expression plasmids as described previously.*4#6 BLaER 1
cells were electroporated in OptiMEM with 5 mg of plasmids driving expression of Cas9
and an sgRNA on a BioRad GenePulser XCell as described previously.*> THP-1 cells and
murine macrophages were transduced with lentiviral particles driving expression of Cas9
(Lenti-Cas9-Blast*#) or an sgRNA (LentiGuide-Puro*#). HEK-293T cells were transiently
transfected with plasmids driving expression of Cas9 or an sgRNA.

hiPS cells conditioned to grow as single clones were electroporated with Cas9-crRNA-
trRNA complexes (RNPs) targeting NEK7 on a 4D-Nucleofector (Lonza Bioscience).
Grown single clones were duplicated, lysed and out-of-frame editing in NEK7 was analyzed
via deep sequencing as described previously.*¢ Several NEK77-and NEK 7"/ clones were
expanded and used for experiments. To generate JKBKB”~ hiPSCs, XCL1 hiPS cells were
electroporated with 0.5 mg of plasmids driving expression of Cas9 and an sgRNA targeting
IKBKB with a 4D-Nucleofector (Lonza Bioscience). Grown single clones were picked and
the sequence of the targeted /KBKB region was confirmed by Sanger sequencing.

Plasmids—Cloning of genes of interest into pLIX, pRP and pFUGW backbones

was performed by conventional restriction enzyme cloning. pMDLg/pRRE was

a gift from Didier Trono (Addgene plasmid #12251; http:/n2t.net/addgene:12251;
RRID:Addgene_12251), pRSV-Rev was a gift from Didier Trono (Addgene plasmid
#12253; http://n2t.net/addgene:12253; RRID:Addgene_12253), pLIX_403 (herein referred
to as pLIX) was a gift from David Root (Addgene plasmid #41395; http://
n2t.net/addgene:41395; RRID:Addgene_41395). LentiGuide-Puro (Addgene plasmid #
52963; http://n2t.net/addgene:52963; RRID:Addgene_52963) and lentiCas9-Blast (Addgene
plasmid #52962; http:/n2t.net/addgene:52962; RRID:Addgene_52962) were a gift

from Feng Zhang. pTY-zeo-NLRP3(127-128-129-130 4KA)-GFP) and pTY-zeo-Flag-
NLRP3(DKKKK OSBPPH)) were a gift from Zhijian J. Chen.10
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Quantification And Statistical Analysis

Numbers of independent replicates (n) are reported in the respective figure legends. p-values
were calculated based on two-way ANOVAs followed by Siddk’s multiple comparisons

test for groups containing two elements, or Tukey’s test for larger groups. Dunnett’s test
was used wherever comparing all experimental conditions to one control instead of all

other conditions was appropriate as indicated in the respective figure legends. All statistical
analyses were done using GraphPad Prism 9. *p < 0.05, **p <0.01, ***p <0.001,ns p =
0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Human iPSC-derived macrophages and human myeloid cell lines activate the NLRP3
inflammasome independently of NEK7

(A) Four clones per indicated genotype of human iPSCs were differentiated into
macrophages (hiPS-Macs), primed with LPS for 4 h and then treated with the inflammasome
activators Nigericin (NLRP3) or Needle Tox (NAIP-NLRC4) in the presence of the NLRP3
inhibitor MCC950 as indicated before release of LDH (left), IL-1f (middle), and IL-18
(right) was measured. Dots represent separately differentiated iPS cell clones of the
indicated genotypes.
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(B and C) BLaER1 monocytes of the indicated genotypes were primed with LPS for 4 h
and subsequently stimulated with Nigericin or Needle Tox. LDH release (B) of one or two
clones per genotype is depicted. (C) One representative immunoblot of three independent
experiments is shown.

(D) Three clones of THP-1 cells of the indicated genotypes were primed with Pam3CSK4
for 4 h and subsequently stimulated with Nigericin for 2 h before release of LDH (left) and
TNF (right) were measured. Two different sgRNAs against NEK7 were used (#1 and #2).
Dots represent individual clones.

(E) THP-1 cells of the indicated genotypes were primed with Pam3CSK4 for 4 h and
subsequently stimulated with Nigericin for 2 h before immunoblotting. One representative
immunoblot of three independent experiments is shown.

(F) NLRP3”-BLaER1 cells expressing the indicated NLRP3 orthologs under the control

of a doxycycline-inducible promoter were treated with doxycycline for the last 24 h of
differentiation, primed with LPS for 4 h and subsequently stimulated with Nigericin (left) or
Needle Tox (right) for 2 h. The same vector expressing mCherry instead of NLRP3 was used
as a mock control.

(G) Western blot of cells treated as in (F), one representative of three independent
experiments is shown.

Data are represented as mean += SEM with dots representing biological replicates conducted
on separate days unless indicated otherwise (one outlier in B is not depicted #). ***p <
0.001, **p <0.01, *p < 0.05, ns p = 0.05 calculated by two-way ANOVA followed by
Tukey’s test (A, B, and D: TNF) or Sid4k’s test (D: LDH).

See also Figures S1 and S2.
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Figure 2. Priming activates IKKp to bypass NEK7 via a translation-independent mechanism in

mouse cells

(A—C) Mouse macrophages constitutively expressing mmNIrp3 (mmMacs) of the indicated

genotypes were stimulated with LPS + Nigericin simultaneously for 4 h, with DNA for 28

h or with LPS + ATP for 2 h. (B) One immunoblot representative of two clones from two

independent experiments is shown.

(D) mmMacs were pretreated with cycloheximide (CHX) for 30 min and stimulated as in

©).
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(E) Two mmMacs clones per genotype were stimulated as indicated. Release of IP-10
(left), TNF (middle), and LDH (right) of two clones (sub-columns) from three independent
experiments (sub-rows) are depicted as heatmaps.

(F and G) mmMacs of the indicated genotypes were stimulated as in (A) before the release
of LDH (F) and TNF (G) was measured.

(H) mmMacs of the indicated genotypes were stimulated as in (A) for 2 h. One
representative of three independent biological replicates is shown.

Data are represented as mean + SEM with dots representing biological replicates conducted
on separate days. ***p < 0.001, **p < 0.01, *p < 0.05, ns p = 0.05 calculated by two-way
ANOVA followed by Tukey’s test (A, C, and F), Sidak’s test (D), or Dunnett’s test (G).
See also Figures S3 and S4 and Table S1.
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Figure 3. K* efflux works synergistically with IKKP to bypass NEK7
(A) mmMacs of the indicated genotypes were stimulated with the NLRP3 inflammasome
inducers Nigericin or Imiquimod in the presence of LPS as indicated for 4 h (Nigericin) or 6
h (Imiquimod).
(B and C) mmMacs of the indicated genotypes were stimulated as indicated and imaged
every 30 min (C) for 3 h in Hank’s balanced salt solution with or without potassium + 10%
FCS and 5 mg/mL propidium iodide before LDH release was measured (B).
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Data are represented as mean + SEM with dots representing biological replicates conducted
on separate days unless indicated otherwise. ***p < 0.001, **p <0.01, *p <0.05,ns p =
0.05 calculated by two-way ANOVA followed by Tukey’s test.
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Figure 4. NLRP3 priming through IKKp is required for inflammasome activation in human
myeloid cell lines

(A) LDH release from BLaERI clones of the indicated genotypes primed with LPS for 2 h
and subsequently treated with Nigericin or Needle Tox for 2 h.

(B) One representative of three immunoblots from cells treated as in (A). The asterisk
denotes an unspecific band.

(C) Immunoblot of JKBKB”- BLaER1 cells expressing wild-type IKKp or kinase-

dead IKKB-K44M under the control of a doxycycline-inducible promoter treated with
doxycycline during the last 8 h of differentiation.

(D) LDH release from BLaERI cells as in (C) primed with LPS for 2 h and subsequently
treated with Nigericin or Needle Tox as indicated.

(E) LDH release from BLaER1 monocytes primed with LPS for 2 h before stimulation with
Nigericin or Needle Tox. TPCA-1 was added at different time points as indicated.

Data are represented as mean + SEM with dots representing biological replicates conducted
on separate days. ***p < 0.001, **p < 0.01, *p < 0.05, ns p = 0.05 calculated by two-way
ANOVA followed by Dunnett’s test (A and E) or Siddk’s test (D).

See also Figure S5.
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Figure 5. NEK?7 accelerates NLRP3 activation at early priming time points in iPSC-derived
human macrophages
(A) THP-1 cells were primed with Pam3CSK4 for 4 h and then stimulated with Nigericin for

30 min before lysates were immunoprecipitated with anti-NEK7 antibody or isotype control.
One representative immunoblot of three independent experiments is shown.

(B) NEK7/-HEK293T cells were transiently transfected with plasmids driving expression
of an ASC-RFP fusion protein and mouse or human orthologs of NLRP3 and NEK7 as
indicated. ASC-RFP specks were imaged 24 h after transfection. Dots represent technical
replicates from one representative of three independent experiments.

(C and D) Four clones per genotype of NEK 77 or wild-type human iP$S cells were
differentiated into hiPS-Macs and treated with Nigericin or LPS + Nigericin for 4 h or

LPS + Nigericin for 1 h in the presence of the NLRP3 inhibitor MCC950 as indicated. Dots
represent individual clones.

*#%p < 0.001, **p < 0.01, *p < 0.05, ns p = 0.05 calculated by two-way ANOVA followed
by Dunnett’s test (B) or Siddk’s test (C and D).

See also Figure S6.
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Figure 6. IKKB-mediated recruitment of NLRP3 to PI4P enables NEK7-independent
inflammasome formation

(A) NIrp3”~ x Pycard”~ Y774 cells of the indicated Nek7 genotypes expressing mCherry
tethered to phosphatidylinositol-4-phosphate (PI4P) via the PH domain of OSBP
(OSBP(PH)-mCherry) and doxycycline-inducible mVenus-mmNIrp3 were treated with
doxycycline for 24 h and TPCA-1 for 1 h before stimulation with LPS for 30 min. Scale bars
represent 10 pgm.
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(B) Quantification of at least 10 randomly chosen fields of view per experimental condition
from three independent experiments described in (A). Data are represented as mean + SEM
with dots representing biological replicates conducted on separate days.

(C) Lysates of J774 cells pretreated with TPCA-1 for 1 h and then stimulated with LPS

for 30 min were depleted of nuclei (5 min 1,000 x g), and the supernatant was then
centrifuged at 5,000 x g for 10 min (pellet P5) followed by 100,000 x g for 20 min (pellet
P100, supernatant S100) before immunoblotting. One representative of three independent
experiments is shown.

(D) P100 fractions from (C) were further fractionated across a linear sucrose gradient
(20%—-60%) into 12 fractions which were then immunoblotted. One representative of three
independent biological replicates is shown.

(E) Enrichment of organelle-specific protein sets identified via mass spectrometry analysis
of the protein content of fractions #2 and #1 1. p-values for set enrichment were calculated
based on proteins differing between the two fractions (FC R 1.5, FDR < 0.05) using Fisher’s
exact test with Benjamini-Hochberg correction.

(F) Nlip3”~ Y774 cells of the indicated Nek7 genotypes expressing doxycycline-inducible
variants of Nlrp3 as indicated were treated with doxycycline for 18 h followed by 2 h of
Nigericin before immunoblotting.

**%p <0.001, **p < 0.01, *p < 0.05, ns = 0.05 calculated by two-way ANOVA followed by
Tukey’s test unless indicated otherwise.

See also Figure S6 and Table S2.
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Abstract

Forward genetic screening associates phenotypes with genotypes by randomly inducing
mutations and then identifying those that result in phenotypic changes of interest. Here we
present spatially resolved CRISPR screening (SPARCS), a platform for microscopy-based genetic
screening for spatial cellular phenotypes. SPARCS uses automated high-speed laser
microdissection to physically isolate phenotypic variants in situ from virtually unlimited library
sizes. We demonstrate the potential of SPARCS in a genome-wide CRISPR-KO screen on
autophagosome formation in 40 million cells. Coupled to deep learning image analysis, SPARCS
recovered almost all known macroautophagy genes in a single experiment and discovered a role
for the ER-resident protein EI24 in autophagosome biogenesis. Harnessing the full power of
advanced imaging technologies, SPARCS enables genome-wide forward genetic screening for

diverse spatial phenotypes in situ.
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Introduction

Genetic screens offer a powerful approach to dissecting the complexity inherent in biological systems.
Within this space, forward genetic screening is an unbiased way to map phenotypic changes to changes
in the genome: From a library of genetic variants generated by random mutagenesis, mutants with
interesting phenotypes are selected and their genotypes determined. This approach has led to
groundbreaking discoveries in a variety of model organisms (/-3). Now, with the ability to specifically
target mutagenesis to exonic regions of interest and disrupt both alleles of a given genetic locus,
CRISPR-based genome editing technologies (4) have enabled the generation of large mutant libraries
in which a single gene is knocked out in each cell (5). Individual genetically perturbed cells can now
be profiled for their transcriptome (6-10), protein expression (/7), spatial composition (/2) and
chromatin landscape (/3). However, genome-wide screening libraries typically contain tens of millions
of cells, a scale with which most of these techniques are currently incompatible. To overcome this
limitation, only those cells with an interesting phenotype are typically isolated from the library and
subsequently genotyped. This paradigm has largely limited cell-based genome-wide screens to three
types of easily selectable phenotypes: a difference in proliferation rate, an inhibition of cell death, or a

change in fluorescence intensity compatible with fluorescence-activated cell sorting (FACS) (/4-17).

Increasingly powerful microscopic imaging provides information-rich data on diverse cellular
phenotypes (/8) and would therefore be an ideal technology to read out biological phenotypes of
interest, particularly if combined with recent advances in deep learning. However, its application in
genome-wide forward genetic screening has been hampered by a lack of scalability and other
limitations: ‘in situ sequencing by synthesis’, a technology originally developed to profile the cellular
transcriptome in tissue samples, has been adapted to sequencing short perturbation-encoding barcodes
on the DNA level (19, 20). This method separates genotyping and image collection, resulting in
complete image datasets for unbiased identification of new phenotypes. However, by design it does not
include an enrichment step for selected phenotypes, requiring all cells in a mutant library to be
sequenced irrespectively of whether they show a phenotype. In addition, the genotype can only be
determined for a fraction of cells due to low sequencing fidelity even in low-complexity libraries (20),
which in combination with the technology’s high costs has limited its applicability for screening
genome-wide libraries at sufficient coverage (27). Image-based flow cytometers with sorting
capabilities have recently enabled the investigation of spatial phenotypes at high throughput (22, 23).
These devices rely on low-resolution flow-based microscopy of detached cells, preventing the
identification of complex phenotypes. In addition, this technology makes sorting decisions in real time,
restricting it to the identification of predefined phenotypes and preventing reanalysis of past screens. A
method originally proposed for the transcriptomic characterization of B-cell populations (24)
photoactivates fluorophores to mark cells for subsequent isolation by FACS (25-27). This approach can

only separate few different phenotypes by fluorophore brightness (28). It also requires a real time
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decision on which cells to isolate, preventing whole-dataset analysis to discover unexpected new
phenotypes and has not been demonstrated to be compatible with cell fixation, which is necessary for

antibody-based staining of intracellular targets.

To enable robust genome-wide high-throughput screening for spatial cellular phenotypes, we set out to
develop a technology that meets four key requirements: First, it should work on cells in situ and utilize
state-of-the-art microscopy techniques. Second, it should accommodate large screening libraries to
ensure adequate representation of rare phenotypes. Third, it should be compatible with the unbiased
identification of previously unknown phenotypes from entire complex image datasets rather than single
images in real time. Fourth, it should allow for reanalysis and reselection of cells for genotyping from
previous archived screens. Importantly, the latter feature would allow the application of novel image

analysis methods to previously performed screens as they become available.

Results

Spatial genotyping by laser microdissection

To analyze the spatial composition of tissues and clinical samples by mass spectrometry, we have been
advancing workflows based on laser microdissection (LMD), a technique that uses a focused UV laser
to cut out and collect arbitrary shapes from tissue sections (29, 30). In a most recent development, deep
visual proteomics (DVP), we use LMD to excise defined tissue regions for subsequent proteomic
characterization of individual cell types or extracellular zones by mass spectrometry (31, 32). We
reasoned that the isolation of single phenotypically interesting cells from a pooled library by LMD

would provide an ideal basis for a forward genetic screening technology for spatial phenotypes.

LMD requires samples to be present on a membrane that can be cut by a UV laser, so we first tested
whether cells could be grown and imaged directly on such polymer membranes. Indeed, on
polyphenylene sulfate (PPS) membranes, spinning disk confocal microscopy produced high-quality
images that showed normal cellular morphology (fig. 1A). By segmenting these images into individual
cells, we generated multi-channel perturbation image datasets from which we aimed to identify cells
with phenotypes of interest for genotyping (fig. 1B). We then developed a rapid cutting protocol for
LMD that is compatible with subsequent genotyping by minimizing autofocus time and optimizing the
trade-off between laser speed and accuracy. Compressing the cutting path and leveraging the fact that
it is sufficient to isolate nuclei to determine a cell’s CRISPR perturbation by sequencing, we ultimately

reached a speed of 1,000 nuclei per hour.

Counting of excised membrane regions collected in a microwell plate using this protocol showed a yield
of approximately 80 % (fig. 1C). We then tested the genotyping of excised nuclei by generating a pool
of U20S cells each expressing one of 77,441 unique sgRNAs in the Brunello CRISPR library (33),
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plated these cells onto PPS membranes and imaged them. To register membrane slides between imaging
microscopes and the LMD microscope, we marked the membrane with calibration crosses as landmarks
that define a coordinate system across each slide, allowing us to find the positions of cells to excise.
We stitched individual field of view images of a slide into one whole slide image (WSI), segmented
nuclei based on a DNA stain, generated a cutting map using our newly developed open-source python
library py-Imd (fig. S1) and then excised and lysed 1,000 nuclei. Sequencing identified 549 unique
sgRNAs on average in these lysates, demonstrating that isolating individual nuclei for subsequent
CRISPR genotyping is feasible with LMD (fig. 1D). Comparing the number of unique sgRNAs in the
LMD lysate with a lysate of cells from the same library isolated by FACS revealed that both techniques
recovered an sgRNA from approximately 50 % of cells (fig. 1D). From these data we concluded that
potential DNA damage induced by laser microdissection does not hamper sgRNA recovery. In
summary, our results show that it is possible to employ LMD to recover genetic information from
imaged cells at a throughput compatible with genetic screening (fig. 1E). We call this approach spatially
resolved CRISPR screening (SPARCS).

Validating SPARCS for genetic screening

To further develop SPARCS we applied it to screen for regulators of starvation-induced
macroautophagy (hereafter referred to as autophagy), a fundamental process for cellular energy
management (34, 35). The signature of autophagy is the formation of vesicles called autophagosomes.
These are covalently decorated with proteins from the ATGS8 family, including the well-studied human
protein LC3B. During a key event in autophagosome biogenesis LC3B is conjugated to the head group
of the lipid phosphatidylethanolamine (PE) through a series of ubiquitin ligation-like reactions. A
critical component of this cascade is the protein ATGS that forms an E3-like complex with ATG12 to
mediate the covalent attachment of LC3B to PE. To follow the formation of autophagosomes during
starvation we stably expressed LC3B tagged with mCherry in U20S cells, because — unlike GFP —
mCherry remains fluorescent upon fusion with the lysosome. We then treated these cells with the mTOR
inhibitor Torin-1 to mimic starvation, which induces autophagy. Cells treated this way began to

accumulate mCherry-LC3-positive puncta over the course of 14 hours (fig. 2A).

In a screen, those cells containing sgRNAs against essential regulators of autophagy are unable to form
these puncta. To identify these cells we trained a deep learning-based image classifier to differentiate
between cells with or without autophagosomes (fig. 2B, fig. S2A). The training dataset was composed
of segmented single cell images of mCherry-LC3 expressing U20S cells that were treated with Torin-
1 (autophagy-on class) or left untreated (autophagy-off class). As an additional group we introduced
cells treated with Torin-1, yet deficient in ATGS (autophagy-off class). We used images from several
biological replicates to avoid overfitting of our classifier to batch-specific characteristics such as

staining intensity or cell density (table S1). To evaluate the performance of this classifier 1.0, we
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generated a new test dataset of images from unstimulated and Torin-1 stimulated wildtype and 4TG5
mCherry-LC3-expressing U20S cells that had not been part of the training set and as such had never
been seen by the classifier before. Classifier 1.0 achieved a false discovery rate (FDR) of < 1% (fig.
S2B) at the chosen threshold, meaning that less than 1% of cells classified as potential hits with an

autophagy-off phenotype were instead false positives that actually came from the autophagy-on class.

We then validated SPARCS by performing a small pilot screen on autophagosome formation in 1.2
million Torin-1-stimulated mCherry-LC3 U20S cells transduced with the Brunello CRISPR knockout
(KO) library (fig. 2C). From this library we isolated the top 0.1 % of cells classified as autophagy-off
by classifier 1.0 with a score > 0.94, corresponding to a test set FDR of 0.38 %. Compared to the entire
library, we found sgRNAs targeting ATG5 to be highly enriched among isolated cells (median 200-
fold) (fig. 2D). sgRNAs targeting other autophagy-related genes had a median of 60-fold enrichment
with the most strongly enriched sgRNAs even exceeding 700-fold (fig. 2D). Control sgRNAs not
targeting any human genes (‘non targeting controls’ (NTCs)) were rare among isolated cells with a
median enrichment of 10-fold (fig. 2D). These results confirm that the SPARCS protocol stitches and
registers WSI with sufficient accuracy for the isolation of the nuclei of interest. They also demonstrate
that assessing autophagosome formation based on images is feasible with a deep learning classifier, and

that in SPARCS, this classifier can be used to screen for autophagosome formation.

Accurate detection of autophagy defects in single cell images

A classifiers’ Receiver Operating Characteristic (ROC) curve visualizes the tradeoff between true
positive rate (the fraction of all autophagy-off cells that are correctly identified) and false positive rate
(the fraction of autophagy-on cells incorrectly predicted as autophagy-off). The ROC curve of our
classifier 1.0 confirmed its overall accuracy with an area under the curve (AUC) of > 0.92 (fig. S2C).
However, at the precision (the fraction of predicted autophagy-off cells that are actually autophagy-off,
1-FDR) corresponding to 1 % FDR, the recall (= true positive rate) of classifier 1.0 was below 26%
(fig. S2D). Closer analysis of the different categories of cells in the test dataset revealed that the
classifier excelled at identifying autophagy-on cells, but performed poorly at recognizing autophagy-

off cells (fig. S2E, F).

To improve classification of autophagy-oft cells we refined our staining and imaging protocol and then
trained a new version of our classifier. For this version 2.0 we decided to use a more streamlined
multilayer perceptron (MLP) head with fewer trainable parameters, add another linear layer and
increase the number of cells and biological replicates in the training dataset to capture as much
biological variance as possible (fig. 3A, B, table S1). We also prefiltered the unstimulated and Torin-1
stimulated images for autophagy-off and -on cells to minimize the number of mislabeled training
examples (table S1). To evaluate classifier 2.0, we first used parametric UMAP (36) to investigate if
layers of the CNN had learned to differentiate between images of autophagy-on and autophagy-off cells.
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This revealed that wildtype cells stimulated with Torin-1, unstimulated wildtype cells and 4TG5 cells
clustered separately in representations of lower layers, most prominently in the 8" of 9 convolutional
layers (fig. 3C). These results suggested that our CNN had now learned to featurize images of LC3
distribution in a way that enables accurate classification of cells undergoing autophagy. Of note, the
network of classifier 2.0 was capable of discriminating between ATG5™" and unstimulated wildtype cells
despite those cells being in the same training class (fig. 3C), a clear improvement over classifier 1.0
(fig. S2@G). Its ROC curve was also drastically improved with an AUC of > 0.999 (fig. 3D). Remarkably,
in the binary classification output almost all cells were correctly classified according to their autophagy
status even with a simple classification score threshold of 0.5 (fig. 3E, F). With classifier 2.0,
classification thresholds > 0.98 produced FDRs of < 1 %, with higher thresholds reducing the FDR
further without yet diminishing the excellent recall of nearly 100 % (fig. 3G, fig. S2H). Thus, for a
complex biological process such as autophagy, training a CNN-based classifier on images from

comparatively few biological replicates achieves excellent performance.

Genome-wide autophagy screen with SPARCS

Encouraged by these results we used SPARCS to conduct a genome-wide screen on autophagosome
formation. We screened a library of 40 million mCherry-LC3 expressing U20S cells at a median
coverage of 1,818 cells per gene in the human genome in batches of 5 and 35 million cells (fig. S3).
Classifying autophagy based on the distribution of LC3 within the first batch showed that 0.56% of
cells had a score > 0.98. We regarded these cells as potential autophagy-defective hits and, upon
examining the 8" CNN layer featurization of their LC3 distribution using parametric UMAP, found
them to cluster separately from autophagy-on cells in the library with a classification score < 0.02 (fig.
S4A, B). For genotyping we divided the hits into six bins according to their classification score (fig.
S4C): The top bin represented a cutoff at which we found 4TG5 to be strongly enriched in our test
dataset, whereas the second bin corresponded to unstimulated wildtype cells. Bins 3 — 6 contained the
remaining potential hits with a roughly equal number of cells per bin. Zooming in on the 8" CNN layer
featurization of the LC3 distribution in the potential hits revealed that cells in bins 1 & 2 clustered
separately from bins 3 - 6 (fig. S4D). This indicated that they contained different phenotypic variants
with regard to their LC3 distribution, potentially corresponding to stronger defects in autophagosome

formation. Indeed, we observed the fewest LC3 puncta in cells from bins 1 & 2 (fig. S4E).

For the second genome-wide screen batch we refined our classifier by more stringently selecting
training examples of autophagy-on and -off cells, thereby further improving its overall performance
(fig. S5). Using this new classifier 2.1 we obtained similar results from the second batch compared to
2.0 on the first screen batch: 1.40% of cells were classified as autophagy-off with a score above 0.98
and in their 8" CNN layer featurization these cells again clustered separately from their autophagy-on

counterparts with a score < 0.02 (fig. 4A, B). We therefore applied the same binning strategy to these
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images (fig. 4C), and, upon zooming in on their 8" CNN layer featurization using parametric UMAP,
found the separation of cells in bin 1 & 2 to be even more apparent than in the first batch (fig. 4D, E).
We then isolated a total of 395,173 nuclei across both screen batches and sequenced their sgRNAs.
Given their similarity on the phenotypic level we analyzed the genetic data of both batches together.
All bins showed a marked enrichment of targeting over non-targeting sgRNAs and enrichment scores
up to 600-fold, promising the identification of autophagy relevant genes (fig. 4F). In line with our FDR
calculation (fig. 3G, fig. S5B) and our conclusions from the featurization of individual images (fig. 4D,
fig. S4D), sgRNAs targeting genes known to be involved in autophagosome formation were most
strongly enriched in bins 1 & 2 (fig. 4F). On the gene level ATGS, which our classifier was trained to
identify, was among the most highly enriched genes in several bins, validating our supervised
classification approach in the context of this large-scale screen (fig. 4G). The Brunello library targets
each gene in the human genome with four sgRNAs. While in the higher score bins 1 & 2, genes with a
high mean enrichment score had several sgRNAs enriched, in lower bins genes with a relatively high
mean enrichment score often only had a single highly enriched sgRNA, indicating potential off-target
effects. This prompted us to evaluate the number of sgRNAs enriched per gene as an alternative metric
to score screening hits. Here we again found the strongest hits to contain mainly autophagy-related
genes (fig. 4H). Taken together, these results establish that SPARCS is highly effective for large scale
genetic screens on spatial phenotypes. Furthermore, despite the inherent complexity of image-based
phenotypes, our supervised classifier facilitated the enrichment of a very small subset of individual cells

with a genetically defined phenotype from a diverse genome-wide library of 40 million cells.

EI24 reorganizes membranes for autophagy

The power of SPARCS became even more apparent when we evaluated our screen from the perspective
of the investigated biological process: Remarkably, this single screen recovered almost all known
essential genes of the starvation-induced macroautophagy pathway. This included the complete ULK1
complex and LC3 lipidation cascade (fig. 5A). Closer inspection of individual hits revealed that the
most strongly enriched gene that is not a canonical macroautophagy gene was EI24, a gene coding for
an ER-resident transmembrane protein (37) (fig. 5B). EI24" cells have previously been described as
autophagy-defective, but with a phenotype resulting in spontaneous LC3-puncta formation (38). This
finding is not in line with the 82-fold enrichment of E724 in our screen, given that our classifier was
trained to recognize cells with impaired rather than increased autophagosome formation. To investigate
why we found EI24 KOs enriched among cells classified as autophagy-off, we generated individual
EI247 clones. Consistent with the previously reported spontaneous LC3 puncta formation, EI24-
deficient cells have been described to exhibit increased lipidation of LC3 under steady state conditions
(38), a phenotype we confirmed in EI247 clones (fig. 5C). However, in contrast to previous results we
found LC3 puncta formation in response to Torin-1 to be largely abolished in EI24-deficient cells (fig.

5D). Instead, these cells formed a single mCherry-LC3-positive speck that became more pronounced
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with Torin-1 stimulation, indicating a general defect in membrane traffic or autophagosome formation
(fig. S5E). These results explain why our classifier picked up £724 knockouts and demonstrate again that
even supervised image classification is capable of identifying previously undescribed phenotypes. Our
results further indicate that E124 is required for autophagosome formation and has a function beyond
its recently described LC3 puncta promoting role in maintaining Ca®* homeostasis across the ER

membrane (39) that remains to be investigated.

Discussion

We present SPARCS, a platform that enables unbiased exploration of the genetic basis of subcellular
spatial features in forward genetic screens. At the core of the SPARCS methodology, we have adapted
and refined laser microdissection technology to unprecedented throughput to facilitate genetic screening
applications. We have improved the precision and efficiency of isolating single nuclei from cell
cultures, while automating the extraction of several hundred thousand nuclei into distinct bins. By
integrating a deep learning-based classifier, our genome-wide SPARCS screen successfully identified
nearly all known genes related to macroautophagy and revealed a novel phenotype associated with the
EI24 gene.

SPARCS offers a unique combination of features (table S2) that make it a powerful forward genetic
screening platform. It can be seamlessly integrated with any state-of-the-art microscope for in situ cell
imaging. The screening library size is not constrained, except by the imaging microscope's throughput.
Consequently, microscopy-based genome-wide perturbation screens can now achieve exceptional
coverage. Besides the method described here, which involves isolating cells based on predefined
classes, SPARCS is also compatible with the identification of individual cells exhibiting entirely novel
or unexpected phenotypes. This is achieved through unbiased clustering and anomaly detection applied
to the entire image dataset. Furthermore, we discovered that samples can be stored long-term, allowing
for the reanalysis of archived SPARCS screens using newer algorithms. This facilitates the exploration
of new biological insights within existing data. To streamline the process of translating the identification
of individual cells with subcellular spatial phenotypes into a cutting map for LMD we have developed
py-Imd, an open-source Python library for laser microdissection on arbitrary sample types that is
available on GitHub. We hope that the accessible design of SPARCS, compatible with standard

microscopes and sequencing workflows, will encourage its adoption by the scientific community.

Our screen uncovered a potential role in macroautophagy for EI24. This gene had previously been
implicated in autophagy based on a C. elegans screen in 2010, but its mechanism of action had remained
unclear (38). Beyond the original observation that EI24 deficiency leads to pronounced formation of
non-functional autophagosomes even under steady state conditions, it was recently suggested that

spontaneous Ca’* fluxes across the ER membrane initiated autophagy in EI24 deficient cells (39). How
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-

spontaneous induction of autophagosome formation in £7247 cells can be reconciled with a defect in

autophagy remained unclear. The results from our screen and the following live cell imaging

/-

experiments, in which we found EI24" cells to form fewer autophagosomes than wildtype cells, now

suggest that EI24 plays a — potentially additional — role in autophagosome formation.

Systems biology is increasingly driven by large-scale artificial intelligence models that set new
standards for reconstructing and predicting cellular behavior, but require enormous amounts of data to
train. In light of this development, comprehensive, unbiased data acquisition approaches that can
generate large datasets across modalities have become highly desirable. In this context, SPARCS, with
its focus on open and accessible design and the ability to screen large libraries, can make a valuable

contribution to understanding biology from the molecular to the organismic scale.
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The code described in this manuscript is available from the following GitHub repositories:

The py-Imd python library provides code to direct excision of defined regions on a Leica LMD7 laser

microdissection microscope (https://github.com/MannLabs/py-Imd).
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The SPARCStools python library provides code to rename TIF image files generated by the
PerkinElmer Harmony software and stitch these into WSIs

(https://github.com/MannLabs/SPARCStools).
The SPARCSpy python library contains the autophagy classifiers, as well as code to segment and

extract single-cell images from  entire  fields of wview up to WSIs

(https://github.com/MannLabs/SPARCSpy).

All other data are available from the authors upon request.
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Methods

Cell culture

U20S cells were cultured in DMEM supplemented with 10 % fetal calf serum (FCS),
penicillin/streptomycin and 1 mM sodium pyruvate and split every 2-3 days. PPS membrane slides were
sterilized for 30 minutes under the UV light of a cell culture hood with their cavity side down. Cells

were then plated onto these slides cavity down in 4-well plates with 5 mL DMEM per well.

Genome engineering

U20S cells stably expressing Cas9, mCherry-LC3 and mNeon tagged N-terminally with the lipidation
sequence of Lck (LekLip-mNeon, the original plasmid was a gift from Dorus Gadella (Addgene plasmid
# 98821, (40))) were generated via lentiviral transduction. Briefly, HEK-293T cells were transfected
with transfer plasmids for Cas9 or mCherry-LC3 and 3rd generation lentiviral particle production
plasmids pMDLg and pRSV as wells as a VSV G-protein pseudotyping plasmid 18 hrs after plating.
Eight hrs later, the medium was exchanged and cells were washed once in PBS. After 48 hrs
supernatants containing viral particles were harvested and transferred onto U20S cells plated 18 hrs
before. 48 hrs later U20S cells were washed. Cells were selected for Blasticidin resistance with
10 pg/mL Blasticidin or FACS-sorted for high fluorescent protein expression and single clones
generated by limiting dilution cloning. A bright clone with a visible reaction to 600 nM Torin-1 was
selected, expanded and used for all experiments. Lentiviral particles for the expression of individual
sgRNAs from LentiGUIDE-Puro were generated analogously. Cells were selected for sgRNA
expression with 5 ug/mL puromycin for 48 hrs. Of note, the cell line used for the autophagy screens
did not yet stably express Cas9 but was instead transduced with a LentiCRISPRv2, a vector driving
expression of both Cas9 and an sgRNA.

Laser microdissection

Cutting paths for laser microdissection of selected cells were generated using our open-source python
library py-Imd (https://github.com/MannLabs/py-lmd) with the configurations specified in the “screen
config” file. Each shape was dilated to ensure that the cutting line did not go through or damage the
nucleus. Laser microdissection was carried out on a Leica LMD7 at 40 x magnification using the
software version 8.3.0.8275. The microscope was equipped with the Okolab LMD climate chamber
(H201-ENCLOSURE-LMD and H201-LEICA-LMD) to ensure stable temperatures throughout the
cutting process. Slides were equilibrated in the microscope to 34.5 °C before cutting to ensure focus
stability. Cutting contours were imported from the XML files generated with py-Imd after reference
point alignment and cut with the following settings: power 60, aperture 1, speed 100, head current 46 %
- 51 %, pulse frequency 1128 and offset 185. Autofocus adjustment was performed every 30 shapes.

Shapes were sorted into 48-well plates. During cutting a custom-built wind protection was used around
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the collection plate to ensure collection of excised shapes into the center of the well and prevent wind

disturbances. After cutting, samples were stored at 4 °C before lysis and library generation.

CNN-based image classifier training

Neural networks with 9 randomly initialized convolutional layers and 3 (classifiers 1, P) or 4 (classifiers
2.1 & 2.2) linear layers were trained to classify segmented single cell images as autophagy-on or
autophagy-off (table S1). The training datasets were based on several biological replicates of mCherry-
LC3 expressing U20S cells with and without autophagosomes. The autophagy-off class consisted of
images from unstimulated wildtype cells (pre-filtered to remove cells showing spontaneous
autophagosome formation for 2.1 and 2.2) and two different ATG5” clones. Where applicable, pre-
filtering was performed with classifier P. The autophagy-on class consisted of single-cell images from
stimulated wildtype cells, where applicable pre-filtered with classifier P to remove non-responding
cells. To increase variability captured in the training data, the training slides were plated at an angle to
include varying cell densities on one slide. 500 k, 1 million or 1.2 million single-cell images respectively
were randomly selected from each class for training while ensuring balanced sampling from each test
slide. An additional 50 k cells from each class were used for testing and validation during training.
Training data were augmented by Gaussian blur, addition of Gaussian noise and random rotations in
90° steps. Training was performed using single-gradient descent with a learning rate of 1 x 107,
Gradient clipping was set to 0.5. Training was performed over a total of 20, 30 or 40 epochs. Classifier
performance was tested on a biologically independent set of unstimulated wildtype cells, Torin-1

stimulated wildtype cells and ATG5™ cells. Models were built and trained using PyTorch (41).

Segmentation of individual cells

Images were flat-field corrected during image acquisition using the Perkin Elmer Harmony software
(v4.9) and intensity rescaled to the 1 % and 99 % quantile. Extremely bright regions (pixel values
greater than 40000) were set to 0 before determining the normalization quantiles. Stitching of image

tiles was performed using the ashlar python API (42) in our open-source python library SPARCStools
(https://github.com/Mannlabs/SPAR CStools).

Stitched whole slide images were segmented using our open-source SPARCSpy python library
(https://github.com/MannLabs/SPARCSpy) with the parameters defined in “config screen” or
“config_training” respectively. A nucleus segmentation mask was generated using a local median
thresholding approach and the cytosol segmentation mask was calculated using fast marching from

nuclear centroids with WGA staining as a potential map.

Single cell images were extracted based on nuclear and cytosolic segmentation masks. The masked area
was extended using a Gaussian filter with a sigma of 5 to extract information from each of the imaged

channels and saved to hdf5 files as individual 128 x 128 px images.
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Sample preparation and imaging of autophagy

After stimulation with 600nM Torin-1, PPS slides were washed 1x in PBS in a Coplin jar and then
stained with 10 pg/mL WGA-Alexa488 in PBS for 10 minutes at 37 °C. After washing 1 x with PBS
slides were fixed for 10 minutes at room temperature in 4 % MeOH-free PFA in PBS in 4-well plates.
After washing 3 x in PBS, slides were stained with 10 pg/mL Hoechst-33342 in PBS at 37 °C for at
least 30 minutes. After washing 3 x in PBS, slides were dried in a centrifuge at 3,400 g for 1 minute.
Cells in ibidi microwell slides and plates were stained according to the same protocol but imaged in
PBS. Imaging was done on a Nikon Eclipse Ti2 spinning disk confocal microscope or an Opera Phenix

high-content imager as indicated.

Genetic screening for autophagy regulators

We conducted our screen in mCherry-LC3 expressing U20S cells using the Brunello human CRISPR
KO library in the LentiCRISPRv2 backbone. The Brunello library was a gift from David Root and John
Doench (Addgene #73178) and amplified according to their protocol (33). U20S cells were transduced
with lentiviral particles produced as described above at an MOI of approximately 0.2. After 48 hrs,
successfully transduced cells were selected with 5 pg/mL puromycin for two days and then expanded
for three days. We then plated 50 million cells on a total of 109 slides in 4 well plates, and in addition
included unstimulated and wildtype controls on separate slides with every screening batch for classifier
training. The day after plating, cells were stimulated with 600 nM Torin-1 for 14 hrs. Slides were then
prepared for microscopy as described above and imaged on an Opera Phenix high content imager at
20 x resolution. Where applicable slides were stored at -20 °C and brought to 4 °C the day before laser
microdissection. Cells from each bin were excised into multiple wells. Nuclei were then lysed in 48-
well plates using the arcturis PicoPure™ DNA extraction kit. 120 pL of lysis buffer was added to each
well and incubated at 65 °C for 4 hrs. Proteinase K was inactivated at 95 °C for 15 mins. Cooled samples
were transferred to PCR tubes and the emptied wells were rinsed with 40 pL of ddH2O. Amplification
of sgRNAs was performed as described previously (43) but in a single step PCR (33) over 36 cycles
with no added water. Sequencing was performed on an Illumina NextSeq with 500 reads per nucleus
on average. An sgRNA read count table was generated for each sequencing library. Low quality
sgRNAs were removed by applying a minimum number of reads per sgRNA threshold that was set
based on the distribution of read counts per sgRNA in the sample. The non-targeting sgRNA with the
sequence TACGTCATTAAGAGTTCAAC was excluded from sequencing results of approximately
40 % of cells from bins 3 - 6 of batch 2 of the genome-wide screen due to a contamination of the
sequencing library leading to abnormally high read counts of this specific sequence. For further analysis
only sgRNAs with at least a fraction of reads corresponding to a single cell per well were used. sgRNA
read fractions of individual wells were then aggregated per bin by multiplying with the fraction of

excised cells in that well over all excised cells in the bin. The per-bin aggregated sequencing results
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were used for all further data analysis. Enrichment values were determined by normalizing the

aggregated fraction of reads per sgRNA to the fraction of reads per sgRNA in the input cell library.

Immunoblotting

20,000 U20S cells were plated per 96-well. 18 hrs after plating, cells were stimulated and then
harvested in 1 x Lammli buffer. 3 wells were pooled per condition. Lysates were boiled at 95 °C for
5 min. and then run on 16 % TRIS-glycine polyacrylamide gels before immunoblotting onto 0.2 um
nitrocellulose membrane for 90 minutes. Membranes were blocked in 5 % milk in PBST for 1 hr and
incubated with primary antibody at 4 °C overnight. After washing 3 x in PBST for a total of 15 min.
membranes were incubated with HRP-labelled secondary antibody for 2 hrs at room temperature. After
washing 3 x in PBST for a total of 15 min. membranes were covered in luminescent HRP substrate and

immediately imaged.
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Figure 1 | SPARCS enables genome-wide CRISPR screening for spatial phenotypes in human

cells

(A) Example images of U20S cells on PPS membranes in several channels. Solid lines indicate nuclear
segmentation based on Hoechst DNA staining; dotted lines indicate cytosol segmentation based on fast
marching from nuclear centroids with wheat germ agglutinin (WGA)-Alexa 488 staining as a potential
map. Numbers correspond to images of individual cells shown in (B). Images were acquired on an
Opera Phenix microscope in confocal mode with 20 x magnification. Scalebars represent 15 um. PPS:

polyphenylene sulfide.

(B) Post-segmentation images of individual mCherry-LC3 expressing U20S cells. Numbers correspond

to cells shown in (A).

(C) 100 or 500 regions were excised from U20S cells grown on a PPS membrane slide and subsequently

counted. Five and two technical replicates were excised from one slide, respectively.

(D) Comparison of sgRNA recovery after isolation of sgRNA-expressing fixed cells from one library
either by laser microdissection (Leica LMD7, 1,000 nuclei per replicate, 3 independent biological
replicates) or FACS (technical replicates). Bars indicate mean % sgRNAs recovered, error bars indicate

SEM. p-value was calculated with an unpaired two-tailed t-test.

(E) Overview of genome-wide CRISPR screening for microscopy-based spatial phenotypes with the
SPARCS pipeline. Laser microdissection of individual nuclei on a Leica LMD?7 has been optimized to
isolate 1,000 nuclei/hr. Instructions for laser microdissection of selected cells are generated using our

open-source python library py-lmd. PPS: polyphenylene sulfide.
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Figure 2 | SPARCS achieves strong enrichment of spatial phenotypes in a forward genetic screen

(A) U208 cells expressing mCherry-LC3 and mNeon tagged with the lipidation signal of Lck at the N-
terminus (membrane marker) were stimulated with Torin-1 and imaged live once per hour on a Nikon
Eclipse Ti2 confocal microscope with 100 x magnification. Scalebars represent 15 pum. One

representative of three independent experiments.

(B) Schematic describing the training of a convolutional neural network-based image classifier for the

identification of individual autophagy-defective cells.
(C) Overview of SPARCS screening for autophagy.

(D) Results from a SPARCS screen for autophagosome formation on 1.2 million U20S cells. The top
0.1 % of cells classified as autophagy-off with a score above 0.94 by classifier 1.0 were isolated by
laser microdissection (LMD) and their sgRNAs sequenced to determine their enrichment relative to the

input library. p-values were calculated with a Kruskal-Wallis test followed by Tukey’s test.
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Figure 3 | Deep learning accurately identifies autophagy-defective cells

(A) Unsegmented images that were used for training autophagy classifier 2.0 after segmentation.
Membranes were stained with WGA-Alexa488. “Library” refers to cells transduced with the Brunello
CRISPR KO library. Images were acquired on an Opera Phenix microscope in confocal mode with 20 x

magnification. Scale bars represent 30 pm.

(B) Overview of the architecture and training paradigm of the convolutional neural network-based
classifier 2.0 for autophagic or non-autophagic distribution of mCherry-LC3 in single U20S cells. 1
million 128 x 128 px single cell images from several biological replicates were used in each training
class. The autophagy-on class consisted of images of wildtype cells stimulated with Torin-1 pre-filtered
for responsive cells. The autophagy-off class consisted of images of unstimulated wildtype cells pre-
filtered to remove cells showing spontaneous autophagosome formation and images from two different
ATGS5" clones. Images were acquired on an Opera Phenix microscope in confocal mode with 20 x

magnification. CNN: convolutional neural network. MLP: multilayer perceptron.

(C) UMAPs of mCherry-LC3 images of single U20S cells featurized through the autophagy classifier
2.0 illustrated in (B) up to the indicated layers. Colors depict the indicated genotypes and treatments.

20,000 cells are shown for each genotype and treatment.

(D) Receiver Operating Characteristic (ROC) curve of the autophagy classifier 2.0. AUC: Area under

the curve.

(E) Histograms of images of mCherry-LC3 expressing U20S cells of the indicated genotypes treated

as indicated after autophagy classification with our classifier 2.0 as illustrated in (B).

(F) Heatmap showing the percentage of cells in e classified as autophagy-on or autophagy-off with a

classification score threshold of 0.5.

(G) Precision (Percent ATG5”~ among cells classified as autophagy-off from an equal mix of Torin-1
stimulated wildtype cells and ATG5™ cells) and recall (Percent ATG5™ cells classified as autophagy-
off) of our autophagy classifier at different thresholds for classifying cells as “autophagy-defective”.

The data used for (C) — (G) come from an independent test dataset that was not used during training of

the autophagy classifier.
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Figure 4 | Genome-wide CRISPR screening for autophagosome formation in 40 million U20S

cells using SPARCS

(A) Example region from a genome-wide SPARCS CRISPR knockout screen on autophagosome
formation in mCherry-LC3 expressing U20S cells after Torin-1 stimulation for 14 hrs. Colors in nuclei
indicate the result of binary autophagy classification with the classifier 2.1, dotted lines indicate cytosol
segmentation. Images were acquired on an Opera Phenix microscope in confocal mode with 20 x

magnification.

(B) Histogram of autophagy classification scores in the genome-wide CRISPR KO library batch 2
(inset) zoomed in on cells classified as autophagy-off with a score above 0.975. Colored boxes illustrate

the binning strategy we used to isolate cells for sgRNA sequencing.

(C) UMAP representation of single cell images from all cells in screen batch 2 with a classification
score > 0.98 (dark blue) or < 0.02 (light blue) featurized through the first 8 convolutional layers of
autophagy classifier 2.1. 91,320 images are depicted for each category.

(D) As C but colored according to our binning strategy along different autophagy classification
thresholds as outlined in (B). 15,220 images are depicted per bin. Right panel shows a magnification of

the UMARP region containing the putative screening hits.
(E) Images of individual cells from each bin in screen batch 2.

(F) z-scored enrichments of individual sgRNAs in each bin from batches 1 & 2. Vertical lines depict
median, boxes depict interquartile range (IQR) and whiskers depict 1.5 x IQR. #: One sgRNA targeting
the gene ENTPD4 with a z-score of 42.1 in bin 5 is not depicted. p-values were calculated with a
Kruskal-Wallis test followed by Dunn’s test. NTC: non-targeting control.

(G) sgRNA sequencing results of the top 50 genes in each of the six bins filtered for genes for which
we found at least two different sgRNAs in the respective bin in batches 1 & 2. Enrichment is calculated
as the fraction of reads for an sgRNA in the respective bin divided by the fraction of reads of that
sgRNA in the entire library. Bars indicate average enrichment per gene calculated from the enrichment

of individual sgRNAs indicated as dots. Filled bars depict autophagy-related genes highlighted in bold.

(H) Number of different sgRNAs per gene in each bin for all genes with at least 9 total sgRNAs across

all bins. sgRNAs were counted if they were sequenced with a read fraction in the top 50 % per bin.
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Figure S | Analysis of hits from genome-wide SPARCS screen

(A) Overview of the canonical macroautophagy pathway. Colors indicate the highest enrichment value
we found for a given gene in any bin. USO! was not found with at least two different sgRNAs in any

single bin.

(B) Enrichment vs read count for individual sgRNAs in the top two bins for genes where we found at
least two different sgRNAs in the respective bin. Circle sizes indicate the total number of different
sgRNAs we found for a given gene, colors indicate different groups of genes. Individual sgRNAs from

the “other” group are annotated. NTC: non-targeting control.

(C) Immunoblot of endogenous LC3 lipidation in wildtype and EI24” mCherry-LC3 and LckLip-
mNeon expressing U20S cell. Two clones are shown per genotype. One representative of three

independent experiments.

(D) Time course analysis of autophagy classification in clones of wildtype and EI24” mCherry-LC3
and LckLip-mNeon expressing U20S cells. Cells were treated with Torin-1 for up to 14 hrs. Dots
represent average classifier scores from cells in 15 fields of view per timepoint and clone from three
independent experiments, shaded areas represent SEM. Images were acquired on an Opera Phenix

microscope in confocal mode with 20 x magnification.

(E) Images of live mCherry-LC3 and LckLip-mNeon expressing wildtype and EI24" U20S cells after
14 hrs of Torin-1 stimulation. Arrowheads indicate larger mCherry-LC3 aggregates. Images were
acquired on a Nikon Eclipse Ti2 confocal microscope with 100 x magnification. Scalebars represent

15pum. One representative of three independent experiments.
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Figure S1 | The py-lmd python library generates cutting paths for automated laser

microdissection
(A) Overview of cutting path generation with py-lmd.

(B) py-lmd allows the generation of arbitrary shapes such as calibration crosses.
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Figure S2 | Performance of LC3 image-based autophagy classifiers

(A) Overview of the architecture and training paradigm of our convolutional neural network-based
classifier 1.0 for autophagic or non-autophagic distribution of mCherry-LC3 in single U20S cells.
500,000 128 x 128 px single cell images from several biological replicates were used in each training
class. The autophagy-on class consisted of images of wildtype cells stimulated with Torin-1. The
autophagy-off class consisted of images of unstimulated wildtype cells and images from two different

ATGS5" clones. CNN: convolutional neural network. MLP: multilayer perceptron.
(B) False discovery rates (FDR) of the autophagy classifier 1.0 at different classification score cutoffs.

(C) Receiver Operating Characteristic (ROC) curve for autophagy classifier 1.0. AUC: area under the

curve.
(D) Precision-Recall curve for our autophagy classifier 1.0.

(E) Histograms of images of mCherry-LC3 expressing U20S cells of the indicated genotypes treated

as indicated after autophagy classification with classifier 1.0 as illustrated in (A).

(F) Heatmap showing the percentage of cells in d classified as autophagy-on or autophagy-off with a

classification score threshold of 0.5.

(G) Parametric UMAPs of mCherry-LC3 images of single U20S cells featurized through our autophagy
classifier 1.0 illustrated in (A) up to the indicated layers. Colors depict the indicated genotypes and

treatments. 20,000 cells are shown for each genotype and treatment.
(H) Precision-Recall curve of classifier 2.0.

(B) — (H) were calculated on independent test datasets for the respective classifiers
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Figure S3 | Overview of genome-wide SPARCS screening for autophagy

(A) Batching and binning strategy for screening autophagosome formation in 40 million mCherry-LC3
expressing U20S cells. We dissected fewer cells than we imaged for a given bin due to the quality
control step outlined in e. *The efficiency of the PCR on bin 2 from batch 2 had decreased dramatically,
presumably due to the high density of membrane fragments in the reaction, leading to a loss of sgRNAs

for sequencing. PPS: polyphenylene sulfide.
(B) Number of cells segmented per screen slide.

(C) Distribution of human genes targeted in the screen across cells in the library as determined by deep
sequencing.
(D) Distribution of non-targeting and targeting sgRNAs in the reference library as determined by deep

sequencing.

(E) Quality control strategy for false positives arising from out-of-focus images. When we spatially
clustered hits using DBSCAN, we found clusters above a certain size to correspond to entire out-of-

focus imaging tiles and removed these clusters before nuclei excision.
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Figure S4 | Results from genome-wide autophagy screen batch 1

(A) Example region from a genome-wide SPARCS CRISPR knockout screen on autophagosome
formation in mCherry-LC3 expressing U20S cells after Torin-1 stimulation for 14 hrs. Colors in nuclei
indicate the result of binary autophagy classification with classifier 2.0, dotted lines indicate cytosol
segmentation. Images were acquired on an Opera Phenix microscope in confocal mode with 20 x

magnification.

(B) UMAP representation of single cell images from all cells in screen batch 1 with a classification
score > 0.98 (dark blue) or < 0.02 (light blue) featurized through the first 8 convolutional layers of
autophagy classifier 2.0. 4,806 cells are depicted per category.

(C) Histogram of autophagy classification scores in the genome-wide CRISPR KO library batch 1
(inset) zoomed in on cells classified as autophagy-off with a score above 0.975. Colored boxes illustrate

the binning strategy we used to isolate cells for sgRNA sequencing.
(D) As (B) but colored by screening bin. 801 cells shown per bin.

(E) Images of individual cells from each bin in screen batch 1.
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Figure S5 | Performance metrics of classifier 2.1

(A) Receiver Operating Characteristic (ROC) curve for autophagy classifier 2.1. AUC: area under the

curve.
(B) Precision-Recall curve for our autophagy classifier 2.1.

(C) Histograms of images of mCherry-LC3 expressing U20S cells of the indicated genotypes treated

as indicated after autophagy classification with classifier 2.1.

(D) Heatmap showing the percentage of cells in (C) classified as autophagy-on or autophagy-off with

a classification score threshold of 0.5.

(A) — (D) were calculated on an independent test dataset.
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Table S1 | Overview of CNN-based image classifiers trained in this study

All classifiers were trained on 128 x 128 px single cell images using PyTorch lightning. Unstimulated
control slides containing library cells plated in parallel with the screen slides were included during
training to capture possible batch effects introduced during plating and staining of the screening library.

Cells were pre-filtered according to their autophagy score using classifier version P where indicated.
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Table S1
Classifier |Description | Architecture |Number of |Training data Training | Number |Fig. | Used to [Independent Test [ AUC
Version trainable Epochs | of cells classify | Dataset ROC
parameters per class dataset Curve
1.0 Trained on |Asin Fig.2b (17,882,244 |2 slides unstimulated wt 40 500,000 2, A 1 slide ATG5™ 0.925879
initial but classifier 2 slides wt + Torin-1 S2 |12 cells clone 1
staining head only 1 slide ATG5™" clone 1 million |1 slide
protocol. consists of 3 1 slide ATG5™ clone 2 cells unstimulated wt
Used to fully cells
classify pilot | connected 1 slide wt cells +
screen linear layers Torin-1
P Only used to | As in first 17,882,244 |3 slides wt + Torin-1 30 1,200,000 1 slide ATG5™
pre-filter classifier 3 slides A7G5" mixed cells clone 1
cells for clones 1 slide
training 2.0 1 slide ATG5™" clone 1 unstimulated wt
& 2.1 1 slide ATG5™ clone 2 cells
1 slide wt cells +
Torin-1
2.0 Used on As shown in | 14,340,484 |1 slide ATG5™"" clone 1 20 1,000,000 |3, Screen |1 slide ATG5™" 0.999649
initial batch | Fig. 2b 1 slide ATG5™" clone 2 S4 |batch 1 |cells clone 1
of genome- 3 slides ATG5™ mixed 5 1 slide
wide screen clones million |unstimulated wt
2 slides unstimulated screen cells cells
cells score > 0.9 1 slide wt cells +
(autophagy-off) Torin-1
3 slides wt + Torin-1 score
< 0.1 (autophagy-on)
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2.1 Refined for |As shownin |14,340,484 |1 slide ATG5" clone 1 20 1,000,000 |4, Screen |1 slide ATG5™ 0.999772
largest part | Fig. 2b 1 slide ATG5™ clone 2 S5 |batch 2 |cells clone 1
of genome- 3 slides ATG5" mixed 35 1 slide
wide screen clones million |unstimulated wt
2 slides unstimulated screen cells cells
cells score > 0.999 1 slide wt cells +
(autophagy-off) Torin-1
3 slides wt + Torin-1 score
<0.001 (autophagy-on)
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Table S2 | Comparison of high-throughput methods for combined spatial phenotyping and
genotyping

Search space: library size that can be screened for phenotypes. Target space: Proportion of library that
can be analyzed. Phenotypic variants that can be discriminated: The maximum number of different
phenotypes that can be recovered from a single screen. Real time decision for genotyping necessary:
Whether a decision has to be made for a given image in real time during screening (“yes”) or whether
entire single cell datasets can be analyzed after imaging before a decision on which cells to genotype

has to be made (“no”

*A genome-wide screen using in situ-seq has recently been reported (ref 21) with a small library of 10
million cells in which the number of screened and successfully sequenced cells and sgRNA

representation remain unclear.

°These technologies have low costs per screened cell, but require the use of instruments often provided
by core facilities such as a laser dissection microscope for SPARCS, an imaging sorter device for
imaging flow cytometry or an imaging setup equipped with a fluorescence recovery after

photobleaching (FRAP) laser for pA-mCherry.
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Table S2
SPARCS In situ seq Imaging flow pA-mCherry
cytometry
References This study 19, 20, 21 22,23 25,26,27
Search space large medium large large
Target space small medium large small
Phenotypic variants that microtiter plate | unlimited microtiter plate | 4 per
can be discriminated fluorophore
Image quality confocal confocal flow-based confocal
Real time decision for No No Yes Yes
genotyping necessary
Discovery of new Yes Yes No No
phenotypes after screen by
reanalysis with new
computational model
possible
Largest library size 40 million 31 million 12 million 12.6 million
Genes targeted 19,114 5,072%* 18,408 18,905
Special equipment Laser Ultrafast Imaging flow FRAP laser or
required microdissection | imaging setup | sorter equivalent
microscope and precise

stage for

sequencing

cycles
Cost per cell in library Low’ High Low’ Low’
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