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ABSTRACT

There are currently 5 million to 10 million human T-lymphotropic virus type 1 (HTLV-1)-infected people, and many of them
will develop severe complications resulting from this infection. A vaccine is urgently needed in areas where HTLV-1 is endemic.
Many vaccines are best tested in nonhuman primate animal models. As a first step in designing an effective HTLV-1 vaccine, we
defined the CD8� and CD4� T cell response against simian T-lymphotropic virus type 1 (STLV-1), a virus closely related to
HTLV-1, in olive baboons (Papio anubis). Consistent with persistent antigenic exposure, we observed that STLV-1-specific
CD8� T cells displayed an effector memory phenotype and usually expressed CD107a, gamma interferon (IFN-�), and tumor
necrosis factor alpha (TNF-�). To assess the viral targets of the cellular immune response in STLV-1-infected animals, we used
intracellular cytokine staining to detect responses against overlapping peptides covering the entire STLV-1 proteome. Our re-
sults show that, similarly to humans, the baboon CD8� T cell response narrowly targeted the Tax protein. Our findings suggest
that the STLV-1-infected baboon model may recapitulate some of the important aspects of the human response against HTLV-1
and could be an important tool for the development of immune-based therapy and prophylaxis.

IMPORTANCE

HTLV-1 infection can lead to many different and often fatal conditions. A vaccine deployed in areas of high prevalence might
reduce the incidence of HTLV-1-induced disease. Unfortunately, there are very few animal models of HTLV-1 infection useful
for testing vaccine approaches. Here we describe cellular immune responses in baboons against a closely related virus, STLV-1.
We show for the first time that the immune response against STLV-1 in naturally infected baboons is largely directed against the
Tax protein. Similar findings in humans and the sequence similarity between the human and baboon viruses suggest that the
STLV-1-infected baboon model might be useful for developing a vaccine against HTLV-1.

Human T-lymphotropic virus type 1 (HTLV-1) is a retrovirus
that establishes persistent infection in humans (1, 2). It is

estimated that at least 5 million to 10 million people worldwide are
infected with HTLV-1, with regions of endemicity in Japan, equa-
torial Africa, the Caribbean, and South America (3, 4). HTLV-1 is
the causative agent of adult T cell leukemia/lymphoma (ATL) (5)
and HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP) (6). Additionally, other diseases have also been asso-
ciated with chronic HTLV-1 infection, including dermatologic
conditions (7), uveitis (8), and myositis (9).

The number of new HTLV-1 infections has been notoriously
difficult to estimate due to the lack of reliable HTLV-1 epidemio-
logical data from most regions of the world (4). While it is unclear
how many HTLV-1 infections can be prevented on a yearly basis,
vaccination of naive individuals and HTLV-1 carriers would likely
limit HTLV-1 dissemination and the development of HTLV-1-
induced diseases. This vaccine would be most effective when de-
ployed in regions with high numbers of HTLV-1-infected carriers,
such as Japan, where up to 1% of the population are HTLV-1
positive (4, 10, 11). Furthermore, the annual incidence of ATL in
Japan is approximately 1 in every 1,000 HTLV-1 carriers. Thus, a
vaccine that prevents new infections and limits the development
of HTLV-1-induced disease would be an important tool to reduce
morbidity caused by HTLV-1.

The development of HTLV-1-specific CD8� T cells may be one

of the reasons why most HTLV-1-infected individuals do not de-
velop ATL (12). In particular, Tax-specific CD8� T cells can be
detected in most infected individuals (13–16). In fact, Tax is the
dominant target recognized by HTLV-1-specific CD8� T cells,
and it is thought that infected cells expressing Tax are continually
destroyed (17–19). In addition, ATL patients who underwent
complete remission following hematopoietic stem cell transplan-
tation (HSCT) had expanded Tax-specific CD8� T cells in vivo
(20). These observations suggest that responses against Tax might
contribute to better outcomes in HTLV-1-infected patients.

HTLV-1 basic zip factor (HBZ) is also involved in viral chro-
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nicity and leukemic transformation (21). Therefore, similarly to a
Tax-based vaccine, one could argue that vaccination against HBZ
might prevent HTLV-1-induced leukemogenesis (22). Moreover,
while Tax transcripts can be detected in only 40% of ATL patients,
HBZ is expressed in all ATL patients (23, 24). In fact, Sugata and
colleagues generated anti-HBZ-specific CD8� T cells in vivo in
mice as well as in rhesus macaques, using recombinant vaccinia
viruses (25). Although this approach is promising, HBZ immuno-
genicity was poor compared to that of Tax and required multiple
boosts. The efficiency of an HBZ-based vaccine will need to be
tested against primary human ATL cells.

Previous studies have indicated that HTLV-1 proviral load
(PVL) is a major risk factor for HAM/TSP (26, 27). Tax-specific
CD8� T cells have been shown to reduce HTLV-1 PVL and to
prevent asymptomatic carriers from developing ATL (28). These
findings suggest that a reduction in the HTLV-1 PVL in circulat-
ing lymphocytes prevents HTLV-1 carriers from developing ATL
and HAM/TSP.

HTLV-1 is classified into six different subtypes, one cosmopol-
itan subtype (HTLV-1-a) (29), four subtypes restricted to Africa
(HTLV-1-b, -d, -e, and -f) (30, 31), and one subtype in descen-
dants of the first settlers of Melanesia and Australia (HTLV-1-c)
(31). Simian T-lymphotropic virus type 1 (STLV-1) is closely re-
lated to HTLV-1 and infects several nonhuman primate species.
Phylogenetic analysis of the conserved tax gene sequences indi-
cates that STLV-1 and HTLV-1 are evolutionarily related (32).
Furthermore, STLV-1 Tax and STLV-1 bZIP factor (SBZ) have
functions similar to those of their equivalents from HTLV-1 (19,
33). It is well established that Tax interacts with the host transcrip-
tion factor NF-�B, resulting in the activation of the NF-�B path-
way (19). This is critical for transformation, proliferation, and
survival of HTLV-1-infected cells, especially in the early phases of
infection. Recent evidence showed that hunters in Africa can be
infected by HTLV-1 strains that are genetically related to the
strains circulating among local nonhuman primates (34). In
STLV-1-infected macaques (Macaca tonkeana) and mandrills
(Mandrillus sphinx), investigators have described the clonal pro-
liferation of STLV-1-infected cells and preferential infection of
CD4� T cells (35, 36). Interestingly, there is a high frequency of
STLV-1 seropositivity in wild and captive baboons (37–41). Phy-
logenetic analyses of STLV-1 sequences from wild-caught chacma
baboons (Papio ursinus) and olive baboons (Papio anubis) suggest
cross-species transmissions of STLV-1 in the wild (30, 41, 42).
Thus, nonhuman primates can be naturally infected with STLV-1,
and some eventually develop STLV-1-associated diseases, includ-
ing ATL (43, 44).

Olive baboons (Papio anubis) have an immune system similar
to that of humans and provide a good animal model of HTLV-1
infection. A recent in vivo study of asymptomatic baboons natu-
rally infected with STLV-1 showed that induction of viral expres-
sion with valproate in combination with azidothymidine to
prevent viral propagation resulted in a decrease in the PVL. Inter-
estingly, the reduction of the PVL coincided with an accumulation
of effector CD8� T lymphocytes directed against the virus, indi-
cating that these cells could have contributed to the positive out-
come (45).

As a prelude to the design of suitable vaccine inserts, we have
defined the entire cellular immune response (CD4� and CD8� T
cells) against STLV-1 in infected baboons. Here we show that
cellular responses against STLV-1 are largely restricted to CD8� T

cells. Furthermore, as in HTLV-1-infected humans, Tax is the
immunodominant virus-encoded protein target of baboon cellu-
lar responses. We have also identified six distinct Tax epitope-rich
regions that are targeted by STLV-1-specific CD8� T cells from
assorted baboons. Our results support the use of baboons as mod-
els for HTLV-1 vaccine research and further suggest the inclusion
of Tax in vaccine compositions.

MATERIALS AND METHODS
Research animals. The 22 animals used in this study were olive baboons
(Papio anubis) housed at the Southwest National Primate Research Center
(SNPRC) at the Texas Biomedical Research Institute. They were cared for
in accordance with regulations set by the Guide for the Care and Use of
Laboratory Animals of the National Research Council (46), as approved by
the Texas Biomedical Research Institutional Animal Care and Use Com-
mittee.

The study population included 18 STLV-1-infected baboons and 4
uninfected animals used as negative controls (Table 1). We excluded three
animals from the study that were serologically reactive to STLV-1 but
negative for STLV-1 PVL and CD8 responses. The numbers of male and
female baboons were balanced in this study. STLV-1 serology was per-
formed at the SNPRC according to the manufacturer’s protocol (47, 48)
for the Macaque Tracking multiplexed fluorometric immunoassay
(MFIA). This assay is a Luminex bead-based serology test developed by
Charles River Labs (CRL) (Wilmington, MA). The performance (speci-
ficity and sensitivity) of the MFIA method is comparable to that of serol-
ogy measurement by enzyme-linked immunosorbent assay (ELISA) (47).
In brief, the STLV-1 Luminex multiplex assay used two different bead sets
for anti-STLV-1 antibody detection. The first bead set uses HTLV-1 and
HTLV-2 whole-virus lysates, whereas the second bead set uses a purified,
truncated STLV-1 p21 (12-kDa) protein produced in insect cells. Addi-
tionally, beads coated with baculovirus were used as nonspecific assay
controls. Data analysis was carried out by using the Charles River MFIA
Results Excel Workbook (48) according to the manufacturer’s protocol.
In summary, an assay score is created based on the reactivity against the
HTLV- and STLV-specific beads minus the background. A sample was
considered positive when reactivity against both specific beads exceeded
the cutoff. The assay result was considered inconclusive if there was reac-
tivity against only one set of beads and negative if no reactivity was de-
tected. Unfortunately, we were unable to estimate the duration of infec-
tion, since we did not have longitudinal samples to assess STLV-1
seroconversion.

Blood collection. We isolated peripheral blood mononuclear cells
(PBMCs) from EDTA-treated blood by Ficoll-Paque Plus (GE Healthcare
Bio-Sciences, Pittsburgh, PA) density centrifugation. Immunophenotyp-
ing studies were performed by polychromatic flow cytometry (as detailed
below) using freshly isolated PBMCs.

Detection of STLV-1 proviral DNA. PCR amplification of STLV-1
sequences was carried out by the California National Primate Research
Center Pathogen Detection Laboratory. The procedure was based on a
real-time quantitative PCR assay developed for simian betaretrovirus pro-
viral DNA detection (49). In brief, PBMCs were separated by Ficoll den-
sity gradient centrifugation and frozen. DNA was extracted from 1.5 �
107 to 4.2 � 107 PBMCs from each animal by using the QIAamp DNA
Blood Midi kit (Qiagen, Valencia, CA). The STLV-1 proviral load was
estimated by using a semiquantitative TaqMan real-time PCR assay tar-
geting the tax gene, using the following primers and probe: forward
primer STLV7333 (5=-CCA GGG TTT GGA CAG AGT CTT C-3=), re-
verse primer STLV7432 (5=-CCG AAC ATA GTC CCC CAG AGA-3=),
and probe STLVJA (6-carboxyfluorescein [FAM]–5=-TCT CCA AAC
ACG TAG ACT GGG TAT CCG AAA-3=– 6-carboxytetramethylrhod-
amine [TAMRA]). PCR conditions were 2 min at 50°C, 10 min at 95°C,
and 55 cycles of amplification (15 s at 95°C and 1 min at 62°C). All extrac-
tions were run in duplicate wells, and the relative STLV-1 PVL was re-
ported as the average reaction threshold cycle (CT). Animal 12427 had
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discordant amplification replicates (one negative and one positive with a
CT of �39.5), and this PVL was defined as indeterminate.

Peptide libraries. Seven hundred sixty-one peptides were required to
span the entire STLV-1 proteome. STLV-1 peptides were designed based
on the sequence of an olive baboon STLV-1 isolate (GenBank accession
number JX987040.1). Individual peptides were 15 amino acid residues
long and overlapped by 11 amino acids. These peptides were designed to
span the complete STLV-1 proteome, and the proteins were combined
into open reading frame (ORF) pools. The peptides were synthesized to
�90% purity by GenScript USA Inc. (Piscataway, NJ) and were combined
into pools of 10 peptides each for use in intracellular cytokine staining
(ICS) and memory phenotyping assays. To determine the sensitivity of
our assay and to detect any low-frequency responses to the peptides,
PBMCs were first incubated with peptides at concentrations of 0.1 �M,
1.0 �M, 10 �M, and 30 �M. Since our titration experiments showed that
a concentration of 10 �M each peptide maximally stimulated T cells, we
used this concentration in our experiments (data not shown). The com-
plete list of peptides and pool compositions can be found in Table S1 in
the supplemental material.

Intracellular cytokine staining assay. We performed multiparamet-
ric ICS assays by incubating freshly isolated PBMCs with peptide pools
spanning the following ORFs: Gag, Pro, polymerase (Pol), Rex, Tax, p30,
Env, SBZ, and p13. PBMCs (1.5 � 106 cells) were incubated in a final
volume of 200 �l of RPMI 1640 culture medium supplemented with 10%
fetal bovine serum (FBS), penicillin, streptomycin, and L-glutamine for 8
h at 37°C in a 5% CO2 incubator. Incubation was done in the presence of
5 �g/ml of brefeldin A (BioLegend, San Diego, CA), 0.7 �g/ml of Golgi
Stop (BD Biosciences, San Jose, CA), and the costimulatory antibodies
anti-CD28 (clone L293; BD Biosciences) and anti-CD49d (clone 9F10;
BD Biosciences). Anti-CD107a phycoerythrin (PE) (clone H4A3; Bio
Legend) was also added to the assay mixture. Peptides were added at final
concentrations of 10 �M each. PBMCs costimulated in the absence of
15-mer peptides were used as a negative control, and PBMCs stimulated

with Lymphocyte Activation Cocktail (LAC; BD Biosciences) were used as
a positive control.

We then stained the cells at 4°C with antibodies directed against the
surface molecules CD3 (peridinin chlorophyll protein [PerCP]-Cy5.5)
(clone SP34-2; BD Biosciences), CD4 (brilliant violet 605 [BV605]) (clone
L200; BD Biosciences), CD8 (fluorescein isothiocyanate [FITC]) (clone RPA-
T8; BioLegend), CD14 (BV510) (clone M5E2; BioLegend), CD16 (BV510)
(clone 3G8; BioLegend), and CD20 (BV510) (clone 2H7; BioLegend).
Amine-reactive dye (Invitrogen) was also included in both panels to dis-
criminate between live and dead cells. Cells were then fixed and permeab-
ilized by using Cytofix/Cytoperm (BD Biosciences) prior to staining with
antibodies against gamma interferon (IFN-�) (BV421) (clone 4S.B3; Bio-
Legend), tumor necrosis factor alpha (TNF-	) (allophycocyanin [APC])
(clone MAb11; BD Biosciences), and interleukin-2 (IL-2) (PE-Cy7)
(clone MQ1-17H12; BioLegend). For each sample, 250,000 events were
acquired by using FACSDiva version 8.0.1 on a special-order research
product (SORP) BD LSR II instrument equipped with a 50-mW 405-nm
violet laser, a 100-mW 488-nm blue laser, and a 50-mW 640-nm red laser,
and data were analyzed with Beckman Coulter Kaluza 1.3 software.

For data analysis, we first created a time gate that included only those
events that were recorded within the 5th and 90th percentiles. We then
gated on lymphocytes (forward-scatter [FSC]-by-side-scatter [SSC] plot)
and excluded aggregates from the analysis by using plots of forward-scat-
ter height (FSC-H) versus forward-scatter width (FSC-W) and side-scat-
ter height by side-scatter width (data not shown). Subsequently, we gated
on CD3� T lymphocytes excluding CD14�, CD16�, CD20�, and dead
cells. At this stage, we separated T lymphocyte subsets based on their
expression of either CD4 or CD8 (excluding those expressing both mark-
ers) and conducted our analyses (of IFN-�, CD107a, TNF-	, and IL-2
expression) within these two compartments. Therefore, we expressed our
results as the median frequency of CD8� T cells expressing the cytolysis
marker CD107a and the cytokine(s). In Fig. 1B, we also analyzed the
relative contribution of each protein to the total STLV-1-specific re-

TABLE 1 Animal characteristics

Animal STLV-1 serologya

Presence of STLV-1
DNA (CT)b

Frequency of STLV-1-specific
CD8� T cellsc Gender Age (yr) wt (kg)

11284 Positive �� (33.3) 0.64 Female 21 18
12138 Positive �� (33.2) 0.43 Female 20 24
12427 Positive 
 (ind) 0.23 Female 19 22
12869 Positive �� (33.8) 3.56 Female 18 20
13169 Positive 
 (neg) 0.20 Male 18 22
16666 Positive ���� (27.3) 2.63 Male 13 37
16999 Positive ��� (30.4) 0.85 Female 13 23
19522 Positive � (36.8) 0.42 Male 10 39
25533 Positive ���� (29.7) 1.13 Male 7 26
26458 Positive 
 (neg) 0.78 Male 9 28
26464 Positive ��� (31.9) 2.86 Male 9 30
26498 Positive ��� (32.6) 0.79 Male 7 30
27166 Positive � (37.8) 0.45 Male 6 30
27181 Positive � (36.8) 0.44 Female 8 18
27924 Positive ��� (30.8) 1.13 Male 8 24
28328 Positive �� (34.5) 0.64 Female 7 22
30842 Positive �� (33.5) 2.58 Female 3 15
30872 Positive � (38.2) 2.25 Female 3 13
15659 Negative Not tested 0.04 Female 14 16
30366 Negative Not tested 0.02 Female 4 16
30425 Negative Not tested 0.00 Male 4 20
30442 Negative Not tested 0.02 Male 4 23
a Detection of antibodies against STLV-1 by using the CRL Macaque Tracking Luminex assay.
b � indicates relative PCR levels (number of amplification cycles to reach the detection threshold). ����, CT of �27 to �30; ���, CT of �30 to �33; ��, CT of �33 to �36; �,
CT of �36 to �39; 
 (ind) (CT of �39), indeterminate PCR result; 
 (neg), no amplification.
c Frequency of CD8� T cells expressing IFN-� and CD107a upon stimulation with overlapping peptide pools covering the STLV-1 proteome. For any given animal, the frequency of
responses to each STLV-1 ORF pool was added in order to compute the frequency of total STLV-1-specific CD8� T cells.
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FIG 1 STLV-1-specific CD8� T cells preferentially target Tax. To determine the targets of the immune responses against STLV-1, we stimulated PBMCs with
pools of 10 15-mer peptides overlapping by 11 amino acids, spanning the STLV-1 proteins Env, Gag, p13, p30, Pro, Rex, Pol, SBZ, and Tax, and measured T cell
responses by ICS. (A) CD8� T cell responses against peptides covering the entire STLV-1 proteome. (B) Relative recognition of each STLV-1 protein by
STLV-1-specific cells shows that Tax is the preferential target of CD8� T cells in almost every infected animal. (C) CD4� T cell responses against peptides covering
the STLV-1 proteome. Infected animals are denoted by (�), and uninfected animals are indicated by (
).
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sponse. In this analysis, we expressed the protein-specific responses as a
percentage of the total STLV-1-specific response in a given animal (the
sum of frequencies of all STLV-1-specific cells of a given animal equals
100%).

We noticed that the hallmark of an antigen/peptide-specific response
in our assay was the expression of CD107a in combination with one of the
cytokines in CD8� T cells and double positivity for IFN-� and either
TNF-	 or IL-2 in CD4� T cells (data not shown).

As controls, we stimulated STLV-1-negative animals with the same
peptides as those used on the STLV-1-infected animals. Additionally, we
included a sample without stimulation for assessment of background re-
sponse levels. In order for a response to be considered positive, the fol-
lowing criterion had to be fulfilled: the peptide-specific response (per-
centage of CD8� T cells that are CD107a� and cytokine positive) minus
the response to costimulation in the absence of peptide must be greater
than the response of STLV-1-naive animals to the same peptide. The same
formula was also applied to CD4� T cell populations. In uninfected ani-
mals, the average response to any given peptide stimulus was below
0.01%. Experiments were done based on animals and peptide availability.
Experiments with Env, Gag, and Tax were conducted three times for 10
infected animals (animals 11284, 12138, 12427, 12869, 19522, 16666,
25533, 26498, 27166, and 27924) and for the 4 naive animals (animals
30425, 30442, 30366, and 15659). We expanded this initial measurement
to include responses to p13 and p30 (shown as averages of data from at
least two experiments) and to Pol, Pro, Rex, and SBZ (one experiment).
Finally, we tested an additional set of 8 infected animals (animals 13169,
16999, 26458, 26464, 27181, 28328, 30842, and 30872) once for the entire
STLV-1 proteome and twice for Tax. The frequency of responding cells
was expressed as a median value when three or more independent mea-
surements were performed and as averages otherwise. The total STLV-1-
specific CD8� T cell response was expressed as a sum of the background-
subtracted median responses to the ORF pools.

Memory phenotype staining assay. We stimulated freshly isolated
PBMCs (described above) with Tax peptide pools and assessed cytokine
production and the expression of the degranulation marker CD107a. We
stained the cells at room temperature with antibodies directed against the
surface molecules CD3 (PerCP-Cy5.5) (clone SP34-2; BD Biosciences),
CD8 (PE-Cy7) (clone RPA-T8; BioLegend), CD4 (BV711) (clone L200;
BD Biosciences), CCR7 (FITC) (clone 150503; BD Biosciences), CD14
(BV510) (clone M5E2; BioLegend), CD16 (BV510) (clone 3G8; Bio-
Legend), and CD20 (BV510) (clone 2H7; BioLegend). The fixable vi-
ability dye eFluor780 (eBioscience) was also included to discriminate
between live and dead cells. Cells were then fixed (as described above)
prior to staining with antibodies against IFN-� (BV421) (clone 4S.B3;
BioLegend), TNF-	 (BV421) (clone MAb11; BioLegend), and IL-2
(BV421) (clone MQ1-17H12; BioLegend). We gated on the CD107a�

responding cells (i.e., expressing IFN-�, TNF-	, and/or IL-2) to define the
memory phenotype of the responding T lymphocytes. The memory phe-
notype of Tax-specific CD8� T cells from STLV-1-infected baboons was
defined based on the expression of CD45RA and the chemokine receptor
CCR7. Effector memory T cells (TEM cells) were defined as CD45RA


CCR7
, T effector memory RA� cells (TEMRA cells) were defined as
CCR7
 CD45RA�, central memory T cells (TCM cells) were defined
as CD45RA
 CCR7�, and naive cells were defined as CCR7�

CD45RA�.

RESULTS
Proviral loads in naturally infected baboons. To characterize
STLV-1 infection in olive baboons, we measured the relative
STLV-1 PVLs using a semiquantitative real-time PCR for 18 in-
fected baboons (9 males and 9 females) (Table 1). This procedure
was done at the Pathogen Detection Laboratory (California Na-
tional Primate Research Center) and was based on a real-time
quantitative PCR assay developed for simian betaretrovirus pro-
viral DNA detection (49). Because standards for STLV-1 were not

available, we expressed the relative levels of STLV-1 PVLs as the
number of amplification cycles to reach a detection threshold
(CT). We observed a wide range of PVL values among the animals.
For instance, animal 16666 (CT of 27.3) had detectable amplifica-
tion more than 10 PCR cycles earlier than did animal 30872 (CT of
38.2). Despite measuring PVLs in most baboons with STLV-1-
specific serological responses, we were unable to detect viral nu-
cleic acid in two seropositive animals (animals 13169 and 26458),
and one sample was indeterminate (animal 12427). Finally, three
serologically reactive animals (animals 13326, 26138, and 29033)
did not have measurable PVL or T cell responses and were ex-
cluded from the study.

CD8� T cells target Tax in STLV-1-infected baboons. Under-
standing immune-mediated control of STLV-1 in infected ba-
boons could lead to insights into how to design an effective vac-
cine. Thus, our first objective was to determine the viral targets of
the cellular immune response against STLV-1. We evaluated T cell
responses to 761 overlapping peptides covering the entire STLV-1
proteome in 18 STLV-1-infected baboons and 4 uninfected con-
trols by ICS (Table 1). Cellular responses to one or more STLV-1
peptide pools were detected in all baboons enrolled in the study
(frequencies of STLV-1-specific CD8� T cells were 0.2 to 3.56% of
CD8� T cells). Of note, none of the seronegative baboons had
measurable responses (Table 1).

We conducted ICS assays to characterize the frequency of
STLV-1-specific CD8� and CD4� T lymphocytes (Fig. 1). To map
responses against STLV-1, we created peptide pools spanning the
open reading frames (ORFs) of the proteins Gag, Pol, Env, Pro,
Tax, Rex, p13, p30, and SBZ. These “ORF pools” contained up to
60 peptides. If a protein could not be covered in a single ORF pool,
we created subsets of pools (e.g., Tax ORF1 and Tax ORF2). In-
terestingly, we observed that STLV-1-specific CD8� T cells largely
targeted epitopes in Tax and to a lesser extent the regulatory pro-
teins p13, p30, Rex, and SBZ (Fig. 1A and B). A dominant response
to Tax was observed in the 18 STLV-1-positive monkeys (Fig. 1B).
Indeed, CD8� T cell responses against p13, p30, and SBZ made up
only a small fraction of the total response against the virus (Fig.
1B). For eight STLV-1-infected animals, we observed low fre-
quencies of CD4� T cells recognizing Env, Gag, and Tax (Fig. 1C).
Tax-specific CD8� T cells preferentially responded to Tax ORF2
and expressed IFN-�, TNF-	, and IL-2 (Fig. 2). Tax-specific
CD8� T cell responses more frequently expressed CD107a� and
IFN-�� than other measured parameters (Fig. 2). Despite the
overwhelming dominance of Tax, most ORF peptide pools elic-
ited responses from one or more animals. The only exception was
Pol ORF4, with only marginal responses being detected (Fig. 1).

CD8� T cells from several STLV-1-infected baboons target
Tax pool 7. To identify the most immunogenic regions of Tax, we
then fine-mapped the Tax-specific CD8� T cell response. We first
used pools consisting of only 10 15-mer peptides (Tax pools 1
to 9). We then further defined the targets of the CD8� T cell
responses using individual peptides. Pool 7 was preferentially rec-
ognized: 13 of the 18 animals mounted robust responses against
this pool (Fig. 3), which spans Tax amino acids 241 to 291. While
CD8� T cell responses targeting Tax pool 7 accounted for the
highest Tax-specific responses in 12/18 of the STLV-1-infected
baboons, other animals (6/18) mounted their highest-frequency
responses against other Tax pools (Tax pools 2, 3, 5, 6, and 8) (Fig.
3). We then selected 9 animals based on availability, and with
diverse response characteristics (differing in STLV-1 response
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magnitudes, peptide pool reactivities, and PVLs), in order to de-
fine individual peptides containing putative immunodominant
CD8� T cell epitopes. After breaking down these pools into their
individual peptides, we detected responses against peptides in
pools 1, 2, 3, 6, 7, and 8 (Fig. 4 and Table 2). The most immuno-
genic peptide in pool 7 (7-1 [Tax241LTTQGLIWTFTDGTP255])
elicited responses in 8 of 9 tested infected animals (Fig. 4). Our
results suggest that Tax241–255 contains a dominant epitope recog-
nized by STLV-1-specific CD8� T cells in infected baboons. Other
peptides that harbor putative immunodominant epitopes are also
listed in Table 2.

Tax-specific CD8� T cells express effector memory markers.
Next, we sought to characterize the memory phenotype of Tax-
specific CD8� T cells in STLV-1-infected monkeys. In this study,
we defined the memory phenotype of Tax-specific CD8� T cells
from STLV-1-infected baboons based on the expression of
CD45RA and the chemokine receptor CCR7 (50, 51). To deter-
mine the memory phenotype of Tax-specific CD8� T cells, we
stimulated PBMCs from 10 animals with their best-responding
Tax peptide pool (usually pool 6 or 7) and assessed the expression
of CD107a and cytokines. We gated on responding CD8� T cells
(CD107a� cells expressing at least one of the cytokines IFN-�,

TNF-	, or IL-2) to define their memory phenotype (Fig. 5A).
Indeed, the majority of Tax-specific cells displayed a TEM pheno-
type in all 10 tested animals (Fig. 5B). Previously, other groups
reported the accumulation of effector memory lymphocytes in
STLV-1-infected baboons after the animals were treated with val-
proate to induce viral expression and azidothymidine to prevent
viral propagation (45). Thus, in STLV-1-infected baboons, it is
possible that continuous exposure to viral antigen results in the
generation of TEM cells.

DISCUSSION

A vaccine could be an important tool to reduce the burden of
HTLV-1-induced diseases. Unfortunately, there are very few ani-
mal models useful for testing HTLV-1 vaccine approaches (52).
Olive baboons (Papio anubis) are a nonhuman primate species
that can be naturally infected with STLV-1, a virus closely related
to HTLV-1. Sometimes, these STLV-1-infected baboons develop
diseases that parallel clinical outcomes of HTLV-1 infection (40–
42, 44, 52, 53). In fact, STLV-1-infected animals in the Southwest
National Primate Research Center baboon colony develop lym-
phosarcoma at a higher rate than do uninfected animals (54–56).
Thus, it is possible that understanding immune-mediated control

A

B

FIG 2 Cytokine expression by Tax-specific CD8� T cells. We tested the ability of Tax-specific CD8� T cells to express IFN-�, TNF-	, and IL-2 using ICS assays.
We stimulated PMBCs with 15-mer peptide pools spanning Tax amino acids 1 to 171 (Tax ORF1) (A) and amino acids 161 to 353 (Tax ORF2) (B). Infected
animals are denoted by (�), and uninfected animals are indicated by (
). Results are expressed as the median of the responses, and error bars indicate the range.
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of STLV-1 replication could help inform the development of
HTLV-1 vaccines. With this goal in mind, we sought to character-
ize the cellular immune responses of STLV-1-infected baboons. In
the present study, we have identified the immunogenic regions of
the STLV-1 proteome in naturally infected baboons. Only a few
reports have described STLV-1 in naturally infected monkeys (35,
45), but none have characterized the specificities of the T cell re-
sponses. Here we provided the first characterization of the prefer-
ential CD8� and CD4� T cell targets in the STLV-1 proteome. We
also show that, similarly to HTLV-1-infected humans (13), the
cellular responses in STLV-1-infected baboons preferentially tar-
get the Tax protein.

Our subjects had variable levels of PBMC-associated STLV-1
and virus-specific T cell responses (Table 1). Perhaps surprisingly,
there was no statistically significant correlation of PVLs with the
magnitude of STLV-1-specific CD8� T cell responses (r �

0.4860 and P � 0.0580 for PVL [CT] versus frequency of STLV-
1-specific CD8� T cells [percent] as determined by Spearman’s

FIG 4 Identification of STLV-1-derived peptides containing CD8� T cell
epitopes. CD8� T cell responses against synthetic 15-mer peptides overlapping
by 11 amino acids and covering the entire sequence of the Tax protein were
tested in ICS assays. Results are expressed as the averages of data from two
independent experiments.
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Castro et al.

5286 jvi.asm.org June 2016 Volume 90 Number 11Journal of Virology

http://jvi.asm.org


rank-order correlation). Despite the lack of statistical significance,
there appears to be a trend associating the frequency of T cell
responses with the PVL. For instance, the highest frequencies of
STLV-1-specific cellular responses were detected in animals with
relatively high PVLs (animals 16666, 26464, 12869, 30842, and
30872). While T cell responses were readily detectable in all ani-
mals with a measurable PVL, we detected only modest CD8� and
CD4� T cell responses in animals with the lowest PVL burden.
The exception was animal 26458, with high-frequency CD8� T
cell responses against Tax ORF2 (Fig. 1) despite an undetectable
PVL, at least with the PCR primers used. The magnitude of the

HTLV-1-specific CD8� T cell response is often associated with
PVLs in infected humans (12). However, these results are difficult
to interpret in terms of infection or disease outcomes. For in-
stance, higher frequencies of HTLV-1-specific CD8� T cells are
associated with a low PVL and a reduced risk of the inflammatory
disease HAM/TSP (57). Nonetheless, other groups reported that
higher levels of HTLV-1-specific cellular responses were associ-
ated with higher PVLs (58, 59), suggesting that the T cell response
was merely fluctuating with virus levels rather than being a deter-
minant of PVLs. Thus, parameters associated with T cells can be a
cause and/or consequence of HTLV-1 control. Of note, decipher-

TABLE 2 Amino acid sequences of the Tax regions targeted by CD8� T cells in nine olive baboons (Papio anubis)

Animal 
ID

Peptide 
response

15 mers Peptide sequence Position Pool 3-8,9 Pool 7-10

3-8  MRKYSPFRNGYMEPT 109:123 MRKYSPFRNGYMEPT
3-9  SPFRNGYMEPTLGRH 113:127            SPFRNGYMEPTLGRH

6-10  FHSTLTTQGLIWTFT 237:251
7-1  LTTQGLIWTFTDGTP 241:255

12138 7-1  LTTQGLIWTFTDGTP 241:255
1-9  GGLRSARLHRHALLA 33:47  GGLRSARLHRHALLA

1-10  SARLHRHALLATCPE 37:51
2-4  QITWDPVDGRVIGSA 53:67
2-5  DPVDGRVIGSALQFL 57:71                                 DPVDGRVIGSALQFL
6-8  AWQNGLLPFHSTLTT 229:243      AWQNGLLPFHSTLTT
8-5  IQYSSFHNLHLLFEE 297:311
8-6  SFHNLHLLFEEYTNI 301:315

6-10  FHSTLTTQGLIWTFT 237:251
7-1  LTTQGLIWTFTDGTP 241:255
3-8  MRKYSPFRNGYMEPT 109:123 MRKYSPFRNGYMEPT
3-9  SPFRNGYMEPTLGRH 113:127            SPFRNGYMEPTLGRH

6-10  FHSTLTTQGLIWTFT 237:251
7-1  LTTQGLIWTFTDGTP 241:255
6-8  AWQNGLLPFHSTLTT 229:243      AWQNGLLPFHSTLTT
6-9  GLLPFHSTLTTQGLI 233:247                  GLLPFHSTLTTQGLI

6-10  FHSTLTTQGLIWTFT 237:251                           FHSTLTTQGLIWTFT
7-1  LTTQGLIWTFTDGTP 241:255                                    LTTQGLIWTFTDGTP
3-1  QRTSKTLKVLTPPTT 81:95
3-2  KTLKVLTPPTTHTTP 85:99

6-10  FHSTLTTQGLIWTFT 237:251                           FHSTLTTQGLIWTFT
7-1  LTTQGLIWTFTDGTP 241:255                                    LTTQGLIWTFTDGTP
7-1  LTTQGLIWTFTDGTP 241:255                                    LTTQGLIWTFTDGTP

7-10  IFHKFQTKAYHPSFL 277:291  IFHKFQTKAYHPSFL
8-1  FQTKAYHPSFLLSHG 281:295
8-3  SFLLSHGLIQYSSFH 289:303
8-4  SHGLIQYSSFHNLHL 293:307
3-8  MRKYSPFRNGYMEPT 109:123 MRKYSPFRNGYMEPT
3-9  SPFRNGYMEPTLGRH 113:127             SPFRNGYMEPTLGRH

6-10  FHSTLTTQGLIWTFT 237:251                           FHSTLTTQGLIWTFT
7-1  LTTQGLIWTFTDGTP 241:255                                    LTTQGLIWTFTDGTP

7-10  IFHKFQTKAYHPSFL 277:291  IFHKFQTKAYHPSFL
8-1  FQTKAYHPSFLLSHG 281:295

                            SFLLSHGLIQYSSFH 

12869

Pool 6-8,9,10; 7-1a

11284
                          FHSTLTTQGLIWTFT
                                   LTTQGLIWTFTDGTP 
                                   LTTQGLIWTFTDGTP 

                          FHSTLTTQGLIWTFT
                                   LTTQGLIWTFTDGTP

 SFHNLHLLFEEYTNI

          SARLHRHALLATCPE

Pool 1-9,10; 2-4,5

                     QITWDPVDGRVIGSA

Pool 8-1,3,5,6

               IQYSSFHNLHLLFEE

19522

25533

                          FHSTLTTQGLIWTFT
                                   LTTQGLIWTFTDGTP

26498

         FQTKAYHPSFLLSHG

          FQTKAYHPSFLLSHG

                                     SHGLIQYSSFHNLHL

27166

16666

27924

STLTT

STLTT
STLTTQGLI

STLTTQGLIWTFT
 LTTQGLIWTFT

STLTTQGLIWTFT
 LTTQGLIWTFT
 LTTQGLIWTFT

STLTTQGLIWTFT
 LTTQGLIWTFT

STLTTQGLIWTFT
 LTTQGLIWTFT
 LTTQGLIWTFT

STLTTQGLIWTFT
 LTTQGLIWTFT

STLTTQGLIWTFT
 LTTQGLIWTFT

a The shaded area indicates amino acid sequences common among immunogenic peptides in pools 6 and 7.
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FIG 5 Tax-specific CD8� T cells display an effector memory (TEM) phenotype. (A) PBMCs from animal 26464 were stimulated with Tax pool 7 to determine
the memory phenotype of Tax-specific CD8� T cells. We gated on the responding cells (CD107� cells expressing IFN-��, TNF-	�, and/or IL-2�) to define the
Tax-specific cells. The memory phenotype of the responding cells was then defined based on the expression of CD45RA and the chemokine receptor CCR7. TEM
cells were defined as CD45RA
 CCR7
, T effector memory RA� cells (TEMRA) were defined as CCR7
 CD45RA�, central memory T cells (TCM) were defined
as CD45RA
 CCR7�, and naive cells were defined as CCR7� CD45RA�. (B) TEM phenotype of Tax-specific CD8� T cells from 10 animals. The results represent
the averages of data from two independent experiments. Error bars indicate the range.
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ing the antiviral effects of T cells requires comprehensive longitu-
dinal investigations that are outside the scope of the present study.
While we observed an inverse relationship between the frequency
of STLV-1-specific CD8� T cells and STLV-1 PVLs, more work is
needed to understand the predictive value of this association in
terms of disease outcomes.

We also found that cellular immune responses against STLV-1
comprise mainly CD8� T cells targeting discrete regions of the
Tax protein. We found that the majority of STLV-1-specific CD8�

T cells produce IFN-�, TNF-	, and, less frequently, IL-2 (Fig. 2).
Furthermore, we observed that the majority of the IFN-�-produc-
ing CD8� T cells also expressed the degranulation marker
CD107a. This finding suggests that these antigen-specific CD8� T
cells are cytotoxic and therefore capable of killing target cells.

There are, however, a number of caveats to this kind of ICS
analysis. A potential limitation of response mapping by ICS or
enzyme-linked immunosorbent spot (ELISPOT) assays, espe-
cially with single cytokines (e.g., IFN-�), is that the cytokine-re-
sponding cells may not be representative of the entire virus-spe-
cific response. Therefore, to avoid potential underrepresentation
of the responding cells, our analysis included cytokines (IFN-�,
TNF-	, and IL-2) and the degranulation marker CD107a (60).
Our ICS assay is limited by the ability of CD8� T cells to be stim-
ulated by their cognate peptides and express the markers that we
can detect. Ideally, one would validate the sensitivity of this assay
by comparing the frequency of measured responses by ICS to the
detection of antigen-specific cells by major histocompatibility
complex (MHC) class I tetramer staining, which is independent of
the ability of the cells to secrete cytokines. In most situations, the
frequencies measured by ICS and tetramer staining are similar, if
the ICS assay is sufficiently sensitive. This validation would pro-
vide further confirmation that ICS is able to optimally detect an-
tigen-specific cells. Unfortunately, there are no baboon MHC
class I tetramers currently available. While it remains possible that
we have underestimated low-frequency responses, we have con-
siderable experience with this ICS assay and have extensively char-
acterized it in the context of a simian immunodeficiency virus
(SIV)-infected Indian rhesus macaque model (61–63). Further-
more, we detected high-frequency responses against the Tax pro-
tein, a finding is similar to those in previous reports of HTLV-1-
specific T cell responses in humans (13, 20, 64).

To develop a CD8� T cell-based vaccine against a pathogen, it
will be important to define the preferred targets of these effector
cells. During human immunodeficiency virus (HIV) or SIV infec-
tion, for example, the CD8� T cell response selects for escape
mutants in almost all of the SIV proteins (61, 65). Furthermore,
SIV- and HIV-specific CD8� T cells target the entire virus. Here
we demonstrate that the anti-STLV-1 CD8� T cell response is
instead highly focused on Tax in during the chronic phase. Addi-
tionally, the targets of STLV-1-specific CD8� T cells in baboons
closely resemble their HTLV-1-directed counterparts in humans.
Specifically, peptide sequences recognized by CD8� T cells in
STLV-1-infected baboons aligned with known HTLV-1 CD8� T
cell epitopes restricted by HLA-A*02, HLA-A*24, HLA-B*15, and
HLA-B*52 (16, 66, 67). These results suggest that not only do both
human and baboon preferentially recognize Tax, they also share
similarity in the recognized epitopes within Tax. These similarities
thus suggest that STLV-1-infected baboons will be a suitable
model for HTLV-1 vaccine research.

Analysis of freshly isolated PBMCs indicates that most HTLV-

1-infected cells express low to undetectable levels of viral antigens
in vivo (68, 69). As a result, a strategy to develop a vaccine will
likely need to overcome this low level of viral expression, and an
immunodominant protein might be the ideal immunogen for this
task. Here we show that high-frequency CD8� T cell responses
against STLV-1 principally target Tax in STLV-1-infected ba-
boons. We have also identified six distinct Tax regions that are
targeted by STLV-1-specific CD8� T cells. While other HTLV-1
antigens, like HBZ, could be used as a vaccine target, their immu-
nogenicity is usually weak and requires several boosts (25). Fur-
thermore, Suemori and colleagues demonstrated that HBZ-spe-
cific CD8� T cells are scarcely detectable in HTLV-1 infections
using HLA-A*0201/HBZ26 –34 tetramer analysis (70). In addition,
Rowan and colleagues concluded that HBZ epitope presentation
by primary cells is significantly less efficient than that of Tax (71).
These results are consistent with the results of our present study.
Of 18 naturally STLV-1-infected animals, we observed SBZ-spe-
cific CD8� T cells at �0.1% frequencies only in animal 16666 (Fig.
1A). Even in this animal, SBZ marginally contributed to the total
magnitude of the STLV-1-specific CD8� T cell response, with
only 3.75% of the STLV-1-specific cells targeting this protein (Fig.
1B). It is possible, however, that the use of immunodominant viral
proteins such as Tax would overcome the limitations imposed by
the low level of HTLV-1 protein expression and could be useful for
the development of an effective HTLV-1 vaccine.

An important theoretical consideration for the development of
a Tax-specific ATL vaccine is that ATL cells often lack the ability to
express Tax (72). Previously reported data suggest that Tax is re-
quired to maintain persistent infection in the early phases of the
long progression to ATL, but this protein is dispensable in estab-
lished ATL (73, 74). Immortalization of infected T cells is a major
mechanism by which HTLV-1 and STLV-1 achieve persistence.
Once infection is established, the genetic changes in the host ge-
nome are responsible for genome instability, and most viral pro-
teins are no longer needed to maintain the growth-immortalized
state (74). Tax is therefore a critical protein important to establish
and maintain immortalization prior to more serious progression.
In this scenario, a vaccine strategy that targets an HTLV-1 protein
that is required for initiating and maintaining the growth-immor-
talized state makes sense to prevent HTLV-1-induced leukemo-
genesis. Accordingly, there is evidence for the presence of suffi-
cient levels of Tax expression for the CD8� T cell response to be
effective in vivo (20, 75). In fact, tax/rex mRNA is the most abun-
dant transcript of HTLV-1-infected cells (76). Recently, Suehiro et
al. and Melief et al. developed a therapeutic vaccine consisting of
dendritic cells (DCs) pulsed with Tax peptides designed to aug-
ment the HTLV-1 Tax-specific CD8� T cell response in ATL pa-
tients (75, 77). The outcome of this pilot study indicated that the
Tax peptide-pulsed DC vaccine is safe and a promising immuno-
therapy for ATL. Additionally, Tax-specific CD8� T cells inhib-
ited the growth of HTLV-1-transformed tumor cells in rats inoc-
ulated with a rat HTLV-1-infected T cell line (78). Furthermore,
immunization with a mutant Tax DNA induced tumor-suppres-
sive responses in this rat model (78). Thus, strategies aiming to
augment the HTLV-1 Tax-specific CD8� T cell response may be a
promising immunotherapy for ATL, in particular for individuals
in early infection stages.

T cell-mediated control of HTLV-1 infection is thought to de-
pend on the frequency and function of virus-specific CD8� T cells
(12, 79, 80). The accumulation of cells with an effector memory
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phenotype was previously correlated with lower STLV-1 PVLs in
baboons (45). Here we observed that over 80% of Tax-specific
CD8� T cells differentiated into a TEM phenotype in all 10 tested
animals (Fig. 5). TEM cells, in contrast to other memory T cell
phenotypes, proliferate less but are capable of migrating to pe-
ripheral tissues and exert immediate antiviral activity (79). How-
ever, we did not observe a correlation between the TEM cell fre-
quency and PVL (r � 
0.4545 and P � 0.1912 for PVL [CT]
versus Tax-specific TEM cell frequency [percent] as determined
by Spearman’s rank-order correlation). Of note, the baboons in
our cohort did not display signs of disease, so these infections
could be considered examples of controlled or early-stage STLV-1
infections. Thus, it remains possible that we did not see an asso-
ciation because we did not have sufficient TEM and STLV-1 in-
fection variability or did not observe the outcomes longitudinally.
Future research will address the association of T cell phenotypes
with the control of STLV-1.

In sum, here we show that anti-STLV-1 cellular immunity in
baboons resembles HTLV-1-specific T cell responses in humans
in their preferential targeting of Tax. There are reasons to believe
that a Tax-specific CD8� T cell response may be particularly pro-
tective. First, Tax is the immunodominant target of CD8� T cell
responses in controlled HTLV-1 and STLV-1 infections. Second,
HLA-A*02, which is associated with protection in southern Japan,
binds several Tax epitopes (67). Third, the selective pressure ex-
erted on Tax may be higher in asymptomatic carriers than in those
who have developed HAM/TSP (81). Fourth, Tax-specific CD8�

T cells can suppress tumor growth in vivo in a rat model of ATL
(78). The Tax protein is therefore predicted to be a useful im-
munogen for HTLV-1 vaccine development.
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