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Host innate immune responses to DNA viruses involve members of
the nucleotide-binding domain, leucine-rich repeat and pyrin do-
main containing protein (NLRP) family, which form “inflamma-
somes” that activate caspase-1, resulting in proteolytic activation
of cytokines interleukin (IL)-18 and IL-18. We hypothesized that
DNA viruses would target inflammasomes to overcome host de-
fense. A Vaccinia virus (VACV) B-cell CLL/lymphoma 2 (Bcl-2) homo-
log, FIL, was demonstrated to bind and inhibit the NLR family
member NLRP1 in vitro. Moreover, infection of macrophages in cul-
ture with virus lacking F1L (AF1L) caused increased caspase-1 activa-
tion and IL-1p secretion compared with wild-type virus. Virulence of
AF1L virus was attenuated in vivo, causing altered febrile responses,
increased proteolytic processing of caspase-1, and more rapid in-
flammation in lungs of infected mice without affecting cell death
or virus replication. Furthermore, we found that a hexapeptide from
F1L is necessary and sufficient for inhibiting the NLRP1 inflamma-
some in vitro, thus identifying a peptidyl motif required for binding
and inhibiting NLRP1. The functional importance of this NLRP1-bind-
ing motif was further confirmed by studies of recombinant AF1L
viruses reconstituted either with the wild-type F1L or a FIL mutant
that fails to bind NLRP1. Cellular infection with wild-type F1L recon-
stituted virus-suppressed IL-18 production, whereas mutant F1L did
not. In contrast, both wild-type and mutant versions of F1L equally
suppressed apoptosis. In vivo, the NLR nonbinding F1L mutant virus
exhibited an attenuated phenotype similar to AF1L virus, thus con-
firming the importance of FiL interactions with NLRP1 for viral path-
ogenicity in mice. Altogether, these findings reveal a unique viral
mechanism for evading host innate immune responses.
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N ucleotide-binding domain and leucine-rich repeat containing
receptors (NLRs) constitute a large family of intracellular
innate immunity proteins involved in host defense (1). Upon ac-
tivation, NLRs form large protein complexes called “inflamma-
somes” that bind and activate caspase-1 family proteases, resulting
in proteolytic activation of proinflammatory cytokines (which in-
clude pro-IL-1p and pro-IL-18) and sometimes causing a caspase-
1-dependent form of cell death known as pyroptosis (2, 3).
Members of the NLR family possess a conserved architecture that
includes leucine-rich repeats (LRRs) that are thought to act as
receptors for various pathogen-derived molecules. Certain NLRs,
and several other types of innate immunity proteins, are involved
in detecting foreign double-stranded DNA (dsDNA) in cells, a
function linked to host defense against DNA viruses (4-9).
Poxviruses constitute a viridae known for their large, complex
DNA genomes. Vaccinia virus (VACV) is a prototypical member of
the poxvirus family, which replicates in the cytoplasm of host cells
and encodes numerous proteins that manipulate the host response
to infection (10). VACV encodes several viral homologs of the
cellular antiapoptotic protein B-cell CLL/lymphoma 2 (Bcl-2),
including A46R, A52R, B14R, CIL, C6L, C16/B22R, FIL, K7R,
N1L, and N2L (11, 12). Despite low sequence similarity to cellular
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Bcl-2 family members, several of these viral homologs were dis-
covered to adopt an a-helical fold similar to Bcl-2 (13-17). However,
not all of the VACV-encoded Bcl-2-like proteins possess anti-
apoptotic activity (18), implying that they have other functions.
Indeed, the viral Bel-2-like proteins A52, B14, N1, and K7 were
found to inhibit NF-xB pathways at various checkpoints (11).

Recently, cellular Bel-2 family proteins have been demonstrated
to interact with NLRs to impact innate immunity responses
(19, 20). We therefore hypothesized that viral Bcl-2 homologs
encoded by VACV might similarly inhibit inflammasome signaling
during infection. Our data provide evidence that the viral Bcl-2
homolog F1L (but not N1L) is a suppressor of NLR family proteins
involved in IL-1f activation. Furthermore, by testing genetically
engineered VACV in a mouse model, our findings also demon-
strate a role for NLR suppression in the pathogenic mechanism by
which FI1L contributes to virulence in vivo.

Results

VACV Bcl-2 Homolog, F1L, Binds NLRP1. Of the viral Bcl-2 homologs
encoded by VACV, only FIL and N1L have been reported to
display antiapoptotic activity and to bind proapoptotic members of
the cellular Bcl-2 family such as Bcl-2-associated X protein (Bax)
(14, 18, 21). We explored the ability of F1L to bind various NLR
family members, making comparisons with apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC),
absent in melanoma 2 (AIM2), and other proteins involved in in-
nate immune defense against viruses. In cell transfection experi-
ments, F1L coimmunoprecipitated with NLRP1, a NLR member
inhibited by Bcl-2 and Bcl-X; (20), but not with NLR family
members NLRP3 and nucleotide-binding oligomerization domain-
containing protein 2 (NOD2) (NLRC2) and not with AIM2 or
ASC (Fig. 14 and Fig. S14). Colocalization of F1L with NLRP1
was also demonstrated by immunofluorescence confocal micros-
copy (Fig. S1C). In contrast to F1L, the viral N1L protein did not
associate with NLRP1 as determined by coimmunoprecipitation
(co-IP) assay and by immunofluorescence confocal microscopy
(Fig. 14 and Fig. S1C).

The interaction of F1L with NLRP1 was further confirmed by
in vitro protein binding assays, using GST-tagged recombinant
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Fig. 1. F1L binds NLRP1. (A) HEK293T cells were transiently cotransfected

with plasmids encoding Myc-tagged NLRP1 or NOD2 and either GFP-tag-
ged N1L or GFP-tagged F1L. Approximately 10° cells were lysed and sub-
jected to IP by using protein-G anti-GFP. Immune-complexes (Upper) and
cell lysates (Lower) were separated by SDS/PAGE and analyzed by immu-
noblotting using anti-Myc and anti-GFP antibodies. (B-D and F) Reactions
contained Hisg-NLRP1, procaspase-1, ATP, mM Mgz*, MDP and GST-Bcl-2,
N1L, or various GST-F1L constructs. Caspase-1 activity was measured by
hydrolysis of Ac-WEHD-AMC substrate. (B) The version of F1L protein used
here (residues 1-206) lacks the C-terminal transmembrane domain. Results
are reported as fold stimulation induced by MDP/ATP (mean + SD; n = 3).
(C) F1L residues 1-47 are sufficient to inhibit NLRP1. Caspase-1 activity is
reported as measuring relative fluorescence unit (RFU) generated per
minute (mean + SD, n = 3). (D) Caspase-1 activity is reported as measuring
relative fluorescence unit (RFU) generated per minute (mean + SD, n = 3).
(E) F1L inhibits ATP binding to NLRP1. Hiss-NLRP1 was incubated for 5 min
on ice in the presence of different F1L peptides. The mixture was
then incubated for an additional 5 min with 1 uM MDP, FL-conjugated
ATP analog, and Mg?* (23). ATP binding was analyzed by fluorescence
polarization (milliPolars; mP), and the percentage of inhibition was de-
termined vs. NLRP1 incubated only with MDP (mean + SD; n = 3). (F)
Various recombinant GST-F1L mutants were produced and tested in the in
vitro reconstituted NLRP1 inflammasome for inhibitory activity as above
(mean + SD, n = 3).

proteins. Recombinant F1L bound to full-length NLRP1 but not
a deletion mutant lacking the LRRs (Fig. S1B), binding charac-
teristics similar to Bcl-2 and Bcl-Xy, (20, 22). Comparisons of es-
sentially full-length F1L (residues 1-206, in which the C-terminal
transmembrane domain was removed for solubility purposes) with
various truncation mutants (lacking progressively longer segments
from the N-terminal end of F1L) showed that deletion of the first
47 amino acids from F1L abolished binding to NLRP1 in vitro
(Fig. S24).

F1L Inhibits NLRP1 in Vitro. We explored whether F1L can inhibit
NLRP1 activity by using an in vitro reconstituted system. We
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reconstituted the NLRP1 inflammasome in vitro by using purified
recombinant proteins, showing that the combination of NLRP1
ligand muramyl dipeptide (MDP) and ATP induces NLRP1
oligomerization and caspase-1 activation in a Bcl-2/Bcl-X; -
suppressible manner (22, 23). Adding recombinant F1L to these in
vitro reactions suppressed NLRP1-driven caspase-1 activity, whereas
N1L and GST control proteins did not (Fig. 1B). Comparison of
various fragments of F1L (truncated from the N terminus) sug-
gested that residues between aa 24 and 48 of F1L are required for
NLRP1 suppression (Fig. 1B), which correlated with binding to
NLRP1 (Fig. S24). Additional experiments using a GST-F1L
(1-47) fusion protein showed that the first 47 amino acids of F1L
are sufficient for suppressing NLRP1 activity in vitro (Fig. 1C).

Next, we chemically synthesized peptides (Table S1) corre-
sponding to residues 1-47 of F1L and various shorter segments,
examining their effects on the reconstituted NLRP1 inflamma-
some in vitro. The addition of the F1L peptide 1-47 and shorter
peptides (residues 22—47 and 27-37) inhibited NLRP1-mediated
caspase-1 activation to baseline levels (Fig. 1D and Fig. S2B).
However, these F1L peptides were neither active against the
gain-of-function mutant NLRPALRR (which does not bind F1L
protein) nor against purified active recombinant caspase-1,
showing NLRP1 dependence (Fig. S2 C and D). Furthermore,
the F1L peptide (22-47) binds to NLRP1, as determined by
fluorescence polarization assay using a fluorochrome-conjugated
peptide (Fig. S2E). In addition to using a fluorigenic peptide
substrate (Ac-WEHD-AMC) to monitor caspase-1 activity, we
also assessed NLRP1-induced proteolytic processing of caspase-1
by immunoblotting, showing that both synthetic F1L peptide
(22-47) and recombinant GST-F1L (1-47) protein inhibited
proteolytic processing of caspase-1 driven by NLRP1, but not by
mutant constitutively active NLRP1ALRR (Fig. S2F).

By testing still shorter peptides, F1L residues 32-37 were ulti-
mately determined to be sufficient to inhibit NLRP1 in vitro (Fig.
1D). This hexapeptide potently suppressed NLRP1 activity in
vitro, with ICsq value of 18.8 + 6.7 nM, similar to reported results
for the Bcl-2 and Bcl-X, proteins (20) (Fig. S2G). In addition to
inhibiting caspase-1 activation mediated by NLRP1, active FI1L
peptides also suppressed MDP-induced binding of ATP to NLRP1
(Fig. 1E), but N1L did not. Structure-activity analysis of the F1L
32-37 peptide conducted by using a series of alanine substitutions
showed that alanine substitutions of residues 32, 33, 35, and 37
abolished NLRP1 inhibitory activity, whereas residues 34 and 36
tolerated these substitutions (Fig. S2H). These findings were
confirmed in the context of the F1L protein by mutagenesis
experiments (Fig. 1F and Fig. S2I). Thus, the region 32-37 of F1L
is essential for binding to and inhibition of NLRP1 in vitro.

FIL Inhibits Virus- and NLR-Mediated IL-1p Production in Cells. Sev-
eral approaches were taken to assess the cellular activity of F1L as
a potential inhibitor of NLRP1. First, cell transfection experiments
were performed in which inflammasome components (NLRP1,
ASC, procaspase-1, and mouse pro-IL-1p) were expressed from
plasmids in HEK293T cells, then mouse interleukin-1p (mIL-1p)
secretion was measured after NLRP1 stimulation with MDP. The
full-length F1L protein inhibited MDP-induced mIL-1p pro-
duction in these assays, as described for Bcl-2 and Bel-Xp, (20).
Comparison of various mutants of F1L demonstrated a correlation
between NLRP1 binding and suppression of MDP-induced mIL-
1p. For example, F1LA57-78, a mutant that fails to bind Bcl-2
family proteins but that retains NLRP1 binding activity, success-
fully suppressed mIL-1p production, whereas non-NLRP1-bind-
ing mutant F1LA1-44 did not (Fig. 2 A and B).

Second, we compared effects of wild-type (WT) VACV
[Western Reserve (WR) strain], F1L-deficient (AF1L), and N1L-
deficient (AN1L) viruses (18, 21) on caspase-1 and IL-1p by using
a cell culture infection model. Infection of human acute mono-
cytic leukemia cell line (THP-1) macrophages with AF1L virus
resulted in greater caspase-1 activity and IL-1p secretion com-
pared with WT and ANI1L virus (Fig. 2 C and D). Experiments
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Fig. 2. Increased caspase-1 cleavage and IL-1p processing in macrophage
cultures infected with F1L-deficient virus. (A) HEK293T cells were transiently
cotransfected with plasmids encoding Myc-tagged NLRP1 and various GFP-
tagged F1L constructs. Cell lysates were normalized for protein content, and
co-IPs were performed as above. (B) F1L inhibits NLRP1 activity in cells.
HEK?293T cells were cotransfected in 12-well plates with plasmids encoding 400
ng of mouse prolL-1p, 25 ng of pro-Caspase-1, 20 ng of ASC, 200 ng of NLRP1,
and 600 ng of various GFP-tagged F1L constructs, maintaining a total DNA
amount of 1 pg by addition of control (empty) plasmid. At 18 h after trans-
fection, cells were stimulated with MDP (5 pg/mL) for 8 h. Cell culture super-
natants were analyzed by ELISA for secreted mlIL-1B. As controls, we used
pcDNA3-Myc (None), Bcl-B-Myc (negative), and Bcl-X.-Myc (positive). NLRP1
induced miL-1B secretion was determined by subtracting spontaneous secre-
tion (unstimulated cells) from MDP-stimulated selection. Data were normalized
relative to pcDNA3 control-transfected cells (=1.0). All results are mean + SD;
n =3. Statistical significance was determined by unpaired t tests. (Cand D) 12-
D-tetradecanoylphorbol-13-acetate (TPA)-differentiated THP-1-Blue cells (10%)
were infected (MOI = 1) with VACV-WR (WT), AF1L, or AN1L viruses. Super-
natants were collected 18 h later for analysis. (C) IL-1p secretion was measured
by using ELISA. (D) Caspase-1 activity in culture supernatants was measured by
hydrolysis of Ac-WEHD-Rhodamine substrate. As positive control for Cand D,
macrophages were stimulated for 18 h with MDP (5 pg/mL). All results are
mean + SD; n = 3. (E) TPA-differentiated THP-1 cells were infected as above.
Cleaved fragments of caspase-1 were detected in either cell extracts (Up-
per) or culture supernatants (Lower) by immunoblotting using a mixture of
anti-p10 and p-20 antibodies. As a positive control for caspase-1 cleavage,
macrophages were primed 12 h with 50 ng/mL LPS, incubated for 4 h with 2 pg/
mL MDP, then stimulated with 2.5 mM ATP for 20 min. (F) Pro-IL-1p (p31) and
mature IL-1p (p17) cytokine were detected as for caspase-1. (G) NF-xB activity
from C was measured by alkaline phosphatase reporter gene assays. (H) Viral
titers were measured in THP-1 cells from C.

using liopopdysaccharide (LPS) priming of THP-1 cells (to induce
more robust pro-IL-1p production) resulted in similar con-
clusions, as did experiments using primary cultured human pe-
ripheral blood mononuclear cells (PBMCs) primed with LPS
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(Fig. S3 4 and C). We also assessed proteolytic processing of
caspase-1 in AF1L virus-infected cells, making comparison with
infection with WT virus. Cells infected with AF1L contained
markedly higher levels of processed caspase-1, both when mea-
sured in the intracellular compartment (where levels of the protein
(p)35 processed subunit of procaspase-1 were clearly higher in
AFI1L virus compared with WT virus-infected cells) and the se-
creted compartment (where levels of both p20 and p10 processed
forms of mature caspase-1 were clearly higher in AF1L virus
compared with WT virus-infected cells) (Fig. 2F). The inhibition
of IL-1f processing from its proform (P31) to its mature form
(P17) by WT virus was dose dependent (multiplicity of infection;
MOI), contrasting with AF1L virus infection (Fig. 2F).
Importantly, neither NF-kB activity nor production of the
NF-xB-inducible cytokine TNFo was different among these
viruses (Fig. 2G and Fig. S3 B and D), showing the specificity of
these results. Furthermore, the efficiency of THP-1 cell infection
was not significantly different for WT, AF1L, or ANI1L viruses, as
monitored by either plaque assay or by expression of viral anti-
gens (Fig. 2H and Fig. S3E), thus excluding a trivial explanation
for the differences in caspase-1 and IL-1p observed for AFIL
virus. We conclude therefore that, in the absence of FI1L,
VACV-infected cells generate higher levels of caspase-1 activity,
produce more processed caspase-1, and secrete more IL-1p.

Dissociation of Antiapoptotic Activity of F1L from Its Ability to Suppress
IL-18 Production. To determine the relationship of F1L’s anti-
apoptotic activity to its ability to suppress IL-1f production, we
performed virus reconstitution experiments wherein F1L was re-
stored in AF1L mutant virus by a DNA recombination “knock in”
strategy. Furthermore, to elucidate the role of NLRP1 binding by
F1L, we knocked in either wild-type FIL or a mutant (N32A,
H35A) that completely lacks NLRP1 binding activity—both with
Flag epitope tags (Fig. S4 A-C). Using these reconstituted viruses,
we then compared their ability to suppress cell death by measuring
apoptotic markers in cells infected with WT and various mutant
and reconstituted viruses (21). Whereas AFIL virus failed to
suppress staurosporine (STS)-mediated induction of apoptosis [as
measured by cleavage of caspase-3 and proteolytic processing of
the caspase substrate poly-ADP ribosyl polymerase (PARP)], the
WT virus and Flag-F1L and Flag-F1L(N32A,H35A) viruses sup-
pressed proteolytic events associated with apoptosis (Fig. 34).
Moreover, analysis of cell viability in the infected cultures showed
that F1IL(N32A,H35A) reconstituted virus was equally effective as
wild-type F1L virus at preserving host cell survival (Fig. 3B).

VACV Expressing non-NLRP1-Binding Mutant F1L Shows Defective
Suppression of IL-1f Production. Having observed that the F1L
(N32A,H35A) reconstituted virus was equally effective as WT
F1L-reconstituted virus at preserving host cell survival, we then
compared effects of these viruses on IL-1p production. When
THP-1 macrophages were infected with AF1L, Flag-F1L, or Flag-
F1L(N32A, H35A) viruses, ~twofold higher levels of IL-1p se-
cretion were observed in AFI1L virus-infected and Flag-F1L
(N32A, H35A) virus-infected cultures compared with Flag-F1L
(Fig. 3C). In contrast, levels of NF-kB activity were not different
among these various virus-infected cells (Fig. S4D). Importantly,
levels of Flag-FIL and Flag-F1L(N32A, H35A) protein pro-
duction were comparable in infected cells (Fig. S4B). Comparisons
of the various VACV mutants using a plaque assay revealed no
significant differences in viral infectivity (Fig. S4C). We therefore
conclude that reconstitution of AF1L virus with a non-NLRP1-
binding mutant restores antiapoptotic activity but fails to restore
competency to suppress IL-1p production induced during viral
infection of cultured cells.

Additionally, we generated THP-1 macrophages stably over-
expressing NLRP1 as a model for comparing effects of WT and
AFI1L virus (Fig. 3D). These Hiss-NLRP1-overexpressing cells
spontaneously produce IL-1p without differences in TNFa secre-
tion (Fig. 3E and Fig. S4 E-G), consistent with constitutively active
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Fig. 3. VACV expressing a NLR-nonbinding mutant induces increased IL-1p
secretion in cell cultures. (A) Hela cells were infected (MOI = 1) for 6 h with
the wild-type VACV strain Western Reserve (WR) or various VACV FiL
mutants, then cultured for 2 h without (Left) or with (Right) STS. PARP and
Caspase-3 cleavage were assessed in cell lysates by immunoblotting of lysates
normalized for total protein content. (B and C) TPA-differentiated THP-1-
Blue cells (10°) were infected (MOI = 0.5-5) with VACV AF1L, Flag-F1L, or
Flag-F1L(N32A,H35A) viruses. Supernatants were collected at 18 h for anal-
ysis. (B) Cell viability was estimated by using a fluoriogenic assay for ATP. (C)
IL-1B secretion was measured by using ELISA (mean + SD; n > 3). (D) THP-1-
Blue cells stably overexpressing Hisg-tagged NLRP1 were analyzed for NLRP1
mRNA levels by using RT-PCR (Top and Middle) and protein expression by
immunoblotting (Bottom). For immunoblot analysis, His6-NLRP1 was re-
covered from cell lysates by using Ni-NTA agarose beads, and blots were
probed with rabbit anti-NLRP1 antibody. (E) NLRP1 overexpressing THP-1-
Blue cells were infected at MOI = 2 and analyzed 18 h later for IL-1p secretion
by ELISA (mean + SD; n > 3). Statistical significance at the level of P < 0.05 (*)
and P < 0.01 (**) is indicated.

NLRP1 protein. NLRP1 in these cells was already at least partially
active under routine cultures conditions, as suggested by molec-
ular analysis of Hiss-NLRP1 recovered from these cells, which
showed a population of SDS-resistant oligomers (Fig. 3D). In-
fection of NLRP1-overexpressing THP-1 macrophages with
WT virus or WT Flag-F1L reconstituted virus potently suppressed
IL-1p production, whereas AF1L virus and Flag-F1L(N32A,
H35A) reconstituted viruses failed to suppress IL-1p secretion
by these NLRP1 overexpressing cells (Fig. 3E). In contrast to
IL-1, levels of TNFa production did not correlate with F1L
status (Fig. S4E). Taken together, these experiments show
that the FIL(N32A,H35A) mutant retains its antiapoptotic
activity despite defective IL-1p suppression, thus dissociating
F1L’s antiapoptotic activity from its ability to interfere with
caspase-1 activation and IL-1p production.

VACV Expressing NLRP1-Binding Defective FIL Exhibits Reduced
Virulence in Mice. To explore the role of F1L in virus virulence
in vivo, we used a mouse model of VACV infection (24), after
confirming by co-IP assay that F1L can interact with NLRP1b, the
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murine counterpart of human NLRP1 (Fig. 44). Intranasal (i.n.)
administration of virus results in acute, productive infection of the
lung. Deletion of the FIL gene (AF1L) from VACYV resulted in
a dose-dependent attenuated phenotype, characterized by dra-
matically improved survival rates of infected mice and less severe
body weight reductions, without significantly impacting in vivo
viral replication (Fig. 4 B-D).

Others have reported that VACV infection results in reduced
body temperature due to the viral gene BI5R, which encodes the
VACV IL-1p receptor —a neutralizer of IL-1f, endogenous
pyrogen (25). Interestingly, we observed reduced body temper-
atures in virus-infected mice, as expected, but AF1L-infected
mice showed only a slight reduction in body temperature (Fig.
4FE). This observation thus implies that mice infected with AF1L
virus may produce more IL-1p, in excess of the neutralizing viral
proteins. We therefore examined the status of caspase-1 pro-
cessing in bronchial alveolar lavage (BAL) fluids recovered from
the infected animals. The processed p10 subunit of caspase-1 was
detected at higher levels in BAL fluids from AF1L virus-infected
mice compared with WT virus-infected mice at early stages of
infection (Fig. 4F and Fig. S54).

Because IL-1p is a proinflammatory cytokine, we examined the
inflammatory response to viral infection, analyzing lung histology
to determine the number of inflammatory foci at various times
postinfection. Interestingly, an increase in inflammatory foci was
present earlier in AF1L-infected mice. At day 4 postinfection,
when little inflammatory infiltrate was found in mice infected with
WT virus, mice infected with mutant virus already had impressive
leukocyte infiltrate in lung. In contrast, mice infected with WT
virus did not develop such lung leukocytosis until 6-8 d after in-
fection (Fig. 4G and Fig. S5C). Thus, an earlier host inflammatory
response to VACYV is observed for F1L deficient virus.

Although VACV-infected cells are more sensitive to apoptosis
when FI1L is deleted from the viral genome (21, 26), we did not
detect an increase in % apoptotic cells in the lungs of AF1L virus-
infected mice compared with animals infected with WT virus (Fig.
S5B). In this regard, redundancy may be provided by other viral
apoptosis suppressors (13, 27, 28).

Having observed diminished virulence of the AF1L virus, we
next compared the in vivo virulence of recombinant viruses re-
constituted with wild-type Flag-F1L versus the NLRP1 nonbinding
Flag-F1L(N32A,H35A) mutant. Mice infected with AF1L or Flag-
F1L(N32A, H35A) viruses displayed attenuated phenotypes,
marked by dramatically improved survival of mice and less severe
body temperature reductions (Fig. 4 H-J). By comparison, the
reconstituted Flag-F1L virus showed virulence properties com-
parable to WT virus, resulting in rapid killing of mice and pro-
found alteration in body temperature (Fig. 4 H-J). Altogether,
these studies of the Flag-F1L(N32A, H35A) virus (encoding a F1L
mutant that is unable to bind NLRP1 but that maintains anti-
apoptotic activity) demonstrates the importance of NLRs as
a target of F1L for successful viral pathogenesis in vivo.

Discussion

In this report, we demonstrate that F1L contributes to the viru-
lence of VACV in vivo (using a mouse model and AF1L virus),
and we dissected by mutagenesis a region on the F1L protein
(residues 32-37) that is functionally required for suppression of
caspase-1 activation and IL-1p production in virus-infected cells in
culture and in mice in vivo. This functionally important region
defines a binding site for NLPR1, based on in vitro protein in-
teraction experiments and on experiments assessing suppression
of NLRP1-driven caspase-1 activation by using an in vitro recon-
stituted system by recombinant F1L proteins and synthetic pep-
tides. Moreover, our data demonstrate that F1L possesses at least
two separable functions—suppression of apoptosis (which is pre-
sumably advantageous for maintaining host cell survival for viral
replication or latency) and inhibition of NLR family proteins for
reducing host inflammatory responses. Importantly, while we fo-
cused on NLRP1 as a prototypical target among NLRs, it is

PNAS | May7,2013 | vol. 110 | no. 19 | 7811

IMMUNOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215995110/-/DCSupplemental/pnas.201215995SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215995110/-/DCSupplemental/pnas.201215995SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215995110/-/DCSupplemental/pnas.201215995SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215995110/-/DCSupplemental/pnas.201215995SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1215995110/-/DCSupplemental/pnas.201215995SI.pdf?targetid=nameddest=SF5

L T

/

1\

=y

Co-IP D H Fig. 4. VACV expressing a NLR-nonbinding mutant

FLAG-mNLRP1b - + - displays reduced virulence in mice. (A) HEK293T

FLAG-hNLRP1 - - + ’gi 100 cells were transiently cotransfected with plasmids

GFP-FIL + + + 3 E IT encoding GFP-F1L together with FLAG-tagged hu-

PFLAG < T 75 man NLRP1 (hNLRP1), mouse Nirp1b (mNLRP1b), or

Anti-GFP Q = . . .

= > Mock empty Myc plasmid, which served as negative con-

[ E 501"~ W, tr.ols. Coimmuno.precipita'.cions was preft?rmedAas in

Anti-FLAG = 5 © el ariL Fig. 1/4.\. (B-G) Mice were infected I.n..WI‘th 10% (n =

— .. o e —— Flag-F1L |, 6-8 mice per group) or 10° (n = 30 mice per group)

e S o4, Na2AH3sA pfu of wild-type VACV (WT) or F1L deleted virus

L‘%tet_ GFP 9 % o 9 0 2 46 8 101214 (AF1L), measuring survival (B) (where mice that lost

nl. i Days post-infection Days post-infection > 30% of initial body were killed), body weight

(mean + SEM) (C), and body temperature (rectal)

B E | (mean + SEM) (E). (D and F) At various days after

100 38 £ 110 infection, four mice from each group (10° pfu) were

© %‘ -% killed; BAL fluids and lungs were collected. (D) Viral

2 /5 | o p3e s 1004 tit d in the h ized lung. (F)
S 75 25 < iters were measured in the homogenized lung.

7 —— £T34 K] 90+ Concentrated BAL fluids (10x) were analyzed by

€501 WT (109 g 2_32 2 g0l SDS/PAGE immunoblotting for caspase-1 cleavage

§ — AFIL(10% H g - WT(104) I** S by using anti-p10 antibody. Results were obtained

o 25 WT(10%) |5 S T30 o SVTH(I;%;)A) e 704, Flag-FIL by using a fluorescence imaging system using near

o= AL (108 I* 28 I** X 6042 N32A H35A infrared dye-conjugated secondary antibodies, quan-

0 2 46 8 1012 14 0 2 4 6 8 1012 14 0 2 4 6 8 101214 tifying results by integrated fluorescence intensity

Days post-infection Days post-infection Days post-infection measurements of bands (mean + SEM; n = 4). (G)

Lung tissue from killed mice (10° pfu) was analyzed

C F G J by hematoxylin/eosin staining, quantifying number

E E- 0.47mm wr 'g 8 38 of inflammatory foci per unit area (mean + SEM;

%100 e2 [y x5 n = 4). P values for all graphs were determined by

3 2203 261 _8 236 pairwise comparisons using t tests. (H-J) Mice were

R ® £ ‘% £T infected intranasally with 5 x 10% of various VACV

_8 80 §E 0.2 E 4 s Q34 Mock (WT and mutants) or PBS (Mock), then monitored

:g @ g 01 s, H 532 XVTF“_** for survival (H), body weight (/), and body temper-

£70 WT (104 |+ ~= WT O ’ £ s° Flag-F1L ature (rectal) (J), (mean + SEM; n = 9-12 mice per

R 6o A 123‘ I"' & AF1 * £ 0.0 #* 30 N32AH35A ™ group). Statistical analysis was performed by using

0 2 4 6 8 101214 v % o {\&Q\\, 0 2 4 6 8 101214 log-rank test for survival, two-way ANOVA for body

Days post-infection ¢

Days post-infection

possible that F1L inhibits additional members of this large protein
family (22 in humans and 33 in mice; ref. 29).

VACYV strains all encode several Bcl-2 homologs, among which
only F1L appears to have incontrovertible antiapoptotic activity
(18). For those viral Bcl-2 homologs lacking antiapoptotic activ-
ity, it is conceivable that they instead operate as NLR antagonists.
Unlike F1L, we found that the NI1L protein (another viral ho-
molog of Bcl-2) neither bound NLRP1 nor suppressed IL-1p
production. Thus, structural differences between F1L and N1L
presumably account for their differential functions.

By using an in vitro reconstituted NLRP1 inflammasome, we
mapped the minimal region of F1L that is necessary and sufficient
for inhibiting NLRP1-mediated caspase-1 activation to a hex-
apeptide motif. The ability of a small peptide ligand to inhibit
NLRP1 is analogous to Bcl-2, for which a decapeptide sequence
was identified that suppresses this NLR family member (22). In-
terestingly, however, the Bcl-2 and F1L peptides bear no similarity
to each other in sequence, implying that they either inhibit NLRP1
through different mechanisms or that divergent sequences are
capable of engaging a regulatory site on NLRP1. Nevertheless, the
mechanism by which F1L and Bcl-2 peptides inhibit NLRP1 ap-
pears to be similar, in that both prevent MDP-induced ATP
binding. In this regard, we previously described a two-step mech-
anism for NLRP1 activation, in which MDP binding to NLRP1
induces a conformational change, rending NLRP1 competent to
bind ATP, which then stimulates NLRP1 oligomerization (23).
Upon oligomerization of NLRP1, caspase-1 monomers associate
with NLRP1, resulting in protease activation, presumably via an
induced dimerization mechanism (30). Thus, we hypothesize that
FIL and Bcl-2 peptides either interfere with MDP binding or
prevent the conformational change induced by MDP that confers
competence to bind ATP. The site on NLRP1 where F1L and Bcl-2
peptides bind is unclear, but association of F1L (and Bcl-2 and
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weight, and Bonferroni’s tests for temperature,
*P < 0.05, **P < 0.01.

Days post-infection

Bcl-XL) with NLRP1 requires the LRRs, which maintain many
NLRs in an inactive conformation until bound by an activating
ligand such as MDP. NLRP1ALRR neither binds nor is inhibited
by F1L (or by Bcl-2 or Bel-XL; ref. 20). Further elaboration of the
structural basis for modulation NLRs by peptidyl ligands derived
from viral and cellular Bcl-2 family proteins may reveal future
strategies for antiinflammatory drug discovery, based on mim-
icking these ligands with synthetic chemical inhibitors.
Caspase-1 plays several important roles in innate immune
responses to viruses. Similar to NLRs, the AIM2 protein forms an
inflammasome with the adaptor protein ASC to activate caspase-1
(5-7,31). AIM2 directly binds to dsDNA (including VACV DNA)
to induce IL-1p secretion and pyroptosis (a caspase-1-dependent
form of cell death). We determined that F1L does not bind AIM2
and showed that WT virus as well as AF1L reduces IL-1f produc-
tion induced by other inflammasome stimuli, such as poly(dA:dT),
monosodium urate (MSU), and LPS (Fig. S4H). Thus, AIM2 is
likely to be only one of the host proteins involved in cellular
responses to DNA viruses and F1L only one of the viral factors
that suppress the innate immune machinery of infected host cells.
Of note, it was shown that AIM2 is not expressed in THP-1 cells
unless pretreated with IFN-y (7), which we did not apply in our
experiments. In addition to AIM2, a role for NLRP3 has been
reported in host responses to VACV in some cellular contexts
(32). Thus, different inflammasome-initiating proteins may play
greater or lesser roles in host response to this family of DNA viruses,
depending on cell lineage and other variables. One limitation of our
study is that we were unable to directly demonstrate that VACV
infection causes NLRP1 activation (even when using AF1L virus),
largely due to the inadequacy of antibodies available for detecting
endogenous NLRP1 protein (which also stymied our attempts to
directly demonstrate interaction of endogenous F1L with endoge-
nous NLRP1 in the context of virus-infected cells). Attempts to
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express epitope (or Hisg) tagged NLRP1 in cells resulted in con-
stitutively active NLRP1, thus impairing our ability to determine
whether viral infection stimulates NLRP1. An important goal for
future research is to identify the virus-derived molecules (besides
DNA) that are responsible for NLR family protein activation.

F1L represents a viral NLR-suppressing factor that demon-
strates an in vivo role in viral virulence. Recently, a NLR-binding
protein [open reading frame 63 (O1f63)] was identified in Kaposi
Sarcoma Virus [human herpesvirus 8§ (HHVS)], but studies of this
NLR inhibitor were limited to cell culture experiments (33) and,
thus, their in vivo relevance is unclear. The measles virus V
protein was similarly reported to bind and inhibit NLRP3 in
cultured cells (34). The genomes of VACV and many other
poxviruses encode several inhibitors of the caspase-1/IL-1f axis,
including (i) cytokine response modifier A (CrmA) (SP1-2;
B13R), which directly inhibits caspase-1; (ii) viral soluble re-
ceptor for IL-1p (VIL-1pR; B15R), which is a IL-1R decoy that
neutralizes IL-1; and (jii) viral pyrin domain only protein M13L
(vPOP) that competes with ASC (10, 25, 27, 35-38). In-
terestingly, genomic comparisons reveal that the gene encoding
F1L is not found in Poxvirus genera that have the ASC antag-
onist M13L and vice versa, suggesting that either F1L or M13L
may be sufficient to disarm inflammasomes. With the addition of
F1L, poxviruses would appear to be capable of inhibiting at five
levels (NF-kB; NLRs; ASC; caspase-1; IL-1f) to suppress pro-
duction of or neutralize this important cytokine. Although the
relative importance of each of these points of regulation may
vary depending on the host-pathogen context and timing after
infection, the observation that cells infected with F1L-deficient
or F1L mutant (N32A, H35A) viruses secrete more IL-1p argues
that F1L is an important defense that these viruses have evolved
to interfere with host innate immune responses.
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Materials and Methods
Additional details are provided as S/ Materials and Methods.

VACV Production. A VACV WR strain lacking only the F1L coding sequence
(AF1L) has been described (13). The revertant F1L viruses [Flag-F1L and Flag-
F1L(N32A, H35A)] were generated by introducing wild-type or mutant F1L
genes in frame with a pE/.-Cherry selection cassette. The AN1L virus was
generated by replacing nucleotides 1-275 of the N1L Orf with a pE/.-gpt-
Cherry selection cassette. The fidelity of the resulting recombinant viruses
was verified by DNA sequencing. Expression of the Flag-F1L proteins and loss
of expression of N1L was documented by immunoblot analysis of infected
cells. The VACV strains were grown in Hela cells and titered on VeroE6 cells.
For measuring virus titers in various types of infected cells, host cells were
suspended in a minimal volume of PBS then disrupted by three freeze-thaw
cycles. Samples were then centrifuged at 800 x g for 10 min to produce
supernatants that were titered on VeroE6 cells.

VACV-Titer Assay. Virus titers were determined as described (39).

VACV Challenge. BALB/c mice were anesthetized by inhalation of isoflurane
and inoculated by the i.n. route with VACV-WR, as well as a mutant of WR in
which only the F1L gene was deleted, VACV-AF1L (10* or 10° pfu per mice).
Body weight and rectal temperature of mice were measured daily before
and after infection. At various times after infection, four mice from each
group were killed and lungs and BAL fluids were collected. Mice were eu-
thanized when they lost 30% of their initial body weight or were severely
hypothermic (<32 °C) on two consecutive days.
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