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ABSTRACT OF THE DISSERTATION

Evolution-guided Discovery of Species-specific Viral Protease Targets

by

Brian Vay Tsu

Doctor of Philosophy in Biology

University of California San Diego, 2021

Professor Matthew Daugherty, Chair
Professor Justin Meyer, Co-Chair

Many pathogens encode proteases that serve to antagonize the host immune
system. In particular, viruses with a positive-sense single-stranded RNA genome
((+)ssRNA), including picornaviruses, flaviviruses, and coronaviruses, encode proteases
that are not only required for processing the viral polyprotein into functional units but

also manipulate crucial host cellular processes through their proteolytic activity.
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Because these proteases must coordinate both the cleavage of numerous polyprotein
sites and subversion of host immunity, evolution of viral proteases is expected to be
highly constrained. Despite this strong evolutionary constraint, these viral proteins and
host immune factors are engaged in “evolutionary arms races” that results in diverse
protease-host interactions even within closely related species. In some cases, rapid
host gene evolution can result in avoidance of cleavage by viral proteases. In other,
more recently described cases, hosts can evolve to bait viral proteases into cleaving
them using a “tripwire” strategy of immune activation. Such data provide an explanation
for why viral polyprotein sites evolve despite such a strong evolutionary constraint and
highlight the importance of identifying and characterizing host proteins that are targeted
by viral proteases. Moreover, such an evolutionary model provides insight into the
changes in molecular functions between viral proteases and host factors, and
underscores the role of viral proteases in viral host range, zoonosis and host immune
gene evolution. Here, | describe a combined computational and functional approach that
guide the discovery of new host targets of viral proteases, including the characterization
of two new host innate immunity tripwires that trigger inflammation in response to viral

protease activity.

XV



Chapter 1: Running with scissors: evolutionary conflicts between viral proteases and the

host immune system



Abstract

Many pathogens encode proteases that serve to antagonize the host immune
system. In particular, viruses with a positive-sense single-stranded RNA genome
((+)ssRNA), including picornaviruses, flaviviruses, and coronaviruses, encode proteases
that are not only required for processing viral polyproteins into functional units but also
manipulate crucial host cellular processes through their proteolytic activity. Because
these proteases must cleave numerous polyprotein sites as well as diverse host targets,
evolution of these viral proteases is expected to be highly constrained. However,
despite this strong evolutionary constraint, mounting evidence suggests that viral
proteases such as picornavirus 3C, flavivirus NS3, and coronavirus 3CL, are engaged
in molecular ‘arms races’ with their targeted host factors, resulting in host- and virus-
specific determinants of protease cleavage. In cases where protease-mediated
cleavage results in host immune inactivation, recurrent host gene evolution can result in
avoidance of cleavage by viral proteases. In other cases, such as recently described
examples in NLRP1 and CARDS, hosts have evolved ‘tripwire’ sequences that mimic
protease cleavage sites and activate an immune response upon cleavage. In both
cases, host evolution may be responsible for driving viral protease evolution, helping
explain why viral proteases and polyprotein sites are divergent among related viruses
despite such strong evolutionary constraint. Importantly, these evolutionary conflicts
result in diverse protease-host interactions even within closely related host and viral
species, thereby contributing to host range, zoonotic potential, and pathogenicity of viral
infection. Such examples highlight the importance of examining viral protease-host

interactions through an evolutionary lens.



Introduction

Positive-sense single-stranded RNA ((+)ssRNA) viruses represent the largest
group of RNA viruses, spanning 30 divergent viral families that include important human
pathogens in Flaviviridae, Picornaviridae, and Coronaviridae such as dengue virus,
poliovirus, and SARS-CoV-2 (Walker et al., 2020). Despite their diversity, many viruses
in this group share a common replication strategy: their (+)ssRNA viral genomes are
delivered to host cells as a translation-ready mRNA that encodes a multidomain viral
polyprotein. Following translation of the viral polyprotein by host ribosomes, one or more
embedded viral proteases cleave the polyprotein into individual, functional proteins at
numerous sequence-specific positions (Figure 1.1A). Polyprotein cleavage at these
specific sites is necessary for sustained virus replication and propagation, making viral
proteases an attractive target for development of antiviral therapeutics (Anirudhan, Lee,

Cheng, Cooper, & Rong, 2021; Steuber & Hilgenfeld, 2010).

A v

[vPavP2|vP3|vP1] 2a | 2B [ 3c | 3A | 3B [3C

V Sequence-specific site of viral protease cleavage

B

Cleavage site
G recognition

Viral | GCTQ'GSER | — |GCTQ//GSER|
protease Host protein

| GSTQ'GLPV| —> | GsTQ//GLPV |
Viral polyprotein

Figure 1.1. Viral proteases cleave specific sites within the viral polyprotein and host proteins. Schematic
of an enterovirus (family: Picornaviridae) polyprotein, with the position of the 3C protease and sites of 3C-
mediated cleavage shown. (B) 3C protease recognizes and cleaves viral polyprotein sites and host
proteins with the same sequence specificity.



In addition to their essential role in the viral life cycle, (+)ssRNA viral proteases
also cleave host proteins to manipulate host processes, including the host innate
antiviral immune response (Lei & Hilgenfeld, 2017). Importantly, host targets are
cleaved with the same sequence specificity as sites within the viral polyprotein (Figure
1.1B). These dual roles place viral proteases at the intersection of two opposing
selective pressures. On one side, the virus and its polyprotein site targets are under
strong pressure to be conserved, as any changes to the protease sequence specificity
or protease sites without concomitant changes to the others would be deleterious for
viral fitness. On the other side, viral fitness may be expected to benefit from a
protease’s ability to adapt to and cleave new host targets, newly evolved sequences in
the same host, or divergent sequences in a different host to facilitate cross-species
transmission. This type of direct engagement between viral proteases and host factors
thus generates an evolutionary conflict where both sides may be driven to adapt in a
type of escalating molecular ‘arms race’ (Daugherty & Malik, 2012; Duggal & Emerman,
2012; Meyerson & Sawyer, 2011; Rothenburg & Brennan, 2020). Such genetic conflicts
between viruses and their hosts, particularly those interactions that contribute to
potentiation or inhibition of virus replication, lead to immense evolutionary pressure on
both parties: hosts are driven to both maintain interactions that activate or carry out
antiviral defenses and evade virus interactions that prevent these responses, and
viruses are driven to do the opposite. The result is cyclical adaptation of both virus and
host to promote either virus replication or host antiviral mechanisms, respectively
(Figure 1.2A) (Daugherty & Malik, 2012; Duggal & Emerman, 2012; Meyerson &

Sawyer, 2011; Rothenburg & Brennan, 2020). Due to the fact that the direct molecular



host-virus interfaces are those that are being remodeled during such molecular arms
races, single amino acid changes can change the outcome of these conflicts (Daugherty
& Malik, 2012; Meyerson & Sawyer, 2011). Indeed, traces of these host-virus conflicts
can be detected in host genomes by identifying gene codons that show evolutionary
signatures of recurrent diversifying (positive) selection (Daugherty & Malik, 2012;
Meyerson & Sawyer, 2011; Sironi, Cagliani, Forni, & Clerici, 2015). Importantly, the
resulting genetic and molecular changes determine the host range and pathogenesis of
viruses, including influencing the ability of viruses to zoonotically transmit into the
human population (Meyerson & Sawyer, 2011; Rothenburg & Brennan, 2020; Sawyer &

Elde, 2012).

A Viral antagonist Host protein B )
|GCTQ GSER[_'_'_‘_ jjjj
Virus .
winning’ G — < /Susceptlbleto cleavage
Host i
evolution

Viral protease 4 ————..._

P GCTLGSER | (

Host & 9% «  ~ | 00—
os G x ( Resistant to cleavage

‘winning’

i Virus C —— | 6cTQ//GSER]| Susceptible

evolution

Virus # Lofe Resistant
‘winning’ G |

M A - | 6cTo//GSER | Susceptible
Rapid evolution of both host and virus

Figure 1.2. Host-virus evolutionary arms races can be driven by protease-target interactions. (A) Host-
virus arms races occur when there is direct interaction between host and viral factors, which places
evolutionary pressure to select for variants. In this scenario, a viral antagonist recognizes and inactivates
a host protein, driving host evolution away from this interaction. The necessity of host target cleavage for
virus replication in turn drives evolution of the viral antagonist to reestablish host target recognition. (B)
Single amino acid changes in the sequence-specific cleavage motif can eliminate cleavage by a viral
protease. (C) Across a phylogenetic tree, changes can occur recurrently resulting in differential
susceptibility between even closely related species.



Due to the importance of sequence specificity to protease-host interactions,
evolutionary arms races at the interfaces of proteases and their targets would be
expected to exist. For instance, a single amino acid change in a targeted host protein at
a position that is important for sequence-specific protease cleavage could completely
reverse cleavage susceptibility (Figure 1.2B). As a result, single lineage-specific
changes at any number of positions in the cleavage motif would be expected to result in
rapid toggling of cleavage susceptibility even among closely related hosts, establishing
species-specific host-virus interactions that could drive viral host range (Figure 1.2C).
Indeed, while a great deal of research on viral proteases has focused on conserved
elements of protease function, emerging evidence suggests that both hosts and viruses
are evolving in ways that can impact the host- and virus-specificity of cleavage. Here,
we review the host-viral molecular conflicts engaged by the main proteases of
flaviviruses, picornaviruses, and coronaviruses to emphasize how proteases of
(+)ssRNA viruses act as evolutionary drivers of host innate immunity, and how viral
proteases are being shaped by these same molecular conflicts. This evolutionary
perspective highlights the importance of viral proteases and the host targets they target
as being an important determinant of viral host range, tissue tropism and pathogenesis,

and zoonotic potential of (+)ssRNA viruses.

Despite evolutionary constraints, main proteases of (+)ssRNA viruses press on
Virus-encoded proteases are essential to the life cycle of numerous (+)ssRNA
viruses. Newly synthesized viral polyproteins mature into individual, functional proteins

via a series of cleavage events carried out by virus-encoded and host proteases. For



Picornaviridae and Coronaviridae, the cysteine proteases 3C and 3C-Like (3CL), are
responsible for the majority of polyprotein processing events (Figure 1.3A-B). Most
picornaviruses have six or more 3C cleavage sites throughout the polyprotein (Figure
1.1A), and there is a preference to cleave between a glutamine (Q) in the P1 position
and a small residue (e.g. alanine (A) or serine (S)) in the P1’ position (Figure 1.3A) (Tsu
et al., 2021). Likewise, coronaviruses (CoVs) have ten or more cleavage sites for the
3CL protease (also known as MPro or nsp5 in several CoVs including SARS-CoV-2)
(Figure 1.3B) (Roe, Junod, Young, Beachboard, & Stobart, 2021). Numerous other viral
families, including members of the Caliciviridae (e.g. norovirus) (Clarke & Lambden,
2000) and Potyviridae (e.g. tobacco etch virus) (Valli, Gallo, Rodamilans, Lopez-Moya,
& Garcia, 2018) encode a cysteine protease with a similar specificity for cleavage
between a Q and a small residue, whereas members of the Togaviridae (e.g.
Chikungunya virus) use a cysteine protease with different cleavage specificity (Ten
Dam, Flint, & Ryan, 1999). Other viral families use a serine protease, including
Flaviviridae, where the serine protease NS3 processes at least four polyprotein
cleavage sites (Figure 1.3C) (S. Chen, Wu, Wang, & Cheng, 2017). Here and in
subsequent sections, we will predominantly discuss activities of the 3C, 3CL, and NS3
proteases of Picornaviridae, Coronaviridae, and Flaviviridae, respectively, due to their
known roles in cleaving mammalian host factors. It is important to point out that
because the polyprotein is sequentially processed, and not always to completion,
protease activity may also be carried out when 3C, 3CL, or NS3 remains fused or
associated with additional viral proteins (Lindenbach & Rice, 2003; Winston & Boehr,

2021). This is especially true in the Flaviviridae, where the NS3 protease usually



functions in association with NS2B (in the case of flaviviruses such as dengue and Zika
viruses) or NS4A (in the case of hepatitis C virus (HCV)). However, for the sake of
clarity, we will subsequently only refer to the protease domains of 3C, 3CL, or NS3.
Moreover, many (+)ssRNA viruses encode additional proteases involved in both
polyprotein processing and host antagonism, including the 2A protease in some
picornaviruses and the PLP (papain-like protease) in coronaviruses (Baggen, Thibaut,
Strating, & van Kuppeveld, 2018; VV'Kovski, Kratzel, Steiner, Stalder, & Thiel, 2021).
Finally, viruses other than (+)ssRNA viruses can encode proteases that are important
for polyprotein processing, most notably, the retrovirally-encoded aspartyl protease
(Navia & McKeever, 1990). While all of these additional proteases from (+)ssRNA
viruses and retroviruses play important host antagonism roles, and likely shape host

and viral evolution, they will not be extensively explored here.
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Figure 1.3. Main proteases in Picornaviridae, Coronaviridae, and Flaviviridae. (A) Phylogenetic tree of
available RefSeq Picornaviridae 3C protease protein sequences (151 total, top). Names of viruses with
human relevance or referenced throughout the text are listed next to their respective genus or singular
node. The consensus enterovirus 3C cleavage motif (bottom) as was generated previously (Tsu et al.,
2021). The cleavage site is shown flanked by four amino acids upstream (labeled P4 through P1) and
four amino acids downstream (labeled P1’ through P4’). (B) Schematic of the SARS-CoV-2 (family:
Coronaviridae) nonstructural (ORF1ab) polyprotein, with the position of the 3CL protease and sites of
3CL-mediated cleavage shown. Phylogenetic tree of available RefSeq Coronaviridae 3CL protease
protein sequences (64 total). Names of viruses with human relevance or referenced throughout the text
are listed next to their respective genus. (C) Schematic of the dengue virus (family: Flaviviridae)
polyprotein, with the position of the NS3 protease and sites of NS3-mediated cleavage shown.
Phylogenetic tree of available RefSeq Flaviviridae NS3 protease protein sequences (68 total). Names of
viruses with human relevance or referenced throughout the text are listed next to their respective genus.

The functions of the (+)ssRNA viral proteases described above are, by definition
of being required for completion of the viral life cycle, well conserved. In addition to
homology between the proteases themselves, the positions and sequences of the

polyprotein cleavage motifs are often similar between members of the same viral family.
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Indeed, this conservation of polyprotein cleavage motifs has made it possible to compile
sequences surrounding the cleavage site from genome sequences alone to generate a
consensus motif for the viral protease that can be used to predict host and viral targets
(Blom, Hansen, Blaas, & Brunak, 1996; Kiemer, Lund, Brunak, & Blom, 2004; Stanley et
al., 2020; Tsu et al., 2021) (Figure 1.3A). These consensus motifs are often generated
using many diverse viruses, relying on the assumption that protease sequence
specificity is well conserved among virus species. Interestingly, despite the evolutionary
constraint to maintain cleavage across multiple sites in the polyprotein, virus-encoded
proteases are substantially divergent across viruses (Figure 1.3). For instance,
picornavirus 3C proteases can share less than 20% amino acid sequence identity,
despite sharing an overall similar fold and many homologous cleavage sites (Tsu et al.,
2021). Similar evolutionary distances are observed with other families of proteases,
including Coronaviridae 3CL and Flaviviridae NS3 (Figure 1.3).

Even with the divergence of protease sequences, protease sequence specificity
is expected to be well conserved within closely related viruses given the essentiality of
cleaving multiple site-specific polyprotein sites. Surprisingly, there is mounting evidence
that this is not the case. For instance, among closely related serotypes of dengue virus
(DENV), biochemical substrate profiling has revealed a subtle but clear shift in the NS3
protease cleavage sequence specificity profile (J. Li et al., 2005). This type of in-depth
comparative biochemical analysis of other (+)ssRNA proteases has not been
conducted, but assays on model substrates have revealed differences in cleavage
specificity even among 3C proteases within the Enterovirus genus of picornaviruses

(O'Donoghue et al., 2012). In addition, some of the best evidence that protease
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sequence specificity is changing between related viruses has come from studies using
chimeric viruses in which the protease of one virus species is inserted into the
backbone of another virus. If this results in insufficient or improper cleavage of the
polyprotein and reduced viral replication, it would suggest divergence in protease
sequence specificity between the parental viruses. For example, within the Enterovirus
genus of Picornaviridae (Figure 1.3A), replacing the poliovirus (PV) 3C protease with 3C
proteases from human rhinovirus 14 or coxsackievirus B3 (CVB3) resulted in reduced,
changed, or loss of cleavage products (Dewalt, Lawson, Colonno, & Semler, 1989).
Likewise, within the Flavivirus genus (Figure 1.3C), swapping the protease domain of
DENV NS3 for the protease domain of yellow fever virus (YFV) ablates processing of
polyproteins containing DENV cleavage sites (Preugschat, Lenches, & Strauss, 1991).
Additionally, West Nile virus NS3 can cleave a polyprotein site in only one of two closely
related DENV2 strains, where the only difference is in the residue in the P1’ position
(VanBlargan et al., 2015). While some of these differences may be attributed to the
requirement for NS3 proteases to bind to lineage-specific activating cofactors to further
augment cleavage specificity (Butkiewicz et al., 2000; Cahour, Falgout, & Lai, 1992;
Chambers, Grakoui, & Rice, 1991; Falgout, Miller, & Lai, 1993; Falgout, Pethel, Zhang,
& Lai, 1991; Jan, Yang, Trent, Falgout, & Lai, 1995; Sbardellati et al., 2000; Wiskerchen
& Collett, 1991; Xu et al., 1997), it is also likely that these changes in cleavage
specificity are dependent on non-conserved residues in the binding pocket of the NS3
protease (Junaid et al., 2012). Similarly, within Coronaviridae, replication competent
chimeric murine hepatitis virus (MHV) could not be recovered when the 3CL protease

was replaced with one of many related alpha- or beta-coronavirus proteases including
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SARS-CoV, hCoV-229E and bat CoV-HKU4 (Figure 1.3B). Only when the MHV 3CL
was replaced with the two most closely related betacoronaviruses, hCoV-OC43 and
hCoV-HKU1, could virus be recovered, but with a substantial fithess cost (Stobart et al.,
2013). Altogether, these biochemical and chimeric virus studies illustrate that (+)ssRNA
viruses have undergone lineage-specific evolution in both their protease sequence

specificity as well as their many polyprotein cleavage sites.

(+)ssRNA viral proteases have evolved in conflict with the host

The above-described changes in protease sequence specificity do not require
invocation of adaptation. Indeed, evolutionary drift could result in changes to the viral
protease and its cleavage sites, including those that result in loss of fithess for chimeric
viruses. However, there is another selective pressure that likely shapes viral protease
evolution: the advantage that viruses gain by cleaving host targets. Proteins in multiple
cellular processes have been identified as targets of viral proteases, many of which are
involved in the host antiviral immune response (Lei & Hilgenfeld, 2017). Many of these
host targets are divergent between species, potentially establishing molecular barriers
to cross-species transmission. Indeed, pathogenicity of a mouse-adapted SARS
coronavirus required two mutations in 3CL to facilitate rapid, robust virus replication
(Roberts et al., 2007). Although it has not been established whether these 3CL changes
result in changes in host target cleavage, these data indicate that protease evolution
may be required for successful adaptation to a novel host species.

Several excellent reviews have been written describing the diverse host targets

that are cleaved by viral proteases (Laitinen et al., 2016; Lei & Hilgenfeld, 2017; Ng,
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Stobart, & Luo, 2021; Yi et al., 2021). In many cases, the described host-virus
interaction has focused on a single or a small number of related viral proteases and only
a single host species, often humans. The importance of host and virus diversity in these
interactions is often poorly understood. However, evidence is accumulating that viral
proteases and their host targets are engaged in species-specific interactions. Below, we
highlight such cases in which host and viral diversity alter the outcome of the interaction
between host pathways and proteases of picornaviruses, flaviviruses and

coronaviruses, illustrating this ongoing molecular arms race.

Viral proteases target essential host processes in a virus-specific manner

Some of the best studied targets of viral proteases, especially from
picornaviruses, are involved in well conserved processes such as translation initiation or
translation control (LIoyd, 2016; McCormick & Khaperskyy, 2017). In many cases, the
functional outcome is similar: viral proteases antagonize a host molecular function in a
way that benefits the virus. However, the specific host protein or specific site within that
host protein is in some cases divergent between different viruses, highlighting
differences in protease cleavage specificity between related viruses, as well as the
convergence of viral protease cleavage on the same host pathways. Thus, even for host
functions that are ‘well-conserved’ targets of protease cleavage, there is surprising
mechanistic diversity.

Translation of picornavirus mRNAs occurs via an internal ribosome entry site
(IRES) (Lee, Chen, & Shih, 2017). This bypasses the need to engage with host cap-

dependent translation machinery and offers the opportunity to induce a ‘host-shutoff’ of

13



translation of host antiviral proteins while maintaining production of viral proteins. Many
picornaviruses inhibit host translation in a protease-dependent manner via cleavage of
subunits of the elF4F cap-binding complex, which binds to host mRNA cap structures to
establish the initiation complex, or poly-A binding protein (PABP), which binds the 3’
polyA tail of mMRNAs and elF4G to circularize mRNAs for optimal translation initiation
(Jackson, Hellen, & Pestova, 2010) (Figure 1.4A). For instance, Foot-and-mouth
disease virus (FMDV) 3C cleaves the elF4G and elF4A subunits of elF4E (Belsham,
Mclnerney, & Ross-Smith, 2000). Interestingly, neither hepatitis A (HepA) virus nor
encephalomyocarditis virus (EMCV) 3C target elF4G for cleavage, but both target
PABP (Kobayashi, Arias, Garabedian, Palmenberg, & Mohr, 2012; Zhang, Morace,
Gauss-Muller, & Kusov, 2007). Convergently, PV also targets PABP, but at a site that
100 residues away from the cleavage site of EMCV (Bonderoff, Larey, & Lloyd, 2008)
and additionally uses its 2A protease to cleave elF4G (Gradi, Svitkin, Imataka, &
Sonenberg, 1998). Despite cleaving different host targets and/or host sites, these
interactions all result in host translation shut-off. These data highlight functional
conservation, rather than molecular conservation, of picornavirus 3C-mediated inhibition
of host translation and suggests that even among related viruses, there are important

differences in the viral specificity of host target cleavage.

14



A

elF4F

Cap-binding
complex

@ PV 2A protease

Q) Q@ (X evri, cves, Py
Q Fmvov

Human G3BP1 |'AGEQ//GDIE~| Susceptible

Mouse G3BP1 | AGE[JGD{E | Resistant

G3Bpq1 284/285  325/326

Figure 1.4. Antagonism of host cellular processes by viral proteases. (A) Diverse viral proteases inhibit
translation of host mMRNA through cleavage of initiation factors and/or poly(A)-binding protein. (B) Host
species-specific cleavage of the stress granule protein G3BP1 by picornavirus proteases.

A similar phenomenon is observed in another well-established target of
picornavirus 3C proteases, the stress granule protein G3BP1 (Figure 1.4B). Numerous
viruses manipulate stress granule formation for their benefit, as this is a major
intersection point between translation control and cellular stress responses (McCormick
& Khaperskyy, 2017; White & Lloyd, 2012). Among the mapped cleavage sites in
G3BP1, PV 3C cleaves at Q326 (White, Cardenas, Marissen, & Lloyd, 2007) while
FMDV 3C cleaves at E284 (Ye et al., 2018), but both of these cleavage events benefit
the virus by manipulating stress granule formation. These findings further demonstrate
the convergence of 3C cleavage onto the same host target, while highlighting that

subtle differences in cleavage specificity can impact viral targeting of host factors. Of
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note, the P1 positions of both of these cleavage sites are different in ways that would
prevent cleavage in the mouse protein, which is otherwise >90% identical to the human
protein (Figure 1.4B). Whether host G3BP1 is cleaved by picornaviruses that infect

rodents, and at what sites, has yet to be determined.

Proteins in the innate antiviral immune response are common targets of viral proteases

In addition to essential cellular processes, proteins in the innate antiviral immune
response are common targets of diverse viral proteases. The host antiviral response is
initiated when cells detect viral products (Figure 1.5A, left). Following entry into a host
cell, viral nucleic acids can be detected by host pattern recognition receptors (PRRs)
such as RIG-I, MDAS5, and cGAS. While RIG-I and MDAS directly detect viral dsSRNA as
a product of (+)ssRNA virus replication (Deddouche et al., 2014; Kato et al., 2006; Loo
et al., 2008; Luo et al., 2008; van Kasteren et al., 2012), the cytosolic DNA sensor
cGAS can be indirectly activated via virus-induced mitochondrial damage and
subsequent release of mitochondrial DNA (West et al., 2015). After ligand binding,
PRRs recruit a series of adaptor proteins, ultimately resulting in the production and
secretion of type | and Il interferons (IFN-I and IFN-IIl) (Hoffmann, Schneider, & Rice,
2015). IFN-I and IFN-III are antiviral cytokines that signal in an autocrine or paracrine
manner to induce expression of interferon-stimulated genes (ISGs), which act to directly
and indirectly inhibit virus replication and establish an antiviral state in the host

(Schoggins, 2014) (Figure 1.5A, right).
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Figure 1.5. Protease antagonism of IFN induction and signaling pathways. (A) Viral protease antagonism
of induction (left) or signaling (right) of IFN. (B) Model for how protease sequence specificity may be
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viral proteases may no longer be able to antagonize a given host factor. To re-establish host antagonism,
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(Stabell et al., 2018) (D) across primates and other mammals confers resistance or susceptibility to
flaviviral protease cleavage. (E) Human STING cleavage by flavivirus NS3 proteases is virus species-
specific. Data adapted from (Ding et al., 2018).

Induction of IFN and subsequent upregulation of ISGs is critical to the host
antiviral defense. Therefore, proteins involved in these pathways are common targets of
viral antagonism (Hoffmann et al., 2015), including several that are cleaved by
(+)ssRNA viral proteases (Table 1.1, Figure 1.5A). For instance, NS3 from dengue virus
and other flaviviruses can cleave and inactivate STING to prevent sensing of

cytoplasmic mitochondrial DNA (Aguirre et al., 2012; Stabell et al., 2018), whereas PV
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and possibly other 3C proteases cleave RIG-I during infection (Barral, Sarkar, Fisher, &
Racaniello, 2009; Papon et al., 2009). Tellingly, many proteases convergently cleave
the same host targets. For instance, CVB3 3C and HCV NS3 are both able to cleave
MAVS (Meylan et al., 2005; Mukherjee et al., 2011), a critical innate immune adaptor for
both MDAS and RIG-I. 3CL proteases from Porcine Epidemic Diarrhea Virus (PEDV),
porcine deltacoronavirus (PDCoV), and feline infectious peritonitis virus (FIPV), as well
as 3C proteases from FMDV and HepA can also inhibit RIG-I/MDAS pathways by
cleaving nuclear transcription factor kB (NF-kB) essential modulator (NEMO), a bridging
adaptor protein involved in activating both NF-kB and interferon-regulatory factor
signaling pathway (J. Chen et al., 2019; S. Chen et al., 2019; D. Wang et al., 2012; D.
Wang et al., 2016; D. Wang et al., 2014; Zhu, Fang, et al., 2017). Finally, STAT2, one of
the critical transcription factors that transmits the signaling of IFN to ISG production, is
cleaved by the 3CL from PDCoV (Zhu, Wang, et al., 2017), although whether other
3CL’s cleave this protein is unknown. Altogether these data show that viral protease-
mediated cleavage of innate immune signaling proteins is a common strategy across

(+)ssRNA viruses to prevent the antiviral response and promote virus replication.
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Table 1.1. List of known IFN pathway-related targets of (+)ssRNA virus proteases.

Host target Viral protease References
NS2B3 (ZIKV, JEV, WNV, |(Aguirre et al., 2012; Ding et al., 2018;
STING YFV, DENV) Stabell et al., 2018)
RIG-I 3C (PV) (Barral et al., 2009)
(Anggakusuma et al., 2016; Z. Chen et al.,
) : 2007; Ferreira et al., 2016; Meylan et al.,
NS3-4A (HCV, GBV-B) 2005; Mukherjee et al., 2011; Patel et al.,
MAVS 3C (CVB3, SVV) 2012; Qian et al., 2017)
Riplet NS3-4A (HCV) (Vazquez, Tan, & Horner, 2019)
MDA5 3C (FMDV) (Kim et al., 2021)
STAT2 3CL (PDCoV) (Zhu, Wang, et al., 2017)
NS3-4A (HCV)
(K. Li et al., 2005; Mukherjee et al., 2011;
3C (CVB3, SVV, EVES) Qian et al., 2017; Qu et al., 2011; Xiang et
TRIF 3CD (HAV) al., 2014)
ggég?/%DV’ FIPV, (S. Chen et al., 2019; D. Wang et al., 2012;
D. Wang et al., 2016; D. Wang et al., 2014;
NEMO 3C (FMDV, HAV) Zhu, Fang, et al., 2017)
IRF7 3C (EV68) (Xiang et al., 2016)
IRF9 3C (EV71) (Hung et al., 2011)

Many proteins in the innate antiviral immune response are rapidly evolving within

and between host populations (Enard, Cai, Gwennap, & Petrov, 2016; Judd, Gilchrist,

Meyerson, & Sawyer, 2021; Shultz & Sackton, 2019). One consequence of these host

changes is the potential that a cleavage site for a viral protease may be present in one

host but not another. If there is strong selection for the virus to restore antagonism of

that host function, there would be selection for viral proteases that would change the

sequence specificity of host target cleavage to either restore cleavage of the original
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site, cleave another site on the host protein, or cleave another protein in the host
pathway (Figure 1.5B). Such an evolutionary model can be used to understand the
genetic bases for host- and viral-specificity of protease cleavage. For many of the
known interactions between host immunity proteins and viral proteases, there is little
information on how host and viral evolution shapes the outcome. However, analyses on
two host targets, described in more detail below, provide evidence for an arms races

between host immunity proteins and viral proteases.

MAVS and STING have evolved in conflict with viral proteases

One well-characterized instance of viral proteases shaping host gene evolution is
in HCV NS3 protease antagonism of the host protein MAVS. MAVS serves as a critical
signaling node to integrate signals from the nucleic acid sensors RIG-I and MDAS5 to
downstream IFN production (Figure 1.5A). Early observations indicated that MAVS
cleavage by HCV NS3 was site specific and important for viral evasion of the immune
system (X. D. Li, Sun, Seth, Pineda, & Chen, 2005). Subsequent evolutionary analyses
revealed that one residue within the HCV cleavage site in MAVS has evolved under
recurrent positive selection, suggestive that MAVS evolution has been shaped by NS3
antagonism (Patel, Loo, Horner, Gale, & Malik, 2012). Indeed, variation at this site
across primates affects susceptibility to cleavage by HCV NS3. Importantly, primate
MAVS proteins that have evolved resistance to cleavage retain a functional IFN
response during HCV infection, providing a potential explanation for the restricted host
range of HCV (Figure 1.5C) (Patel et al., 2012). Interestingly, this work also identified a

site evolving under positive selection that is known to be antagonized by the CVB3 3C
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protease, and variation at this site across primates could also alter protease-mediated
antagonism and antiviral signaling through MAVS (Mukherjee et al., 2011; Patel et al.,
2012) (Figure 1.5C).

Another adaptor protein that connects nucleic acid sensing to the IFN response
is STING, which operates downstream of the cytoplasmic DNA sensor cGAS. Originally
described as a species-specific target of dengue virus NS3 cleavage (Aguirre et al.,
2012; Stabell et al., 2018), STING has evolved under positive selection in primates and
the NS3 cleavage site within STING contains several amino acid differences across
primates that alter the outcome of cleavage (Figure 1.5D) (Stabell et al., 2018).
Expanding this analysis to a broader panel of mammals, site of cleavage in human
STING has evolved to be cleavage resistant in mice, pigs, and ground squirrels,
whereas naked mole rat and desert woodrat are susceptible to cleavage (Stabell et al.,
2018) (Figure 1.5D). Interestingly, differences in protein sequences that affect cleavage
do not just occur between host species; polymorphisms within a host can also alter the
ability of a viral protease to cleave a given target. Evidence of this process can be
observed in human STING polymorphisms, where the three most common human
STING haplotypes are differentially cleaved by DENV NS3 (Su et al., 2020). Not only is
host diversity important, but viral diversity is as well. For instance, ZIKV, DENV, JEV,
and WNV NS2B3 can cleave human but not mouse STING, whereas YFV NS3 cannot
cleave STING from either species (Ding et al., 2018) (Figure 1.5E). Additional work to
identify more divergent flaviviral protease interactions will further define evolution of

STING antagonism.
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Immune sensors of viral protease activity: who is chasing whom?

Cleavage of host proteins by viral proteases often inactivates the host protein
and results in a fithess advantage for the virus. In these cases, host evolutionary
signatures reveal adaptations that are presumed to evade cleavage. However, another
possibility exists, in which the host protein can sense the presence of the viral protease
in the cytoplasm through an evolved sequence that mimics the viral polyprotein
cleavage site. Sensing of pathogen-encoded activities such as toxins and effector
enzymes, known as effector-trigged immunity (ETI), is well-described in plants but also
emerging as an important immune mechanism in animals (Cui, Tsuda, & Parker, 2015;
Fischer, Naseer, Shin, & Brodsky, 2020; Jones, Vance, & Dangl, 2016; Vance, Isberg, &
Portnoy, 2009). Three such signaling pathways, described below, are known to detect

the main protease activity of (+)ssRNA viruses in mammals.

NLRP1 mimics diverse picornaviral 3C cleavage to trigger inflammation

One of the best described cases of mammalian ETI involves NLRP1 (NACHT,
LRR, and PYD domains-containing protein 1; Figure 1.6A), a critical sensor for the
innate immune complex known as the inflammasome. Mouse NLRP1B was identified in
a genetic screen as a determinant of differential susceptibility between mouse strains to
Lethal Toxin, a virulence factor responsible for the major pathologies seen during
infection by the bacterial pathogen Bacillus anthracis (Boyden & Dietrich, 2006). Further
research identified that NLRP1B was a target of cleavage by the secreted bacterial
protease component of Lethal Toxin, termed Lethal Factor (LF). Interestingly, mice with

a cleavage-susceptible variant of NLRP1B were protected from B. anthracis, indicating
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that cleavage of NLRP1B was immunologically protective (Chavarria-Smith, Mitchell,
Ho, Daugherty, & Vance, 2016; Moayeri et al., 2010; Terra et al., 2010). The
mechanism by which this occurs, termed ‘functional degradation’, depends on
proteasomal-mediated degradation of the newly cleaved N-terminal region of NLRP1B
and subsequent release of the bioactive C-terminal fragment that can assemble into an
active inflammasome (Figure 1.6B) (Chui et al., 2019; Sandstrom et al., 2019).
Importantly, for functional degradation to occur, the bioactive C-terminal CARD domain
needs to be separated from the N-terminus by a FIIND domain, which is auto-processed
to cleave the polypeptide backbone between the N- and C-terminal parts of NRLP1B.
This unusual domain architecture thus facilitates the mounting of the inflammasome

response upon proteolytic cleavage of the N-terminus.
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Figure 1.6. Sensing of pathogen-encoded protease activities by host ‘tripwires’. (A) NLRP1 and CARDS8
serve as effector-triggered immunity (ETI) sensors to detect cleavage by viral proteases. Schematic of
human NLRP1, mouse NLRP1B, and human CARDS, highlighting the tripwire region (left) and the known
protease effectors (right). (B) Model for how protease cleavage initiates functional degradation of the N-
terminal region of inflammasome activators. Activation recruits and activates caspase-1, which cleaves
multiple host proteins, including processing of the proinflammatory cytokine, IL-18, into its mature,
bioactive form. (C) Model for how evolution of host resistance to cleavage can drive protease evolution in
multiple ways.

LF cleaves within the rapidly evolving ‘tripwire’ region of mouse NLRP1B but fails
to cleave or activate human NLRP1. Interestingly, human NLRP1 has an analogous
rapidly-evolving ‘tripwire’ region (Figure 1.6A), and cleavage of human NLRP1 via an
engineered TEV (tobacco etch virus) protease cleavage site can activate the
inflammasome (Chavarria-Smith et al., 2016). These data suggested that human

NLRP1 may also detect pathogen-encoded proteases via a functional degradation
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mechanism. Indeed, we and others recently identified that human NLRP1 recognizes
picornavirus 3C protease activity and serves as a tripwire for inflammatory cell death
and downstream inflammatory signaling (Robinson et al., 2020; Tsu et al., 2021). During
enterovirus infection, 3C cleavage of NLRP1 results in assembly of the active
inflammasome and subsequent pro-inflammatory cytokine release (Robinson et al.,
2020; Tsu et al., 2021). Interestingly, based on phylogenetic analyses, the 3C-protease
site mimic in this specific region of NLRP1 only evolved in the primate lineage, and is
only cleavable in some primates (Tsu et al., 2021). Differences across simian primates
and a SNP within the human population prevent cleavage and inflammasome activation
(Tsu et al., 2021). Although mice lack this human-aligned cleavage site, we discovered
a similar phenomenon where picornavirus 3C proteases cleave NLRP1B at different
sites to activate the inflammasome in a strain-specific manner (Tsu et al., 2021).

In addition to host diversity, viral diversity also determines NLRP1 cleavage.
While all enteroviruses cleave the same site within NLRP1 and activate the
inflammasome, other picornaviruses cleave NLRP1 at different sites within the tripwire,
and some do not cleave NLRP1 (Tsu et al., 2021). For instance, the 3C protease of
EMCYV does not cleave NLRP1, and resultingly no activation of the inflammasome was
observed (Tsu et al., 2021). As numerous sites in the protease-sensing N-terminal
region of NLRP1 are evolving under positive selection (Chavarria-Smith et al., 2016),
other independently evolved tripwire mimics may sense divergent 3C or other viral
proteases. Finally, 3C proteases from some picornaviruses can antagonize activation.

Although further investigation is needed to determine the mechanism by which this
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occurs, this suggests that some 3C proteases have evolved to evade detection by

NLRP1 by antagonizing NLRP1 function elsewhere.

Intracellular HIV-1 protease activity triggers inflammation via CARDS8

Another inflammasome mediator, CARDS, is known to share the unusual C-
terminal domain structure critical for the sensing mechanism of NLRP1 — the FIIND
domain followed by a CARD domain (Figure 1.6A) (Mitchell, Sandstrom, & Vance, 2019;
Taabazuing, Griswold, & Bachovchin, 2020). Bearing further similarities, CARD8
inflammasome assembly can also be activated by the same small molecules as NLRP1
(Taabazuing et al., 2020). Such similarities initially suggested that CARD8 could also be
activated using a ‘functional degradation’ model to act as a tripwire sensor of pathogen-
encoded activities (Mitchell et al., 2019). Indeed, the protease of human
immunodeficiency virus 1 (HIV-1) can cleave and activate CARDS8 inflammasome in an
activation mechanism that resembles NLRP1 (Q. Wang et al., 2021). While HIV-1
protease is normally important for cleaving viral polyproteins in the maturing capsid,
treatment with specific non-nucleoside reverse transcriptase inhibitors (NNRTIs) can
result in protease activity in the cytoplasm (Figueiredo et al., 2006). Under these NNRTI
treatment conditions, HIV-1 proteases from four prevalent HIV-1 subtypes cleave
CARDS8 and activate the inflammasome, results in pro-inflammatory cytokine release
and influencing clearance of latent HIV-1 in primary CD4+ T cells (Q. Wang et al.,
2021). While the extent to which host evolution or evolution of other viruses influences

the activation this same system remains unknown, these findings reveal a broader role
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for host encoded ‘tripwires’ for viral proteases that can activate a robust immune

response using mimicry of viral protease cleavage sites.

3C-mediated cleavage of a regulator of NF-kB triggers apoptosis

‘Tripwire’ mechanisms such as NLRP1 and CARDS rely on a specific elegant, but
rare, domain architecture that allows for coupling of a cleavage event to generation of a
specific bioactive signaling molecule. An additional mechanism for sensing of viral
proteases arises from the intricate ways that the innate immune response is negatively
regulated. For instance, downstream of NLRP1 and CARDS8, mature inflammatory
cytokines are detected by the IL-1 receptor to activate the transcription factor NF-kB,
which can amplify the inflammatory response (X. Li et al., 2002). NF-kB is an essential
transcription factor involved in many innate immune pathways and can mediate a
variety of downstream responses depending on the input stimuli (Oeckinghaus, Hayden,
& Ghosh, 2011), including both pro- or anti-apoptotic responses (Radhakrishnan &
Kamalakaran, 2006). Within the cytoplasm, the NF-kB heterodimer, composed of the
Rel family proteins p65 and p50, remains bound and inactive by members of the
inhibitor of kB (IkB) family. In response to cytokines such as IL-1f3, IkB kinase (IKK)
family proteins phosphorylate IkB proteins, releasing the active transcription factor to
translocate into the nucleus (X. Li et al., 2002). A previous study demonstrated that the
inhibitor of kB alpha (IkBa) senses CVB3 3C protease activity (Zaragoza et al., 2006).
The 3C protease was shown to cleave IkBa, producing a fragment that stably
complexes with p65 and translocates to the nucleus. This stable complex blocks NF-kB

transcriptional activation, resulting in increased cell apoptosis and decreased viral
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replication (Zaragoza et al., 2006). Thus, cleavage of IkBa may have evolved as
another way to sense viral protease activity and induce cell death to prevent further
virus propagation. Many viral proteases are known to cleave proteins in the NF-kB
pathway (Table 1). Additional characterization of these virus-host interactions may

reveal additional antiviral mechanisms associated with this critical immune pathway.

Evolutionary advantages of ETI

In the continual evolutionary conflict between viruses and their hosts, cleavage
mimicry encoded in NLRP1, CARD8 and NF-kB serve as an example of a successful
strategy emerging in host organisms to exploit highly constrained pathogenic
processes. Rather than mimicry of entire proteins or protein domains, mimicry of these
cleavage sites as ‘short linear motifs’ (SLIMs) require only a small number of amino
acids to hijack the highly conserved protease activity. In order to avoid these ‘tripwires’
and negative regulators of the immune response, these viruses must either evolve their
respective main proteases along with all affiliate cleavage sites or antagonize the
process some other way (Figure 1.6C). Supporting this idea, we previously discussed
that some 3C proteases do not activate the NLRP1 inflammasome despite still cleaving
NLRP1, suggesting that 3C proteases have evolved to evade detection by NLRP1 by
antagonizing NLRP1 function elsewhere (Tsu et al., 2021). We expect that this work
may lead to the discovery that protease-driven ETI strategies may have evolved more

broadly at other sites of host-pathogen conflicts.
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Conclusion

The proteases of (+)ssRNA viruses have multiple roles in establishing and
maintaining virus infection within a host. First and foremost, virally-encoded proteases
cleave numerous sequence-specific sites within the viral polyprotein, which is essential
for completion of the viral replication cycle. As a consequence of this essential activity,
the ability of proteases to evolve novel sequence-specificity is highly constrained.
However, viral proteases also serve to manipulate numerous host processes in the
infected cell through site-specific cleavage of host targets. In this context, changes in
protease sequence-specificity would allow the virus to cleave new host targets that
might benefit the virus, or avoid cleaving host targets that are detrimental to the virus. It
is at this intersection that viral proteases are engaged in evolutionary ‘arms races’ with
the host, resulting in varied interactions across viral and host species and across
evolutionary time. Several examples, including virus-specific cleavage of essential
mMRNA translation machinery, and host-specific evasion of cleavage of innate antiviral
immune components, highlight the consequences of these evolutionary conflicts. More
recently, the discovery of host-encoded effector-triggered immunity (ETI) sensors such
as NLRP1 and CARDS8 suggest that host mimicry of viral protease cleavage sites is an
efficient strategy to detect the cellular activity of viral proteases.

The extent to which viral protease evolution, and host target diversity, shape viral
host range and pathogenesis remains unknown and is an exciting area of future
research. The majority of characterized protease-host interactions have been described
for a single virus against a single host, leaving open the opportunity for more detailed
exploration of the evolutionary dynamics of these interactions. Indeed, examples such

as cleavage of host proteins such as MAVS, STING, and NLRP1 highlight the insights
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that can be gained from additional analyses of host and viral diversity in these
interactions. Likewise, future studies aiming to discover additional host targets of viral
proteases, especially those that may be cleaved in a virus-specific manner, will advance
our knowledge of the ways that protease-host interactions shape viral phenotypes.
Finally, ETI sensors such as NLRP1 and CARDS8 may represent just the start of host
proteins that mimic viral protease cleavage sites to induce an immune response.
Further studies aimed to identify ETI mechanisms against both viral and other
pathogen-encoded proteases will likely continue to reveal novel mechanisms and

evolutionary principles of the host innate immune response.

Chapter 1 in part is currently being prepared for submission for publication of the
material to Frontiers 2021, including co-authors Elizabeth J. Fay, Katelyn T. Nguyen,
Miles R. Corley, Bindhu Hosuru, Viviana A. Dominguez and Matthew D. Daugherty. |,

Brian V. Tsu, am the co-first author of this paper, alongside Elizabeth J. Fay.
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Abstract

Viruses are embroiled in arms races that have profoundly shaped the evolution of
their hosts. These arms races leave behind distinct evolutionary signature of rapid
amino acid site evolution in relevant host genes. Genes saturated with these signatures
are suggested to be performing roles in numerous arms race conflicts and therefore
play critical roles in host innate immunity. Here | identify, in an unbiased whole-genome
approach, which genes elicit strong signatures of arms races. By identifying these
genes, we are now poised to discover where viral proteases are driving this evolution,

and the functional outcomes of these interactions.

Introduction

Most mammalian proteins are highly conserved in sequence due to their
evolutionary constraint to perform key cellular housekeeping functions. This constraint
largely prevents these genes from playing additional roles to protect the host organism
from ever-changing factors from the external world. However, in every genome there
are a subset of genes that do evolve under strong selection pressure by these external
factors, and this evolution can be observed within the physical interface encoded by
these genes. Such changes have been observed in numerous genes classes, including
those involved in reproduction, diet, appearance, sensory systems, behavior, brain
development and innate immunity (Vallender & Lahn, 2004). Understanding how viruses
have profoundly shaped the evolution of these subsets of genes within their hosts is an
important step in understanding how viruses have adapted to new hosts and inflict
varying levels of disease severity.

As discussed in Chapter 1, in recurring host-virus conflicts, repeated counter-
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adaptation shifts the replicative advantage back-and-forth between host and pathogen,
resembling an evolutionary arms race (Daugherty & Malik, 2012; Warren & Sawyer,
2019). Retrospective analyses focused on known sites of virus conflicts within primate
innate immunity genes identified high amino acid site diversification as a common
signature of arms races (Duggal, Malik, & Emerman, 2011; Elde, Child, Geballe, &
Malik, 2009; Han, Lou, & Sawyer, 2011; Hancks, Hartley, Hagan, Clark, & Elde, 2015;
Lim, Malik, & Emerman, 2010; Liu, Chen, Wang, & Zhang, 2010; Patel, Loo, Horner,
Gale, & Malik, 2012; Sawyer, Emerman, & Malik, 2004; Sawyer, Wu, Emerman, &
Malik, 2005). This degree of amino acid diversification can be identified by calculating
dN/dS across a given gene sequence, where the accumulation of nonsynonymous
substitutions (dN) is compared to that of synonymous substitutions (dS) (Murrell et al.,
2013; Yang, 2007). An emerging question from these analyses was whether these
signatures of high amino acid site diversification could be used to predict which subsets

of genes are in evolutionary arms races with viruses.

Results

Filtering alignment errors across the primate exome

To discover and characterize new ways that viruses have driven host genetic
innovation, | collaborated with Ben Murrell and Joel Wertheim at the UCSD Hillcrest
campus to determine, from a whole genome, unbiased perspective, the human genes
that display evolutionary signatures consistent with a host-virus arms race. Using
FUBAR, they initially discovered that among a subset of 18 well-aligned genes, the four
genes previously reported to be in arms races exhibited a distinct evolutionary gene

fingerprint (Murrell et al., 2013; Murrell, Vollbrecht, Guatelli, & Wertheim, 2016). In
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adapting this work to the whole genome level, Ben and Joel first obtained exon
alignments corresponding to 41,735 gene isoform alignments between humans and 11
additional primates from the UCSC Genome Browser. | then developed a computational
method to identify poorly aligned regions within these alignments to be discarded from
further analyses (Figure 2.1 and 2.2). After Joel removed the flagged sequences, Ben
used FUBAR to generate unique evolutionary fingerprints for each gene alignment.
Together, we asked whether a principal component analysis of these fingerprints would

yield easily separable clusters for conflict-driven genes.

Great Apes ]
Cia World Monkeys
Lesser Apes [

Figure 2.1. Phylogenetic tree of twelve primates in study. Each taxonomic family is labeled by colors
corresponding to the legend in the top right.
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Figure 2.2. Sequence alignments flagged for removal and FUBAR analysis. (A) Pipeline to remove
sequences based on pairwise-distance values. (B) Number of low-quality species-specific sequences or
complete alignments removed by the pipeline at either the whole gene or individual exon level.

Characterization of evolutionary fingerprints across the genome

The resulting distribution across the strongest principal component, PC1, strongly
correlates to a trend of increasingly rapid evolution (Figure 2.3A). Whether this original
approach using FUBAR evolutionary fingerprints captured additional biological insight
over the more classical approach of gene-wide dN/dS analyses was unclear (Figure
2.3B). Still, this approach allowed us to visualize the evolutionary differences for each

gene within the primate genome.
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Figure 2.3. Known evolutionary profiles of gene functions are captured across the whole genome. (A) Of
the 41,735 isoform alignments, 21337 alignments representative of canonical human isoforms are shown
here. Fingerprints of genes with increasing PC1 values approach fingerprints of genes in arms races. (B)
PC1 and gene-wide dN/dS are correlated. (C) Compared to the overall distribution, genes with
housekeeping roles such as mMRNA splicing are largely globally conserved, whereas genes that are
reported to directly interface with pathogens are more strongly enriched on the right.

Regardless of whether we used PC1 or this gene-wide dN/dS metric, an analysis
querying gene ontology terms confirms the evolutionary profiles of genes described in
literature (Figure 2.3C). With GO terms, genes with known housekeeping function such
as the mRNA splicing genes are not rapidly evolving. On the opposite side of the
spectrum, a group known to directly interact with pathogens, the innate immunity

factors, exhibit greater enrichment for rapidly evolving genes. Interestingly, innate
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immunity factors largely exist in two clusters, where the second group is largely not
rapidly evolving. This suggests that we can prioritize which subset of genes might be
more critically involved in genetic conflicts. By following this trend, we can also make
similar hypotheses regarding non-associated or lesser-associated immunity genes
within the same evolutionary bounds, where evolutionary profiles like that of the rapidly
evolving group of innate immunity factors hint at potential undiscovered roles in host-

virus conflicts.

Discussion

Here we showed that we can use canonical isoforms to represent each gene to
compare how fast different genes are evolving across the primate genome. In this work,
we observed that the GO category of innate immune factors (Figure 2.3) was bimodal,
and that this clear delineation could be used to delineate the restrictive search space to
direct experimental hypotheses.

Similar, recent genome-wide evolutionary studies focused on identifying genes
under positive selection across whole exomes of bats and primates (Hawkins et al.,
2019; van der Lee, Wiel, van Dam, & Huynen, 2017). These findings capture previously
identified arms race cases while also re-iterating our challenge of using genome-scale
exon alignments. With advances in sequencing technology and more availability of
transcriptome assemblies for diverse host organisms, much of these concerns will be
reduced as better isoform alignments are produced with less dependency on exon-
intron junction predictions.

By defining the search space of genes suggested to be in arms race conflicts, the

next step is to discover which of these genes are specifically driven by viruses. To
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further home in on virus-driven conflict, | focus on the common viral antagonism
strategy of protease cleavage, as discussed in Chapter 1. In this work, | discuss the 3C
and 3CL proteases of the Picornaviridae and Coronaviridae families, which encompass
a diverse set of human enteric and respiratory pathogens. By overlapping genome-wide
evolutionary profiles with the 3C and 3CL protease cleavage motifs, | identified two

rapidly evolving genes, NLRP1 and CARDS8, as host targets in conflicts with viruses.

Chapter 2 includes unpublished material co-authored with Ben Murrell, Joel O.
Wertheim and Matthew D. Daugherty. |, Brian V. Tsu, am the primary author of this

material.
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Abstract

The NLRP1 inflammasome is a multiprotein complex that is a potent activator of
inflammation. Mouse NLRP1B can be activated through proteolytic cleavage by the
bacterial Lethal Toxin (LeTx) protease, resulting in degradation of the N-terminal
domains of NLRP1B and liberation of the bioactive C-terminal domain, which includes
the caspase activation and recruitment domain (CARD). However, natural pathogen-
derived effectors that can activate human NLRP1 have remained unknown. Here, we
use an evolutionary model to identify several proteases from diverse picornaviruses that
cleave human NLRP1 within a rapidly evolving region of the protein, leading to host-
specific and virus-specific activation of the NLRP1 inflammasome. Our work
demonstrates that NLRP1 acts as a 'tripwire' to recognize the enzymatic function of a
wide range of viral proteases and suggests that host mimicry of viral polyprotein
cleavage sites can be an evolutionary strategy to activate a robust inflammatory

immune response.

Introduction

The ability to sense and respond to pathogens is central to the mammalian
immune system. However, immune activation needs to be properly calibrated, as an
overactive immune response can at times be as pathogenic as the pathogen itself. To
ensure accurate discrimination of self and non-self, innate immune sensors detect
broadly conserved microbial molecules such as bacterial flagellin or double-stranded
RNA (Janeway, 1989). However, such microbial patterns can be found on harmless and

pathogenic microbes alike. More recently, pathogen-specific activities such as toxins or
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effector enzymes have also been shown to be targets of innate immune recognition
(Jones et al., 2016; Mitchell et al., 2019; Vance et al., 2009). Such a system for
detection, termed effector-trigged immunity (ETI), has been well-established in plants
(Cui et al., 2015; Jones et al., 2016) and is emerging as an important means to allow
the immune system to distinguish pathogens from harmless microbes in animals
(Fischer et al., 2020; Jones et al., 2016).

Complicating the success of host detection systems, innate immune sensors are
under constant selective pressure to adapt due to pathogen evasion or antagonism of
immune detection. Such evolutionary dynamics, termed host-pathogen arms races,
result from genetic conflicts where both host and pathogen are continually driven to
adapt to maintain a fitness advantage. The antagonistic nature of these conflicts can be
distinguished via signatures of rapid molecular evolution at the exact sites where host
and pathogen interact (Daugherty and Malik, 2012; Meyerson and Sawyer, 2011; Sironi
et al., 2015). Consistent with their role as the first line of cellular defense against
incoming pathogens, innate immune sensors of both broad molecular patterns as well
as specific pathogen-associated effectors have been shown to be engaged in genetic
conflicts with pathogens (Cagliani et al., 2014; Chavarria-Smith et al., 2016; Hancks et
al., 2015; Tenthorey et al., 2014; Tian et al., 2009).

Inflammasomes are one such group of rapidly evolving cytosolic immune sensor
complexes (Broz and Dixit, 2016; Chavarria-Smith et al., 2016; Evavold and Kagan,
2019; Rathinam and Fitzgerald, 2016; Tenthorey et al., 2014; Tian et al., 2009). Upon
detection of microbial molecules or pathogen-encoded activities, inflammasome-forming

sensor proteins serve as a platform for the recruitment and activation of
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proinflammatory caspases including caspase-1 (CASP1) through either a pyrin domain
(PYD) or a caspase activation and recruitment domain (CARD) (Broz and Dixit, 2016;
Rathinam and Fitzgerald, 2016). Active CASP1 mediates the maturation and release of
the proinflammatory cytokines interleukin (IL)-1p and IL-18 (Broz and Dixit, 2016;
Rathinam et al., 2012). CASP1 also initiates a form of cell death known as pyroptosis
(Broz and Dixit, 2016; Rathinam et al., 2012). Together, these outputs provide robust
defense against a wide array of eukaryotic, bacterial, and viral pathogens (Broz and
Dixit, 2016; Evavold and Kagan, 2019; Rathinam and Fitzgerald, 2016).

The first described inflammasome is scaffolded by the sensor protein NLRP1, a
member of the nucleotide-binding domain (NBD), leucine-rich repeat (LRR)-containing
(NLR) superfamily (Martinon et al., 2002; Ting et al., 2008). NLRP1 has an unusual
domain architecture, containing a CARD at its C-terminus rather than the N-terminus
like all other inflammasome sensor NLRs, and a function-to-find domain (FIIND), which
is located between the LRRs and CARD (Ting et al., 2008). The FIIND undergoes a
constitutive self-cleavage event, such that NLRP1 exists in its non-activated state as
two, noncovalently associated polypeptides (D'Osualdo et al., 2011; Finger et al., 2012;
Frew et al., 2012), the N-terminal domains and the C-terminal CARD-containing
fragment.

The importance of the unusual domain architecture of NLRP1 for mounting a
pathogen-specific inflammasome response has been elucidated over the last several
decades (Evavold and Kagan, 2019; Mitchell et al., 2019; Taabazuing et al., 2020). The
first hint that NLRP1 does not detect broadly conserved microbial molecules came from

the discovery that the Bacillus anthracis Lethal Toxin (LeTx) is required to elicit a
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protective inflammatory response against B. anthracis infection via one of the mouse
NLRP1 homologs, NLRP1B (Boyden and Dietrich, 2006; Greaney et al., 2020; Moayeri
et al., 2010; Terra et al., 2010). Paradoxically, inflammasome activation is the result of
site-specific cleavage in the N-terminus of mouse NLRP1B by the Lethal Factor (LF)
protease subunit of LeTx, indicating that protease-mediated cleavage of NLRP1 does
not disable its function but instead results in its activation (Chavarria-Smith and Vance,
2013; Levinsohn et al., 2012). More recently, the mechanism by which LF-mediated
proteolytic cleavage results in direct NLRP1B inflammasome activation has been
detailed (Chui et al., 2019; Sandstrom et al., 2019). These studies revealed that
proteolysis of mouse NLRP1B by LF results in exposure of a novel N-terminus, which is
then targeted for proteasomal degradation by a protein quality control mechanism called
the ‘N-end rule’ pathway (Chui et al., 2019; Sandstrom et al., 2019; Wickliffe et al.,
2008; Xu et al., 2019). Since the proteasome is a processive protease, it progressively
degrades the N-terminal domains of NLRP1B but is disengaged upon arriving at the
self-cleavage site within the FIIND domain. Degradation of the N-terminal domains thus
releases the bioactive C-terminal CARD-containing fragment of NLRP1B from its non-
covalent association with the N-terminal domains, which is sufficient to initiate
downstream inflammasome activation (Chui et al., 2019; Sandstrom et al., 2019). By
directly coupling NLRP1 inflammasome activation to cleavage by a pathogen-encoded
protease, NLRP1 can directly sense and respond to the activity of a pathogen effector.
Such a model indicates that the N-terminal domains are not required for NLRP1
activation per se, but rather serve a pathogen-sensing function. Interestingly, the N-

terminal ‘linker’ region in mouse NLRP1B that is cleaved by LF is rapidly evolving in
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rodents, and the analogous linker region is likewise rapidly evolving in primate species
(Chavarria-Smith et al., 2016). These data suggest that selection from pathogens has
been driving diversification of this protease target region of NLRP1, possibly serving to
bait diverse pathogenic proteases into cleaving NLRP1 and activating the
inflammasome responses.

Consistent with the rapid evolution in NLRP1 at the site of proteolytic cleavage,
LF neither cleaves nor activates human NLRP1 (Mitchell et al., 2019; Moayeri et al.,
2012; Taabazuing et al., 2020). Despite this, human NLRP1 can also be activated by
proteolysis when a tobacco etch virus (TEV) protease site is engineered into the rapidly
evolving linker region of human NLRP1 that is analogous to the site of LF cleavage in
mouse NLRP1B (Chavarria-Smith et al., 2016). Thus, like mouse NLRP1B, it has been
predicted that human NLRP1 may serve as a ‘tripwire’ sensor for pathogen-encoded
proteases (Mitchell et al., 2019).

Here, we investigate the hypothesis that viral proteases cleave and activate
human NLRP1. We reasoned that human viruses, many of which encode proteases as
necessary enzymes for their replication cycle, may be triggers for NLRP1 activation. To
pursue this hypothesis, we focused on viruses in the Picornaviridae family, which
encompass a diverse set of human enteric and respiratory pathogens including
coxsackieviruses, polioviruses, and rhinoviruses (Zell, 2018). These viruses all translate
their genome as a single polyprotein, which is then cleaved into mature proteins in at
least six sites in a sequence-specific manner by a virally encoded 3C protease, termed
3Cpro (Laitinen et al., 2016; Solomon et al., 2010; Sun et al., 2016; Zell, 2018). 3Cpro is

also known to proteolytically target numerous host factors, many of which are

56



associated with immune modulation (Croft et al., 2018; Huang et al., 2015; Lei et al.,
2017; Mukherjee et al., 2011; Qian et al., 2017; Wang et al., 2019; Wang et al., 2012;
Wang et al., 2014; Wang et al., 2015; Wen et al., 2019; Xiang et al., 2014; Xiang et al.,
2016; Zaragoza et al., 2006). Because 3Cpro are evolutionarily constrained to cleave
several specific polyprotein sites and host targets for replicative success, we reasoned
that human NLRP1 may have evolved to sense viral infection by mimicking viral
polyprotein cleavage sites, leading to NLRP1 cleavage and inflammasome activation.
Using an evolution-guided approach, we now show that NLRP1 is cleaved in its rapidly
evolving linker region by several 3Cpro from picornaviruses, resulting in inflammasome
activation. These results are consistent with the recent discovery that human rhinovirus
(HRV) 3Cpro cleaves and activates NLRP1 in airway epithelia (Robinson et al., 2020).
We also find that variation in the cleavage site among primates, and even within the
human population, leads to changes in cleavage susceptibility and inflammasome
activation. Interestingly, we observe that proteases from multiple genera of viruses
cleave and activate human NLRP1 and mouse NLRP1B at different sites, supporting a
role for an evolutionary conflict between viral proteases and NLRP1. Taken together,
our work highlights the role of NLRP1 in sensing and responding to diverse viral
proteases by evolving cleavage motifs that mimic natural sites of proteolytic cleavage in

the viral polyprotein.

Results

Human NLRP1 contains mimics of viral protease cleavage sites
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Our hypothesis that NLRP1 can sense viral proteases is based on two prior
observations. First, both human NLRP1 and mouse NLRP1B can be activated by N-
terminal proteolysis (Chavarria-Smith et al., 2016). Second, the linker in primate
NLRP1, which is analogous to the N-terminal disordered region of NLRP1B that is
cleaved by LF protease, has undergone recurrent positive selection (Chavarria-Smith et
al., 2016), or an excess of non-synonymous amino acid substitutions over what would
be expected by neutral evolution (Kimura, 1983). We reasoned that this rapid protein
sequence evolution may reflect a history of pathogen-driven selection, wherein primate
NLRP1 has evolved to sense pathogen-encoded proteases such as those encoded by
picornaviruses. To test this hypothesis, we first generated a predictive model for 3Cpro
cleavage site specificity. We chose to focus on the enterovirus genus of picornaviruses,
as there is a deep and diverse collection of publicly available viral sequences within this
genus due to their importance as human pathogens including coxsackieviruses,
polioviruses, enterovirus D68, and HRV (Blom et al., 1996; Pickett et al., 2012). We first
compiled complete enterovirus polyprotein sequences from the Viral Pathogen
Resource (ViPR) database (Pickett et al., 2012) and extracted and concatenated
sequences for each of the cleavage sites within the polyproteins (Figure 3.1A and B,
Supplementary files 3.1 and 3.2). After removing redundant sequences, we used the
MEME Suite (Bailey et al., 2009) to create the following 3Cpro cleavage motif:
[A/PIXXQGXXX (where ® denotes a hydrophobic residue and X denotes any amino
acid), which is broadly consistent with previous studies that have experimentally profiled
the substrate specificity of enterovirus 3Cpros (Blom et al., 1996; Fan et al., 2020;

Jagdeo et al., 2018; O'Donoghue et al., 2012; Figure 3.1C).
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Figure 3.1. Conserved polyprotein cleavage sites across enteroviruses inform substrate specificity of the
enteroviral 3Cpro. (A) Schematic of 3Cpro cleavage sites (red arrows) within the polyprotein of
coxsackievirus B3 Nancy (CVB3), a model enterovirus. Shown are the eight amino acids flanking each
cleavage site within the polyprotein. (B) Phylogenetic tree of 796 enteroviral polyprotein coding
sequences depicting the major clades of enteroviruses sampled in this study with representative viruses
from each clade in parentheses (Supplementary file 3.2). (C) Eight amino acid polyprotein cleavage motif
for enteroviruses (labeled as positions P4 to P4’) generated from the 796 enteroviral polyprotein
sequences in (B) using the MEME Suite (Supplementary file 3.2). (D) Training set data used to determine
the motif search threshold for FIMO (Supplementary files 3.1, 3.3 and 3.4). The X-axis represents a log10
of the p-value reported by FIMO as an indicator for the strength of the cleavage motif hit (cleavage score).
(Left) The Y-axis depicts the number of uncalled true positives, or motif hits that overlap with the initial set
of 8mer polyprotein cleavage sites used to generate the motif, in the training set of enteroviral polyprotein
sequences (black). (Right) The Y-axis depicts the number of called false positive sites, or any motif hits
found in the polyprotein that are not known to be cleaved by 3Cpro, in the training set of enteroviral
polyprotein sequences (gray). (Above) Each line depicts a single, experimentally validated case of
enteroviral 3Cpro cleavage site within a human protein as reported in Laitinen et al., 2016 and is ordered
along the X-axis by its resulting cleavage score. A vertical dotted line is used to represent the decided
threshold that captures 95% of true positive hits and 16 out of 27 reported human hits (Figure 3.2).
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Figure 3.2. Motif optimization enhances capture of known human targets of enteroviral 3Cpro. (A) As
described in Figure 3.1B and C and Materials and Methods, the 8mer (P4—P4’) 3Cpro polyprotein
cleavage motif was initially generated from unique, concatenated 8mer cleavage sites across 796
enteroviral polyprotein sequences. To assess the capture capability of the motif on both virus and host
targets, the motif was then used to conduct a low threshold (p-value=0.1) FIMO (MEME Suite) search
across training set of 2678 nonredundant enteroviral polyproteins from ViPR and 27 experimentally
validated human targets of 3Cpro (Laitinen et al., 2016). In the graph, the X-axis represents a log10 of the
p-value reported by FIMO as an indicator for the strength of the cleavage motif hit, or cleavage score. The
left Y-axis depicts the number of uncalled ‘true positives’, or motif hits within the enteroviral polyprotein
training set that overlap with the initial set of 8mer polyprotein cleavage sites used to generate the motif
(black). The right Y-axis depicts the number of called false positive sites, or any motif hits that are not true
positives, in the training set of enteroviral polyprotein sequences (gray). (Above) Each line depicts a
single, experimentally validated case of enteroviral 3Cpro cleavage site within a human protein as
reported in Laitinen et al., 2016 and is ordered along the x-axis by its corresponding cleavage score.
Vertical dotted lines are used to represent the decided thresholds for comparison of capture capability.
Capture of human targets at 95%, 99%, or 100% capture of true positives in the polyprotein dataset
corresponds to capture of 4, 7, and 16 human hits. (B) Pseudo-counts to the position-specific scoring
matrix of the motif shown in (A) were adjusted by total information content where the two most
information-dense positions P1 and P1’ are assigned pseudocount = 0 and the least information-dense
position P3 pseudocount = 1, and the remaining positions are assigned a pseudocount value relative to
the most information-dense position P1. This optimized motif is then used to FIMO search against the
same training set as described in (A). Capture of human targets at 95%, 99%, or 100% capture of true
positives in the polyprotein dataset corresponds to capture of 16, 23, and 24 human hits.
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We next optimized our 3Cpro cleavage site motif prediction by querying against
predicted viral polyprotein and experimentally validated host cleavage sites (Laitinen et
al., 2016), allowing us to set thresholds for predicting new cleavage sites
(Supplementary files 3.3 and 3.4). Due to the low-information content of the polyprotein
motif (Figure 3.1C), such predictions are necessarily a compromise between stringency
and capturing the most known cleavage sites. In particular, we wished to make sure that
the model was able to capture a majority of experimentally validated human hits
(compiled in Laitinen et al., 2016) in addition to the known sites of polyprotein cleavage
(‘true positives’), while minimizing the prediction of sites outside of known polyprotein
cleavage sites (‘false positives’). By adjusting the model to allow greater flexibility for
amino acids not sampled in the viral polyprotein (see Materials and methods and Figure
3.2 and Supplementary file 3.4), we were able to capture 95% of known viral sites and
the majority of the known human hits, while limiting the number of false negative hits

within the viral polyprotein (Figure 3.1D).

The coxsackievirus B3 3Cpro cleaves human NLRP1 at a predicted site within the linker
region

We next used our refined model to conduct a motif search for 3Cpro cleavage
sites in NLRP1 using Find Individual Motif Occurrences (FIMO) (Grant et al., 2011). We
identified three occurrences of the motif across the full-length human NLRP1 protein
(Figure 3.3A). Of these sites, one in particular, 127-GCTQGSER-134, fell within the

previously described rapidly evolving linker (Chavarria-Smith et al., 2016) and
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demonstrates the lowest percent conservation across mammalian species at each of

the predicted P4-P4’ positions (Figure 3.3B).
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Figure 3.3. Enterovirus 3Cpro cleaves human NLRP1 at the predicted site of mimicry. (A) Schematic of
the domain structure of NLRP1, with predicted cleavage sites (triangles). FIMO-reported p-values and
average NetsurfP-reported coil probabilities are described at the predicted sites. (B) Percent conservation
across 100 mammalian species at each position of each predicted 8mer cleavage site within human
NLRP1. (C) Schematic of the human NLRP1 sequence used to assess enteroviral cleavage and
activation. The predicted enteroviral cleavage site found in the linker region (127-GCTQGSER-134) is
shown in red. Human NLRP1 WT-TEV contains an engineered TEV cleavage site between residues 93
and 94 (underlined green) in human NLRP1 WT. (D) Immunoblot depicting human NLRP1 cleavage by
CVB3 3Cpro and TEV protease. HEK293T cells were co-transfected using 100 ng of the indicated Flag-
tagged mCherry-NLRP1 fusion plasmid constructs with 250 ng of the indicated protease construct and
immunoblotted with the indicated antibodies. (E) Immunoblot depicting human NLRP1 cleavage at the
indicated timepoints after infection with 250,000 PFU (MOI = ~1) CVB3. HEK293T cells were transfected
using 100 ng of either WT NLRP1 or NLRP1 G131P and infected 24—30 hr later. All samples were
harvested 32 hr post-transfection and immunoblotted with the indicated antibodies.

To assess if human NLRP1 is cleaved by enteroviral 3Cpro, we co-expressed a
N-terminal mCherry-tagged wild-type (WT) human NLRP1 with the 3Cpro from the

model enterovirus, coxsackievirus B3 (CVB3) in HEK293T cells (Figure 3.3C). The
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mCherry tag stabilizes and allows visualization of putative N-terminal cleavage
products, similar to prior studies (Chavarria-Smith et al., 2016). We observed that the
WT but not catalytically inactive (C147A) CVB3 3Cpro cleaved NLRP1, resulting in a
cleavage product with a molecular weight consistent with our predicted 3Cpro cleavage
at the predicted 127-GCTQGSER-134 site (44 kDa) (Figure 3.3D). Based on the
presence of a single cleavage product, we assume that the other predicted sites are
either poor substrates for 3Cpro or less accessible to the protease as would be
predicted from their NetSurfP-reported (Klausen et al., 2019) coil probability within
structured domains of the protein (Figure 3.3A). To determine if the cleavage occurs
between residues 130 and 131, we mutated the P1’ glycine to a proline (G131P), which
abolished 3Cpro cleavage of NLRP1 (Figure 3.3D). CVB3 3Cpro cleavage of NLRP1
resulted in a similarly intense cleavage product when compared to the previously
described system in which a TEV protease site was introduced into the linker region of
NLRP1 (Chavarria-Smith et al., 2016; Figure 3.3D). Taken together, these results
indicate that cleavage of WT NLRP1 by a protease from a natural human pathogen is
robust and specific.

During a viral infection, 3Cpro is generated in the host cell cytoplasm after
translation of the viral mMRNA to the polyprotein and subsequent processing of the viral
polyprotein into constituent pieces (Laitinen et al., 2016). To confirm that virally-
produced 3Cpro, or the 3 CD precursor that can also carry out proteolytic cleavage
during infection (Laitinen et al., 2016), is able to cleave NLRP1, we virally infected cells
expressing either WT NLRP1 or the uncleavable (G131P) mutant. We observed

accumulation of the expected cleavage product beginning at 6 hr post-infection when
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we infected cells expressing WT NLRP1 and no cleavage product when we infected
cells expressing the 131P mutant (Figure 3.3E). These results validate that CVB3

infection can result in rapid and specific cleavage of human NLRP1.

The CVB3 3Cpro activates human NLRP1 by cleaving within the linker region

Previous results with a TEV-cleavable human NLRP1 showed that cleavage by
TEV protease was sufficient to activate the human NLRP1 inflammasome in a
reconstituted inflammasome assay (Chavarria-Smith et al., 2016). Using the same
assay, in which plasmids-encoding human NLRP1, CASP1, ASC, and IL-1[3 are
transfected into HEK293T cells, we tested if the CVB3 3Cpro activates the NLRP1
inflammasome. We observed that the CVB3 3Cpro results in robust NLRP1
inflammasome activation, as measured by CASP1-dependent processing of pro-IL-13 to
the active p17 form (Figure 3.4A). As expected, CVB3 3Cpro activation of the NLRP1
inflammasome was prevented by introduction of a mutation in the NLRP1 FIIND
(S1213A) (D'Osualdo et al., 2011; Finger et al., 2012; Frew et al., 2012; Figure 3.5 —
panel A), which prevents FIIND auto-processing and the release of the bioactive C-
terminal UPA-CARD (Chui et al., 2019; Sandstrom et al., 2019). Consistent with recent
results (Robinson et al., 2020), we also observed that chemical inhibitors of the
proteasome (MG132) or the Cullin-RING E3 ubiquitin ligases that are required for the
degradation of proteins with a novel N-terminal glycine (MLN4924) (Timms et al., 2019),
also blocked CVB3 3Cpro activation of NLRP1 (Figure 3.5 — panel B). To confirm that
3Cpro-induced inflammasome activation resulted in release of bioactive IL-13 from

cells, we measured active IL-1B levels in the culture supernatant using cells engineered
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to express a reporter gene in response to soluble, active IL-13. When compared to a
standard curve (Figure 3.6), we found that 3Cpro treatment resulted in release of >4
ng/ml of active IL-1 into the culture supernatant (Figure 3.4B). Importantly, in both
western blot and cell culture assays, 3Cpro-induced inflammasome activation was
comparable to TEV-induced activation and was ablated when position 131 was
mutated, validating that CVB3 3Cpro cleavage at a single site is both necessary and
sufficient to activate NLRP1 (Figure 3.4A and B). Taken together, our results are
consistent with CVB3 3Cpro activating the NLRP1 inflammasome via site-specific
cleavage and subsequent ‘functional degradation’ (Chui et al., 2019; Sandstrom et al.,

2019).
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Figure 3.4. Enterovirus 3Cpro cleavage of human NLRP1 promotes pro-inflammatory cytokine release.
(A) Immunoblot depicting human NLRP1 activation (maturation of IL-13) by CVB3 3Cpro and TEV
protease. HEK293T cells were co-transfected using 100 ng of the indicated protease, 50 ng V5-IL-13, 100
ng CASP1, 5 ng ASC, and 4 ng of the indicated Myc-tagged NLRP1, and immunoblotted with the
indicated antibodies. Appearance of the mature p17 band of IL-1 indicates successful assembly of the
NLRP1 inflammasome and activation of CASP1. (B) Bioactive IL-18 in the culture supernatant was
measured using HEK-Blue IL-1P reporter cells, which express secreted embryonic alkaline phosphatase
(SEAP) in response to extracellular IL-1B. Supernatant from cells transfected as in (A) was added to
HEK-Blue IL-1B reporter cells and SEAP levels in the culture supernatant from HEK-Blue IL-1B reporter
cells were quantified by the QUANTI-Blue colorimetric substrate. Transfections were performed in
triplicate and compared to the standard curve generated from concurrent treatment of HEK-Blue IL-13
reporter cells with purified human IL-1 (Figure 3.6). Data were analyzed using two-way ANOVA with
Sidak’s post-test. **** = p<0.0001. (C) CVB3 infection of inflammasome-reconstituted HEK293T cells
results in IL-1( release when NLRP1 can be cleaved by 3Cpro. Cells were transfected with the indicated
NLRP1 construct and other NLRP1 inflammasome components as in (B). Sixteen hours post-transfection,
cells were mock infected or infected with 250,000 PFU (MOI = ~1) CVB3. Eight hours post-infection,
culture supernatant was collected and bioactive IL-13 was measured as in (B). (D) CVB3 infection of an
immortalized human keratinocyte cell line, HaCaT, activates the NLRP1 inflammasome. WT or knockout
(Figure 3.7) HaCaT cell lines were mock infected or infected with 100,000 PFU (MOI = ~0.4) CVB3. Forty-
eight hours post-infection, culture supernatant was collected and bioactive IL-13 was measured as in (B).
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Figure 3.5. 3Cpro-mediated activation of the human NLRP1 inflammasome depends on FIIND
autoprocessing and proteosomal degradation. (A) HEK293T cells were transfected with either WT NLRP1
or a FIIND auto-processed defective mutant (S1213A) along with other components of the NLRP1
inflammasome (CASP1, ASC, and IL-1B) as in Figure 3.4A. Only cells transfected with WT NLRP1 can
produce mature IL-1p upon co-transfection with CVB3 3Cpro or TEV protease as indicated by the
appearance of the p17 band. (B) HEK293T cells were transfected as in (A), and then treated with the
indicated inhibitors of proteasomal-mediated degradation (0.5 yM MG132) or the N-glycine degron
pathway (1.0 uM MLN4924) for 6 hr prior to harvest. Addition of 10 uM VbP, an inhibitor of the NLRP1
inhibitors DPP8/9 (Okondo et al., 2018), was used as a control for protease-independent activation of the
inflammasome and is thus unaffected by MLN4924.
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Figure 3.6. Standard curve for Figure 3.4B. Purified human IL-1p was added in duplicate to the indicated
final concentration to HEK-Blue IL-18 reporter cells and SEAP activity was measured by increased
absorbance at OD655. The indicated linear fit was used to calculate absolute concentrations of bioactive
IL-1B from culture supernatants shown in Figure 3.4B. Note that supernatants from inflammasome-
transfected cells was diluted 10-fold before addition to HEK-Blue IL-1( reporter cells to ensure that levels
fell within the linear range of the indicated standard curve. Standard curves were generated in an identical
manner for each panel of HEK-Blue data shown.
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A NLRP1 Knockouts B CASP1 Knockouts
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TCCGGTGAGAAGGGAGTAAGGGGATGT

Figure 3.7. Validation of CRISPR/Cas9-editing of NLRP1 or CASP1 in HaCaT cells by Sanger
sequencing. (A) The WT NLRP1 (exon 5 or exon 2) sequence is shown with CRISPR-targeting sgRNA
and PAM sequences indicated. Below each WT sequence is shown the Sanger sequencing
chromatogram and associated mutant sequence for each indicated clone. (B) Same as panel A, except
indicating WT CASP1 intron 1/exon two sequence and sequencing data from two independently isolated
knockout clones.

We next wished to test whether CVB3 infection, through the site-specific
cleavage of NLRP1 by 3Cpro, can activate the NLRP1 inflammasome. Consistent with
our prediction, recent work has revealed that HRV infection can cleave and activate
human NLRP1 in airway epithelia (Robinson et al., 2020). However, prior work has also
implicated a role for the NLRP3 inflammasome in enterovirus infection (Kuriakose and
Kanneganti, 2019; Xiao et al., 2019), including activation of the NLRP3 inflammasome
during CVB3 infection in mice and human cell lines (Wang et al., 2019; Wang et al.,
2018). NLRP1 and NLRP3 have distinct expression patterns (Robinson et al., 2020;
Zhong et al., 2016) including in epithelial cells, which are important targets of

enterovirus infection. NLRP3 is activated in response to various noxious stimuli or
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damage signals associated with pathogen infection (Evavold and Kagan, 2019; Spel
and Martinon, 2021). In contrast, NLRP1 is activated by direct proteolytic cleavage of its
N-terminal ‘tripwire’ region by viral proteases. We therefore wished to confirm that
specific 3Cpro cleavage of NLRP1 during CVB3 infection is able to activate the NLRP1
inflammasome. We first virally infected 293 T cells, which do not express either NLRP1
or NLRP3, that were co-transfected with either WT NLRP1 or the uncleavable (G131P)
mutant in our reconstituted inflammasome assay and measured active IL-1 in the
culture supernatant. Eight hours after infection with CVB3, we observe robust release of
active IL-1p into the culture supernatant when cells were transfected with WT NLRP1
but not the uncleavable mutant NLRP1 (Figure 3.4C). To test whether CVB3 infection
can activate the inflammasome in an NLRP1-dependent fashion in cells that naturally
express an intact NLRP1 inflammasome, we took advantage of the fact that NLRP1 has
been described as the primary inflammasome in human keratinocytes (Zhong et al.,
2016). We therefore infected WT, NLRP1, or CASP1 KO (Figure 3.7) immortalized
HaCaT human keratinocytes with CVB3 and measured release of active IL-13 in the
culture supernatant. Consistent with our model that CVB3 infection cleaves and
activates the NLRP1 inflammasome, we observe a significant increase in supernatant
IL-1B after CVB3 infection that is reduced in cells that lack either NLRP1 or CASP1
(Figure 3.4D). Together, these results indicate that CVB3 infection, through 3Cpro

cleavage of the tripwire region of NLRP1, activates the NLRP1 inflammasome.
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NLRP1 diversification across primates and within humans confers host differences in
susceptibility to viral 3Cpro cleavage and inflammasome activation

Our evolutionary model in which NLRP1 is evolving in conflict with 3Cpro
suggests that changes in the NLRP1 linker region, both among primates and within the
human population (Figure 3.8A), would confer host-specific differences to NLRP1
cleavage and inflammasome activation. To test this hypothesis, we aligned the linker
regions from NLRP1 from diverse mammals and human population sampling and
compared the sequences around the site of CVB3 3Cpro cleavage (Figure 3.8B and C
and Figure 3.9). We noted that while a majority of primate NLRP1s are predicted to be
cleaved similarly to the human ortholog, several primate proteins would be predicted to
not be cleaved by enteroviral 3Cpro as a result of changes to either the P4, P1 or P1’
residues. To confirm these predictions, we made the human NLRP1 mutants G127E or
G131R, which reflect the Old World monkey or marmoset residues at each position,
respectively. As predicted, both primate NLRP1 variants prevented 3Cpro cleavage of
NLRP1 (Figure 3.8D). These results indicate that multiple viral 3Cpro activate host
NLRP1 in a host specific manner and suggest that single changes within a short linear

motif can substantially alter cleavage susceptibility and inflammasome activation.
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Figure 3.8. Naturally occurring cleavage site variants alter NLRP1 susceptibility to enteroviral 3Cpro. (A)
Schematic of sites found to be evolving under positive selection (marked as *, from Chavarria-Smith and
Vance, 2013) and human SNPs with at least 10 reported instances in the Genome Aggregation Database
(GnomAD, Karczewski et al., 2020) (marked as !) within the linker region between the pyrin domain (PYD)
and nucleotide binding domain (NBD) of NLRP1. The enteroviral 3Cpro cleavage site between position
130 and 131 is indicated by a red triangle. (B) Phylogenetic tree depicting the enteroviral 3Cpro cleavage
site (red triangle) within NLRP1 across three clades of primates — hominoids, Old World monkeys
(OWMs), and New World monkeys (NWMs). Mouse NLRP1B lacks any sequence that is alignable to this
region of primate NLRP1 (see also Figure 3.9). Amino acid differences to the human NLRP1 reference
sequence are highlighted in red. Above the alignment is the enterovirus 3Cpro sequence logo shown in
Figure 3.1. (C) GnomAD-derived allele counts of each missense human SNP (by reference SNP #) within
the 8mer of the determined enteroviral 3Cpro cleavage site. (D—E) Immunoblot depicting CVB3 3Cpro
cleavage susceptibility of the indicated 8mer site variants introduced into human NLRP1 or full-length
wild-type mouse NLRP1B (129 allele) (D) or the cleavage susceptibility of human NLRP1 Q130R, a
naturally occurring human population variant (E). (F) Release of bioactive IL-13 into the culture
supernatant was measured using HEK-Blue IL-18 reporter cells as in Figure 3.4B. Data were analyzed
using two-way ANOVA with Sidak’s post-test. **** = p<0.0001.

71



Enterovirus 3C*"*°
cleavage site

y

GCTQGSER RVLRQLPDTSGRRWREISASLLYQALPSSPDHESP

S

Human (Homo sapiens).

Chimpanzee (Pan troglodytes) GCTQGSER
Gorilla (Gorilla gorilla) GCTQGSER
Orangutan (Pongo abelii) GCTQGSER
Gibbon GCTQGSER
Rhesus macaque (Macaca mulatta) ECTQGSER
Baboon (Papio anubis) ECTQGSER
African green monkey (Chlorocebus sabaeus) ECTQGSER
Colobus (Colobus angolensis) ECTQVSER
Snub. d monkey (Rhi it r ECTQGSER
Marmoset (Callithrix jacchus) GCTQRSER
Squirrel monkey (Saimiri boliviensis) GCTQGSER
Galago (Otolemur garnettii ) GYTQHSER
Sifaka (Propithecus coquereli ) GHPKVEKR
Gray mouse lemur (Microcebus murinus) GHPQVERK
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Figure 3.9. Mammalian NLRP1 phylogenomics and alignment of linker region. The indicated mammalian
NLRP1 sequences were aligned and the region corresponding to residues 107—169 from human NLRP1
were extracted, which is anchored on both ends by well-conserved proline and serine-rich motifs. A
consensus sequence generated from alignable sequences in this region is shown above the human
sequence. The position of the CVB3 3Cpro cleavage site in human NLRP1 is shown, flanked by four
amino acids on both sides (P4->P4’). In other mammals, residues that differ from the human sequence
are shown in red. Within the aligned region that corresponds to the CVB3 3Cpro cleavage site, only
simian primates have P4, P1 and P1’ residues that would allow cleavage. The only other species that
have a plausible cleavage site in this position are sheep and goats (P4 = Val, P1 = GIn, P1’ = Ser),
although those residues appear to have evolved independently at those positions. Two clades of species
(the ‘mouse-related’ clade of rodents and the microbat clade, marked as green) have NLRP1 protein
sequences with N-terminal linkers that are unalignable to human NLRP1 in this region. Four additional
clades (lagomorphs, megabats, cetaceans, and felines, marked as gray) lack the NLRP1 gene altogether.
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We further observed that this cleavage site is largely absent in non-primate
species (Figure 3.9), suggesting that a 3Cpro cleavage site mimic emerged in simian
primates 30—40 million years ago. While many other mammalian species have a region
that is alignable to the primate linker, we noted that this region is unalignable to any
sequence in the linker region of NLRP1 proteins from rodents or bats (Figure 3.8B and
Figure 3.9). Despite this, we found that there was weak cleavage of mouse NLRP1B at
a site closer to the N-terminus than the 127-GCTQGSER-134 site found in human
NLRP1 (Figure 3.8D and Figure 3.15A), suggesting that an independent cleavage site
could have arisen elsewhere in mouse NLRP1B. These data suggest that NLRP1 in
other mammals may have convergently evolved cleavage sites in the linker region
despite not having a cleavable sequence in the precise position that human NLRP1 is
cleaved.

Differential host susceptibility to NLRP1 cleavage and activation extends to the
human population level. Using GhnomAD (Karczewski et al., 2020), we sampled the
alternative alleles within the direct cleavage site (Figure 3.8C). While this region does
not appear to be highly polymorphic in humans, we note that one alternative allele
(rs150929926) results in a Q130R mutation and is present in >1 in every 1000 African
alleles sampled. Introducing this mutation into NLRP1, we find the Q130R mutation
eliminates NLRP1 cleavage susceptibility to CVB3 3Cpro (Figure 3.8E). In the case of
primate and human diversity alleles at the site of 3Cpro cleavage, we also find that loss
of cleavage susceptibility results in a loss of inflammasome activation in response to

3Cpro (Figure 3.8F), supporting the aforementioned notion that single changes in the
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linker region can have drastic impacts on the ability of different hosts to respond to the

presence of cytoplasmic 3Cpro.

3Cpro from diverse picornaviruses cleave and activate human NLRP1

Our evolutionary model predicted that NLRP1 would be cleaved by a broad
range of 3Cpro from viruses in the enterovirus genus (Figure 3.1B). To test this
hypothesis, we cloned 3Cpro from representative viruses from four additional major
species of human enteroviruses: enterovirus 71 (EV71, species: Enterovirus A),
poliovirus 1 (PV1, species: Enterovirus C), enterovirus D68 (EV68, species: Enterovirus
D), human rhinovirus A (HRV, species: Rhinovirus A), in order to compare them to the
3Cpro from CVB3 (species: Enterovirus B) (Figure 3.10A). Despite <50% amino acid
identity between some of these proteases (Figure 3.11), the overall structures of these
proteases are similar (Figure 3.12) and the cleavage motifs are closely related (Figure
3.10A). Consistent with this predicted target similarity and prior data with HRV
(Robinson et al., 2020), we found that every tested member of enterovirus 3Cpro was
able to cleave NLRP1 between residues 130 and 131 (Figure 3.10B). Moreover,
expression of every tested enterovirus 3Cpro resulted in activation of the inflammasome
in a manner that was dependent on cleavage at the 127-GCTQGSER-134 site (Figure

3.10C).
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Figure 3.10. Diverse picornavirus 3Cpros cleave and activate NLRP1 at independently evolved sites. (A)
Phylogenetic tree of 3Cpro protein sequences for the indicated picornaviruses (Figure 3.11). Shown next
to the virus name is the sequence motif generated from the known sites of 3Cpro polyprotein cleavage in
that specific virus. (B) Immunoblot depicting human NLRP1 cleavage by the indicated picornaviral 3Cpro.
Abbreviations are as in (A). Assays were performed as in Figure 3.3D. (left) Cleavage assays against WT
NLRP1. (right) Human NLRP1 G131P mutant used in Figure 3.3. (C) Release of bioactive IL-1f into the
culture supernatant was measured using HEK-Blue IL-1( reporter cells as in Figure 3.4B. Data were
analyzed using one-way ANOVA with Tukey’s post-test. ** = p<0.01, *** = p<0.001, **** = p<0.0001. (D)
Immunoblot depicting human NLRP1 cleavage at the indicated timepoints after infection with 250,000
PFU (MOI = ~1) CVB3 or EMCV. HEK293T cells were transfected using 100 ng of either WT NLRP1 or
NLRP1 G131P and, 24 hr later, either mock infected (0 hr timepoint) or infected with CVB3 or EMCV as
indicated (8 hr timepoint). All samples were harvested 32 hr post-transfection and immunoblotted with the
indicated antibodies.
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Figure 3.11. Alignment of 3Cpros used in this study. Sequences were aligned using MAFFT (Katoh and
Standley, 2013) and used to generate the phylogenetic tree shown in Figure 3.10A. Asterisks indicate
residues 100% conserved in all sequences. The position of the catalytic cysteine, analogous to C147 in
CVB3 3Cpro, is highlighted in yellow.

76



Il Poliovirus (PDB 1L1N)

[] Enterovirus 71 (PDB 30SY) - RMSD = 0.732
[] Cosackievirus B3 (PDB 30SY) - RMSD = 0.659
[ ] Enterovirus D68 (PDB 3ZV8) - RMSD = 0.692
[ Human rhinovirus (PDB 2BOF) - RMSD = 1.204

Il Poliovirus (PDB 1L1N)

[ ] Hepatitis A virus (PDB 2H6M) - RMSD = 0.754 (near active site), 9.310 (overall)

[] Senacavirus (PDB 6L0T) - RMSD = 0.744 (near active site), 9.080 (overall)

[] Foot and mouth disease virus (PDB 2BHG) - RMSD = 1.870 (near active site), 3.051 (overall)

Figure 3.12. Structural similarity of picornavirus 3Cpros. (A) Structures of the indicated enterovirus
3Cpros were aligned to poliovirus 3Cpro using Pymol (https://pymol.org/2/ - The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC.). For each enterovirus species used in this study, PDB
codes are indicated in parentheses and Pymol-calculated RMSD values are shown. The catalytic
cysteine, C147, in the poliovirus 3Cpro structure is shown as a ball-and-stick representation (red stick and
yellow ball for the catalytic S atom). Despite substantial divergence in amino acid identity, the overall fold
and active site configuration of these enzymes is similar. (B) Structures of the indicated picornavirus
3Cpros were aligned to poliovirus 3Cpro using Pymol, with a similar representation of the catalytic C147
residue in poliovirus 3Cpro as in (A). RMSD values are shown for alignments to either the whole
poliovirus 3Cpro structure (‘overall’ RMSD) or only the 50 amino acids flanking the catalytic cysteine,
C147 (‘near active site’ RMSD). The displayed aligned structures are from the ‘near active site’ alignment.
Neither senecavirus nor foot and mouth disease virus (FDMV) were used in this study, but are included
as additional representatives of non-enterovirus 3Cpro enzymes for which there are experimentally
determined molecular structures. Compared to proteases aligned in (A), divergent picornavirus proteases
show greater divergence in overall fold as indicated by the larger ‘overall’ RMSD values. However,
comparison of the regions around the active site still show high structural similarity, consistent with the
constraint on protease evolution and similarity of cleavage specificity shown in Figure 3.10A.
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Enteroviruses are only one genus within the broad Picornaviridae family of
viruses. We next asked if viruses in other Picornaviridae genera that infect humans are
also able to cleave and activate human NLRP1. We were unable to generate a robust
sequence motif for every genera of picornavirus due to lower depth of publicly available
sequences. Instead, we cloned a 3Cpro from a representative of every genus of
picornavirus that are known to infect humans: encephalomyocarditis virus (EMCV,
genus: Cardiovirus), parechovirus A virus (ParA, genus: Parechovirus), Aichi virus
(Aichi, genus: Kobuvirus), hepatitis A virus (HepA, genus: Hepatovirus), salivirus A virus
(SaliA, genus: Salivirus), and rosavirus A2 (Rosa2, genus: Rosavirus). Each of these
viral proteases is <20% identical to CVB3 3Cpro. Despite this, the sequence motif built
from cleavage sites within the polyprotein of these individual viruses is broadly
consistent with the motif seen in enteroviruses (Figure 3.10A), reflective of the strong
evolutionary constraint on evolution of the sequence specificity of these proteases and
overall structural conservation of the active sites of these proteases (Figure 3.12).
Interestingly, we found that there was substantial variation in NLRP1 cleavage sites
across these diverse 3Cpro even though most picornavirus proteases cleaved human
NLRP1 to some degree (Figure 3.10B). For instance, while 3Cpro from EMCV and ParA
did not cleave NLRP1, we observed distinct cleavage sites for 3Cpro from Aichi, HepA,
SaliA and Rosa2 (Figure 3.10B), all of which have at least one cleavage site predicted
to occur in the linker region (expected size between 40 kDa and 67 kDa). Confirming
that these proteases cleave at a site that is distinct from that of enteroviruses, the

G131P NLRP1 mutant is still cleaved by the non-enteroviral proteases (Figure 3.10B).
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Surprisingly, when we interrogated NLRP1 inflammasome activation by 3Cpros
from Aichi, HepA, SaliA, and RosaZ2, all of which robustly cleave NLRP1 at a site in the
linker region, we found that only Rosa2 was able to activate the NLRP1 inflammasome
(Figure 3.10C). While it is possible that NLRP1 cleavage by 3Cpro from these other
viruses is too weak or in a region that may be inconsistent with activation, we also noted
that there are obvious cleavage sites in NLRP1 that are outside of the linker region and
closer to the FIIND autocleavage site. Cleavage at these sites in NLRP1, or cleavage of
other host genes, may interfere with activation that may have otherwise been induced
by 3Cpro cleavage in the linker region. Indeed, we find that co-expression of 3Cpro from
Aichi, HepA, SaliA can attenuate NLRP1 activation by TEV protease (Figure 3.13),
consistent with the idea that these three proteases can actively block NLRP1 activation.
Further investigation will be needed to determine the exact mechanism by which this
occurs. Nevertheless, our data demonstrate that non-enteroviral 3Cpros can cleave
NLRP1 at independent sites in the rapidly evolving linker region and can, in at least one

case, activate the human NLRP1 inflammasome.
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Figure 3.13. Inhibition of NLRP1 activation by non-enteroviral 3Cpro. HEK293T cells were transfected

with inflammasome components as in Figure 3A using 100 ng TEV protease or pQCXIP empty vector, but
with the additional inclusion of a non-enterovirus 3Cpro or empty vector (100 ng). Release of bioactive IL-
1B into the culture supernatant was measured using HEK-Blue IL-1( reporter cells as in Figure 3.4B. Data

were analyzed using one-way ANOVA with Tukey’s post-test comparing all conditions containing TEV
protease. **** = p<0.0001.

To further confirm that 3Cpro cleavage (or lack thereof) of NLRP1 is reflective of
3Cpro during viral infection, we infected cells expressing WT or 131P NLRP1 with
EMCV. Consistent with our co-transfection experiments, we see no cleavage of NLRP1
when we infect with EMCV, despite seeing robust cleavage when we infect with CVB3
(Figure 3.10D). Likewise, we see no IL-1(3 release when we infect either inflammasome-
reconstituted HEK293T cells or inflammasome-competent HaCaT cells with EMCV
(Figure 3.14). These data indicate that evolution of viral 3Cpro cleavage specificity

alters whether a virus can be sensed by the NLRP1 tripwire or not.
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Figure 3.14. EMCYV infection does not activate the NLRP1 inflammasome. (A) HEK293T cells were
transfected with inflammasome components as in Figure 3.4C and mock infected or infected with 250,000
PFU (MOI = ~1) CVB3 or EMCV. Eight hours post-infection, culture supernatant was collected and
bioactive IL-1B was measured as in Figure 3.4C. Data from the mock and CVB3 infections are
reproduced from Figure 3.4C and included as a point of reference as they were done in parallel. Data
were analyzed using two-way ANOVA with Sidak’s post-test. **** = p<0.0001. (B) WT or knockout (Figure
3.7) HaCaT cell lines were mock infected or infected with 100,000 PFU (MOI = ~0.4) CVB3 of EMCV as
in Figure 3D. Forty-eight hours post-infection, culture supernatant was collected and bioactive IL-13 was
measured as in Figure 3.4D. Data from the mock and CVB3 infections are reproduced from Figure 3.4D

and included as a point of reference as they were done in parallel. Data were analyzed using two-way
ANOVA with Sidak’s post-test. **** = p<0.0001.

Enterovirus 3Cpro cleaves and activates mouse NLRP1B in a virus- and host allele-
specific manner

Two bacterial pathogen effectors are known to activate mouse NLRP1B, the LF
protease from B. anthracis (Boyden and Dietrich, 2006; Greaney et al., 2020; Moayeri et
al., 2010; Terra et al., 2010); (Chavarria-Smith and Vance, 2013; Levinsohn et al.,
2012) and the IpaH7.8 E3 ubiquitin ligase from Shigella flexneri (Sandstrom et al.,
2019). Interestingly, in both of these cases, activation is specific to the 129 allele of
mouse NLRP1B, whereas the B6 allele of NLRP1B is not activated by these pathogenic
effectors. Given the power of mouse models for understanding inflammasome biology,

we wished to determine if 3Cpros cleave and activate mouse NLRP1B.

81



Strikingly, when we co-transfected NLRP1B from either the 129 or the B6 strains
with diverse enterovirus 3Cpros, we observed allele-specific cleavage products (Figure
3.15A). Consistent with data in Figure 3.8D, we observed weak cleavage of 129
NLRP1B by CVB3 3Cpro. In addition, we found that 3Cpro from other enteroviruses
varied substantially in their ability to cleave 129 NLRP1B, including no detectable
cleavage with EV71 3Cpro and a different dominant position of cleavage by HRV 3Cpro.
Despite this variation, we only observed weak cleavage (Figure 3.15A, left) and little to
no inflammasome activation (Figure 3.15B, left) by any enterovirus 3Cpros tested
against 129 NLRP1B. In contrast, enterovirus 3Cpro cleavage of B6 NLRP1B resulted
in a consistent-sized cleavage product across all enterovirus 3Cpros that ranged in
intensities between the different viral proteases, more similar to our observations with
human NLRP1. Most interestingly, we observed that co-transfection with HRV 3Cpro
resulted in the appearance of a very strong cleavage product (Figure 3.15A, right),
almost complete loss of full length B6 NLRP1B (Figure 3.15A and B, right) and very
strong activation of the inflammasome (Figure 3.15B, right). These data indicate that
mouse NLRP1B can also be cleaved and activated by viral proteases, which suggests
that the evolution of the N-terminus of NLRP1B between closely related mouse strains
(Figure 3.16) is not only shaping susceptibility to tripwire cleavage by the bacterial LF
protease, but also impacts tripwire cleavage by viral 3Cpros. Taken together, these data
further support the model in which both host and viral evolution, even within closely
related host and viral species, shape the outcome of the interaction between NLRP1

and 3Cpro.
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Figure 3.15. Diverse picornavirus 3Cpros cleave and activate mouse NLRP1B at independently evolved
sites. (A) Immunoblot depicting CVB3 3Cpro cleavage susceptibility of two alleles (129 and B6) of mouse
NLRP1B. Assays were performed as in Figure 3.3D. (B) Immunoblot depicting mouse NLRP1B activation
(maturation of IL-18) by enterovirus 3Cpro and TEV protease. HEK293T cells were co-transfected using
100 ng of the indicated protease, 50 ng mouse IL-1f3, 50 ng mouse CASP1, and either 4 ng of 129
NLRP1B or 2.5 ng of B6 NLRP1B constructs, and immunoblotted with the indicated antibodies.
Appearance of the mature p17 band of IL-1 indicates successful assembly of the NLRP1B
inflammasome and activation of CASP1.
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Figure 3.16. Alignment of N-termini of mouse NLRP1B 129 and B6 alleles. Sequences were aligned using
MAFFT (Katoh and Standley, 2013). Asterisks indicate conserved residues and the start of the
nucleotide-binding domain (NBD) is shown.
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Discussion

Pathogens and their hosts are locked in a continual evolutionary conflict in which
each side is attempting to exploit the others’ weakness. One particularly successful
strategy that pathogens have adopted is to exploit host processes that are highly
constrained, leaving the host little room to evolutionarily adapt to overcome the
pathogen. For instance, molecular mimicry of host proteins is commonly deployed by
pathogens to antagonize host defenses, as it limits the evolutionary options for the host
to counter-evolve (Elde and Malik, 2009). Beyond mimicry of entire proteins or protein
domains, pathogens can also mimic so-called ‘short linear motifs’ (SLIMs) through
evolution of only a small number of amino acids to hijack highly conserved host
processes such as post-translational modifications or binding by small protein domains
(Chemes et al., 2015; Hagai et al., 2014). Although these strategies are generally
described as taking advantage of host evolutionary constraint, pathogens also have
potential weak points of evolutionary constraint. In particular, proteases from positive-
sense RNA viruses, such as picornaviruses, need to specifically cleave numerous sites
within the viral polyprotein in order to reproduce. Thus, changing protease specificity
requires concomitant changes to several independent cleavage sites, which is difficult to
accomplish in a single evolutionary step. On top of that, protease cleavage motifs often
only span a small number of amino acids (Schechter and Berger, 1967), potentially
facilitating the independent evolution of these SLIMs in host proteins.

Here, we show that the inflammasome protein, NLRP1, serves as a sensor for
diverse proteases from the Picornaviridae family of human pathogens by mimicking the
highly conserved protease cleavage sites found within the viral polyproteins. By

exploiting a constrained feature of viral evolution and tying it to a pro-inflammatory
84



immune response, such a system allows the immune system to recognize and respond
to a wide range of viral proteases expressed in the host cytoplasm. NLRP1 represents
one of the few known cases of mammalian ETI (Cui et al., 2015; Fischer et al., 2020;
Jones et al., 2016), where pathogen-mediated cleavage of NLRP1 promotes its
activation. By holding the small C-terminal CARD-containing fragment in a non-covalent
association with the larger N-terminal fragment, the majority of the protein can serve as
a sensor for pathogen-encoded effectors (Mitchell et al., 2019; Taabazuing et al., 2020).
This presents an opportunity to allow NLRP1 to evolve to be recognized by pathogenic
effectors, ultimately leading to degradation of the N-terminal fragment. Indeed, mouse
NLRP1B has been shown to be specifically cleaved by the protease-containing secreted
effector from B. anthracis (LF) as well as being ubiquitylated by an E3-ubiquitin ligase
from S. flexneri (IpaH7.8) (Sandstrom et al., 2019). While these two examples provide
evidence that the mouse NLRP1B inflammasome operates by a ‘functional degradation’
model, a direct pathogen-encoded activator of human NLRP1 had remained elusive.
We now show, using an evolution-guided approach, that proteases from diverse
picornaviruses, including human pathogens such as coxsackievirus B3 (CVB3), human
rhinovirus A (HRV), enterovirus D68 (EV68) and poliovirus 1 (PV1) and rosavirus A2
(Rosa2), specifically cleave several independently evolved sites in human NLRP1,
leading to activation of the NLRP1 inflammasome and release of pro-inflammatory
cytokines such as IL-1B. Together with recent findings (Robinson et al., 2020), our work
has thus identified proteases from a diverse range of picornaviruses as pathogen-

encoded activators of human NLRP1.
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We previously speculated that the unique domain architecture of NLRP1 would
allow the N-terminal linker of human NLRP1 to freely evolve to be recognized by
pathogenic effectors. Indeed, by harvesting publicly available enterovirus polyprotein
sequences for known 3Cpro cleavage sites, we created a 3Cpro cleavage motif that
was used to successfully predict the site of enterovirus 3Cpro cleavage at position 130—
131 within the rapidly-evolving linker NLRP1. Additionally, our finding that numerous
enteroviruses also cleave at the Q130-G131 site and activate pro-inflammatory cytokine
release suggests that human NLRP1 serves as a general enteroviral protease sensor
by encoding a polyprotein cleavage site mimic. Our phylogenetic assessment of the
Q130-G131 3Cpro cleavage site in NLRP1 suggests that NLRP1 sensing of
enteroviruses at this specific site is an innovation in the primate lineage, and is largely
absent in all other mammalian lineages with exception of a possible independent
acquisition by members within the Caprinae subfamily of mammals (e.g. goats, sheep)
(Figure 3.5). Interestingly, even within the primate lineage and a small fraction of the
human population, some primate orthologs and human variants are cleavage-resistant
and therefore do not activate the inflammasome upon cytoplasmic expression of 3Cpro.
Such data may hint at three different possible explanations for these changes. First,
evolutionary drift in the absence of pressure from pathogenic enteroviruses may
account for loss of enterovirus 3Cpro responsiveness in these genes. Second, selection
to sense another viral protease may shape the same region of the linker. Finally, while
the ETI model of NLRP1 suggests that enteroviral cleavage of NLRP1 has evolved to
activate a beneficial immune response in certain contexts, the effects of NLRP1

overactivation may be detrimental in other contexts. In human skin keratinocytes, where
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NLRP1 is regarded as the key inflammasome, all components of the NLRP1
inflammasome are basally expressed and thus poised to elicit an inflammatory
response (Zhong et al., 2016). Here, germline mutations in NLRP1 that result in
overactivation can cause growth of warts in the upper airway in a condition known as
recurrent respiratory papillomatosis (JRRP) (Drutman et al., 2019) and an increase in
skin cancer susceptibility and skin disorders such as multiple self-healing palmoplantar
carcinoma (MSPC), familial keratosis lichenoides chronica (FKLC) and auto-
inflammation with arthritis and dyskeratosis (AIADK) (Grandemange et al., 2017; Herlin
et al., 2020; Soler et al., 2013; Zhong et al., 2016; Zhong et al., 2018). Additional recent
work has indicated that dsSRNA can also activate the NLRP1 inflammasome in human
keratinocytes (Bauernfried et al., 2020), adding to the role that NLRP1 may play in the
inflammatory response. Beyond the skin, NLRP1 is also basally expressed in tissues
such as the gut and brain (D'Osualdo et al., 2015; Kaushal et al., 2015; Kummer et al.,
2007), which are sites of picornavirus replication where overactivation upon infection
may result in immunopathology. Further in vivo studies will help determine the role of
NLRP1 in antiviral immunity and/or immunopathology during viral infection. Facilitating
these studies, our discovery that 3Cpro from HRV potently cleaves and activates
NLRP1B from B6 but not 129 mice suggests that rhinovirus infection of B6 mice may be
a good model for studying the in vivo consequences of viral-mediated NLRP1
inflammasome activation.

Intriguingly, 3Cpros from nearly every genus of human-infecting picornavirus can
cleave NLRP1 somewhere in the rapidly evolving linker region between the PYD and

NLR domain, although only enteroviruses cleave at the specific site between position
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130 and 131. These data suggest that this extended linker, which we previously found
showed widespread signatures of positive selection (Chavarria-Smith et al., 2016), may
be convergently evolving to mimic cleavage sites from a diverse range of viruses at
multiple independent sites. Supporting that model, we observe a similar phenomenon in
mouse NLRP1B, where multiple viral proteases cleave at different sites within NLRP1 in
a strain-specific manner. These data highlight the important functional differences in
cleavage specificity between even closely related 3Cpro that are not accounted for by
predictive models. Further studies will be required to understand the precise
relationships between sites within NLRP1 and individual protease specificity.
Intriguingly, not all these cleavage events lead to inflammasome activation in the same
way that enteroviral cleavage does, and we find evidence for antagonism of NLRP1
activation by some 3Cpros, suggesting that additional activities of 3Cpro may be the
next step in the arms race, serving to prevent inflammasome activation even after the
tripwire has been tripped.

Taken together, our work suggests that host mimicry of viral polyprotein cleavage
motifs could be an important evolutionary strategy in the ongoing arms race between
host and viruses. Indeed, one explanation for the somewhat surprising observation that
the specificity of viral proteases changes at all within a viral family such as the
picornaviruses is that there is evolutionary pressure from the host to evolve cleavage
sites and protease specificity. Prior work has highlighted the roles that viral proteases
can play in antagonizing host immune factors and driving host evolution to avoid being
cleaved (Patel et al., 2012; Stabell et al., 2018). In that case, the viral proteases would

evolve to antagonize new factors while maintaining polyprotein cleavage. However,
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mimicry coupled with cleavage-activating immunity as seen with NLRP1 could be an
even stronger pressure to shape the protease specificity. By turning the tables, these
host processes may drive the type of functional diversification of viral protease
specificity that we observe in order to avoid cleaving NLRP1 and other similar ETI
factors. We expect that this work may lead to the discovery that such an evolutionary

strategy may be more broadly deployed at other sites of host-pathogen conflicts.

Materials and methods
Motif generation and search

To build the motif, 2658 nonredundant enteroviral polyprotein sequences were
collected from the Viral Pathogen Resource (ViPR) and aligned with 20 well-annotated
reference enteroviral polyprotein sequences from RefSeq (Supplementary file 3.1). P1
and P1’ of the eight annotated cleavage sites across the RefSeq sequences served as
reference points for putative cleavage sites across the 2658 ViPR sequences, with the
exception of enterovirus D polyproteins. The 3Cpro cleavage site for VP3-VP1 within
polyproteins from the clade of enterovirus D have been described to be undetectable
and have thus been removed (Tan et al., 2013). Four amino acyl residues upstream
(P4-P1) and downstream (P1°-P4’) of each cleavage site were extracted from every
MAFFT-aligned polyprotein sequence, resulting in 2678 sets of cleavage sites (RefSeq
sites included). Each set of cleavage sites representative of each polyprotein was then
concatenated. Next, 1884 duplicates were removed from the 2678 concatenated
cleavage sites. The remaining 796 nonredundant, concatenated cleavage sites were

then split into individual 8-mer cleavage sites and the 6333 8-mers were aligned using
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MAFFT to generate Geneious-defined sequence logo information at each aligned
position. Pseudo-counts to the position-specific scoring matrix were adjusted by total
information content within each position relative to the two most information-dense
position P1 and P1’ (pseudocount = 0) and the least information-dense position P3
(pseudocount = 1). The 0.002 p-value threshold for FIMO motif searching against
human NLRP1 was determined to optimize the capture of 95% of initial input cleavage
sites within the set of 2678 whole enteroviral polyproteins and a majority sites within a

previously described dataset of enteroviral 3Cpro targets (Laitinen et al., 2016).

NetSurfP
Prediction of the coil probability across human NLRP1 (NCBI accession
NP_127497.1) was conducted using the protein FASTA as the input for the NetSurfP

web server (http://www.cbs.dtu.dk/services/NetSurfP/).

Sequence alignments, phylogenetic trees, and NLRP1 phylogenomics

Complete polyprotein sequences from 796 picornaviruses with non-redundant
3Cpro cleavage sites (see ‘Motif generation and search’ section above) were
downloaded from ViPR. Sequences were aligned using MAFFT (Katoh and Standley,
2013) and a neighbor-joining phylogenetic tree was generated using Geneious software
(Kearse et al., 2012). An alignment and phylogenetic tree of all the 3Cpro sequences
used in this study was generated similarly.

To identify mammalian NLRP1 homologs, and species that lack NLRP1, the

human NLRP1 protein sequence was used to query the RefSeq protein sequence
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database, a curated collection of the most well-assembled genomes, using BLASTp
(Altschul et al., 1997). Sequences were downloaded and aligned using MAFFT
implemented in Geneious software. Consensus sequence logos shown were generated
using Geneious software. We determined that NLRP1 was ‘absent’ from a clade of
species using the following criteria: (1) when searching with human NLRP1, we found
an obvious homolog of another NLRP protein (generally NLRP3, NLRP12 or NLRP14)
but no complete or partial homolog of NLRP1 and (2) this absence was apparent in

every member of the clade of species (>2 species) in the RefSeq database.

Plasmids and constructs

For NLRP1 cleavage assays, the coding sequences of human NLRP1 WT (NCBI
accession NP_127497.1), human NLRP1 mutants (G131P, G131R, Q130R, G127E),
human NLRP1 TEV or mouse NLRP1B (129 allele, NCBI accession AAZ40510.1; B6
allele, NCBI accession XM_017314698.2) were cloned into the pcDNAS/FRT/TO
backbone (Invitrogen, Carlsbad, CA) with an N-terminal 3xFlag and mCherry tag. For
NLRP1 activation, the same sequences were cloned into the pQCXIP vector backbone
(Takara Bio, Mountain View, CA) with a C-terminal Myc tag (human NLRP1 sequences)
or N-terminal EGFP and C-terminal HA (mouse NLRP1B sequences). Vectors
containing the coding sequences of human NLRP1 TEV (NLRP1-TEV2), ASC, human
and mouse CASP1, human IL-13-V5, mouse IL-1B, and TEV protease (Chavarria-Smith
et al., 2016) were generous gifts from Dr. Russell Vance, UC Berkeley. Single point
mutations were made using overlapping stitch PCR. A list of primers used to generate

the wild-type and mutant NLRP1 constructs are described in Supplementary file 3.5.
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CVB3 3Cpro and EMCV 3Cpro were cloned from CVB3-Nancy and EMCV-
Mengo plasmids (generous gifts from Dr. Julie Pfeiffer, UT Southwestern). Remaining
3Cpro sequences were ordered as gBlocks (Integrated DNA Technologies, San Diego,
CA). Each 3Cpro was cloned with an N-terminal HA tag into the QCXIP vector
backbone. Catalytic mutations were made using overlapping stitch PCR. A list of
primers and gBlocks used to generate the protease constructs are described in
Supplementary file 3.5.

Following cloning, all plasmid stocks were sequenced across the entire inserted

region to verify that no mutations were introduced during the cloning process.

Cell culture and transient transfection

All cell lines (HEK293T, HEK-Blue-IL-13, and HaCaT) are routinely tested for
mycoplasma by PCR kit (ATCC, Manassas, VA) and kept a low passage number to
maintain less than one year since purchase, acquisition or generation. HEK293T cells
were obtained from ATCC (catalog # CRL-3216), HEK-Blue-IL-1f3 cells were obtained
from Invivogen (catalog # hkb-il1b) and HaCaT cells were obtained from the UC
Berkeley Cell Culture Facility (https://bds.berkeley.edu/facilities/cell-culture) and all lines
were verified by those sources. All cells were grown in complete media containing
DMEM (Gibco, Carlsbad, CA), 10% FBS (Peak Serum, Wellington, CO), and
appropriate antibiotics (Gibco, Carlsbad, CA). For transient transfections, HEK293T
cells were seeded the day prior to transfection in a 24-well plate (Genesee, El Cajon,
CA) with 500 pl complete media. Cells were transiently transfected with 500 ng of total

DNA and 1.5 pl of Transit X2 (Mirus Bio, Madison, WI) following the manufacturer’s

92



protocol. HEK-Blue IL-18 reporter cells (Invivogen, San Diego, CA) were grown and

assayed in 96-well plates (Genesee, El Cajon, CA).

HaCaT knockouts

To establish NLRP1 and CASP1 knockouts in human immortalized keratinocyte
HaCaT cells, lentivirus-like particles were made by transfecting HEK293T cells with the
plasmids psPAX2 (gift from Didier Trono, Addgene plasmid # 12260) and pMD2.G (gift
from Didier Trono, Addgene plasmid # 12259) and either the pLB-Cas9 (gift from Feng
Zhang, Addgene plasmid # 52962) (Sanjana et al., 2014) or a plentiGuide-Puro, which
was adapted for ligation-independent cloning (kindly gifted by Moritz Gaidt) (Schmidt et
al., 2015). Guide sequences are shown in Supplementary file 3.5. Conditioned
supernatant was harvested 48 and 72 hr post-transfection and used for spinfection of
HaCaT cells at 1200 x g for 90 min at 32°C. Forty-eight hours post-transduction, cells
with stable expression of Cas9 were selected in media containing 100 pg/ml blasticidin.
Blasticidin-resistant cells were then transduced with sgRNA-encoding lentivirus-like
particles, and selected in media containing 1.3 pg/ml puromycin. Cells resistant to
blasticidin and puromycin were single cell cloned by limiting dilution in 96-well plates,

and confirmed as knockouts by Sanger sequencing (Figure 3.7).

NLRP1 cleavage assays
100 ng of epitope-tagged human NLRP1 WT, human NLRP1 mutants (G131P,
G131R, Q130R, G127E), human NLRP1 TEV or mouse NLRP1B was co-transfected

with 250 ng of HA-tagged protease-producing constructs. Twenty-four hours post-
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transfection, the cells were harvested, lysed in 1x NUPAGE LDS sample buffer
(Invitrogen, Carlsbad, CA) containing 5% B-mercaptoethanol (Fisher Scientific,

Pittsburg, PA) and immunoblotted with antibodies described below.

NLRP1 activity assays

For human NLRP1 activation assays, 5 ng of ASC, 100 ng of CASP1, 50 ng of
IL-1B-V5, and 100 ng of various protease-producing constructs were co-transfected with
4 ng of either pQCXIP empty vector, wild-type or mutant pQCXIP-NLRP1-Myc
constructs. For inhibitor treatments, cells were treated with either 0.5 yM MG132 or 1.0
MM MLN4924 18 hr after transfection. Twenty-four hours post-transfection, cells were
harvested and lysed in 1x NUPAGE LDS sample buffer containing 5% [3-
mercaptoethanol or in 1x RIPA lysis buffer with protease inhibitor cocktail (Roche) and
immunoblotted with antibodies described below or culture media was harvested for

quantification of IL-1p3 levels by HEK-Blue assays (see below).

For mouse NLRP1B activation assays, 50 ng of mouse CASP1, 50 ng of mouse IL-13,
and 100 ng of various protease-producing constructs were co-transfected with either 4
ng of 129 NLRP1B or 2.5 ng B6 NLRP1B constructs. Twenty-four hours post-
transfection, cells were harvested in 1x RIPA lysis buffer with protease inhibitor cocktail

(Roche) and immunoblotted with antibodies described below.

Viral stocks and viral infections
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CVB3 and EMCYV viral stocks were generated by co-transfection of CVB3-Nancy
or EMCV-Mengo infectious clone plasmids with a plasmid expressing T7 RNA
polymerase (generous gifts from Dr. Julie Pfeiffer, UT Southwestern) as previously
described (McCune et al., 2020). Supernatant was harvested, quantified by plaque
assay or TCID50 on HEK293T cells, and frozen in aliquots at —-80°C.

For viral infections of HEK293T cells, cells were transfected in 24-well plates and
infected with 250,000 PFU (MOI = ~1) CVB3 or EMCV or mock infected for the
indicated times. For cleavage assays, cells were transfected with 100 ng of the
indicated NLRP1 construct and, 24 hr after transfection, cells were harvested and lysed
in 1x NuPAGE LDS sample buffer containing 5% B-mercaptoethanol and immunoblotted
with antibodies described below. For activation assays, cells were transfected with 4 ng
of the indicated NLRP1 construct and 5 ng of ASC, 100 ng of CASP1, 50 ng of IL-1B-
V5. Twenty-four hours after transfections, cells were infected with virus (or mock
infected) and culture supernatant was collected 8 hr later (32 hr post-transfection).
Culture supernatant was filtered through a 100,000 MWCO centrifugal spin filter
(MilliporeSigma, Burlington, MA) for 10 min at 12,000xg to remove infectious virus and
IL-18 levels were quantified by HEK-Blue assays (see below).

For viral infections of HaCaT cells, cells were plated in 24-well plates. The next
day, cells were infected with 100,000 PFU/well (MOI = ~0.4) CVB3 or EMCV or mock
infected. Forty-eight hours after infection, culture supernatant was collected, spin filtered
as described above to remove infectious virus, and IL-1[3 levels were quantified by HEK-

Blue assays (see below).
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HEK-Blue IL-13 assay

To quantify the levels of bioactive IL-1[3 released from cells, we employed HEK-
Blue IL-1P reporter cells (Invivogen, San Diego, CA). In these cells, binding to IL-13 to
the surface receptor IL-1R1 results in the downstream activation of NF-kB and
subsequent production of secreted embryonic alkaline phosphatase (SEAP) in a dose-
dependent manner (Figure 3.5). SEAP levels are detected using a colorimetric
substrate assay, QUANTI-Blue (Invivogen, San Diego, CA) by measuring an increase in
absorbance at OD655.

Culture supernatant from inflammasome-reconstituted HEK293T cells or HaCaT
cells that had been transfected with 3Cpro or virally infected (see above) was added to
HEK-Blue IL-18 reporter cells plated in 96-well format in a total volume of 200 ul per
well. On the same plate, serial dilutions of recombinant human IL-1f (Invivogen, San
Diego, CA) were added in order to generate a standard curve for each assay. Twenty-
four hours later, SEAP levels were assayed by taking 20 yl of the supernatant from
HEK-Blue IL-183 reporter cells and adding to 180 ul of QUANTI-Blue colorimetric
substrate following the manufacturer’s protocol. After incubation at 37°C for 30—60 min,
absorbance at OD655 was measured on a BioTek Cytation five plate reader (BioTek
Instruments, Winooski, VT) and absolute levels of IL-13 were calculated relative to the
standard curve. All assays, beginning with independent transfections or infections, were

performed in triplicate.

Immunoblotting and antibodies
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Harvested cell pellets were washed with 1X PBS, and lysed with 1x NuPAGE
LDS sample buffer containing 5% B-mercaptoethanol at 98C for 10 min. The lysed
samples were spun down at 15000 RPM for two minutes, followed by loading into a 4—
12% Bis-Tris SDS-PAGE gel (Life Technologies, San Diego, CA) with 1X MOPS buffer
(Life Technologies, San Diego, CA) and wet transfer onto a nitrocellulose membrane
(Life Technologies, San Diego, CA). Membranes were blocked with PBS-T containing
5% bovine serum albumin (BSA) (Spectrum, New Brunswick, NJ), followed by
incubation with primary antibodies for V5 (IL-1B3), FLAG (mCherry-fused NLRP1 for
protease assays), Myc (NLRP1-Myc for activation assays), HA (viral protease or mouse
NLRP1B), B-tubulin, or GAPDH. Membranes were rinsed three times in PBS-T then
incubated with the appropriate HRP-conjugated secondary antibodies. Membranes
were rinsed again three times in PBS-T and developed with SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, Carlsbad, CA). The
specifications, source, and clone info for antibodies are described in Supplementary file

3.6.
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Table 3.1. Key resources table

Reagent type

(species) or Designation Source or Identifiers Additional information
reference
resource
Gene (Homo NCBI:
sapiens) NLRP1 NCBI NP_127497 1
Gene (Mus NCBI:
musculus) NLRP1B (129) NCBI AAZ40510.1
NCBI:
Gene (Mus NLRP1B (B6) NCBI XM_017314698.
musculus) 2
Cell line (Homo | e oaaT ATCC CRL-3216
sapiens)
Celllllne (Homo | HEK-Blue IL-1B Invivogen HKB-IL1B
sapiens) cells
uc
Cell line (Homo | HaCaT Berkeley
sapiens) (parental) Cell Culture
Facility
Cell line (Homo | HaCaT Cas9 This paper
sapiens) (WT) pap
HaCaT Cas9
Cell line (Homo | ANLRP1 #1 .
sapiens) (NLRP1 KO This paper Exon 5 target (TCCACTGCTTGTACGAGACT)
clone #1)
HaCaT Cas9
Cell line (Homo | ANLRP1 #2 .
sapiens) (NLRP1 KO This paper Exon 2 target (TGTAGGGGAATGAGGGAGAG)
clone #2)
HaCaT Cas9
Cell line (Homo | ACASP1 #1 .
sapiens) (CASP1 KO This paper Exon 2 target (CCAAACAGACAAGGTCCTGA)
clone #1)
HaCaT Cas9
Cell line (Homo | ACASP1 #2 .
sapiens) (CASP1 KO This paper Exon 2 target (CCAAACAGACAAGGTCCTGA)
clone #2)
Recombinant pcDNAS/FRT/T .
DNA reagent | O (plasmid) Invitrogen | V652020
Recombinant pQCXIP .
DNA reagent (plasmid) Takara Bio 631516
Recombinant psPAX2 . -
DNA reagent (plasmid) Addgene 12260 Gift from Dr. Didier Trono
Recombinant pMD2.G . -
DNA reagent (plasmid) Addgene 12259 Gift from Dr. Didier Trono
Recombinant pLB-Cas9 .
DNA reagent (plasmid) Addgene 52962 Gift from Dr. Feng Zhang
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Table 3.1. Key resources table (continued)

Antibody, HRP

Reagent type Source or
(species) or Designation Identifiers Additional information
reference
resource
R binant LentiGuide-P
ecompinan pten I_UI e-Furo Other Gift from Dr. Mortiz Gaidt
DNA reagent (plasmid)
. Inflammasome Gifts from Dr. Russell Vance: human NLRP1 TEV (NLRP1-
Recombinant o PMID:
reconstitution TEV2), human ASC, human and mouse CASP1, human IL-
DNA reagent i 27926929
plasmids 1B-V5, mouse IL-1B, and TEV protease
. CVB3-Nancy
Recombinant : . PMID: i X .
infectious clone Gift from Dr. Julie Pfeiffer
DNA reagent i 2410905
plasmid
. EMCV-Mengo
Recombinant . R PMID: . . .
infectious clone Gift from Dr. Julie Pfeiffer
DNA reagent i 2538661
plasmid
i QUANTI-Blue assay X
Commercial assay . Includes necessary reagents for measuring IL-1b release
. reagent (for HEK- Invivogen REP-QBS ]
or kit from HEK-Blue-IL-1B reporter cell line
Blue IL-1b cells)
Chemical .
TransIT-X2 Mirus MIR 6000
compound, drug
Chemical Sigma-
MG132 . M7449
compound, drug Aldrich
Chemical
MLN4924 APEXBIO B1036
compound, drug
. . Cell Signaling - .
Antibody V5-Tag Rabbit mAb 13202S Dilution ratio 1:1000
Technology
Flag-Tag Mouse Sigma-
Antibody g-Tag Mou '8m F1804 Dilution ratio 1:2000
mAb Aldrich
Myc-Tag Rabbit Cell Signalin
Antibody yc-Tag Rabbl '8NalNG | 55785 Dilution ratio 1:1000
mAb Technology
Antibody HA-Tag Rat mAb Roche 11867423001 Dilution ratio 1:1000
. . Cell Signaling - .
Antibody GAPDH Rabbit mAb 2118S Dilution ratio 1:2000
Technology
Goat anti-Rat IgG Thermo
Antibody (H+L) Secondary Fisher 31470 Dilution ratio 1:10000
Antibody, HRP Scientific
Goat anti-Rabbit
1gG (H+L
Antibody gG (H+L) Biorad 1706515 Dilution ratio 1:10000
Secondary
Antibody, HRP
Goat anti-Mouse
1gG (H+L
Antibody gG (H+L) Biorad 1706516 Dilution ratio 1:10000
Secondary
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Table 3.1. Key resources table (continued)

Reagent type Source or
(species) or Designation Identifiers Additional information
reference
resource
. B-Tubulin Mouse Sigma- o .
Antibody X T4026 Dilution ratio 1:2000
mAb Aldrich
X Goat anti-mouse R&D o X
Antibody X AF401SP Dilution ratio 1:1000
IL-1B antibody Systems
Sequence-based See Supplementary file 5 for list of oligonucleotides
qu Oligonucleotides Other fjpp_ yh : lsonu :
reagent used in this study
) PMID: e
Software, algorithm MEME v5.0.3 Motif finder (FIMO)
25953851
) PMID:
Software, algorithm MAFFT 7.309
23329690
PMID: http://www.cbs.dtu.dk/services/NetSurfP/ (Original);
Software, algorithm NetSurfP 30785.653 https://services.healthtech.dtu.dk/service.php?NetSurf
P-2.0 (Alternate)
Software, algorithm Geneious PMID: Neighbor-joining phylogenetic tree
w i iou i -joini i
128 22543367 ghbor-joining phylog
Software, algorithm BLAST PMID:
ware, algort P 9254694

Chapter 3 is published and can be found available in eLife in Immunology and

Inflammation Microbiology and Infectious Disease 2021, including co-authors

Christopher Beierschmitt, Andrew P. Ryan, Rimjhim Agarwal, Patrick S. Mitchell,

Matthew D. Daugherty. |, Brian V. Tsu, am the co-first author of this paper, alongside

Christopher Beierschmitt.
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Abstract

In the ongoing Coronavirus disease 2019 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), SARS-CoV-2 infection
potently activates inflammatory cytokines such as interleukin-1B (IL-1B) and interleukin-
18 (IL-18). The mechanisms behind SARS-CoV-2-associated inflammation have yet to
be uncovered. Mouse NLRP1B and human NLRP1 are among the inflammasome
mediators known to mature pro-IL-1B and pro-IL-18 upon activation through proteolytic
cleavage by the bacterial Lethal Toxin (LeTx) protease and picornaviral 3C proteases,
respectively, resulting in degradation of the N-terminal domains of NLRP1 and liberation
of the bioactive C-terminal domain, which includes the caspase activation and
recruitment domain (CARD). However, natural pathogen-derived effectors that can
activate human CARDS, a similar inflammasome mediator, have remained unknown.
Here, we use an evolutionary model to identify several proteases from diverse
coronaviruses that cleave both human NLRP1 and human CARDS8, demonstrating that
only cleavage of human CARDS is sufficient to host-specific and virus-specific activation
of the inflammasome. Our work demonstrates that CARDS8 acts as a “tripwire” to
recognize the enzymatic function of a wide range of viral proteases and suggests that
host mimicry of viral polyprotein cleavage sites can be an evolutionary strategy to

activate a robust inflammatory immune response.

Introduction

As the COVID-19 pandemic continues, understanding how the causative agent,

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), antagonizes the
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human host to induce disease is key in developing clinical leads for treatment of
COVID-19 and other human-relevant coronavirus-mediated diseases. The life-
threatening nature of many human-relevant coronaviruses, including Severe Acute
Respiratory Syndrome Coronavirus 1 (SARS-CoV-1) and Middle Eastern Respiratory
Syndrome Coronavirus (MERS-CoV), typically involves an elevated inflammatory innate
immune response in the lower respiratory tract (Alosaimi et al., 2020), where patients
with severe COVID-19 have reported increases in inflammatory monocytes and
neutrophils, occurring alongside the presence of inflammatory cytokines including IL-18,
IL-6, IL-18, and TNF (G. Chen et al., 2020; N. Chen et al., 2020; Giamarellos-Bourboulis
et al., 2020; Lucas et al., 2020; Mathew et al., 2020; Zhou et al., 2020). Despite the
growing wealth of literature aimed toward understanding the pathogenesis of SARS-
CoV-2, the mechanism by which SARS-CoV-2 infection triggers the inflammatory innate

immune response remains unclear.

Inflammasomes are one such group of cytosolic immune sensor complexes
responsible for the direct detection of microbial molecules or pathogen-encoded
activities and subsequent propagation of inflammatory cytokines. Upon detection of
microbial molecules or pathogen-encoded activities, inflammasome-forming sensor
proteins serve as a platform for the recruitment and activation of proinflammatory
caspases including caspase-1 (CASP1) through either a pyrin domain (PYD) or a
caspase activation and recruitment domain (CARD) (Broz & Dixit, 2016; Rathinam &
Fitzgerald, 2016). Active CASP1 mediates the maturation and release of the
proinflammatory cytokines interleukin (IL)-1B and IL-18 (Broz & Dixit, 2016; Rathinam,

Vanaja, & Fitzgerald, 2012). CASP1 also initiates a form of cell death known as
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pyroptosis (Broz & Dixit, 2016; Rathinam et al., 2012). Together, these outputs provide
robust defense against a wide array of eukaryotic, bacterial and viral pathogens (Broz &

Dixit, 2016; Evavold & Kagan, 2019; Rathinam & Fitzgerald, 2016).

Recent studies suggest that NLRP1 is one such inflammasome mediator that
serves as a sensor for a diverse range of positive-sense RNA viruses (Robinson et al.,
2020; Tsu et al., 2021). Specifically, NLRP1 has been shown to detect the pathogen-
encoded activities of the Picornaviridae family of viruses by mimicking the highly
conserved 3C protease (3CP™) cleavage sites found within the viral polyproteins (Tsu et
al., 2021). Consequently, these virally encoded 3C proteases will cleave both the viral
polyprotein sites as a part of their life cycle and NLRP1 to trigger activation of the
inflammasome and downstream maturation of pro-inflammatory cytokines (Tsu et al.,
2021). Because members of Coronaviridae similarly encode a 3C-like protease (3CLP™)
that necessarily cleaves numerous highly conserved protease cleavage sites within the
viral polyprotein and antagonizes critical modulators of the host immune response as a
part of their lifecycle (Chen et al., 2019; Moustaqil et al., 2021; V'Kovski, Kratzel,
Steiner, Stalder, & Thiel, 2021; Zhu, Fang, et al., 2017; Zhu, Wang, et al., 2017),

NLRP1 may also serve as a tripwire for coronaviral 3CLP™ activity.

Additional work has identified CARDS to be yet another candidate tripwire sensor
for coronaviral 3CLP™ activity (Wang et al., 2021). CARDS8 has a nearly identical exon-
intron organization of the FIIND-CARD module that serves as the platform for NLRP1
inflammasome formation (Finger et al., 2012; Frew, Joag, & Mogridge, 2012; Johnson
et al., 2018), suggesting a common ancestral origin of these genes and a similar

mechanism of action (D'Osualdo et al., 2011). Expanding on this similarity, CARD8 has
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been shown to activate formation of the inflammasome upon cleavage by the HIV
protease in the presence of non-nucleoside reverse transcriptase inhibitors,
demonstrating that CARDS8 also detects pathogenic protease activity (Wang et al.,

2021).

Here we investigate the hypothesis that SARS-CoV-2 3CLP™ cleaves and
activates human NLRP1 and CARDS8. To pursue this hypothesis, we focused on SARS-
CoV-2 and other human-relevant viruses in the Coronaviridae family, which encompass
a diverse set of human respiratory pathogens including 229E, NL63, HKU1, SARS-CoV-
1, MERS and MHV. We show that many of these coronaviral 3CLP™* can strongly
activate CARDS8, but not NLRP1, via cleavage. We also find that variation in the
cleavage site within the human population, leads to changes in cleavage susceptibility
and inflammasome activation. Interestingly, we observe that proteases from multiple
human-relevant coronaviruses cleave and activate human CARDS, but not CARDS8 of a
megabat, Rousettus aegyptiacus, supporting a role for an evolutionary conflict driven by
viral proteases toward different host inflammatory disease trajectories. Taken together,
our work highlights the role of NLRP1 and CARDS8 in sensing and responding to
coronaviral proteases by evolving cleavage motifs that mimic natural sites of proteolytic

cleavage in the viral polyprotein.

114



Results

SARS-CoV-2 3CLpro cleaves human NLRP1 and CARDS8 at predicted sites within the
exposed N-terminal region.

Our hypothesis that NLRP1 and CARD8 can sense coronaviral 3CL protease
cleavage is based on two prior observations. First, both human NLRP1 and mouse
NLRP1B have recently been shown to be activated by N-terminal proteolysis via
picornaviral 3C proteases (Tsu et al., 2021). Second, recent work by Wang et al., 2021
demonstrates that proteolytic cleavage by drug-induced active HIV protease will result
in activation of the CARDS8 inflammasome. To test this hypothesis, we first generated a
predictive model for 3CLP™ cleavage site specificity. We chose to focus on
betacoronaviruses, as there is a deep and diverse collection of publicly available viral
sequences within this genus due to their importance as human pathogens including
SARS-CoV-2, 229E, NL63, HKU1, SARS-CoV-1, MERS, MHV. We first compiled
complete enterovirus polyprotein sequences from the Viral Pathogen Resource (ViPR)
database (Pickett et al., 2012) and extracted and concatenated sequences for each of
the cleavage sites within the polyproteins (Supplementary file 4.1). After removing
redundant sequences, we used the MEME Suite (Bailey, Johnson, Grant, & Noble,
2015) to create the following 3CLP™ cleavage motif: XX[A/D]Q[S/A]XXX (where
® denotes a hydrophobic residue and X denotes any amino acid), which is broadly
consistent with previous studies that have experimentally profiled the substrate

specificity of coronaviral 3CLP™s (Figure 4.1A).
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Figure 4.1. Identification of SARS-CoV-2 3CL protease cleavage motifs in NLRP1 and CARDS. (A) Eight
amino acid polyprotein cleavage motif for betacoronaviruses (labeled as positions P4 to P4’) generated
from 60 coronaviral polyprotein sequences using the MEME Suite (Figure 4.2). (B) Schematic of the
domain structures of NLRP1 and CARDS8, with predicted cleavage sites (triangles). (C) Immunoblot
depicting human NLRP1 (left) or CARDS (right) cleavage by S2 3CLpro and TEV protease. HEK293T
cells were co-transfected using 100 ng of the indicated Flag-tagged mCherry-NLRP1 or CARDS fusion
plasmid constructs with HA-tagged protease constructs containing either no protease (EV), 5 ng of active
S2 protease (S2), 5 ng of catalytically inactive S2 protease (S2*), or 250 ng of TEV protease (TEV) and
immunoblotted with the indicated antibodies. (D) Immunoblot depicting human NLRP1 (left) and CARD8
(right) cleavage by 5 ng of SARS-CoV-2 (S2), SARS-CoV-1 (S1), MERS-CoV (MERS), HCoV-229E
(229E), HCoV-NL63 (NL63), HCoV-HKU1 (HKU1), or M-CoV strain Mouse hepatitis virus (MHV) 3CLpro.
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Figure 4.2. Motif capture of known human targets of coronaviral 3CLpro. Schematic of 3CLpro cleavage
sites (red triangles) within the polyprotein of SARS-CoV-2 (S2), the causative agent of COVID-19. Shown
are the eight amino acids flanking each cleavage site within the polyprotein. (B) Phylogenetic tree of 60
coronaviral polyprotein sequences depicting members of the betacoronavirus genus sampled in this study
with human relevant coronaviruses in parentheses (Supplementary file 4.1).

117



We next used our refined model to conduct a motif search for 3CLpro cleavage
sites in NLRP1 and CARDS8 using Find Individual Motif Occurrences (FIMO) (Grant,
Bailey, & Noble, 2011; Tsu et al., 2021). We identified five occurrences of the motif
across the full-length human NLRP1 protein and three occurrences of the motif across

the full-length human CARDS protein (Figure 4.1B).

To assess whether human NLRP1 or human CARDS is cleaved by coronaviral
3CLP™, we co-expressed a N-terminal mCherry-tagged wild-type (WT) human NLRP1 or
human CARD8 with the 3CLP™ from the COVID-19 agent, SARS-CoV-2 (S2) in
HEK293T cells (Figure 4.1C). The mCherry tag stabilizes and allows visualization of
putative N-terminal cleavage products, similar to prior studies (Chavarria-Smith,
Mitchell, Ho, Daugherty, & Vance, 2016). We observed that the WT but not catalytically
inactive (C145A) S2 3CLP™ cleaved NLRP1, resulting in a cleavage product with a
molecular weight consistent with our predicted 3CLP™ cleavage at the predicted 330-
GCTQGSER-337 site (Figure 4.1C). Based on the presence of a single cleavage
product, we assume that the other predicted sites are poor substrates for 3CLP™. To
determine if the cleavage occurs between residues 333 and 334, we mutated the P1
glutamine to an alanine (Q333A), which abolished 3CLP™ cleavage of NLRP1 (Figure
4.1C). S2 3CLP™ cleavage of WT NLRP1 resulted in a weak cleavage product when
compared to the previously described system in which a TEV protease site was
introduced into the linker region of NLRP1 (Chavarria-Smith et al., 2016) (Figure 4.1C).
Likewise, we observed that WT S2 3CLP™ also cleaved CARDS, resulting in a cleavage
product with a molecular weight that corresponds to our predicted 34-IRLQGSRK-41

site. Interestingly, S2 3CLP™ cleavage of WT CARDS8 resulted in a stronger cleavage
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product when compared to the TEV protease cleavage of WT-TEV CARDS.
Additionally, in determining the site of cleavage between residues 37 and 38, we
mutated the P1 glutamine to an alanine (Q37A) which abolished the initial CARDS site
of 3CLP™ but revealed a secondary site of cleavage at site Q61 (Figure 4.1C, Figure
4.3). Taken together, these results indicate that cleavage of WT NLRP1 and CARDS by

the SARS-CoV-2 3CLP™ is robust and specific.
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Figure 4.3. Mutations at the primary and secondary cleavage sites ablate CARDS8 cleavage. Immunoblot
depicting human CARDS cleavage by S2 3CLpro. HEK293T cells were co-transfected using 100 ng of the
indicated Flag-tagged mCherry-CARDS fusion plasmid constructs with HA-tagged protease constructs
containing either no protease (EV), 5 ng of active S2 protease (S2), or 5 ng of catalytically inactive S2
protease (S2) and immunoblotted with the indicated antibodies.

Our evolutionary model predicted that NLRP1 and CARDS8 would be cleaved by a
broad range of 3CLP™ from the betacoronavirus genus (Figure 4.1A). To better
understand the interaction between coronaviruses and these related inflammasome

mediators, we examined whether 3CLP™ from other human-relevant coronaviruses were
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also able to cleave NLRP1 and CARDS. To test this hypothesis, we cloned 3CLP™ from
Human Coronavirus 229E (229E, genus: Alphacoronavirus), Human Coronavirus NL63
(NL63, genus: Alphacoronavirus), Human Coronavirus HKU1 (HKU1, genus:
Betacoronavirus), SARS-CoV-1 (S1, genus: Betacoronavirus), MERS-CoV (MERS,
genus: Betacoronavirus) and hepatitis-related strain of Murine Coronavirus (MHV,
genus: Betacoronavirus) to compare them to the 3CLP™ from S2 (species:
Betacoronavirus). The overall structures of many of these proteases are similar and the
cleavage motifs are closely related (Roe, Junod, Young, Beachboard, & Stobart, 2021).
Consistent with this predicted target similarity and prior data, we found that nearly every
tested member of Coronaviridae 3CLP™ was able to cleave both human NLRP1 and

CARDS8 between the same residues targeted by the S2 3CLP™ (Figure 4.1D).

The SARS-CoV-2 3CLpro-mediated cleavage activates human CARDS8, but not NLRP1

Previous studies with human NLRP1 and human CARDS8 showed that cleavage
was sufficient to activate the inflammasome in a reconstituted inflammasome assay
(Chavarria-Smith et al., 2016; Robinson et al., 2020; Tsu et al., 2021; Wang et al.,
2021). Using the same assay, in which plasmids-encoding human NLRP1, CASP1,
ASC and IL-1p or human CARDS8, CASP1 and IL-1p are transfected into HEK293T
cells, we tested whether S2 3CLP™ activates the NLRP1 or the CARDS8 inflammasome.
To our surprise, we discovered that HEK293T cells endogenously expressed CARD8
and upon transfection with only ASC, IL-13 and S2 3CLP™ we observed robust activation
as measured by CASP1-dependent processing of pro-IL-1p to the active p17 form,

where knocking out CARDS in these cells prevented pro-IL-1 processing (Figure 4.4A
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— Top). To confirm that S2 3CLP™-induced inflammasome activation resulted in release
of bioactive IL-1f from cells, we measured active IL-1p levels in the culture supernatant
using cells engineered to express a reporter gene in response to soluble, active I1L-1p.
When compared to a standard curve (Figure 4.5), we found that S2 3CLP™ treatment
resulted in release of >3 ng/ml of active IL-1p into the culture supernatant (Figure 4.4A —
Bottom). To avoid confounding activation by endogenous CARDS8, we reconstituted
inflammasomes in CARD8 KO cells using TEV-engineered NLRP1 and CARDS8 with
TEV protease as positive controls and observed that the S2 3CLP™ again results in
robust activation of CARDS8 inflammasomes, but not NLRP1 inflammasomes
Importantly, we found that in both western blot and cell culture assays, 3CLP™-induced
inflammasome activation was ablated when position 37 was mutated, validating that S2
3CLP™ cleavage at a single site is both necessary and sufficient to activate CARD8
(Figure 4.4B, Figure 4.6). As expected, S2 3CLP™ activation of the CARDS8
inflammasome was prevented by introduction of a mutation in the CARDS8 FIIND
(S297A) (Figure 4.7), which prevents FIIND auto-processing and the release of the
bioactive C-terminal UPA-CARD (D'Osualdo et al., 2011; Wang et al., 2021). Taken
together, our results are consistent with S2 3CLP™ activating the CARDS, but not
NLRP1, inflammasome that is dependent on FIIND auto-processing and 3CLP™ site-

specific cleavage.
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Figure 4.4. SARS2 3CL activates CARD8 but not NLRP1. (A) (Left) Immunoblot depicting endogenous
human CARDS activation (maturation of IL-13) by S2 3CLpro in either WT or CARDS -/- HEK293T cells.
HEK293T cells were co-transfected using different combinations of 5 ng of S2 3CLpro, 50 ng V5-IL-1B,
100 ng CASP1, and 5 ng ASC, and immunoblotted with the indicated antibodies. Appearance of the
mature p17 band of IL-1f indicates successful assembly of the CASP1- and CARD8-dependent
inflammasome. (Right) Bioactive IL-1{ in the culture supernatant was measured using HEK-Blue IL-13
reporter cells, which express secreted embryonic alkaline phosphatase (SEAP) in response to
extracellular IL-1B. Supernatant from cells transfected as in (A) was added to HEK-Blue IL-1 reporter
cells and SEAP levels in the culture supernatant from HEK-Blue IL-1{ reporter cells were quantified by
the QUANTI-Blue colorimetric substrate. Transfections were performed in triplicate and compared to the
standard curve generated from concurrent treatment of HEK-Blue IL-1B reporter cells with purified human
IL-1B (Figure 4.5). Data corresponding to HEK293T WT conditions were analyzed using one-way ANOVA
with Tukey’s post-test. **** = p<0.0001, ns = not significant. (B) Immunoblot depicting human NLRP1 (left)
or CARDS (right) activation (maturation of IL-183) by S2 3CLpro and TEV protease. (left) CARDS -/-
HEK293T cells were co-transfected using 50 ng V5-IL-13, 100 ng CASP1, 5 ng ASC, and 4 ng of the
indicated Myc-tagged NLRP1 with HA-tagged protease constructs containing either no protease (EV), 5
ng of active S2 protease (S2), 5 ng of catalytically inactive S2 protease (S2*), or 250 ng of TEV protease
(TEV). (right) CARDS -/- HEK293T cells were co-transfected using 50 ng V5-IL-13, 100 ng CASP1, and
50 ng of the indicated Myc-tagged CARDS8 with HA-tagged protease constructs containing either no
protease (EV), 5 ng of active S2 protease (S2), 5 ng of catalytically inactive S2 protease (S2*), or 250 ng
of TEV protease (TEV). Both were immunoblotted with the indicated antibodies. Appearance of the
mature p17 band of IL-1f indicates successful assembly of either the NLRP1 or CARD8 inflammasome
and activation of CASP1. (C) (Left) Immunoblot depicting human CARDS activation (maturation of IL-13)
by 5 ng of S2, S1, MERS, 229E, NL63, HKU1, or MHV 3CLpro. (Right) Release of bioactive IL-1f into the
culture supernatant was measured using HEK-Blue IL-1( reporter cells as in Figure 4.4A. Data were
analyzed using one-way ANOVA with Tukey’s post-test. *** = p<0.001, **** = p<0.0001.
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Figure 4.5. Standard curve for Figure 4.4A. Purified human IL-1p was added in duplicate to the indicated
final concentration to HEK-Blue IL-18 reporter cells and SEAP activity was measured by increased
absorbance at OD655. The indicated linear fit was used to calculate absolute concentrations of bioactive
IL-1B from culture supernatants shown in Figure 4.4A. Note that supernatants from inflammasome-
transfected cells was diluted 10-fold before addition to HEK-Blue IL-1( reporter cells to ensure that levels
fell within the linear range of the indicated standard curve. Standard curves were generated in an identical
manner for each panel of HEK-Blue data shown.
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Figure 4.6. Mutations at the primary and secondary cleavage sites ablate CARDS activation. (A) (Left)
Immunoblot depicting human CARDS activation (maturation of IL-18) by S2 3CLpro. CARDS8 -/- HEK293T
cells were co-transfected using 50 ng V5-IL-1, 100 ng CASP1, and 50 ng of the indicated Myc-tagged
CARD8 with HA-tagged protease constructs containing either no protease (EV), 5 ng of active S2
protease (S2), or 5 ng of catalytically inactive S2 protease (S2*) and immunoblotted with the indicated
antibodies. (Right) Release of bioactive IL-1f into the culture supernatant was measured using HEK-Blue
IL-18 reporter cells as in Figure 4.4A. Data were analyzed using two-way ANOVA with Sidak’s post-test.
**** = p<0.0001. (B) Immunoblot depicting activation of the human CARD8 Q37A and Q37A-Q61A
mutants using a TEV-engineered site at position #. CARDS8 -/- HEK293T cells were co-transfected using
50 ng V5-IL-1B, 100 ng CASP1, and 50 ng of the indicated Myc-tagged CARD8-TEV with HA-tagged
protease constructs containing either no protease (EV) or 250 ng of TEV protease.
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Figure 4.7. 3CLpro-mediated activation of the human CARD8 inflammasome depends on FIIND auto-
processing. CARDS -/- HEK293T cells were transfected with either WT CARDS or a FIIND auto-
processed defective mutant (S297A) along with other components of the CARDS8 inflammasome (CASP1
and IL-1B) as in Figure 4.4B. Only cells transfected with WT CARDS8 can produce mature IL-13 upon co-
transfection with S2 3CLpro or TEV protease as indicated by the appearance of the mature p17 band.
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Because we observed that nearly all tested human-relevant coronaviral 3CLP™s
were able to cleave CARDS8, we sought to better understand whether activation of the
CARDS8 inflammasome could similarly explain the mechanism behind broad coronaviral
inflammatory immunopathology. Revisiting the 3CLP™s from S2, 229E, NL63, HKU1, S1,
MERS and MHV, we found that expression of every tested coronavirus 3CLP™ resulted

in activation of the inflammasome (Figure 4.4C).

CARDS8 diversification confers host differences in susceptibility to coronaviral 3CLpro
cleavage and inflammasome activation

Our evolutionary model in which CARDS is evolving in conflict with coronaviral
3CLP™ suggests that changes in CARDS8 within the human population would confer host-
specific differences to CARDS8 cleavage and inflammasome activation. To test this
hypothesis, we aligned CARD8 from human population sampling and compared the
sequences around the site of S2 3CLP™ cleavage. Using GnomAD (Karczewski et al.,
2020), we sampled the alternative alleles within the direct cleavage site (Figure 4.8A).
While this region does not appear to be highly polymorphic in humans, we note two
alternative alleles (rs12463023 and rs138177358) that result in a S39P mutation and is
present in ~1 in every 62 alleles sampled and a R40W mutation and is present in ~1 in
every 1488 alleles sampled, respectively. Introducing these mutations into CARDS, we
find the S39P mutation reduces CARDS8 cleavage susceptibility to S2 3CLP™, resulting in
similar S2 3CLP™-mediated secondary cleavage product to the Q37A point mutant at
around position 61, but R40W results in similar cleavage to WT CARDS (Figure 4.1C,

Figure 4.3, Figure 4.8A). We find that reduced cleavage of this S39P human allele is
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reflected in loss of inflammasome activation in response to S2 3CLP™ (Figure 4.8B),
supporting the aforementioned notion that single changes in cleavage site can have
drastic impacts on the ability of different hosts to respond to the presence of

cytoplasmic 3CLP™.

A Flag-mCherry-CARD8 B
. CARDS -/- HEK293T
WT  S30P  RAOW AR WT  S39P  R4OW
SARS-CoV-23CLP® - + - - + - - + - SARS-CoV-23CLP™ - + - - + - - + -
SARS-CoV-23CLP°mutant - - + - - + - - + SARS-CoV-23CLP°mutant - - + - - + - - +

e
Full length — [N e Ny ———— s -] 5
pro-IL-15—> 30 kD 8
a
(— 80 kDa " 25kDa
FIIND processed — | W -—
[~ 65 kDa pI7—>| . - 15kDa 6

a-V5

|— 50 kDa

Full length

- CARDB"l-—--—--—-|—115kua

Supernatant IL-18
(ng/mi)
T

o-Flag a-Myc

3C|_pm->| - — —-l 3CL°’°"| ~N - '*-l 24
THA o-HA

e e | |--"~-——-——| o

-GAPDH G-GAPDH
@\ <2‘°~Q‘° ,‘;\ Q‘o’&@ Q/A Q‘o’&‘o
P Eie Eies
C Flag-mCherry-CARD8 . D
H. sapiens R. acgyptiacus R. aegyptiacus CARD8 CARDS -/- HEK293T
WT __WT-TEV _ WT _WT-TEV
SARS-CoV-23CLP° - + - - + - - + - - + - R. aegyptiacus CARD8 WT-TEV

TEVPe - - 4+ - -+ - -+ - - 4 Coronavirus 3CL*® -
= 115 kDa

Coronavirus 3CL"

w
3 §
Full length —> (W e I S gy i Full length — -
I 80 kDa 7> - . =
FIIND processed — (W _— —-— ? >
- FIIND processed =
- 65 kDa
72>
- - 50 kDa

37/38 > — Lad Rl

s23CLpro > = — — —

o-HA

|
TEVpro - | ™ .- — - |
1
|

a-GAPDH

Figure 4.8. Host differences within the human population and bats alter susceptibility to the CARD8
inflammasome. (A) Immunoblot depicting S2 3CLpro cleavage susceptibility of the indicated naturally
occurring human population 8mer site variants introduced into human CARDS8, S39P and R40W. (B)
(Left) Immunoblot depicting S2 3CLpro-mediated activation of the Myc-tagged human CARDS variants,
S39P and R40W. (Right) Release of bioactive IL-1f into the culture supernatant was measured using
HEK-Blue IL-1P reporter cells as in Figure 4.4A. Data were analyzed using two-way ANOVA with Sidak’s
post-test. **** = p<0.0001, ns = not significant. (C) (Left) Immunoblot depicting S2 3CLpro cleavage
susceptibility of R. aegyptiacus (megabat) CARD8 compared to the human version. (Right) Immunoblot
depicting R. aegyptiacus (megabat) CARDS8 cleavage susceptibility by 5 ng of S2, S1, MERS, 229E,
NL63, HKU1, or MHV 3CLpro. (D) Immunoblot depicting 5ng of 3CLpro- or 250ng TEV protease-
mediated activation of 2.5ng of R. aegyptiacus TEV-engineered CARDS.

We further observed that this cleavage site is absent in bat species, reservoir

hosts of emerging viruses including SARS-related viruses. To assess whether bat
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CARD8 were functional and capable of sensing S2 3CLP™, we transfected both human
and R. aegyptiacus (megabat) versions of CARD8 WT or TEV-engineered CARDS into
HEK293T cells and found that there was weak cleavage of megabat CARDS8 at
additional sites not found in human CARDS8 (Figure 4.8C). Reconstituting the megabat
inflammasome with human CASP1 and IL-1B, we demonstrated TEV-engineered
megabat CARDS activation upon cleavage by TEV protease, whereas activation was
undetectable in the presence of S2 3CLP™ (Figure 4.8D). Taken together, these data
suggest that while megabat CARDS8 can be activated by site-specific cleavage,
cleavage by human-relevant coronaviral 3CLP™ do not induce megabat CARDS8
activation, possibly offering clues as to why bats do not suffer inflammation-related

immunopathology.

Discussion

Earlier work demonstrated that the inflammasome protein, NLRP1, serves as a
sensor for diverse 3C proteases from the Picornaviridae family of human pathogens by
mimicking highly conserved protease cleavage sites found within viral polyproteins
(Robinson et al., 2020; Tsu et al., 2021). Much like the 3C protease of picornaviruses,
the 3CL protease of coronaviruses need to cleave numerous sites within the viral
polyprotein to reproduce, and thus changing 3CL protease specificity requires
concomitant changes to several independent cleavage sites. This evolutionary
constraint potentially facilitates host protein mimicry of the 3CL protease cleavage motif.

Here we show that another inflammasome protein, CARDS, serves as a sensor
for proteases from the Coronaviridae family of human pathogens by exploiting the

evolutionary constraint of the 3CL protease. Much like NLRP1, the C-terminal CARD-
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containing fragment of CARD8 non-covalently associates with the N-terminal fragment
and upon cleavage, the N-terminal region degrades and C-terminal fragment releases
to promote assembly of the active inflammasome (Wang et al., 2021). This allows the
N-terminal region of CARDS to evolve to be recognized by pathogenic effectors. In this
study, we show that 3CL proteases from human-relevant coronaviruses such as SARS-
CoV-2 (S2), 229E-CoV (229E), NL63-CoV (NL63), HKU1-CoV (HKU1), SARS-CoV-1
(S1), MERS-CoV (MERS) and murine hepatitis virus (MHV) specifically cleave at the
same site within human CARDS, leading to activation of the CARDS8 inflammasome and
release of pro-inflammatory cytokines such as pro-IL-1B. Together with work by Wang
et al., 2021, our work identifies CARDS8 as a sensor for a diverse range of viral
proteases as pathogen-encoded activators of human CARDS.

Because both NLRP1 and CARDS8 share the unique domain architecture to allow
for N-terminal degradation, we initially speculated that both could recognize 3CL
protease cleavage. By harvesting publicly available sequences for known 3CL cleavage
sites, we created a 3CL cleavage motif that successfully predicted the site of coronaviral
3CL cleavage at position 333-334 within NLRP1 and 37-38 within CARDS. Interestingly,
when we reconstituted the inflammasome, only CARDS elicited a detectable activation
signal in the presence of 3CL proteases. Thus, we identify CARDS8 as a general
coronaviral 3CL protease sensor. Sampling the human population, we also identify a
cleavage-resistant human variant that does not activate the inflammasome upon
cytoplasmic expression of 3CL. To further explore the role of CARDS8 in other mammals,
we show that megabats (family Pteropodidae), the presumed reservoir for many human-

relevant betacoronaviruses (Latinne et al., 2020), encode a functional CARDS8 that can
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be engineered with a TEV cleavage site to activate the inflammasome in the presence
of human CASP1 and TEV protease. When in the presence of the 3CL proteases used
in this study, megabat CARDS8 does not activate the inflammasome. This lack of
activation may be indicative of differences in immunopathologies between coronavirus-
infected humans and megabats and expand upon the role of megabats as coronaviral
reservoirs.

Taken together, our work expands upon earlier work demonstrating that host
mimicry of viral polyprotein cleavage motifs is an evolutionary strategy in the ongoing
arms race between host and viruses. NLRP1 and CARDS8 represent two cases where
this mimicry is coupled with cleavage-activating immunity. Additional studies expanding
the range of viral proteases, the diversity at the host CARD8 and NLRP1 cleavage sites
and infection-level studies will be needed to further elucidate how this functional
consequence of inflammasome activation has evolved. Beyond NLRP1 and CARDS, we
expect that this work will inspire discovery of other novel mammalian ETls involved in

broadly recognizing host-pathogen conflicts.

Materials and Methods

Motif generation and search

To build the motif, 995 nonredundant betacoronaviral polyprotein sequences
were collected from the Viral Pathogen Resource (ViPR) and aligned with 5 well-
annotated reference enteroviral polyprotein sequences from RefSeq. P1 and P1’ of the
annotated cleavage sites across the RefSeq sequences served as reference points for
putative cleavage sites across the 995 ViPR sequences. Four amino acyl residues

upstream (P4-P1) and downstream (P1’-P4’) of each cleavage site were extracted from
129



every MAFFT-aligned polyprotein sequence, resulting in 1000 sets of cleavage sites
(RefSeq sites included). Each set of cleavage sites representative of each polyprotein
was then concatenated. Next, duplicates were removed from the concatenated
cleavage sites. The remaining 60 nonredundant, concatenated cleavage sites were then
split into individual 8-mer cleavage sites and were aligned using MAFFT to generate
Geneious-defined sequence logo information at each aligned position. Pseudo-counts
to the position-specific scoring matrix were adjusted as described previously (Tsu et al.,

2021).

Sequence alignments and phylogenetic trees

Complete polyprotein sequences from 60 betacoronaviruses with non-redundant
cleavage sites (see ‘Motif generation and search’ section above) were downloaded from
ViPR. Sequences were aligned using MAFFT (Katoh & Standley, 2013) and a neighbor-

joining phylogenetic tree was generated using Geneious software (Kearse et al., 2012).

Plasmids and constructs

For NLRP1 and CARDS cleavage assays, the coding sequences of human
NLRP1 WT (NCBI accession NP_127497.1), human NLRP1 mutants (Q333A), human
NLRP1 TEV, human CARD8 (NCBI accession NP_001171829.1), human CARDS8
mutants (Q37A, Q37A Q61A, S39P, R40W), human CARDS8 TEV, Rousettus
aegyptiacus (megabat) CARD8 (NCBI accession XP_016010896), and megabat
CARDS8 TEV were cloned into the pcDNAS/FRT/TO backbone (Invitrogen, Carlsbad,

CA) with an N-terminal 3xFlag and mCherry tag. For NLRP1 and CARDS activation, the
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same sequences were cloned into the pQCXIP vector backbone (Takara Bio, Mountain
View, CA) with a C-terminal Myc tag. Vectors containing the coding sequences of
human NLRP1 TEV (NLRP1-TEV2), human CARDS8, ASC, human CASP1, human IL-
1B-V5, and TEV protease (Chavarria-Smith et al., 2016) were generous gifts from Dr.
Russell Vance, UC Berkeley. Single point mutations were made using overlapping stitch
PCR.

3CLpro sequences were ordered as gBlocks (Integrated DNA Technologies, San
Diego, CA). Each 3CLpro was cloned with an N-terminal HA tag into the QCXIP vector
backbone, flanked by polyprotein cleavage sites fused to N-terminal eGFP and C-
terminal mCherry. Catalytic mutations were made using overlapping stitch PCR.

Following cloning, all plasmid stocks were sequenced across the entire inserted

region to verify that no mutations were introduced during the cloning process.

Cell culture and transient transfection

All cell lines (HEK293T, HEK-Blue-IL-1B) are routinely tested for mycoplasma by
PCR kit (ATCC, Manassas, VA) and kept a low passage number to maintain less than
one year since purchase, acquisition or generation. HEK293T cells were obtained from
ATCC (catalog # CRL-3216) and HEK-Blue-IL-1[ cells were obtained from Invivogen
(catalog # hkb-il1b) and all lines were verified by those sources. All cells were grown in
complete media containing DMEM (Gibco, Carlsbad, CA), 10% FBS (Peak Serum,
Wellington, CO), and appropriate antibiotics (Gibco, Carlsbad, CA). For transient
transfections, HEK293T cells were seeded the day prior to transfection in a 24-well

plate (Genesee, El Cajon, CA) with 500 yl complete media. Cells were transiently
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transfected with 500 ng of total DNA and 1.5 pl of Transit X2 (Mirus Bio, Madison, WI)
following the manufacturer’s protocol. HEK-Blue IL-13 reporter cells (Invivogen, San

Diego, CA) were grown and assayed in 96-well plates (Genesee, El Cajon, CA).

293T knockouts

293T knockouts were generous gifts from Dr. Russell Vance, UC Berkeley.

NLRP1 and CARDS8 cleavage assays

100 ng of epitope-tagged human NLRP1 WT, human NLRP1 mutant (Q333A),
human NLRP1 TEV, human CARD8 WT, human CARD8 NLRP1 mutants (Q37A, Q37A
Q61A, S39P, R40W), human CARD8 TEV, megabat CARD8 WT or megabat CARD8
TEV was co-transfected with 5 ng of HA-tagged protease-producing constructs. Twenty-
four hours post-transfection, the cells were harvested, lysed in 1x NUPAGE LDS sample
buffer (Invitrogen, Carlsbad, CA) containing 5% (-mercaptoethanol (Fisher Scientific,

Pittsburg, PA) and immunoblotted with antibodies described in Table 3.1.

NLRP1 and CARDS activity assays

For human NLRP1 activation assays, 5 ng of ASC, 100 ng of human CASP1, 50
ng of human IL-1B-V5, and 100 ng of various protease-producing constructs were co-
transfected with 4 ng of either pQCXIP empty vector, wild-type or mutant pQCXIP-
NLRP1-Myc constructs. For human CARDS8 activation assays, 100 ng of human
CASP1, 50 ng of human IL-1B3-V5, and 100 ng of various protease-producing constructs

were co-transfected with 50 ng of either pQCXIP empty vector, wild-type or mutant
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pQCXIP-CARD8-Myc constructs. For megabat CARDS activation assays, 100 ng of
human CASP1, 50 ng of human IL-13-V5, and 5 ng of various protease-producing
constructs were co-transfected with 2.5 ng megabat CARDS8 constructs. Twenty-four
hours post-transfection, cells were harvested and lysed in 1x NUPAGE LDS sample
buffer containing 5% B-mercaptoethanol or in 1x RIPA lysis buffer with protease inhibitor
cocktail (Roche) and immunoblotted with antibodies described in Table 3.1 or culture

media was harvested for quantification of IL-1f levels by HEK-Blue assays (see below).

HEK-Blue IL-13 assay

To quantify the levels of bioactive IL-1[3 released from cells, we employed HEK-
Blue IL-18 reporter cells (Invivogen, San Diego, CA). In these cells, binding to IL-13 to
the surface receptor IL-1R1 results in the downstream activation of NF-kB and
subsequent production of secreted embryonic alkaline phosphatase (SEAP) in a dose-
dependent manner (Figure 4.5). SEAP levels are detected using a colorimetric
substrate assay, QUANTI-Blue (Invivogen, San Diego, CA) by measuring an increase in
absorbance at OD655.

Culture supernatant from inflammasome-reconstituted HEK293T cells or
HEK293T CARDS -/- cells that had been transfected with 3CL pro was added to HEK-
Blue IL-10 reporter cells plated in 96-well format in a total volume of 200 pl per well. On
the same plate, serial dilutions of recombinant human IL-13 (Invivogen, San Diego, CA)
were added in order to generate a standard curve for each assay. Twenty-four hours
later, SEAP levels were assayed by taking 20 ul of the supernatant from HEK-Blue IL-

1 reporter cells and adding to 180 ul of QUANTI-Blue colorimetric substrate following
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the manufacturer’s protocol. After incubation at 37°C for 30—-60 min, absorbance at
OD655 was measured on a BioTek Cytation five plate reader (BioTek Instruments,
Winooski, VT) and absolute levels of IL-13 were calculated relative to the standard
curve. All assays, beginning with independent transfections or infections, were

performed in triplicate.

Immunoblotting and antibodies

Harvested cell pellets were washed with 1X PBS, and lysed with 1x NuPAGE
LDS sample buffer containing 5% B-mercaptoethanol at 98C for 10 min. The lysed
samples were spun down at 15000 RPM for two minutes, followed by loading into a 4—
12% Bis-Tris SDS-PAGE gel (Life Technologies, San Diego, CA) with 1X MOPS buffer
(Life Technologies, San Diego, CA) and wet transfer onto a nitrocellulose membrane
(Life Technologies, San Diego, CA). Membranes were blocked with PBS-T containing
5% bovine serum albumin (BSA) (Spectrum, New Brunswick, NJ), followed by
incubation with primary antibodies for V5 (IL-1B3), FLAG (mCherry-fused NLRP1 for
protease assays), Myc (NLRP1-Myc for activation assays), HA (viral protease or mouse
NLRP1B), B-tubulin, or GAPDH. Membranes were rinsed three times in PBS-T then
incubated with the appropriate HRP-conjugated secondary antibodies. Membranes
were rinsed again three times in PBS-T and developed with SuperSignal West Pico
PLUS Chemiluminescent Substrate (Thermo Fisher Scientific, Carlsbad, CA). The
specifications, source, and clone info for antibodies are described in Supplementary file

3.6.
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Chapter 4 in part is currently being prepared for submission for publication of the
material, including co-authors Rimjhim Agarwal, Elizabeth J. Fay, Christopher
Beierschmitt, Andrew P. Ryan, Patrick S. Mitchell, Matthew D. Daugherty. |, Brian V.

Tsu, am the first author of this paper.
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Concluding perspectives

Analyses described in Chapter 1 and 2 demonstrate that gene targets engaging
in host-viral arms races tend to be rapidly evolving across the whole gene. In studying
the role of two rapidly evolving genes, NLRP1 and CARDS, as novel host innate
immunity sensors for viral protease activity, | showed that these evolutionary signatures
of host-virus arms races can be used to predict which host genes are in genetic conflicts
with viral protease antagonism and how the functional consequences of those genetic
conflicts have been altered throughout host and viral evolution. In addition to
highlighting these inflammatory pathways for further study, these findings underscore
the importance of examining viral protease-host interactions through an evolutionary
lens more broadly across whole host genomic datasets, across diverse lineages of host

organisms and across diverse viral pathogens.

Characterizing other pathogenic protease ETls in mammals

Although we had expanded on the roles of NLRP1 and CARDS, there are still
many avenues of study even among these two proteins. Our work focused on the
canonical isoforms, or the longest isoforms, encoded by each gene. In some instances,
we may not see an effect of inflammasome activation by proteases due differences in
regions encoded by different exons. As we learn more about tissue-specific expression
of isoforms, knowledge of whether these other isoforms encode other viral protease
cleavage sites will help us better understand how viruses cause pathology to different
tissues.

As discussed in Chapter 1, the host ETI response includes examples of protease

triggered ETls tied to cell death pathways beyond NLRP1 and CARDS8. One approach
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to uncovering new tripwires for viral proteases is to examine tripwires for other microbial
proteases. The discovery that human NLRP1 senses viral proteases was guided by
earlier work demonstrating that the mouse homolog NLRP1B senses the lethal factor
protease of the bacterial pathogen, Bacillus anthracis. Two additional studies
demonstrate that pro-IL-1B also exists as a tripwire downstream of the inflammasome to
sense the protease activity of pathogenic bacteria (LaRock et al., 2016; Sun et al.,
2020). Interestingly, many of these cell death pathways become functionally active
through the activity of host proteases such as caspases (Kesavardhana, Malireddi, &
Kanneganti, 2020). Another approach then, may be to comprehensively screen for
adjacent or overlapping sites known to be cleaved by host proteases and predicted to

be cleaved by viral proteases.

Expanding evolution-guided discovery of new host-viral protease targets

In Chapter 2, | discussed an approach to categorize evolutionary fingerprints
across the whole genome. By focusing on rapidly evolving genes in the genome, we
can saturate for genes that have a greater importance in arms races and use viral
antagonism strategies such as protease cleavage to uncover novel mechanisms of
innate immunity, as we did with NLRP1 and CARDS. In the process of pursing this work,
| have identified three new avenues for future genome-wide evolution-guided discovery
of protease targets.

First, rather than focusing on rapid evolution across the whole gene, we can
identify individual rapidly evolving sites that directly overlap with predicted sites of

cleavage (Murrell et al., 2013; Yang, 2007). Regardless of whether the host genes are
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more highly conserved or rapidly evolving across the whole gene, presence of this site
could suggest that proteases are directly driving the evolution of the site to change.
These individual site signatures may hold greater importance within host genes that are
more conserved, suggestive of greater evolutionary constraint to maintain critical
biological functions.

Second, while canonical isoforms were the focus of this earlier work, use of the
entire dataset of isoforms would allow us to investigate whether certain isoforms
encoded by a single gene may be more involved in arms races than others. Despite
canonical isoforms being the longest isoform encoded by the gene, the encoded amino
acids gained or lost in alternative exon usage may result in changes in protein folding
and, ultimately, changes in the protein function.

Third, nonsynonymous allelic variation across genes in the human population
may yield additional evolutionary insights. By analyzing the relationship between human
population diversity and broader primate diversity, we can begin to highlight three new
categories of genes in the context of susceptibility to pathogens: 1) genes with low
primate diversity, but are highly polymorphic in the human population (human
population-specific role), 2) genes with high primate diversity and are highly
polymorphic in the human population (continued utilization and importance in arms
races), 3) genes with high primate diversity, but are lowly polymorphic (de-emphasis of

arms race role in humans or greater population risk to pathogens that can take
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advantage of the low diversity within arms race-relevant genes).

Predicting new host targets for other families of (+)ssRNA viruses

Although I have focused on computationally predicting enteroviral and
coronaviral protease cleavage in the previous chapters, related work [Ref] and earlier
work in the lab demonstrates that this approach is broadly applicable to other (+)ssRNA
viruses including the families Flaviviridae, other genera of Picornaviridae, Arteriviridae,
Caliciviridae, and Togaviridae. These other families of (+)ssRNA viruses also encode
proteases that serve roles in polyprotein processing and antagonism of host innate
immune factors. As such, cleavage motifs can be generated from the collection of
publicly available polyprotein sequences. By continuing to overlap these cleavage
signatures with rapidly evolving host targets, we can further elucidate how viral
proteases have shaped the primate genome, including the discovery of lineage-specific

or broad-spanning antiviral pathways.
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