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Understanding the correlates of immune protection against human immunodeficiency virus and simian
immunodeficiency virus (SIV) will require defining the entire cellular immune response against the viruses.
Here, we define two novel translation products from the SIV env mRNA that are targeted by the T-cell response
in SIV-infected rhesus macaques. The shorter product is a subset of the larger product, which contains both
the first exon of the Rev protein and a translated portion of the rev intron. Our data suggest that the translation
of viral alternate reading frames may be an important source of T-cell epitopes, including epitopes normally
derived from functional proteins.

The pathway from viral infection to the cellular immune
response is not well understood. Despite the importance of
T-cell responses in control of AIDS virus replication (1, 3, 8,
22), the sources of the peptides recognized by virus-specific T
cells are still being discovered. AIDS virus-specific CD8� T
lymphocytes (CD8-TL) recognize complexes of major histo-
compatibility complex (MHC) class I and virus-derived
epitopes presented on the surface of infected cells. These
epitopes can be derived from exogenous viral proteins in the
infecting virion (19, 20) or from de novo synthesis of viral
proteins (9, 21). Additional sources of epitopes are also being
explored (4, 6).

CD8-TL can also recognize epitopes derived from transla-
tion of viral alternate reading frames (ARFs). Though
CD8-TL specific for ARF-derived epitopes have been detected
in human immunodeficiency virus (HIV) (2), they remain a
largely unexplored source of epitopes that might elicit potent
antiviral cellular immune responses. We recently showed that
SIVmac239-infected rhesus macaques that spontaneously con-
trolled viral replication, termed elite controllers, made immu-
nodominant CD8-TL responses against an epitope (RHLAFK
CLW, or cRW9) derived from an ARF of the env gene (15).
This response selected for viral escape in vivo and suppressed
viral replication in an in vitro assay. These findings imply that
CD8-TL specific for ARF-derived epitopes might be an im-
portant component of the total AIDS virus-specific cellular
immune response.

Here, we show that the cRW9 epitope is translated as part of
two distinct products that differ in size due to start codon
usage. The larger and more frequent product contains both the
first 23 amino acids of the Rev protein (exon 1) and 50 amino

acids translated from the rev intron. The smaller is produced by
translation initiation at a start codon within the rev intron and
is a subset of the larger product. Finally, we show that these
products are degraded after translation from the mature Env-
encoding mRNA.

cRW9 is consistently recognized at 18 h postinfection. The
extent of mRNA splicing is likely a critical determinant of the
timing of both viral protein production and epitope recogni-
tion. The most rapidly recognized epitopes (excluding those
derived from proteins present in the incoming virion) are those
derived from proteins encoded by the fully spliced nef and tat
(20) and rev (J. B. Sacha, unpublished data) transcripts. In
contrast, epitopes derived from translation of partially (or sin-
gly) spliced transcripts, such as env, are recognized much later,
at 18 h postinfection (19). Consequently, two very different
hypotheses emerged as to the origin of cRW9. Since it lies in
frame with Rev exon 1 (an early protein), it might be presented
early, perhaps within a splice variant form of Rev. However, it
also lies in an ARF of Env (a late protein) (Fig. 1A).

We used the kinetic intracellular cytokine staining (KICS)
assay that we developed previously (19) to examine the timing
of cRW9 recognition. We found that cRW9 was consistently
recognized late, 18 h after infection, similarly to an Env
epitope, FW9 (Fig. 1B). Thus, a partially spliced transcript
likely encodes cRW9.

To test this hypothesis, we devised a PCR strategy that
selectively amplified nonspliced and partially spliced tran-
scripts. We then synthesized cDNA from simian immunodefi-
ciency virus (SIV)-infected cells and used gene-specific PCR,
cloning, and sequencing techniques to determine the presence
of a specific mRNA that might uniquely encode the product
that contains cRW9. As expected, our PCR strategy identified
several partially spliced transcripts (data not shown) but all of
the transcripts that we found were previously recognized to
encode specific proteins (18, 23). However, closer examination
of the Env-encoding mRNA, both from our sequences and
from those of others (18, 23), revealed that it was a possible
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source of the cRW9 epitope (Fig. 2). We excluded the first
potential start codon downstream of the splice acceptor site (at
the junction of the 5� untranslated region [UTR] and the
coding region) as it would encode only a 2-amino-acid product
prior to the ribosome encountering the subsequent stop codon.
The second start codon is the rev start codon, while the env
start codon lies 74 nucleotides downstream. There is also a

potential start codon within the rev intron, which lies just 3
nucleotides downstream of the env start and is in frame with
both Rev exon 1 and the cRW9 epitope.

cRW9 is translated as part of two products from the env
mRNA. Since cRW9 lies in frame with rev exon 1 but is trans-
lated from the rev intron (15), we reasoned that cRW9 might
be translated from the env mRNA, using either the rev start

FIG. 1. cRW9 is recognized at 18 h postinfection. cRW9 is located in frame with Rev (early) but in an ARF of Env (late). Early proteins (Tat,
Rev, and Nef) are shown in black, while late proteins are shown in gray (A). LTR, long terminal repeat. We synchronously infected CD4� T cells
and used them in a kinetic recognition assay to determine when in the viral life cycle the cRW9 and Env-FW9 epitopes are recognized. Recognition
was measured every 6 h as a percentage of cRW9-specific T cells that produce gamma interferon (IFN-�) and/or tumor necrosis factor alpha
(TNF-�) in response to recognition of infected cells. The top row represents recognition of MHC-matched, SIV-infected CD4� T cells by
cRW9-specific CD8-TL, while the bottom row represents recognition by Env-FW9-specific CD8-TL. No recognition was seen of MHC-mismatched
cells at any time point. The viral life cycle is approximately 20 to 24 h, and both cRW9 and FW9 are recognized by 18 h after synchronous infection
(B). Results are characteristic of at least three distinct experiments. p.i., postinfection.

FIG. 2. The env mRNA is the most likely source of the cRW9 epitope. We cloned and sequenced cDNAs from SIV-infected cells to narrow
the search for the SIV mRNA that encodes the cRW9 epitope. We devised a PCR strategy (F_961–980, TGTTCCCATCTCTCCTAGCC;
R_6960–6979, AATTGTCGCATTCCTCCAAG) that would selectively amplify nonspliced and partially spliced transcripts. All mRNAs identified
had been previously described (18, 23). However, the Env-encoding mRNA contained features consistent with being the source mRNA for the
cRW9 epitope. Most importantly, it contained rev exon 1, which is in frame with cRW9. Note that there is an AUG codon upstream of the rev start
codon that, if translated, would encode just two amino acids before the next stop codon. The potential significance of this minimal open reading
frame is unknown, and it is not included in analyses here. nt., nucleotide.
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codon or the start codon in the rev intron, upstream of the
cRW9 epitope (Fig. 2). To test these hypotheses, we used site-
directed mutagenesis to create mutant versions of SIVmac239
that either knocked out the cryptic start codon (SIV-A6865C)
or prevented translation from Rev exon 1 into the intron, by
the introduction of a stop codon (SIV-6860insA) or both (SIV-
dblmut). We could not knock out the rev start codon directly as
this would likely lead to a completely impotent virus.

Next, we synchronously infected MHC class I-matched

CD4� T cells from SIV-naïve macaques with either wild-type
SIVmac239 or the mutant viruses. Using the KICS assay, we
tested whether these cells could present the cRW9 epitope to
a cRW9-specific CD8-TL clone. Surprisingly, we found that
both singly mutated viruses were able to present the cRW9
epitope at 18 h postinfection. However, recognition of the
SIV-6860insA virus-infected cells was approximately half of
that of wild-type-infected cells, while recognition of the SIV-
A6865C virus-infected cells was nearly identical to that of

FIG. 3. cRW9 is produced as part of two distinct translation products. We created three mutant viruses to determine the start codon used to
translate the cRW9 epitope (A). The first virus, SIV-6860insA (mutagenesis primers: 6860insA-F, GCATCAAACAAGTAAGTAATGGGATG
TCTTGGGAATC, and 6860insA-R, GATTCCCAAGACATCCCATTACTTACTTGTTTGATGC), contains an inserted nucleotide which, when
translated, introduced a stop codon in frame with cRW9, downstream of the rev splice donor site. This virus was used to test the hypothesis that
translation of cRW9 occurred by translation from rev exon 1 into the intron. Another virus, SIV-A6865C (mutagenesis primers: A6865C-F,
CAAGTAAGTATGGGCTGTCTTGGGAATCAG, and reverse, A6865C-R, CTGATTCCCAAGACAGCCCATACTTACTTG), mutated a po-
tential methionine start codon in the rev intron to a leucine. This virus was used to test the hypothesis that translation of cRW9 occurred by
initiation on this potential start codon. A third virus, SIV-dblmut (mutagenesis primers: dbl-F, GCATCAAACAAGTAAGTAATGGGCTGTC
TTGGGAATC, and dbl-R, GATTCCCAAGACAGCCCATTACTTACTTGTTTGATGC), contained both of these mutations. It was used to test
the hypothesis that both the rev start codon and the start codon within the rev intron were used to translate the cRW9 epitope. We then performed
the KICS assay with CD4� target cells infected with the different viruses (B and C). Data points represent the percentages of cells that are positive
for gamma interferon (INF-�) and/or tumor necrosis factor alpha (TNF-�) at each time point. SIV-6860insA and SIV-A6865C maintained the
ability to present cRW9, but SIV-dblmut was not able to present the epitope at any time point tested. These results indicate that cRW9 is likely
translated as part of two products, eARF-P1 and -P2 (D). The results depicted are characteristic of two separate assays. WT, wild type; Mut,
mutant; pi, postinfection.

10282 NOTES J. VIROL.



wild-type-infected cells. In contrast, recognition was totally
ablated when cells were infected with the SIV-dblmut virus
(Fig. 3B). As a positive control, we tested whether cells in-
fected with the various viruses were capable of presenting the
Env-FW9 epitope. An Env-FW9-specific T-cell line recognized
all cells, indicating that normal viral protein production was
not impacted by the introduced mutations (Fig. 3C). Together,
these results imply that the cRW9 epitope is derived from two
distinct translational products, Env ARF protein 1 (eARF-P1)
and eARF-P2, the more frequent of which (eARF-P1) is pro-
duced when the ribosome initiates translation at the Rev start
codon on the env mRNA and continues into the rev intron. The
smaller product is translated when the ribosome initiates trans-
lation at the cryptic AUG codon within the intron (Fig. 3d).

These results strongly suggest that the env mRNA is poly-
cistronic and encodes the Env protein and both eARF-P1 and
eARF-P2. To test this hypothesis more directly, we used over-
lap extension PCR (24) and in vitro transcription to create an
env mRNA that contained all of the salient features of the env
mRNA produced in infected cells. Specifically, this mRNA
contained the same portion of the 5� UTR present in natural
env mRNA, spliced to the coding region in precisely the same
way that occurs in the natural env mRNA. Though no partic-
ular function has been attributed to this noncoding RNA, it
may play an important role in regulation of translation, and so
we deemed it necessary to include it in our mRNA.

We next cultured dendritic cells (DCs) from monocytes (7).
These cells were derived from SIV-naïve macaques that ex-

FIG. 4. DCs transfected with the Env-encoding mRNA can present cRW9 as well as epitopes derived from Rev exon 1 and Env but not Rev
exon 2. We synthesized the env mRNA in vitro using overlap extension PCR (outside primers, F_CGGAGAGGCTGGCAGATT and R_GGA
GAAACCCAGCTGAAGA; overlapping internal primers, R_TCTCCGGAGGCCAACGTCCATCCGAACCCCTA and F_CCGGTTGCAGG
TAGGCTTGGGGATATGTTATG; region of overlap is underlined). We cultured DCs from SIV-naïve animals that could present the following
epitopes: cRW9 (restricted by Mamu-B*17 [15]), Env-FW9 (restricted by Mamu-B*17 [16, 17]), Rev-RT11 (in exon 1, restricted by Mamu-
DPB1*06 [5]), and Rev-RL8 (in exon 2, restricted by Mamu-B*08 [13, 14]) as a negative control, as Rev exon 2 should not be translated from this
mRNA (A). We transfected monocyte-derived DCs with the env mRNA and tested whether they were recognized by T-cell lines or clones specific
for the epitopes in panel A. Recognition is measured as the percentage of epitope-specific T cells that produce gamma interferon (IFN-�) and/or
tumor necrosis factor alpha (TNF-�) upon recognition of transfected DCs, 12 hours after transfection. Cells either mock transfected (no mRNA)
or transfected with irrelevant (irr.) mRNA (green fluorescent protein mRNA) were used as negative controls (B). The cRW9 epitope was
translated from this mRNA, as were epitopes derived from Env and Rev exon 1, but not exon 2. The results are characteristic of two distinct assays.
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pressed (or did not express) the following MHC molecules:
Mamu-B*17, Mamu-B*08, and Mamu-DPB1*06 (Fig. 4A). Af-
ter 5 days in culture, we transfected these cells with the in
vitro-transcribed env mRNA using nucleofection. Twelve
hours after transfection, we tested whether epitope-specific
T-cell lines or clones could recognize the transfected cells.
Epitopes derived from all three sources were presented on
cells transfected with the env mRNA (Fig. 4B). A cRW9-
specific clone recognized the transfected cells (Fig. 4B), as did
an Env-FW9-specific line (Fig. 4B) and a Rev-RT11-specific
clone (Fig. 4B), verifying that this single mRNA was translated
in both reading frames. As expected, the Rev-RL8 epitope,
contained in exon 2, was not recognized (Fig. 4B). Together,
these data verify that the env mRNA was the source of the
eARF-P1/P2 products. We also tested whether cells trans-
fected with an mRNA lacking the 5� UTR were recognized by
cRW9- and FW9-specific CD8-TL lines. Recognition of these
cells was similar to those of cells transfected with mRNA with
the UTR, albeit reduced slightly.

Our data suggest that inefficient ribosomal scanning along
the env mRNA might be responsible for translation of eARF-
P1/P2. In fact, the rev start codon is a suboptimal Kozak start
site (rev start is AUAUGUUAUGA; Kozak consensus is GC
C[A/G]CCAUGG [10–12]), which might facilitate ribosomal
scanning past the rev start codon to enhance Env translation.
These data also provide a scaffold upon which a more-directed
search for T-cell epitopes derived from ARFs can be con-
ducted.

Our data do not address the possible functions (or lack
thereof) of the eARF-P1/P2 products. They may represent
novel viral proteins, or they may be defective ribosomal prod-
ucts without function (25–27). Thus far, attempts to create
antibodies against these products have been unsuccessful,
likely due to the abundance of hydrophobic amino acids. The
SIV-dblmut virus (which knocks out production of these prod-
ucts) replicated as well as did the wild type in vitro (data not
shown), indicating that these products are dispensable for in
vitro replication. However, it is not known whether this virus
can replicate in vivo. Importantly, our data also demonstrate
that T-cell epitopes contained within functional proteins can
be derived from novel, and possibly aberrant, translation of
only a portion of the total protein and from the “wrong”
mRNA. Finally, they show that the details of viral gene expres-
sion can have unexpected immunological consequences. Un-
derstanding these details might enhance our understanding of
the total AIDS virus-specific cellular immune response.
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