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The human T-lymphotropic virus type |
(HTLV-I) causes a chronic inflammatory
disorder of the central nervous system
termed HTLV-l-associated myelopathy/
tropical spastic paraparesis (HAM/TSP).
HTLV-l encodes a protein known to acti-
vate several host-signaling pathways in-
volved in inflammation, such as the
nuclear factor-kB (NF-«B). The contribu-
tion of the NF-kB pathway to the patho-
genesis of HAM/TSP, however, has not
been fully defined. We show evidence of

canonical NF-kB activation in short-term
cultures of peripheral blood mononuclear
cells (PBMCs) from subjects with HAM/
TSP. NF-«kB activation was closely linked
to HTLV-l viral protein expression. The
NF-kB activation in HAM/TSP PBMCs was
reversed by a novel small-molecule inhib-
itor that demonstrates potent and selec-
tive NF-«xB antagonist activity. Inhibition
of NF-kB activation led to a reduction in
the expression of lymphocyte activation
markers and resulted in reduced cytokine

signaling in HAM/TSP PBMCs. Further-
more, NF-kB inhibition led to a reduction
in spontaneous lymphoproliferation, a
key ex vivo correlate of the immune acti-
vation associated with HAM/TSP. These
results indicate that NF-«B activation
plays a critical upstream role in the im-
mune activation of HAM/TSP, and identify
the NF-«xB pathway as a potential target
for immunomodulation in HAM/TSP.
(Blood. 2011;117(12):3363-3369)

Introduction

Infection with the retrovirus human T-lymphotropic virus type |
(HTLV-I) is associated with the development of HTLV-I-
associated myelopathy/tropical spastic paraparesis (HAM/TSP)
and adult T-cell leukemia/lymphoma (ATLL). HAM/TSP is an
immune-mediated inflammatory disorder of the central nervous
system that leads to progressive neurologic disability in affected
individuals.! A key mechanism in the pathogenesis of HAM/TSP is
considered to be the HTLV-I-induced immune activation that
supports the establishment of central nervous system inflamma-
tion.2 Immune activation is a hallmark of HAM/TSP, as
evidenced by the increased expression of lymphocyte activation
markers, the induction of pro-inflammatory cytokines, and
spontaneous lymphoproliferation.’> The HTLV-I-encoded trans-
activating protein Tax is thought to play a role in the immune
activation associated with HAM/TSP by activating host-
signaling molecules such as the cyclic AMP-responsive element-
binding protein, the serum response factor, and the nuclear
factor-k B (NF-«kB), thereby up-regulating the expression of
pro-inflammatory cytokines and/or their receptors.® The activa-
tion of the NF-kB pathway is considered a key event in the
HTLV-I-induced leukemogenesis leading to ATLL,” but the
contribution of the NF-kB pathway to the pathogenesis of
HAMY/TSP has not been fully defined.

The NF-kB proteins, which include the RelA (p65), c-Rel,
RelB, NF-kB1 (p105/p50), and NF-kB2 (100/p52) subunits, com-
prise a family of Rel-homology domain—containing transcription
factors that play a key role in regulating inflammation.® NF-«kB
signaling occurs by activation of either the canonical or the

noncanonical pathways, leading to nuclear translocation of the
RelA/p50 or RelB/p52 heterodimers, respectively.® Key signal-
ing events involve the release of NF-«kB subunits from the
cytoplasmic sequestration by the inhibitor of NF-kB (IkB), the
subsequent nuclear translocation, and the binding of NF-kB
heterodimers to NF-kB response elements that ultimately lead to
gene transcription. The HTLV-I protein Tax is capable of
activating both the canonical and the noncanonical NF-kB
pathways by interacting with the IkB kinase subunits, leading to
the release of NF-kB from cytoplasmic sequestration.!®!! The
NF-kB-dependent induction of pro-inflammatory cytokines
such as IL-6,'2 IL-9,"3 and IL-15,'* and the induction of IL-2
receptorac (IL-2Ra)’ in HTLV-I-infected cells suggests that
NF-kB activation may play a critical role in the development of
diseases associated with HTLV-I infection.

To further define the contribution of NF-kB activation to the
pathogenesis of HAM/TSP, we compared NF-kB activation in
peripheral blood mononuclear cells (PBMCs) from subjects with
HAM/TSP against that of healthy donors, and examined the
relationship of HTLV-I viral protein expression and NF-kB
activation. We developed several series of novel inhibitor of
NF-kB targeting the DNA-binding Rel transcription factors.!6-18
To define the contribution of NF-«kB activation to immune activa-
tion in HAM/TSP, we tested the impact of NF-kB inhibition
on key ex vivo correlates of immune activation in HAM/TSP, such
as the expression of lymphocyte activation markers,? the induction
of cytokine production and signaling, and spontaneous
lymphoproliferation.’
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Methods

Samples

Peripheral blood was obtained from subjects with HAM/TSP diagnosed
according to published criteria'® and from healthy donors. PBMCs were
obtained by density centrifugation and cryopreserved before use. Writ-
ten, informed consent was obtained from each subject in compliance
with the Declaration of Helsinki. The study was reviewed and approved
by a National Institute of Neurologic Disorders and Stroke institutional
review board.

Cell culture

PBMCs were resuspended in RPMI supplemented with 1% penicillin/
streptomycin, 1% L-glutamine, and 5% FCS (CRPMI) and placed in
96-well round-bottom plates at 4 X 10° cells/well with or without the
NF-kB inhibitors dehydroxymethylepoxyquinomicin (DHMEQ) or PBS-
1086 in the doses indicated. PBMCs treated with either dimethylsulfoxide
(DMSO; vehicle) or the control compound PBS-1143, a regioisomer of
PBS-1086 without anti-NF-kB activity, were used as controls. The
antibodies anti-Tac and Mik-f1 used in some experiments were kind gifts
from Dr Thomas A. Waldmann.

NF-kB DNA-binding ELISA

NF-kB activation was measured using a DNA-binding enzyme-linked
immunosorbent assay (ELISA) (TransAM NF-«kB Family Transcription
Factor Assay Kit; Active Motif) according to manufacturer’s protocol.
NF-kB proteins bound to the target sequence were detected with primary
antibodies specific for each NF-«kB family member (RelA, c-Rel, or RelB)
and a horseradish peroxidase (HRP)-conjugated secondary antibody. A
colorimetric HRP substrate was added and, after stopping the reaction, the
absorbance at 450 nm was recorded as a relative measure of NF-kB protein
bound. To test compounds for NF-kB—inhibitory activity, stock solutions
(5 mg/mL or approximately 15mM) and dilutions (150X final concentra-
tion) of the compounds were prepared in DMSO. Immediately before the
assay, the compounds were further diluted to the final concentration in the
assay buffer without dithiothreitol. Compounds were typically tested at
SuM and 50pM or at a dilution series from 0.2-500uM. Next, the
compounds were incubated with recombinant NF-kB proteins (RelA or
p50, 1 pg/mL) or nuclear extracts (Raji or tumor necrosis factor-a
[TNF-a]-treated HeLa, 150-250 pg/mL) for 30 minutes to 2 hours at room
temperature. Percent inhibition (% inhibition = 1 — (value/maximum
value) X 100) was determined from the quantity of NF-kB protein bound in
the compound treated wells relative to the maximum quantity bound in the
DMSO-treated control wells. If a dilution series was tested, the EC50 for
the compounds was calculated using a SigmaPlot macro that fits a
sigmoidal dose-response curve to the log;p (wM) concentration versus
percent inhibition. To test NF-kB activation in PBMCs, nuclear extracts
were obtained using the Nuclear Extract Kit (Active Motif) according to
manufacturer’s protocol. After the total protein concentration was deter-
mined by Bradford assay, 1.25 pg of nuclear extract per well was added to
microplates coated with the NF-kB consensus oligonucleotide. NF-«B
proteins bound to the oligonucleotide were detected using RelA-, RelB-, or
c-Rel-specific antibodies, and an HRP-conjugated secondary antibody. The
Rel-binding activities were determined by chemiluminescence according to
the manufacturer’s instructions. Nuclear extract prepared from stimulated
Jurkat cells served as a positive control in each experiment. Specificity was
confirmed in each experiment by the use of wild-type and mutant NF-«B
oligonucleotide competitors.

NF-kB-driven luciferase expression assay

293/NF-kB-luciferase cells (Panomics) were plated into 96-well white/
clear bottom tissue-culture plates at a concentration of 5 X 10° cells/mL
(0.1 mL/well) in Dulbecco modified Eagle medium supplemented with
10% FCS, 100 U/mL of penicillin, 100 pg/mL of streptomycin, 2mM
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L-glutamine, and 100 pwg/mL of hygromycin B. Plated cells were incubated
overnight at 37°C in a humidified 5% CO, atmosphere, then 0.5 pL of
200X compounds or 100% DMSO (vehicle control) were added to each
well in triplicate and incubated with the cells for 2 hours. After the
incubation period, TNF-a (PeproTech) was added to each well at a final
concentration of 20 ng/mL. Cells were then incubated at 37°C for 14-18
hours. Luciferase activity was detected by adding 100 pL of Bright-Glo
reagent (Promega) to each well, mixing with a pipette, and incubating at
room temperature for 2 minutes. Luminescence was read with a DTX 880
Multimode Detector (Beckman Coulter) using Multimode Analysis Soft-
ware Version 3.1.0.1 (no filter, 0.1-second integration time).

Immunofluorescence analysis

PBMCs from subjects with HAM/TSP were cultured in RPMI supple-
mented with 10% FCS 100 U/mL of penicillin, 100 pwg/mL of streptomycin,
and 2mM L-glutamine for 20 hours. Cells were fixed in 4% paraformalde-
hyde for 15 minutes at 4°C, then permeabilized by washing twice in 0.1%
Triton X-100 in phosphate-buffered saline (PBS). Antibodies to HTLV-I
Tax (clone LT-4) and/or RelA (clone C22B4; Cell Signaling Technology)
were added at 1:500 and 1:50 dilutions, respectively, for 30 minutes at room
temperature. After washing with 0.1% Triton X-100 in PBS, Alexa Fluor
488 goat anti-mouse immunoglobulin G3 (IgG3) and/or Alexa Fluor 594
goat anti—rabbit IgG (Invitrogen) were added at 1:200 dilution as
secondary antibodies for 30 minutes at room temperature and protected
from light. After washing with 0.1% Triton X-100 in PBS and
subsequently in PBS, the cell suspension was placed on a glass slide and
allowed to dry. The cells were mounted with Prolong Gold with
4,6-diamidino-2-phenylindole, dihydrochloride (DAPI; Invitrogen) and
observed with an Axiovert 200M equipped with mercury lamp house
HBO-100 and appropriate filters (all from (Carl Zeiss Microlmaging)
for detecting DAPI and the 2 secondary antibodies. Images were
deconvoluted using the imaging software Volocity (Improvision).

Flow cytometry

All flow cytometric data were acquired on an LSRII flow cytometer
(BD Biosciences) and analyzed using FlowJo software Version 8 (TreeStar). For
fluorescence-assisted cell sorting (FACS) analysis of surface markers, cells were
washed and then stained with CD3-PacificBlue, CD4-FITC, CD8-PerCP-Cys5.5,
CD25-APC, and CD69-APC-Cy7 (BD Biosciences) for 20 minutes before
washing and acquisition. For phosphorylated STATS detection, PBMCs from
subjects with HAM/TSP were resuspended in CRPMI and placed in 96-well
round-bottom plates at 4 X 10° cells/well with NF-kB inhibitors or controls.
After overnight (20 hours) culture, cells were fixed in 1.5% paraformaldehyde for
10 minutes at 37°C, then incubated in 90% methanol for 20 minutes at 4°C. After
3 washings in FACS buffer (PBS, 1% FCS, 0.1% NaN3), cells were stained with
fluorochrome-conjugated antibodies against pPSTATS and CD3 (BD Biosciences)
for 30 minutes at room temperature, and then washed before acquisition.

Proliferation assay

PBMCs from subjects with HAM/TSP and healthy volunteers were
resuspended in complete RPMI, and placed in triplicate in 96-well
round-bottom plates at 4 X 10° cells/well with NF-kB inhibitors or
controls. Proliferation was measured by tritiated thymidine incorporation
on day 4. Phytohemagglutinin-treated PBMCs and healthy donor PBMCs
were used as positive and negative controls, respectively. Alternatively,
PBMCs from subjects with HAM/TSP were labeled with carboxyfluores-
cein diacetate succinimidyl ester (CFSE; Invitrogen) according to the
manufacturer’s instructions, resuspended in complete RPMI with NF-kB
inhibitors or controls, and the data acquired on an LSRII flow cytometer
atday 5.

HTLV-I proviral load

HTLV-I proviral load was determined by real-time polymerase chain
reaction, as described previously.?’ The HTLV-1 proviral DNA load was
calculated by the following formula: copy number of HTLV-1 (pX) per
100 cells = (copy number of pX)/(copy number of -actin/2) X 100.
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Figure 1. PBMCs from subjects with HAM/TSP demon- A
strate increased NF-kB activation in association with
viral protein expression. NF-kB activation was mea-
sured by an NF-kB DNA-binding ELISA (TransAM NF-«B
transcription factor ELISA; Active Motif) on nuclear ex-
tracts from PBMCs of subjects with HAM/TSP and healthy
donors to detect nuclear translocation of NF-«B subunits.
(A) Nuclear RelA (p65) levels in PBMCs from subjects
with HAM/TSP compared with healthy donors (HD),
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measured directly ex vivo and after 20 hours (20h) of 0
culture. RLU, relative LIGHT units. (B) RelA, RelB, and
c-Rel levels in nuclear extracts from healthy donor (HD)
PBMCs (n = 6) compared with HAM/TSP PBMCs (n = 6).

*P < .05, unpaired ttest. (C) Immunofluorescence analy-

sis of PBMCs from a subject with HAM/TSP showing B
HTLV-I Tax protein expression (left; Alexa Fluor 488),
RelA expression (center; Alexa Fluor 594), and merged
image (right), with DAPI nuclear counterstain. One repre-
sentative image from 2 subjects is shown. Note the
nuclear translocation of RelA in cells expressing Tax
(arrow) compared with the intracytoplasmic sequestra-

tion of RelA in cells not expressing Tax. Observation was
performed with a Zeiss Axiovert 200M equipped with
mercury lamp house HBO-100 and appropriate filters for
detecting DAPI and the 2 secondary antibodies conju-
gated to Alexa Fluor 488 and Alexa Fluor 594, using a
63X oil objective.
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Statistical analysis

Kolmogorov-Smirnov was used as a test of normality, and either parametric
or nonparametric tests were used accordingly. Unpaired ¢ test or Mann-
Whitney was used for comparisons between groups. Paired ¢ test or
Wilcoxon signed rank test was used for within-group comparisons. For
experiments with multiple groups, analysis of variance (ANOVA) with
Dunnett posttest or Kruskal-Wallis with Dunn posttest was used. All
statistical analyses were carried out using Prism software Version 5.02
(GraphPad).
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Results

PBMCs from subjects with HAM/TSP demonstrate increased
NF-kB activation in association with viral protein expression

NF-kB activation was examined in PBMCs from healthy donors
and subjects with HAM/TSP by measuring nuclear translocation of
the NF-«kB subunits RelA, RelB, and c-Rel. When assayed directly
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MCs (n = 6). **P < .01, ANOVA and Dunnett posttest.
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Figure 3. Inhibition of NF-kB leads to the modulation
of immune activation in HAM/TSP. PBMCs from sub-
jects with HAM/TSP were placed in short-term (20 hours)
culture and analyzed for the expression of CD25, CD69,
and phosphorylated STAT5 (pSTAT5) by FACS analysis.
(A) Representative FACS histograms (left panels) show-
ing CD25 and CD69 expression (blue lines) in healthy
donor (HD) PBMCs after 20 hours of culture. Shaded
histograms are isotype control staining. Representative
FACS histograms (right panels) showing CD25 and CD69
expression (blue lines) in untreated PBMCs from a
HAM/TSP subject after 20 hours of culture. Green lines
indicate CD25 and CD69 expression in HAM/TSP PBMCs
treated with PBS-1086 (10.M). Shaded histograms are
isotype control staining. (B) The mean (+ SD) expression
of CD25 and CD69 in untreated, DMSO, regioisomer
PBS-1143 (10pM)-, DHMEQ (10uM)—, or PBS-1086
(10puM)—treated PBMCs from HAM/TSP subjects (n = 5).
**P < .01, ANOVA and Dunnett posttest. (C) Representa-
tive FACS histograms showing STATS5 activation (pSTAT5)
in cultured PBMCs from a healthy donor (HD, left), in
untreated PBMCs from a subject with HAM/TSP (center),
and in HAM/TSP PBMCs treated with the NF-«B inhibitor
PBS-1086 (10pM, right). (D) representative FACS histo-
gram showing STAT5 activation (pSTAT5) in HAM/TSP
PBMCs in the presence of antibodies against the IL-2Ra
(anti-Tac) and the IL-2/IL-15RB (Mik-B1): (1) anti-Tac
(5 pg/mL) + Mik-B1 (5 pg/mL), (2) Mik-B1 (10 pg/mL),
(3) anti-Tac (10 wg/mL), or (4) untreated and (5) isotype
control antibody staining. (E) The mean (+SD) T-cell
STAT5 activation (pSTAT5 + CD3*) in untreated,
mslgG2a (10 pg/mL)-, anti-Tac (10 pg/mL)-, Mik-B1
(10 pg/mL)—, and anti-Tac (5 ng/mL) + Mik-B1 (5 pg/
mL)-treated HAM/TSP PBMCs (n = 4). *P < .05, Kruskal-
Wallis, Dunn posttest. (F) The mean (+SD) frequency of
pSTAT5™ cells in cultured (20 hours) HAM/TSP PBMCs
(n = 3) as a function of inhibitor concentration for PBS-
1086 and control regioisomer PBS-1143.
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ex vivo, PBMCs from subjects with HAM/TSP and healthy donors
showed comparable levels of nuclear RelA. After short-term
(20 hours) culture, PBMCs from subjects with HAM/TSP, but not
healthy donors, showed increased nuclear translocation of RelA
(Figure 1A). Compared with healthy donors, PBMCs from subjects
with HAM/TSP showed higher levels of nuclear RelA (P < .05),
indicating activation of the canonical NF-kB pathway (Figure 1B).
RelB and c-Rel nuclear translocation were also higher in HAM/
TSP, but did not reach statistical significance. To more precisely
define the role of the HTLV-I virus in NF-kB activation, we
examined the relationship between HTLV-I viral protein expression
and the subcellular location of the NF-kB subunit RelA in PBMCs
from subjects with HAM/TSP. Immunofluorescence analysis showed
that whereas the majority of the cells demonstrated intracytoplas-
mic sequestration of RelA, cells expressing HTLV-I Tax protein
showed nuclear translocation of RelA (Figure 1C), indicating that
viral protein expression in HLTV-I-infected cells is associated with
NF-kB activation in HAM/TSP.

NF-kB activation in HAM/TSP is inhibited by PBS-1086, a novel dual
inhibitor of the canonical and noncanonical pathways of NF-xB

We have synthesized several families of NF-«B inhibitors.!¢!8 The
potency and selectivity of the compounds in inhibiting NF-kB

DNA binding was assessed. We found PBS-1086 to be more potent
than either parthenolide or DHMEQ in inhibiting recombinant
RelA binding to the NF-kB site (Figure 2A). In addition, PBS-1086
inhibited RelB binding to the NF-«kB site, whereas parthenolide and
DHMEQ were ineffective (Figure 2B). Thus, PBS-1086 demon-
strated dual activity against NF-kB, inhibiting both the canonical
and noncanonical pathways. The inhibitory effect of PBS-1086 on
NF-kB activation was further demonstrated in a cell-based assay.
PBS-1086 inhibited the TNF-a—induced expression of luciferase in
a 293/NF-kB-luciferase reporter cell line, while a regioisomer,
PBS-1143, was ineffective (Figure 2C). PBS-1086 had no direct
inhibitory effect on STAT3 and STATS-binding activities (data
not shown).

We examined the efficacy of DHMEQ and PBS-1086 in
inhibiting NF-kB activation in PBMCs from subjects with HAM/
TSP (Figure 2D). The addition of 10uM DHMEQ to short-term
(20 hours) cultures of HAM/TSP PBMCs resulted in a 19%
reduction in nuclear RelA-binding activity. The addition of 10p.M
PBS-1086 resulted in an 83% reduction in nuclear RelA-binding
activity (P < .01; ANOVA and Dunnett posttest). The addition of
PBS-1086 also resulted in a 70% and 81% reduction in nuclear
RelB- and c-Rel-binding activity, respectively. These results
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Figure 4. NF-kB inhibitors suppress spontaneous lymphoproliferation in
HAM/TSP PBMCs. Proliferation was measured by either tritiated thymidine incorpo-
ration or CFSE dilution in PBMCs from subjects with HAM/TSP. (A) Percent inhibition
of tritiated thymidine incorporation (day 4) in HAM/TSP PBMCs (n = 3) treated with
increasing concentrations of the regioisomer PBS-1143 (control), or the NF-xB
inhibitors DHMEQ and PBS-1086 compared with untreated PBMCs. Error bars
indicate standard deviation. (B) Representative FACS plots showing CFSE dilution in
untreated, control regioisomer PBS-1143 (10nM)— or PBS-1086 (10u.M)—treated
HAM/TSP PBMCs after 5 days of culture.

indicate that the NF-kB activation in PBMCs of subjects with
HAMV/TSP can be effectively inhibited by the use of the novel
small-molecule inhibitor PBS-1086.

Inhibition of NF-kB leads to modulation of immune activation
in HAM/TSP

To test the contribution of the NF-kB pathway to immune
activation in HAM/TSP, we examined the effect of NF-«kB
inhibition on the ex vivo correlates of HAM/TSP activation. The
addition of NF-«B inhibitors resulted in reduced expression of the
lymphocyte activation markers CD25 and CD69 in cultured
PBMCs from subjects with HAM/TSP. Figure 3A shows the
increased expression of CD25 and CD69 on PBMCs from subjects
with HAM/TSP compared with healthy donors after short-term
(24 hours) culture, and the inhibition of CD25 and CD69 expres-
sion in the presence of PBS-1086. PBS-1086 treatment yielded
significant reduction in the mean fluorescent intensity of CD25
expression (P < .01; ANOVA and Dunnett posttest; Figure 3B).
The frequency of CD69-expressing cells was also significantly
reduced in the presence of NF-«kB inhibitors (P < .01; ANOVA
with Dunnett posttest; Figure 3B).

The induction of inflammatory cytokines in HTLV-I infection
has been implicated in the pathogenesis of HAM/TSP.?! STAT
proteins function to mediate cytokine signal transduction, such that
the detection of STAT activation can be used as an indicator of
cytokine production and signaling.??> We analyzed the activation of
STATS protein to examine the induction of cytokines in PBMCs
from subjects with HAM/TSP. As shown in Figure 3C, STATS5
phosphorylation was detected in short-term (20 hours) cultures of
PBMC:s from subjects with HAM/TSP, but not those from healthy
donors, indicating induction of cytokine production and signaling
in the absence of exogenous stimulation in HAM/TSP. To con-
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firm the identity of STATS5-signaling cytokines in HAM/TSP, we
used 2 antibodies against the IL-2Ra and IL-2/IL-15R3 subunits to
test whether STATS activation could be attributed to signaling by
IL-2 and/or IL-15, 2 cytokines implicated in the pathogenesis of
HAM/TSP.2 As shown in Figure 3D-E, the addition of either
anti-Tac or Mik-1 to block IL-2Ra and IL-2/IL-15Rf3, respec-
tively, partially inhibited STATS activation in HAM/TSP PBMCs.
The combination of anti-Tac and Mik-1 abolished T-cell STATS
activation in HAM/TSP, indicating that signaling via the IL-2Ra
and IL-2/IL-15RB subunits accounts for nearly all of the T-cell
STATS activation in HAM/TSP. To test the contribution of the
NF-kB pathway to cytokine induction in HAM/TSP, we examined
the effect of NF-kB inhibition on STATS activation. The addition
of the NF-kB inhibitor PBS-1086 resulted in a dose-dependent
reduction in STATS activation in cultures of HAM/TSP PBMCs,
with a nearly complete absence of pSTATS at the 10p.M concentra-
tion and above (Figure 3F). In contrast, the control regioisomer
PBS-1143 had no effect on STATS activation.

NF-kB inhibitors suppress spontaneous lymphoproliferation in
HAM/TSP PBMCs

PBMC:s from subjects with HAM/TSP undergo spontaneous lym-
phoproliferation in culture, without requirement for exogenous
stimulation.’ We tested the effect of NF-«kB inhibition on spontane-
ous lymphoproliferation of PBMCs from subjects with HAM/TSP.
As shown in Figure 4A, the addition of NF-«B inhibitors to
cultures of HAM/TSP PBMC:s resulted in the inhibition of sponta-
neous lymphoproliferation. Reduction in proliferation, measured
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Figure 5. The effect of NF-kB inhibition on HTLV-I proviral load. PBMCs from
subjects with HAM/TSP were placed in culture, and serial HTLV-I proviral loads
were measured by real-time polymerase chain reaction. (A) The mean
(+standard deviation [SD]) HTLV-I proviral load in untreated PBMCs from
subjects with HAM/TSP measured at the indicated time points in culture (n = 3;
P = .0174, Friedman test). (B) The mean (£SD) HTLV-I proviral load in untreated,
DMSO (vehicle)—, DHMEQ (10pM)—, or PBS-1086 (10uM)-treated HAM/TSP
PBMCs (n = 3).
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by tritiated thymidine incorporation, was observed in a dose-
dependent manner beginning at the 5uM inhibitor concentration.
At 10pM concentrations, DHMEQ and PBS-1086 demonstrated
34% and 71% reduction in spontaneous lymphoproliferation,
respectively, compared with untreated HAM/TSP PBMCs. The
control regioisomer PBS-1143 showed no inhibition of spontane-
ous lymphoproliferation. The effect of NF-kB inhibition on
spontaneous lymphoproliferation was further confirmed by CFSE
dilution. As shown in Figure 4B, 10uM PBS-1086 abolished cell
division in HAM/TSP PBMCs as detected by CFSE dilution,
whereas cell division was virtually unchanged with the control
regioisomer PBS-1143 in PBMCs from HAM/TSP subjects.

The effect of NF-kB inhibition on HTLV-I proviral load

Finally, we asked whether inhibition of NF-kB activation alters the
HTLV-I proviral load in PBMCs from subjects with HAM/TSP.
The HTLV-I proviral load increased by approximately 80% over
a period of 72 hours of culture in untreated PBMCs from
subjects with HAM/TSP (P = .0174; Friedman test; Figure 5A),
suggesting preferential survival and/or proliferation of HTLV-I-
infected cells. The addition of either DHMEQ (10uM) or
PBS-1086 (10p.M) had only a modest effect on HTLV-I proviral
load, resulting in approximately 20% reduction compared with
the untreated PBMCs after 72 hours of culture (Figure 5B).
NF-«B inhibition had no significant impact on viral protein
(HTLV-I Tax) expression (data not shown). Thus, NF-kB
activation appeared to have only a modest impact on the HTLV-I
proviral load in subjects with HAM/TSP.

Discussion

Subjects with HAM/TSP showed increased NF-«kB activation
compared with healthy donors. Unlike leukemic cells of ATLL,
which show constitutive NF-kB activation,2* PBMCs from
subjects with HAM/TSP showed increased NF-«kB activation
after short-term ex vivo culture. The NF-«B activation in
HAM/TSP PBMCs involved the canonical pathway and was
reversed by the use of NF-kB—specific small-molecule inhibi-
tors. Increased RelB nuclear translocation, suggesting noncanoni-
cal NF-kB activation, was also observed, although this finding
was not statistically significant, perhaps because of the small
sample size. To our knowledge, this is the first report to directly
demonstrate and inhibit increased NF-kB activation in primary
cells from subjects with HAM/TSP.

The NF-«kB activation in HAM/TSP was closely linked to
HTLV-I viral protein expression. Whereas the NF-kB activation in
ATLL is Tax independent,” we found an association between Tax
expression and NF-«kB activation in HAM/TSP PBMCs. Previous
studies have shown that Tax can activate both the canonical and the
noncanonical NF-kB-signaling pathways by interacting with the
IkB kinase subunits.!!! The finding from previous studies that in
situ Tax expression occurs in the spinal cord of subjects with
HAM/TSP? suggests the likelihood that NF-kB activation may
contribute to central nervous system inflammation in these patients.
The time course of NF-kB activation in short-term cultures of
PBMCs from subjects with HAM/TSP is likely explained by the
time course of Tax expression, which is typically marginal directly
ex vivo and peaks at 16 to 24 hours in cultured PBMCs from
subjects with HAM/TSP.2 Although the mechanism whereby Tax
is up-regulated in short-term cultures of HAM/TSP PBMC:s has yet
to be fully characterized, the activation of stress kinases such as
p38 mitogen-activated protein kinase after cytokine withdrawal,
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and the subsequent cAMP response element-binding protein activa-
tion, may explain HTLV-I viral gene expression in culture.?’ Thus,
local environmental cues may contribute to induction of Tax
expression and ultimately to NF-kB activation in the HTLV-I-
infected cells of HAM/TSP.

NF-kB activation was a causal influence on lymphocyte activa-
tion in HAM/TSP. We showed that the induction of the lymphocyte
activation markers CD25 and CD69 was inhibited by antagonizing
NF-kB activation. Induction of CD25 expression is a characteristic
feature of HTLV-I-infected lymphocytes,?® and is known to be
mediated in an NF-kB-dependent manner by the HTLV-I-
transactivating protein Tax.!> CD69 is an early lymphocyte activa-
tion marker whose expression can be induced by IL-15,% a
pro-inflammatory cytokine that is induced by HTLV-I infection in
an NF-kB-dependent manner.'* Consistent with their NF-«B
dependence, the induction of the activation markers CD25 and
CD69 was significantly reduced by the use of NF-«kB inhibitors in
HAM/TSP.

The establishment of aberrant cytokine production and signal-
ing is considered to play a key role in the immunopathogenesis of
HAMY/TSP and has been a target for therapeutic intervention.?> We
showed that STATS activation occurs in PBMCs from subjects with
HAM/TSP in the absence of exogenous stimulation, and showed by
the use of 2 antibodies (anti-Tac and Mik-1) that preferentially
block IL-2 and IL-15, respectively,?® that the cytokines IL-2 and
IL-15 account for nearly all of the T-cell STATS activation in
short-term cultures of HAM/TSP PBMCs. The NF-kB inhibitor
PBS-1086 reduced STATS activation in a dose-dependent manner,
indicating that the establishment of IL-2/IL-15 cytokine signaling
in HAM/TSP is NF-kB dependent and can be targeted by inhibiting
NF-kB activation. A functional consequence of cytokine induction
in HAM/TSP is the spontaneous lymphoproliferation of PBMCs
from subjects with HAM/TSP.> PBMCs from subjects with HAM/
TSP proliferate in culture in the absence exogenous stimulation, a
process largely dependent on the actions of IL-2 and IL-15.3! The
inhibition of spontaneous lymphoproliferation by NF-kB inhibitors
in this study provides functional confirmation that the NF-«kB
pathway can be targeted to modulate immune activation in
HAM/TSP.

The HTLV-I proviral load in PBMCs from HAM/TSP subjects
nearly doubled during 72 hours of culture. The increased HTLV-I
proviral load suggests preferential survival and/or increased prolif-
eration of infected cells. NF-«kB inhibition resulted in approxi-
mately 20% relative reduction in proviral load in PBS-1086—
treated PBMCs compared with untreated PBMCs from HAM/TSP
subjects. One possible interpretation of the modest impact of
NF-«kB inhibition on the proviral load is that although immune
activation and proliferation are effectively suppressed by NF-kB
inhibition, the survival of HTLV-I-infected cells may be less
dependent on the NF-kB pathway in HAM/TSP. If so, the pathways
that influence the survival of HTLV-I-infected cells in HAM/TSP
likely differ from that of ATLL, which are highly susceptible to
apoptosis by NF-kB inhibition.

Although the findings of this study are highly suggestive that
NF-kB activation contributes to the pathogenesis of HAM/TSP,
we have not yet excluded the possibility that asymptomatic
carriers exhibiting comparably high HTLV-I proviral loads
might also exhibit levels of NF-kB activation above that of
healthy donors. Further validation of the role of the NF-«kB
pathway in the pathogenesis of HAM/TSP will require testing
asymptomatic carriers, identifying correlations with disease activ-
ity, and performing clinical trials targeting the NF-kB pathway in
HAM/TSP.
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In summary, PBMCs from subjects with HAM/TSP demon-
strate increased NF-«kB activation compared with healthy donors.
Activation of the canonical NF-kB pathway was shown in PBMCs
from subjects with HAM/TSP and was linked to viral protein
expression. Small-molecule inhibitors such as PBS-1086 effec-
tively inhibit NF-kB activation in HAM/TSP, leading to the
modulation of key ex vivo correlates of immune activation. These
results indicate that NF-kB activation is a critical upstream
mediator of immune activation pathways involved in HAM/TSP
and establish NF-«kB as a potential target for intervention.
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