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The Journal of Immunology

High Frequencies of Functionally Competent Circulating
Tax-Specific CD8™ T Cells in Human T Lymphotropic Virus
Type 2 Infection

André L. A. Oliveira,* Hitoshi Hayakawa,* Doris Schor,” Ana Claudia C. B. Leite,*
Otavio M. Espindola,* Allison Waters,” Jonathan Dean,* Derek G. Doherty,'“||
Abelardo Q.-C. Aratjo,** and William W. Hall'*"

Human T lymphotropic virus type 2 (HTLV-2) is characterized by a clinically asymptomatic persistent infection in the vast
majority of infected individuals. In this study, we have characterized for the first time ex vivo specific CTL responses against the
HTLV-2 Tax protein. We could detect CTL responses only against a single HLLA-A*0201-restricted Tax2 epitope, comprising
residues 11-19 (LLYGYPVYYV), among three alleles screened. Virus-specific CTLs could be detected in most evaluated subjects,
with frequencies as high as 24% of circulating CD8* T cells. The frequency of specific CTLs had a statistically significant positive
correlation with proviral load levels. The majority of virus-specific CD8* T cells exhibited an effector memory/terminally dif-
ferentiated phenotype, expressed high levels of cytotoxicity mediators, including perforin and granzyme B, and lysed in vitro target
cells pulsed with Tax2,,_,o, synthetic peptide in a dose-dependent manner. Our findings suggest that a strong, effective CTL
response may control HTLV-2 viral burden and that this may be a significant factor in maintaining persistent infection and in the

prevention of disease in infected individuals. The Journal of Immunology, 2009, 183: 2957-2965.

type 2 (HTLV-2)? are closely related members of a family

of retroviruses that have a tropism for mature T lympho-
cytes. HTLV-1 is endemic in a number of well-defined geographic
areas, and as many as 10 million individuals are thought to be
infected worldwide. While the vast majority of HTLV-1-infected
individuals are clinically asymptomatic, some 5% will develop
either a hematological malignancy, adult T cell leukemia/lym-
phoma (ATLL), or an inflammatory neurological disease, HTLV-
1-associated myelopathy/tropical spastic paraparesis (HAM/TSP).
All HTLV-l-infected individuals remain persistently infected
throughout their lives, and provirus can be readily detected in cir-
culating lymphocytes. In contrast to HTLV-1, the number of
HTLV-2-infected individuals is unknown, but there is significant
endemic infection in indigenous groups in the Americas and Cen-
tral Africa, and high levels of epidemic infection in injecting drug
users in the Americas, Southern Asia, and parts of Europe (1).
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HTLV-2 infection is similar to HTLV-1, in that the vast majority of
individuals remain persistently infected through their lifetimes. How-
ever, HTLV-2 appears to be less pathogenic. To date, no hematolog-
ical malignancies have been associated with infection, and while there
have been a number of reports describing neurological diseases sim-
ilar to HAM/TSP, these are very rare, and in some instances it is
unclear if they can in fact be attributed to HTLV-2 infection (2).

To date, limited information is available on the immunological
features of HTLV-2 infection. The virus has a preferential in vivo
tropism for CD8* T lymphocytes (3), but it has also been shown
to infect CD4™ T cells, monocytes, and B cells in certain patients
at lower levels (4, 5). This contrasts with HTLV-1, where the virus
preferentially infects CD4™ T lymphocytes in vivo, although, in
certain individuals, CD8" cells may also be infected (6). Sponta-
neous proliferation of naive and memory subsets of both CD4™"
and CD8" lymphocytes from HTLV-2-infected individuals has
also been described, at significantly lower rates when compared
with HTLV-1 infection (7). Additionally, PBMCs from HTLV-2 in-
fected individuals spontaneously produce C-C chemokines, including
MIP-1a, MIP-183, and RANTES (8).

CTL responses play a pivotal role in controlling proviral load
(PVL) in HTLV-1 infection. Large numbers of TaxI-specific
CD8™ T cells can be detected in most infected individuals, both in
HAM/TSP patients and in asymptomatic carriers (9, 10). The
HTLV-1 Tax protein is immunodominant for circulating specific
CTLs, but responses to other viral Ags have also been detected
(11-13). The exact pathogenic role of the CTL responses remains
unclear. While it has been suggested that the increased numbers of
chronically activated Tax1-specific CTLs might be responsible for
triggering neurological damage, leading to HAM/TSP (14), in-
creasing experimental evidence supports the hypothesis that such a
strong CTL response could certainly contribute to the control of
viral spread and, subsequently, disease development (15).

The present study describes the first characterization of HTLV-
2-specific CTL responses in infected individuals, specifically those
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directed toward the Tax protein (Tax2). We have mapped re-
sponses against Tax2-derived peptides restricted by three alleles,
and we found a single HLA-A*0201-restricted epitope recognized
by specific CTLs. The frequency of specific CTLs is high in in-
fected individuals and had a significant positive correlation with
the PVL levels. Most of these virus-specific CTLs constitute an
immediate effector cell population, with a strong cytotoxicity pro-
file, and they are capable of killing HLA-matched target cells in
vitro, suggesting that the CTL response might play a direct role in
the control of HTLV-2 infection.

Materials and Methods

Subjects and controls

Nine HLA-A*0201 HTLV-2-infected individuals and three HLA-matched
and three HLA-mismatched healthy uninfected control subjects were en-
rolled in this study after informed consent was given. Diagnosis of
HTLV-2 infection was made according to standard ELISA (Vironostika
HTLV-I/II; Organon Teknika) and Western blot (HTLV blot 2.4; Genelabs
Diagnostics) criteria. All individuals were seronegative for HTLV-1, HIV,
hepatitis B virus, and hepatitis C virus infections. The study was approved
by the human research ethics committees in Brazil and in Ireland. PBMCs
were isolated from whole blood by Ficoll density gradient and cryopre-
served until use. HLA typing was performed using sequence-specific prim-
ers, as previously described (16).

Epitope mapping

A library of 348 overlapping 9-mers with 1 amino acid offset, spanning
the entire Tax2 sequence (PEPscreen; Prolmmune), was analyzed in
HLA binding assays. The binding affinity of each peptide to the alleles
HLA-A*0201, HLA-B*3501, and A*0301 was assessed in binding as-
says (REVEAL binding assay; Prolmmune). Peptide-MHC complexes
with a high binding affinity were then selected for the synthesis of MHC
class I-peptide pentamer complexes (ProVE pentamers; Prolmmune)
for epitope validation.

Epitope validation

Frozen PBMCs were thawed and washed twice in ice-cold staining buffer
(PBS supplemented with 0.1% BSA and 0.1% sodium azide). The cells (1
to 2 X 10°) were incubated with one test of unlabelled pentamers for 10
min at room temperature, washed, and then stained with PE-conjugated
Pro5 Fluorotag (Prolmmune), FITC-conjugated anti-human CD8 (Pro-
Immune) for 20 min on ice. Finally, cells were washed and resuspended in
fixative solution (1% FCS, 2.5% paraformaldehyde in PBS).

In addition to the Tax2-derived pentamers, we used the following pen-
tamers as controls: A*0201/NLVPMVATYV and B*3501/IPSINVHHY, de-
rived from CMV pp65 Ag (17, 18); and HLA-A*0301/ILRGSVAHK, de-
rived from influenza virus A nucleoprotein (all from Prolmmune) (19).

Samples were analyzed using a FACSCalibur flow cytometer using
CellQuest software (BD Biosciences). Pentamer-positive cells were quan-
tified by gating first on live cells using the forward and side scatter dis-
criminators. A minimum of 10’ live events were acquired. Pentamer-pos-
itive and -negative CD8" cells were identified by plotting pentamer
fluorescence against CD8 fluorescence.

PVL quantitation assay

Measurement of the HTLV-2 PVL was conducted by a multiplex quanti-
tative real-time PCR assay, adapted from a previously published assay
(20). For quantitation of HTLV-2 Tax gene, the primers Tax2C-S (5'-
CGATTGTGTACAGGCCGATTG-3', positions 7275-7295), Tax2C-AS
(5'-CAGGAGGGCATGTCGATGTAG-3', positions 7350-7330), and
the probe Tax2CP (5'-FAM-TGTCCCGTCTCAGGTGGTCTATGTTC
CA-BHQ-3’, positions 7297-7324) were designed using the software
Primer Express 3.0 (Applied Biosystems), based on a previously published
sequence from a Brazilian HTLV-2c isolate (GenBank accession no.
AF139382) (21). Quantification of a human albumin gene fragment was
used as a reference gene. The reaction was carried on in a 7500 Fast
real-time PCR system (Applied Biosystems). Each sample was analyzed in
duplicate, and PVL was expressed as Tax copies per 100 PBMCs.

Phenotypic and functional analysis of CD8" T cells

Four subsets of CD8™" T cells have been identified based on the expression
of CCR7 and CD45RA: naive T cells (Ty cells), CCR7*/CD45RA™; cen-
tral memory T cells (T¢y, cells), CCR7/CD45RA™; effector memory T

CTL RESPONSES IN HTLV-2 INFECTION

cells (Tgy cells), CCR7/CD45RA™; and terminally differentiated mem-
ory T cells (Tgyra cells), CCR7/CD45RA™ (22).

Frozen PBMCs were thawed and washed twice in ice-cold staining
buffer. Subsequently, a CD8*-enriched fraction was isolated using anti-
CD8 microbeads, in an autoMACS Pro instrument (Miltenyi Biotec). The
CD8™ T cell-enriched fraction (1 to 2 X 10°) was washed with staining
buffer and incubated with unlabelled pentamer for 10 min at room tem-
perature, washed, and then incubated for 20 min on ice with a combination
of PerCP-conjugated anti-HLA-DR, PE-Cy7-conjugated anti-CCR7, Pa-
cific Blue-conjugated anti-CD8 (all from BD Biosciences), PE-conjugated
Pro5 Fluorotag (Prolmmune), and PE-Texas Red-conjugated anti-CD45RA
(Invitrogen). The samples were further fixed and permeabilized using Cytofix/
Cytoperm Plus (BD Biosciences) and stained with FITC-conjugated anti-
perforin, allophycocyanin-conjugated anti-IFN-y, and Alexa Fluor 700-conju-
gated anti-granzyme B (all from BD Biosciences). Cells were then washed and
resuspended in fixative solution before analysis.

Functional profile analysis was conducted using a modified version of
previously published methods (23). In brief, frozen PBMCs (1 to 2 X 10°
cells) were thawed, washed twice, and resuspended in RPMI 1640 medium
supplemented with 10% pooled human AB serum. Cells were stimulated
with 2 ug/ml of Tax2,, o, synthetic peptide (Prolmmune) in the presence
of costimulatory Abs (anti-CD28 and anti-CD49d, 1 ug/ml each), 20 ul of
FITC-conjugated anti-CD107a, and the protein transport inhibitors brefel-
din A and monensin (all from BD Biosciences). For some experiments,
cells were also stimulated with a peptide pool derived from CMV, EBV,
and influenza proteins (ProMix CEF peptide pool; Prolmmune). Unstimu-
lated controls consisted of cells incubated in the aforementioned conditions
but in the absence of synthetic peptides. A positive control stimulated with
250 ng/ml PMA and 1 pg/ml ionomycin was included in the assays. Fol-
lowing a 4-h incubation, the cells were washed with staining buffer and
then incubated for 15 min with PerCP-conjugated anti-CD8 (BD Bio-
sciences) and VioBlue-conjugated anti-CD3 (Miltenyi Biotec). The sam-
ples were further fixed and permeabilized using Cytofix/Cytoperm Plus
(BD Biosciences) and stained with PE-conjugated anti-MIP-183, PE-Cy7-
conjugated anti-TNF-«, allophycocyanin-conjugated anti-IL-2, and Alexa
Fluor 700-conjugated anti-IFN-y (all from BD Biosciences). Cells were
then washed and resuspended in fixative solution before analysis.

To assess the frequency of programmed death-1 (PD-1) in HTLV-2-
specific CD8™ T cells, frozen PBMCs (1 to 2 X 10°) were thawed and
washed twice in ice-cold staining buffer. Cells were then incubated with
unlabelled pentamer for 10 min at room temperature, washed, and then
incubated for 20 min on ice with a combination of FITC-conjugated anti-
CD3, PerCP-conjugated anti-CDS8, allophycocyanin-conjugated anti-
PD-1 (all from BD Biosciences), and PE-conjugated Pro5 Fluorotag
(Prolmmune). Cells were then washed and resuspended in fixative so-
lution before analysis. In addition to the Tax2-derived pentamer, we
used the A*0201/NLVPMVATYV pentamer as a control.

Samples were analyzed in a CyAn ADP analyzer using Summit software
(Beckman Coulter). Tax2-specific CD8" T cells and the nonspecific CD8 "
T cells were detected and quantified by gating first on live cells using the
forward scatter and side scatter discriminators, followed by gating on the
CD8™" population. Results for memory subsets, functional analysis, and
PD-1 expression were derived by plotting pentamer fluorescence against
CD8 fluorescence.

CTL cytotoxicity assays

CD8™" T cell cytotoxic function was assessed in 4-h >'chromium release as-
says. The target cells used in this assay were T2 cells (ATCC no. CRL-1992)
pulsed overnight with 20 wg/ml synthetic peptide. T2 cells without the syn-
thetic peptide were used as target controls. Effector cells were CD8* cells
isolated using CD8 microbeads from freshly thawed PBMCs. The effectors
were then incubated with target cells labeled with sodium [>'Cr]chromate
(PerkinElmer), at E:T ratios of 5:1, 25:1, 50:1, and 100:1 in triplicate wells of
96-well plates. Chromium release was measured by scintillation counting. Per-
centage specific lysis was expressed as: [(cpm of sample — cpm of spontane-
ous release)]/[(cpm of maximum release — cpm of spontaneous release)].

Statistical analysis

Statistical significance was calculated by the nonparametric Spearman’s rank
correlation test. A two-tailed p value of <0.05 was deemed significant.

Results

A single Tax2 epitope is recognized by ex vivo CTLs in the
context of HLA-A*0201

To map the epitopes recognized by specific CTLs, we initially
screened a library of nonameric peptides, spanning the entire Tax2
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FIGURE 1. Representative data of pentamer staining
of PBMCs from HTLV-2-seropositive and -seronega-
tive individuals. Representative results of Tax2-specific
CD8" T lymphocytes identified by fluorescent-labeled
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pentamer staining of PBMC samples from HLA-
A*0201-infected individuals. PBMCs from HTLV-2-
seropositive and -seronegative subjects were tested for 3
their ability to bind the pentamer complexes used in this §.
study. The percentage of all CD8" T cells binding the uil._
pentamers is indicated in each panel. A, The background 107
level was set by staining HLA-mismatched PBMC sam- g
ples. B, Representative plot of a HLA-A*0201 unin- 'uz:
fected individual, showing a frequency of pentamer- o
binding CD8™ cells below background level. C and D,
PBMCs from two selected HLA-A*0201 individuals
infected with HTLV-2, stained with HLA-A*0201/
Tax2(;,_j9, pentamer. E and F, Samples from HLA-
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sequence, against three HLA alleles: HLA-A*0201, HLA-A*0301,
and HLA-B*3501. These alleles were chosen based on their prev-
alence in the Brazilian population. The binding assays revealed 37
peptides binding to HLA-A*0201, 18 binding to HLA-A*0301,
and 12 binding to HLA-B*3501 (data not shown). All peptides
identified in the screening binding assays were synthesized as
MHC class I/peptide pentamers for further validation as specific
CTL epitopes.

To identify the Tax2 epitopes recognized by specific CD8* T
cells, we stained PBMCs from the asymptomatic HTLV-2 carriers
employing fluorescent-labeled pentamers. The analysis was con-
ducted using freshly thawed cryopreserved PBMCs, providing a
more accurate pattern of the CTL in vivo specificities compared
with cultured and/or stimulated PBMCs. For initial screening,
PBMCs were stained with pools of up to six pentamers. When
positive responses were detected, PBMCs were further stained
with each individual pentamer to permit fine mapping. Background
levels of pentamer staining were established by analysis of HLA-
mismatched samples from uninfected individuals, where the fre-
quency of pentamer-positive cells was found to be <0.02% CD8™"
T cells (Fig. 1A).

Among the three HLA alleles screened against Tax2-derived
peptide sequences, the only response detected was against a
single HLA-A*0201-restricted peptide, corresponding to the
Tax2,,_,o, sequence (LLYGYPVYYV). Representative plots are
shown in Fig. 1, C and D. The average frequency of Tax2; oy
specific CTLs was 3.92% of CD8" T cell lymphocytes, ranging

1 102
CD8 FITC Log Comp

454% 113%

102 104 10 102 104

1 102
CD8 FITC Log Comp

from O to 24.11% (Fig. 1C), as shown in Table I. Only one out
of nine evaluated individuals had undetectable virus-specific
CTLs. Fig. 1B shows a representative plot of an HLA-matched
uninfected individual; as expected, none of the evaluated unin-
fected control subjects showed a positive staining with the
Tax2-derived pentamers.

Three subjects with HLA-A*0301 and two subjects with HLA-
B*3501 were also evaluated. None of the samples was stained by
the Tax2-derived pentamers restricted to these alleles. To demon-
strate responses to other viral infections restricted to these alleles,
we also stained the cells with HLA-matched control pentamers

Table 1. Frequencies of HTLV-2-specific CTLs and proviral load levels
in nine HTLV-2 infected individuals

Subject ID Frequency of Specific CTLs” PVL?
2AC02 24.11 20.99
2AC07 6.49 4.29
2AC03 2.19 4.8
2AC09 1.19 2.34
2AC01 0.67 3.15
2AC06 0.33 2.26
2AC08 0.19 0
2ACO05 0.12 0
2AC04 0 0

“ Percentage of Tax2;,_;o,-positive cells among CD8™ cells.
? PVL expressed as Tax copies per 100 PBMCs.
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FIGURE 2. Correlation between
frequency of Tax2,,_,o-specific CD8™
lymphocytes and PVL. The percent-
age of Tax2, ;o) pentamer-positive
cells in CD8* lymphocytes correlated
with the PVL levels in 9 HTLV-2-in-
fected asymptomatic carriers. The p
value was calculated by a two-tailed
Spearman test.
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derived from immunodominant peptides from CMV and influenza
virus. In all cases, CD8™" cells stained with the control pentamers
could be readily detected. The frequencies of the CMV-specific
A*0201/NLVPMVATV-positive CD8" cells ranged from 0.5 to
4.54%; CMV-specific B*3501/IPSINVHHY -positive CD8™ cells
ranged from 0.13 to 0.85%; and the influenza A-specific HLA-
A*0301/ILRGSVAHK ranged from 1.13 to 4.6%. Fig. 1E shows
an example of staining with the A*0201/NLVPMVATYV pentamer;
an example of HLA-A*0301/ILRGSVAHK pentamer staining is
shown in Fig. 1F.

The high frequency of Tax2,,,_,oyspecific CD8" T cells has a
significant positive correlation with PVL

PVL has been shown to be an important risk factor in disease
development in HTLV-1 infection (24). We investigated if the
frequency of Tax2-specific CTLs correlated with the PVL levels in
HTLV-2 infection. The average PVL was 4.20 copies/100 PBMCs,
with three of the nine evaluated subjects having undetectable PVL
levels (Table I). As can be seen in Fig. 2, there was a significant
positive correlation between the frequency of specific CTLs and
the PVL levels (R* = 0.93, p = 0.0009, Spearman rank correlation
test). One individual (2AC02) exhibited remarkably high frequen-
cies of specific CTLs and PVL levels when compared with the
others, and could therefore be considered as an outlier. However,
even after excluding this subject from analysis, we could still find
a significant positive correlation between both variables (R* =
0.92, p = 0.0138, Spearman rank correlation test).

Tax2,,_,9y-specific CTLs consist primarily of terminally
differentiated and effector memory cells, with a strong
cytotoxicity profile

The assessment of the memory phenotype of CD8™ lymphocytes
provides information on their potential functional characteristics,
as well as their ability to control viral infection. To verify the
memory phenotype and functional profile of HTLV-2-specific
CTLs, we performed polychromatic ex vivo flow cytometric anal-
ysis. Representative data on the differentiation phenotype of
Tax2,,_,9,-specific CTLs are shown in Fig. 3. Although there was
some variation between infected individuals, the vast majority of

10.00 15.00 20.00

Proviral load (Tax copies/100 PBMCs)

these cells (94.65-99.63%) exhibited either a Ty, or Tpyra Phe-
notype, which are known to be associated with immediate effector
functions.

Gatedon Gatedon
A*020L/LLYGYPVYV A*020L/NLVPMVATV
CD8+ cells CD8+ cells
Nos
A |,
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102

Memory phenotype @)
(% of specific CD8+ cells) ’
c B B8888833888

D 2AC2 2AC7 2AC3 2AC9
o TEMRA 86.26 80.47 26.61 20.44
B TEM 12.82 19.16 72.45 7421
O TCM 092 037 0.75 5.35
TN [} 001 0.19 o

FIGURE 3. Phenotypic analysis of Tax2,_jo,-specific CD8" T cell
subsets. Representative data on the memory phenotype of virus-specific
memory CD8" T cells in four HTLV-2-infected individuals. Subsets of
CD8™" T cells have been identified based on the coexpression of CCR7 and
CD45RA: Ty cells, CCR7"/CD45RA™; Ty, cells, CCR7"/CD45RA™;
Tewm cells, CCR77/CD45RA™; and Tgyra cells, CCR77/CD45RA™. A,
Representative plot showing the memory phenotype of Tax2,, ,q,-specific
CD8™" T cells. For comparison, the memory phenotype of CMV-specific
CD8™" T cells from a representative subject is shown in B. C, Frequency of
memory subsets of HTLV-2-specific CD8" T cells in four HTLV-2 in-
fected individuals. Percentages of each subset are shown below each bar.
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FIGURE 4. Functional profile of Tax2;_;o,-specific A
CD8" lymphocytes. To assess the functional profile of 104
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HTLV-2-specific CTLs, cells from HLA-A*0201-in-
fected individuals were analyzed by multicolor surface
and intracellular staining. A, For the analysis, cells were
gated on the CD8/Tax2;,_,o, pentamer-positive (up-
per box) or pentamer negative (lower box) populations.
B, Representative plots showing the differential levels of
expression of perforin and granzyme B in Tax2, o,
pentamer binding CD8™" cells and in pentamer-negative v
CD8" cells from an infected individual. The percentage

of cells expressing each marker is indicated in each plot. C
C, Frequency of CD8" cells expressing functional

markers in the evaluated individuals. Error bars with

SEs are shown.
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To assess the functional properties of HTLV-2 Tax-specific
CTLs, we verified the expression of HLA-DR, granzyme B, per-
forin, and IFN-vy both in the CD8"/Tax2,,_,o, pentamer-positive
and pentamer-negative populations. As shown in Fig. 4, most pen-
tamer-positive CD8" T cells showed low levels of expression of
HLA-DR and IFN-y. A markedly higher expression of perforin
and granzyme B was found in the virus-specific subset compared
with the pentamer-negative CD8 " population. Neither the memory
phenotype nor the frequency of perforin/granzyme B-expressing
cells correlated with the PVL (data not shown).

To further explore the functional attributes of specific CD8" T
cells, we also measured five independent CD8™ T cell functions
simultaneously: CD107a mobilization and MIP-18, TNF- «, IL-2,
and IFN-vy production. Cells were stimulated in vitro for 4 h with
Tax2,,_,0, synthetic peptide, together with costimulatory CD28
and CD49d Abs, in the presence of anti-CD107a and protein trans-
port inhibitors. After incubation, cells were further stained and
submitted to surface marker and intracellular staining for poly-
chromatic flow cytometry analysis. Samples were analyzed using
Boolean gates to assess the full array of possible combinations of
response patterns for five functions. Upon Ag-specific stimulation,
the frequencies of CD8™ T cells expressing any of the functional
markers increased in all evaluated samples. Representative plots
are shown in Fig. 5A. The analysis of each possible combination of
these five functions is shown in Fig. 5. As can be seen, most spe-
cific CD8" T cells exhibited a monofunctional profile (89.78% of
responders), followed by bi-, tri-, tetra- and pentafunctional cells
(9.23,0.77, 0.20, and 0.01%, respectively). Monofunctional CD8*
T cells expressing IFN-y or MIP-13 were found to be the most
frequently identified subsets.

We also evaluated the expression of PD-1 in Tax2,_;q,-spe-
cific CD8™" T cells as a marker of immune exhaustion. Represen-
tative subjects are depicted in Fig. 5D. None of the samples
showed an increased expression of PD-1 in specific CD8™ T cells
when compared with Tax2,,,_,, pentamer-negative CD8 " T cells
and A*0201/NLVPMVATV pentamer-positive CD8" T cells.
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Tax2-specific CD8" T cell lymphocytes are capable of
spectifically killing target cells

To verify the cytolytic activity of virus-specific CTLs, we per-
formed conventional 4-h chromium release assays. CD8* lympho-
cytes isolated from total PBMCs were used as effectors, and targets
were T2 cells pulsed with Tax2,,_,,, synthetic peptide. Control
experiments were performed using effectors incubated with T2
cells in the absence of Tax2,, o, peptide. We could detect spe-
cific lysis in all HTLV-2-infected individuals in a dose-dependent
manner (Fig. 6). Strikingly, there was a moderate inverse correla-
tion between the frequency of specific lysis and the PVL levels,
although this association was not statistically significant (data not
shown; R* = —0.71, p = 0.0768, Spearman rank correlation test).

Discussion

This study provides the first characterization of specific cellular
immune responses in HTLV-2 infection. We detected high fre-
quencies of circulating Tax2;,_,q,-specific CD8" T cells in al-
most all of the asymptomatic carriers, and our findings are similar
to those observed in HTLV-1 infection. Interestingly, responses
against this Tax2.,, 4, epitope have already been detected in
HTLV-1-infected individuals (25). The sequences of Tax2,_,,
and Tax1,,_,o, peptides are highly conserved, differing only by a
tyrosine, in Tax2, and a phenylalanine in Tax1 at position 13. Taking
into account the binding motifs of both peptides, it is likely that Tax2-
specific CTLs would also recognize the Tax1,,_,q, epitope.

One of the most remarkable findings in this study is that, among
the three alleles screened, the CTL response against Tax2 protein
was found to be confined to a single epitope in the context of
HLA-A*0201. This contrasts with that observed in HTLV-1 in-
fection, where multiple Tax1 epitopes are recognized in the con-
text of HLA-A*02 (12, 26). HLA-A*02 is of major importance in
HTLV-1 infection, being associated with lower PVL levels and
protection against HAM/TSP development in different populations
(27, 28).
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FIGURE 5. Polyfunctional profile of specific CD8" T cell responses in HTLV-2 infected individuals. A, Representative plots of gating strategy for
polyfunctionality analysis. Cells were initially gated on size-scatter discriminators, followed by gating on CD3" and CD8" cells. Subsequently, single
function gates were consistently placed across samples, based on unstimulated control samples. The frequency of responders for each single function is
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FIGURE 6. Cytotoxicity of Tax2,,_,-specific specific CD8™" lympho-
cytes from infected individuals. CD8™" T cells isolated by immunomagnetic
separation from freshly thawed PBMCs were used as effectors in a 4-h
S!Cr-release cytotoxicity assay. Targets labeled with >'Cr consisted of T2
cells alone, or pulsed with Tax2;;_;4, synthetic peptide. Cytolytic activity
was assayed at various E:T ratios. A, Comparative percentage of specific
lysis from a representative HTLV-2-infected individual. B, Percentage of
specific lysis from all evaluated subjects; the line represents the median
values at different E:T ratios.

Taking into consideration that HTLV-2 is less pathogenic than
HTLV-1, this highly focused response restricted to HLA-A*0201
could well represent an effective immune control mechanism. In-
deed, Kozako et al. reported that a reduced frequency and diver-
sity, associated with impaired function, of specific anti-Tax1 CTLs
could represent a risk for ATLL development (29). In other viral
infections, high levels of CTL responses against single epitopes
can represent effective control of viral burden and a relative pro-
tection against disease development. During acute HIV infection,
a strong response against a single B*27-restricted epitope is ob-
served, with a marked suppression in viral load and delayed pro-
gression to AIDS (30). Moreover, high numbers of specific CTLs
against a single epitope are also observed in healthy CMV sero-
positive individuals (31).

We could not detect responses in the context of HLA-A*0301
and HLA-B*3501. HLA-B*35-restricted CTL responses against
Tax protein peptides have already been described in HTLV-1 in-
fection (12, 32). In our study population, these alleles were co-
dominant in the evaluated subjects. It has been shown that other
HLA class I alleles can present Tax1 epitopes simultaneously with
HLA-A*02 in the same individual (26). Whether CTL responses
restricted to HLA-A*0201 predominate over other alleles remains
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to be clarified, and this will require an evaluation of CTL responses
in a larger group of infected individuals, including subjects with
alleles other than HLA-A*02. As we evaluated the ex vivo pen-
tamer staining of PBMCs, this could have led to an underestima-
tion memory virus-specific CTL populations. These cells might
circulate at frequencies below the threshold of the assay, and may
only be detected after in vitro antigenic stimulation. Further studies
will be required to investigate this.

Although CTL responses against other HTLV-1 Ags have been
described, we have focused our initial characterization of CTL
responses against the Tax2 protein because of the immunodomi-
nance of Tax1 in HTLV-1-specific CTL responses. Further inves-
tigation of CTL epitopes derived from other viral proteins will be
necessary to fully assess the CTL responses in HTLV-2 infection.
It would be also of interest to evaluate HTLV-2-infected individ-
uals with suspected clinical manifestations. However, in HTLV-1
infection, there is no difference between the frequency or immu-
nodominance of specific CTLs between asymptomatic carriers and
HAM/TSP patients (13, 32).

In our study, we could demonstrate a significant positive corre-
lation between the frequency of circulating Tax2,,_,q,-specific
CTLs and PVL levels. This finding may solely reflect a frequent
Ag encounter in infected individuals due to persistent viral repli-
cation, rather than a failure of specific CTLs to control infection.
The PVL levels in HTLV-2 infection have been reported to be
lower than in HTLV-1 carriers, and this might also explain the
differences in pathogenicity of the viruses (33, 34). In HTLV-1
infection, several studies have failed to show a consistent correla-
tion between HTLV-1-specific CTL frequency and PVL levels
(15). In fact, the rate of CD8" cell-mediated lysis of HTLV-1-
infected cells in vitro (i.e., the efficiency of virus-specific CTLs)
shows a significant negative correlation with PVL in vivo (35).

In our study, we used the classification of memory T cells pro-
posed by Sallusto et al. (36), which permitted a direct comparison
with the memory phenotype previously described in HTLV-1 in-
fection. Indeed, we found a HTLV-2-specific CD8" T cell mem-
ory phenotype similar to that observed in HAM/TSP patients and
in CMV infection, with high percentages of Tgyra cells (37, 38).
Whether this represents a particular differentiation phenotype as-
sociated with HTLV-2 infection or reflects a persistent activation
and expansion of virus-specific CTLs remains to be determined.
Moreover, as HTLV-2 infects predominantly CD8* lymphocytes,
the frequencies of a particular phenotype might also be influenced
by cellular proliferation known to be associated with infection it-
self. Further studies are necessary to address this possibility.

The differentiation phenotype of virus-specific CTLs might not
correlate directly with the functional status of a particular cell sub-
set (39). The use of unstimulated, freshly thawed cryopreserved
PBMC:s in our study had the advantage that the phenotypes of
Ag-stimulated CD8" T lymphocytes may not be accurately re-
flected following in vitro culture (40). Therefore, the relatively
lower levels of IFN-+y observed does not necessarily indicate im-
pairment in production by HTLV-2 Tax-specific CTLs. It is likely
that the use of unstimulated PBMCs in our experiments may have
led to an underestimation of their ability to produce cytokines in

shown both in the unstimulated and Tax2;,_,4y-stimulated samples (second and third rows, respectively). B, Phenotypic and functional assessment of
Tax2,,_,0,-specific CD8™ T cells. Every possible combination of responses is shown in the graph. For comparison, the functional profile after stimulation
with a pool containing CMV, EBV, and influenza peptides is shown. Bars represent the mean percentages of cells displaying a given combination of
functions with the responder CD8" T cells. C, Pie chart depicting the background-adjusted multifunctional behavior (one to five functions) of Tax2;,_0)-
specific CD8™ T cells in HTLV-2-infected individuals. Responses are grouped by the number of functions (indicated in the legend). The percentages of
each group within the total responders are shown. D, Representative plots showing PD-1 expression in Tax2,;_;o, pentamer-positive CD8* T cells (lefr)

and CMV pentamer-positive CD8" T cells (right).
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response to specific Ag stimulation. This became evident in our
polyfunctionality studies, where a marked increase in the fre-
quency of IFN-y-producing cells could be detected after Ag-spe-
cific stimulation in vitro. In fact, such cells constitute the major
subpopulation of responders upon stimulation, suggesting that spe-
cific CTLs are capable of producing IFN-vy in vivo.

Polyfunctionality has emerged as a key concept in protective
immunity against viral infections. Polyfunctional T cells have been
shown to be associated with a superior control of viral replication
and vaccine efficacy (41, 42). In our study, we found an epitope-
specific response biased to bi- or monofunctional responses. Al-
though the polyfunctional attributes of specific CD8" T cells have
not been described in HTLV-1 infection, our findings are similar to
what have been demonstrated in chronic HIV-1 infection, where
deterioration in the number of functions exhibited by specific
CD8™ T cells was markedly higher among untreated patients (23).
Whether this profile observed in our study represents a dysfunction
of HTLV-2-specific CD8" T cells still remains to be clarified.
However, virus-specific CD8" T cells would appear to preserve
their cytolytic activity, therefore being capable, at least partially, of
controlling viral replication.

In our study, we could not demonstrate an increased expression
of PD-1 in HTLV-2-specific CD8" T cells when compared with
either pentamer-negative or CMV-specific CD8" T cells. Our
findings contrast with what has been shown in HTLV-1 infection,
where a marked increase of PD-1 expression could be found both
in asymptomatic carriers and in patients with ATLL (43). Al-
though these findings would not suggest immune exhaustion of
virus-specific CTLs in HTLV-2 infection, this will require further
studies.

Recently, it has been shown that there is a significantly lower
frequency of CD8™ T cells expressing perforin and granzyme B in
both HAM/TSP patients and HTLV-1 asymptomatic carriers, com-
pared with uninfected healthy subjects. A significant inverse cor-
relation has also been demonstrated between the PVL and the fre-
quency of perforin-positive CD8™" T cells, and this correlation was
stronger in HLA-A*02-positive individuals. Moreover, virus-spe-
cific CTLs in HAM/TSP patients have been reported to have a
poor lytic ability, as evidenced by CD107a mobilization assays
(44). Whether this lower frequency of cytotoxicity mediators
would represent a dysfunction of the virus-specific CTLs or merely
the result of continuous antigenic stimulation, with consequent de-
granulation of the CTLs (45), remains to be clarified. The situation
might be somewhat different in HTLV-2 infection. In our study,
we could show that most of circulating Tax2,,_,o,-specific CTLs
not only exhibit a Tgy, and Tgyra phenotype, but also have a
higher expression of cytotoxicity mediators such perforin and
granzyme B, compared with the Tax2;,_;,-negative CD8" pop-
ulation. These features are characteristic of CTLs with immediate
effector functions and low proliferative potential (22). Taken to-
gether, these data strongly suggests that HTLV-2-specific cells
should be capable of killing virus-infected cells.

Indeed, Tax2,,_;o,-specific CTLs seem to be functional with
regard to cytolytic activity in our HTLV-2 infected population. We
observed that Tax2,,_,4)-specific CTLs were capable of killing in
vitro HLA-matched target cells loaded with Tax2,, 4, synthetic
peptide. The use of enriched CD8™ cells as effectors reduced the
influence of at least two confounding factors: a likely control of
cytolytic function by regulatory T cells and the unspecific lysis of
targets by NK cells. Since CD8" T lymphocytes are the preferen-
tial reservoir of HTLV-2 in vivo, the T2 cell line was used as target
to clearly distinguish between target and effector populations. T2
cells do not process Ags and express only HLA-A*02, which is
stabilized on the cell surface by the synthetic peptide loading (46).

CTL RESPONSES IN HTLV-2 INFECTION

Our data suggest that Tax2;,_,,-specific CTLs might be capa-
ble of recognizing and lysing naturally infected cells in vivo. Due
to technical limitations, we were unable to determine whether vi-
rus-specific CTLs are also infected in vivo, which could result in
a “CD8™" T lymphocyte fratricide” phenomenon, as has been de-
scribed in HTLV-1 infection (6). This interesting question will be
addressed in further studies.

The differences in tropism to HTLV-1, where there is a prefer-
ential infection of CD4* T lymphocytes, may also contribute to
the differences in the pathogenic properties of the two viruses.
CTLs are of major importance in limiting the viral burden, al-
though they are not the only component of the antiviral immune
response. The investigation of other key mediators of the innate
and adaptative immune response against HTLV-2 should be per-
formed to fully address the dynamics of this longstanding, com-
plex host-pathogen interaction.

One limitation of the present study is the relatively low number
of enrolled HTLV-2 infected individuals. However, it is difficult to
identify large numbers of HTLV-2-infected subjects who are not
actively coinfected with other blood-borne viruses, which might
influence immunological responses. However, attempts to recruit
larger numbers of singly infected individuals are underway.

In summary, we provide the first characterization of specific
CTL responses against the HTLV-2 Tax protein. We could clearly
demonstrate high frequencies of CD8™ T cell responses against a
single, HLA-A*0201-restricted Tax2 derived epitope in HTLV-2
asymptomatic carriers. Moreover, we found a positive correlation
between the magnitude of the CTL response and the PVL, sug-
gesting that persistent viral replication activates and expands the
pool of specific CTLs. Most HTLV-2 Tax-specific CTLs are im-
mediate effector cells, as demonstrated by their phenotype, expres-
sion of cytotoxicity mediators, and ability to lyse peptide-pulsed
targets. Our results suggest that the CTL response against HTLV-2
in vivo is capable of limiting PVL levels, at least partially, and
may be important in the prevention of disease development in
infected individuals.
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