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Abstract

The nucleotide-binding and oligomerization, leucine-rich repeat (NLR) family of proteins sense
microbial infections and activate the inflammasome, a multi-protein complex that promotes
microbial clearance. Kaposi's sarcoma-associated herpesvirus (KSHV) is linked to several human
malignancies. We report that KSHV Orf63 is a viral homolog of human NLRP1. Orf63 blocked
NLRP1-dependent innate immune responses, including caspase-1 activation and processing of
interleukin (IL)-1p and IL-18. KSHV Orf63 interacted with NLRP1, NLRP3, and NOD2.
Inhibition of Orf63 expression resulted in increased expression of IL-1 during the KSHV
lifecycle. Furthermore, inhibition of NLRP1 was necessary for efficient reactivation and
generation of progeny virus. The viral homolog subverts the function of cellular NLRs, which
suggests that modulation of NLR-mediated innate immunity is important for the life-long
persistence of herpesviruses.
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Kaposi's sarcoma-associated herpesvirus (KSHV/HHV8) is the etiological agent of several
human cancers including Kaposi's sarcoma (KS), primary effusion lymphoma (PEL) and
multicentric Castleman's disease (MCD) (1,2). The ability of KSHV to evade host innate
immunity is essential for productive infection, latency and life-long persistence (3).

Several families of pattern recognition receptors (PRRs) have been described: Toll-like
receptors (TLRs), nucleotide-binding and oligomerization, leucine-rich repeat (NLR)
proteins, retinoic acid inducible gene (RIG)-I-like receptors (RLRs) and C-type lectin
receptors (CLRs) (4,5). Upon recognition of pathogen-associated molecular patterns
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(PAMPS), PRRs signal immune cell activation. TLRs play an important role in the lifecycle
of KSHV (6,7), but whether NLRs also do is unknown. Over twenty NLR family members
have been identified in humans, and polymorphisms in several NLRs are linked to various
autoinflammatory diseases (8-12). Activation of a subset of NLRs by PAMPs causes the
formation of large multimeric complexes termed inflammasomes, which are composed of
oligomers of a specific NLR, procaspase-1 and apoptotic-associated speck-like (ASC)
adaptor protein (13). Inflammasome formation results in the proteolytic processing of
proinflammatory cytokines IL-1p and IL-18 by active caspase-1. Excessive IL-1p and IL-18
production in response to pathogen infection is associated with pyroptosis, an inflammatory
process involving caspase-1-mediated cell death.

KSHV Orf63 is an uncharacterized tegument protein. Basic Local Alignment Search Tool
for proteins (BLASTP) of NLRP1 and KSHV Orf63 revealed that these proteins are
homologous (E value=0.0002) and that Orf63 showed significant similarity to the LRR
domain of NLRP1 (fig. S1A). A ClustalWw2 alignment of the two proteins also showed
homology of the nucleotide-binding domain (NBD) of NLRP1 (fig. S1A) and full-length
NLRP1 (fig. S1B) with KSHV Orf63. However, KSHV Orf63 does not contain the effector
caspase activation and recruitment domain (CARD) or pyrin domain (PYD) of NLRP1,
which are required for its activation, suggesting that Orf63 may function as an inhibitor of
NLRP1.

To investigate whether Orf63 inhibits NLRP1 activity, THP-1 cells stably expressing Orf63
and control cells were primed with lipopolysaccharide (LPS) to upregulate IL-13
transcription, followed by stimulation of NLRP1 with the bacteria cell wall constituent,
muramyldipeptide (MDP). We found that Orf63 expression significantly inhibited MDP-
induced IL-1p and IL-18 production compared to control cells (Fig. 1A-D and fig. S2A).
Furthermore no changes in the inflammasome-independent cytokine, tumor necrosis factor
(TNF)-a, were observed, confirming the specificity of Orf63 inhibition of the NLRP1
inflammasome (fig. S2B).

Inflammasome activation leads to production of proinflammatory cytokines and eventual
cell death. In cells expressing Orf63, NLRP1-dependent cell death (as measured by lactate
dehydrogenase (LDH) activity) was significantly inhibited compared to vector alone (Fig.
1E), demonstrating that Orf63 protects cells from NLRP1-dependent cell death.

To further examine the role of Orf63 in blocking NLRP1, we transfected 293T cells with
Orf63 and the NLRP1 inflammasome components ASC, procaspase-1 and pro-1L-1p (14).
Reconstitution of the NLRP1 inflammasome resulted in an increase in IL-1p secretion,
which was inhibited by expression of Orf63 in a dose-dependent fashion (Fig. 1F and G). In
contrast, another KSHV viral protein, replication and transcription activator (RTA) was
unable to inhibit IL-1p secretion (fig. S2C). We also investigated the ability of Orf63 to
inhibit caspase-1 enzymatic activity. Transfection of procaspase-1 and NLRP1 into 293T
cells resulted in increased caspase-1 specific activity that was inhibited by co-expression of
Orf63 (Fig. 1H). Furthermore, NLRP1-induced proteolytic processing of procaspase-1 to
activated caspase-1 was also inhibited (Fig. 11I).

Next, we investigated whether Orf63 could interact with NLRP1. Orf63 co-
immunoprecipitated with NLRP1, and vice versa, in 293T cells co-transfected with plasmids
to express these proteins (Fig. 2A and B). Endogenous NLRP1 was also shown to interact
with Orf63 when Orf63 was expressed in THP-1 cells (fig. S2D). Thus, Orf63 is capable of
interacting with NLRP1 and/or in a complex with components of the NLRP1
inflammasome. To investigate the latter scenario, we tested the ability of Orf63 to interact
with ASC or caspase-1. We found that Orf63 did not interact with either ASC or caspase-1
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in the absence of NLRP1 (fig. S3). Next, Orf63 was immunoprecipitated from a mixture of
purified Orf63 made in bacteria and purified NLRP1 made in insect cells, and we found that
NLRP1 protein co-immunoprecipitated with Orf63, suggesting that Orf63 directly interacts
with NLRP1 in the absence of other proteins (Fig. 2C).

To identify the structural elements of NLRP1 that were required for interaction with Orf63,
we tested several domain mutants of NLRP1 (15). KSHV Orf63 interacted with the NBD,
LRR and FIIND (function to find) domains of NLRP1, whereas no interaction was observed
with the PYD and CARD effector domains of NLRP1 (Fig. 2D and fig. S4A-D). The LRR
domain of NLRP1 is thought to negatively regulate its activation by folding back onto the
NBD domains (14,16). Interaction of Orf63 with NLRP1 suggests that Orf63 may be
functioning similarly to the NLRP1 LRR to block activity. Sequence alignments indicated
that Orf63 most closely aligned with the LRR and NBD domains of NLRP1 (fig. S1A).
Hence, we created mutants of Orf63; Orf63-N, which contains most of the region similar to
NBD but lacks the region that aligns with the LRR, and Orf63AN, which contains the entire
LRR and only a part of the NBD (fig. S5A), and tested the ability of these mutants to bind
NLRP1 by co-immunoprecipitation assays. Either domain was sufficient for interacting with
NLRP1 (Fig. 2E) similar to previous reports on NLR proteins (17,18). Furthermore, in
NLRP1 inflammasome reconstitution assays, both Orf63 mutants were capable of inhibiting
NLRP1 activity (fig. S5B).

The NLRP1 inflammasome is comprised of multiple proteins complexed with NLRP1,
caspase-1 and ASC (13). Our data demonstrate that Orf63 can inhibit NLRP1 function and
can also interact with NLRP1. To determine the mechanism of NLRP1 inhibition, we tested
the ability of Orf63 to bind NLRP1 and to inhibit the formation of the NLRP1
inflammasome. The presence of Orf63 inhibited the interaction of NLRP1 with
procaspase-1, but not its interaction with ASC (Fig. 3A and fig. S6A and B). NLRP1
oligomerization has been shown to be required for activation (14). We confirmed that
NLRP1 self-associates and found that Orf63 blocked this self-association (Fig. 3B). Gel
fractionation analysis under native conditions revealed that the presence of Orf63 caused
more NLRP1 to fractionate in the lower molecular weight fractions, where Orf63 is also
expressed (fig. S6C). This provides further support that Orf63 inhibits NLRP1
oligomerization. Taken together, our findings indicate that Orf63 hinders inflammasome
formation by both preventing NLRP1 oligomerization and inhibiting the association of
NLRP1 with procaspase-1.

NLRP1 can also interact with NOD2 and this interaction enhances its activity in terms of
inflammasome function (19). Reciprocal immunoprecipitations revealed that Orf63 interacts
with NOD2 (Fig. 3C). Similar to NLRP1, the interaction of Orf63 with NOD?2 required the
NBD domain (fig. S7A). In contrast, Orf63 did not interact with NOD1 (fig. S7B).

NLRP1 activation and subsequent IL-1p and IL-18 secretion is detrimental to viral infection.
We hypothesized that inhibition of Orf63 would result in increased proinflammatory
cytokine production during KSHV infection. KSHV has been shown to infect human
monocytes (7), therefore we isolated primary human monocytes from blood from healthy
donors (fig. S8A and B) and infected them with KSHV in the presence and absence of
SiRNAs against Orf63 (Fig. 3D). We detected increased IL-1p expression and decreased
viral gene expression in KSHV-infected monocytes transfected with siRNAs targeting Orf63
compared to non-targeting control (Fig. 3E and F, respectively).

We next determined the effect of Orf63 during viral reactivation. KSHV-293T cells
containing endogenous NLRP1 were transfected with a plasmid encoding RTA to induce
KSHYV reactivation and lytic gene expression (20). Knockdown of Orf63 resulted in a
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statistically significant increase in IL-1p expression compared to non-targeting control (fig.
S9A and B). Reconstitution of cells with the NLRP1 inflammasome inhibited expression of
KSHYV reactivation as measured by expression of the vIL-6 lytic protein (fig. S9C);
however, when only the LRR domain of NLRP1, which is an inhibitor of NLR activity
(14,16,21), was co-transfected with the inflammasome components, vIL-6 expression was
restored (fig. S9C).

Similarly, when NLRP1 expression was knocked-down in KSHV-infected latent BCBL-1
primary effusion lymphoma (PEL) cells (fig. S10A), we detected an increase in viral
genomes and infectious virus, which was enhanced after induction of lytic replication (fig.
S10B and C). To confirm that Orf63 is necessary for KSHV lytic gene expression, we
inhibited Orf63 expression in BCBL-1 PEL cells using Orf63 siRNA. Orf63 siRNA
transfected PEL showed a significant loss of Orf63 expression (Fig. 3G). Further, Orf63
knockdown resulted in the loss of lytic gene expression as measured by loss of Orf49 and
Orf57 viral lytic transcript expression (Fig. 3G). After knockdown of Orf63 in reactivated
PEL, supernatant was transferred to naive Vero cells and viral infectivity on Vero cells was
quantitated by real-time PCR. We found that Orf63 knockdown resulted in a block of
infectious virus produced during PEL reactivation (Fig. 3H). Taken together, our data show
that Orf63 can block NLRP1 activation and the production of IL-1p. This function of Orf63
appears to be critical for viral gene expression and viral genome replication during KSHV
primary infection as well as KSHV reactivation from latency.

BLASTP alignments revealed homology of Orf63 to the NBD and LRR domains of NLRP1,
which are conserved motifs among the NLR family members. To investigate whether Orf63
could also inhibit the activation of other NLR family members, we stimulated THP-1-Orf63
or control THP-1 cells with several NLRP3 agonists (12). Orf63 inhibited IL-1p and IL-18
cleavage and production after treatment with the NLRP3 agonists, ATP and Alum (Fig. 4A-
D, fig. S11 and fig. S12A-D). Orf63 also protected cells from NLRP3-dependent cell death
in response to these agonists as measured by a LDH release assay (Fig. 4E and fig. S12E).
Orf63 co-immunoprecipitated with NLRP3 when both proteins were exogenously expressed
in 293T cells (Fig. 4F). Furthermore, 3°S-methionine-labelled NLRP1 and NLRP3 bound to
purified GST-Orf63 protein (Fig. 4G and H).

KSHYV exists in diverse cell types including monocytes, B cells, epithelial, and endothelial
cells (22-24). NLRP1 is ubiquitously expressed compared to NLRP3, which is more
restricted in its expression (25,26). Herpesviruses establish life-long latency and must
encode proteins that function in the context of all types of cellular events including adverse
circumstances. Given KSHV's broad tropism, it seems advantageous for KSHV to encode an
inhibitor of the inflammasome.

The NLR nomenclature requires that in order to be classified as a NLR, the protein must
contain a NBD and a LRR domain, which are two domains that are evolutionarily conserved
in all NLRs (27). Poxviruses encode a pyrin-only containing protein named M13L that
inhibits IL-1p and IL-18 secretion (28) through a different mechanism since M13L lacks
both a NBD and a LRR domain. KSHV Orf63 does show homology to both the NBD and
LRR domains of NLRs and is a homolog of NLRP1. We also found that another herpesvirus
encodes a viral homolog of NLRP1 (Fig. S13). This suggests that the targeting of NLR
proteins might play a very important role in the herpesvirus lifecycle.

KSHYV encodes a viral homolog of cellular NLRP1 without the CARD and PYD effector
domains of its cellular counterpart. Although Orf63 did not demonstrate significant
similarity to NLRP3, it blocked NLRP3 activity, suggesting that Orf63 is capable of broad
inhibition of NLR inflammasome responses. Thus, during the course of evolution with its
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human host, KSHV has usurped and modified a cellular NLR gene to inhibit the host
inflammasome response.

One-sentence summary

This is the first report of molecular mimicry of a NLR protein by a human virus and we
show that KSHV Orf63, a viral homolog of human NLRP1, blocks NLR-dependent
innate immune responses, including caspase-1 activation and processing of 1L-18 and
IL-18.
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Fig. 1. Orf63 is a viral homolog and inhibitor of NLRP1

(A-D) Stable Orf63 expression in THP-1 cells is detected by immunoblot (top panel in A).
THP-1-Control and THP-1-Orf63 cells were either treated with vehicle control or primed
with 5ng/ml LPS for 1 hour, followed by stimulation with 10ug/ml MDP for 6 hours.
Supernatants were harvested and analyzed for IL-1p3 by enzyme linked immunosorbent assay
(ELISA) and values were normalized to extracellular lactate dehydrogenase (LDH) released
(A) or analyzed for pro-IL-1 and cleaved IL-1p by immunoblot (B). Supernatants were also
analyzed for IL-18 by ELISA and normalized to extracellular LDH (C) and by immunoblot
(D). (E) THP-1-Control or THP-1-Orf63 cells were treated as described above and
extracellular LDH was calculated relative to positive control. (F) Procaspase-1, pro-1L-1p,
ASC (together denoted as CIA) and NLRP1 expression plasmids were transfected into 293T
cells with Orf63 or vector control. Cell extracts and supernatants were harvested 24 hours
later and subjected to an IL-1p ELISA and immunoblot for cleaved IL-1p (G) 293T cells
were transfected with the indicated expression constructs followed by immunoblot for IL-1
expression. (H) NLRP1 and procaspase-1 were transfected into 293T cells with Orf63 or
vector control for 24 hours. Caspase-1 enzymatic activity was determined by incubating
lysates with caspase-1 substrate, WEHD-7-amino-4-trifluoromethyl coumarin (AFC).
Fluorescence emission was measured every 15 minutes for 2 hours. (I) Caspase-1 was
immunoprecipitated from 293T cells transfected with the indicated expression plasmids
followed by immunaoblot. ** indicates statistical significance P < 0.05 by two-tailed
student's t-test. Data are representative of a minimum of three experimental replicates.
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Fig. 2. Orf63 interacts with NLRP1

(A) 293T cells were transfected with expression plasmids for NLRP1, Orf63 or both
plasmids and 48 hours later, NLRP1 was immunoprecipitated followed by immunoblotting
for Orf63. (B) A reverse immunoprecipitation was performed. 293T cells were transfected
with expression plasmids for NLRP1, Orf63 or both plasmids and 48 hours later, Orf63 was
immunoprecipitated followed by immunoblotting for NLRP1. (C) Co-immunoprecipitation
of purified Orf63 and NLRP1-GST proteins followed by immunoblotting for Orf63-FLAG
and GST-NLRPL1. (D) 293T cells were transfected with Orf63 and full-length or mutant
NLRP1 expression plasmids followed by immunoprecipitation of Orf63 and immunoblotting
for NLRP1. (E) 293T cells were transfected with Orf63-N and Orf63AN mutants and full-
length NLRP1 expression plasmids for 48 hours. Immunoprecipitations were performed for
NLRP1 followed by immunoblots for Orf63-N and Orf63AN mutants. Asterisk indicates
non-specific band in input lanes. Data are representative of a minimum of three
experimental replicates.
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Fig. 3. Orf63 inhibits NLRP1 inflammasome formation and is necessary for IL-1p inhibition
during viral infection

(A) Indicated expression plasmids were transfected into 293T cells. NLRP1 was
immunoprecipitated 48 hours later and procaspase-1 interactions with NLRP1 were
determined by immunoblot. (B) 293T cells were transfected with indicated expression
plasmids for 48 hours. NLRP1-myc was immunoprecipitated with anti-myc-antibody and
interactions with NLRP1-V5 detected by immunoblot. (C) 293T cells were transfected with
indicated expression plasmids followed by immunoprecipitation of either Orf63 or NOD2 48
hours later. Interaction of Orf63 with NOD2 was detected by immunoblot (D) KSHV-
infected primary human monocytes were transfected with siRNAs against Orf63 or non-
targeting controls. 48 hours later, Orf63 and GAPDH transcription was analyzed by PCR.
(E) Control and Orf63 siRNA monocytes were analyzed for IL-1p expression by ELISA 48
hours after transfection with Orf63 siRNA or non-targeting control siRNA. (F)
Transcription of lytic viral genes, Orf49, Orf50 and Orf57, in KSHV-infected monocytes
was analyzed by gPCR 48 hours after knock-down of Orf63. (G) BCBL-1 PEL cells were
nucleofected with siRNAs against Orf63 or a non-targeting control. 24 hours later, the cells
were treated with 25ng/ml TPA. 96 hours post-TPA treatment, Orf49, Orf57 and Orf63
transcription was analyzed by gPCR. (H) BCBL-1 PEL cells were treated as in panel G, and
96 hours later, supernatants were used to infect naive Vero cells. 72 hours later, KSHV viral
load in the infected Vero cells was determined by gPCR for Orf49. ** indicates statistical
significance P < 0.05 by two-tailed student's t-test. Data are representative of a minimum of
three experimental replicates.
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Fig. 4. Orf63 inhibits the NLRP3 inflammasome

(A-D) THP-1-control or THP-1-Orf63 cells were mock treated or primed with 5ng/ml LPS
for 1 hour followed by stimulation with 2.5mM ATP for 6 hours. Supernatants were
harvested and analyzed by ELISA for IL-1p and normalized to extracellular LDH (A) or for
pro-1L-1p and cleaved IL-1B by immunoblot (B). ATP-stimulated cells were also examined
for IL-18 expression by ELISA and values were normalized to extracellular LDH (C) and
pro-1L-18 and cleaved IL-18 by immunoblot (D). (E) THP-1-control or THP-1-Orf63 cells
were treated with ATP as described above and subjected to an LDH release assay. (F) 293T
cells were transfected with NLRP3 and Orf63 expression plasmids for 48 hours. NLRP3 was
immunoprecipitated followed by immunoblotting for Orf63. (G) GST and GST-Orf63 was
purified and subjected to SDS-PAGE and Coomassie staining. (H) GST or GST-Orf63
protein was incubated with glutathione beads and 3°S-methionine-labeled NLRP1, NLRP3
or luciferase protein as previously described (29). Complexes were washed several times
and subjected to SDS-PAGE. The gel was dried and the bound radiolabeled proteins were
detected by a phosphorimager. The first three lanes represent 20% of the input of each of the
three labeled proteins added to the GST and GST-Orf63 binding reactions. ** indicates
statistical significance P < 0.05 by two-tailed student's t-test. Data are representative of a
minimum of three experimental replicates.
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