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Cytotoxic-T lymphocyte (CTL) responses to epitopes in alternative HIV reading frames have been reported. However, the extent
of CTL responses to putative proteins encoded in antisense reading frames is unknown. Using sequence alignments and compu-
tational approaches, we here predict five potential antisense HIV proteins and characterize common CTL responses against
them. Results suggest that antisense-derived sequences are commonly transcribed and translated and could encode functional
proteins that contain important targets of anti-HIV cellular immunity.

Virus—speciﬁc CD8" cytotoxic-T lymphocyte (CTL) responses
are important in the control of HIV infection (1-3). Accumu-
lating evidence indicates that in addition to CTL responses target-
ing known structural and nonstructural HIV proteins, CTL re-
sponses to epitopes in alternative reading frames (ARFs) of HIV
can contribute to in vivo immune selection pressure (4—6). Impor-
tantly, these CTL responses are not limited to ARFs in the sense
direction, but may also target antisense-encoded ARFs (5, 6). An-
tisense transcription of known host genes in human and rodent
cells has been extensively described (7-10), and the existence of an
antisense protein (ASP) in HIV was first proposed more than 20
years ago (10-12). The extent to which such viral antisense tran-
scripts encode functional proteins remains largely unknown.
Here, we sought to provide further evidence supporting the
existence of fully translated ASPs in HIV by assessing the presence
of ASP-specific cellular host immune responses. In a first step, 355
unique full-length HIV-1 clade B sequences were retrieved from
the Los Alamos database (13) to generate a consensus sequence for
all three antisense reading frames. Five sequences starting with a
classical methionine translation start codon followed by >150
nucleotides without stop codons and with conservation of >50%
(range, 56 to 78%) at all amino acid positions were identified (Fig.
1). The highest conservation scores were obtained for the MAN
sequence (entropy score, 0.04; i.e., 99.4% conservation), followed
by those for MLK (0.11, 98.2%), MGS (0.18, 97.9%), MPQ (0.16,
97.4%), and the putative MAL protein (0.31, 92.5%). This analysis
placed the five ASPs in the range of conservation between the
highly conserved HIV p24 (0.21, 99.7%) and the variable Vpu
(0.34, 92%) proteins, overall being comparable to other regular
reading frame-encoded HIV proteins (14). The ASP sequences
ranged from 50 to 179 amino acids in length and included a pre-
viously predicted ASP (11). To find immunological evidence that
proteins were indeed produced from these antisense open reading
frames (ORFs), HIV-infected individuals were tested for T cell
responses against corresponding consensus overlapping peptide
(OLP) sets by gamma interferon (IFN-y)-enzyme-linked immu-
nosorbent spot (ELISpot) assay (4) (see Table 1 in the supplemen-
tal material). A total of 60 HLA-typed individuals, including 40
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chronically HIV-infected subjects and 20 HIV-uninfected con-
trols, were tested. Responses to the ASP-derived OLPs were de-
tected exclusively in HIV-infected persons (15 of 40 [37.5%]
showed reactivities to at least one OLP) and targeted all five puta-
tive ASPs. Most (n = 22 [30%] and n = 24 [36%], respectively, of
66 responses in total) were detected against the previously unde-
scribed antisense-encoded MGS protein within the +1 antisense
reading frame (ASRF) of Pol and the previously reported MPQ
ASP within the +1 ASRF of Env (11) (Fig. 2A and B). The remain-
ing three putative ASPs, MAN, MLF, and MAL, were less fre-
quently targeted, with three, six, and nine responses, respectively
(see Fig. S1 in the supplemental material). Responses to the two
most commonly targeted OLPs, M27 (PLMGGAYIAFPTSC
HMFI within MPQ ASP, targeted by 7/40 HIV-infected individu-
als) and M49 (SVNCFTSLVWAPLILAYF, within MGS ASP, tar-
geted by 11/40 subjects), were further characterized (Fig. 2B to D).
Peptide titration analyses (Fig. 2C) were performed to (i) deter-
mine the functional avidity of the reactive T cells and (ii) rule out
that the responses were artifacts of unspecific reactivities due to
high peptide concentrations used in the screening assays (15, 16).
The data show the peptide concentrations that elicited the half-
maximum response (SD 50%) that were consistent with what
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FIG 1 Sequences and localization of putative antisense proteins (ASP) in the HIV genome. (A) The full-length HIV genome is shown with structural and
accessory proteins encoded in the three regular open reading frames (ORFs). Black boxes depict the location of the five predicted ASPs relative to the regular
ORFs. (B) The consensus amino acid sequences of the five predicted proteins are shown. Their antisense reading frames (ASRFs) and the frequencies at which

they were found among 355 HIV isolates are indicated. *, stop codon.

would be expected for responses to epitopes in standard ORFs. To
further demonstrate the potential HLA class I restriction of the
MPQ-M27 and MGS-M49 responses, flow cytometry-based HLA
restriction analyses were performed (4), identifying HLA-B*35:01
and HLA-C*04:01 as potential restricting elements and showing
that responses were mediated by CD8" T cells (Fig. 2D and E).
While the data suggest that these immunodominant antisense-
encoded epitopes are targeted by CD8 T cells, we cannot exclude
that some of the observed responses against antisense-encoded
OLPs may be CD4 T cell mediated.

To further support the notion that ASPs were expressed and
can be targeted by host T cells, we subjected the five ASP sequences
to a CTL epitope prediction analysis, using the “Epipred” algo-
rithm trained on well-characterized CD8™ T cell epitopes from
the Immune Epitope Database (IEDB) and the Los Alamos HIV
database (17). Epipred predicts epitopes based on scores deter-
mined by the probability of binding to respective HLA molecules,
also considering the presence of specific epitope-flanking regions.
For instance, a prediction score of 0.98 indicates a 98% probability
that the predicted epitope indeed can be presented and recognized
byaT cell. Based on the HLA type of each screened individual and
OLP pair, we determined the best epitope (i.e., the epitope with
the highest prediction score) for each response by testingall 8 to 11
mers embedded within the OLP sequence against all six HLA class
L alleles of the responding subject. As expected, several individuals
who responded to the same OLP likely did so through the same

4016 jvi.asm.org

Journal of Virology

HLA-epitope pair. Interestingly, the median posterior probability
score for the best-predicted epitopes was significantly higher for
those OLPs that were in fact targeted in the ELISpot screens com-
pared to the nontargeted OLPs (P = 0.004) (Fig. 3A). Similarly,
the distribution of best-predicted epitopes per OLP and subject
showed an enrichment of epitopes with elevated prediction scores
in targeted OLPs compared to those in nontargeted OLPs (Fig.
3B), thus supporting a direct link between high epitope prediction
score and ELISpot reactivity. These findings are further validated
by the Epipred predictions for the two most immunodominant
OLPs, M49 and M27, when not only the best-, but all, predicted
epitopes were considered. In the case of M49, Epipred predicted
CFTSLVWAPLI (CI-11) as an HLA-C*04-restricted epitope with
a prediction score of 0.90 (Fig. 3C) and NCFTSLVWAPL (NL-11)
as a putative HLA-C*01 and C*07 epitope (posterior probabilities
of 87% and 83%, respectively), in line with the fact that 8 out of the
11 M49 responders expressed at least one of these HLA class I
alleles. With lower probability, Epiprep also predicted a putative
HLA-B*35:01-restricted epitope, APLILAYFPVF (AF-11; score of
0.51), still in line with three of the M49 responders expressing
HLA-B*35:01. Similarly, in the case of OLP M27, Epipred pre-
dicted AYIAFPTSCHM (AM-11) as being HLA-C*0401 re-
stricted, which is consistent with three out of seven responders
expressing this allele. The detection of additional OLP-specific
responses in individuals not expressing the predicted HLA alleles
is in agreement with the possible presence of additional CTL
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FIG 2 CTL responses to antisense proteins are common and HIV specific. Peripheral blood mononuclear cells (PBMCs) were tested in ELISpot assays for
reactivity against overlapping peptides at a peptide concentration of 28 p.g/ml as described previously (4). Responses of >50 spot-forming cells per million
(SFC/M) PBMCs were considered positive. (A) The breadths (i.e., number of responses per tested individual) of the two most frequently targeted ASPs, MPQ
(upper panel) and MGS (lower panel), are displayed. None of the HIV-negative controls showed a response to any of the peptides tested. (B) Magnitudes (SFC/M
PBMCs using single peptides) of the positive responses targeting MPQ (upper panel) or MGS (lower panel) are indicated. (C) Peptide titrations (ranging from
100 pg/ml to 0.001 pg/ml) were performed on unexpanded PBMCs to determine the functional avidity (SD 50%) of responses targeting M27 (upper panel) and
M49 (lower panel). (D) Partially HLA-matched B cell lines were peptide pulsed (M27, upper panel; M49, lower panel) and incubated with peptide-specific
expanded T cells from HIV-infected individuals. Black bars indicate the IFN-y response as assessed by flow cytometry; white bars indicate the background
response (media alone). The indicated HLA alleles represent alleles matched between antigen-presenting cells and the T cell line (TCL) reactive with the tested
peptide. Values are expressed as percent IEN-y* CD8™ T cells after stimulation for 5 h. (E) Intracellular cytokine staining following incubation for 5 h with M27
(upper panel) or M49 (lower panel), with peptides directly added to the T cell lines, confirmed the phenotype of the responding cells as CD8 ™ T cells. Panels show
peptide-specific T cell lines stimulated with media alone (left) versus with peptide (right). The percent IEN-y™ cells is indicated. Experiments for panels D and
E were performed at different time points, resulting in different maximal responses.
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M27 C0501 AYIAFPTSCHM 0.72 1/7 M42  C0602 HVLVLLESPCF 0.34 1/2
M28 C0701 TSCHMFIICF 0.69 1/1 M51  C0305 AYFPVFRFL 0.33 1/5
M20  C0401 IFTTLYLYNSL 0.67 2/5 M51  C0802 AYFPVFRFL 0.32 1/5
M49  C0304 CFTSLVWAPLI 0.64 1/11 M6 A3002 TFGPSIPGF 0.31 1/2
M48  C0401 IFCTASVNCF 0.62 2/2 M36  C0802 TLCTSVSYAL 0.31 1/2
M49  C0701 TSLVWAPL 0.60 1/11 M13  C0501 VIDAAPIVLPA 0.29 1/3
M49  A0201 SLVWAPLI 0.59 1/11 M13  C0802 VIDAAPIVLPA 0.29 1/3
M45  A0201 LLLVVLLLLV 0.59 1/1 M36  C0401 TLCTSVSYAL 0.28 1/2
M49  A0217 SLVWAPLI 0.58 1/11 M12 B5703 CTIPDNNCL 0.26 1/4
M27 C0602 PLMGGAYIAF 0.56 1/7 M12 B0702 IPDNNCLAC 0.24 1/4
M40 BO801 APASVFLLL 0.55 1/3 M12  C0802 CTIPDNNCL 0.23 1/4
M27 B5703 AYIAFPTSCHM 0.53 1/7 M33  C0401 TFSNTTSCGL 0.22 2/2
M40  C0401 VFLLLSLLM 0.52 1/3 M37  A0201 ALASDAQNRV 0.22 1/1
M50  B3501 APLILAYFPVF 0.51 3/5 M42  A0201 LMGHNTLHVLV ~ 0.21 1/2
M51 C0401 YFPVFRFL 0.48 2/5 M51  C0202 AYFPVFRF 0.16 1/5
M44  C0401 CFLPVLALLL 0.48 2/3 M30 C0802 SVIFPSVL 0.16 1/1
M20  A3002 IFTTLYLY 0.47 1/5 M40 B5703 ASVFLLLSLLM 0.11 1/3
M34  C0802 QACVAQTL 0.47 1/1 M22 B3701 LKISVSLL 0.09 1/2
M20 B5703 IFTTLYLY 0.45 1/5 M13 B5703 SVIDAAPIVL 0.08 1/3
M31  C0401 FQVPFQVLL 0.42 1/1 M22  C0701 ISPPPGLK 0.05 1/2
M6 B5703 LTFGPSIPGF 0.42 1/2

FIG 3 Epitope predictions are consistent with experimental data and support high probability of extensive CTL targeting of antisense-protein-derived epitopes.
(A) The posterior probability scores of the best-predicted epitopes for each overlapping peptide (OLP) and subject’s HLA were compared between OLPs that
were (open bars) or were not (gray bars) targeted in HIV-infected individuals. Each best epitope-HLA allele combination was counted separately for both targeted
and nontargeted epitopes. (B) Distribution of predicted epitopes based on their prediction scores stratified by targeted and nontargeted OLPs. The percentage of
predicted epitopes in each prediction score quartile is shown, with results for epitopes located in targeted OLPs shown as open bars and results for epitopes in
nontargeted OLPs shown as gray bars. (C) The best-predicted epitope sequences for each HLA-OLP pair are displayed, and the number of individuals with the
respective HLA-OLP combination is indicated. The high scores for predicted HLA restrictions of M27 and M49 (in bold) match the experimentally determined

HLA restriction (Fig. 2D).

epitopes in this OLP sequence or epitopes with a wide HLA pro-
miscuity (18). Overall, the epitope prediction analyses provide
further evidence that OLP responses were mediated by HLA-I-
restricted T cells and provide specific candidate epitopes that may
drive these responses.

Together, the present data identify five potential ASP se-
quences in HIV which are relatively frequently targeted by T cells
in HIV-infected subjects. Thus, these data (i) strongly support the
expression and translation of these proteins in HIV infection and
(ii) identify additional T cell targets that may contribute to host
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immune control of HIV. Relative to their length and the frequency
whereby they are targeted, responses to these ASPs compare well
with observed reactivities to epitopes encoded in forward cryptic
HIV reading frames (4) and response rates to well-studied regu-
latory HIV proteins, such as Tat, Vif, and Rev (19). The response
rates are also comparable to activities reported by Champiat et al.,
who identified responses to ASPs that partially overlapped with
four of our ASP sequences (6). Together, the present study cor-
roborates earlier reports of responses to epitopes in alternative
HIV reading frames and suggests that HIV may express several
additional, relatively conserved proteins that may be under evo-
lutionary constraints and thus exert hitherto-unknown functions.
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