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APOBEC3 proteins mediate potent antiretroviral activity by hypermutating the retroviral genome during reverse transcription.
To counteract APOBEC3 and gain a replicative advantage, lentiviruses such as human immunodeficiency virus type 1 (HIV-1)
and simian immunodeficiency virus (SIV) have evolved the Vif protein, which targets APOBEC3 proteins for proteasomal degra-
dation. However, the proteasome plays a critical role in the generation of T cell peptide epitopes. Whether Vif-mediated destruc-
tion of APOBEC3 proteins leads to the generation and presentation of APOBEC3-derived T cell epitopes on the surfaces of lenti-
virus-infected cells remains unknown. Here, using peptides derived from multiple Vif-sensitive APOBEC3 proteins, we
identified APOBEC3-specific T cell responses in both HIV-1-infected patients and SIV-infected rhesus macaques. These results
raise the possibility that these T cell responses may be part of the larger antiretroviral immune response.

Viral sequence diversity is the Achilles’ heel of traditional vac-
cine approaches, as exemplified by influenza vaccinology. The

influenza vaccine must change yearly in anticipation of the pre-
dominant circulating viral strains, which differ from one another
by only 1 to 2% (1, 2). In contrast, circulating human immuno-
deficiency virus type 1 (HIV-1) strains differ from each other by
20% in the more conserved proteins and up to 35% in the Env
protein (1, 2). This enormous sequence diversity is a major stum-
bling block to the development of a conventional HIV-1 vaccine.
Indeed, a neutralizing antibody-based vaccine has proven elusive,
in part due to the extremely high sequence variation of the HIV-1
Env protein (3). While CD8� T cell-based vaccines directed
against more-conserved viral proteins have shown some ability to
blunt viral replication (4, 5), they are also hindered by HIV-1
sequence variation (6). Even minor variations in sequence can
have a dramatic effect on CD8� T cell efficacy, as just one amino
acid change can abrogate recognition and suppression of virus
replication (7–9). Additionally, HIV-1 rapidly mutates to escape
effective cytotoxic T lymphocyte (CTL) responses, thereby raising
the possibility that any effective vaccine will only have a transient
effect (6, 10, 11). On a population level, CD8� T cells are driving
HIV-1 evolution toward fixation of epitope escape variants that
are more likely to evade the immune responses of the population
in which they circulate (12, 13). Therefore, a successful HIV-1
vaccine must overcome the formidable challenge of HIV-1 se-
quence diversity. In this study, we sought to determine whether
invariant self-antigens overexpressed within an HIV-1-infected
cell could act as potential immune targets for vaccine develop-

ment. Specifically, we examined HIV-infected patients and simian
immunodeficiency virus (SIV)-infected macaques for the pres-
ence of APOBEC-specific T cell responses.

Mammalian host cells have developed intrinsic mechanisms to
prevent lentiviral replication, as well as to maintain genomic sta-
bility by restricting the movement of retroelements. These mech-
anisms include postentry interference by tripartite motif-contain-
ing protein 5� (TRIM5�), transcriptional silencing through DNA
methylation, posttranscriptional silencing via RNA interference,
tetherin, and mutational inactivation of elements in the course of
their retrotransposition cycle by cellular cytosine deaminases (14,
15). The apolipoprotein B mRNA-editing, enzyme-catalytic,
polypeptide-like 3 (APOBEC3) family of cytidine deaminases
consists of 7 members (APOBEC3A to APOBEC3H) in humans,
all of which are encoded on the same gene cluster of chromosome
22. These enzymes are expressed in the majority of human cells
and have been extensively studied since the discovery that
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APOBEC3G acts as a viral restriction factor in HIV-1 infection
(16). Since that time, multiple additional APOBEC3s have been
implicated in HIV restriction (17–19).

APOBEC3G is packaged into budding HIV-1 virions through
an interaction with the nucleocapsid region of HIV-1 Gag, and its
proclivity for binding single-stranded nucleic acids facilitates this
process (20, 21). Following HIV-1 infection of a target cell, the
viral RNA genome is uncoated, and reverse transcriptase gener-
ates a single strand of DNA complementary to the viral genome.
During this transcription process, reverse transcriptase also de-
grades the viral RNA strand through its RNase H activity, leaving
only the single strand of cDNA (20). APOBEC3G exerts its enzy-
matic activity on this single-stranded DNA, mutating cytosines to
uracils. These extensive mutations can cause degradation of the
viral genome or inhibit viral replication due to altered reading
frames.

Alternatively, APOBEC3G has been shown to inhibit HIV-1
replication independent of its enzymatic function. First, it can
impair reverse transcriptase activity by blocking the binding of
tRNALys3 (the primer that initiates reverse transcription). Second,
it can stifle the cleavage of tRNALys3 from the single-stranded
DNA intermediate, leading to aberrant viral DNA ends (19). Fi-
nally, it can bind to HIV-1 integrase, a component of the viral
preintegration complex, suggesting that it may obstruct nuclear
homing of provirus (19).

HIV-1 expresses 6 accessory proteins that are integral to its
replication and persistence. One of these accessory proteins is the
viral infectivity factor (Vif) protein. The function of Vif was ini-
tially elucidated from experiments showing that Vif-deficient HIV
could replicate in certain cells (permissive), but not in others
(nonpermissive). Infection of a hybridoma of these two cell types
with Vif-deficient HIV-1 yielded noninfectious virions, implying
that a host cellular restriction factor was obstructing further infec-
tions.

Subsequent analysis of two highly related cell lines, one per-
missive and the other nonpermissive, using a cDNA subtrac-
tion strategy revealed that this cellular restriction factor was
APOBEC3G (22). Since this discovery, Vif has been shown to
ubiquitinate APOBEC3G, leading to degradation by the pro-
teasome. Indeed, the levels of APOBEC3G are drastically re-
duced in virion-producing cells infected with HIV-1, and
APOBEC3G is not packaged into progeny virions in the pres-
ence of Vif (23). Vif has been shown to inhibit APOBEC3G and
APOBEC3F, but not APOBEC3B (19, 24). Thus, although the
physiological role of APOBEC3 proteins is not fully under-
stood, they represent an ancient form of antiviral or antiretro-
element defense in mammals (19).

The proteasome is an important first step in the antigen pre-
sentation pathway for HLA class I peptide epitopes recognized by
CD8� T cells. We hypothesized that HIV-1 infection would give
rise to CD8� T cell responses against APOBEC3 proteins, due to
increased Vif-triggered proteasomal processing and HLA class I
presentation. In a cell not infected by HIV-1, there would be lim-
ited presentation of APOBEC3-derived peptide epitopes on the
surface as part of the normal repertoire of self-antigens presented
by major histocompatibility complex class I (MHC-I) molecules.

The immense sequence diversity of HIV-1 remains a major
roadblock to a prophylactic HIV-1 vaccine. Targeting CD8� T
cells to HIV-1-infected cells by their higher expression of
APOBEC3 antigens may be a novel way to circumvent the obstacle

presented by viral sequence diversity. Here, we present the first
data showing APOBEC3-specific T cell responses in both HIV-1-
infected humans and SIV-infected rhesus macaques.

MATERIALS AND METHODS
Peptide antigens for humans. We used in silico T cell immunogenicity
prediction methods to identify peptide epitopes for the HLA-B*58, -A*2,
and -B*7 superfamilies within APOBEC3F and APOBEC3G. Peptides
were identified within the APOBEC3F and APOBEC3G proteins with
NetCTL 1.2 software (http://www.cbs.dtu.dk/services/NetCTL/). Top
scoring epitopes for the HLA-B*58, -A*2, and -B*7 supertypes were se-
lected for peptide synthesis. We selected peptides on the basis of their
NetCTL software affinity score and their capacity to be presented by sev-
eral HLA supertypes and excluded one peptide similar to the activation-
induced cytidine deaminase protein (AID). Priority was given to peptides
shared by APOBEC3F and APOBEC3G proteins. A total of 12 peptides in
total were synthesized and tested together in a peptide pool or individually
in the assay. An APOBEC3A/B peptide pool consisting of the four top
scoring epitopes for HLA-B*58, -A*2, and -B*7 was also used where spec-
ified.

Peptide antigens for rhesus macaques. For the studies in macaques,
we used the following two sets of peptides: predicted MHC-I-binding
peptides for rhesus APOBEC3F and 15-mer peptides overlapping rhesus
APOBEC3C, APOBEC3G, and APOBEC3H by 11 amino acids. For pre-
dicted binders, we used the MHCPathway Macaque algorithm (www
.mamu.liai.org) to generate 36 CD8� T cell epitopes derived from the
rhesus APOBEC3F protein predicted to bind two common MHC-I mol-
ecules, Mamu-A1*001:01 and Mamu-A1*002:01. We then lumped these
peptides into 3 Mamu-A1*001:01 pools and 6 Mamu-A1*002:01 pools,
where each pool contained between 2 and 8 peptides. All peptides were
synthesized by either Pepscan or Genscript and resuspended in 100%
dimethyl sulfoxide (DMSO).

Study participants. In this study, we measured T cell reactivity to
APOBEC3F and APOBCEC3G peptides in the following groups: (i) low-
risk healthy volunteers (n � 33); (ii) vertically exposed, but uninfected
children (n � 7); (iii) vertically exposed, HIV-1-infected children (n �
73); (iv) long-term nonprogressors (LTNP), who were defined as having
asymptomatic, untreated HIV-1 infection for at least 7 years with no con-
sistent decline in peripheral blood CD4� count and low or undetectable
levels of plasma viremia (�10,000 copies/ml, bDNA) (n � 7); (v) HIV-1-
infected adults with primary HIV-1 infection (n � 13); (vi) chronically
infected adults not treated with an antiretroviral agent with viral loads
below 5,000 copies RNA/ml (viral-load-controlled virus in the absence of
therapy (“controllers”; n � 19); (vii) non-antiretroviral-treated individ-
uals who had higher levels of viremia (“noncontrollers”; n � 21); and
(viii) individuals treated with highly active antiretroviral therapy
(HAART), defined by the treatment-mediated maintenance of an unde-
tectable viral load (“HAART suppressed”; n � 20). HIV-1-negative con-
trols were obtained from purchased buffy coats from low-risk donors
attending the Stanford Blood Bank Center. Blood donors are asked about
risk activity and are included or excluded as a blood donor based upon
criteria established by blood banks. HIV-1-positive donors are from stud-
ies of adults with primary infections (Options cohort) and chronic HIV-1
infection (SCOPE cohort) at the University of California San Francisco
(UCSF) and individuals with vertical infection under the care of clinicians
at the Jacobi Hospital in the Bronx in New York, New York. All partici-
pants were enrolled in institutional review board (IRB)-approved studies,
conducted under the directive of the Declaration of Helsinki.

Nonhuman primates. The animals in this study were Indian rhesus
macaques (Macaca mulatta) from either the Wisconsin or Oregon Na-
tional Primate Research Center colony. The animals were infected with
SIV for other unrelated studies and were cared for according to the regu-
lations and guidelines of the Institutional Animal Care and Use Commit-
tee of the University of Wisconsin or the Oregon Health & Science Uni-
versity.
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ELISPOT analysis. Peptides were tested, as previously described, in a
gamma interferon (IFN-�) enzyme-linked immunosorbent spot assay
(ELISPOT) using either fresh or cryopreserved peripheral blood mono-
nuclear cells (PBMC) (25). Peptides were tested in duplicate wells at a
concentration of 10 �g/ml or 10 �M (either individually or in pools) with
100,000 PBMC per well. The total numbers of spots for duplicate wells
were averaged, and all the numbers of spots were normalized to the num-
bers of IFN-� spot-forming cells (SFC) per 1 � 106 PBMC. The numbers
of spots from control wells (no stimulation) were subtracted to determine
the responses to each peptide. Responses were considered positive if they
exceeded two times the standard deviation of the background count as
previously described (8). We did not consider responses of �50 SFC per
1 � 106 PBMC as positive responses.

Flow cytometry. Cryopreserved PBMC from chronically HIV-1-in-
fected individuals or PBMC/bronchoalveolar lavage (BAL) cells were
stimulated with or without 10 �g/ml APOBEC3F/G or APOBEC3A/B
peptide pools for 6 h with 1 �g/ml costimulatory anti-CD28 and anti-
CD49d antibodies (Biolegend) and in the presence of 5 �g/ml brefeldin A.
An exogenous cytomegalovirus (CMV) pp65 peptide pool was used as a
positive control. The cells were stained with fluorophore-conjugated an-
tibodies to CD3 (clone UCHT1; Beckman Coulter), CD4 (clone RPA-T4;
BD Pharmingen), CD8 (clone 3B5; Life Technologies), and IFN-� (clone
B27; BD Pharmingen) to determine phenotype and function, and an
amine dye was used to discriminate between live and dead cells. Data were
acquired with a BD LSR-II system. At least 100,000 events were collected
and analyzed with FlowJo software (TreeStar, Inc.).

Generation of an APOBEC-specific cell line in vitro. CD8� T cell
lines were produced as described previously (26). Briefly, PBMC were
isolated using Ficoll-Paque Plus (Amersham Biosciences) density centrif-
ugation. CD8� cells were isolated using CD8 microbeads and columns
purchased from Miltenyi Biotec and used according to the manufacturer’s
instructions. Isolated CD8� cells were repeatedly stimulated with autolo-
gous, irradiated B lymphoblastoid cells pulsed with the peptide of interest.
Cells were cultured in R15-100 (RPMI 1640 medium containing 15% fetal
calf serum [FCS] and 100 U/ml interleukin 2 [IL-2]).

Restricting allele assay. Transient expression of cloned MHC class I
cDNA was achieved by electroporation of plasmid DNA into the MHC
class I-deficient human B cell line 721.221. Briefly, 5 �g of plasmid DNA
encoding the MHC-I allele of interest was added to 5 � 106 721.221 cells
in 100 �l of Nucleofector solution C and electroporated using program
G-16 on a Nucleofector I device (Amaxa, Köln, Germany). Maximum cell

surface expression occurred 4 days postelectroporation. MHC class I sur-
face expression on stable and transient MHC class I transfectants was
measured by W6/32 antibody surface staining. Staining was also per-
formed on 721.221 cells as a negative control and on immortalized
macaque B cell lines as a positive control. These cells were incubated with
the peptide of interest for 1.5 h at 37°C and then washed three times with
warm phosphate-buffered saline (PBS) to remove excess peptide. The
freshly washed peptide-pulsed cells were then incubated with CD8� T cell
lines specific for the peptide of interest for intracellular staining (ICS) or
ELISPOT as described above to determine the restricting MHC-I mole-
cule.

MHC-I tetramer production and staining. MHC class I tetramers
were constructed with minor modifications as previously described (8,
27). Ex vivo MHC class 1 tetramer stains were performed on CD8� T cell
lines or cryopreserved PBMC as previously described (8). Briefly, 5 � 105

cells were stained with 5 �l of 0.1-mg/ml tetramer stocks, 3 �l of CD3
conjugated to fluorescein isothiocyanate (FITC) (clone SP34-2; BD Bio-
sciences), and 5 �l of CD8 conjugated to peridinin chlorophyll protein
(PerCP) (clone SK1; BD Biosciences) in approximately 100 �l of R10
(RPMI 1640 with 10% FCS). After the cells were fixed in 1% paraformal-
dehyde (Electron Microscopy Sciences, Hatfield, PA), approximately 0.5 �
105 to 1 � 105 lymphocyte-gated events were acquired on a FACSCalibur
(BD Biosciences) and analyzed using FlowJo (TreeStar, Inc.).

RESULTS
APOBEC3-specific responses in HIV-1-infected patients.
APOBEC3F and APOBEC3G are both potent inhibitors of HIV-1
replication and sensitive to HIV-1 Vif-induced proteasomal deg-
radation (16, 19, 22). Therefore, we focused on these two proteins
in our initial studies. Using the NetCTL MHC-I binding algo-
rithm (www.cbs.dtu.dk/services/NetCTL), we generated peptide
epitopes from APOBEC3F and APOBEC3G predicted to bind
tightly to members of the common HLA-B2*8, -A*2, and -B*7
supertypes. We selected the top two predicted epitopes for each
HLA allele derived from each APOBEC3 protein, resulting in 12
predicted APOBEC3 peptides. We then combined these peptides
into a single APOBEC3 peptide pool and screened a cohort of
healthy adults not infected with HIV-1, chronically HIV-1-in-
fected adults, exposed uninfected children, and chronically HIV-

TABLE 1 T cell responses against APOBEC3 peptides

HIV status and group
No. of
subjects

Mean CD4
count (/mm3)

Mean viral load
(no. of copies/ml)

No. of responders
against APOBEC3
pool

Mean APOBEC3 pool
response
(no. of SFU/106 PBMC)a

Range of
APOBEC3 pool
responses
(SFU/106 PBMC)a

% of
responders

HIV infected
Chronic infection

LTNPb 7 828 117 5 486 0–2,480 71
Natural controllers 19 643 393 6 45 0–285 32
HAART suppressed 20 626 51 8 54 0–250 40
Viremic 21 282 52,656 3 34 0–290 14

Primary infection 13 673 13,435 6 84 0–305 46
Children with chronic

infection
73 836 18,488 13 88 0–1,780 18

HIV-exposed children but
uninfected

7 0 5 0–35 0

Nonexposed, healthy HIV-
negative adults

33 2 18 0–210 6

a SFU, spot-forming units. The background SFU have been subtracted from the values shown.
b LTNP, long-term nonprogressors.
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1-infected children using IFN-� ELISPOT (Table 1). We observed
little or no response in the healthy, non-HIV-1-infected adults
and exposed uninfected children. In contrast, we observed weak,
yet detectable responses in the chronically HIV-1-infected adults.

Intriguingly, we observed the strongest APOBEC3-specific re-
sponses in the long-term nonprogressors (5/7), with a mean of 486
SFC/106 PBMC (Table 1). In primary HIV-1-infected subjects,
5/13 had responses, albeit at lower magnitude, with a mean of 84

FIG 1 APOBEC3-specific T cell responses in HIV-1-infected children. (A) PBMC from 13 chronically HIV-1-infected children were screened against 9 of the 12
APOBEC3 peptides present in the APOBEC3 peptide pool. Results are shown as the mean numbers of spot-forming units (SFU) per million PBMC of duplicate
wells in the IFN-� ELISPOT, and background SFUs have been subtracted from the values. The sequences of the individual peptide epitopes are shown on the x
axis. (B) Examples of wells from an IFN-� ELISPOT assay. One hundred thousand PBMC from three chronically infected adults were left unstimulated (Media)
or stimulated with phytohemagglutinin (PHA), CMV pp65 peptide pool, APOBEC3A/B peptide pool, or APOBEC3F/G peptide pool. The number of spot-
forming units/105 cells are indicated in the lower left corner for each well. (C) IFN-� production by the CD8� lymphocyte population from PBMC isolated from
three chronically HIV-1-infected patients from the SCOPE cohort. The percentage of cells within the gate is shown in each plot: unstimulated, stimulated with
a pool of CMV pp65 peptides, stimulated with a pool of APOBEC3A/B peptides, and stimulated with APOBEC3F/G pool.
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SFU/106 PBMC. HIV-1 noncontrollers had the lowest mean T cell
response to the APOBEC3 pool (34 SFC/106 PBMC), although
there was no substantial difference compared to the responses of
the HAART-suppressed group (54 SFC/106 PBMC) or the con-
trollers (45 SFC/106 PBMC). There were 13/73 responders in the
group of HIV-1-infected children (88 SFC/106 PBMC) (Table 1).

APOBEC3-specific responses in HIV-1-infected patients are
CD8� T cell mediated. To further investigate these APOBEC3-
specific T cell responses, we selected 13 chronically HIV-1-in-
fected children with responses against the APOBEC3F/G peptide
pool and tested them against individual APOBEC3 peptides using
IFN-� ELISPOT (Fig. 1A). Figure 1B illustrates typical results of a
IFN-� ELISPOT of three chronically infected adults. We then
tested PBMC IFN-� production by flow cytometry in three chron-
ically infected adults comparing APOBEC3F/G-specific CD8� T
cell responses to those generated by a known ubiquitous T cell
immunogen, CMV pp65 (Fig. 1C). In addition, a pool consisting
of four predicted peptides derived from Vif-insensitive
APOBEC3A/B proteins was included as a negative control. IFN-
�-producing T cells were shown to be CD8�, and there was little to
no response to APOBEC3A/B peptide pools, suggesting that Vif-
induced proteasomal destruction of APOBEC3F/G but not
APOBEC3A/B, may occur in HIV-1-infected cells (Fig. 1C). To-
gether with the responses observed in LTNP, these data suggest
that APOBEC3-specific T cell responses may expand during
HIV-1 infection. No CD4� T cell responses were identified using
flow cytometry from these human studies, although we cannot
rule out the possibility that some APOBEC3-specific IFN-� pro-
duction in the ELISPOT assay was produced by CD4� T cells.

Identification of APOBEC3-specific T cell responses in SIV-
infected rhesus macaques. Given that HIV-1-infected patients,
LTNP in particular, mounted APOBEC3G- and APOBEC3F-spe-
cific CD8� T cell responses, we next investigated whether SIV-
infected Indian rhesus macaques might also target SIVmac239
Vif-sensitive APOBEC3 protein sequences (28). To this end, we
screened PBMC from a total of 52 chronically SIV-infected Indian
rhesus macaques for T cell responses against rhesus APOBEC3F,
APOBEC3C, APOBEC3H, and APOBEC3G by IFN-� ELISPOT
(Fig. 2A, B, and C). The majority of animals did not respond to
any of the APOBEC3 peptides, but similar to what we had ob-
served in HIV-1-infected humans, we detected the presence of
low-magnitude responses, particularly against APOBEC3G
(Fig. 2C). Because the strongest APOBEC3-specific responses in
humans were observed in LTNP, we focused subsequent analysis
predominantly on the small number of LTNP Indian rhesus
macaques in our cohort, which have spontaneously controlled
SIV replication to low levels. Interestingly, we observed the high-
est frequency response against APOBEC3C pool B in an animal
that had previously undergone experimental depletion of CD8�

cells (Fig. 3A). To confirm this high frequency APOBEC3C T cell
response, we next screened PBMC from this animal against the
individual 15-mer peptides in APOBEC3C pool B and identified a
single 15-mer peptide eliciting a high frequency IFN-� T cell re-
sponse (Fig. 3A). We also confirmed a high frequency T cell re-
sponse against APOBEC3G in a second LTNP macaque and iden-
tified a single 15-mer peptide triggering this response (Fig. 3B). To
further characterize that APOBEC3G-specific T cell response, we
performed cytokine flow cytometry. Surprisingly, we identified
that this APOBEC3G-specific response was CD4� T cell mediated

(Fig. 3C). Thus, we determined that both CD4� and CD8� T cells
target APOBEC3 proteins.

Finally, we identified a LTNP macaque with no detectable viral
load that mounted a T cell response against a pool of predicted
Mamu-A1*002:01-binding, APOBEC3F-derived peptides (Fig. 4A).
Although this response was not robust, the magnitude of this re-
sponse was similar to the magnitude of the Mamu-A1*002:01-
restricted immunodominant SIVmac239 Gag71-79 GY9 response
in this animal (Fig. 4A). Next, we stimulated PBMC from this
animal with the predicted APOBEC3F Mamu-A1*002:01 pool to
generate an APOBEC3-specific cell line in vitro. Using this cell
line, we mapped the APOBEC3 pool response to a single predicted
CD8� T cell epitope, APOBEC3F115-125 LY11 (Fig. 4B). Using sin-
gle MHC-I-expressing transfectants, we then confirmed the re-
stricting allele of APOBEC3F115-125 LY11-specific CD8� T cells to
be Mamu-A1*002:01 as predicted (data not shown). As we had

FIG 2 APOBEC3 responses in chronically SIV-infected rhesus macaques. (A
to C) PBMC from SIV-infected rhesus macaques were screened against pep-
tides derived from rhesus APOBEC3F and predicted to bind Mamu-
A1*001:01 or Mamu-A1*002:01 (A), against overlapping 15-mer peptides
spanning rhesus APOBEC3C and APOBEC3H (B), or against overlapping
15-mer peptides spanning rhesus APOBEC3G (C). The mean of each response
minus the background from each animal is plotted. The broken line indicates
the threshold for positivity.
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identified both the minimal optimal peptide epitope and its re-
stricting allele, we generated a CD8� T cell tetramer that specifi-
cally stained our in vitro cell line (Fig. 4C). We next used a Vif WY8
tetramer and our APOBEC3 LY11 tetramer reagent to longitudi-
nally examine the immune response in this LTNP macaque to
both APOBEC3F and the SIVmac239 Vif protein. As expected,
tetramers for APOBEC3F115-125 LY11 stained only cells specific for
that epitope and not Vif97-104 WY8. We noted that while CD8� T
cells specific for both Vif and APOBEC3F were detected at low
frequencies, they expanded and contracted asynchronously with
respect to each other (Fig. 4C). Furthermore, consistent with our
other observations, APOBEC3-specific CD8� T cells appeared to
be in the peripheral blood compartment.

DISCUSSION

We show here for the first time that APOBEC3-specific CD8� T
cells exist in humans infected with HIV-1 and in macaques
infected with SIV. It is intriguing that the long-term nonpro-
gressors had the highest magnitude responses to the APOBEC3
peptides, suggesting that they may be involved in helping con-
trol HIV-1 replication. Within the remaining HIV-1-infected
subjects, APOBEC3-specific T cell responses were detected at
lower magnitude and there was a trend toward higher re-
sponses within the controller and HAART-suppressed groups.

The data suggest that immune responses to APOBEC3 pro-
teins may be triggered by lentivirus infection. Indeed, we found
APOBEC3-specific T cell responses in healthy individuals at a
very low frequency. Since APOBEC3-derived peptides will sta-
bilize nascent HLA molecules and be transported to the surface
of any nucleated cell at low levels as part of the repertoire of
self-peptides processed within the cell, we hypothesize that
APOBEC3-specific T cells are present normally at low fre-
quency as part of the normal low-level self-peptide T cell rep-
ertoire. However, we also hypothesize that in the inflammatory
context of HIV-1 or SIV infection, Vif-induced degradation of
APOBEC3 will result in a marked increase in the amount of
APOBEC3-derived peptides on the surfaces of virus-infected
cells. Thus, while APOBEC3 peptides will be present at low
levels on the surfaces of healthy cells, they should be present at
much higher levels in virus-infected cells due to Vif-induced
destruction of APOBEC3. Alternatively, the generalized im-
mune deregulation in the context of HIV-1 infection might
provide cytokine-driven expansion of self-antigen responses.

Recognition of APOBEC3-derived peptides is theoretically in-
dependent of the sequence of the infecting viral sequence. This
could be used to circumvent the obstacle of virus sequence diver-
sity by targeting a stable target induced by the viral replication
cycle. To escape APOBEC3-specific T cell immune responses,
HIV-1 would need to mutate Vif such that it would no longer
interact with and degrade APOBEC proteins. Such a mutation
would render the virus vulnerable to APOBEC3-induced hyper-
mutation.

APOBEC3 is a self-protein that is widely expressed (22, 29).

FIG 3 Confirmation of APOBEC3-specific responses in SIV-infected rhesus
macaques. (A) PBMC from LTNP rhesus macaques were screened against the
APOBEC3C pool B and each individual 15-mer peptide within that pool.
Results are shown as means plus standard deviations (error bars) of duplicate
wells. (B) PBMC from LTNP rhesus macaques were screened against the
APOBEC3G pool B and each individual 15-mer peptide within that pool. Black
bars indicate positive responses. Results are shown as means plus standard

deviations of duplicate wells. The broken line represents the threshold for
positivity. (C) Bronchoalveolar lavage cells were stimulated with media (no
stimulation) or the rhesus APOBEC3G pool B single 15-mer peptide identified
in panel B. The percentages of cells positive for IFN-� and tumor necrosis
factor alpha (TNF-�) are shown.
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Self-directed T cell responses raise the possibility of autoimmu-
nity. However, as we have shown in our data, elite controllers of
HIV-1 infection make anti-APOBEC3-specific T cell responses
without apparent deleterious clinical autoimmune manifesta-
tions. The anti-APOBEC3 T cell responses observed do not appear
to have led to any overt systemic autoimmunity in these patients
or primates. The immune system exists with continuous surveil-
lance and recognition of self-antigens, which in the absence of
danger signals does not result in an immunopathogenic state (30,
31). Analogous to a cancer cell with aberrant protein expression,
an HIV-1-infected cell will express APOBEC3-derived peptide
epitopes at a higher frequency than uninfected cells. In the cancer
field, many studies have approached cancer immunotherapy with
self-antigens expressed in tumors (32, 33). In addition, the cancer
therapeutic vaccination field has used self-antigens (e.g., melanoma-
associated antigen [MAGE] peptides for melanoma) with good
safety profiles and successful induction of immune responses (34).
Further studies will be needed to investigate the potential of
APOBEC3 epitopes as “safe” antigens in a vaccine against
HIV-1. An important caveat for this proposed vaccination ap-
proach is that noninfected cells might also upregulate APO-
BEC3 during infections and could also possibly be marked for
destruction.

On the basis of the observations presented here, we hypothe-
size that lentiviral infection generates APOBEC3-specific T cells,
which are capable of recognizing and eliminating virally infected
cells. Further, a vaccine immunogen using APOBEC3 sequences
could generate APOBEC3-specific T cells, which might recognize
and kill a cell infected with any variant of HIV-1. This novel
approach targets infected cells based on their presentation of
APOBEC3-derived peptides, not HIV-1 peptides. These studies
are, therefore, the first steps toward a novel vaccine approach,
which circumvents the obstacle of HIV-1 sequence diversity by
targeting a surrogate marker of HIV-1 infection.
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FIG 4 A LTNP macaque targets APOBEC3F. (A) PBMC from a LTNP (with no detectable plasma virus) were screened against APOBEC3F pools predicted to
bind Mamu-A1*001:01 or Mamu-A1*002:01, and the SIVmac239 Gag71-79 GY9 epitope in an IFN-� ELISPOT. Results are shown as means plus standard
deviations of duplicate wells. (B) A CD8� T cell line was generated by multiple rounds of stimulation using the APOBEC3F Mamu-A1*002:01 pool C. The cell
line reacts against the autologous B lymphocyte cell line (BLCL) presenting both the pool and the single epitope APOBEC3F115-125 LY11. Graphs were generated
by gating on CD8� cells. (C) Tetramers specific for either APOBEC3F115-125 LY11 or SIVmac239 Vif97-104 WY8 were used to stain cryopreserved PBMC, an in
vitro CD8� T cell line specific for Mamu-A1*002:01-restricted APOBEC3F115-125 LY11, and an in vitro CD8� T cell clone specific for Mamu-A1*002:01-restricted
SIVmac239 Vif97-104 WY8. Dot plots were generated by gating on CD3� or CD8� cells. The percentages of tetramer-positive events are shown. rhAJ11,
recombinant human AJ11; WPI, weeks post-SIVmac239 infection.
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