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ABSTRACT

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent for Kaposi sarcoma (KS), primary effusion lymphoma
(PEL), and a subset of multicentric Castleman disease (MCD). The KSHYV life cycle has two principal gene repertoires, latent and
lytic. KSHV viral interleukin-6 (vIL-6), an analog of human IL-6, is usually lytic; production of vIL-6 by involved plasmablasts is
a central feature of KSHV-MCD. vIL-6 also plays a role in PEL and KS. We show that a number of plasmablasts from lymph
nodes of patients with KSHV-MCD express vIL-6 but not ORF45, a KSHV lytic gene. We further show that vIL-6 is directly in-
duced by the spliced (active) X-box binding protein-1 (XBP-1s), a transcription factor activated by endoplasmic reticulum (ER)
stress and differentiation of B cells in lymph nodes. The promoter region of vIL-6 contains several potential XBP-response ele-
ments (XREs), and two of these elements in particular mediate the effect of XBP-1s. Mutation of these elements abrogates the
response to XBP-1s but not to the KSHV replication and transcription activator (RTA). Also, XBP-1s binds to the vIL-6 pro-
moter in the region of these XREs. Exposure of PEL cells to a chemical inducer of XBP-1s can induce vIL-6. Patient-derived PEL
tumor cells that produce vIL-6 frequently coexpress XBP-1, and immunofluorescence staining of involved KSHV-MCD lymph
nodes reveals that most plasmablasts expressing vIL-6 also coexpress XBP-1. These results provide evidence that XBP-1s is a di-
rect activator of KSHV vIL-6 and that this is an important step in the pathogenesis of KSHV-MCD and PEL.

IMPORTANCE

Kaposi sarcoma herpesvirus (KSHV)-associated multicentric Castleman disease (KSHV-MCD) is characterized by severe inflam-
matory symptoms caused by an excess of cytokines, particularly KSHV-encoded viral interleukin-6 (vIL-6) produced by lymph
node plasmablasts. vIL-6 is usually a lytic gene. We show that a number of KSHV-MCD lymph node plasmablasts express vIL-6
but do not have full lytic KSHYV replication. Differentiating lymph node B cells express spliced (active) X-box binding protein-1
(XBP-1s). We show that XBP-1s binds to the promoter of vIL-6 and can directly induce production of vIL-6 through X-box pro-
tein response elements on the vIL-6 promoter region. We further show that chemical inducers of XBP-1s can upregulate produc-

tion of vIL-6. Finally, we show that most vIL-6-producing plasmablasts from lymph nodes of KSHV-MCD patients coexpress
XBP-1s. These results demonstrate that XBP-1s can directly induce vIL-6 and provide evidence that this is a key step in the

pathogenesis of KSHV-MCD and other KSHV-induced diseases.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the caus-
ative agent for Kaposi’s sarcoma (KS), primary effusion lym-
phoma (PEL), and a subset of multicentric Castleman’s disease
(KSHV-MCD) (1-3). Like other herpesviruses, the KSHV life cy-
cle includes latent and lytic phases. During the latent phase, gene
expression is restricted and focused on promoting cell survival (4).
When the virus is activated into the Iytic phase through the lytic
switch gene, replication and transcription activator (RTA) (5, 6),
the full viral genome is expressed, and viral replication ensues.
KSHV has coevolved with humans and is finely attuned to re-
spond to the state of infected cells. Several factors that can stimu-
late lytic replication have been identified, including hypoxia, oxi-
dative stress, and certain cytokines (7-12).

KSHV encodes an analog of human interleukin-6 (hIL-6)
called viral IL-6 (vIL-6) (13). vIL-6 is induced by RTA and is
produced during lytic KSHV replication (14). However, vIL-6 is
also expressed in a subset of otherwise latently infected cells (15—
17). Like hIL-6, vIL-6 stimulates proliferation and differentiation
of B cells and angiogenesis (18-22). However, vIL-6 can activate
additional cell types that do not respond to hIL-6 by binding to the
receptor signaling subunit gp130 directly (18, 22, 23). Also, unlike
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hIL-6, vIL-6 binds to receptors within the endoplasmic reticulum
(ER), manifesting effects within the cell in which it is produced
(22).

KSHV-MCD is a systemic illness characterized by severe in-
flammatory flares and is usually fatal if untreated. Local and sys-
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temic vIL-6 proteins are important contributors to the pathogen-
esis and symptomatology of KSHV-MCD (24-27). KSHV-MCD
flares are characterized by systemic expression of vIL-6 and/or
hIL-6 (24, 25, 28, 29). The key pathological finding is KSHV-
infected plasmablasts in affected lymph nodes (21, 29, 30). Previ-
ous studies have shown that a subset of these plasmablasts express
vIL-6, and there is evidence to suggest that vIL-6 expression in
these plasmablasts often occurs without expression of other lytic
KSHYV genes (21, 28-30). This production of vIL-6 without cell
lysis is important in KSHV-MCD pathogenesis, for otherwise the
vIL-6 contribution to disease would be self-limited. The factors
inducing vIL-6 expression in latent cells are not fully understood
though activation by interferon alpha has been reported (17). An
understanding of these factors would provide an important in-
sight into the fundamental aspects of KSHV-MCD pathogenesis.
There is also evidence that vIL-6 plays a role in PEL and KS, and
understanding the regulation of vIL-6 can provide insights into
the pathogenesis of these diseases as well (24, 27).

We hypothesized that spliced X-box binding protein 1
(XBP-1) contributes to the activation of vIL-6 in KSHV-MCD
lymph node plasmablasts and possibly in PEL (31). XBP-1 is a key
protein in the unfolded protein response (UPR) associated with
endoplasmic reticulum (ER) stress caused by factors such as an
excess of protein production (32, 33). In cells under ER stress, a
26-nucleotide intron is excised from mRNA of unspliced XBP-1
(XBP-1u; inactive) to create a spliced XBP-1 (XBP-1s), which is
active (34). XBP-1s enters the nucleus, activating cellular genes of
the UPR by binding to XBP-1 response elements (XREs). Interest-
ingly, XBP-1s is expressed during B cell differentiation in lymph
nodes, where it is thought to protect against ER stress caused by
immunoglobulin production (35). XBP-1s has also been shown to
activate KSHYV lytic replication, either alone or in combination
with hypoxia (36-39). Since vIL-6-producing MCD plasmablasts
arise in a setting where many differentiating B cells express XBP-
Is, it seemed plausible that XBP-1s might also directly activate
vIL-6 in KSHV-infected cells without inducing lytic replication
and cell death.

MATERIALS AND METHODS

Cell culture. Hep3B and HEK-292T cell lines (American Type Culture
Collection [ATCC], Manassas, VA) were maintained in Dulbecco’s mod-
ified Eagle’s medium (Invitrogen Corp., Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS) (heat inactivated; HyClone, Logan,
UT) and penicillin-streptomycin-glutamine (Pen-Strep-glutamine) (In-
vitrogen Corp., Carlsbad, CA). BCBL-1 (NIH AIDS Research and Refer-
ence Reagent Program) and JSC-1 (ATCC) cell lines were maintained in
RPMI 1640 medium (Gibco, Grand Island, NY) supplemented with 10%
FBS and Pen-Strep-glutamine. BC-3 (ATCC) was maintained in RPMI
1640 medium supplemented with 20% FBS and Pen-Strep-glutamine.
Except where indicated, cultures were maintained in 95% air and 5% CO,
at 37°C. In some experiments, cells were treated with brefeldin A (BFA),
tunicamycin (TM), or 20 nM 12-O-fetra-dodecanoyl-phorbol-13-acetate
(TPA) in dimethyl sulfoxide (DMSO) (all from Sigma, St. Louis, MO)
(40). Equivalent final concentrations of DMSO were used as vehicle con-
trols.

Plasmid DNA construction and site-directed mutagenesis. The ex-
pression plasmid encoding degradation-resistant forms of hypoxia-in-
ducible factor-1a (HIF-1a) (pcDNA-HIF-1am with substitutions P402A
and P564A in HIF-1a) has been described previously (10, 41). An expres-
sion plasmid encoding KSHV RTA (pcDNA-RTA) was a gift from Keiji
Ueda (Osaka University Graduate School of Medicine, Osaka, Japan).
Expression plasmids encoding unspliced (pcDNA-XBP1u) and spliced
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(pcDNA-XBP1s) XBP-1 were gifts from Kazatoshi Mori (Kyoto, Japan)
(32). The pcDNA3.1 empty vector was used as a control. All plasmids were
purified with a Qiagen Maxiprep kit (Qiagen, Valencia, CA), and inserts
were verified by DNA sequencing. Reporter plasmids containing the full-
length human vascular endothelial growth factor (VEGF) gene promoter
(pVEGF-Kpnl) (42) and KSHV-RTA promoter (9) have been described
previously.

vIL-6 promoter luciferase reporter constructs (pvIL6-1, pvIL6-2,
pvIL6-3, and pvIL6-4) were created spanning regions —1,696 bp, —484
bp, —297 bp, and —198 bp, respectively, upstream of the ATG start site to
position +1. DNA fragments were amplified from KSHV in a bacterial
artificial chromosome (BAC36) (43) (provided by Joseph Ziegelbauer,
National Cancer Institute [NCI]) by PCR with 5" primers for pvIL6-1
(5"-ACAGGTACCAGATGAGGATGTTCCTGTCTGC-3'), pvIL6-2 (5'-AC
AGGTACCCATTGGCGGGTAGAATCAATGT —3'), pvIL6-3 (5'-ACAGG
TACCCTGGCCAGTTAGGCTATTTTTA-3'), and pvIL6-4 (5'-ACAGGTA
CCCAAGCCTGGCGAGCAAGAGAGG-3'), which contained Kpnl sites
(underlined), and the common 3’ primer 5'-CCGAAGCTTGGCTGCTA
ACGCGGCATACAC-3’ which contained an HindIII site (underlined).
PCR fragments were purified and cloned into the corresponding sites of
the reporter vector pGL3-basic (Promega Corporation, Madison, WI).
The vIL-6 promoter luciferase reporters pvIL6-M2, pvIL6-M3, and
pvIL6-M2/3 containing mutagenized XREs were constructed from
pvIL6-2 using a GeneArt site-directed mutagenesis system (Invitrogen
Corp., Carlsbad, CA). These mutant plasmids contained 4-nucleotide
substitutions (from ACGT to CTAG) in one or two XREs. Primer se-
quences used to mutate XRE2 were 5'-TTTACATGACTTTGCGTGTGC
TAGCTTTCTCTCGCATGATAGCT-3" and 5'-AGCTATCATGCGAGA
GAAACCTAGCACACGCAAAGTCATGTAAA-3'; sequences for mutating
XRE3 were 5 -AATGTGGTTCTAAGTCGCCTAGTAGAAACCCCGCCC
CCTG —3' and 5'-CAGGGGGCGGGGTTTCTACTAGCGGACTTAGAA
CCACATT-3" (mutated residues are underlined). M2 contained mutated
XRE2, M3 contained mutated XRE3, and M2/3 included both mutated XRE2
and XRE3. Reactions and transformation were performed according to the
manufacturer’s protocol. All constructs were confirmed by DNA sequencing.

Transfection and luciferase reporter assays. Cells were transfected
using Fugene 6 transfection reagent (Roche, Indianapolis, IN) according
to the manufacturer’s protocol. For luciferase reporter experiments, 8 X
10* Hep3B cells/well or 1 X 10> HEK-293T cells/well were plated in a
12-well plate and the following day cotransfected with 300 ng/well of
reporter plasmid DNA and either an expression plasmid DNA or a control
(pcDNA3.1) in the presence of 50 ng of DNA of an internal control plas-
mid, pSV-B-galactosidase (pSV-B-Gal) (Promega Corporation, Madi-
son, WI) to normalize for transfection efficiency. In experiments to assess
the response of the vIL-6 promoter to HIF-1a or HIF-2a, a PTPRZ-1
reporter plasmid that was previously shown to be responsive to HIF-2a
and, to a lesser extent, to HIF-1a (41) was used as a control. The HIF
plasmids utilized encode HIF with mutagenized prolines that are not re-
sistant to hydroxylation and degradation under normoxic conditions
(41); the degradation-resistant HIF-la plasmid was a gift of L. Eric
Huang, previously of the NCI (44). The amount of each expression plas-
mid DNA used was as follows: pcDNA-XBP1u, 100 ng/well; pcDNA-
XBP1s, 100 ng/well; pcDNA-RTA, 250 ng/well; pcDNA degradation-re-
sistant HIF-1a or HIF-2a, 250 ng/well. The amount of control plasmid
pCDNA3.1 used was equal to the amount of expression plasmid. Cells
were incubated for 48 h, washed with phosphate-buffered saline (PBS),
lysed with 250 wl per well of 1X reporter lysis buffer (Promega Corpora-
tion, Madison, WI), and freeze-thawed once. After centrifugation at
13,000 X gfor 8 min, 20 pl and 50 pl of cell lysates were used to determine
luciferase and 3-Gal in the extracts. Means and standard deviations were
calculated, and conditions were compared using a two-tailed Student ¢
test for paired values.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were
performed using a SimpleChIP Enzymatic Chromatin IP kit (no. 9003;
Cell Signaling Technologies). BCBL-1 cells were treated with 2 pg/ml TM
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or the DMSO control for 48 h at 37°C and then cross-linked with 37%
formaldehyde at a final concentration of 1% at room temperature for 10
min. Fragmented chromatin was treated with nuclease and subjected to
sonication. Chromatin immunoprecipitation was performed with rabbit
anti-XBP-1 antibody (M-186; 5 pg) (sc7160; Santa Cruz Biotechnology),
rabbit anti-histone H3 (a technical positive control; 1:50) (catalog no.
4620; Cell Signaling Technologies), and normal rabbit IgG (a negative
control; 5 ug) (catalog no. 2729; Cell Signaling Technologies). After re-
verse cross-linking and DNA purification, immunoprecipitated DNA was
quantified by real-time PCR using power SYBR green (catalog no.
4367659; Applied Biosystems) with primers for XBP-1 binding sites in the
vIL-6 promoter (XRE2 forward primer 5'-AGAAGCCCAGAGCTAGCA
CA-3’ and reverse primer 5'-CATACGCAGCCAAGCTATCA-3'; XRE3
forward primer 5'-CAGCTGACTACCGACTGTGC-3' and reverse
primer 5'-GAACTCGCCAAAAAGTGAGC-3") and RPL30 exon 3 (cata-
log no. 7014; Cell Signaling Technologies). Fold enrichment was calcu-
lated based on the threshold cycle (C;) value of the IgG control using the
comparative C;- method.

IHC. Lymph nodes from MCD biopsy specimens and PEL pleural
effusions were obtained from patients on protocols of the HIV and AIDS
Malignancy Branch; these protocols were approved by the National Can-
cer Institutional Review Board, and all patients gave written informed
consent. For latency-associated nuclear antigen (LANA) and for vIL-6
immunohistochemistry (IHC), formalin-fixed, paraffin-embedded
(FFPE) sections were deparaffinized in xylene, rehydrated in graded alco-
hol, placed in hot, 1X low-pH antigen retrieval solution (Dako, CA),
microwaved for 6 min (for LANA) or 10 min (for vIL-6), and blocked with
Tris-goat serum buffer for 15 min. For LANA staining, sections were
incubated with anti-LANA rat monoclonal antibody ([MAb] 1:400 dilu-
tion; Advanced Biotechnologies, Inc.) for 2 h at room temperature and de-
tected with Ventana BenchMark XT system using an ultraView universal
diaminobenzidine (DAB) detection kit (catalog number 760-500; Ventana,
Tucson, AZ). For vIL-6 staining, sections were incubated with anti-vIL-6
rabbit polyclonal antibody (1:500 dilution) (catalog number 13-214-100; Ad-
vanced Biotechnologies, Inc.) for 2 h at room temperature and detected with
a Dako Autostainer universal staining system. Images were collected using
Zen software controlling a Zeiss AxioObserver Z1 widefield microscope
equipped with a 10X Plan Apochromat (numerical aperture [NA], 0.45)
objective lens and Axiocam MRc5 color charge-coupled-device (CCD) cam-
era. Individual images were acquired using the tiling module of the Zen soft-
ware and were stitched together to provide one large resultant image with an
extended field of view. The images were exported as tiff files.

Dual IHC staining for KSHV ORF45 and vIL-6 was done on KSHV-
MCD FFPE tissue sections prepared as described above, except that they
were steamed for 20 min instead of being microwaved and were blocked
with Dako Protein Block, Serum-Free, for 15 min two times and then with
5% bovine serum albumin (BSA; Sigma-Aldrich) for 15 min two times.
Sections were then incubated with anti-ORF45 mouse monoclonal anti-
body (1:1,000 dilution) (2D4A5; Abcam) overnight at room temperature.
Horseradish peroxide (HRP)-conjugated anti-rabbit 1gG (Dako) was
used as a secondary antibody for a 30-min incubation at room tempera-
ture, and DAB-chromogen (Dako) was used for detection after a 5-min
incubation at room temperature. ORF45-stained sections were rer-
etrieved in hot Dako 1X low-pH antigen retrieval solution, steamed for
20 min, and blocked with Dako Protein Block, Serum-Free, for 15 min
two times and with 5% BSA for 15 min two times; sections were then incu-
bated with vIL-6 rabbit polyclonal antibody (1:400 dilution; made under
contract with Epitomics, Burlingame, CA) for 2 h at room temperature
and detected with a Ventana BenchMark XT system using a Ventana
(Tucson, AZ) ultraView Universal Alkaline Phosphatase Red Detection
Kit (catalog number 760-501). Images were collected using Zen software
controlling a Zeiss AxioObserver Z1 widefield microscope equipped with
a 10X Plan Apochromat (NA, 0.45) objective lens and Axiocam MRc5
color CCD camera. Individual images were acquired using the tiling mod-
ule of the Zen software and were stitched together to provide one large
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resultant image with an extended field of view. The images were exported
as tiff files.

IF. Dual immunofluorescence IF for ORF45 and vIL-6 was performed
on FFPE slides of MCD lymph node biopsy specimens that were deparaf-
finized and rehydrated in Histo-Clear (National Diagnostics, Atlanta,
GA) and an ethanol series. Antigen retrieval was performed by boiling
samples for 20 min in citric acid-based Antigen Unmasking Solution
(Vector Laboratories, Burlingame, CA). Slides were blocked with 1% bo-
vine serum albumin (BSA) (Sigma, St. Louis, MO) in PBS with 0.05%
Tween 20 (PBST) (Abcam, Cambridge, MA) for 30 min and incubated
with primary antibodies overnight at 4°C. Primary antibodies used were
monoclonal mouse anti-ORF45 (1:200 dilution; Abcam, Cambridge,
MA) and anti-vIL-6 rabbit monoclonal antibody (1:400 dilution; made
under contract with Epitomics, Burlingame, CA). After three washes with
PBS for 10 min, Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen Corp.,
Carlsbad, CA) and Alexa Fluor 555 goat anti-mouse IgG (Invitrogen
Corp., Carlsbad, CA), at a 1:200 dilution, were applied as secondary anti-
bodies and incubated for 30 min at room temperature. After three 10-min
washes with PBST, the slides were mounted in ProLong Gold antifade
reagent with 4’,6’-diamidino-2-phenylindole (DAPI; Invitrogen Corp.,
Carlsbad, CA) and incubated in the dark for 24 h. Confocal fluorescence
images were acquired using a Zeiss LSM 510 Meta laser scanning confocal
microscope equipped with a 63X Plan Apochromat (NA, 1.4) oil immer-
sion objective lens (Carl Zeiss Microscopy, LLC, Thornwood, NY). Con-
sistent detector settings were used for collecting images from all samples,
including 0.14-pum x-y pixel size, 0.9-wm optical slice thickness, and 4X
frame averaging. The final images were exported as tiff files and arranged
into figures using PowerPoint 2007 (Microsoft, Redland, OR).

For IF in PEL cell lines, cells were washed in PBS, centrifuged at 1,000 X g
for 5 min, and placed on slides precoated with poly-1-lysine to allow
adherence. Cells were fixed in fresh 4% paraformaldehyde at room tem-
perature for 15 min and then permeabilized with 0.25% Triton X-100 for
10 min. For PEL pleural effusions, mononuclear cells were enriched by
Ficoll-Paque Plus (GE Healthcare Bio-Sciences, Pittsburgh, PA) accord-
ing to the manufacturer’s protocol, and fixed as described for cell lines.
Slides were blocked with 1% bovine serum albumin (BSA) (Sigma, St.
Louis, MO) in PBS with 0.05% Tween 20 (PBST) (Abcam, Cambridge,
MA) for 30 min and incubated with primary antibodies overnight at 4°C.
Primary antibodies used for PEL cell cultures included anti-vIL-6 rabbit
monoclonal antibody (1:400 dilution; made under contract with Epitom-
ics, Burlingame, CA) and anti-XBP-1s mouse monoclonal antibody (1:
200 dilution; BioLegend, San Diego, CA). Primary antibodies used for
primary PEL effusions included anti-vIL-6 mouse monoclonal antibody
(clone 12.1.1; 1:200 dilution) (18) and anti-XBP-1 rabbit polyclonal an-
tibody (M-186, 1:100 dilution; Santa Cruz Biotechnology). After three
washes with PBS for 10 min, Alexa Fluor 488 goat anti-rabbit IgG (Invit-
rogen Corp., Carlsbad, CA) and Alexa Fluor 555 goat anti-mouse IgG
(Invitrogen Corp., Carlsbad, CA), at 1:200 dilutions, were applied as sec-
ondary antibodies and incubated for 30 min at room temperature. Sub-
sequent processing and acquisition of confocal images were as described
above for ORF45 and vIL-6 IF of MCD FFPE specimens

Dual IF for vIL-6 and XBP-1 was performed in FFPE MCD sections
that were deparaffinized in xylene and rehydrated in ethanol (100% to
50%). Tissue sections were refixed in 4% PFA-PBS (20 min, room tem-
perature). After samples were washed with PBS, antigen retrieval was per-
formed with Uni-Trieve solution (Inovex Bioscience) at 70°C for 30 min.
After being washed with PBS, tissues were blocked (1 h at room temper-
ature) with PBS—0.05% Tween 20 containing 1% BSA (Jackson Immu-
noResearch Laboratories, West Grove, PA) and 5% normal human se-
rum. Rabbit monoclonal anti-XBP-1 antibody (EPR4086) (ab109221;
Abcam) was used at 1:200 in blocking buffer; mouse monoclonal antibody
(MADb) to vIL-6 (clone 12.1.1) was used at 2 pg/ml in blocking buffer.
Tissue slides were incubated with the primary antibodies (anti-XBP-1 and
anti-vIL-6 primary antibodies) or with control rabbit IgG and mouse IgG
(both from Vector Laboratories) for 18 h at 4°C. After three 10-min
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Primer
Target Size(s) (bp) Direction Sequence (5'-3")
vIL-6 295 Forward 5'-CTGTTACCGTACCGGCATCT-3'
Reverse 5'-GGGTGGACTGTAGTGCGTCT-3'
RTA 343 Forward 5'-GTCATGTCACCCTTGCGATC-3'
Reverse 5'-ACGCTTCTTTGAGCTCCTCT-3'
18S 479 Forward 5'-AAACGGCTACCACATCCAAG-3’
Reverse 5'-CCCTCTTAATCATGGCCTCA-3’
XBP-1 223 (spliced), 249 (unspliced) Forward 5'-GGAGTTAAGAAGCGCTTGG-3'
Reverse 5'-ACTGGGTCCAAGTTGTCCAG-3’

washes (PBS—0.05% Tween 20), the secondary antibodies Alexa 594-con-
jugated donkey anti-rabbit IgG (Invitrogen) and Alexa 488-conjugated
goat anti-mouse IgG (Life Technologies, Grand Island, NY) were added at
a 1:2,000 dilution in blocking buffer for 1 h at room temperature. After
three 10-min washes (PBS—0.05% Tween 20), the slides were mounted in
DAPI Fluoromount-G (Southern Biotech, Birmingham, AL). Images
were obtained with an LSM 710NLO microscope using ZEN software
(Carl Zeiss) and exported as tiff files.

RNA isolation, RT-PCR, real-time qPCR, and Western blot analysis.
Total cellular RNA was isolated from cells using an RNeasy minikit (Qia-
gen, Hilden, Germany). Reverse transcription-PCR (RT-PCR) was per-
formed using a Superscript III One-step RT-PCR system with Platinum
Taq DNA polymerase (Invitrogen Corp., Carlsbad, CA). Primers used are
listed in Table 1; RT-PCR was performed according to the manufacturer’s
protocol. Unspliced XBP-1 product contained a PstI (New England Bio-
Labs, Ipswich, MA) cutting site; after digestion, it degraded into 147-bp
and 102-bp fragments, which could be separated from XBP-1s by electro-
phoresis in a 2% agarose gel. For real-time quantitative PCR (qPCR),
c¢DNA was synthesized using the reverse transcriptase enzyme SuperScript
II (Invitrogen). Real-time quantitative PCR was performed with SYBR
green (catalog no. 4367659; Applied Biosystems) and the gene-specific
PCR primerslisted in Table 1. Samples were run in triplicate, and PCR was
performed using an ABI Step One Plus thermocycler (Applied Biosys-
tems). 18S ribosomal RNA was used as a housekeeping gene, and qPCR
data (C, values) were analyzed using the 2~ **“T method. The qPCR data
are presented as the fold change in target gene expression = standard
error of mean.

For Western blotting, nuclear extracts and whole-cell lysate were pre-
pared using NE-PER nuclear and cytoplasmic protein extraction reagent
and M-PER mammalian protein extraction reagent (Pierce, Rockford,
IL). Thirty micrograms of nuclear protein or whole-cell lysate was elec-
trophoresed on 4 to 12% NuPAGE gels (Invitrogen Corp., Carlsbad, CA).
Proteins were transferred to a nitrocellulose membrane and blocked with
50% Odyssey blocking buffer (Li-Cor Biosciences) diluted in washing
buffer (1X Tris-buffered saline containing 0.05% Tween 20 [TBST]). The
membrane was incubated with anti-XBP-1s rabbit IgG (BioLegend, San
Diego, CA) ata 1:500 dilution, rabbit anti-RTA (custom synthesized from
Alpha Diagnostic International, Inc., San Antonio, TX) at a 1:500 dilu-
tion, rabbit anti-vIL-6 monoclonal antibody (custom made by Epitomics,
Inc. Burlingame, CA) at a 1:10,000 dilution, and mouse-anti--actin
(Sigma) at a 1:1,000,000 dilution. After the membrane was washed with
washing buffer, it was incubated with appropriate anti-rabbit, or anti-
mouse IRDye 800 CW secondary antibody (Li-Cor Biosciences). Western
blots (WB) were visualized using an Odyssey scanner and analyzed using
ImageStudio (Li-Cor Biosciences).

RESULTS

Expression of vIL-6 and KSHV ORF45 by KSHV-MCD plas-
mablasts. KSHV-MCD is characterized by KSHV-infected plas-
macytoid B cells in affected lymph nodes. As can be seen in a
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KSHV-MCD node, there are a number of MCD plasmablasts ex-
pressing the latent KSHV protein LANA; these are predominantly
in the mantle zone of the germinal center (Fig. 1A). Figure 1B
shows a different slice of the same node, stained for KSHV vIL-6.
Consistent with previous reports (21, 30, 45), a number of plas-
mablasts express vIL-6 although the amount is less than the num-
ber that express LANA. Since previous studies have suggested that
some cells may produce vIL-6 but not other lytic genes in KSHV-
MCD (15, 16), we costained KSHV-MCD lymph node biopsy
specimens for vIL-6 and ORF45, an immediate early KSHV lytic
gene, both by IHC (Fig. 1Cand D) and IF (Fig. 1E). Counts of IHC
MCD lymph node slides from two patients (one shown in Fig. 1C
and D) showed that of 233 cells in total expressing vIL-6 and/or
ORF45, 117 (50.2%) expressed vIL-6 alone, 65 (27.9%) expressed
vIL-6 and ORF45,and 51 (21.9%) expressed ORF45 but not vIL-6.
Thus, while some cells expressed both proteins, a number of cells
expressed vIL-6 but not ORF45, showing that vIL-6 is expressed in
a substantial percentage of cells not manifesting the full lytic rep-
ertoire. A smaller number of cells expressed ORF45 and not vIL-6,
perhaps because the level of vIL-6 was below the level of detection
of the stain in these patients.

The vIL-6 promoter contains potential XREs and responds
to XBP-1s. Since B cells maturing in germinal centers express
XBP-1s (33, 46), we hypothesized that XBP-1s might drive vIL-6
production in cells latently infected with KSHV. We analyzed the
promoter sequence of vIL-6 for potential XREs (Fig. 2A). Ten XRE
core sequences, ACGT (47), were found within 1.7 kb upstream of
the vIL-6 start codon (positions 17871 to 19567 of KSHV-BAC36;
GenBank accession number HQ404500.1). By further analysis us-
ing MATCH (public version 1.0), four of these potential XREs
(XRE2, XRE3, XRE8, and XRE9) were found to have consensus
XRE sequences. XRE2 and XRE9 are encoded in the 5'-to-3" di-
rection on the sense strand, and XRE3 and XRES8 are encoded in
the 5'-to-3’ direction on the antisense strand.

To explore whether the vIL-6 promoter responds to XBP-1s, a
1,696-bp region of the vIL-6 promoter region containing the 10
possible XREs was cloned into a luciferase reporter construct to
generate pGL3-pvIL6-1 Luc(1,696 bp) (Fig. 2). This construct was
transiently transfected into Hep3B cells along with a plasmid en-
coding XBP-1u, a plasmid containing XBP-1s, or a control plas-
mid (pcDNA). When cotransfected with plasmids encoding XBP-
1u, there was little or no increase in promoter activity compared to
the level of the pcDNA control (Fig. 2B). In contrast, cotransfec-
tion with XBP-1s increased the promoter activity approximately
3-fold compared to transfection with XBP-1u and 3.4-fold com-
pared to the level with the pcDNA3.1 control (P value at least of
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FIG 1 vIL-6 and ORF45 in KSHV-MCD Patients. (A) LANA expression in a
germinal center involved with KSHV-MCD. LANA, stained in brown with
DAB, appears as nuclear speckles in KSHV-infected cell nuclei. The majority of
LANA-expressing plasmablasts are in the mantle zone. (B) vIL-6 expression in
an adjacent cut from the same germinal center. There were fewer vIL-6-ex-
pressing cells, and these were less focused in the mantle zone. (C and D) ORF45
and vIL-6 coexpression in a germinal center involved with KSHV-MCD.
ORF45 (a KSHV lytic gene) was stained in brown, while vIL-6 was stained in
red. Panel C shows the whole germinal center while panel D shows a section at
higher magnification. ORF45 and vIL-6 are colocalized in many cells (solid
arrows). Some cells express only vIL-6 and not ORF45 (dashed arrows). (E)
ORF45 and vIL-6 expression in a KSHV-MCD lymph node observed by IF and
confocal microscopy. Each horizontal row shows a separate field from the
same section in one of two patients examined. ORF45 was stained in red, and
vIL-6 was stained in green. Some cells expressed only vIL-6 and not ORF45.

=0.01 for each comparison) (Fig. 2B). Similar results were also
observed with HEK-293T cells (results not shown). The results
provide evidence that XBP-1s activates the vIL-6 promoter.

The responsiveness of the IL-6 promoter to XBP-1s is medi-
ated at least in part by XRE2 and XRE3. To further investigate
which response elements were responsible, we made reporter con-
structs with sequential deletions: pvIL6-2 (484 bp), pvIL6-3 (297
bp), and pvIL6-4 (198 bp) (Fig. 2C). When cotransfected with
XBP-1s, pvIL6-2, containing XRE-1 through XRE3, induced es-
sentially the same degree of activation as pvIL6-1, while pvIL6-3
and pvIL6-4 had lower levels of absolute activity with XBP-1s (Fig.
2C). Since pvIL6-3 lacks XRE3 and pvIL6-4 lacks both XRE2 and
XRE3 sequences, these findings suggested that XRE2 and/or XRE3
might be functional XREs.

To determine this, a 4-bp mutation of the core XRE sequence
was introduced into XRE2 and/or XRE3 in pvIL6-2 to produce
pvIL6-M2, pvIL6-M3, and pvIL6-M2/3, respectively (Fig. 3A).
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FIG 2 Schematic of vIL-6 luciferase (LUC) promoter and constructs showing
the location of the potential XBP response elements (XRE) and activation of
the vIL-6 promoter constructs by spliced XBP-1. (A) The sequence of the vIL-6
promoter contains two TATA boxes. Ten XRE core sequences, ACGT (47), are
found within 1.7 kb upstream of the vIL-6 start codon (positions 17871 to
19567 of KSHV-BAC36; GenBank accession number HQ404500.1): XREI,
—163 to —160; XRE2, —245 to —242; XRE3, —447 to —444; XRE4, —769 to
—766; XRE5, —991 to —988; XRE6, —1262 to —1259; XRE7, —1331 to —1328;
XRE8, —1352 to —1349; XRE9, —1401 to —1398; and XRE10, —1607 to
—1604. Each potential XRE sequence is denoted as a square. Consensus XREs
are indicated in black, and other (core-only) XREs are shown in gray. The
direction of each consensus XRE is indicated with an arrow (core XRE se-
quence only, 5'-ACGT-3'; the core sequence is underlined in the consensus
XRE, 5'-NNGNTGACGTGKNNNWT-3"). Constructs pvIL6-2, pvIL6-3, and
pvIL6-4 were made by sequential deletions, as shown. (B) Comparison of the
activation of the vIL-6 promoter luciferase reporter by the XBP-1 unspliced
(XBP-1u) or spliced (XBP-1s) form. Hep3B cells were cotransfected with 300
ng of a vIL-6 promoter luciferase construct and 50 ng of an internal 3-Gal
control plasmid (pGL3-basic [pGL3b]) in the presence of 100 ng of an expres-
sion plasmid encoding XBP-1u, XBP-1s, or the pcDNA3.1 expression plasmid
control. Values are expressed as fold increase over the value for the pGL3-basic
reporter transfected with an empty expression vector (pcDNA3.1) and repre-
sent the mean of three independent experiments. Error bars denote the stan-
dard deviations (*, P =< 0.01; **, P < 0.005, for the comparisons shown, nor-
malized in each case for the results with the pGL3-basic control). The
comparison between results for pvIL6-1/XBP-1u and pvIL6-1/pcDNA was not
significant (P > 0.05). (C) Comparison of the activation of truncated forms of
the vIL-6 luciferase reporter by XBP-1s or the pcDNA3.1 plasmid control.
Hep3B cells were cotransfected with 300 ng of each vIL-6 promoter and 50 ng
of an internal 3-Gal control plasmid in the presence of 100 ng of an expression
plasmid encoding XBP-1s or the pcDNA3.1 control. Values are expressed as
fold increase over the value for pvIL6-1 transfected with an empty expression
vector (pcDNA3.1) and represent the means of three independent experi-
ments. Error bars denote the standard deviations.
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FIG 3 Site-directed mutagenesis of XRE2 and XRE3 of the pvIL6-2 promoter
and response to XBP-1s, RTA, and HIF-1. (A) Constructs of the wild-type
pvIL6-2 and mutant reporter plasmids. Three different mutant reporters
(pvIL6-M2, pvIL6-M3, and pvIL6-M2/3) were constructed, each containing a
4-base substitution within the core XRE sequence or sequences. All mutations
were made in the pvIL6-2 promoter (HRE core sequence, 5'-RCGTG-3"; RTA
response element [RRE] sequence in the vIL-6 promoter, 5'-GTGGTTCTAA
GTCGCACGTTAGAAACCCCGCCCCCTGGTGCTCACTTT-3'; the core
XRE sequence is underlined). Consensus XREs including XRE2 and XRE3 are
indicated in black, and XREI1 is indicated in gray. (B) Comparison of the
activation of a wild-type pvIL6-2 luciferase reporter with that of the three
mutant luciferase reporters by XBP-1s. Hep3B cells were cotransfected with
300 ng of pvIL6-2 or mutant promoters and 50 ng of an internal $-Gal control
plasmid in the presence of 100 ng of an expression plasmid encoding XBP-1s or
apcDNA3.1 expression plasmid control. Values are expressed as fold increase
over the value for the pvIL6-2 reporter transfected with an empty expression
vector (pcDNA3.1) and represent the means of three independent experi-
ments. Error bars denote the standard deviations. After values were normal-
ized to the results with the pcDNA3.1 expression plasmid control for each
promoter, the activity of the pvIL6-M2/3 reporter was significantly lower than
that of pvIL6-2 (P = 0.05), while comparisons of results of the other reporters
were not significant. (C) Comparison of the activation by RTA of the wild-type
pvIL6-2 luciferase reporter with that of the three mutant luciferase reporters.
Hep3B cells were cotransfected with 300 ng of a pvIL6-2 promoter luciferase
reporter or the mutant promoters and 50 ng of an internal 3-Gal control
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Mutation of XRE2 and XRE3 (pvIL6-M2/3) significantly de-
creased the XBP-1s-induced activation of pvIL6-2 (P = 0.05), and
there was a suggestion that mutation of XRE2 by itself also had
some effect although it was not significant (Fig. 3B). These results
show that at least a substantial portion of the responsiveness of the
vIL-6 promoter to XBP-1s is mediated by XRE2 plus XRE3.

RTA, the KSHV lytic switch gene, activates other lytic genes by
binding to RTA response elements (RRE) in their promoter re-
gions. We asked if the vIL-6 promoter could respond to RTA with
the XRE mutations. The response of pvIL6-M3 was of particular
interest in this regard since XRE3 is embedded within an RRE
sequence (5'-GTGGTTCTAAGTCGCACGTTAGAAACCCCGC
CCCCTGGTGCTCACTTT-3'; XRE core consensus sequence is
underlined) in the vIL-6 promoter (48). We cotransfected Hep3B
cells with an RTA-expressing plasmid and the pvIL6-2 wild-type
and mutant reporter constructs. RTA provided >125-fold activa-
tion of the pvIL6-2 reporter construct (Fig. 3C). Essentially no
decrease in RTA-induced activation was seen with any of the mu-
tants; in fact, there was some increase in the responsiveness of
pvIL6-M2. This showed that the decreased responsiveness to
XBP-1s of the pvIL6 promoter with mutated XRE2 and XRE3 was
not due to a global loss of promoter function.

The vIL-6 promoter contains potential HRE but does not re-
spond to HIF. Cells exposed to hypoxia increase their levels of
HIF, which activates hypoxia-responsive genes by binding to hyp-
oxia response elements (HRE). Hypoxia can cause an upregula-
tion of vIL-6 in KSHV-infected cells (11), and the XRE core con-
sensus sequence ACGT is contained within the HRE consensus
sequence (RCGTG), where R is A or G (49). Also, the promoter
region of vIL-6 contains 13 core consensus HRE, and we won-
dered if HIF could directly activate vIL-6. To explore whether HIF
could directly activate vIL-6, we cotransfected degradation-resis-
tant HIF-1a or HIF-2a with the vIL-6 reporter constructs pvIL6-1
(1,696 bp) or the mutant constructs. As a control, we utilized a
PTPRZ-1 reporter construct that has previously been shown to
respond to HIF-2a and, to a lesser extent, to HIF-1a (41). As seen
in the results shown in Fig. 3D, neither HIF-1a nor HIF-2« had
any substantial effect on the vIL6-2 promoter, while HIF-2a and,
to a lesser extent, HIF-1a were able to activate PTPRZ-1. These
experiments suggest that upregulation of vIL-6 by hypoxia is an
indirect effect, perhaps mediated through RTA.

Evidence of direct binding of XBP-1s to the vIL-6 promoter
by ChIP. To further explore the activation of vIL-6 by XBP-1s, we

plasmid in the presence of 100 ng of an expression plasmid encoding RTA or a
pcDNA3.1 expression plasmid control. Values are expressed as the fold in-
crease over the value for the pvIL6-2 reporter transfected with an empty ex-
pression vector (pcDNA3.1) and represent the means of three independent
experiments. Error bars denote the standard deviations. After normalization
to the results with the pcDNA3.1 expression plasmid control for each pro-
moter, the activity of the pvIL6-M2 reporter was significantly greater than that
of pvIL6-2 (P = 0.05), while the results with the other reporters in comparison
to those with pvIL6-2 were not significant. (D) Comparison of the activation of
the wild-type vIL6-1 (1,696 bp) luciferase reporter or the HIF-responsive PT-
PRZ-1 reporter in response to degradation-resistant HIF-la or HIF-2a.
Hep3B cells were cotransfected with 300 ng of the pvIL6-1 luciferase reporter
or PTPRZ-1 promoter and 50 ng of an internal B-Gal control plasmid in the
presence of 250 ng of an expression plasmid encoding degradation-resistant
HIF-1a, HIF-2a, or the pcDNA3.1 expression plasmid control. Values are
expressed as the fold increase over the value of the pcDNA3.1 expression vec-
tor-treated control for each reporter construct in a representative experiment;
error bars denote the standard deviations of triplicate determinations.

jviasm.org 373


http://jvi.asm.org

Hu et al.

90 r

7%

Relative DNA enrichment
w »
o (4]

_‘
o o
L

[s[€} Anti- 19G Anti-
XBP1 XBP1
XRE2 XRE3

FIG 4 CHIP assay showing binding of XBP-1s to the vIL-6 promoter. BCBL-1
endogenous XBP-1s was induced by TM treatment (2 pg/ml) for 48 h and then
cross-linked. Chromatin IP of fragmented DNA was performed with XBP-1
antibody or control IgG. Precipitated DNA was assayed by qPCR with specific
primers for amplification of XRE2 or XRE3 of the vIL-6 promoter, and the data
were quantitated as described in Materials and Methods. Results shown are the
means * standard deviations of triplicate determinations from a typical ex-
periment of two experiments performed. In controls performed at the same
time, DNA immunoprecipitated with histone H3 antibody, but not with
XBP-1 antibody or a control IgG, was enriched for RPL30 exon 3.

assessed the binding of XBP-1s to the promoter DNA by ChIP.
BCBL-1 cells were treated with 2 pg/ml TM to induce XBP-1s and
cross-linked with 37% formaldehyde, and the DNA was frag-
mented. Immunoprecipitation was performed with rabbit anti-
XBP-1 antibody, and after reverse cross-linking immunoprecipi-
tated DNA was purified by PCR using primers surrounding the
XRE2 and the XRE3 sites. As seen in Fig. 4, anti-XBP-1 antibody
produced enrichment of the vIL-6 promoter DNA sequences, es-
pecially as amplified by primers surrounding XRE3. These results
provide evidence that XBP-1s can bind to the vIL-6 promoter in
the region of XRE-2 and XRE3. As the degree of binding to a given
XRE may not directly correlate with XRE activity and as the DNA
fragments in ChIP assays can extend for 900 bp or so, the relative
contributions of XRE2 and XRE3 cannot be further established
from these results.

Chemical ER stress induction of XBP-1s upregulates vIL-6
mRNA and protein in PEL lines. We next asked if induction of
XBP-1s in PEL cells would lead to increased production of vIL-6
mRNA and vIL-6. BCBL-1 PEL cells were exposed to tunicamycin
(TM), an ER stress inducer known to increase levels of XBP-1s by
inhibiting N-linked glycosylation and causing protein misfolding
(50). RT-PCR showed that TM induces XBP-1s mRNA in BCBL-1
PEL cells (Fig. 5A). XBP-1s was induced even at the lowest dose
tested (0.25 pg/ml). As determined by real-time quantitative PCR,
TM also induced production of vIL-6 mRNA in a dose-dependent
manner at both 8 h and 24 h (Fig. 5B and C). Also, TM induced
production of vIL-6 protein at 24 h (Fig. 5D); the appearance of
two vIL-6 bands in TM-treated cells is likely due to the effects of
TM on VvIL-6 glycosylation.

XBP-1s alone or in combination with hypoxia has previously
been reported to upregulate RTA (36, 38, 39), and we wondered
whether the effects of XBP-1s on vIL-6 were mediated through
RTA. In these same BCBL-1 cells, TM induced an increase of RTA
mRNA at 8 h and 24 h (Fig. 5B) although little or no RTA protein
as detected by Western blotting was observed in response to 0.5
pg/mlor 2 pg/mlat 24 h (Fig. 5D). Also, a time course experiment
showed that the increase in vIL-6 mRNA in response to a low dose
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FIG 5 vIL-6 upregulation mediated by chemical inducers of XBP-1s in the
BCBL-1 PEL line. BCBL-1 cells were treated with increasing doses of tunica-
mycin (TM) to induce ER stress; cells were also treated with 15 nM 12-O-tetra-
dodecanoyl-phorbol-13-acetate (TPA) as an inducer of RTA. (A) RT-PCR
showing expression at of total XBP-1, XBP-1s, XBP-1u, vIL-6, RTA, and 18S
ribosomal RNA as a loading control in BCBL-1 cells treated with various doses
of TM, a DMSO control, or 15 nM TPA. Cells treated with TM or the DMSO
control were harvested at 24 h, while those treated with TPA were harvested at
48 h. (B) Real-time quantitative PCR showing expression of vIL-6 and RTA
mRNA in BCBL-1 cells cultured in the same way as described for panel A and
harvested at 8 h and 24 h, as well as a TPA control harvested at 48 h. Shown are
the means * the standard deviations of triplicate determinations from one
representative experiment expressed as the fold change compared to the level
of the DMSO control. (C) Time course (24 h) of the fold increase of vIL-6 and
RTA mRNA over baseline in cells exposed to 0.25 pwg/ml TM. Shown are the
means = the standard deviations of triplicate determinations from one repre-
sentative experiment expressed as the fold change compared to the level of the
DMSO control. (D) Western blot showing XBP-1s (55 kDa), vIL-6 (22 kDa
and 28 kDa), and RTA (85 kDa) expression in BCBL-1 cells 24 h after treat-
ment with 0.5 pg/ml TM, 2 pg/ml TM, or 15 nM TPA. DMSO was used as the
control.
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FIG 6 Expression of XBP-1and vIL-6 in BCBL-1 cells exposed to chemical inducers of ER stress and in primary PEL cells. (A) BCBL-1 cells were treated with BFA
for 24 h or TM for 48 h to induce ER stress or with TPA for 48 h to induce KSHYV Iytic replication. Cells expressing XBP-1s were stained in red, and cells expressing
vIL-6 were stained in green. BFA-treated and TM-treated cells showed coexpression of XBP-1s and vIL-6. TPA-treated cells expressed vIL-6 but not XBP-1s. (B)
Staining of primary PEL cells from a plural effusion for XBP and vIL-6. Cells expressing vIL-6 were stained in red while cells expressing XBP-1 were stained in

green. A second patient tested gave similar results.

(0.25 pg/ml) of TM occurred at the same time as the increase in
RTA mRNA (Fig. 5C). At the higher doses, however, the increase
in vIL-6 mRNA lagged behind the increase in RTA mRNA (Fig. 5B
and results not shown). Taken together with the previous findings,
these results provide evidence that XBP-1 can directly induce
vIL-6 and that this may be particularly important in the early
hours after XBP-1 induction. The results also provide evidence
that TM can induce vIL-6 indirectly through upregulation of
RTA.

Consistent with these results, XBP-1s was detected in the nu-
cleus in a number of BCBL-1 cells treated with TM or with BFA,
another inducer of XBP-1s which acts by blocking ER-to-Golgi
compartment transport (51) (Fig. 6A). However, no XBP-1s was
detected in cells exposed to DMSO as a control or to TPA (Fig.
6A). Some BFA-exposed or TM-exposed cells that expressed
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XBP-1salso stained for vIL-6. Similar results were also seen in PEL
cell lines BC-3 and JSC-1 (data not shown).

XBP-1and vIL-6 proteins are associated in PELand MCD. To
determine if induction of vIL-6 by XBP-1s may occur in infected
patients, we looked for XBP-1 protein in primary PEL cells and
lymph node biopsy specimens from MCD patients. Pleural effu-
sion PEL cells were isolated, fixed, and stained with vIL-6 and
XBP-1 (Fig. 6B). Many tumor cells displayed both XBP-1 and
vIL-6. We also examined lymph node biopsy specimens from two
patients with KSHV-MCD (one lymph node is shown in Fig. 7). A
number of the cells contained XBP-1, and in 30% of these cells, it
was located in the nucleus. A smaller number expressed vIL-6, and
most of these cells coexpressed nuclear XBP-1. In scans of seven
representative fields, out of 46 cells expressing vIL-6, 37 coex-
pressed nuclear XBP-1; in the same fields, an additional 363 cells
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FIG 7 Detection of XBP-1- and vIL-6-positive cells in an MCD lymph node.
Fluorescence immunostaining of a KSHV-MCD lymph node shows the distri-
bution of vIL-6 (green) and XBP-1 (red) proteins in nucleated cells (marked by
DAPI, blue. Arrowheads in images stained for vIL-6 point to XBP-1 and vIL-6
double-positive cells. Lower-magnification images (upper and left lower quad-
rants) show that the vIL-6-positive cells are also XBP-1 positive; higher-mag-
nification images (lower right panels) show the predominantly nuclear local-
ization of XBP-1 and cytoplasmic localization of vIL-6.

expressed XBP-1 alone. It is quite likely that many of these cells
expressing XBP-1 alone were not infected with KSHV; in KSHV-
MCD lymph nodes, only a small percentage of cells are infected
with KSHV (Fig. 1A) (21, 29, 30). With respect to the cells express-
ing vIL-6 but not XBP, it is possible that the level of XBP was too
low to be detected by IF. Alternatively, another mechanism might
be causing the vIL-6 expression in these cells.

DISCUSSION

It was previously shown that XBP-1s can induce lytic activation of
KSHYV through RTA (36-39) We extend these findings and pro-
vide evidence that XBP-1s can directly bind to and activate the
promoter of KSHV vIL-6. Much of this activation is mediated
through two XREs, labeled here XRE2 and XRE3, possibly acting
in tandem. We further show that a vIL-6 promoter with mutated
XRE2 and XRE3 that has a decreased response to XBP-1s is still
activated by RTA. TM, a chemical inducer of XBP-1s, also upregu-
lates vIL-6, and KSHV-MCD plasmablasts and PEL cells in which
vIL-6 is expressed frequently have coexpressed nuclear XBP-1.
Taken together, these results provide evidence that XBP-1s can
activate vIL-6 in latently infected KSHYV cells and that this process
may play arole in the pathogenesis of KSHV-induced lymphopro-
liferative disorders.

KSHYV has developed a number of mechanisms to optimize its
gene expression under various conditions. vIL-6 enhances the sur-
vival and proliferation of KSHV infection, and it is not surprising
that KSHV may have developed strategies to fine-tune its expres-
sion. XBP-1s is produced in cells with ER stress, and activation of
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vIL-6 in response to XBP-1s may serve to increase survival of these
cells and their passenger virus. The results shown here provide
evidence that XBP-1s can activate vIL-6 directly; this mechanism
may be particularly important in cells where RTA is tightly con-
trolled. In addition, as seen in the PEL lines studied, XBP-1 acti-
vation can also be associated with increased expression of RTA, as
previously reported (36-39) (Fig. 5); activation of vIL-6 can also
occur through this mechanism. The binding of vIL-6 to the intra-
cellular ER (22) would then serve to specifically increase survival
of the KSHV-infected cells that may lack surface IL-6 receptors.
Induction of RTA by XBP-1s may also lead to KSHV lytic replica-
tion, allowing the virus to spread. The prosurvival and prolifera-
tive mechanisms may be especially useful in tonsils, which are a
potential portal of entry for KSHV and which contain a particu-
larly high percentage of cells expressing XBP-1 (31). It should be
noted that vIL-6 may also be constitutively formed in a subset of
cells with latent KSHV infection and that interferon alpha has
been reported to upregulate production of vIL-6 (17).
Activation of vIL-6 by XBP-1s may be important in the patho-
genesis of KSHV-MCD and PEL. Although most PEL cells are
latently infected, vIL-6 plays a role in PEL pathogenesis (27), and
as shown here, a subset of PEL cells from a patient express both
XBP-1 and vIL-6; activation of vIL-6 in these cells likely helps
promote growth or survival of PEL by autocrine or paracrine ac-
tivation. B cells undergoing terminal differentiation within lymph
node germinal centers express XBP-1s (33, 46), and when certain
of these cells are infected with KSHYV, direct activation of vIL-6
may be a key step in the development and proliferation of KSHV-
MCD plasmablasts, many of which express vIL-6 but not other
lytic genes. Some of these cells, perhaps those with higher levels of
XBP-1s, may then go on to complete lytic replication and die. This
cycle, played out systemically, may help explain the spontaneous
waxing and waning of symptoms in untreated KSHV-MCD (52).
Interactions among XBP-1, vIL-6, and human IL-6 may also
contribute to KSHV-MCD pathogenesis. XBP-1s can stimulate
human IL-6 expression in some cells (33). Also, human IL-6 (and
plausibly also vIL-6) can induce XBP-1 (53), thus forming posi-
tive-feedback loops between XBP-1 and either human IL-6 or
vIL-6. In addition, vIL-6 can induce the expression of hIL-6 (26),
further augmenting the effect of vIL-6 since, unlike hIL-6, vIL-6 is
produced only by the relatively small number of KSHV-infected
cells. Thus, XBP-1s-induced activation of vIL-6 in a small subset
of cells has the potential to initiate KSHV-MCD flares through the
paracrine recruitment of neighbor IL-6-producing cells.
XBP-1sactivation of vIL-6 is likely to be particularly important
in KSHV-infected B cells and associated malignancies. It has re-
cently been reported by Leung et al. that 2-deoxy-D-glucose, a
stimulator of ER stress, suppressed KSHV replication and expres-
sion of vIL-6 in butyrate-stimulated endothelial or epithelial cells
(54). At first glance, these results seem at odds with the current
study. However, Leung et al. were looking at a modulation of
KSHYV induction by butyrate in KSHV-infected endothelial cells
and cell lines and note that their findings would probably not
apply to B cells, given the substantial expression of XBP-1 during
B cell differentiation (54). Thus, these results are not inconsistent
although it is possible that the upregulation of RTA and vIL-6 in
our PEL cultures exposed to chemical inducers of ER stress was
reduced somewhat by that mechanism.
In summary, this study shows that XBP-1s can directly activate
production of KSHV vIL-6. This effect may be an important con-

January 2016 Volume 90 Number 1


http://jvi.asm.org

tributor to the pathogenesis of KSHV-MCD as well as PEL. These
results also add to our appreciation of the physiologic activation of
specific KSHV lytic genes outside the general activation of lytic
replication.
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