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Natural Killer Cell-Mediated Cytotoxicity despite the Reduction of
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Although natural killer (NK) cell-mediated control of viral infections is well documented, very little is known
about the ability of NK cells to restrain human T-cell leukemia virus type 1 (HTLV-1) infection. In the current
study we show that NK cells are unable to kill HTLV-1-infected primary CD4™ T cells. Exposure of NK cells
to interleukin-2 (IL-2) resulted in only a marginal increase in their ability to kill HTLV-1-infected primary
CD4™ T cells. This inability of NK cells to kill HTLV-1-infected CD4™ T cells occurred despite the down-
modulation of major histocompatibility complex (MHC) class I molecules, one of the ligands for the major NK
cell inhibitory receptor, by HTLV-1 p12' on CD4* T cells. One reason for this diminished ability of NK cells
to kill HTLV-1-infected cells was the decreased ability of NK cells to adhere to HTLV-1-infected cells because
of HTLV-1 p12"-mediated down-modulation of intercellular adhesion molecule 1 (ICAM-1) and ICAM-2. We
also found that HTLV-1-infected CD4™ T cells did not express ligands for NK cell activating receptors, NCR
and NKG2D, although they did express ligands for NK cell coactivating receptors, NTB-A and 2B4. Thus,
despite HTLV-1-mediated down-modulation of MHC-I molecules, HTLV-1-infected primary CD4™ T cells
avoids NK cell destruction by modulating ICAM expression and shunning the expression of ligands for

activating receptors.

Human T-cell leukemia virus type 1 (HTLV-1) is the etiolog-
ical agent of adult T-cell leukemia (ATL) (62, 77), an aggressive
fatal CD4" T-cell malignancy, and HTLV-1-associated myelop-
athy/tropical spastic paraparesis, a neurodegenerative disease of
the central nervous system (30, 56). HTLV-1 can infect CD4" T
cells and establish a life-long persistent infection in humans (63).
One reason for the persistence of HTLV-1 in the host may be a
consequence of the ability of the virus to evade the host immune
response. A possible mechanism by which HTLV-1 evades im-
mune responses is by down-modulating the expression of major
histocompatibility complex class I (MHC-I) molecules on the
surface of infected cells allowing their escape from recognition
and destruction by HTLV-1 antigen-specific cytotoxic T lympho-
cytes (CTLs) (55, 68, 73). The HTLV-1 accessory protein p12" has
been previously shown to down-modulate the surface expression
of MHC-I on T-cell lines (38). The p12" gene is expressed early
after virus entry and is critical for establishing and maintaining
viral infection in vivo (1, 21). p12-mediated suppression of
MHC-1 may be a mechanism that allows HTLV-1 to evade early
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innate immune surveillance while concurrently allowing for the
persistent infection of the host.

HTLV-1-mediated down-modulation of MHC-I expression
may make HTLV-1-infected cells vulnerable to natural killer
(NK) cell-mediated destruction (42). NK cells do not require
prior recognition of the pathogen to kill virus-infected cells
and are activated by invariant activating ligands present on the
cell surface (8, 14, 18). Although uninfected cells may express
these activating ligands, NK cells are unable to destroy these
cells because MHC-I on the surface of uninfected cells engage
specific inhibitory receptors (iNKRs) dampening NK cell
cytotoxicity (12, 15, 22, 27). Whether down-modulation of
MHC-I leads to NK cell cytotoxicity toward HTLV-1-infected
lymphocytes is not yet clearly defined (64, 68, 73).

In addition to loss of inhibitory control through the altered
expression of MHC-I, strong adhesion to the target cells, me-
diated by integrins such as leukocyte function antigen 1
(LFA-1) on NK cells, is critical in triggering NK cell cytotox-
icity (4, 33). The engagement of LFA-1 with its natural ligands
on target cells is involved in the formation of “NK-target cells
immune synapse,” which is important in activation signaling
events (33). In addition to immune synapse formation, LFA-1
triggers early signaling events leading to cytotoxic granule po-
larization, which is important in directing the NK cell killing
machinery to the target cells (43). The natural ligands for
LFA-1 are intercellular adhesion molecules (ICAMs), which
are expressed on a variety of cells, including leukocytes (74,
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76). Although NK cells express other integrins, the LFA-1 and
ICAM interactions are necessary for efficient adhesion, early
signaling, and polarization, resulting in an effective NK cell
cytotoxic response (4, 13, 33, 34, 45, 46, 61). Altered ICAM-1
expression has been found on the peripheral blood mononu-
clear cells (PBMC) of ATL patients (28). However, it remains
to be determined whether HTLV-1 can modulate ICAM ex-
pression on primary CD4" T cells, the natural targets of
HTLV-1 in vivo (63).

Impaired expression of MHC-I and coengagement of LFA-1
and ICAM may lead to adhesion, synapse formation, and gran-
ule polarization, but it is not sufficient to trigger a robust NK
cell cytotoxic response toward the target cells (40). The en-
gagement of NK cell activating receptors to their correspond-
ing ligands expressed on the target cells provides the activating
signals critical for inducing degranulation, thereby triggering
NK cell killing of target cells (49). The major NK cell-specific
activating receptors involved in NK cell-mediated destruction
of various target cells consist of immunoglobulin-like domain
containing natural cytotoxicity receptors (NCRs), NKp30,
NKp44, and NKp46 (7, 48, 67), and the C-type lectin NKG2D
(49, 59). Although the natural ligands for NCR are still un-
known, NKG2D ligands consist of two classes of MHC-I-like
molecules, cytomegalovirus (CMV) UL-16 binding proteins
and MHC-I-related chain. Although their altered expression
might modulate the susceptibility of the infected cells to NK
cell cytotoxic response (20, 75), whether ligands for NKG2D
and NCR are expressed by HTLV-1-infected primary CD4* T
cells is unknown.

In the present study, we investigated whether HTLV-1 in-
fection leads to down-modulation of MHC-I expression on
primary CD4" T cells and thus makes the HTLV-1-infected
primary CD4™ T cells susceptible to autologous NK cell-me-
diated cytolysis. We sought to determine whether the surface
expression of ICAM molecules is affected by infection and
whether this modulation alters the ability of the NK cells to
adhere to HTLV-1-infected primary CD4" T cells. We also
determined the expression profile of ligands for NK cell acti-
vating and coactivating receptors on HTLV-1-infected primary
CD4" T cells. Collectively, the present study investigates
whether the ligands critical for initiating the activation signals
required for an effective NK cell cytotoxic response are either
present or altered after HTLV-1 infection of primary CD4* T
cells.

MATERIALS AND METHODS

Isolation of CD4* T cells. Venous blood (60 ml) was obtained from healthy
HTLV-1-uninfected donors after informed consent into heparin-treated (143 U)
10-ml Vacutainer tubes (BD Biosciences, Franklin Lakes, NJ) according to the
protocols established by the Institutional Review Board for the Protection of
Human Subjects of State University of New York, Upstate Medical University
(Syracuse, NY). The subsequent steps of isolation and purification of PBMC
from the heparin-treated blood by Ficoll-Hypaque gradient (Mediatech, Hern-
don, VA) centrifugation was performed as previously described (11). Primary
CD4™" T cells were isolated from PBMC by using anti-CD4 antibodies coupled to
magnetic beads according to the manufacturer’s instructions (Invitrogen Life
Technologies, Carlsbad, CA), resuspended at 3 X 10° cells/ml in complete
medium, consisting of RPMI 1640 medium (Mediatech) with 10% heat-inacti-
vated (56°C for 30 min) fetal bovine serum (FBS; Mediatech), two mM glu-
tamine (Mediatech), 100 wg of streptomycin (Mediatech)/ml, 100 U of penicillin
(Mediatech)/ml, and 200 U of recombinant human interleukin-2 (rhIL-2; ob-
tained from the NIH AIDS Research and Reference Reagent Program, Ger-
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mantown, MD)/ml. The CD4™" T cells were stimulated with 3 pg of phytohem-
agglutinin (PHA; Sigma)/ml for 3 days.

HTLV-1 infection of primary CD4™ T cells. PHA-stimulated CD4™ T cells
were cocultured with a lethally irradiated (10° rads) ('3’CS source) chronically
HTLV-1-infected cell line, SLB-1 (69), at a recipient/donor cell ratio of 1:5 as
previously described (41, 71). Mock-infected cells consisted of the PHA-stimu-
lated CD4™" T cells not exposed to SLB-1 cells but were cultured in the same
medium used for the infection. After 2 weeks, the cultures were washed with
phosphate-buffered saline (PBS), and the media were replaced. Freshly irradi-
ated SLB-1 cells were added again to the primary CD4" T cells at a recipient/
donor cell ratio of 1:5. After 14 days of coculture with SLB-1 cells, CD4" T cells
were washed twice with PBS and then analyzed by flow cytometry or were used
as target cells in a °>'Cr release assay.

To confirm the lack of viability of lethally irradiated HTLV-1-infected donor
cells after 2 weeks in culture, normal and irradiated SLB-1 cells (without primary
CD4™" T cells) were analyzed for viability by staining with phycoerythrin (PE)-
conjugated annexin V (Biovision, Mountain View, CA) and 7-amino actinomycin
D (Calbiochem, La Jolla, CA) at 2 weeks after irradiation (Fig. 1) as described
previously (66).

Cytotoxicity assay. Targets and NK cells for >'Cr release assays were obtained
from the same donor. NK cells were isolated from PBMC by immunomagnetic
bead isolation with anti-CD56 antibody coupled to magnetic beads (Stem Cell
Technologies, Vancouver, British Columbia, Canada). IL-2-treated NK cells
were cultured overnight at 3 X 10° cells/ml in 1,000 U of IL-2/ml of culture.
Killing of HTLV-1-infected CD4" T cells or mock-infected CD4* T cells was
determined by using the >!Cr release assay as described previously (9).

Conjugate assay. The conjugate assay was done as previously described (16).
Briefly, NK cells (2 X 10° cells/ml) were labeled with 5 uM concentrations of red
fluorescent cell linker dye (PKH26-GL; Sigma), and HTLV-1-infected CD4* T
cells (2 X 10° cells/ml) or mock-infected CD4™ T cells (2 X 10° cells/ml) were
labeled with 5 uM green fluorescent cell linker dye (PKH67-GL, Sigma) for 5
min at room temperature. Thereafter, the cells were diluted in 2 volumes of
100% FBS to terminate the staining reaction and washed thrice with two volumes
of media. After the final wash the cells were incubated in a 5% CO, incubator at
37°C for an hour. After the incubation at 37°C the cells were resuspended in cold
media with 10% FBS. Effector cells (2 X 10°) and target cells (10°) were mixed
in a final volume of 200 pl of media in a 12-by-75-mm tube (Falcon, Franklin,
NJ). The cells were mixed by vortexing the tubes gently and then centrifuged at
4°C for 3 min at 30 X g. The cells were then placed in a 37°C water bath for 0,
10, 20, or 30 min. Thereafter, the cells were mixed by gentle vortexing and fixed
by adding 1 ml of cold 0.5% paraformaldehyde in PBS (pH 7.2). The samples
were then acquired by using an LSR II flow cytometer (BDIS, San Jose, CA).
Acquired samples were then analyzed by using the Cellquestpro 4.0 program
(BDIS). The results were expressed as the percentage of target cells that form
conjugates with NK cells as calculated by the ratio of cells that are positive for
both colors to total cells.

Generation of VSV-G-pseudotyped HTLV-1 p12' expressing lentivirus vectors
and transduction of primary CD4* T cells. Vesicular stomatitis virus protein G
(VSV-G)-pseudotyped lentivirus vector stocks were generated, as previously
described (72). Briefly, a three-plasmid transfection system was used consisting
of the transfer plasmid (p12'-HA-green fluorescent protein [GFP] or GFP alone
[24, 52]), a packaging vector (PCMVARS8.2AVPR), and a vector encoding the
VSV-G envelope protein (pPHCMV-G). Plasmids were cotransfected into 107
293FT cells (Invitrogen Life Technologies, Carlsbad, CA) by calcium phosphate
precipitation (72). Supernatants were harvested at 2 or 4 days posttransfection
and filtered through a 0.45-um-pore-size filter, pooled, and subjected to ultra-
centrifugation in a Beckman Optima L-90K ultracentrifuge (Beckman-Coulter,
Palo Alto, CA) in a SW32 rotor (Beckman-Coulter) at 5 X 10* X g for 2 h at 4°C.
The pellets were resuspended overnight at 4°C in a 1/100 initial volume in
serum-free Dulbecco modified Eagle medium (DMEM), pooled, and stored at
—80°C. Titers of vector stocks were determined by transducing 3 X 10° HeLa
cells (American Type Culture Collection, Manassas, VA) with virus vector stocks
that were serially diluted (1:10, 1:100, 1:500, and 1:1,000) in DMEM. HeLa cells
were analyzed for GFP expression 48 h posttransduction by flow cytometry.
Vector titers ranged between 10° to 107 transducing units per ml. Primary CD4*
T cells were transduced with lentivirus vectors (multiplicity of infection = 25) in
the presence of Polybrene (8 wg/ml) by spin inoculation in a Beckman GPR
centrifuge (3 X 102 X g) in a final volume of 2 ml of serum-free DMEM for 2 h
at room temperature (6, 9). Cells were analyzed for GFP expression at 6 days
posttransduction by flow cytometry.

Flow cytometry. HTLV-1-infected or mock-infected primary CD4™ T cells
(10°) were washed twice with Ca>*/Mg?*-free PBS. After the final wash, 10° of
either mock-infected or HTLV-1-infected CD4 " T-cell were resuspended in 100
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FIG. 1. Down-modulation of MHC-I expression on primary HTLV-1-infected CD4" T cells. HTLV-1-infected and mock-infected primary
CD4" T-cell blasts were stained with fluorochrome-conjugated anti-MHC-I antibody and then permeabilized, fixed, and stained with anti-HTLV-1
capsid antibody (p192°¢) and analyzed by flow cytometry. (A) Histogram demonstrating HTLV-1 p1988 expression on 10* HTLV-1-infected (black
line) or mock-infected (gray line) cells. Thin black lines represent cells stained with secondary antibody in absence of primary antibody.
(B) Histogram demonstrating MHC-I expression on 10* HTLV-1-infected (black line) or mock-infected (gray line) cells. Thin black lines represent
cells stained with immunoglobulin of similar isotype as MHC-I antibody.

wl of flow buffer (PBS with 0.1% NaNj;) and stained with either 10 pl of soluble
fusion proteins of the Fc portion of human immunoglobulin G (IgG) and NKp30,
NKp44, NKp46, or NKG2D (R&D Systems, Minneapolis, MN) or 5 ul each of
mouse anti-human CD54, CD50, CD48 (Pharmingen, La Jolla, CA), CD102a
(Serotec, Raleigh, NC), or NTB-A (R&D Systems, Minneapolis, MN) antibody
for 20 min at 4°C. After the samples were washed twice with flow buffer, the cells
were stained with PE-conjugated mouse anti-human IgG Fc-specific antibody or
PE-conjugated goat anti-mouse IgG Fc-specific antibody (Jackson Immunolabs).
Cells were also stained directly with 5 pl of PE-conjugated mouse anti-human
pan MHC-I antibody (clone W6/32; Dako, Fort Collins, CO).

After staining with the secondary antibody, cells were washed twice in flow
buffer and then permeabilized and fixed by using Cytofix/Cytoperm solution
(BDIS) according to the manufacturer’s protocol. Cells were then washed twice
with permeabilization-wash buffer (BDIS) and resuspended in 100 wl of perme-
abilization-wash buffer. Cells were then incubated with mouse anti-HTLV-1 Gag
(p19) antibody (Zeptometrix, Buffalo, NY) (3 wl/10° cells) for 30 min at 4°C,
washed twice with PBS, and then incubated with fluorescein isothiocyanate-
conjugated goat anti-mouse IgG monoclonal antibody (1 ul/10° cells; Dak) for 30
min in dark at 4°C. Ten thousand viable and/or HTLV-1 p19* cells were ac-
quired by using an LSR II flow cytometer. Acquired samples were analyzed with
the Cellquestpro 4.0 program.

RESULTS

HTLV-1 modulates the expression of MHC-I molecules on
primary CD4* T cells. It is unknown whether HTLV-1 infec-
tion alters the expression of MHC-I molecules on primary
CD4™" T cells, the prime target of HTLV-1 infection in vivo
(63). To resolve whether alteration of MHC-I expression oc-
curs after infection on CD4™ T cells with HTLV-1, we infected
freshly isolated primary CD4™" T cells with HTLV-1. Greater
than 90% of primary CD4" T cells showed HTLV-1 p19&*¢
expression after 2 weeks of infection (Fig. 1A). The mock-
infected and HTLV-1-infected primary CD4" T cells were
then stained with an antibody to a conserved epitope found on
all MHC-I molecules (W6/32). The surface expression of
MHC-I molecules was drastically reduced on HTLV-1-in-
fected CD4™" T cells compared to MHC-I expression on mock-
infected CD4™" T-cell (mean fluorescent intensities [MFIs] of

MHC-I expression of 166.7 and 1154, respectively) (Fig. 1B).
Thus, HTLV-1 infection leads to down-modulation of MHC-I
expression on primary CD4" T cells.

HTLV-1-infected primary CD4™ T cells are resistant to autol-
ogous NK cell-mediated cytotoxicity. We found that HTLV-1
infection down-modulates MHC-I expression on primary
CD4™ T cells, so we wanted to determine whether autologous
NK cells were capable of killing HTLV-1-infected primary
CD4™" T cells in a cytotoxic assay. We found that NK cell
cytotoxicities toward both HTLV-l-infected and mock-in-
fected primary CD4™" T cells (=3.0% at an effector cell/target
cell [E:T] ratio of 20:1) were drastically lower than the NK cell
cytotoxicity toward K562 cells (=95.0% at an E:T ratio of 20:1)
(Fig. 2A and B). Notably, the levels of NK cell cytotoxicity
were comparable between mock-infected (~2.5% at an E:T
ratio of 20:1) and HTLV-1-infected cells (~3.0% at E:T ratio
of 20:1). This low level of cytotoxicity took place despite the
robust down-modulation of MHC-I expression on infected
cells compared to mock-infected cells (Fig. 1B). This suggests
that NK cells lacked the ability to effectively kill autologous
HTLV-1-infected primary CD4" T cells even though MHC-I
expression was substantially reduced on infected cells.

IL-2 pretreatment marginally increases the NK cells cyto-
toxic response to autologous HTLV-1-infected primary CD4*
T cells. IL-2 pretreatment has been shown to evoke NK cell
cytotoxicity toward HTLV-1-infected T-cell lines (64). Hence,
we wanted to determine whether IL-2 pretreatment could en-
hance NK cell cytotoxicity toward HTLV-1-infected autolo-
gous primary CD4" T cells since resting NK cells failed to kill
HTLV-1-infected targets (Fig. 2A and B). We found that al-
though IL-2 pretreatment increased the ability of NK cells to
kill autologous HTLV-1-infected CD4™ T cells in comparison
to untreated NK cells (11% versus 3%; Fig. 2C), the level of
killing was significantly lower than for NK cell-mediated killing
of K562 cells (P < 0.05) (Fig. 2C). Furthermore, although
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FIG. 2. HTLV-1-infected primary CD4" T cells are resistant to lysis by autologous natural killer cells. HTLV-1-infected CD4" T cells,
mock-infected CD4™ T cells, and K562 cells were used as target cells in a 4-h cytotoxic assay with “resting”(A and B) or IL-2-treated (C) (1,000
U of IL-2/ml overnight) autologous NK cells as effector cells. E:T ratios of 5:1, 10:1, and 20:1 were used. All groups were performed in triplicates.
Each experiment involved CD4* T cells and NK cells from two different donors. Statistical analysis was performed by using single-tail analysis of

variance and Student ¢ tests (*, P < 0.05).

IL-2-pretreated NK cells killed HTLV-1-infected CD4* T
cells, the killing was limited to 11.5% at an E:T ratio of 20:1
and not statistically different from the response at an E:T ratio
of 10:1 (P = 0.4). Thus, although IL-2 pretreatment leads to a
modest threefold increase in the cytotoxic response of NK cells
to HTLV-1-infected CD4" T cells, it is clearly not up to the
maximal potential of the NK cell cytotoxic response demon-
strated by the destruction of K562 cells.

HTLV-1 decreased the expression of ICAM-1 and -2 on
primary CD4™ T cells. We wanted to investigate whether
HTLV-1 infection altered ICAM expression on primary CD4* T
cells because of its importance in engaging LFA-1 on NK cells (4).
Interestingly, we found that HTLV-1 infection significantly down-
modulates ICAM-1 and -2 expression on the surface of CD4* T
cells compared to mock-infected CD4™ T cells (Fig. 3A and B)
(the ICAM-1 MFTs for mock-infected cells and HTLV-1-infected
cells were 20.2 and 4.6, respectively, the ICAM-2 MFIs for mock-
infected cells and HTLV-1-infected cells were 18.6 and 3.2, re-
spectively). The difference in MFI for ICAM-1 and ICAM-2 be-
tween mock-infected CD4 " T cells and HTLV-1-infected CD4™"
T cells did not vary significantly between days 7 to 14 postinfec-
tion (data not shown). Notably, unlike ICAM-1 and -2, the ex-
pression of ICAM-3 was not significantly altered on CD4" T cells
after infection with HTLV-1 (the MFI on mock-infected cells was
19.8, and the MFI on HTLV-1-infected cells was 20.2) (Fig. 3C).
Thus, HTLV-1 selectively down-modulates the expression of

ICAM-1 and -2, but not ICAM-3, after infection of primary
CD4" T cells.

Ability of NK cells to adhere to autologous HTLV-1-infected
CD4* T cells. HTLV-1 down-modulation of ICAM-1 and -2
expression may affect the ability of NK cells to adhere to the
infected cells (Fig. 4). To test this, a two-colored flow cytom-
etry assay was used to determine the percentage of cells that
formed NK cell and target cell heteroconjugates (16). IL-2
treatment has been shown to enhance LFA-1-mediated adhe-
sion of NK cells to ICAMs on target cells, so we pretreated the
NK cells with IL-2 (5). The percentage of heteroconjugates
formed between HTLV-1-infected CD4" T cells and autolo-
gous IL-2 pretreated NK cells was significantly lower (Fig. 4A)
(mean = 1.5% after 30 min) than the percentage of hetero-
conjugates formed between mock-infected CD4™ T cells and
autologous NK cells (Fig. 4A) (mean = 3.5% after 30 min). In
contrast, CD4" Jurkat T cells, which have normal levels of
ICAM expression, formed ca. 8% heteroconjugates with NK
cells after 30 min of incubation at 37°C (Fig. 4A). Notably, the
percentage of heteroconjugate formation between HTLV-1-
infected CD4™" T cells and autologous NK cells was signifi-
cantly higher after 10 min of incubation compared to 20 and 30
min of incubation (P < 0.05), suggesting that cellular adhe-
sions were relatively rapid and did not require longer incuba-
tion times (Fig. 4B). Thus, the ability of the NK cells to phys-
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FIG. 3. HTLV-1 infection modulates ICAM-1 and -2 expression on HTLV-1-infected primary CD4" T cells. Mock-infected and HTLV-1-
infected CD4™" T cells were indirectly stained with anti-CD54 (ICAM-1) (A and E), anti-CD102a (ICAM-2) (B and F), or anti-CD50 (ICAM-3)
(C and G) antibodies. Cells were then permeabilized, fixed, and stained with anti-HTLV-1 p19 capsid antibody. The extent of ICAM-1 (A),
ICAM-2 (B), and ICAM-3 (C) expression on 10* infected (thick black line) and mock-infected CD4* T cells (thick gray line) was determined.
Negative controls (dotted gray line) consisted of secondary antibody in the absence of primary antibody. (D to G) Dot plots of ICAM-1 (E),
ICAM-2 (F), and ICAM-3 (G) expression versus HTLV-1 p19 capsid protein expression on 10* HTLV-1-infected CD4" T cells. Numbers

represent percentage of cells in each quadrant.

ically adhere to CD4" T cells is significantly reduced after
infection with HTLV-1.

HTLV-1 p12' is sufficient for down-modulation of MHC-I,
ICAM-1, and ICAM-2 on primary CD4™" T cells. To determine
whether HTLV-1 p12' decreases the expression of MHC-I on
primary CD4™ T cells, we transduced primary CD4 ™ T cells with
a bicistronic lentivirus vector encoding HTLV-1 p12' and GFP.
This vector has been shown, by reverse transcription-PCR and
Western blot analysis, to coexpress GFP and p12-HA protein, as
described previously (24, 52). As a control, the primary CD4" T
cells from the same donor were transduced with a lentivirus vec-
tor that expressed GFP only. HTLV-1 p12' transduction in CD4™*
T cells resulted in significant down-modulation of MHC-I expres-
sion compared to MHC-I expression on CD4™" T cells transduced
with control GFP vector alone (Fig. 5A) (the MFIs of MHC-1
were 710.3 and 79.3 for mock-treated and p12'-transduced cells,
respectively).

To evaluate whether p12' could affect the expression of
ICAMs on CD4* T cells, primary CD4" T cells were trans-
duced with lentivirus vectors encoding p12" and GFP. As a
control, the primary CD4 " T cells from the same donor were
transduced with a lentivirus vector that expressed GFP only
(52). As illustrated in Fig. 5B and C, p12'-transduced CD4* T
cells showed significantly decreased levels of ICAM-1 and -2

expression compared to GFP only-transduced CD4" T cells
(the MFIs of ICAM-1 and ICAM-2 for GFP-transduced
CD4+T cells were 141.14 and 83.2, respectively; those for
pl12'-transduced CD4" T cells were 92.44 and 25.2, respec-
tively). Similar to the results observed with HTLV-1-infected
CD4™" T cells, we did not find any significant difference in the
surface expression of ICAM-3 between p12'-transduced and
GFP only-transduced CD4" T cells (Fig. 5D) (the MFIs of
ICAM-3 were 18.4 and 16.2 for GFP-transduced CD4™ T cells
pl12'-transduced CD4* T cells, respectively). Notably, we
found that Taxl transduction leads to the up-regulation of
ICAM-1 expression on CD4 " T cells, an observation in accor-
dance with previously published data (57). Thus, HTLV-1 p12!
selectively down-modulates the expression of ICAM-1 and -2
on primary CD4™ T cells, leaving the expression of ICAM-3
unaltered on the surface.

HTLV-1-infected CD4™ T cells do not express ligands for
NK cell activating receptors NCRs and NKG2D but do express
ligands for NK cell coactivating receptors 2B4 and NTB-A.
Reduced expression of MHC-I on the target cells or a robust
adhesion of the NK cells to the target cells is insufficient to
trigger NK cell cytotoxicity (40) and requires activating signals
provided by the engagement of NK cell activating receptors
such as NCRs and/or NKG2D to their corresponding ligands
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on target cells (49). We found that =95% HTLV-1-infected
primary CD4" T cells did not express NCR and NKG2D
ligands on their surface (Fig. 6E to H). Notably, only 2.02, 2.95,
and 1.92% of HTLV-1-infected primary CD4" T cells express
ligands for NKp30, NKp46, and NKG2D levels, respectively,
which were comparable to the expression levels on mock-in-
fected CD4™ T cells (0.6, 1.0, and 4.2%, respectively) (Fig. 6).
Also, only 3.8% of HTLV-1-infected CD4" T cells express
ligands for NKp44 compared to 8.7% of mock-infected cells
(Fig. 6B and F). This indicates that the lack of expression of
NCR and NKG2D ligands on HTLV-1-infected CD4" T cells
might affect the ability of NK cells to trigger an effective cyto-
toxic response toward the HTLV-1-infected targets.
Alteration in the expression of NK cell coactivating receptor
ligands may also affect the ability of NK cells to kill target cells
(60), so we wanted to determine whether HTLV-1 infection
alters the expression of coactivating receptor ligands on pri-
mary CD4™" T cells. After screening primary CD4 " T cells for
coactivating receptor ligands, we found that they express CD48
and NTB-A, ligands for NK cell coactivating receptors 2B4 and
NTB-A (Fig. 61 and J). Also, HTLV-1 infection did not alter
the expression of CD48 and NTB-A on primary CD4" T cells
(the MFIs of CD48 were 76.8 and 95.5 for mock-infected and
HTLV-1-infected cells, respectively, and the MFIs of NTB-A
were 8.5 and 9.8 for mock-infected and HTLV-1-infected cells,
respectively) (Fig. 61 and J). Hence, both mock-infected and
HTLV-1-infected primary CD4" T cells express ligands for NK
cell coactivating receptors, and HTLV-1 infection does not
modulate the expression of these ligands on CD4 ™" T cells.

DISCUSSION

The NK cell-mediated cytotoxic response may be pivotal in
controlling viremia during the early stages of primary HTLV-1
infection prior to the development of adaptive immunity be-
cause NK cells do not require prior recognition of HTLV-1 to
kill the virus-infected cells (3, 58). Notably, transient suppres-
sion of NK activity was previously shown to be necessary for
the establishment and growth of tumors derived from HTLV-1
transformed cell lines in SCID mice, indicating that NK cells
play a prominent role in controlling the establishment and
growth of HTLV-1-derived tumors in vivo (26, 69). Moreover,
NK cells may help in eliminating infected cells when an HTLV-
1-specific CTL response is impaired because of the down-
modulation of MHC-I molecules (68). Earlier studies have
reported that NK cells are cytotoxic for target cells with ab-
normally low levels of MHC-I expression (55, 68). In the
present study, we found that the down-modulation of MHC-I
on HTLV-1-infected primary CD4" T cells did not enhance
their killing by autologous NK cells (Fig. 2).

Apart from the inhibitory control via the coengagement of
iNKRs with MHC-I on target cells, NK cell cytotoxicity also
involves adhesion, synapse formation, polarization, and de-
granulation. These processes involve the coengagement of a
variety of distinct receptors with their corresponding ligands on
target cells. Coengagement of LFA-1 with ICAMs on target
cells is critical for inducing adhesion, synapse formation, and
early activation signals, leading to cytotoxic granule polariza-
tion in NK cells (4, 13, 33). We found that HTLV-1 down-
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FIG. 5. HTLV-1 p12' down-modulates MHC-1, ICAM-1, and ICAM-2 expressions on primary CD4" T cells. Primary CD4" T cells were
transduced with lentivirus vectors encoding both GFP and HTLV-1 p12' (black line). As a control CD4" cells were transduced with a vector
expressing GFP only (gray line). Transduced CD4" T cells were stained with PE-conjugated anti-MHC-I antibody (W6/32) (A), anti-CD54
(ICAM-1) (B), anti-CD102a (ICAM-2) (C), or anti-CD50 (ICAM-3) (D) antibody. The histogram represents gated 10* GFP-positive cells.
Negative controls (gray dotted line) consisted of cells stained with secondary antibody in the absence of primary antibody.

regulates ICAM-1 and -2 expression on primary CD4" T cells
(Fig. 3) and, furthermore, the ability of primary CD4 " T cells
to adhere to autologous NK cells was significantly reduced
after infection with HTLV-1 (Fig. 4). On the contrary, mock-
infected primary CD4™" T cells and Jurkat T cells that main-
tained normal surface expression levels of ICAMSs had signif-
icantly greater ability to adhere to autologous NK cells (Fig. 4).
IL-2 pretreatment did not enhance the adhesion of NK cells
toward HTLV-1-infected targets, although IL-2 treatment has
previously been shown to enhance LFA-1-mediated adhesion
of NK cells to ICAM on target cells (5). Thus, the down-
modulation of ICAM-1 and -2 on HTLV-1-infected target cells
may contribute to the reduced ability of NK cells to adhere to
these infected target cells. This may severely hamper early
steps in NK cell cytotoxic response, including synapse forma-
tion and granular polarization, leading to the inability of NK
cells to kill HTLV-1-infected CD4 " T cells. Indeed, the down-
modulation of ICAM-1 expression on cell lines derived from
ATL patients indicate that altered ICAM expression may help
in disease progression under selective pressure from NK cell
immune surveillance (28). Notably, other transforming viruses,
such as the Epstein-Barr virus, has been previously reported to
down-regulate the expression of ICAMs to escape NK cell
cytotoxic responses (31).

It is notable that p12 is expressed early after HTLV-1 infec-
tion and is involved in T-cell activation, as well as in the
enhancement of viral infection (21, 23, 24). We show here, for
the first time, that HTLV-1 p12' down-modulates the expres-
sion of ICAM-1 and -2 on primary CD4™" T cells (Fig. 5B-D).
This down-modulation was selective because p12' did not alter
the expression of ICAM-3 on CD4™" T cells. It has been pre-
viously reported that p12' enhances LFA-1 clustering, which
leads to increased T-cell adhesion without the need to up-
regulate LFA-1 expression (39). Although LFA-1-dependent
T-cell to T cells adhesion is a complex process involving coop-
erative signaling through TCR, chemokine and other corecep-
tors (17, 74), adhesion of NK cells to T cells is more dependent
on LFA-1 expression on NK cells and its interaction with
ICAMs on T cells and does not require signaling through other
receptors (5). Therefore, down-modulation of ICAM-1 and -2
on HTLV-1-infected T cells may contribute to reduced LFA-1
mediated adhesion of the infected cells with NK cells.

Tax1 has previously been reported to induce MHC-I expres-
sion in glial cells (65). Interestingly, p12' down modulated the
surface expression of MHC-I molecules on primary CD4* T
cells, apparently overriding the Tax1 activation function (Fig.
5A). This is in accordance with previously published reports
that HTLV-1 p12" down-modulates MHC-I and IL-2-receptor
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expression on T-cell lines (38, 51). HTLV-1 p12' seems to
mimic the function of KSHV KS5 protein in down-modulating
the expression of both MHC-I and ICAMs on infected primary
CD4™ T cells, thereby successfully evading both a CTL and an
NK cell cytotoxic response (36, 37). Notably, we found that
lentivirus vector-mediated expression of Taxl up-regulates
ICAM-1 expression on primary CD4" T cells, indicating that
this may contribute to the heightened expression of ICAM-1
on HTLV-1 transformed T-cell lines where Taxl might be
overexpressed (28). This indicates that HTLV-1 p12" and Taxl1
may have divergent and counteractive functionality in modu-

lating adhesion molecule expression on infected cells. How-
ever, in the context of HTLV-1 infection of primary CD4" T
cells in our system, it appears that the p12-mediated down-
modulation of ICAM-1 overcomes the up-regulation of
ICAM-1 by Taxl.

We are currently in the process of delineating the molecular
mechanism of ICAM down-regulation by HTLV-1 p12". This
may involve the translocation of ICAMs from the endoplasmic
reticulum to the proteasome as opposed to its normal pathway
of migrating from the endoplasmic reticulum to the Golgi and
finally to the surface, similar to p12'-mediated down-modula-
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tion of MHC-1 (54). Alternatively, HTLV-1 p12' may inhibit
the transcription of ICAM by modulating the interaction of
various transcriptional regulatory factors with the ICAM pro-
moter. It has been recently shown that p12' modulates the
expression of various calcium-regulated genes involved in cell
adhesion, presumably by modulating the expression of tran-
scriptional regulators such as p300 (52, 53). The ICAM-1 pro-
moter contains potential binding sites for a variety of transcrip-
tional regulatory factors, including the CRE motif that can
bind to p300/CBP complex (19, 70). Interestingly, the active
promoter sequence of both ICAM-1 and -2 are homologous
but differ in comparison to that of the ICAM-3 promoter (32),
and this may explain the selective down-modulation ICAM-1
and -2 by p12~.

Adhesion through LFA-1 and ICAM is required for effective
NK cell synapse formation and polarization, but cooperative
signaling through engagement of NK cell activating receptors
(NCR and NKG2D) with their ligands on target cells is nec-
essary for degranulation and effective destruction of the target
cells by NK cells (49, 50). We found that <4% of HTLV-1-
infected primary CD4™ T cells express ligands for NCR (Fig.
6). At this time the only known ligands for NCR are viral in
origin (2). It has been hypothesized that expression of these
ligands on infected cells and their subsequent recognition by
the NCRs might be a putative mechanism by which NK cells
recognize and kill virally infected target cells. Our data suggest
that there was very little expression of NCR ligands on CD4™
T cells after infection with HTLV-1. We also found that
HTLV-1-infected CD4" T cells showed very little surface ex-
pression of ligands for another NK cell activating receptor,
NKG2D. In contrast to NCR ligands, the NKG2D ligands
MHC-I-related chain and UL-16 binding protein are well-
characterized cellular proteins. These proteins are induced
after DNA damage and may be abundantly expressed on trans-
formed cells (29). Moreover, HTLV-1 has been shown to in-
duce DNA damage and transform T lymphocytes (29, 44). The
poor expression of NCR and NKG2D ligands on infected cells
was not due to the inability of the soluble receptors to detect
the ligands on the cell surface because the ligands were de-
tected on the surfaces of COS7, 293T, and HeLa cells at the
concentrations of soluble receptors used in our assays (data
not shown). Collectively, our data suggest that HTLV-1-in-
fected primary CD4 ™" T cells have a very low expression profile
of NCR and NKG2D ligands, which might interfere with
proper degranulation and the cytotoxic response of NK cells to
HTLV-1-infected targets.

Normally, NK-cell “activating coreceptors” are important in
the signaling events through which NK cell activating receptors
(NCR and NKG2D) are able to trigger NK cell-mediated cy-
totoxicity (8, 25, 35, 47, 50). We found both NTB-A and CD48
on the HTLV-1-infected cells, and the level of expression was
unaltered in comparison to uninfected cells. CD155 and
CD112, the ligands for another important NK cell coactivating
receptor, DNAM-1 (10), were not expressed on primary CD4™
T cells (data not shown) and thus may not have an apparent
role in triggering NK cell cytotoxicity toward HTLV-1-infected
targets.

We found that the expression of ICAM-3, CD48, and
NTB-A was not significantly altered on primary CD4" T cells
after infection with HTLV-1 (Fig. 3C and 6I and J). It still
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remains to be determined whether the presence of the coacti-
vating receptors triggers NK cell-mediated killing of HTLV-1-
infected cells, especially in the presence of IL-2. Indeed, we
found that IL-2-treated NK cells have a threefold-enhanced
cytotoxic response to HTLV-1-infected CD4 ™" T cells, although
this was still significantly lower than the NK cell response
against K562 cells (Fig. 2). This indicates that IL-2 treatment
and cooperative activation signals from the simultaneous in-
teraction of LFA-1 and ICAM-3, as well as 2B4 and CD48
and/or NTB-A and NTB-A, may not be sufficient to profoundly
increase the cytotoxic response of NK cells to HTLV-1-in-
fected targets.

Combined with the modulation of ICAM-1 and -2 and the
lack of expression of NCR and NKG2D ligands, the present
study indicates that the ligands on target cells that trigger the
critical steps of NK cell cytotoxic response to target cells are
either robustly down-regulated or not present on the HTLV-
1-infected CD4" T cells. Furthermore, even when the coacti-
vating receptor ligands are present they are not able to induce
a strong NK cytotoxic response, indicating the limited role of
these coactivating receptor ligands in triggering NK cell cyto-
toxicity in the absence of activation through NCR and
NKG2Ds.
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