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Vaccines designed to elicit AIDS virus-specific CD8" T cells should engender broad responses. Emerging
data indicate that alternate reading frames (ARFs) of both human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) encode CD8" T cell epitopes, termed cryptic epitopes. Here, we show that
SIV-specific CD8* T cells from SIV-infected rhesus macaques target 14 epitopes in eight ARFs during SIV
infection. Animals recognized up to five epitopes, totaling nearly one-quarter of the anti-SIV responses. The
epitopes were targeted by high-frequency responses as early as 2 weeks postinfection and in the chronic phase.
Hence, previously overlooked ARF-encoded epitopes could be important components of AIDS vaccines.

CDS8™ T cells control AIDS virus replication (5, 9, 17, 21);
however, their role in prophylactic AIDS vaccines is topic for
debate. CD8" T cells recognize infected cells by the presence
of virus-derived peptides bound to major histocompatibility
complex class I (MHC-I) molecules on the cell surface. The
nine defined human immunodeficiency virus (HIV) and simian
immunodeficiency virus (SIV) proteins have long been thought
to be the sole sources of virus-derived, MHC-I bound epitopes
because researchers assume the classical viral protein annota-
tions to represent the totality of the viral translation products
despite increasing evidence to the contrary. Our laboratory
and others have shown that MHC-I-bound epitopes can be
derived from translation of viral alternate reading frames
(ARFs), termed cryptic epitopes (2, 4, 6, 10, 15, 16). Collec-
tively, these data indicate that cryptic CD8" T cell responses
might be more common, and more important, than previously
appreciated.

Rhesus macaques infected with a molecularly cloned strain
of SIV offer several important advantages for studying specific
CD8™ T cell responses (22). Since the exact sequence of the
inoculum is known, it is possible to track precisely the CD8" T
cell responses against all possible viral ARF translations. We
used a gamma interferon (IFN-vy) enzyme-linked immunospot
(ELISPOT) assay to screen SIVmac239-infected rhesus ma-
caques in both the acute and chronic stages of infection for T
cell responses against an overlapping peptide set (15-mers,
overlapping by 11) spanning the entire potential ARF-encoded
proteome in the “sense” direction. Altogether, we defined
eight novel MHC-I epitope-containing translation products
putatively ranging in length from 32 to 71 amino acids, each
containing from one to five epitopes. We found that, in some
animals, the cryptic epitope-directed response can be a domi-
nant component of the total antiviral response, comprising
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nearly a quarter of the total response. Together, our data
indicate that translation and immune recognition of viral
ARFs are common features of AIDS virus infection.

Search for ARF-specific responses. To search for cryptic
epitope-specific CD8* T cell responses, we synthesized pep-
tides (15-mers, overlapping by 11) spanning all of the potential
translation products of SIVmac239 (Fig. 1, gray boxes). We
then used the IFN-y ELISPOT assay to test SIV-infected (and
uninfected) macaques during the acute and chronic phases of
infection for responses against these peptides. The use of over-
lapping peptide sets, as opposed to those algorithmically pre-
dicted to bind specific MHC molecules, has the distinct advan-
tage of not requiring a priori knowledge of which peptides
either will be translated or will bind specific MHC molecules.
The unfortunate trade-off, however, is that these peptides
likely are less sensitive for detecting responses, particularly
low-frequency responses, due to their requirement for process-
ing prior to MHC-I binding and presentation (25). We used
overlapping peptides to examine the repertoire of ARF-spe-
cific CD8" T cells in SIV-infected macaques, given the large
number of MHC-I mRNAs expressed by the rhesus macaque
MHC genomic region (18) and the limited number of algo-
rithms for predicting macaque MHC-I-peptide binding (20).

Detection of ARF-specific responses. We examined whether
recognition of ARF-encoded CD8™ T cell epitopes was a com-
mon feature of AIDS virus infection by first screening chronic-
phase T cell responses in SIV-infected macaques. Pools of 8 to
10 overlapping peptides were used for ELISPOT analysis. We
detected T cell responses against peptides representing eight
distinct translation products. These immunogenic peptides are
encoded by ARFs of Pol, Tat/Vpr, Env, and Env/Rev and
putatively range in size from 32 to 71 amino acids. Not all of
the predicted translation products contain translation initia-
tion codons. In such cases, alternate start codons, such as CUG
(encoding leucine) (14), or ribosomal frameshifts (3, 11, 19),
might account for translation.

To begin to identify the actual determinants recognized by
these CD8" T cell responses, we next performed ELISPOT
assays to break down the responses to individual 15-mer pep-
tides. The magnitude of the positive responses varied widely,
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FIG. 1. A peptide set, 15-mers overlapping by 11, spanning all potential “sense” alternate reading frames (ARFs; shown in gray), was

synthesized. Classically defined, functional proteins are shown in black.

from 55 to >2,500 spot-forming cells (SFC) per 10° lympho-
cytes (Fig. 2A). An additional response, against ARF10, was
not significant by our analysis, but we were able to determine
its existence through the follow-up experiments outlined be-
low. In most cases, the responses broke down to either a single
peptide or two overlapping peptides, with both 15-mers con-
taining the likely epitope determinant. However, in three
cases, the pool responses broke down to more than one distinct
epitope. ARF1 encodes two epitopes, ARF27 encodes two,
and ARF10 encodes five. All responses at the limit of statistical
significance were verified by in vitro CD8" T cell growth cul-
tures (data not shown). Additionally, responses against two
epitopes (15-mers from ARFI, as well as ARF27) were de-
tected in animals vaccinated with SIVmac239 D-Nef (Fig. 2A,
empty diamonds) prior to pathogenic SIV challenge, demon-
strating that an effective, live attenuated vaccine induces cryp-
tic epitope-specific responses.

Next, we mapped the minimal determinants of the CD8" T
cell responses against the proteins encoded by ARFs. To do
this, we stimulated lymphocytes from the responding animal
with autologous, transformed B-lymphoblastoid cell lines
(BLCL) pulsed with 15-mer peptides. Cell lines were tested for
reactivity to 9-, 10-, and 11-mer peptides by IFN-y and tumor
necrosis factor alpha (TNF-a) production using an intracellu-
lar cytokine-staining (ICS) assay. The putative proteins and the
minimal mapped peptides are depicted in Fig. 2B, and their
locations in the STVmac239 genome are depicted in Fig. 2C (all
mapped epitopes and their overlapping protein and short
names are summarized in Fig. S1 in the supplemental mate-
rial). We were not able to stimulate cell lines for responses
targeting two of the epitopes (ST15 from ARF2 and LW11
from ARF10), because BLCL from the responding animals
could not be expanded. In these cases, time point-matched
peripheral blood mononuclear cell (PBMC) samples were used
in a second ELISPOT assay to determine the optimal antigenic
epitope. We expanded a T cell line against the SE10 epitope in
ARF10 despite the response not being significant by statistical
analyses. This response had the appearance of a positive re-
sponse; i.e., there were consistent spot numbers in replicate
wells with no background. It is possible that other responses
were missed due to their being below statistical significance.
Importantly, we verified all responses (either from PBMCs or
with T cell lines or both) using newly synthesized peptides from
alternate vendors to ensure that responses were not directed
against low-level contaminants in the original peptide prepa-
rations (7).

We next measured the total CD8™ T cell response in three
chronically SIV-infected macaques. We used our ARF peptide
set and pools of overlapping peptides (each pool containing 10
peptides) representing all of the known SIV proteins. Specif-

ically, we tested animals that made high-frequency responses
against cryptic epitopes (animals 180035 and r87081) or that
made responses against several cryptic epitopes (animal
r96072). Hence, these three animals represent the potential
(rather than the typical) magnitude and breadth of cryptic
epitope-specific responses. Animal 180035 (Mamu-A*01")
made a high-frequency response against a pool containing an
immunodominant Gag epitope (CMD9) (1) (Fig. 3A, top panel),
as well as high-frequency responses against the Vif and Nef
proteins. Strikingly, the protein targeted with the second most
frequent response was ARF10, encoded by an ARF of Env
(Fig. 3A, bottom panel), comprising 23% of the total SIV-
specific response (Fig. 3A, pie chart). The ARF10-specific re-
sponse was directed against two overlapping 10-mer epitopes,
EF10 and ACI10, and the data presented represent the sum-
mation of those responses. Animal r96072 is Mamu-A*02" and
Mamu-B*17" and made strong responses against Gag, Vif,
Env, and Nef (Fig. 3B, upper panel). This animal also made
five distinct cryptic epitope-specific responses—against the
EF10 epitope in ARF10, the TR9 epitope in ARF18, the ST10
epitope in ARF24, the KA11 epitope in ARF25, and the RL10
epitope in ARF27 (Fig. 3B, lower panel). Together, these
responses comprised 8% of the total SIV-specific response
(Fig. 3B, pie chart). Animal r87081 does not express MHC-I
molecules known to present dominant SIV-derived peptides.
This animal made a high-frequency response against a pool of
Nef-derived peptides (Fig. 3C, upper panel) as well as a high-
frequency response against the EF10 epitope in ARF10 (Fig.
3C, lower panel). Indeed, the EF10 response comprised 18%
of the total SIV-specific response in this animal (Fig. 3C, pie
chart).

We were able to find both high-frequency responses against
single cryptic epitopes and broad responses against several
epitopes. We were next interested in the in vivo kinetics of the
cryptic epitope-specific responses. The availability of samples
limited this search to peptides encoded by ARF1 and ARF10.
The responses against the epitopes depicted in Fig. 1 were
detected at a variety of time points during SIV infection. To
determine when these responses arose, we thawed acute- and
chronic-phase PBMC samples from responding animals. Spe-
cifically, we thawed samples from two animals responding to
the RPY epitope encoded by ARF1 and from two animals each
responding to two different epitopes encoded by ARF10. Sur-
prisingly, high-frequency CD8* T cells recognized the RP9
epitope, encoded by ARF1, at 2 weeks postinfection (Fig. 4).
This response then waned during chronic infection, possibly
due to viral escape. In contrast, responses against four of
the five epitopes encoded by ARF10 were not detected in the
acute phase and were evident later in infection (Fig. 4). The
reasons for this are unclear. We showed previously that
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FIG. 2. Magnitude of cryptic epitope-specific T cell responses and locations of the epitopes. (A) An IFN-y ELISPOT assay was used to measure
the magnitude of cryptic epitope-specific responses. Each square represents the results for one animal, and empty diamonds represent the results
for animals vaccinated with live-attenuated SIVmac239 D-Nef, assayed prior to pathogenic SIV challenge. The individual ARFs are indicated on
the x axis, with each column representing an individual 15-mer from that ARF. In cases where the positive response was against two overlapping
peptides, we show the 15-mer with the largest response based on the reasoning that the optimal epitope is most efficiently liberated from this
peptide. The horizontal gray line represents the limit of statistical significance. PI, preinfection samples from at least one animal responding to each
cryptic epitope; SN, SIV-naive animals (n = 20). The percentage of animals (out of 112 tested) responding to any 15-mer within a given ARF is
shown below each ARF. Responses were considered positive if the response exceeded 50 SFC per 10° cells and were determined using a one-tailed
¢ test and an alpha of 0.05, where the null hypothesis (H,) is as follows: background level = treatment level. An asterisk indicates that these
percentages (from ARF10 and the total) include the results for five additional animals that responded to the RW9 epitope in ARF10, as part of
a previous study (16), but that were not tested for responses against the other ARFs due to lack of samples. Hence, these percentages are calculated
as the fraction of 117 animals showing responses (rather than for 112 animals for the other ARFs). The percentages marked with { also include
one animal that made a real, but statistically nonsignificant, response to the SE10 epitope in ARF10. (B) Putative ARF-encoded translation
products and the immunogenic epitopes from SIVmac239. Translation products were given arbitrary identification numbers. Predicted amino acid
sequences between stop codons are shown, except for that for ARF10, which is translated by extension from the first exon of Rev (underlined) (15).
The newly mapped epitopes are boxed in black, and the previously published RW9 epitope (in ARF10) (16) is boxed in gray. Potential translation
initiation codons are shown in an enlarged font. (C) The ARFs showing positive responses are represented by white boxes, with their ARF numbers
corresponding to those provided in panel B. RE1 and RE2, Rev exons 1 and 2, respectively. TE1 and TE2, Tat exons 1 and 2, respectively.
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FIG. 3. The total SIV-specific T cell response was assayed in three animals. We measured PBMC samples for responses against overlapping
peptides representing the known SIV proteome (“classical”) and the potential translations of the ARFs (“nonclassical”). Pools of peptides are
represented along the x axis in the order in which they appear in the virus, left to right, 5’ to 3'. Significant responses to different proteins are color
coded by protein, while all cryptic epitope responses are shown in dark blue. The total contribution of each viral protein and the summation of
the cryptic responses are shown in the pie charts. Animal r80035 (A) was Mamu-A*01"; animal r96072 (B) was Mamu-A*02" and B*17"; and
animal r87081 (C) was Mamu-A*11", a genotype which does not typically present dominant CD8" T cell epitopes.

the RW9 epitope from ARF10 is presented regularly during a ARF10. These data suggest that CD8" T cells against cryptic
single cycle of in vitro SIV infection (15), demonstrating that epitopes can be high frequency in either the acute or chronic
the in vivo kinetics of the T cell responses are probably not due phase of infection.

to the appearance of mutations leading to the translation of Our data suggest that cryptic epitope-specific responses are
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FIG. 4. In vivo kinetics of cryptic epitope-specific responses. The
magnitude of responses was tested at various time points during SIV
infection. Animals responding to peptides encoded by ARF1 and
ARF10 were tested in various acute- and chronic-phase time points.
Responses against the RP9 epitope in ARF1 (gray lines) were high
frequency in the acute phase but diminished rapidly. In contrast, re-
sponses against epitopes in ARF10 (black lines) were detected exclu-
sively in the chronic phase, for unknown reasons. PI, postinfection.

an important component of the total AIDS virus-specific re-
sponse. In fact, our data likely represent a substantial under-
estimate of the total contribution of cryptic epitope-specific
responses for three reasons. First, we did not search for
epitopes encoded in the antisense direction. Such responses
have been detected in HIV-infected humans. Second, we fo-
cused almost entirely on frozen samples. Variation in cell
viability may have led to missed responses, particularly low-
frequency responses. Finally, we used 15-mer peptides for our
original screen. These peptides are likely to be significantly less
sensitive for detecting many responses than actual optimal
epitope peptides.

There is an urgent need for an AIDS vaccine that lowers
viral loads and prevents transmission. Recent attempts in hu-
mans to elicit broad anti-HIV T cell responses with a vaccine
have failed. However, vaccine modalities with similar goals
have achieved some success using the rhesus macaque model
of HIV infection (12, 13, 23, 24), providing some hope that
such a vaccine might succeed. Though it is still unclear which
vaccine features determine eventual success, the breadth of the
immune response induced (in both the CD8" and CD4 ™" T cell
compartment) is a good candidate (8, 9). Hence, CD8" T cells
directed against cryptic epitopes may be an important compo-
nent of the total AIDS virus-specific T cell response. Our data
suggest that the inclusion of these novel ARFs in AIDS vac-
cines could broaden the T cell response and enhance viral
control.
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