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ABSTRACT Baboons naturally infected with simian T lymphotropic virus (STLV) are
a potentially useful model system for the study of vaccination against human T lym-
photropic virus (HTLV). Here we expanded the number of available full-length ba-
boon STLV-1 sequences from one to three and related the T cell responses that rec-
ognize the immunodominant Tax protein to the tax sequences present in two
individual baboons. Continuously growing T cell lines were established from two ba-
boons, animals 12141 and 12752. Next-generation sequencing (NGS) of complete
STLV genome sequences from these T cell lines revealed them to be closely related
but distinct from each other and from the baboon STLV-1 sequence in the NCBI se-
quence database. Overlapping peptides corresponding to each unique Tax sequence
and to the reference baboon Tax sequence were used to analyze recognition by T
cells from each baboon using intracellular cytokine staining (ICS). Individual baboons
expressed more gamma interferon and tumor necrosis factor alpha in response to
Tax peptides corresponding to their own STLV-1 sequence than in response to Tax
peptides corresponding to the reference baboon STLV-1 sequence. Thus, our analy-
ses revealed distinct but closely related STLV-1 genome sequences in two baboons,
extremely low heterogeneity of STLV sequences within each baboon, no evidence
for superinfection within each baboon, and a ready ability of T cells in each baboon
to recognize circulating Tax sequences. While amino acid substitutions that result in
escape from CD8" T cell recognition were not observed, premature stop codons
were observed in 7% and 56% of tax sequences from peripheral blood mononuclear
cells from animals 12141 and 12752, respectively.

IMPORTANCE It has been estimated that approximately 100,000 people suffer seri-
ous morbidity and 10,000 people die each year from the consequences associated
with human T lymphotropic virus (HTLV) infection. There are no antiviral drugs and
no preventive vaccine. A preventive vaccine would significantly impact the global
burden associated with HTLV infections. Here we provide fundamental information
on the simian T lymphotropic virus (STLV) naturally transmitted in a colony of cap-
tive baboons. The limited viral sequence heterogeneity in individual baboons, the
identity of the viral gene product that is the major target of cellular immune re-
sponses, the persistence of viral amino acid sequences that are the major targets of
cellular immune responses, and the emergence in vivo of truncated variants in the
major target of cellular immune responses all parallel what are seen with HTLV in-
fection of humans. These results justify the use of STLV-infected baboons as a model
system for vaccine development efforts.
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uman T lymphotropic virus (HTLV) and simian T lymphotropic virus (STLV) are

members of the Deltaretrovirus genus of the Retrovirus family (1). HTLV-1 was the
first retrovirus to be directly associated with a human malignancy, adult T cell leukemia
(ATL) (2-4). HTLV-1 is also the causative agent of HTLV-1-associated myelopathy (HAM),
tropical spastic paraparesis (TSP), uveitis, arthropathy, and infective dermatitis (4-6). It
is estimated that 10 million to 20 million people are infected with HTLV-1 worldwide (3).
However, the lifetime risk of developing ATL in an infected individual is less than 5%,
with the risk being slightly higher for men (5, 7).

HTLV-1 is believed to have originated from the cross-species transmission of simian
T lymphotropic virus 1 (STLV-1) from infected nonhuman primates to humans (8, 9).
Consequently, HTLV-1 is closely related to the STLV found in some species of nonhu-
man primates (8). STLV is thought to have made the jump to humans on multiple
occasions in different geographical regions, leading to the multiple subtypes of HTLV-1
seen around the globe (2, 10). Both HTLV-1 and STLV-1 establish lifelong persistent
infections in their hosts (2, 3, 6, 11). Some nonhuman primates that are naturally
infected with STLV-1 eventually develop diseases like those caused by HTLV-1, includ-
ing ATL (12-14). As with HTLV-1, most infections of nonhuman primates with STLV-1
are asymptomatic, with only about 1% to 2% of animals developing STLV-associated
leukemia, which can share clinical and pathological features with ATL in humans
(12-14). These similarities make nonhuman primates infected with STLV-1 an attractive
model for the study of HTLV-1 biology and approaches to vaccination.

STLV-1 can be found in over 20 species of Asian and African primates (8, 15, 16). Due
to the high frequencies of STLV-1 infection in both wild and captive baboons, we
propose that baboons are a potentially useful model system for such studies. A recent
study analyzed the cellular immune response to STLV-1 in infected olive baboons (Papio
anubis) (17). This study utilized peptides based on a baboon SLTV-1 reference sequence
found in the NCBI database. Similar to the findings of other studies with HLTV and STLV,
Tax was found to be the immunodominant target of CD8* T lymphocytes in baboons
(18-20). The goal of the present study was to document sequence polymorphisms that
may be present among baboon STLV-1 strains and to investigate whether there may be
selection for virus variants that escape recognition by CD8* T cell responses.

Currently, there is only one full-length STLV-1 sequence derived from a baboon in
the NCBI database (GenBank accession number JX987040.1). Here we expand the
number of full-length, baboon-derived STLV-1 sequences from one to three. Although
no amino acid changes that would alter recognition by Tax-specific CD8* T lympho-
cytes were found, truncating premature stop codons were selectively observed in tax
genes present in circulating peripheral blood mononuclear cells (PBMC) but not in
continuously growing cell lines derived from the same baboons. Our findings should
help to inform and guide the development of vaccine concepts that can be tested
experimentally in baboons.

RESULTS

Generation of STLV-1-positive baboon cell lines. Sixteen STLV-1-positive olive
baboons were bled and peripheral blood mononuclear cells (PBMC) were isolated.
PBMC were used to generate continuously growing T cell lines as outlined in Materials
and Methods. T cell lines from two olive baboons (animals 12752 and 12141) were
selected for continued study due to their growth characteristics in culture. Flow
cytometry analyses of the cell lines revealed that the cell line generated from animal
12752 was primarily made up of CD3* CD4* CD8~ T cells (61.7%) (Fig. 1A). Of the
remaining cell types, CD4~ CD8* T cells made up 10.6%, CD4+ CD8* cells made up
23.8%, and CD4~ CD8~ cells made up 3.9% of the cell line. In contrast, the cell line
generated from animal 12141 was primarily composed of double-positive T cells (61.3%
CD3* CD4* CD8"). CD4* CD8 T cells made up 36.8%, CD4~ CD8* T cells made up
1.0%, and CD4~ CD8~ T cells made up 0.8% of the cell line. Neither of these cell lines
became interleukin-2 (IL-2) independent.
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FIG 1 PCR amplification and sequencing of the whole STLV-1 genome from STLV-positive T cell lines. Genomic DNA was purified from T cell lines
grown out of STLV-positive baboon PBMC samples. (A) The cell line phenotype was determined by flow cytometry, gating on the lymphocyte
population, and standard CD3, CD4, and CD8 T cell staining. The cell line of animal 12752 was predominantly made up of CD4* CD8~ T cells,
whereas the cell line of animal 12141 displayed a large degree of double-positive CD4* CD8* T cells. The numbers in each quadrant represent
the percentage of live CD3+ lymphocytes in that quadrant. (B) PCR was performed with an ultra-high-fidelity DNA polymerase with 25 rounds
of amplification to minimize PCR error. PCR products were run on an agarose gel, and the 8.5-kb band was excised and purified for NGS. (C)
Next-generation sequencing was performed on a HiSeq 2500 desktop sequencer with the assistance of the University of Miami’s John P. Hussman
Institute for Human Genomics sequencing core. Sequencing provided almost complete genome coverage, with only a small portion of the LTR
being excluded. Animal 12752 provided 21.2 million quality reads, whereas animal 12141 provided 23.5 million quality reads.

PCR amplification of STLV-1 proviral genomes. In order to better understand the
STLV strains circulating among baboons at the Southwest National Primate Research
Center (SNPRC) and to document STLV sequence variation within and between ba-
boons, we set out to analyze the STLV genome sequences. Genomic DNA was isolated
from the T cell lines of animals 12141 and 12752 and used to amplify the STLV genome
sequences. Viral genomes were amplified using primers specific for the 5" long terminal
repeat (LTR) and the 3’ LTR following the terminal end of tax. The forward PCR primer
recognized positions 135 to 152 of the U3 region of the 5’ LTR, and the reverse
PCR primer recognized positions 64 to 84 of the U3 region of the 5’ LTR. The primer
sequences recognizing the 3’ LTR were located downstream of the termination codon
for tax, whose sequences extend into the 3’ LTR. This amplification strategy allowed
assembly of an almost complete U3-R-U5 LTR sequence. The sequence lacked 51 bp
from positions 84 to 134. To avoid the introduction of mutations by PCR amplification,
Phusion Hot Start Il DNA polymerase, an ultra-high-fidelity DNA polymerase, was used.
Phusion Hot Start Il DNA polymerase is known to have an error rate 50-fold lower than
that of traditional Tag polymerase. To further reduce the introduction of errors by PCR,
the numbers of PCR cycles were also kept to a minimum (20 to 25 cycles).
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For both cell lines, we were readily able to isolate a band of approximately 9 kb
(Fig. 1B). This band was excised and purified for next-generation sequencing (NGS).

Next-generation sequencing of STLV-1 genomes. NGS was performed by the
University of Miami’s John P. Hussman Institute for Human Genomics sequencing core
on a HiSeq 2500 desktop sequencer (lllumina). The PCR strategy used to amplify the
full-length STLV-1 genomes provided nearly complete genome coverage, with only a
51-bp portion of the LTR from the U3 region being excluded. Following NGS, the
terminal portions (~300 to 500 bp) of the 5" and 3’ LTR were excluded from analysis
due to an inability of the software to determine the precise location of the reads. LTR
sequences were PCR amplified from the genomic DNA of the T cell lines and sequenced
by Sanger sequencing in order to confirm the sequences recovered by NGS as well as
sequence the 51-bp fragment excluded in the full-length PCR. This allowed us to
construct full viral genomes for the viruses from both animal 12752 and animal 12141.

Animals 12752 and 12171 provided 21.2 million and 23.5 million pass-filter reads
per sample, respectively. When they were aligned to the reference STLV-1 genome
(GenBank accession number JX987040.1), the viral genomes recovered from animals
12141 and 12752 were quite distinct. The viral genome recovered from animal 12752
contained 415 nucleotide polymorphisms compared to the sequence of the reference
genome. Animal 12141 yielded a viral genome with 110 polymorphisms compared to
the sequence of the reference genome. Heterogeneity of greater than 10% was noted
at only 6 nucleotide positions of the viral genome from animal 12752 and 13 nucleotide
positions of the viral genome from animal 12141. These findings suggest only very
limited heterogeneity in both T cell lines and the origin of each cell line from a single
STLV strain.

To confirm the accuracy of the NGS results, tax was PCR amplified from the genomic
DNA of the T cell lines using primers specific for regions outside the tax coding region
and sequenced by traditional Sanger sequencing. The results of NGS and Sanger sequenc-
ing of tax were compared. The comparisons showed essentially identical nucleotide se-
quences and limited sequence heterogeneity at only several locations (Fig. 2 and Table 1).
Consensus amino acid sequences were identical for animal 12141. For animal 12752,
consensus amino acid sequences were identical at all amino acid positions except
amino acid position 191 (Table 1). Since the sequences from the cell lines appeared to
correspond to a single viral genome with extremely minimal sequence heterogeneity,
we further investigated the extent of heterogeneity and the possibility of superinfec-
tion in animals 12752 and 12141 by Sanger sequencing of tax amplified from PBMC
isolated 10 months after the initial blood draw. tax was amplified from the genomic
DNA isolated from fresh PBMC by PCR using primers specific for regions outside the tax
coding sequence and cloned into a sequencing vector, as outlined in Materials and
Methods. Nine clones from animal 12752 and 15 clones from animal 12141 were
sequenced by Sanger sequencing. Premature stop codons that were absent by the
sequencing of tax from the genomes in the cell lines were found in tax sequenced from
PBMC (Table 1). Stop codons at position 28 were observed in 7% of the clones from
animal 12141. For animal 12752, 56% of the clones displayed premature stop codons
(positions 56 and 248). Other than stop codons, the tax sequences from PBMC and the
cell lines were nearly identical.

APOBEC3G s a restriction factor that can induce a G-to-A hypermutation during
replication of retroviruses via its cytidine deaminase activity. We analyzed our sequence
polymorphisms for signatures of APOBEC3G activity. For animal 12752, there were 42
polymorphisms in tax, and 5 involved the G — A change. For animal 12141, there were
18 polymorphisms in tax, and 5 involved the G — A change. For both Sanger
sequencing and NGS, the number of G — A polymorphisms did not appear outside the
range of numerical expectations. However, all 3 of the premature stop codons in tax
sequenced from PBMC resulted from G — A changes. Similar to the finding of Fan et
al. with HTLV, these data may be an example of STLV-infected cells exploiting APOBEC
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FIG 2 Analysis of sequence variants. The tax sequences obtained from NGS, Sanger sequencing of tax amplified
from T cell lines, and Sanger sequencing of tax amplified from PBMC were analyzed for the presence of sequence
variants. The results for variants whose sequences differed from the consensus sequence by each sequencing
method were plotted. Five sequences of tax amplified from cell lines were examined. For PBMC from animals 12141
and 12752, 15 and 9 sequences were analyzed, respectively. For NGS, sequence variants with a cutoff of 10%
variance were noted.

deaminases to escape detection by the host immune system through the loss of Tax
expression (21).

Comparison of sequences of viruses from animals 12141 and 12752, isolate
F88395, HTLV-1, HTLV-2, and STLV-1 TE4. The sequences obtained by NGS were
analyzed to identify regions corresponding to known STLV-1 proteins. More than 90%
sequence identity was observed in the alignments of all the protein amino acid
sequences of the viruses from animals 12141 and 12752, with the exception of the HBZ
and p30 sequences (Table 2). The sequence of the virus from animal 12141 had a higher
degree of identity to the sequence of the STLV-1 reference genome than to the
sequence of the virus from animal 12752. In contrast to the reference sequence,
the sequences of the viruses from both animal 12141 and animal 12752 exhibited a
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TABLE 1 Locations of sequence heterogeneity in tax?

Sequence determined by:

Animal and amino Sanger sequencing
acid position NGS (cell line) (cell line) Sanger sequencing (PBMCs)
Animal 12141
28 100% W 100% W 93.34% W, 6.66% stop codon
94 100% T 100% T 93.34% T, 6.66% |
125 533% G, 46.7% R 20% R, 80% G 100% G
193 86% E, 14% K 100% E 100% E
205 100% L 100% L 93.34% L, 6.66% P
Animal 12752
21 100% G 80% G, 20% R 100% G
56 100% W 100% W 44% W, 56% stop codon
118 100% G 80% G, 20% R 100% G
191 100% | 60% M, 40% | 100% M
248 100% W 100% W 66% W, 33% stop codon®

aThe amino acid sequences obtained by NGS of tax, Sanger sequencing of tax amplified from T cell lines,
and Sanger sequencing of tax amplified from PBMC were compared for animals 12141 and 12752. Variants
whose sequences differed from the consensus tax sequence obtained by each sequencing method are
noted. Five sequences of tax amplified from cell lines were examined. Fifteen and 9 sequences were
analyzed from PBMC from animals 12141 and 12752, respectively. For NGS, sequence variants with a 10%
variance cutoff were noted.
bSequences with stop codons present at position 248 also contained stop codons at position 56. In total,
56% of clones contained stop codons.

polymorphism from a methionine to an isoleucine in the putative start codon of p13.
This polymorphism was also observed in the STLV-1 TE4 strain of Asian origin (GenBank
accession number Z46900.1).

As expected, the viruses from both animal 12141 and animal 12752 showed a high
degree of similarity to HTLV-1. Previous work published on the phylogenetic analysis of

TABLE 2 Amino acid sequence identity®

. % identity

Virus sequences

compared Gag Pro Pol Rex Tax Env HBZ p30 p13

12752 vs reference 97.5 93.6 96.8 92.6 95.5 97.7 85 85.9 90.8

12752 vs 12141 979 932 972 937 96 975 869 88 94.3

12752 vs STLV-1 of 933 885 913  84.1 209 939 71 754 885
Asian origin

12752 vs HTLV-1 96.1 932 975 931 969 973 85 86.7 954

12752 vs HTLV-2 735 333 603 558 714 69 NA® NA NA

12141 vs reference 993 987 983 974 963 986  96.1 963 943

12141 vs HTLV-1 97 919 967 952 972 977 84 87.1 96.6

12141 vs HTLV-2 737 333 602 553 71.1 69 NA NA NA

12141 vs STLV-1 of 94.5 89.3 91 84.1 92.1 936 70 75 88.5
Asian origin

Reference vs STLV-1 of  93.8 88 90.2  84.1 90.7 936 705 734 851
Asian origin

Reference vs HTLV-1 96.3 923 96 942 96 98 85 859 954

Reference vs HTLV-2 73.7 333 59.9 553 70.5 68.6 NA NA NA

HTLV-1 vs STLV-1 of 953 872 919 847 912 941 738 77 89.7
Asian origin

HTLV-1 vs HTLV-2 737 338 602 553 722 69.2 NA NA NA

HTLV-2 vs STLV-1 of 73.9 333 596 521 72.2 70.1 NA NA NA
Asian origin

aThe sequences from animals 12752 and 12141 were recovered by next-generation sequencing and were
analyzed to identify the coding regions of STLV-1. Translated sequences from both animals were aligned to
the STLV-1 reference amino acid sequence, the NCBI reference HTLV-1 amino acid sequence (accession
number NC_001436.1) and HTLV-2 amino acid sequence (accession number NC_001488.1) from the NCBI
Viral Genome Database, as well as the amino acid sequence of STLV-1 isolate TE4 from Macaca tonkeana
(Asian origin, GenBank accession number Z46900.1).
bNA, not applicable. In HTLV-2, p13, p30, and HBZ were not directly comparable to the gene products of
STLV-1. Although HTLV-2 has homologous proteins, such as p28 and APH2, the differences in amino acid
sequence make a direct comparison not applicable (37).
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HTLV-1, HTLV-2, and HTLV-3 indicated that STLV-1 and HTLV-1 arose from a common
ancestor, primate T lymphotropic virus 1 (PTLV-1) (9). These analyses also indicated that
HTLV-1 arose from the cross-species transmission of STLV-1 from nonhuman primates
to humans (22). This accounts for the very high degree of similarity among our isolates,
the reference genome, and HTLV-1. Also predicted by the phylogenetic analysis, the
viral proteins of the viruses from animals 12141 and 12752 showed very low levels of
similarity to the viral proteins of HTLV-2, with the highest similarities being in the Gag
and Tax proteins. For comparisons with the HTLV-2 sequence, HBZ, p30, and p13
were not homologous enough to allow a confident alignment; therefore, their
percent similarity was omitted from Table 2. HTLV-2 APH2 and p28 differed from
HTLV-1 HBZ and p30 in sequence and function, which made a comparison not possible.

When the baboon STLV-1 isolates were compared to an STLV-1 isolate of Asian
origin (isolate TE4 from a macaque), the level of amino acid sequence identity was
markedly decreased. The level of amino acid sequence identity for all three baboon
isolates fell within the 70 to 95% identity range, with the lowest identity being for HBZ
and p30. The STLV-1 TE4 isolate shared a slightly higher level of identity with HTLV-1
than it did with the isolates from either animal 12141 or animal 12752 (Table 2).

CD8* T cell responses to Tax reference and variant peptide sequences. Previous
studies in humans have observed that immunodominant responses are directed to the
Tax protein (18-20, 23). In a recently published study, immunogenic regions of Tax
were mapped in individual animals using peptides that correspond to those of the
reference genome from isolate F88395 (17). Here, we set out to determine the influence
of sequence polymorphisms on recognition of virus by CD8* T cells from each of the
two baboons in our study. During our preliminary analysis, it appeared that regions
with sequence polymorphisms tended to be regions identified by Castro et al. to be
immunogenic regions of Tax (17). To examine whether these sequence polymorphisms
could represent immune escape variants, we constructed variant peptides, which are
described in Table 3. These 15-mer peptides overlapped by 11 amino acids.

Fresh PBMC from animals 12141 and 12752 were isolated, stimulated with Tax
peptides, and stained by intracellular cytokine staining (ICS). ICS assays allow the
characterization of the frequency of STLV-1-specific CD8* T cell responses against the
reference peptides as well as peptides that correspond to the sequences obtained from
animals 12141 and 12752 (variant peptides). As a negative control, PBMC from an
STLV-1-negative animal (animal 15659) were included. Because animal 12869 has a
well-documented CD8* T cell response to Tax (17), PBMC from this animal were
included as a positive control.

Our ICS assays revealed high-frequency gamma interferon (IFN-y) and tumor ne-
crosis factor alpha (TNF-a) responses directed to Tax in animals 12752 and 12141: Tax
subsets 9 and 10, respectively (see Fig. 4). Of interest, animal 12141 had readily
detectable ICS responses against both the reference peptide and the variant peptide of
Tax subset 10 (Fig. 3 and 4). In animal 12141, 4.3% of CD8* T cells expressed IFN-y and
2.29% of CD8* T cells expressed TNF-« in response to Tax subset 10b. When stimulated
with the reference peptides (Tax subset 10), we observed reduced cytokine responses
in comparison to the responses observed with simulation with Tax subset 10b: 1% and
0.954% for IFN-y and TNF-q, respectively. We observed similar results with animal
12752 (Fig. 3 and 4). In animal 12752, 2.16% of CD8 T cells expressed IFN-y and 1.91%
of CD8* T cells expressed TNF-« in response to Tax subset 9a. In response to the
reference peptide, Tax subset 9 responses were decreased: 1.93% and 1.65% for IFN-y
and TNF-q, respectively. Both animals displayed CD8 T cell responses against their
individual Tax sequences higher than those against the matched reference peptide
sequences.

DISCUSSION

By combining long-range PCR techniques and next-generation sequencing, we
determined the sequences of the STLV-1 isolates from two olive baboons of the
Southwest National Primate Research Center colony. Although each STLV-1 isolate was
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TABLE 3 Peptide design?

Journal of Virology

Peptide# Reference Peptide Variant Peptide 12752 Variant Peptide 12141
1 MAHFPGFGQSLLFGY
2 PGFGQSLLFGYPVYV
3 QSLLFGYPVYVFGDC
4 FGYPVYVFGDCVQGD
5 VYVFGDCVQGDWCPI
6 GDCVQGDWCPISGGL GDCVQGDWCPITGGL
7 QGDWCPISGGLRSAR Tax Sub 1a QGDWCPITGGLCSAR QGDWCPISGGLCSAR
8 CPISGGLRSARLHRH CPITGGLCSARLHRH Tax Sub 2a CPISGGLCSARLHRH
9 GGLRSARLHRHALLA GGLCSARLHRHALLA
10 SARLHRHALLATCPE
11 HRHALLATCPEHQIT
12 LLATCPEHQITWDPYV LLATCPEHQITWDPI SAME as 12752
13 CPEHQITWDPVDGRV Tax Sub 3a CPEHQITWDPIDGRV Tax Sub 3b SAME as 12752
14 QITWDPVDGRVIGSA QITWDPIDGRVIGSA SAME as 12752
15 DPVDGRVIGSALQFL DPIDGRVIGSALQFL SAME as 12752
16 GRVIGSALQFLIPRL
17 GSALQFLIPRLPSFP
18 QFLIPRLPSFPAQRT QFLIPRLPSFPTQRT SAME as 12752
19 PRLPSFPAQRTSKTL Tax Sub 4a PRLPSFPTQRTSKTL Tax Sub 4b SAME as 12752
20 SFPAQRTSKTLKVLT SFPTQRTSKTLKVLT SAME as 12752
21 QRTSKTLKVLTPPTT
22 KTLKVLTPPTTHTTP KTLKVLTPPTTPKTP
23 VLTPPTTHTTPNIPP Tax Sub 5a VLTPPTTPKTPNIPP
24 PTTHTTPNIPPSFLQ PTTPKTPNIPPSFLQ
25 TTPNIPPSFLQAMRK KTPNIPPSFLQAMRK
26 IPPSFLQAMRKYSPF
27 FLOAMRKYSPFRNGY
28 MRKYSPFRNGYMEPT
29 SPFRNGYMEPTLGRH SPFRNGYMEPTLGQH SPFRNGYMEPTLRQH
30 NGYMEPTLGRHLPTL NGYMEPTLGQHLPTL NGYMEPTLRQHLPTL
31 EPTLGRHLPTLSFPD EPTLGQHLPTLSFPD EPTLRQHLPTLSFPD
32 GRHLPTLSFPDPGLL GQHLPTLSFPDPGLR RQHLPTLSFPDPGLR
33 PTLSFPDPGLLPQNL Tax Sub 6a PTLSFPDPGLRPQNL Tax Sub 6b SAME as 12752
34 FPDPGLLPQNLHTLW FPDPGLRPQNLYTLW SAME as 12752
35 GLLPQNLHTLWGGSV GLRPONLYTLWGGSV SAME as 12752
36 QNLHTLWGGSVVCMY QNLYTLWGGSVVCMY SAME as 12752
37 TLWGGSVWCMYLYQL
38 GSVVCMYLYQLSPPI
39 CMYLYQLSPPITWPL
40 YQLSPPITWPLLPHV
41 PPITWPLLPHVIFCH
42 WPLLPHVIFCHPGQL
43 PHVIFCHPGQLGAFL
44 FCHPGQLGAFLTNVP
45 GQLGAFLTNVPYKRM GQLGAFLTNVPYKRI
46 AFLTNVPYKRMEELL Tax Sub 7a AFLTNVPYKRIEELL
47 NVPYKRMEELLYKIS NVPYKRIEELLYKIS
48 KRMEELLYKISLTTG KRIEELLYKISLTTG KRMEELLYKISITTG
49 ELLYKISLTTGALII Tax Sub 8a ELLYKISITTGALII
50 KISLTTGALIILPED KISITTGALIILPED
51 TTGALIILPEDCLPT
52 LIILPEDCLPTTLFQ
53 PEDCLPTTLFQPARA
54 LPTTLFQPARAPVTL
55 LFQPARAPVTLTAWQ
56 ARAPVTLTAWQNGLL
57 VTLTAWQNGLLPFHS
58 AWQNGLLPFHSTLTT
59 GLLPFHSTLTTQGLI GLLPFHSTLTTSGLI GLLPFHSTLTTPGLI
60 FHSTLTTQGLIWTFT Tax Sub 9a FHSTLTTSGLIWTFT FHSTLTTPGLIWTFT
61 LTTQGLIWTFTDGTP LTTSGLIWTFTDGTP LTTPGLIWTFTDGAP
62 GLIWTFTDGTPMISG GLIWTFTDGAPMISG
63 TFTDGTPMISGPCPK Tax Sub 10b TFTDGAPMISGPCPR
64 GTPMISGPCPKDGQP GTPMISGPCPRDGQP
65 ISGPCPKDGQPSLVL ISGPCPRDGQPSLVL
66 CPKDGQPSLVLQSSS CPRDGQPSLVLQSSS
67 GQPSLVLQSSSFIFH
68 LVLQSSSFIFHKFQT
69 SSSFIFHKFQTKAYH
70 IFHKFQTKAYHPSFL
71 FQTKAYHPSFLLSHG
72 AYHPSFLLSHGLIQY
73 SFLLSHGLIQYSSFH
74 SHGLIQYSSFHNLHL
75 IQYSSFHNLHLLFEE
76 SFHNLHLLFEEYTNI SFHNLHLLFEEYANV
77 LHLLFEEYTNIPISL LHLLFEEYANVPISL
78 FEEYTNIPISLLFNE FEEYANVPISLLFNE
79 TNIPISLLFNEKEAN ANVPISLLFNEKEAN
80 ISLLFNEKEANDHDH ISLLFNEKEANDTDH SAME as 12752
81 FNEKEANDHDHEPQI Tax Sub 11a FNEKEANDTDHEPQI Tax Sub 12b SAME as 12752
82 EANDHDHEPQISPEG EANDTDHEPQISPGG EANDTDHEPQISPEG
83 HDHEPQISPEGLEPS TDHEPQISPGGLEPP TDHEPQISPEGLEPS
84 PQISPEGLEPSSEKH PQISPGGLEPPSEKH
85 PEGLEPSSEKHFRET PGGLEPPSEKHFRET
86 EPSSEKHFRETEV EPPSEKHFRETEV

a15-mer peptides overlapping by 11 amino acids were constructed for the reference STLV-1 genome, the full-length genome of a baboon isolate of STLV-1
from the NCBI database (GenBank accession number JX987040.1). Using the sequences isolated from T cell lines of animals 12141 and 12752, variant
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FIG 3 Tax protein alignments. Tax sequences from NGS were translated into the corresponding amino acid sequence and aligned to the Tax sequence of the
NCBI reference genome of STLV-1 using the ClustalW program. Regions of Tax that elicited an immune response by ICS are highlighted in red for animal 12752
and green for animal 12141. Peptides designed to be specific for the reference genome and the variant genome were compared.

genetically distinct, the sequences shared high degrees of similarity with each other
and with the sequence of HTLV-1. Very little heterogeneity within each full-length STLV
sequence from each continuously growing cell line was observed. The main difference
observed was the presence of stop codons in tax isolated from PBMC that were not
present in the sequences from the continuously growing cell lines. With the exception
of these stop codons, the tax sequences amplified from PBMC closely matched the tax
sequence from each cell line, with very little heterogeneity in the sequence present in
each individual baboon being found. Thus, neither baboon showed any evidence of
superinfection with a second STLV strain. CD8" T cell responses against the immuno-
dominant Tax protein recognized peptides corresponding to the circulating Tax se-
quence at reasonably high frequencies in each baboon.

Our findings are consistent with what is known about HTLV-1. Early studies found
that cases of ATL are monoclonal in nature, with a single infecting HTLV-1 species being
responsible for infection (24). These clones tend to persist for several years in the same
individual, maintaining a stable genetic profile of the virus (25). Taking into account the
genetic stability of HTLV-1, maintenance of a high proviral load is likely accomplished
by persistent clonal proliferation of infected immortalized cells in vivo and not by viral
replication (26-29). Similarly, we observed an analogous genetic stability in our se-
quencing efforts with STLV-1 isolates from baboons. When Wattel et al. analyzed 100
molecular clones of the envelope from two HTLV-1 carriers, they found almost no
genetic variation (27). These findings are consistent with the sequences obtained from
both NGS of the continuously growing cell lines and Sanger sequencing of tax from
freshly isolated PBMC. Minimal variation in tax was observed, despite the fact that
Sanger sequencing of PBMC was performed 10 months after the initial bleed to
establish continuously growing cell lines (Table 1).

Escape of HTLV-infected cells from cytotoxic T lymphocyte recognition has been
documented in both ATL patients and non-ATL patients (30, 31). During the progres-
sion to ATL, cells at some point no longer require Tax expression for continued immortal-
ized cell growth, and reduced Tax expression in such cells may result in reduced HTLV-

TABLE 1 Continued

peptides were generated for any region whose sequence varied from the reference Tax sequence. These differences were pooled as indicated by the
outlined sequences. Blue, peptide pools tested for animal 12752; green, peptide pools tested for animal 12141. When both animals possessed the same
mutations, this was indicated by the text “SAME as 12752.” By comparison of the reference and variant peptide pools, it was possible to determine if the
mutations had any impact on the immunogenicity of that epitope. Sub, subset.
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FIG 4 Intracellular cytokine staining of Tax-specific CD8* T cells. PBMC were freshly isolated from whole
blood by Ficoll density centrifugation. Isolated PBMC were incubated with the indicated 15-mer peptide
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specific CD8* T cell killing (23). Premature stop codons in tax can be frequently found in
ATL patients, and tax sequences with premature stop codons can also be found as a
minority population in many non-ATL patients (30). Our findings with STLV-1 infection
of baboons are again consistent with those with HTLV-1 infection of humans. Animal
12752 was found to have premature stop codons in 56% of the tax sequences isolated,
suggesting that this animal may be on its way to having an ATL-like disease. Animal
12141 had premature stop codons in 7% of isolated sequences, which suggests that
this animal may be further from disease progression.

Although the polymorphisms observed in animals 12141 and 12752 appeared to be
located in regions of Tax identified by Castro et al. (17) to be epitopes of CD8* T cell
recognition, we found that T cells from both animals recognized both the reference
peptide and the variant peptide at reasonably high frequencies. The correspondence of
sequence polymorphisms within the targets of CD8* T cell recognition suggests the
possibility of immune selective pressure. However, any such immune selective pressure
may not be evident within the time interval of our measurements. Furthermore, the
sequence polymorphisms in the epitope targets that were observed were not sufficient
to confer clear escape.

Because of the error-prone nature of reverse transcriptase, viral replication is the
main source of sequence heterogeneity in retroviruses. The enormous heterogeneity in
HIV sequences present within a single infected individual is a manifestation of the
ongoing viral replication. The lack of STLV sequence heterogeneity in the two baboons
in our study reinforces the finding that continuous HTLV/STLV replication is not a major
factor in the persistence of the virus. As has been suggested previously, the persistence
of HTLV/STLV is likely achieved principally through continuous replication of the
immortalized cells in which it resides (25-28).

In considering attempts to develop a preventive vaccine against HTLV, many
fundamental questions remain. Since Tax and HBZ (SBZ in nonhuman primates) appear
to be continuously expressed in order to establish the growth-immortalized state
(32-34), it is reasonable to consider the inclusion of Tax and HBZ antigens in any
vaccine formulation. But will this be enough? Is it reasonable to seek sterilizing
immunity from a vaccine? Will a neutralizing antibody response to the Env protein be
required for or facilitate the goal of sterilizing immunity? Will a reduction in the viral
load be sufficient for protective effects from a vaccine? Deriving answers to these and
other questions would benefit from a suitable animal model to inform and guide the
development of vaccine concepts for use in humans.

Due to the similarities of HTLV-1 with STLV-1 and the similarities between the olive
baboon and human immune systems, olive baboons appear to be ideally suited to be
nonhuman primate models for use in vaccine trials. By utilizing breeding groups with
a large female-to-male ratio, one or two infected baboons can be introduced into a
colony of vaccinated individuals to examine efficacy in a realistic setting. Our results
reported here provide a useful first step toward such a goal.

MATERIALS AND METHODS

Research animals. The 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

FIG 4 Legend (Continued)

pools for 8 h before performing intracellular cytokine staining for IFN-a and TNF-a. CD107a was also used
as a degranulation marker. CD3* CD8* cells were analyzed for the expression of both CD107a and IFN-«
or TNF-a. Peptide subsets for the reference genome are indicated by the subset number, whereas variant
pools for animal 12752 are indicated by the subset number followed by an “a” and variant pools for animal
12141 are followed by a “b.” All variant peptide pools were tested; however, only responding pools were
included. As a negative control, PBMC from an STLV-negative animal (animal 15659) were tested with the
same peptides used to test PBMC from the STLV-positive animals. (A) Gating strategy used to isolate CD3*
CD8* T cells for ICS analysis. APC, allophycocyanin. (B) PBMC from animal 12141 were found to be positive
for reactivity with Tax subset (sub) 10 as well as variant subset 10b. PBMC from animal 12752 were found
to be positive for reactivity with Tax subset 9 and variant subset 9a. PBMC from animal 12869, a known
responder, were included as a positive control due to already documented immune responses to Tax pools
2 and 8 (17).
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were housed in accordance with the regulations set by the Guide for the Care and Use of Laboratory
Animals of the National Research Council (35), as approved by the Texas Biomedical Research Institute
Institutional Animal Care and Use Committee.

For this study, we included STLV-1-infected baboons and uninfected animals, which were used as
negative controls. STLV-1 serology was performed at SNPRC using the macaque-tracking multiplexed
fluorometric immunoassay (MFIA). MFIA is a Luminex bead-based serology test developed by Charles
River Laboratories (CRL; Wilmington, MA). The measurement of serology by the MFIA method is
comparable to that by the enzyme-linked immunosorbent assay method (36). In brief, the STLV-1
Luminex multiplex assay uses two different bead sets for anti-STLV-1 antibody detection. The first bead
set uses HTLV-1 and -2 whole-virus lysate mixes, whereas the second bead set uses a purified, truncated
STLV-1 p21 protein (12 kDa) produced in insect cells. Additionally, beads coated with baculovirus were
used as nonspecific assay controls. Data analysis was carried out per the manufacturer’s protocol, using
the Charles River Laboratories MFIA results Excel workbook (37). In summary, an assay score is created
on the basis of the reactivity against the virus-specific beads minus the background. A sample was
considered positive when that reactivity against both of the virus-specific beads exceeded the cutoff. The
assay result was considered inconclusive if there was reactivity against only one set of beads and
negative if no reactivity was detected.

Animal 12141 first tested positive for the presence of STLV antibodies in July 2014 at the age of 20
years and 0 months. Animal 12752 was tested for the presence of STLV antibodies in July 2014, but the
results were indeterminate. In August 2014, animal 12752 was tested for STLV by PCR and was found to
be positive at the age of 19 years and 4 months. Neither animal had been tested prior to the
above-mentioned dates. These baboons had never been housed together before they were tested for
STLV seropositivity in this study. These baboons were then bled in October 2014 for the isolation of
peripheral blood mononuclear cells (PBMC) and the establishment of continuously growing T cell lines,
as described below. These animals were bled again in July 2015 for sequencing of virus from freshly
isolated PBMC.

Blood collection, processing, and cell line generation. We isolated PBMC from EDTA-treated blood
by density centrifugation. Whole blood was spun at 1,700 rpm for 10 min. Plasma was removed and spun
at 3,300 rpm and was then aliquoted into cryotubes for storage.

Dulbecco’s phosphate-buffered saline (DPBS) with 2% fetal bovine serum (FBS) was added to double
the original blood volume. The reconstituted, diluted whole blood was then layered over lymphocyte
separation medium (MP Biomedical) in SepMate-50 lymphocyte separation tubes (Stem Cell Technolo-
gies) and centrifuged at 2200 rpm for 20 min. The top layer including the PBMC was poured into a fresh
50-ml conical tube. DPBS with 2% FBS was added to wash the cells, and the cells were centrifuged again
at 1,000 rpm for 10 min. The supernatant was decanted, and the cells were resuspended in 2 ml
ammonium-chloride-potassium lysis solution (BioWhittaker) and incubated at 37°C for 10 min to lyse any
remaining red blood cells. The cells were washed an additional two times with DPBS with 2% FBS as
described above. The cells were then counted and resuspended in RPMI 1640 culture medium supple-
mented with 10% fetal bovine serum (heat inactivated), 1% penicillin-streptomycin, 2.5% HEPES buffer,
and 50 units/ml recombinant human IL-2. Cells were stimulated with 5% phytohemagglutinin (PHA)
for the first 5 days in culture. After stimulation, cells were washed and resuspended in fresh medium
without PHA.

Phenotyping of STLV-1-specific T cell lines. Established T cell lines from animals 12141 and 12752
were analyzed for their phenotypes by T cell staining and flow cytometric analysis. Cells from each line
(1 X 10°) were washed once with phosphate-buffered saline (PBS) plus 2% FBS. Cells were then stained
at 4°C with antibodies directed against the surface molecules CD3 (peridinin chlorophyll protein
[PerCP]-Cy5.5; clone SP34-2; BD Biosciences), CD4 (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). An amine aqua dye (Invitrogen) was
used to differentiate between live and dead cells.

We gated on CD3* T lymphocytes, excluding CD14*, CD16*, CD20*, and dead cells. We then
separated T lymphocyte subsets on the basis of their expression of either CD4 or CD8.

Amplification of STLV-1 proviral DNA. PCR amplification of STLV-1 whole-virus genomes and tax
for sequencing was done from genomic DNA. DNA was extracted from either 1.0 X 107 cells from the
baboon T cell lines or 1.0 X 107 to 2.0 X 107 PBMC per animal using a QlAamp DNA blood midikit
(Qiagen, Valencia, CA, USA). PCR amplification of STLV-1 genomes and the tax gene was done using
Phusion Hot Start Il high-fidelity polymerase (Life Technologies) according to the manufacturer’s proto-
col. The following primers were used for amplification: STLV-1-tax forward (5’-CCA AGT CCT CCA CCA
GCA G-3’) and STLV-1-tax reverse (5'-AGT CTG AGC CGG TGC TGA-3'). The primers used for whole-viral-
genome PCRs were STLV-genome forward (5'-TCA GCA GCT CAG ACT —3’) and STLV-genome reverse
(5'-TTT TAG ACT TCT GTT TCG CGG-3'). PCRs were performed with 20 to 25 cycles to minimize PCR errors.

To sequence tax, the PCR products were gel purified and cloned into a sequencing vector using a
Zero Blunt Topo PCR cloning kit (Life Technologies) according to the manufacturer’s specifications.
Ligated plasmid was transfected into One Shot TOP10 chemically competent Escherichia coli cells (Life
Technologies), 10 clones from each sample were purified using a Zyppy plasmid miniprep kit (Zymo
Research), and the plasmid was sent for Sanger sequencing (GenScript USA Inc., Piscataway, NJ, USA)
using the T7 and M13 reverse sequencing primers supplied by GenScript. Sequence results were
analyzed using MacVector sequence analysis software (v14.0.6).

Next-generation sequencing. Whole STVL-1 genomes were PCR amplified from the baboon T cell
lines as described above. PCR products of between 8.5 and 9.5 kb were purified using a Zymoclean gel
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DNA recovery kit (Zymo Research). To remove any possible contaminants that could complicate
sequencing, the PCR products were further purified before NGS using a ZR DNA sequencing cleanup kit
(Zymo Research).

NGS was performed by the University of Miami’s John P. Hussman Institute for Human Genomics
sequencing core. Library construction was performed using a NEBNext Ultra DNA library preparation kit
for lllumina according to the manufacturer’s protocol, starting with 1,000 ng DNA with indexing to allow
for multiplexing. Cluster generation took place on an Illumina cBot system according to the manufac-
turer's recommendations. Sequencing was performed on an Illumina HiSeq 2500 sequencer using an
lllumina TruSeq PE cluster kit (v4; catalog number PE-401-4001) and TruSeq SBS kit (v4; 250 Cycle; catalog
number FC-401-4003) according to the manufacturer's recommendations. Two samples were multi-
plexed in one-sixth of a lane of a 2 X 125-bp run, generating 21.2 million and 23.5 million pass-filter reads
per sample for animals 12752 and 12141, respectively. These raw reads were aligned to a baboon simian
T lymphotropic virus 1 isolate F88395 (NCBI Gl:442578041) using the BWA algorithm (38). The resulting
BAM files were processed according to the best practice recommendations of the Genome Analysis
Toolkit (GATK) (39), including the marking of duplicates, indel realignment, and base quality recalibration.
Single nucleotide variants were called using the GATK universal genotyper (40).

Peptide libraries. STLV-1 peptides specific for Tax were designed on the basis of the reference
sequence of an STLV-1 isolate from the olive baboon, isolate F88395 (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 Tax amino acid sequence.

The amino acid sequences of the Tax proteins from animals 12752 and 12141 were aligned to the
STLV-1 reference sequence. Variant peptides were designed in any region of the sequence that differed
from the reference sequence. Peptides were synthesized by GenScript USA Inc. (Piscataway, NJ, USA) to
a purity of >90%. The peptides were previously titrated to determine the optimal concentration for
detection of a low-frequency response (17). Each peptide was used for intracellular cytokine staining
(ICS) at a concentration of 10 wM. The complete list of peptides and peptide subsets can be found
in Table 3.

ICS assay. We performed a multiparametric ICS assay by incubating freshly isolated PBMC with the
reference peptide and variant peptides corresponding to regions of Tax that differed between the
reference genome and the genomes of the isolates from animals 12752 and 12141. For a full list of
the peptides tested, refer to Table 3. Cells (1.5 X 10°) were incubated in a final volume of 200 ul of RPMI
1640 culture medium supplemented with FBS, penicillin-streptomycin, and L-glutamine for 8 h at 37°C
in a 5% CO, incubator in the presence of anti-CD28 (clone L293; BD Biosciences, San Jose, CA, USA),
anti-CD49d (clone 9F10; BD Biosciences), and anti-CD107a phycoerythrin (PE; clone H4A3; BioLegend, San
Diego, CA) antibodies, 5.0 ug of brefeldin A (BioLegend), and GolgiStop protein transport inhibitor (BD
Biosciences). 15-mer peptides were added at a final concentration of 10 uM each. PBMC costimulated in
the absence of 15-mer peptides were used as a negative control.

Cells were then stained at 4°C with antibodies directed against the surface molecules CD3 (PerCP-
Cy5.5; clone SP34-2; BD Biosciences), CD4 (BV605; clone L200; BD Biosciences), CD8 (FITC; clone RPA-TS;
BioLegend), CD14 (BV510; clone M5E2; BioLegend), CD16 (BV510; clone 3G8; BioLegend), and CD20
(BV510; clone 2H7; BioLegend). An amine aqua dye (Invitrogen) was also included to discriminate
between live and dead cells. Cells were then fixed and permeabilized using Cytofix/Cytoperm fixation/
permeabilization solution (BD Biosciences) prior to staining with antibodies against IFN-y (BV421; clone
4S.B3; BioLegend), TNF-a (allophycocyanin; clone MAb11; BD Biosciences), and IL-2 (PE-Cy7; clone
MQ1-17H12; BioLegend). For each sample, 250,000 events were acquired using a FACSDiva flow
cytometer (v8.0.1) on a special-order research product (SORP) BD LSR Il 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 FlowJo (v9.8.5) software.

For data analysis, we first gated on time as a quality control parameter (in which perturbations that
may be caused by larger aggregates, sample pressure drops, or air bubbles were excluded). Then we
gated on lymphocytes (forward scatter [FSC]-by-side scatter [SSC] plot) and excluded aggregates from
the analysis using plots of the forward scatter height (FSC-H) versus forward scatter width (FSC-W) and
the side scatter height (SSC-H) versus side scatter width (SSC-W) (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 on the basis of their expression of either CD4 or CD8 (excluding those
expressing both markers) and conducted our analyses (of IFN-y, CD107a, TNF-o, 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 and/or a cytokine(s). For a graphical representation of the gating
strategy, see Fig. 4A.

As controls, we stimulated PBMC from STLV-1-negative animals with the same peptides used to
stimulate the PBMC from STLV-1-infected animals. Additionally, we included a sample that was not
stimulated for assessment of background response levels. Experiments with Tax were conducted for
STLV-infected animals (animals 12752 and 12141). An STLV-1-naive animal (animal 15659) was used as a
negative control. One STLV-1-positive animal (animal 12869) with previously mapped Tax peptide
responses was included as a positive control.

Accession number(s). The sequences of the STLV-1 isolates from animals 12752 and 12141 have
been submitted to the GenBank database and may be found under accession numbers MF621979 and
MF621980, respectively.
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