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ABSTRACT Kaposi's sarcoma-associated herpesvirus (KSHV) is the cause of three
human malignancies: Kaposi's sarcoma, primary effusion lymphoma, and the plasma
cell variant of multicentric Castleman disease. Previous research has shown that sev-
eral cellular tyrosine kinases play crucial roles during several steps in the virus repli-
cation cycle. Two KSHV proteins also have protein kinase function: open reading
frame (ORF) 36 encodes a serine-threonine kinase, while ORF21 encodes a thymidine
kinase (TK), which has recently been found to be an efficient tyrosine kinase. In this
study, we explore the role of the ORF21 tyrosine kinase function in KSHV lytic repli-
cation. By generating a recombinant KSHV mutant with an enzymatically inactive
ORF21 protein, we show that the tyrosine kinase function of ORF21/TK is not re-
quired for the progression of the lytic replication in tissue culture but that it is es-
sential for the phosphorylation and activation to toxic moieties of the antiviral drugs
zidovudine and brivudine. In addition, we identify several tyrosine kinase inhibitors,
already in clinical use against human malignancies, which potently inhibit not only
ORF21 TK kinase function but also viral lytic reactivation and the development of
KSHV-infected endothelial tumors in mice. Since they target both cellular tyrosine ki-
nases and a viral kinase, some of these compounds might find a use in the treat-
ment of KSHV-associated malignancies.

IMPORTANCE Our findings address the role of KSHV ORF21 as a tyrosine kinase
during lytic replication and the activation of prodrugs in KSHV-infected cells. We also
show the potential of selected clinically approved tyrosine kinase inhibitors to in-
hibit KSHV TK, KSHV lytic replication, infectious virion release, and the development
of an endothelial tumor. Since they target both cellular tyrosine kinases supporting
productive viral replication and a viral kinase, these drugs, which are already ap-
proved for clinical use, may be suitable for repurposing for the treatment of KSHV-
related tumors in AIDS patients or transplant recipients.

KEYWORDS Kaposi's sarcoma-associated herpesvirus, KSHV, ORF21, inhibitors, lytic
reactivation, tumor growth, tyrosine kinase

aposi's Sarcoma-associated herpesvirus (KSHV), a gammaherpesvirus, causes Kapo-
si's sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman
disease (MCD). KSHV-related diseases occur frequently in AIDS and other immunocom-
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promised patients and are particularly common in sub-Saharan Africa (1, 2). KSHV can
infect endothelial cells, B cells, monocytes, epithelial cells, and keratinocytes (3). In KS
tumors, mainly endothelial cells are infected, whereas infected B cells represent the
neoplastic cell type in PEL and MCD. In most infected cells, KSHV persists in a latent
form that is characterized by the expression of only a few viral genes. Physiological
stress signals, such as hypoxia, chemicals like sodium butyrate (SB) and tetradecanoyl
phorbol acetate (TPA), and ectopic expression of RTA, the product of the viral gene
ORF50, allow the virus to switch from latency to lytic replication (4-7). During lytic
replication, most viral genes are expressed and progeny virions are produced. Low
levels of spontaneous viral lytic replication in vivo are thought to be important for
persistence, dissemination, and tumorigenesis (8-14). In addition, a “relaxed” latency
program (8, 15) involves the production of several viral lytic proteins with paracrine and
angiogenic properties, such as viral interleukin-6 (vIL-6), viral macrophage inflammatory
protein | to lll (vMIP-1 to -lll), viral G protein-coupled receptor (vGPCR), K1, and K15
(16-32). In some cell types, the expression of a select group of lytic viral proteins such
as vIL-6 and VIRF3 can occur in the absence of RTA (33-36).

Among the lytic viral proteins are two virus-encoded kinases, the viral thymidine
kinase (TK, ORF21) and the Ser/Thr kinase (vPK, ORF36), and KSHV also relies on cellular
kinases to regulate its replication cycle (37). Viral TKs are conserved among human
alpha- and gammaherpesviruses and are encoded, respectively, by UL23 of herpes
simplex virus 1 and 2 (HSV-1/2), ORF36 of varicella-zoster virus (VZV), BXLF1 of Epstein-
Barr virus (EBV), and ORF21 of KSHV (Fig. 1A). They mediate the phosphorylation of
pyrimidine nucleosides and prodrugs such as zidovudine (AZT), acyclovir (ACV), and
brivudine (BRV) (38, 39), which subsequently undergo additional phosphorylation steps
by cellular kinases to generate the active drug capable of inhibiting herpesvirus-specific
DNA polymerases and viral DNA synthesis (38). Herpesviral thymidine kinases differ
significantly in their ability to phosphorylate nucleosides and their analogues. Several
studies have shown that KSHV TK preferentially phosphorylates pyrimidine nucleosides
and is unable to efficiently phosphorylate purine analogues that are instead preferen-
tially phosphorylated by PK/ORF36 (39, 40). A combined treatment with high doses of
zidovudine and valganciclovir, which are phosphorylated and converted to toxic moi-
eties by TK/ORF21 and PK/ORF36, respectively, gave a good clinical response against
KSHV multicentric Castelman disease (41, 42). However, KSHV TK/ORF21 has an up to
60-fold higher K, for thymidine than does HSV-1 TK and therefore phosphorylates
thymidine much less efficiently (39). TK may therefore have another role in the viral life
cycle and, in fact, has recently been shown to also act as a tyrosine kinase (43). KSHV
TK autophosphorylates its tyrosine residues at positions 65, 85, and 120 (43, 44), which
are located in the extended N-terminal domain that is characteristic for gammaher-
pesviruses but lacking in alphaherpesviruses (Fig. 1A). Phosphorylated TK interacts with
and phosphorylates Crk family proteins and the p85 regulatory subunit of phosphati-
dylinositol 3-kinase (PI3-K). When KSHV TK is overexpressed by transfection, autophos-
phorylation of TK results in the disruption of focal adhesions and activation of Rho-
ROCK-myosin ll-dependent cell contraction and blebbing (43). Replacing three essential
glycine residues in the ATP binding pocket (GXXGXGK) (Fig. 1A) of the kinase domain
with valine leads to a dramatic decrease in TK autophosphorylation (45).

HSV-1 TK is important for reactivation from latency (46), and murine gammaher-
pesvirus 68 (MHV-68) mutants with a disrupted TK gene replicated normally in vitro but
were severely attenuated in vivo (47, 48). Here, we show that KSHV TK and its kinase
function are dispensable for lytic replication in tissue culture but required for the
activation of the antiviral drugs brivudine and zidovudine in KSHV-infected cells. We
also identified several clinically approved tyrosine kinase inhibitors that inhibit TK
kinase function and viral lytic reactivation. Several of these inhibitors antagonized the
formation of endothelial tumors in a mouse xenograft model with KSHV-infected
endothelial cells. These results highlight the potential of selected Food and Drug
Administration (FDA)-approved tyrosine kinase inhibitors to target KSHV TK and to
inhibit KSHV lytic replication as well as KSHV tumorigenesis.
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FIG 1 TK autophosphorylation is not essential for KSHV lytic replication in tissue culture. (A) Graphical representation of the TK genes from
alphaherpesviruses HSV-1, HSV-2, and VZV and gammaherpesviruses EBV, KSHV, and MHV-68. Phosphorylated tyrosine residues Y, Ygs,
and Y,,, and glycine residues G,¢,, G,63, and G, in the ATP binding pocket of KSHV TK are indicated. (B) GFP-TK was overexpressed by
transient transfection into HEK293 cells and immunoprecipitated 48 h later using a GFP antibody. Phosphorylation of GFP-TK and total
GFP-TK were estimated by immunoblotting (Western blotting [WB]) using a phosphotyrosine antibody and GFP antibody, respectively. (C)
GFP or GFP-TK WT, 3GV, or 3YF (see the text) was overexpressed by transient transfection in HEK293 cells. Total lysates were analyzed 48
h after transfection by immunoblotting using antibodies to phosphorylated tyrosine residues or to GFP. (D) iSLK cells stably transfected
with either KSHV BAC16 WT or the ORF21/TK ATP-binding pocket mutant KSHV BAC16 3GV (see the text) were induced with Na butyrate
(SB) (1 mM) and doxycycline (1 ng/ml) to trigger lytic replication. Nonreactivated cells were used as a control. At 48 h after induction, cells
were lysed, immunoprecipitated using beads coupled to an antibody against phosphorylated tyrosine residues, and analyzed by
immunoblotting using antibodies against phosphorylated tyrosine (pY) and B-actin. A representative experiment is shown. Similar results
were obtained with three independently generated sets of iSLK populations that had been stably transfected with KSHV-WT and
KSHV-ORF21_3GV bacmids. (E) At 48 h after induction, iSLK/KSHV-WT and iSLK/KSHV-ORF21_3GV cells were lysed and analyzed by
immunoblotting using antibodies against LANA, ORF45, K-bZIP, and B-actin. (F) Supernatants from reactivated and nonreactivated iSLK
cells (E) were used to infect HEK293. Infected GFP-positive cells were counted 48 h after infection.
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RESULTS

Mutation of the ORF21/TK ATP-binding pocket in the KSHV genome abrogates
TK phosphorylation but does not interfere with the KSHV lytic cycle in tissue
culture. KSHV TK has been shown to be autophosphorylated on three tyrosine residues
located in the extended N-terminal domain of KSHV TK, which is typical for gamma-
herpesviruses (KSHV, EBV, MHV-68) but lacking in alphaherpesviruses (HSV-1, HSV-2,
VzV) (Fig. 1A) (43). Replacing three essential glycine residues in the ATP binding pocket
(GXXGXGK) (Fig. TA) of the kinase domain with valine leads to a dramatic decrease in
TK autophosphorylation (43, 49).

To confirm those results, we transfected an expression vector for ORF21/TK, fused
to an N-terminal green fluorescent protein (GFP), into HEK293 cells and analyzed
cell lysates by immunoblotting using an antibody specific for phosphorylated
tyrosine residues. This revealed a phosphorylated band with a molecular weight
corresponding to that of the GFP-TK fusion protein (Fig. 1B). Immunoprecipitation
with an antibody to GFP showed that the phosphorylated band corresponded to
the transfected GFP-TK fusion protein (Fig. 1B, top panels). To confirm that this
signal is specific for TK phosphorylated on tyrosine residues, we performed a similar
experiment using expression vectors for GFP alone, GFP-TK wild type (WT), and
GFP-TK mutants harboring either three point mutations (G,e,V, Gye3V, GygsV)
replacing glycine with valine residues in the ATP binding pocket (GFP-TK 3GV) (Fig.
1A) or three point mutations replacing tyrosine residues 65, 85, and 120 in the
amino-terminal domain of KSHV TK with phenylalanine residues (GFP-TK 3YF) (Fig.
1A), which have been previously shown to be autophosphorylated in KSHV TK (43,
44). Neither of these mutants was recognized by the antibody to phosphorylated
tyrosine residues (Fig. 1C), suggesting that the observed phosphorylation of WT TK
(Fig. 1B) is due mainly to autophosphorylation and that cellular kinases are not
involved in this process.

We next addressed the role of the ORF21 tyrosine kinase function during viral
lytic replication. Using the KSHV BAC16 genome, we created a KSHV mutant
harboring the above three point mutations (G,g,V, G545V, G5g5V) in the ATP binding
pocket, which inhibit the TK tyrosine kinase function (43) (Fig. 1B and C). iSLK cells
were transfected with WT KSHV BAC (iSLK/BAC16 WT) and this KSHV BAC mutant
(iSLK/BAC16 3GV), and stably transfected bulk populations were selected. Lytic
replication was then induced in these cells by treatment with doxycycline and Na
butyrate, and cells were collected 48 h after reactivation, lysed, and immunoprecipitated
with an antibody recognizing phosphotyrosine (pY) residues. By immunoblotting with the
same anti-phosphotyrosine antibody, we observed increased phosphorylation of a protein
band of the molecular weight expected for TK (pTK, approximately 65 kDa) (43, 44) in
induced iSLK/BAC16 WT cells but not in induced iSLK/BAC16 3GV cells (Fig. 1D). Similar
results were obtained with three independently generated sets of iSLK populations that
had been stably transfected with KSHV-WT and KSHV-ORF21_3GV bacmids. This pattern
suggests that the phosphorylation of this protein during lytic reactivation is dependent on
the TK tyrosine kinase function. We observed that expression of the early lytic proteins
ORF45 and K-bZIP were moderately decreased (Fig. 1E), but the titer of viral progeny not
affected (Fig. 1F) if the TK tyrosine kinase function was abolished. We conclude that the
enzymatic function of KSHV ORF21/TK is required for efficient TK autophosphorylation in
KSHV-infected cells undergoing lytic replication but is not essential for the KSHV lytic cycle
in cultured epithelial cells.

ORF21/TK is required to activate brivudine and zidovudine in KSHV-infected
cells. Pyrimidine nucleoside derivatives have been shown to be preferentially phos-
phorylated by herpesviral thymidine kinases, and purine nucleosides are preferentially
activated by beta- and gammaherpesvirus protein kinases (40). Based on this evidence,
we tested two pyrimidine compounds, brivudine and zidovudine, at several concen-
trations in iSLK cells stably infected with either KSHV-WT or the KSHV-ORF21_3GV
mutant. Following induction of the lytic cycle, the production of infectious progeny
virus was inhibited by both drugs in a dose-dependent manner in KSHV-WT-infected
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FIG 2 ORF21 is required to activate brivudine (Briv) and zidovudine (Zido). (A and B) iSLK cells stably transfected with KSHV-WT
(WT) or KSHV-ORF21_3GV mutant (3GV) were induced with SB (1 mM) and doxycycline (1 ug/ml) and treated with 0.01 uM to
10 uM (1/2 dilutions) of brivudine (A) or zidovudine (B) DMSO-treated nonreactivated and reactivated cells were used as a
control. Supernatants from inhibitor-treated, reactivated, and nonreactivated iSLK cells were used to infect HEK293. Infected
GFP-positive cells were counted 48 h after infection. (C and D) MTT assay of iSLK cells was performed 48 h after treatment with
inhibitors and reactivation.

cells but not in KSHV-ORF21_3GV-infected cells, suggesting that the KSHV-ORF21_3GV
mutant is resistant to both compounds (Fig. 2A and B). Cell viability, evaluated using an
MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay, strongly
decreased with increasing concentrations of brivudine and zidovudine for KSHV-WT-
infected iSLK cells but only moderately for KSHV-ORF21_3GV-infected iSLK cells (Fig. 2C
and D), suggesting that KSHV TK promotes the conversion of brivudine and zidvudine
into cytotoxic moieties in KSHV-infected cells.

Tyrosine kinase inhibitors approved for clinical use inhibit KSHV TK (ORF217)
autophosphorylation. We next explored if tyrosine kinase inhibitors that are approved
by the FDA for clinical use could inhibit the ORF21/TK tyrosine kinase activity.

Using the assay described in the legend to Fig. 1B, we investigated whether any of
27 FDA-approved kinase inhibitors (Table 1) are able to inhibit KSHV ORF21/TK auto-
phosphorylation. Twenty-four hours after transfection, HEK293 cells expressing GFP-TK
were treated with 1 wM each inhibitor (Fig. 3). We observed that the level of auto-
phosphorylated TK was markedly (at least 80%) decreased by bosutinib, dasatinib, and
ponatinib and to a lesser extent by gefitinib and nilotinib (Fig. 3). These results suggest
that these drugs are able to inhibit ORF21/TK kinase activity.

We confirmed these results in an ex cellulo assay, in which we performed a kinase
assay on immunoprecipitated GFP-TK. Forty-eight hours after transfection of HEK293
cells with GFP-TK as described above, GFP-TK was immunoprecipitated with an anti-
body to GFP and immune complexes were incubated, in the presence or absence of
ATP, with bosutinib, dasatinib, ponatinib, gefitinib, or nilotinib or with dimethyl sul-
foxide (DMSO) as a solvent control. Autophosphorylation levels of TK were estimated by
immunoblotting using an anti-phosphotyrosine antibody. The results indicate that the
tested compounds inhibit autophosphorylation of immunoprecipitated TK in vitro in
the absence of other cellular proteins (Fig. 4A). To exclude the possibility that an
associated cellular kinase might have coimmunoprecipitated with ORF21/TK and
caused its phosphorylation, we analyzed the ability of the “kinase-dead” GFP-TK 3GV
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TABLE 1 FDA-approved kinase inhibitors used in this study

Journal of Virology

Date of FDA Kinase

Agent (designation) Drug name  Sponsor approval inhibitor®  Primary target(s)

Afatinib (Gilotrif) Tovok Boehringer Ingelheim  July 2013 Y EGFR, ErbB2/4

Axitinib (AG013736) Inlyta Pfizer January 2012 Y VEGFRs, c-Kit, PDGFRB

Bosutinib (SKI-606) Bosulif Wyeth September 2012 Y BCR-Abl, Src, Lyn, Hck

Cabozantinib (XL184) Cometriq Exelixis November 2012 Y VEGFRs, c-Met, Ret, Kit, TrkB, FIt3, Tie2, Axl

Ceritinib (LDK378) Zykadia Novartis April 2014 Y ALK, IGF-1R, InsR, ROS1

Crizotinib (PF-02341066) Xalkori Pfizer August 2011 Y ALK, c-Met (HGFR), ROS1, MST1R

Dabrafenib (6964) Tafinlar GlaxoSmithKline May 2013 S/T B-Raf

Dasatinib (BM-354825) Sprycel Bristol-Myers Squibb June 2006 Y BCR-AblI, Src, Lck, Lyn, Yes, Fyn, c-Kit,
EphA2, PDGFRB

Erlotinib (OSI-744) Tarceva (OSl)pharmaceuticals November 2004 Y EGFRs

Gefitinib (ZD1839) Iressa AstraZeneca May 2003 Y EGFRs, PDGFR

Ibrutinib (PCI-32765) Imbruvica Pharmacyclics November 2013 Y BTK

Imatinib (STI571) Gleevec Novartis May 2001 Y BCR-ADblI, c-Kit, PDGFR

Lapatinib (GW2016) Tykerb GlaxoSmithKline March 2007 Y EGFR, ErbB2

Lenvatinib (E7080) Lenvima Eisai February 2015 Y VEGFRs, PDGFRs, FGFRs, Kit, RET

Nilotinib (AMN107) Tasigna Novartis October 2007 Y BCR-Abl, PDGFR, Kit, DDR1

Nintedanib (BIBF1120) Ofev Boehringer Ingelheim  October 2014 Y VEGFRs, FGFRs, PDGFRs, Lck

Palbocicnib (PD-0332991) Ibrance Pfizer February 2015 S/T CDK4, CDK6

Pazopanib (GW-786034) Votrient GlaxoSmithKline October 2009 Y VEGFRs, PDGFRs, FGDRs, c-Kit, Lck, Fms, Itk

Ponatinib (AP24534) Iclusig Ariad December 2012 Y BCR-Abl, PDGFRs, VEGFRs, FGFRs, Src,
EphR, Kit, RET, Tie2, FIt3

Regorafenib (BAY 73-4506)  Stivarga Bayer September 2012 Y/S/T VEGFRs, PDGFRs, Kit, RET, Raf-1, Tie2,
EphA2

Ruxolitinib (INC424) Jakafi Incyte November 2011 Y JAK1/2

Sorafenib (BAY 43-9006) Nexavar Bayer December 2005 Y/S/T VEGFRs, PDGFRs, B-Raf, Kit, FIt3, RET, CDK8

Sunitinib (SU11248) Sutent Pfizer January 2006 Y VEGFRs, PDGFRs, c-Kit, RET, Flt3

Tofacitinib (CP-690550) Xeljanz Pfizer November 2012 Y JAK3

Trametinib (6495) Mekinist GlaxoSmithKline May 2013 S/T MEK1/2

Vandetanib (ZD6474) Caprelsa AstraZeneca April 2011 Y VEGFRs, EGFRs, RET, Tie2, Brk, EphR

Vemurafenib (PLX4043) Zelboraf Roche August 2011 S/IT Raf

aFDA-approved small-molecule kinase inhibitors. More details may be found in reference 97.
bInhibiting phosphorylation of tyrosine (Y), serine (S) or threonine (T) residues.

mutant to autophosphorylate under the same conditions (Fig. 4A). We observed no
significant phosphorylation with this mutant, indicating that the observed phosphor-
ylation is due mainly to autophosphorylation of TK. A similar experiment was per-
formed using increasing concentrations of inhibitors (Fig. 4B). We observed that in
contrast to imatinib, which did not show significant inhibition, dasatinib strongly
inhibits the autophosphorylation of TK, even at 0.3 uM. Similar results were observed
for bosutinib and ponatinib. In this kinase assay performed with immunoprecipitated
TK, ibrutinib, which did not inhibit TK autophosphorylation in transfected cells at 1 uM
(Fig. 3), was able to inhibit TK autophosphorylation by more than 50% at concentrations
of 2.5 uM and higher (Fig. 4B).

Kinase inhibitors inhibit TK autophosphorylation in KSHV-infected cells. We
further analyzed the impact of selected kinase inhibitors on TK autophosphorylation in
KSHV-infected cells. Following induction of lytic replication in iSLK/KSHV-WT and
treatment for 48 h with 5 or 10 uM dasatinib (Fig. 5A), bosutinib (Fig. 5B), or ponatinib
(Fig. 5C), we immunoprecipitated phosphorylated proteins as shown in Fig. 1D. The
phosphorylated band corresponding to TK was abolished by all three inhibitors at both
concentrations used (Fig. 5A to C). All three compounds also strongly inhibited the
production of infectious virus (Fig. 5D).

Since a KSHV mutant with an enzymatically inactive TK was not strongly compro-
mised in reactivation from latency and production of infectious viral progeny (Fig. 1D
to F), it is unlikely that the ability of these three tyrosine kinase inhibitors to inhibit virus
production was linked to their inhibition of TK autophosphorylation (Fig. 3 to 5). To
confirm this conclusion, we compared the concentrations of dasatinib required to
inhibit KSHV-WT and the KSHV-3GV mutant carrying an enzymatically inactive TK gene
(Fig. 1D). As shown in Fig. 5E, the KSHV-3GV mutant was still inhibited by dasatinib in
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FIG 3 Autophosphorylation of TK in transfected cells can be inhibited by FDA-approved kinase inhibitors.
Plasmids coding for GFP-TK or its empty vector (EV) were transfected in HEK293 cells. At 24 h after
transfection, cells were treated for an additional 24 h with 1 uM FDA-approved inhibitors. Total lysates were
analyzed by immunoblotting using antibodies to phosphorylated tyrosine residues or to GFP. The total GFP
signal was used to normalize the ratio of phosphorylated forms of TK to total TK. See Table 1 for the
complete names of the inhibitors.

a dose-dependent manner, in contrast to its resistance to brivudine (Fig. 2). This
suggests that the ability of dasatinib and other tyrosine kinase inhibitors to inhibit KSHV
reactivation is likely due to their inhibition of cellular tyrosine kinases.

Inhibition of KSHV lytic reactivation by FDA-approved kinase inhibitors in
different cell types. To further explore the inhibition of KSHV reactivation by FDA-
approved kinase inhibitors, we tested their effect on KSHV lytic replication in B cells
(BJAB-rkKSHV.219), endothelial cells (HUARLT-rkKSHV.219), and another epithelial cell line
(Vero-rkSHV.219), in which the lytic cycle was activated by different means. In BJAB-
rKSHV.219 cells, the lytic cycle was induced using an antibody to IgM (50), and in
HUARLT-rkKSHV.219 and Vero-rkKSHV.219 cells, it was induced with a baculovirus ex-
pressing RTA in combination with Na butyrate. The titer of infectious KSHV released
from BJAB-rKSHV.219 cells was measured by infecting HEK293 cells as described above,
and the strength of the GFP signal in infected HEK293 cells was quantified using a
fluorimeter 48 h after infection (Fig. 6A). For the HUARLT-rkKSHV.219 (Fig. 6B) and
Vero-rKSHV.219 (Fig. 6C) cells, the number of red fluorescent protein (RFP)-expressing
cells, i.e,, cells undergoing lytic reactivation, was determined by microscopy 48 h after
treatment. Inhibitor-treated cells were stained with MTT (BJAB-rKSHV.219) or DAPI
(4',6-diamidino-2-phenylindole) (HUARLT-rkKSHV.219, Vero-rKSHV.219) to assess cell vi-
ability.

Dasatinib, ponatinib, ibrutinib, cabozantinib, lenvatinib, and trametinib inhibited
virus release from induced BJAB-rkKSHV.219 cells at nontoxic concentrations (Fig. 6A).
Crizotinib, pazopanib, and regorafenib inhibited virus release to a lesser extent in this
assay. Dasatinib, ponatinib, ibrutinib, and trametinib also lowered the expression of the
KSHV early protein K-bZIP in BJAB-rKSHV.219 cells (Fig. 7A). Bosutinib, an inhibitor of
ORF21/TK activity (Fig. 3 and 4), inhibited virus release in KSHV-infected endothelial
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FIG 4 FDA-approved kinase inhibitors inhibit autophosphorylation of immunoprecipitated TK. (A) GFP-TK
was overexpressed in HEK293 cells and immunoprecipitated 48 h later using a GFP antibody prior to an
in vitro kinase assay in the presence or absence of ATP and 20 uM FDA-approved inhibitors. The level of
phosphorylated and total TK was estimated by immunoblotting, using antibodies to phosphorylated
tyrosine residues and GFP, respectively, and quantification on a Li-Cor instrument. The ratio of phos-
phorylated GFP-TK to total GFP in the presence of inhibitor in comparison to the DMSO control was
calculated and is given below the corresponding immunoblots. (B) Similar experiment as that described
for panel A with 10, 5, 2.5, 1.25, 0.625, and 0.313 uM bosutinib (Bosu), dasatinib (Dasa), ibrutinib (Ibru),
imatinib (Imat), and ponatinib (Pona) and 10, 5, 2.5, and 1.25 uM trametinib (Tram).
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FIG 5 Inhibition of TK autophosphorylation and virus production by kinase inhibitors in KSHV-infected cells. (A to D) iSLK cells stably
transfected with KSHV BAC16 WT were induced with SB (1 mM) and doxycycline (1 ug/ml) and treated with 5 or 10 uM dasatinib (A),
bosutinib (B), or ponatinib (C). Nonreactivated cells were used as a control. At 48 h after induction, cells were lysed, immunoprecipitated
using beads coupled to an antibody against phosphorylated tyrosine residues, and analyzed by immunoblotting using antibodies against
phosphorylated tyrosine residues (pY) and B-actin. (D) Supernatants from inhibitor-treated, reactivated and nonreactivated iSLK cells were
used to infect HEK293. Infected GFP-positive cells were counted 48 h after infection. An unpaired t test was performed. ***, P < 0.001. (E)
Dasatinib treatment of cells infected with KSHV-WT or the KSHV-3GV mutant. iSLK cells stably transfected with KSHV-WT (WT) or the
KSHV-ORF21_3GV mutant (3GV) were induced with SB (1 mM) and doxycycline (1 wg/ml) and treated with 0.07 M to 10 uM (1/2 dilutions)
of dasatinib. DMSO-treated, nonreactivated and reactivated cells were used as a control. Supernatants from inhibitor-treated, reactivated
and nonreactivated iSLK cells were used to infect HEK293 cells. Infected GFP-positive cells were counted 48 h after infection.

(HUARLT-rKSHV.219) and epithelial (Vero-rkKSHV.219) cells (Fig. 6B and C) but increased
K-bZIP expression (Fig. 7A) and virus production (Fig. 6A) in BJAB-rKSHV.219 cells.
Trametinib, a serine/threonine kinase inhibitor, inhibits the lytic replication cycle with-
out inhibiting TK autophosphorylation (Fig. 3, 6A, and 7A).

The fact that dasatinib, ponatinib, ibrutinib, and trametinib decreased the expres-
sion of the early KSHV protein K-bZIP in KSHV-infected cells (Fig. 7A) indicates that they
act at the level of virus reactivation. To assess if they might also inhibit viral entry, we
tested several FDA-approved kinase inhibitors in a KSHV entry assay. We infected
HEK293 cells with a stock of KSHV.219, applied the inhibitors at two concentrations (1
and 10 uM) at the time of infection, and scored the number of GFP-positive HEK293
cells after 48 h. We observed moderate inhibition at 10 uM for bosutinib, ponatinib, and
dasatinib, while only ponatinib inhibited KSHV entry at 1T uM (Fig. 7B). Since dasatinib
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FIG 6 Inhibition of KSHV progeny production by FDA-approved tyrosine kinase inhibitors. BJAB-rKSHV.219 (A), HUARLT-rKSHV.219 (B), and Vero-
rKSHV.219 (C) cells were used to estimate the inhibitory effect of several FDA-approved kinase inhibitors on KSHV lytic replication. Supernatants from
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FIG 7 Inhibition of KSHV early protein expression by FDA-approved tyrosine kinase inhibitors. (A)
BJAB-rKSHV.219 cells were treated with 1 uM inhibitors and triggered for reactivation (anti-lgM) for 48
h prior to lysis and analysis by immunoblotting with antibodies to the early KSHV proteins K-bZIP and
ORF45. See Table 1 for the complete names of the inhibitors. (B) HEK293 cells were infected with
rKSHV.219 (MOI, 1) and treated with 1 uM or 10 wM inhibitors at the time of infection. Infected
GFP-positive cells were counted 48 h after infection.

potently inhibits K-bZIP expression already at 1 uM (Fig. 7A) and inhibits virus produc-
tion at concentrations well below 1 uM (Fig. 5E), we conclude that it inhibits KSHV
mainly at the stage of lytic cycle induction.

Inhibition of KSHV-induced tumor formation by FDA-approved kinase inhibi-
tors. To assess the effect of selected inhibitors on KSHV-induced tumor formation in
vivo, we implanted HUARLT-rKSHV spheroids (51) subcutaneously into mice and treated
these with dasatinib, ibrutinib, imatinib, or ponatinib via oral gavage. Four weeks later,
the diameter of the tumors was measured. We observed that dasatinib and imatinib

FIG 6 Legend (Continued)

Journal of Virology

reactivated, inhibitor-treated cells were used to infect HEK293 cells, and the GFP signal in HEK293 cells was measured with a luminometer 48 h after
infection. Data obtained from treatments with 0.3 uM, 1 uM, 3 uM, and 10 uM (A) and 0.1 uM, 1 uM, and 10 uM (B and C) concentrations of the
mentioned compounds were normalized to that with DMSO. Background signal was estimated by the signal obtained from uninduced cells (Ul).
Foscarnet (Fos) was used as a positive control at 200 uM. Cell toxicity was assessed by an MTT assay (BJAB-rKSHV.219) or DAPI staining (HUARLT-
rKSHV.219, Vero-rkKSHV.219). See Table 1 for the complete names of the inhibitors. Bars and error bars represent means =+ SD across quadruplicate (A),

triplicate (B) results and two datasets, each performed in triplicate (C).
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FIG 8 Inhibition of KSHV-induced tumorigenesis by FDA-approved kinase inhibitors. (A) After implanta-
tion of HUARLT-rKSHV spheroids in mice, animals were treated via oral gavage 6 times a week with
dasatinib (Dasa), ibrutinib (lbru), imatinib (Imat), and ponatinib (Pona) at concentrations of 30 mg/kg,
50 mg/kg, 100 mg/kg, and 30 mg/kg, respectively. Rapamycin (2 mg/kg) was injected 3 times a week.
Four weeks later, the lesion diameter was estimated. One-way ANOVA, followed by Dunnetts’ multiple
comparison, was performed. *, P < 0.05. (B) Representative pictures of lesions.

were as potent as rapamycin in this mouse model and reduced the tumor diameter by
around 25% (Fig. 8).

DISCUSSION

In this study, we explored the role of the recently described (43) tyrosine kinase function
of the KSHV ORF21/thymidine kinase in KSHV lytic replication and show that it can be
inhibited by several tyrosine kinase inhibitors that are already approved for clinical use.
Replacing WT ORF21 with a “kinase-dead” triple mutant ORF21 gene in a recombinant
KSHV genome (Fig. 1D to F) did not strongly interfere with the lytic replication in cultured
epithelial cells (iSLK cells). This result is in line with the previously reported observation that
MHV-68 ORF21/TK is dispensable for productive MHV-68 replication in cell culture but
required for viral productive replication in the lungs of infected mice (47, 48). Therefore, it
is conceivable that the tyrosine kinase function of KSHV ORF21/TK may play a role in KSHV
replication in infected patients. In cells transfected with an ORF21/TK expression vector, its
tyrosine kinase function contributes to morphological changes in ORF21/TK-expressing
cells (43). In our experiments with the KSHV-ORF21_3GV virus, whose tyrosine kinase
function is deficient, we did not observe any changes in cell morphology between
KSHV-WT-infected cells and KSHV-ORF21_3GV-infected cells. This may be due to the lower
level of expression of ORF21/TK in KSHV-infected cells than in ORF21/TK-transfected cells or
the fact that there were relatively few cells undergoing KSHV lytic reactivation in our
induced cultures.

TK preferentially phosphorylates pyrimidine nucleosides, and it is unable to effi-
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ciently phosphorylate purine analogues (39, 40). When MHV-68 and herpesvirus saimiri
(HVS) were passaged repeatedly in the presence of brivudine, resistance mapped to
mutations in their ORF21/TK genes (40). In keeping with this observation, we show here
that a “kinase-dead” KSHV mutant, KSHV-ORF21_3GYV, is resistant to brivudine (Fig. 2A
and Q), underlining the importance of KSHV ORF21/TK for the activation of brivudine in
infected cells to become an effective antiviral drug. We found the same for zidovudine
(Fig. 2B and D). This observation is in line with the successful use of high-dose
zidovudine in combination with valganciclovir to treat patients with active multicentric
Castelman disease (41, 42).

In view of the tyrosine kinase function of KSHV ORF21/TK and the essential role of
MHV-68 TK for virus replication in vivo (47, 48), we next explored if tyrosine kinase
inhibitors that are already available for clinical use could inhibit the enzymatic activity
of KSHV ORF21/TK. We screened FDA-approved inhibitors of cellular tyrosine kinases for
compounds that are able to inhibit the enzymatic activity of ORF21/TK and/or KSHV lytic
replication. We identified bosutinib, dasatinib, and ponatinib as potent inhibitors of
ORF21/TK autophosphorylation in ORF21/TK-transfected cells (Fig. 3), in an in vitro kinase
assay using immunoprecipitated ORF21/TK (Fig. 4) and in KSHV-infected iSLK/BAC16 cells
(Fig. 5). In ORF21/TK-transfected cells, or against immunoprecipitated ORF21/TK, gefitinib,
nilotinib, and nintedanib showed moderate inhibition of ORF21/TK autophosphorylation
(Fig. 3 and 4). While the two most potent inhibitors of ORF21/TK autophosphorylation,
dasatinib and ponatinib, all strongly inhibited KSHV lytic replication in B, endothelial, and
epithelial cells and expression of the KSHV early protein K-bZIP, the three less potent
compounds, gefitinib, nilotinib and nintedanib, did not (Fig. 6 and 7). Dasatinib was not
toxic in any of the three cell lines tested, while bosutinib and ponatinib showed some
toxicity in KSHV-infected BJAB and Vero cells (Fig. 6).

Four other cellular tyrosine kinase inhibitors, ibrutinib, lenvatinib, cabozantinib, and
pazopanib, also inhibited KSHV lytic replication at nontoxic concentrations in at least
one of the three tested cell lines without inhibiting ORF21/TK enzymatic activity (Fig. 3,
4, 6 and 7). As expected, trametinib, a serine/threonine inhibitor (Table 1), did not
inhibit ORF21/TK autophosphorylation (Fig. 3 and 4) but potently inhibited KSHV lytic
reactivation (Fig. 6 and 7).

The observation that the “kinase-dead” KSHV-ORF21_3GV mutant was not compro-
mised in its ability to undergo lytic reactivation (Fig. 1D to F) suggested that the
antiviral properties of dasatinib, ponatinib, and bosutinib in tissue culture (Fig. 5 to 7)
are not dependent on their ability to inhibit ORF21/TK autophosphorylation (Fig. 3 and
4). We confirmed this conclusion by showing that the KSHV-ORF21_3GV mutant is still
susceptible to inhibition by dasatinib (Fig. 5E). The ability of these tyrosine kinase
inhibitors to target cellular kinases is therefore the most likely explanation for their
antiviral properties in tissue culture. However, taken together, our results suggest that
in patients with active KSHV replication, as observed in cases of florid KS (52, 53) and
MCD (54-56), dasatinib or other tyrosine kinase inhibitors with activity against
ORF21/TK might have a dual effect, targeting both cellular tyrosine kinases and the
kinase function of ORF21/TK, which is, at least in the case of the animal model provided
by MHV-68, required for in vivo lytic replication (47, 48).

There is already clinical evidence that tyrosine kinase inhibitors may play a role in
the treatment of KSHV-associated disease. Imatinib mesylate has been used in phase |
and Il clinical trials in AIDS-related cutaneous KS (Clinical Trial no. NCT00090987) and
achieved a partial regression of cutaneous KS lesions in some patients (57, 58).
Inhibition of c-kit and/or platelet-derived growth factor (PDGF) receptors by imatinib
may have contributed to this observation (59, 60). However, imatinib does not inhibit
the tyrosine kinase function of KSHV ORF21/TK (Fig. 3 and 4) and was less efficient in
inhibiting the KSHV lytic replication than dasatinib, bosutinib, ponatinib, and ibrutinib
(Fig. 6 and 7). It is therefore unlikely to target KSHV directly in vivo.

Dasatinib is more potent than imatinib in inhibiting c-kit (dissociation constants [K_]
of 0.85nM and 13 nM, respectively) and PDGFRB (K, of 0.63nM and 14 nM, respec-
tively) (61, 62) and also targets Abl, EphA2, and Src family kinases (SFKs). By targeting
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SFKs and PDGFRp, dasatinib inhibits several pathways which are activated during the
KSHV life cycle (63-65). Dasatinib also inhibits EphA2, a receptor tyrosine kinase (RTK)
involved in KSHV entry and signaling (66-69). Our results suggest that it is also a potent
inhibitor of ORF21/TK phosphorylation and KSHV lytic reactivation in three different cell
types without apparent cell toxicity. Dasatinib could therefore be a promising candi-
date to be evaluated as a treatment of KS or MCD. Dasatinib has already been used in
a phase | clinical trial to treat patients with lymphoma, including EBV-associated
lymphoma (Clinical Trial no. NCT00608361).

Like dasatinib, ponatinib is a multitarget kinase inhibitor. Even though ponatinib
strongly inhibits KSHV replication, it was toxic in our assays and its use in patients with
chronic myelogenous leukemia (CML) is known to be associated with occasional severe
side effects (70).

Bosutinib, the third potent inhibitor of ORF21/TK, inhibited lytic replication in KSHV-
infected endothelial and epithelial cells but increased virus production in anti-lgM-
stimulated KSHV-infected BJAB cells, raising the possibility that it might promote the
reactivation of KSHV from latently infected B cells in vivo. We hypothesize that bosutinib
may also target cellular kinases that downregulate lytic replication in B cells. As reported
previously, cellular Tousled-like kinases (TLKs) repressed KSHV reactivation from latency
(71).

Ibrutinib mainly targets Bruton’s tyrosine kinase (BTK), a nonreceptor tyrosine kinase
involved in the BCR signaling pathway, which is known to activate KSHV from latency
in B cells (50). In our experimental systems, ibrutinib potently inhibited KSHV reactiva-
tion not only from B cells but also from endothelial and epithelial cells (Fig. 6 and 7).
It showed moderate activity against the ORF21/TK tyrosine kinase function (Fig. 4).
Ibrutinib has already been used in a phase Il clinical trial (Clinical Trial no.
NCT01109069) in patients with chronic lymphocytic leukemia and B-cell lymphoma,
including EBV-associated lymphoma (72), and may therefore be another candidate drug
against KS that would merit evaluation in clinical trials.

Sorafenib, a dual tyrosine and serine/threonine protein kinase inhibitor, mainly
targets VEGFR, PDGFR, and Raf kinases and has been used in a phase I/Il clinical trial to
treat KSHV-associated cancer (Clinical Trial no. NCT00287495). It also inhibits the human
cytomegalovirus (HCMV) replication cycle (73). Sorafenib showed a moderate inhibition
of KSHV lytic replication in BJAB-rKSHV.219 cells (uM range) but was toxic at higher
concentrations (Fig. 6).

We also evaluated the ability of dasatinib, ibrutinib, and ponatinib to inhibit the
growth of tumors developing after implantation of HUARLT-rKSHV spheroids into mice.
We used rapamycin and imatinib as a reference, as these compounds have been shown
to ameliorate posttransplant and AIDS KS in clinical trials (57, 58, 74, 75). We observed
that dasatinib reduced tumor size in implanted mice to approximately the same degree
as imatinib and rapamycin (Fig. 8).

Unlike ganciclovir, which targets the viral DNA polymerase and thereby a late stage
of viral replication and which has previously been shown to reduce the risk for the
subsequent emergence of KS in AIDS patients treated for CMV (76), the tyrosine kinase
inhibitors identified in this study inhibit the early phase of lytic replication. This would
have the advantage of decreasing the expression of early KSHV proteins with paracrine
and angiogenic properties that are thought to contribute to KSHV pathogenesis, such
as vIL-6, vMIP-I to -lll, vGPCR, K1, and K15 (16, 17, 25, 77-83).

In conclusion, we show that several tyrosine kinase inhibitors, including dasatinib,
ibrutinib, and ponatinib, are inhibitors of both ORF21/TK tyrosine kinase activity and
KSHV lytic replication. While their antiviral effect in tissue culture is due mostly to their
ability to inhibit cellular tyrosine kinases, these compounds may have the advantage of
targeting cellular tyrosine kinases as well as a viral kinase that, at least in the animal
model provided by MHV-68, has been shown to be required for productive viral
replication in vivo. Of these three drugs, dasatinib also showed efficacy against a
KSHV-induced tumor in a mouse model and may therefore represent a candidate for
drug repurposing to be evaluated in clinical trials of KSHV-associated disease.
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MATERIALS AND METHODS

Cell culture, transfection, virus production. HEK293, Vero (84), Vero-rKSHV.219 (85), BJAB (86),
BJAB-rKSHV.219 (50, 85), HUARLT (87), and HUARLT-rKSHV.219 (synonym, HuUAR2T and HuAR2T-KSHV)
cells (88, 89), SLK cells (90, 91), and iSLK cells were cultured as described previously. The production of
the recombinant baculovirus expressing KSHV ORF50/RTA used to trigger lytic reactivation was described
previously (85). HEK293 cells were transfected in six-well plates with 1 ug of each construct using the
FUGENE transfection reagent (Promega) at a ratio 3 ul:1 ug of DNA and harvested 48 h after transfection.

An rKSHV.219 virus stock was produced from BJAB cells infected with rKSHV.219 as previously
described (92). iSLK cells stably transfected with KSHV BAC16 WT or the 3GV mutant were induced with
Na butyrate (SB; 2mM) and doxycycline (2 ug/ml). To determine the titer of the virus produced by
iSLK/BACs or BJAB-rKSHV.219, the supernatant collected 48 h after reactivation/treatment was used to
infect HEK293 cells in a 96-well plate (3 X 10* cells/well). The plate was centrifuged for 30 min at 32°C
and 450 X g. Seventy-two hours later, infected GFP-positive HEK293 cells were counted and the viral titer
was calculated.

Mutagenesis of KSHV BAC16 and generation of KSHV BAC16 stable cell lines. The following
primers were used to insert three point mutations (G,¢,V, G,65V, G,g5V) into the ATP binding pocket of
the ORF21 gene in the KSHV genome following the “En passant” protocol: 5'-ACC GTG GAC TAC AGG AAT
GTT TAT TTG CTT TAC TTA GAG GTG GTA ATG GTT GTG GTC AAA TCA ACG CTG GTC AAC GGA CGC ATC
GTG GCC GGA TCT C-3' and 5'-GGG CAA GAT CCC GCA CAC GGC GTT GAC CAG CGT TGA TTT GAC CAC
AAC CAT TAC CAC CTC TAA GTA AAG CAA ATA AGT GAC CAC GTC GTG GAA TGC-3' (93). This mutant
was named KSHV BAC16 3GV. Two individual clones from the first recombination step were selected and
used for the second recombination step. New KSHV BAC16 constructs were confirmed by enzymatic
digestion and completely sequenced on an lllumina MiSeq sequencer. To generate stable iSLK/BAC16
cells, iSLK cells were transfected with the KSHV BAC16 WT or BAC16 3GV mutant DNA using Fugene 6
(Roche no. 11814443001) and selected with 1.2 mg/ml hygromycin B for 2 to 3 weeks and maintained as
a polyclonal culture with 100 wg/ml hygromycin B (94).

Expression plasmid. GFP-TK was obtained by cloning KSHV ORF21 in the pEGFP-C2 vector (Clon-
tech). ORF21 was amplified by PCR from KSHV WT BAC16 using the following primers: 5’-CAC CTC GAG
AGC AGA AGG CGG TTT TG-3', which contains a Xhol restriction site, and 5’-GCC GAA TTC CTA GAC CCT
GCA TGT CTC CTC-3’, which contains an EcoRI site. The amplified product and pEGFP-C2 were digested
by EcoRI and Xhol prior to ligation.

A GFP-TK 3GV mutant containing three point mutations (G,4,V, G,¢;V, GogsV) in the ATP binding site
was generated by PCR-based mutagenesis using the following primers: 5'-GCT TTA CTT AGA GGT GGT
AAT GGT TGT GGT CAA ATC AAC GCT GGT CAA C-3" and 5'-GTT GAC CAG CGT TGA TTT GAC CAC AAC
CAT TAC CAC CTC TAA GTA AAG C-3'. A mutant with three mutations of tyrosine residues in GFP-TK (Y.F,
YgsF, Y1,0F) was also generated by PCR-based mutagenesis using the primers for Y¢F (5'-CCT CGT ACA
TAT TCG ACG TGC CCA CCG-3'; 5'-CGG TGG GCA CGT CGA ATA TGT ACG AGG-3'), YgsF (5'-TGC ACG ACA
ACT CCC TCT TTG CAA CGC CTA GGT TTC CGC C-3’; 5'-GGC GGA AAC CTA GGC GTT GCA AAG AGG GAG
TTG TCG TGC A-3'), and Y,,oF (5'-TGA CGA CGA CTC GGG AGA CTT TGC GCC AAT GGA TCG CTT C-3';
5'-GAA GCG ATC CAT TGG CGC AAA GTC TCC GAG TCG TCG TCA-3'). The presence of the correct
mutation and the absence of unintended mutations were checked by Sanger sequencing.

Immunoblotting, antibodies, immunoprecipitation, kinase assay. For inmunoblotting, cells were
lysed in SDS sample buffer (62.5 mM Tris-HCI, pH 6.8, 2% [wt/vol] SDS, 10% glycerol, 50 mM dithiothreitol
[DTT], 0.01% [wt/vol] bromophenol blue) and immunoblot analyses were performed using standard
protocols. Proteins were detected using the following primary antibodies: mouse monoclonal HHV-8
K-bZIP antibody F33P1 (sc-69797; Santa Cruz), mouse monoclonal KSHV ORF45 antibody (sc-53883; Santa
Cruz), rat monoclonal KSHV ORF73 (LNA-1) antibody (13-210-100; Advanced Biotechnologies), rabbit
monoclonal GAPDH antibody (no. 2118; Cell Signaling Technology), mouse monoclonal B-actin antibody
(no. A5441; Sigma), mouse monoclonal phosphotyrosine antibody (P-Tyr-100) (Cell Signaling Technol-
ogy), mouse monoclonal GFP antibody (no. 632380; Clontech), and rabbit polyclonal GFP antibody (no.
632592; Clontech).

For immunoprecipitation of GFP-tagged ORF21/TK, HEK293 cells were collected 48 h after transfec-
tion and lysed for 1 h on ice with lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 10%
glycerol, 1% Triton X-100) supplemented with cOmplete Ultra protease inhibitor cocktail (Roche) and
PhosSTOP phosphatase inhibitor cocktail (Roche). Lysates were centrifuged at 20,000 X g at 4°C for
10 min, and the resulting supernatants were gently shaken overnight at 4°C with protein G Sepharose 4
fast flow beads (GE Healthcare) and rabbit polyclonal GFP antibody (no. 632592; Clontech) diluted to
1/500. The beads were washed three times with lysis buffer and analyzed by SDS-PAGE and immuno-
blotting. A similar protocol was used for immunoprecipitation of induced/treated iSLK/KSHV BAC16 WT
and iSLK/KSHV BAC16 3GV cells.

For the kinase assay, beads obtained after immunoprecipitation of GFP-TK were washed twice with
lysis buffer, followed by a single wash with 25 mM HEPES, pH 7, 50 mM NaCl, 2.5 mM EDTA, and 2.5 mM
DTT. Beads were incubated for 30 min at 30°C and washed with a kinase assay buffer (10 mM HEPES, pH
7.7, 75 mM NaCl, 5 mM EDTA, 0.5 mM DTT) supplemented with PhosSTOP phosphatase inhibitor cocktail
(Roche). The beads were then incubated for 30 min at 30°C in the presence of 0.4 uM ATP and the
FDA-approved kinase inhibitors diluted in kinase assay buffer, and the reaction was stopped with 5X SDS
sample buffer (250 mM Tris-HCl, pH 6.8, 10% [wt/vol] SDS, 50% glycerol, 250 mM DTT, 0.05% [wt/vol]
bromophenol blue).

Inhibition of KSHV lytic replication by kinase inhibitors and cell viability assay. For BJAB-
rKSHV.219, 1.5 X 10* cells per well were plated in 384-well plates. Twenty-four hours later, cells were
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treated with kinase inhibitors and triggered for lytic reactivation for 72 h as previously described (92, 95).
Supernatants from BJAB-rKSHV.219 cells were collected and used to infect fresh HEK293 cells that had been
seeded into a 384-well plate 24 h earlier at a density of 4 X 103 cells per well. HEK293 cells were then
centrifuged for 30 min at 30°C and 450 X g and incubated at 37°C for 72 h. The cells were fixed with
glutaraldehyde and washed with phosphate-buffered saline (PBS). De novo infection was evaluated by the
mean fluorescence intensity of GFP-positive HEK293 cells quantified in a BioTek luminometer. HUARLT-
rKSHV.219 (1.3 X 10* cells/well) or Vero-rKSHV.219 (5 X 103 cells/well) cells were plated in 96-well plates and,
24 h later, treated with kinase inhibitors and a baculovirus expressing the KSHV RTA protein and 1.25 mM Na
butyrate for 48 h to activate lytic replication. Following fixation with glutaraldehyde, KSHV lytic reactivation
was evaluated by quantifying the number of RFP-positive cells using CellProfiler (96).

Cell viability after inhibitor treatment was estimated using an MTT assay for BJAB-rKSHV.219 cells or
DAPI staining after glutaraldehyde fixation for HUARLT-rKSHV.219 and Vero-rKSHV.219 cells. Afatinib,
axitinib, bosutinib, cabozantinib, ibrutinib, lenvatinib, ponatinib, regorafenib, ruxolitinib phosphate,
sorafenib, tofacitinib, vandetanib, and vemurafenib were obtained from AbMole. Dabrafenib, nintedanib,
motesanib diphosphate, palbociclib, and trametinib were obtained from Selleckchem. Anhydrous da-
satinib was purchased from Santa Cruz Biotechnology. Crizotinib, imatinib mesylate, and sunitinib malate
were from Sigma. Ceritinib, erlotinib, gefitinib, lapatinib ditosylate, nilotinib, and pazopanib were from
Chemietek. All compounds were dissolved at 20 mM in DMSO, except for erlotinib, imatinib mesylate,
and palbociclib, which were dissolved in water. Erlotinib and lapatinib ditosylate were diluted to 1 mM
and 5 mM, respectively. After reconstitution, the inhibitors were stored at —20°C with protection from
light. Cells were treated with compounds at concentrations indicated in the figure legends, and controls
contained equivalent amounts of DMSO (Applichem). DMSO concentrations did not exceed 0.1%.

iSLK cells stably transfected with KSHV BAC16 WT or 3GV were induced with SB (1 mM) and
doxycycline (1 uwg/ml) and treated with 0.01 uM to 10 uM dasatinib (Abmole), brivudine (Abmole), or
zidovudine (Sigma). DMSO-treated nonreactivated and reactivated cells were used as controls. To
determine the production of infectious viral particles, the cell culture supernatants of the iSLK cell lines
were centrifuged for 5 min at 2,500 rpm at 4°C and added to 3 X 10* HEK293 cells in a 96-well plate,
which had been seeded the day before. The plate was centrifuged for 30 min at 32°C and 450 X g.
Forty-eight hours postinfection, cells were fixed with paraformaldehyde (PFA) and viral titers were
calculated by counting GFP-positive cells per well using a Citation 5 cell imaging multimode reader from
BioTek. Cell viability after inhibitor treatment was estimated using an MTT assay 48 h posttreatment.

Entry assay on HEK293. HEK293 cells were infected with rKSHV.219 (multiplicity of infection [MOI],
1) and treated with 1 uM and 10 uM inhibitors. The plate was centrifuged for 30 min at 32°C and 450 X
g. Forty-eight hours after infection and treatment, cells were fixed with PFA, and the infected GFP-
positive cells were counted using a Citation 5 cell imaging multi-mode reader from BioTek.

Implantation of HUARLT-rKSHV cells in mice. HUARLT-rKSHV cells were transplanted into mice as
described previously (89). A total of 1.2 X 106 cells were seeded into each well of AggreWell 400 (27945;
Stemcell Technologies), centrifuged for 3 min at 100 X g, and cultivated for 3 days at 37°C. Four hundred
spheroids were used for each Matrigel implant containing 0.2% methylcellulose (M0512; Sigma), 3 mg/ml
fibrinogen (341576; Calbiochem), EGM medium (CC-3124; Lonza), 10 ng/ml fibroblast growth factor (FGF)
(100-18B-250; PeproTech), 0.5 ug/ml VEGF (RCPG246; Randox), 1 U/liter thrombin (605190-100U; Merck
Millipore), and 300 ul of Matrigel HC, growth factor reduced (354263; Corning). The mixture was injected
subcutaneously into Rag2—/~ yc~/~ mice. Starting from day 1 after implantation, the mice were treated
with dasatinib (30 mg/kg), ibrutinib (50 mg/kg), imatinib (100 mg/kg), or ponatinib (30 mg/kg) by oral
gavage 6 times a week. Rapamycin (2 mg/kg) was injected intraperitoneally 3 times a week. After 4 weeks
of treatment, Matrigel implants were extracted and fixed with 4% formalin. The diameters of the lesions
were measured on sections stained for human vimentin.

Animal experiments were performed in accordance with the local authorities (Lower Saxony Veter-
inary Office permission/license number 33.19-42502-04-17/2480).

Statistical tests. One-way analysis of variance (ANOVA), followed by Dunnett’s multiple-comparison
test and unpaired t test were performed using GraphPad Prism version 5.00 for Windows (GraphPad
Software, La Jolla, CA, USA).

Data availability. The sequence of the KSHV BAC16 3GV mutant was deposited in GenBank under
accession number MN752405.
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