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ABSTRACT An important component of lytic infection by Kaposi’s sarcoma-associated
herpesvirus (KSHV) is the ability of the virus to evade the innate immune response, spe-
cifically type I interferon (IFN) responses that are triggered by recognition of viral nucleic
acids. Inhibition of type I IFN responses by the virus promotes viral replication. Here, we
report that KSHV uses a caspase-dependent mechanism to block type I IFN, in particular
IFN-�, responses during lytic infection. Inhibition of caspases during KSHV reactivation
resulted in increased TBK1/IKK�-dependent phosphorylation of IRF3 as well as elevated
levels of IFN-� transcription and secretion. The increased secretion of IFN-� upon
caspase inhibition reduced viral gene expression, viral DNA replication, and virus produc-
tion. Blocking IFN-� production or signaling restored viral replication. Overall, our results
show that caspase-mediated regulation of pathogen sensing machinery is an important
mechanism exploited by KSHV to evade innate immune responses.

IMPORTANCE KSHV is the causative agent of Kaposi’s sarcoma (KS), an AIDS-defining
tumor that is one of the most common causes of cancer death in sub-Saharan Africa. In
this study, we examined the role of a set of cellular proteases, called caspases, in the
regulation of immune responses during KSHV infection. We demonstrate that caspases
prevent the induction and secretion of the antiviral factor IFN-� during replicative KSHV
infection. The reduced IFN-� production allows for high viral gene expression and viral
replication. Therefore, caspases are important for maintaining KSHV replication. Overall,
our results suggest that KSHV utilizes caspases to evade innate immune responses, and
that inhibiting caspases could boost the innate immune response to this pathogen and
potentially be a new antiviral strategy.
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An important component of successful viral infection is the ability of viruses to
evade the innate immune response, including type I interferon (IFN) responses. In

the case of the oncogenic herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV;
also known as human herpesvirus 8, or HHV8), inhibition of type I IFNs is important
both for de novo infection of cells and during reactivation of the lytic cycle after latent
infection (1–4). It is now appreciated that both lytically and latently infected cells
contribute to KSHV-induced development of Kaposi’s sarcoma (KS) (5, 6). Lytic reacti-
vation of KSHV from the latent phase likely promotes tumor development through the
secretion of various factors that establish a proinflammatory microenvironment (5). As
drugs that block lytic reactivation promote tumor regression (7, 8), control of lytic
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replication through modulation of type I IFN signaling may be a viable therapeutic
option for KS therapies, and this has been explored in the past (9, 10).

Type I IFN (IFN-� and -�) secretion is rapidly induced in pathogen-infected cells after
recognition of pathogen-associated molecular patterns, usually viral nucleic acids, by
pattern recognition receptors (PRRs). In turn, type I IFN signaling leads to the upregu-
lation of hundreds of interferon-stimulated genes (ISGs) that collectively confer an
antiviral state (11). Various PRRs, including cGAS, IFI16, RIG-I, NLRP1, and several Toll-like
receptors (TLRs), are activated upon KSHV infection and play an important role in
promoting the innate immune response (12–17). To evade the innate immune re-
sponses, KSHV encodes several proteins that modulate type I IFNs, including ORF52,
viral interferon regulatory factor-like 1 (vIRF1), vIRF2, vIRF3, and cytoplasmic isoforms of
LANA (3, 16–20). However, there may be additional factors or processes contributing to
type I IFN inhibition, as suggested by screening for IFN-inhibiting KSHV open reading
frames (ORFs) (16).

Recent studies have uncovered novel roles for caspases in regulation of innate
immune responses. Caspases are a family of cysteine-dependent aspartate-directed
proteases that regulate multiple cellular processes, including programmed cell death,
inflammasome activation, and differentiation (21). Regulation of type I IFN responses by
caspases was first reported in a study that showed that knocking out caspase-8 caused
epithelial inflammation (22). In this system, inflammation was triggered by activation of
interferon regulatory factor 3 (IRF3), the key transcription factor for type I IFN expres-
sion (22). Other studies showed that caspase-3 and caspase-7 prevent the cytoplasmic
release of mitochondrial DNA from inducing type I IFNs during intrinsic caspase-9-
mediated apoptosis (23, 24). This mechanism was proposed to render apoptosis
immunologically silent. Lastly, the inflammatory caspase-1 was found to attenuate the
cGAS-STING sensing pathway by cleaving cGAS during virus infection of macrophages
(25). Hence, caspase-mediated cleavage of pathogen-sensing machinery may be an
important mechanism for viral innate immune evasion. However, it is not currently
known whether caspases are widely exploited by viruses to reduce type I IFN responses.

Although a role for caspases in immune regulation during KSHV infection has not
previously been reported, there is evidence that caspases can positively and negatively
modulate KSHV replication. Induction of caspase-3 and caspase-9 triggers an apoptosis-
dependent pathway that activates KSHV replication independently of RTA, the master
lytic regulator that drives entry into the lytic cycle (26, 27). Furthermore, overexpression
of KSHV vIRF2 triggers caspase-3-mediated degradation of IRF3 (20). In contrast,
caspase-7 disrupts KSHV replication in B cells by cleaving ORF57, a viral lytic gene that
is essential for virus replication and the production of infectious virions (28). These
studies show that caspases have important, yet poorly understood, activities in KSHV
infection.

Here, we report that apoptotic caspases are key mediators of the suppression of
type I IFNs, in particular IFN-�, during KSHV lytic reactivation. We show that several
caspases are activated upon KSHV lytic reactivation and that caspase inhibition poten-
tiates the type I IFN antiviral response in KSHV-infected cells. This increased type I IFN
induction reduces KSHV replication. We propose that some caspases function to limit
type I IFN responses and that KSHV exploits this mechanism to promote its replication
cycle.

RESULTS
Caspase inhibition during KSHV reactivation induces a type I IFN response.

Previous studies have demonstrated that some caspases regulate innate immune
responses during various cellular processes, which include intrinsic apoptosis, kerati-
nocyte differentiation, and inflammasome activation upon virus infection (22–25). To
test whether caspases also regulate type I IFN signaling during KSHV lytic reactivation,
we used KSHV-infected iSLK.219 cells in which the lytic cycle can be induced by
doxycycline (Dox)-driven expression of the KSHV protein RTA. We treated iSLK.219 cells
with doxycycline to drive lytic reactivation for 4 days in the presence of the
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pancaspase inhibitor IDN-6556 and found that caspase inhibitor treatment resulted
in a 20-fold increase in the levels of secreted IFN-� (from 4.26 � 18.96 pg/ml to
86.95 � 31.64 pg/ml) (Fig. 1A). Caspase inhibition increased IFN-� transcription starting
at day 3 after lytic induction, suggesting that caspases modulate IFN-� transcriptional
induction during lytic reactivation (Fig. 1B). Transcription of ISG15, an interferon-
stimulated gene (ISG), also increased upon caspase inhibition (Fig. 1C), demonstrating
active type I IFN signaling in the cells. The effect appears to be specific for IFN
transcription, since caspase inhibition did not alter the mRNA levels of the proinflam-
matory cytokine IL-18 (Fig. 1D). This was despite the fact that IL-18 expression appeared
to be suppressed during lytic reactivation, which is consistent with the reported
regulation of this cytokine by the KSHV noncoding RNA PAN (29). Importantly, caspase
inhibition had only minimal effects on IFN-� secretion and transcriptional induction in
latently infected cells (Fig. 1A and B). These results suggest that caspase inhibition
causes IFN-� induction specifically in lytically reactivated cells. We define “lytic reacti-
vation” as the reactivation of the lytic program and expression of early lytic genes that
are not detectable in latently infected cells. Importantly, caspase inhibition did not alter
the level of RTA induction by doxycycline (Fig. 1E) or the mRNA levels of the lytic early
gene ORF37 at early time points after reactivation (Fig. 1F; a more extensive analysis of
viral gene expression in the samples from Fig. 1B and C is presented in Fig. 5B and C).
Therefore, caspase activity is not required for the inducible doxycycline system to
initiate lytic reactivation, and the difference in IFN-� induction is not a result of changes
in the lytic cycle.

The limited induction of IFN-� during lytic reactivation in the absence of caspase
inhibitors is consistent with inhibition of type I IFN induction by viral proteins (2, 3).
Treatment of latently infected iSLK.219 cells with poly(I·C), a commonly used inducer of
type I IFN responses, potently induced transcription of IFN-� (Fig. 1G). This confirms
that iSLK.219 cells are not generally defective in mounting type I IFN responses. In
principle, IFN-� could be induced in response to sensing either reactivation from
latency or reinfection of cells by newly produced virions. To test whether IFN-�
induction was due to reinfection, we prevented virion production by treating reacti-
vating iSLK.219 cells with phosphonoacetic acid (PAA). PAA blocks viral DNA replication,
as apparent in the experiment shown in Fig. 5E. However, we still detected IFN-�
induction in lytically reactivating iSLK.219 cells treated with both caspase inhibitors and
PAA (Fig. 1H). This result indicates that IFN-� induction was independent of virion
production and likely directly due to lytic reactivation. The observation that IFN-�
mRNA levels only increased starting at day 3 may be due to asynchronous lytic reactivation
in response to doxycycline-mediated RTA expression, with only a small fraction of cells
entering the lytic cycle at day 1. Thus, IFN-� transcripts may be present below the level
of detection at earlier time points (Fig. 1B). Nonetheless, these results collectively show
that caspase activity modulates type I IFN induction and signaling upon KSHV reacti-
vation.

Caspase activity interferes with IFN-� induction through the canonical TBK1/
IRF3 pathway. To determine whether caspases interfere with the canonical pathogen-
sensing pathway or another IFN-�-inducing mechanism, we monitored activation of
IRF3, the transcription factor that induces IFN-� downstream of pathogen sensing.
Pathogen sensing by PRRs leads to the activation of the kinases TBK1 and IKK�, which
phosphorylate and thus activate IRF3. Consistent with the results for IFN-� induction,
we did not detect IRF3 Ser396 phosphorylation upon lytic reactivation of vehicle-
treated iSLK.219 cells (Fig. 1I). However, caspase inhibition led to robust phosphoryla-
tion of IRF3 starting at day 3 postreactivation (Fig. 1I). Furthermore, treatment of
caspase-inhibited cells with the TBK1/IKK� dual inhibitor MRT67307 prevented IRF3
phosphorylation and IFN-� transcriptional induction (Fig. 1J and K). Overall, these data
suggest that caspases suppress IFN-� induction through the canonical PRR-mediated
viral sensing pathway during KSHV reactivation and that treatment with caspase
inhibitors releases this block.
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FIG 1 Inhibition of caspases during KSHV lytic reactivation induces a type I interferon (IFN) response.
iSLK.219 cells were treated with 1 �g/ml doxycycline to induce lytic reactivation and the pancaspase
inhibitor IDN-6556 (10 �M), the TBK1/IKK� inhibitor MRT67307 (TBK1i; 2 �M), poly(I·C) (5 �g/ml), the
viral DNA synthesis inhibitor phosphonoacetic acid (PAA; 100 �g/ml), and/or DMSO (vehicle) as
indicated. (A) The levels of IFN-� in the conditioned medium collected from iSLK.219 cells at day 4
postreactivation were measured by ELISA (n � 4). **, P � 0.01 by Tukey’s multiple-comparison test after
two-way ANOVA. (B and C) Total RNA was extracted at the indicated time points, and levels of IFN-� (B)
and ISG15 (C) mRNA were measured by RT-qPCR, normalized to 18S rRNA, and expressed as levels
relative to those for noninduced cells (n � 4). * and ****, P values of �0.05 and �0.0001 by Tukey’s
multiple-comparison test for Dox�vehicle versus Dox�IDN-6556 at each time point after two-way
ANOVA. (D) Total RNA was extracted at the indicated time points, and the levels of IL-18 mRNA were
measured by RT-qPCR, normalized to 18S rRNA, and expressed as levels relative to those of noninduced
cells at day 1 (n � 4). ns, P � 0.05 by Tukey’s multiple-comparison test after two-way ANOVA. (E) Cells
were collected 24 h postreactivation and subjected to Western blot analysis for RTA and �-actin (as a
loading control). Blots are representatives of 3 repeats. (F) Total RNA was extracted from iSLK.219 cells
3 days after reactivation. Levels of ORF37 mRNA levels were measured by RT-qPCR and normalized to
those for 18S rRNA. AU, arbitrary units representing the ratio between the mRNA and 18S rRNA levels
(n � 3). ns, P � 0.05 by Student’s t test. This graph was generated using the same data as in Fig. 5B,
collected from the samples used for the analyses shown in panels B and C. (G) Total RNA was extracted
from HeLa or iSLK.219 cells treated with water (vehicle) or poly(I·C) for 3 h. Levels of IFN-� mRNA were
measured by RT-qPCR and normalized to 18S rRNA and expressed as levels relative to the averages of
the respective vehicle-treated cells (n � 4). ** and ****, P values of �0.01 and �0.0001 by Tukey’s
multiple-comparison test after two-way ANOVA. (H) Total RNA was extracted from iSLK.219 cells 4 days
after reactivation. Levels of IFN-� mRNA were measured by RT-qPCR, normalized to those 18S rRNA, and
expressed as levels relative to those for noninduced cells (n � 4). ns, P � 0.05 by Tukey’s multiple-comparison
test after two-way ANOVA. (I and J) Cell lysates were collected at the indicated time points (I) or at day 5
postreactivation (J) and subjected to Western blot analysis for p-IRF3 (Ser396), total IRF3, and �-actin (as a loading
control). Blots are representative of �3 repeats. (K) Levels of IFN-� mRNA were measured at day 5 postreactivation

(Continued on next page)
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Apoptotic caspases regulate IFN-� production during KSHV reactivation. To
determine which caspases are activated during lytic reactivation and may contribute to
the inhibition of IFN-� expression, we assessed the activation of several candidate
caspases. As caspases are activated by proteolytic processing of inactive zymogens, we
probed for the appearance of cleaved, active caspases by Western blotting. Upon lytic
reactivation, we detected increasing levels of cleaved caspase-3 and -8 (Fig. 2A).
Cleaved fragments of the well-known caspase targets PARP1 and Lamin A/C also
appeared upon lytic reactivation (Fig. 2A). Cleaved caspases and caspase substrates
appeared two days after addition of doxycycline, and their levels increased until day 5
(Fig. 2A). Notably, caspase activation preceded the onset of IFN-� synthesis, which
occurred on day 3 in the absence of caspase activity (Fig. 1B). This is consistent with a
role for caspases in the suppression of IFN-� induction. We also confirmed that
caspase-8 and caspase-3/7 were enzymatically active in reactivating cells by measuring
caspase-8 and -3/7 activity with luminescence-based assays (Fig. 2B and C). Doxycycline
treatment did not induce caspase activation in uninfected iSLK.RTA cells (Fig. 2D, lane
5). These cells contain the doxycycline-inducible RTA transgene but are not infected
with KSHV. They also express RTA at a level similar to that of the infected iSLK.219 cells
upon doxycycline treatment (Fig. 2E). This result supports the idea that caspases are
activated as a consequence of reactivation of the KSHV lytic cycle rather than by
doxycycline-driven RTA expression. However, caspase activation was independent of
viral DNA replication and late events in the viral life cycle, as we detected caspase

FIG 1 Legend (Continued)
by RT-qPCR, normalized to 18S rRNA, and expressed as levels relative to those of noninduced cells (n � 3). ****,
P � 0.0001 by Tukey’s multiple-comparison test after two-way ANOVA.

FIG 2 Apoptotic caspases are activated during KSHV lytic reactivation. (A) iSLK.219 cells were treated
with doxycycline (1 �g/ml) to induce lytic reactivation. Cell lysates were collected at the indicated time
points and subjected to Western blot analysis for procaspase-3, activated (cleaved) caspase-3,
procaspase-8, activated (cleaved) caspase-8, full-length and cleaved PARP1, full-length and cleaved
Lamin A/C, and �-actin (as a loading control). Blots are representative of 3 repeats. (B and C) iSLK.219 cells
were lytically reactivated using doxycycline (lytic) and treated with DMSO (vehicle), IDN-6556 (10 �M),
Z-DEVD-FMK (casp-3/7i; 10 �M), or Z-IETD-FMK (casp-8i; 100 �M) for 4 days. Caspase-8 (B) or caspase-3/7
(C) activity was measured with Caspase-Glo luminescence assays (Promega) (n � 3). ****, P � 0.0001 by
Tukey’s multiple-comparison test after one-way ANOVA. (D and E) iSLK.219 and iSLK.RTA cells were
treated with doxycycline (1 �g/ml), IDN-6556 (10 �M), and/or PAA (100 �g/ml) as indicated. Cell lysates
were collected at day 3 postreactivation (D) or day 1 postreactivation (E) and subjected to Western blot
analysis for procaspase-8, activated (cleaved) caspase-8, RTA, and �-actin (as a loading control). Blots are
representative of 3 repeats.
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activation in lytically reactivating iSLK.219 cells treated with PAA (Fig. 2D, lane 4). This
result suggests that caspases are activated early in the virus replication cycle, either by
an early viral protein or as a cellular response to the early steps of lytic reactivation.

To narrow down which caspase(s) inhibits IFN-� induction during KSHV lytic reac-
tivation, we treated reactivated cells with the caspase-3/7 selective inhibitor Z-DEVD-
FMK, the caspase-8 selective inhibitor Z-IETD-FMK, or the caspase-1 selective inhibitor
Ac-YVAD-CMK. We included Ac-YVAD-CMK because caspase-1 has recently been re-
ported to cleave cGAS, thereby inhibiting IFN-� induction, in virus-infected macro-
phages (25). However, caspase-1 levels in iSLK.219 cells were very low, and we did not
detect any evidence of inflammasome and caspase-1 activation in these cells (data not
shown), suggesting caspase-1 is unlikely to be a major player in this system. Only the
caspase-8 selective inhibitor Z-IETD-FMK induced IFN-� transcription during KSHV
replication (Fig. 3A). To confirm the activity of the inhibitors in our cellular system, we
examined their effect on the processing and catalytic activity of caspase-3, -8, and -9
(Fig. 3B). Caspase-8 and -9 are initiator caspases that undergo autoproteolytic process-
ing during activation. In contrast, caspase-3 is an effector caspase that does not cleave
itself but is processed to its active form by initiator caspases, including caspase-8 and
-9. As expected, the pancaspase inhibitor IDN-6556 prevented or reduced the appear-

FIG 3 Caspase-8 is particularly important for IFN-� regulation during KSHV reactivation. (A and B)
iSLK.219 cells were lytically reactivated using doxycycline (lytic) and treated with DMSO (vehicle),
IDN-6556 (10 �M), Z-DEVD-FMK (casp-3/7i; 10 �M), Z-IETD-FMK (casp-8i; 100 �M), or Ac-YVAD-CMK
(casp-1i; 100 �M), as indicated. (A) Levels of IFN-� mRNA at day 5 postreactivation were measured by
RT-qPCR, normalized to 18S, and expressed as levels relative to those of noninduced cells (n � 3). * and
***, P values of �0.05 and �0.001 by Dunnett’s multiple-comparison test for each condition versus lytic
plus vehicle after one-way ANOVA. (B) Cell lysates were collected at day 3 postreactivation and subjected
to Western blot analysis for procaspase-8, activated (cleaved) caspase-8, procaspase-3, activated
(cleaved) caspase-3, procaspase-9, activated (cleaved) caspase-9, and �-actin (as a loading control). Blots
are representative of 3 repeats. (C and D) iSLK.219 cells were left untransfected or were transfected with
an siRNA targeting caspase-8 (siCasp-8) or a negative-control siRNA (siNeg). Transfection was carried out
twice, 2 days prior to induction and on the day of lytic cycle induction. The cells were then lytically
reactivated with doxycycline (1 �g/ml) and treated with either DMSO (vehicle) or IDN-6556 (10 �M) as
indicated. (C) Cell lysates were harvested at day 2 postreactivation and subjected to Western blotting for
procaspase-8, activated (cleaved) caspase-8, activated (cleaved) caspase-3, and �-actin (as a loading
control). Blots are representative of 3 repeats. (D) Total RNA was extracted at day 5 postreactivation. The
levels of IFN-� mRNA were measured by RT-qPCR, normalized to 18S, and expressed as levels relative to
those of vehicle-treated noninduced cells (n � 5). ns and *, P values of �0.05 and �0.05 by Tukey’s
multiple-comparison test for Dox�vehicle versus Dox�IDN-6556 for each siRNA treatment after two-way
ANOVA.
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ance of cleaved caspase-3, -8, and -9, while the caspase-3/7 inhibitor Z-DEVD-FMK did
not inhibit caspase processing. However, Z-DEVD-FMK reduced the activity of caspase-
3/7 in a luminescence-based assay (Fig. 2C). These data confirm that the caspase-3/7
inhibitor was active in the cells despite the absence of an effect on IFN induction. In
contrast, the caspase-8 selective inhibitor Z-IETD-FMK inhibited processing of caspase-8
and caspase-3. This is consistent with the fact that caspase-8 likely processes both itself
and caspase-3. Z-IETD-FMK did not inhibit the processing of caspase-9, another initiator
caspase that is known to self-cleave, confirming the selectivity of the inhibitor. To
further investigate the role of caspase-8 in IFN-� regulation, we tested the effects of
short interfering RNA (siRNA)-mediated knockdown of caspase-8 on IFN-� expression in
iSLK.219 cells (Fig. 3C). Loss of caspase-8 markedly reduced the ability of IDN-6556 to
induce IFN-� transcription (Fig. 3D), confirming that caspase-8 is the primary target of
IDN-6556. Curiously, caspase-8 knockdown alone was not sufficient to induce IFN-�
transcription. We obtained similar results with a second siRNA (not shown). One
possibility is that other caspases, like the caspase-8 paralog caspase-10, compensate for
the loss of caspase-8, or that the residual activity of the remaining, nondepleted
caspase-8 is sufficient to block IFN-� induction. Alternatively, it may reflect a require-
ment for caspase-8 as a signaling scaffold to promote IFN-� regulation, similar to its role
in other inflammatory mechanisms (30, 31). Overall, we conclude that multiple caspases
are activated by lytic replication, and that caspase-8 plays a major role in modulating
IFN-� transcription during KSHV reactivation.

Apoptotic caspase activation during KSHV lytic reactivation does not result in
a detectable increase in cell death. Activation of caspases, particularly caspase-3 and
-8, typically results in apoptotic cell death, which is generally believed to be antiviral
(32–34). To test whether apoptosis occurred in this system, we stained doxycycline-
treated iSLK.219 cells with annexin V. Annexin V staining in nonpermeabilized cells
measures phosphatidylserine translocation to the outer leaflet of the plasma mem-
brane, a marker of apoptosis. We also stained the cells with a membrane-impermeable
dye (LIVE/DEAD near-infrared [IR]), which only stains cells whose membrane is com-
promised and thus measures overall cell viability. Because iSLK.219 cells are infected
with the rKSHV.219 recombinant virus, which expresses red fluorescent protein (RFP)
driven by the promoter for the lytic gene PAN (35), we identified cells undergoing lytic
replication based on RFP fluorescence. We analyzed the percentage of cells that were
annexin V positive or LIVE/DEAD positive within the RFP-negative (latent) and RFP-
positive (lytic) populations and found that only 1 to 8% of either population stained
positive, i.e., was potentially dying (Fig. 4A). In particular, there was no significant

FIG 4 Activation of apoptotic caspases does not cause apoptosis during KSHV lytic reactivation. (A and
B) Cells were stained with annexin V and LIVE/DEAD near-IR stain (Invitrogen) and analyzed by flow
cytometry. (A) iSLK.219 cells were lytically reactivated with doxycycline (1 �g/ml) and treated with either
DMSO (vehicle) or IDN-6556 (10 �M) as indicated for 4 days. The fractions of annexin V� cells (left) and
dead cells (right) in RFP� (latently infected) and RFP� (lytically infected) populations are shown (n � 4).
For all samples, the P value versus vehicle alone was �0.05 by Tukey’s multiple-comparison test after
two-way ANOVA. (B) HeLa cells were treated with either water (vehicle) or 20 ng/ml TNF-� and 10 �g/ml
cycloheximide (TNF-��CHX) for 6 h. The percentage of annexin V� cells is shown (n � 4). *, P � 0.05 by
Student’s t test.
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difference between reactivating (RFP�) and nonreactivating (RFP�) cells. This indicates
that, at least in iSLK.219 cells, KSHV lytic reactivation does not induce apoptosis. To
confirm that our staining procedure worked, we tested annexin V staining in HeLa cells
treated with tumor necrosis factor alpha (TNF-�) and cycloheximide, a standard treat-
ment to induce apoptotic cell death (36). The percentage of vehicle-treated HeLa cells
that stained positive for annexin V was similar to that of latent or lytic iSLK.219 cells (Fig.
4B), suggesting that this is background staining. In contrast, TNF-� and cycloheximide
treatment led to 34.7% � 20.5% of HeLa cells staining with annexin V (Fig. 4B). Most of
these cells are LIVE/DEAD negative (not shown), indicative of an early apoptotic
population where phosphatidylserine has translocated, but the cellular membrane
remains intact. These results confirm that the absence of a strong signature of apop-
tosis in the reactivating iSLK.219 cells is not due to a labeling issue. Although it is
surprising that infectious virions can be produced without causing detectable cell
death, this possibility is consistent with the mode of egress of herpesviruses, which are
reported to bud out of the cell without causing cell lysis (37, 38). Collectively, these
results show that the increase in IFN-� is independent of apoptosis signaling and that
apoptosis may be blocked downstream of caspase activation in lytically reactivated
iSLK.219 cells.

Caspase activity promotes KSHV lytic cycle progression. Type I IFNs have been
reported by others to reduce KSHV reactivation (4, 16, 18). Consistent with these reports, we
found that treatment of iSLK.219 cells with recombinant IFN-� reduces reactivation, as
evidenced by reduced levels of the early gene ORF37 (Fig. 5A). This reduction was already
apparent at 10 pg/ml of IFN-�, which is lower than the levels of IFN-� in the medium of
caspase-inhibited iSLK.219 cells (Fig. 1A). Importantly, the mRNA levels of RTA were not
affected by IFN-�, indicating that IFN-� did not interfere with doxycycline-mediated induc-
tion of RTA (Fig. 5A). It is presently unknown exactly how IFNs impact different steps of the
lytic cycle. Nonetheless, this result suggested to us that the suppression of IFN-� by
caspases could promote KSHV reactivation and/or progression through the lytic cycle. We
thus assayed the effect of caspase inhibitors on the lytic cycle progression of KSHV in
doxycycline-reactivated iSLK.219 cells. We found that caspase activity promoted KSHV lytic
cycle progression based on multiple readouts. Although the levels of early viral mRNAs
were unchanged at day three postreactivation (Fig. 1F), we found that IDN-6556 progres-
sively reduced mRNA levels of both early and late genes (ORF37 and ORF52, respectively)
at later time points (Fig. 5B and C). This reduction was mirrored by a decrease in the
percentage of cells expressing RFP, which is driven by the lytic promoter for the KSHV PAN
RNA (control, 60.7% � 13.0%; IDN-6556, 37.1% � 9.5%) (Fig. 5D). Replication of the viral
DNA genome was also reduced in cells treated with the caspase inhibitor IDN-6556,
although not as dramatically as in cells treated with the viral DNA replication inhibitor PAA
(Fig. 5E).

The changes in viral gene expression and viral DNA replication ultimately impacted
the production of KSHV virions. To quantify infectious virus production, we took
advantage of the fact that the recombinant virus in iSLK.219 cells constitutively
expresses green fluorescent protein (GFP) during both latent and lytic infection,
marking all infected cells. We exposed uninfected cells to supernatant from reactivated
iSLK.219 cells, measured the percentage of GFP-expressing target cells, and estimated
infectious units in the supernatant. We found that caspase inhibitor treatment reduced
infection of naive target cells (Fig. 5F). Consistent with the results on the induction
of IFN-� (Fig. 3A), the caspase-8 inhibitor Z-IETD-FMK also reduced lytic reactivation
(RFP induction; Fig. 5D) and virus production (Fig. 5F). In contrast, the caspase-3/7
inhibitor Z-DEVD-FMK had no effect on either readout (Fig. 5D and F). Interestingly,
addition of IDN-6556 two days after the start of reactivation or later was less effective
in reducing lytic reactivation (RFP induction) and virus production (Fig. 5G and H). This
result is consistent with the timing of IFN-� induction (Fig. 1B) and caspase activation
(Fig. 2A). Collectively, these results indicate that caspase activity at the beginning of the
lytic cycle is necessary for efficient levels of KSHV reactivation.
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Caspases are activated in lytic BCBL1 cells and are important for virus produc-
tion. To determine if caspase inhibition of type I IFN signaling occurs in other cell types
relevant to KSHV infection, we examined the function of caspases in TREx-BCBL1-RTA,
KSHV-infected primary effusion lymphoma (PEL) cells. TREx-BCBL1-RTA cells were orig-
inally isolated from PEL patients and were also engineered to express a doxycycline-

FIG 5 Caspase inhibition reduces KSHV lytic gene expression, DNA replication, and virus production.
iSLK.219 cells were treated with 1 �g/ml of doxycycline to induce the lytic cycle, together with DMSO
(vehicle), IDN-6556 (10 �M), Z-DEVD-FMK (casp-3/7i; 10 �M), Z-IETD-FMK (casp-8i; 100 �M), IFN-� (10 or
100 pg/ml), and/or PAA (100 �g/ml), where indicated, for the length of induction (A to F) or the indicated
times (G and H). (A) Total RNA was extracted at day 1 postreactivation and treated with increasing
amounts of IFN-� (black bars, 0 pg/ml; gray bars, 10 pg/ml; white bars, 100 pg/ml). Levels of ORF37 and
RTA mRNA were measured by RT-qPCR, normalized to cellular 18S rRNA, and plotted relative to cells
treated with 0 pg/ml IFN-� (n � 4). ** and ***, P values of �0.01 and �0.001 by Tukey’s multiple-
comparison test after two-way ANOVA. (B and C) Total RNA was extracted at the indicated time points,
and levels of ORF37 (B) and ORF52 (C) mRNA were measured by RT-qPCR and normalized to cellular 18S
rRNA. AU, arbitrary units representing the ratio between the viral mRNA and 18S rRNA levels (n � 3). The
same RNA samples were used to generate the data shown in this panel and in Fig. 1B and C. ** and ****,
P values of �0.01 and �0.0001 by Tukey’s multiple-comparison test (Dox�vehicle versus Dox�IDN-6556
at each time point) after two-way ANOVA. (D) RFP-positive iSLK.219 cells were counted by flow cytometry
at day 6 postreactivation (n � 5). * and **, P values of �0.05 and �0.01 by Dunnett’s multiple-comparison
test versus vehicle after one-way ANOVA. (E) Total cellular DNA was extracted at the indicated time
points. Viral DNA levels (copies of the LANA gene) were measured by RT-qPCR and normalized to copies
of the cellular gene CCR5. Viral genome numbers per copy of CCR5 are plotted (n � 3). *, **, and ****,
P values of �0.05, �0.01, and �0.0001 by Tukey’s multiple-comparison test versus Dox plus vehicle at
each time point after two-way ANOVA. (F) The supernatant from reactivated iSLK.219 cells was collected
at day 6 postreactivation and used to infect iSLK.RTA target cells. KSHV-infected, GFP-positive target cells
were counted by flow cytometry 4 days later (n � 4). **, P � 0.01 by Dunnett’s multiple-comparison test
versus vehicle after one-way ANOVA. (G and H) Reactivated iSLK.219 cells were treated with IDN-6556
starting at the indicated time points. (G) Six days postreactivation, RFP-positive iSLK.219 cells were
counted by flow cytometry and the supernatant was used to infect iSLK.RTA target cells. (H) GFP-positive
target cells were counted by flow cytometry 4 days later (n � 4). **, P � 0.01 by Dunnett’s multiple-
comparison test after two-way ANOVA relative to vehicle-treated cells [shown as (�)].
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inducible RTA transgene to allow for robust reactivation (39). To quantify virus produc-
tion, we exposed uninfected iSLK.RTA cells to the supernatant of reactivated TREx-
BCBL1-RTA cells treated with vehicle or IDN-6556. We then reactivated the lytic cycle in
the newly infected iSLK.RTA cells with doxycycline and measured the RNA levels for the
early lytic gene ORF57 to quantify infection. This method was adapted from a protocol
used in the original study describing TREx-BCBL1-RTA cells (39). Consistent with the
results in iSLK.219 cells, caspase inhibition in TREx-BCBL1-RTA cells resulted in a
reduction in virus production (Fig. 6A). We also observed reduced virus production in
BC-3 and BC-5 cells, two other PEL cell lines, upon caspase inhibition (data not shown).
Caspase-3 and caspase-8 were activated upon lytic reactivation of TREx-BCBL1-RTA, as
evidenced by the appearance of cleaved forms of these caspases, and caspase activa-
tion was lost upon IDN-6556 treatment (Fig. 6B). While IFN-� was minimally induced
(not shown), we observed an increase in the mRNA levels for IFN-�s in TREx-BCBL1-RTA
cells treated with IDN-6556 (Fig. 6C). Overall, these data suggest that caspase activity is
also important for KSHV replication and modulation of type I IFN signaling in PEL cells.

Caspases promote KSHV lytic cycle progression through the suppression of
IFN-�. The timing of the reduction in viral mRNA levels and viral DNA replication upon
caspase inhibition is consistent with our hypothesis that accumulation of IFN-� and
type I IFN signaling drive these changes. IFN-� induction started at day 3 postreacti-
vation (Fig. 1B), while the reduction in viral mRNAs and DNA replication started at day
5 postinduction (Fig. 5B, C, and E). If caspases directly affected viral processes, for
example, if they were required for transactivation of early genes like ORF37, caspase
inhibition would be expected to reduce viral gene expression and DNA replication from
earlier time points. To directly establish that caspase activity promotes lytic cycle
progression by suppressing an IFN response, we used two approaches to block IFN-�
induction and signaling. First, we inhibited TBK1/IKK� with MRT67307, which blunts
IFN-� induction (Fig. 1J), and second, we depleted IFN-� mRNA using siRNAs (Fig. 7B).
The two siRNAs inhibited IFN-� basal expression and IFN-� and ISG15 induction upon
caspase inhibition, albeit to different extents (Fig. 7B and C). The effects of the
TBK1/IKK� inhibitor and siRNAs on viral gene expression in cells treated with doxycy-
cline and vehicle were somewhat variable (Fig. 7A, D, and E, black bars). Nonetheless,
upon IFN-� depletion, caspase inhibitors consistently had a smaller effect or no effect
on the expression of the early gene ORF37 (Fig. 7A and D). In addition, caspase
inhibitors also had a smaller or no effect on the expression of the late gene ORF25 and

FIG 6 Apoptotic caspases are active in BCBL1 cells and promote KSHV lytic replication. TREx-BCBL1-RTA
cells were lytically reactivated with TPA (20 ng/ml), ionomycin (500 ng/ml), and doxycycline (1 �g/ml) for
24 h and treated with DMSO (vehicle) or IDN-6556 (10 �M), as indicated. (A) Supernatant from
TREx-BCBL1-RTA cells at day 3 postreactivation was used to infect iSLK.RTA cells. Infected iSLK.RTA cells
were then lytically reactivated with 1 �g/ml doxycycline for 2 days. Total RNA was extracted from
iSLK.RTA cells, and levels of ORF57 mRNA were measured by RT-qPCR and normalized to cellular 18S
rRNA (n � 3). RNA levels of a lytic gene in the target cells reflect the levels of infectious virus released
by TREx-BCBL1-RTA cells. ****, P � 0.0001 by Student’s t test. (B) Cell lysates were collected 24 h
postreactivation and subjected to Western blot analysis for procaspase-8, activated (cleaved) caspase-8,
procaspase-3, activated (cleaved) caspase-3, and �-actin (as a loading control). Blots are representative
of 3 repeats. (C) Total RNA was extracted from TREx-BCBL1-RTA cells 1 day after reactivation. Levels of
IFN-� mRNAs were measured using pan-IFN-� primers by RT-qPCR and normalized to cellular 18S rRNA
(n � 6). *, P � 0.05 by Student’s t test.
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the production of infectious virus in cells treated with siRNAs against IFN-� (Fig. 7E and
F). Collectively, these results and the results shown in Fig. 5 and 6 suggest that caspases
promote lytic replication at least in part by suppressing type I IFN induction by the
canonical pathogen-sensing pathway.

DISCUSSION

Here, we examined the role of caspases in the regulation of type I IFN response
during KSHV lytic reactivation. We observed that pharmacological inhibition of
caspases during reactivation potentiates type I IFN induction through the TBK1/IKK�

signaling cascade and triggers the expression of ISGs. Caspase activity is important to
promote KSHV replication after lytic reactivation, because caspase inhibition also
impairs KSHV viral lytic gene expression, viral DNA replication, and virus production.
Because knockdown of IFN-� or inhibition of IFN-� induction rescues KSHV replication
in the presence of caspase inhibitors, we conclude that caspases promote KSHV
replication at least in part by suppressing the type I IFN response. This establishes
caspases as a novel component of the immune evasion network in KSHV infection.

Based on the reported effects of caspases on type I IFNs (22–25) and our findings,
we propose a model whereby KSHV has co-opted an existing function of activated
caspases to evade innate immune responses (Fig. 8). Previous studies have shown that
in a range of settings, caspases can attenuate type I IFN responses, likely by cleaving a
component of the pathogen-sensing pathway (22–25). In our model, lytic reactivation
of KSHV triggers both type I IFN responses through the pathogen-sensing pathway and
also the activation of caspases, perhaps as an additional cellular response aimed to
induce death of infected cells. However, this concomitant activation of caspases inhibits
the transcriptional induction of IFN-� due to their anti-IFN function. The reduction in
IFN induction promotes KSHV lytic reactivation. KSHV is able to take advantage of this
proviral effect of IFN inhibition, because KSHV can also block caspase-induced apop-
tosis, thus negating any antiviral effect of caspase activation.

FIG 7 IFN-� mediates the effects of caspase inhibitors on KSHV replication. (A) iSLK.219 cells were lytically
reactivated with doxycycline, together with DMSO (Dox�vehicle; black bars), 10 �M IDN-6556
(Dox�IDN-6556; gray bars), and/or 2 �M MRT67307 (TBK1i) for 5 days. Levels of ORF37 mRNA were
measured by RT-qPCR (n � 3). ns, *, and **, P values of �0.05, �0.05, and �0.01 by Sidak’s multiple-
comparison test after two-way ANOVA. (B to F) iSLK.219 cells were left untransfected or were transfected
with siRNAs targeting IFN-� (siIFN-�-1 and -2) or a negative-control siRNA (siNeg). They were then
lytically reactivated with doxycycline, together with DMSO (Dox�vehicle; black bars) or 10 �M IDN-6556
(Dox�IDN-6556; gray bars). Total RNA was extracted at day 5 postreactivation, and the levels of IFN-� (B),
ISG15 (C), ORF37 (D), and ORF25 (E) mRNA were measured by RT-qPCR (n � 3). Supernatant was collected
at day 6 postreactivation and used to infect iSLK.RTA target cells. (F) GFP-positive target cells were
counted by flow cytometry 4 days later (n � 5). ns, *, **, ***, and ****, P values of �0.05, �0.05, �0.01,
�0.001, and �0.0001 by Sidak’s multiple-comparison test (Dox�vehicle versus Dox�IDN-6556 or the
indicated comparison) after two-way ANOVA.
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How caspases regulate the type I IFN response during KSHV infection remains to be
established. In macrophages, the inflammatory caspase-1 cleaves cGAS to suppress the
type I IFN response during viral infection (25). Similarly, caspase-dependent IRF3
cleavage has been reported in HIV infection (40) and upon overexpression of the KSHV
protein vIRF2 (20). However, we did not detect caspase-dependent cleavage products
of either of these proteins in KSHV-infected cells (data not shown). The apoptotic
caspase-3 and caspase-7 suppress mitochondrial DNA-dependent type I IFN responses
during apoptosis, but the mechanism is unknown (23, 24). Our data suggest that
caspase-8 also regulates type I IFN response, because caspase-8-selective inhibitors
reduce IFN induction during KSHV reactivation (Fig. 3A). It is interesting that various
caspases appear to share potentially redundant functions in the suppression of IFN-�
(22–25). It will be important to determine whether the different caspases target similar
or distinct components of the IFN-� response pathway. Caspase-dependent IFN-�
regulation may also be context specific or cell type specific. In the future, identifying the
target of caspases in KSHV-infected cells will help to determine the connection be-
tween IFN-� regulation during KSHV infection and in other cellular contexts and viral
infections.

While knockdown of caspase-8 alone does not induce IFN-� transcription, the effect
of IDN-6556 on IFN-� is lost when caspase-8 is knocked down (Fig. 3D). This epistasis
experiment supports our model that caspase-8 is the major target of IDN-6556 in this
system. However, it also suggests that there are additional facets of regulation of IFN
responses by caspase-8 that remain to be elucidated. This is not surprising, as the
biology of caspase-8 is complex. Multiple studies have now shown that caspase-8 also
has nonenzymatic functions, as shown, for example, in the case of the NLRP3 inflam-
masome, where caspase-8 acts as a scaffold independently of its catalytic function (31).
Also, autoproteolytic processing of caspase-8 results in the generation of multiple
different forms of this enzyme that participate in different signaling complexes with
different outputs, as shown, for example, in the regulation of necroptosis and inflam-
matory responses to Yersinia pestis (41). One feasible explanation, which remains to be
tested, is that caspase-8 is required as a scaffold to promote IFN-� induction, while the
catalytic activity of caspase-8 controls the extent of this response.

Our data suggest that caspases play a proviral role, while previous studies report
both positive and negative modulation of KSHV infection by caspases (20, 26–28, 42,
43). While apoptosis is a cellular defense mechanism aimed at disrupting viral spread,
there is emerging evidence that caspases also have roles in nonapoptotic processes
that viruses utilize to promote their infection (44). Caspase-mediated processing of viral

FIG 8 Proposed model of caspase-dependent suppression of type I IFN responses during KSHV reacti-
vation. KSHV lytic reactivation triggers both the pathogen-sensing pathway and the activation of
caspases. (Left) The presence of active caspases causes attenuation of IFN-� induction, while apoptosis
is blocked by KSHV downstream of caspase activation. (Right) In the absence of caspase activity, IFN-�
is induced, which reduces KSHV lytic reactivation.
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proteins is an important process for viral replication in human papillomavirus (HPV),
where loss of caspase cleavage sites in the E1 protein reduced viral genome amplifi-
cation upon epithelial differentiation (44, 45). Although previous studies suggest
caspases directly target the IFN-� induction pathway, it is also possible that the relevant
target in KSHV infection is a viral protein. In KSHV, caspases have been reported to
cleave both LANA and ORF57 (28, 43). Caspase-mediated processing of these viral
proteins could provide additional anti-IFN proviral functions.

It is noteworthy that activation of caspase-3 and -8 was not accompanied by an
increase in apoptosis or cell death, as determined by staining with annexin V or a
membrane-impermeable dead cell stain in infected cells (Fig. 4A). However, KSHV
encodes several proteins and microRNAs that inhibit apoptosis (42, 46–50). vIAP
stabilizes the mitochondrial membrane, and vBCL2 binds to BH3 domains of proapo-
ptotic proteins to inhibit apoptosis (49, 50). vFLIP was reported to block Fas-mediated
apoptosis by preventing the recruitment and activation of caspase-8 (51), although
more recent studies suggest that it leads to the upregulation of antiapoptotic factors
through NF-kB signaling (52–54). RTA, vIRF1, vIRF3, K-bZIP, and LANA target the tumor
suppressor p53 to prevent the induction of apoptosis (49, 50). These antiapoptotic
factors may block apoptosis downstream of the caspase activation during lytic reacti-
vation, preventing the antiviral effect of apoptosis while allowing the proviral IFN-�
regulatory function of caspases to persist. Further studies of these antiapoptotic factors
during KSHV reactivation may reveal connections between cell death and IFN-� regu-
lation.

Given the antiviral role of apoptosis (55, 56), caspases may be activated by the
KSHV-infected cells as a protective response in order to commit suicide. Several studies
have shown that components of the RNA-sensing RIG-I-like receptor (RLR)-dependent
pathway can trigger apoptosis. Sendai virus infection induces apoptosis through IRF3
activation (57, 58) or direct interactions between IRF3 and the proapoptotic protein Bax,
which facilitate the translocation of Bax to the mitochondria (33). In contrast, Semliki
Forest virus infection activates caspase-8 through direct interactions with mitochondrial
antiviral signaling (MAVS) (59). Although less is known about caspase activation
through the cGAS/STING DNA sensing pathway, it is possible that viral DNA sensing
also activates caspases. Alternatively, KSHV proteins may directly activate caspases to
block IFN-� signaling. The HPV-31 E6 and E7 oncoproteins activate caspases-3, -7, and
-9 upon epithelial differentiation (44, 45), and HPV-16 E6 has been reported to interact
with and activate caspase-8 (60). KSHV vIRF2 has been reported to activate caspase-3
upon overexpression (20). However, it is unclear whether vIRF2 is important in our
system, since caspase-3/7 inhibitors did not stimulate IFN-� induction (Fig. 3A). There
are also several KSHV proteins that are known to inhibit the induction of type I IFNs.
These include multiple vIRFs that interact with and inhibit the function of STING (vIRF1),
IRF3 (vIRF2), and IRF7 (vIRF3) (3), as well as LANA and ORF52, which directly inhibit cGAS
activity (17, 18). It is possible that the caspase-based regulation of IFN-� we have
observed is linked to the activity of these known anti-IFN factors. Whether any of these
factors is involved in caspase activation remains to be tested. Alternatively, caspases
may work parallel to viral anti-IFN factors and serve as an additional barrier to IFN-�
induction. Nevertheless, caspase-dependent regulation of IFN-� is likely to be an
intrinsic regulatory pathway that KSHV takes advantage of, either by directly activating
caspases or by exploiting caspase activation due to cellular responses.

MATERIALS AND METHODS
Cell lines, reagents, and treatments. iSLK.219, iSLK.RTA (61), and HeLa cells were grown in

Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies) supplemented with 10% fetal bovine
serum (FBS) (HyClone). TREx-BCBL1-RTA cells (39) were grown in RPMI supplemented with 10% FBS, 2
mM GlutaMAX supplement (Gibco/Thermo Fisher), and 50 �g/ml hygromycin (Enzo Life Sciences).
iSLK.219 cells were reactivated with 1 �g/ml of doxycycline (Thermo Fisher). Reactivation was confirmed
visually for all samples by examining the appearance of RFP-positive cells (RFP is driven by the lytic PAN
promoter). TREx-BCBL1-RTA cells were reactivated with 20 ng/ml of 12-O-tetradecanoyl-phorbol 13-
acetate (TPA; Calbiochem), 500 ng/ml of ionomycin (EMD Millipore), and 1 �g/ml of doxycycline for 24
h. Where indicated, cells were treated with vehicle (dimethyl sulfoxide [DMSO]; Sigma-Aldrich), 10 �M
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IDN-6556 (MedChem Express or Selleck Chemicals), 100 �g/ml phosphonoacetic acid (PAA; Sigma-
Aldrich), 10 �M Z-DEVD-FMK (Apex Bio), 100 �M Z-IETD-FMK (Apex Bio), 100 �M Ac-YVAD-CMK
(Invivogen), 10 or 100 pg/ml recombinant IFN-� (Invivogen), and/or 2 �M MRT67307 (Sigma). The
concentrations of all drug treatments were chosen based on common concentrations used in previously
published studies. For poly(I·C) treatment, cells were transfected with 5 �g/ml poly(I·C) precomplexed
with LyoVec transfection reagent (Invivogen) in Opti-MEM I (Life Technologies) for 3 h prior to sample
collection.

RT-qPCR. For RNA analysis, iSLK.219 cells were seeded at a density of 33,000 cells per well in a 24-well
plate, and the lytic cycle was induced by the addition of doxycycline (1 �g/ml). RNA samples were
collected at the indicated time points in RNA lysis buffer (Zymo Research). TREx-BCBL1-RTA cells were
seeded at 2 � 105 cells per ml 24 h before induction and induced using TPA, ionomycin, and doxycycline
for 24 h. One ml of the cells was collected, and the cell pellet was lysed in RNA lysis buffer (Zymo
Research). Total RNA was extracted using the Quick-RNA MiniPrep kit (Zymo Research) by following the
manufacturer’s protocol. For human mRNA measurements, cDNA was prepared using an iScript cDNA
synthesis kit (Bio-Rad) per the manufacturer’s protocol. For viral mRNA measurements, cDNA was
prepared using AMV RT (Promega) per the manufacturer’s protocol, using a cocktail of primers targeted
at KSHV genes and 18S rRNA in order to obtain strand-specific measurements. In both cases, human 18S
rRNA levels were used as an internal standard to calculate relative mRNA levels. Real-time quantitative
PCR (RT-qPCR) was performed using iTaq Universal SYBR green supermix (Bio-Rad) in a CFX Connect
real-time PCR detection system (Bio-Rad). No-template and no-RT controls were included in each
replicate. CFX Manager software was used to analyze the data. Primers are listed in Table 1.

Viral DNA measurements. iSLK.219 cells were seeded at a density of 33,000 cells per well in a
24-well plate, and the lytic cycle was induced by the addition of doxycycline (1 �g/ml). Cell pellets were
collected at the indicated time points. Total DNA was extracted using the DNeasy blood and tissue kit
(Qiagen). Levels of viral LANA were measured by qPCR and normalized to human CCR5 copy number
levels. In both cases, a standard curve using PCR-amplified CCR5 and LANA fragments was used to
calculate the copy number. iTaq Universal SYBR green supermix (Bio-Rad) and a CFX Connect real-time
PCR detection system (Bio-Rad) were used for the qPCR, and CFX Manager software was used to analyze
the data. Primers are listed in Table 1.

Protein analysis. For Western blot analysis, iSLK.219 and iSLK.RTA cells were seeded at a density of
167,000 cells per well in a 6-well plate and treated with doxycycline (1 �g/ml). Lysates were collected at
the indicated time points. TREx-BCBL1-RTA cells were seeded at 2 � 105 cells per ml 24 h before
induction and induced using TPA, ionomycin, and doxycycline for 24 h. One ml of the cells was then
collected at the indicated time point. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40) or
an NP-40-only buffer for caspase blots (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40)
supplemented with 50 �g/ml phenylmethylsulfonyl fluoride (PMSF; G-Biosciences) and cOmplete pro-
tease cocktail inhibitor (Roche). Samples were separated by SDS-PAGE and transferred to polyvinylidene
difluoride (PVDF) membranes. The following Cell Signaling Technologies antibodies were used on PVDF
membranes blocked in 5% milk in Tris-buffered saline with 0.1% Tween 20 (TBST) at 1:1,000 dilution in
5% milk in TBST: anti-caspase-3 (no. 9665), anti-cleaved caspase-3 (no. 9762), anti-caspase-9 (no. 9508),
anti-cleaved caspase-9 (no. 9505), anti-Lamin-A/C (no. 4777), and anti-PARP1 (no. 9532). The following
Cell Signaling Technologies antibodies were used with PVDF membranes blocked in 5% bovine serum
albumin (BSA; Thermo Fisher) in TBST at 1:1,000 dilution in 5% BSA in TBST: anti-caspase-8 (no. 9746),
anti-cleaved caspase-8 (no. 9496), anti-IRF3 (D83B9) (no. 4302), and anti-phospho-IRF3 Ser396 (4D4G) (no.
4947). Anti-�-actin (sc-1616; 1:200 dilution; Santa Cruz Biotechnology) and anti-RTA (1:1,000 dilution; gift
from Luwen Zhang [62]) were diluted in 0.5% milk in phosphate-buffered saline with 0.1% Tween 20
(PBST) and used with PVDF membranes blocked in 5% milk in PBST. Horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG and goat anti-mouse IgG (both 1:5,000 in blocking buffer) were
purchased from Southern Biotechnology. HRP-conjugated donkey anti-goat IgG (1:5,000 in 0.5% milk in
PBST) was purchased from Santa Cruz Biotechnology. All membranes were exposed using Pierce ECL
Western blotting substrate (Thermo Fisher) and imaged with a Syngene G:Box Chemi XT4 gel doc system.

ELISA. Supernatant from cells was collected 4 days postreactivation, filtered to remove virus, and
subjected to enzyme-linked immunosorbent assay (ELISA) analysis for IFN-� using a LumiKine hIFN-�

TABLE 1 qPCR primers used in this study

Primer Forward Reverse Reference

hIFN-� GTGAGGAAATACTTCCAAAGAATCAC TCTCATGATTTCTGCTCTGACAA 63
hIFN-� CAGCAATTTTCAGTGTCAGAAGC TCATCCTGTCCTTGAGGCAGT 64
hISG15 GCGAGATCACCCAGAAGATT GCCCTTGTTATTCCTCACCA 65
hIL-18 TGCCAACTCTGGCTGCTAAA TTGTTGCGAGAGGAAGCGAT 66
ORF25 GCTTGCAATAAGCACCACATCGGT AACTGCGAGAACCGTGTCCACTAA 67
ORF37 TGACACCCTTGGGTTAACAGT TCTCGAACCTTGGCGTGCTTTAGA 67
ORF52 AAATCGAAGCCAGGGTCAGG CTCCTCTTCGTCGCCTGTTATTG 68
ORF57 GGTGTGTCTGACGCCGTAAAG CCTGTCCGTAAACACCTCCG 68
LANA AGGATGGAGATCGCAGACAC CCAGCAAACCCACTTTAACC 69
RTA ACCAAGGTGTGCCGTGTAGAGATT AGCCTTACGCTTCTTTGAGCTCCT 67
h18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 70
hCCR5 ATGATTCCTGGGAGAGACGC AGCCAGGACGGTCACCTT 71
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bioluminescent ELISA kit (Invivogen) according to the manufacturer’s protocol. Each biological replicate
consisted of three technical replicates per condition.

Caspase-Glo assay. iSLK.219 cells were seeded at a density of 2,500 cells per well in a 384-well plate
and lytically reactivated with doxycycline for 4 days in the presence or absence of caspase inhibitors. The
cells were incubated with a Caspase-8-Glo or Caspase-3/7-Glo reagent (Promega) at room temperature
with shaking for 30 min, and luminescence was measured using a VICTOR3V (PerkinElmer) plate reader.
Each biological replicate consisted of three technical replicates per condition.

Annexin V staining. iSLK.219 cells were seeded at a density of 167,000 cells per well in a 6-well plate
and lytically reactivated with doxycycline for 4 days in the presence or absence of IDN-6556. HeLa cells
were treated with TNF-� (BioLegend) and 10 �g/ml cycloheximide (Sigma) for 6 h. For the staining, cells
were trypsinized, washed twice in PBS, and treated with annexin V-Pacific Blue conjugate and LIVE/DEAD
fixable near-IR dead cell stain (Thermo Fisher) according to the manufacturer’s protocol, with minor
modifications. Briefly, the cells were resuspended in 100 �l of annexin V binding buffer (10 mM HEPES,
140 mM NaCl, and 2.5 mM CaCl2, pH 7.4) supplemented with 5 �l annexin V-Pacific Blue conjugate and
0.1 �l of LIVE/DEAD fixable near-IR dead cell stain and incubated for 15 min at room temperature
protected from light. After incubation, the cells were diluted in 400 �l of annexin V binding buffer, and
fluorescence was quantified by flow cytometry on a BD LSRII flow cytometer at the Tufts Laser Cytometry
core facility. Flow cytometry data were analyzed using Summit version 4.3 software.

siRNA knockdown. iSLK.219 cells were transfected while in suspension (reverse transfection) with 10
nM siRNAs against IFN-� (siRNA#1, HSS105232; siRNA#2, HSS105233; Life Technologies/Thermo Fisher) or
a nontargeting siRNA (12935300; Life Technologies/Thermo Fisher) at a density of 67,000 cells/ml in a
24-well plate, using the Lipofectamine RNAiMAX transfection reagent (Life Technologies/Thermo Fisher)
per the manufacturer’s protocol. Six hours later, the medium was replaced and the lytic cycle was
induced. For siRNAs against caspase-8 (HSS141460; Life Technologies/Thermo Fisher), the same reverse
transfection process was done twice, once 2 days prior to induction and a second time on the day of lytic
cycle induction.

Viral replication. For flow cytometry-based quantitation of viral yields, iSLK.219 cells were seeded
into 24-well plates at a density of 33,000 cells per well and induced by addition of doxycycline. Six days
postreactivation, virus-containing supernatant was collected and cells were trypsinized. The cells were
fixed with 4% paraformaldehyde (Ted Pella) in PBS for 15 min at room temperature, washed twice with
PBS, and resuspended in PBS. RFP fluorescence was quantified by flow cytometry on a BD LSRII flow
cytometer at the Tufts Laser Cytometry core facility. Virus-containing supernatant was used to spin infect
uninfected iSLK.RTA cells with 8 �g/ml hexadimethrine bromide (Polybrene; Sigma) for 1 h at 1,000 rpm.
Four days postinfection, iSLK.RTA cells were trypsinized, washed twice with PBS, and resuspended in PBS.
GFP fluorescence was quantified by flow cytometry on a BD LSRII flow cytometer. Virus titer was
calculated with the following formula: (number of target cells at infection) � (percentage of GFP-positive
target cells)/(volume of virus, in milliliters). For RNA-based quantification of viral yields from TREx-BCBL1-
RTA cells, TREx-BCBL1-RTA cells were seeded at 2 � 105 cells per ml 24 h before induction and induced
by adding TPA, ionomycin, and doxycycline for 24 h. Virus supernatant was collected 3 days postreac-
tivation and used to spin infect uninfected iSLK.RTA cells with 8 �g/ml hexadimethrine bromide
(Polybrene; Sigma) for 1 h at 1,000 rpm. Doxycycline (1 �g/ml) was added immediately after the spin
infection to induce lytic reactivation, and RNA samples were collected 2 days later in RNA lysis buffer
(Zymo). KSHV ORF57 and 18S RNA levels were measured as described above for RNA analysis.

Statistics. All statistical analyses were performed using GraphPad Prism, version 7.02 (GraphPad
Software, La Jolla California USA). Statistical significance was determined by Student’s t test or analysis
of variance (ANOVA) followed by a post hoc multiple-comparison test (Dunnett’s, Sidak’s, or Tukey’s)
when multiple comparisons were required. All data are plotted as means � standard deviations.
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