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Previous studies have suggested that polyfunctional mucosal CD8* T-cell responses may be a correlate of
protection in HIV controllers. Mucosal T-cell breadth and/or specificity may also contribute to defining
protective responses. In this study, rectal CD8* T-cell responses to HIV Gag, Env, and Nef were mapped at the
peptide level in four subject groups: elite controllers (» = 16; viral load [VL], <75 copies/ml), viremic
controllers (n = 14; VL, 75 to 2,000 copies/ml), noncontrollers (n = 14; VL, >10,000 copies/ml), and antiret-
roviral-drug-treated subjects (n = 8; VL, <75 copies/ml). In all subject groups, immunodominant CD8* T-cell
responses were generally shared by blood and mucosa, although there were exceptions. In HIV controllers,
responses to HLA-B27- and HLA-BS7-restricted epitopes were common to both tissues, and their magnitude
(in spot-forming cells [SFC] per million) was significantly greater than those of responses restricted by other
alleles. Furthermore, peptides recognized by T cells in both blood and rectal mucosa, termed “concordant,”
elicited higher median numbers of SFC than discordant responses. In magnitude as well as breadth, HIV
Gag-specific responses, particularly those targeting p24 and p7, dominated in controllers. Responses in
noncontrollers were more evenly distributed among epitopes in Gag, Env, and Nef. Viremic controllers showed
significantly broader mucosal Gag-specific responses than other groups. Taken together, these findings dem-
onstrate that (i) Gag-specific responses dominate in mucosal tissues of HIV controllers; (ii) there is extensive
overlap between CD8" T cells in blood and mucosal tissues, with responses to immunodominant epitopes
generally shared by both sites; and (iii) mucosal T-cell response breadth alone cannot account for immune

control.

Despite more than two decades of intensive research, the
immunologic correlates of protection from human immunode-
ficiency virus (HIV) infection and disease progression remain
incompletely understood. To date, the majority of studies of
HIV-specific T-cell responses have focused on the measure-
ment of such responses in peripheral blood lymphocytes. Nev-
ertheless, the majority of the body’s lymphocytes are housed in
mucosal tissues, notably the gastrointestinal (GI) tract (18, 33,
40). The gastrointestinal mucosa also serves as a major target
of HIV infection and CD4 " T-cell depletion (7, 25, 36), as well
as an important site of transmission (18, 33, 40). Antigen-
experienced T cells may preferentially traffic to tissue sites of
infection (50), where they may also expand in an antigen-
driven manner. Because of the unique role of the gastrointes-
tinal mucosa in HIV pathogenesis, detailed studies of HIV-
specific immune responses in this compartment may contribute
important insights to our understanding of the disease process.
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An important question is the degree to which T-cell re-
sponses in mucosal tissues are “compartmentalized” and dis-
tinct in specificity and/or clonality from those found elsewhere
in the body, including in peripheral blood. Because of the
technical challenges associated with obtaining large numbers
of viable lymphocytes from mucosal biopsy specimen tissue,
comprehensive mapping of the fine specificity of mucosal HIV-
specific T-cell responses has been difficult. Relying on a poly-
clonal expansion approach, Ibarrondo and colleagues success-
fully mapped HIV-specific CD8™" T-cell responses in blood and
rectal mucosa of chronically infected persons to the level of
peptide pools but not to individual epitopes (29). Their studies
revealed a similar pattern of responses, and nearly identical
immunodominance hierarchies, in the two tissue sites.

We have focused our recent studies of mucosal immunity on
a group of individuals who control HIV infection in the ab-
sence of antiretroviral therapy. These are often called “long-
term nonprogressors” (LTNP) (14), referring to their ability to
maintain normal CD4" T-cell counts for more than 10 years
without medication. LTNP are believed to account for 5 to
15% of the HIV-infected population. Several recent studies
have used the term “HIV controllers,” defined as those who
maintain undetectable plasma HIV RNA levels (“elite control-
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lers”) and those who have persistently detectable but low
plasma HIV RNA levels (“viremic controllers”). Elite control-
lers represent less than 1% of the HIV-infected population
(14). In contrast, individuals with viral loads of >10,000 cop-
ies/ml in the absence of therapy are termed “noncontrollers.”
Recently, we found that “polyfunctional” HIV-specific T cells,
producing multiple antiviral factors, were significantly more
abundant in gastrointestinal mucosa of HIV controllers than in
those of noncontrollers or subjects on highly active antiretro-
viral therapy (HAART) (20). Furthermore, in many cases
these strong, polyfunctional mucosal T-cell responses were not
mirrored in peripheral blood, suggesting that HIV-specific T
cells either preferentially traffic to or undergo expansion within
mucosal tissues.

Because of these findings, we undertook a follow-up study to
determine the breadth and fine specificity, to the peptide level,
of mucosal CD8* T-cell responses to HIV Gag, Env, and Nef
among HIV controllers, noncontrollers, and individuals on
HAART. We hypothesized that controllers might harbor an
unusually broad repertoire of HIV-specific CD8" T cells in
mucosal tissues. We found a similar response breadth in mu-
cosal tissues of all three subject groups, arguing against a
critical role for mucosal T-cell response breadth in determin-
ing the extent of HIV control. In contrast, we found that
high-magnitude mucosal responses directed at well-conserved
regions in Gag were a strong and consistent correlate of con-
trol. Finally, concordant responses, defined as those common
to blood and mucosa, were generally stronger than discordant
responses, underscoring the observation that T cells respond-
ing to immunodominant epitopes are broadly distributed
throughout the body in both controllers and noncontrollers.

MATERIALS AND METHODS

Subjects and tissue collection. Subjects were enrolled through an ongoing
study of chronic HIV infection based at San Francisco General Hospital and
through the Center for AIDS Research, Education and Services Clinic in Sac-
ramento, CA. Most subjects in this study have been described previously (20).
However, the experimental data presented here are novel in that this study
focuses on responses to three viral proteins (Gag, Env, and Nef), and includes
fine mapping of peptide-specific T-cell responses in blood and rectal mucosa.

Subjects were grouped by plasma HIV RNA viral load (VL) according to the
criteria outlined by Deeks and Walker (14). Elite controllers were defined as
antiretroviral-untreated individuals with plasma VL of <75 copies/ml on at least
three occasions. The median duration of HIV infection among elite controllers
in the San Francisco SCOPE cohort was 19 years (17). Viremic controllers were
defined as antiretroviral-untreated persons with plasma VL between 75 and
2,000 copies/ml on at least 3 occasions. Noncontrollers had VL consistently
>10,000 copies/ml in the absence of antiretroviral therapy, and the HAART-
suppressed group had plasma viremia suppressed below the limit of detection
(<75 copies/ml) by antiretroviral therapy. All subjects in this study were in the
chronic stage of infection, having been infected for >2 years. Written informed
consent was obtained from all subjects for phlebotomy and flexible sigmoidos-
copy, in accordance with the declaration of Helsinki, and with study protocols
approved by the Institutional Review Board, University of California—Davis,
and the Committee on Human Subjects Research, University of California—San
Francisco.

Approximately 20 ml of blood was collected by sterile venipuncture into tubes
containing EDTA and was processed on day of collection. Rectal biopsy speci-
men tissue was obtained at approximately 10 to 15 cm from the anal verge by
flexible sigmoidoscopy. This procedure involves minimal discomfort and provides
sufficient lymphoid cells for cellular immunology assays or polyclonal expansion
(3, 4, 50-53). The sigmoidoscope was equipped with a biopsy channel, and tissues
were procured with single-use biopsy forceps (Radial Jaw 3; Boston Scientific,
Natick, MA). At each procedure 20 to 25 tissue pieces were collected and placed
in RPMI 1640 medium supplemented with 15% fetal calf serum, penicillin (100
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U/ml), streptomycin (100 pg/ml), and L-glutamine (2 mM). This medium is here
referred to as R15. Specimens were immediately transported to the laboratory at
the University of California—Davis for processing and analysis.

Peripheral blood and rectal biopsy specimen tissue processing. Peripheral
blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque (Pfizer, New
York, NY) density gradient centrifugation, washed in phosphate-buffered saline
(PBS), and allowed to rest overnight at 37°C and 5% CO, in R15. Rectal
mononuclear cells (RMC) were isolated from biopsy specimens following a
published protocol that was optimized for high yield and viability of mucosal
lymphocytes (11, 51, 53). Briefly, biopsy specimen pieces underwent three rounds
of digestion using 0.5 mg/ml collagenase type IT (Sigma-Aldrich, St. Louis, MO).
Each digestion was followed by disruption of the tissue using a syringe with a
16-gauge blunt-end needle and subsequent passage through a 70-um cell
strainer. Strained and washed cells were pooled and centrifuged with a 35%/65%
Percoll gradient (Sigma-Aldrich). RMC were collected from both interfaces to
maximize cell yield. The cells were allowed to rest overnight in R15 containing
0.5 mg/ml piperacillin-tazobactam (Zosyn; Wyeth-Ayerst, Princeton, NJ) to dis-
courage bacterial growth. Yields ranged from 4 X 10° to 21 X 10° RMC from 20
to 25 biopsy specimen pieces (mean, 10 X 10° RMC).

Polyclonal expansion of PBMC and RMC. One to two million PBMC or RMC
were polyclonally expanded in R15 with 50 U/ml human recombinant interleu-
kin-2 (IL-2) (R&D Systems, Minneapolis, MN) and 0.62 pg/ml anti-CD3-4
bispecific antibody (generously provided by Johnson Wong, Harvard University)
for CD8* T-cell enrichment. This antibody stimulates preferential expansion of
CDS8" T cells; after 2 to 3 weeks, cultures contained >90% CD8" T cells
(references 29 and 31 and data not shown). When initial attempts to culture
mucosal cells (but not PBMC) gave a low success rate, we supplemented cultures
with 1 ng/ml human recombinant IL-7 (R&D Systems, Minneapolis, MN), based
on a previously published protocol (34). This cytokine promotes survival of
memory T cells, in part by inactivating proapoptotic pathways (34, 35a). Addi-
tionally, 0.5 mg/ml Zosyn and 1.25 wg/ml amphotericin B (MP Biomedicals,
Solon, OH) were added to RMC cultures to prevent the growth of potential
bacterial or fungal contaminants. Two to 3 days after the initial culture, 2 to 4
million irradiated PBMC (5,000 rad) from a seronegative donor were added to
the cultures as feeder cells. Cultures were expanded and refreshed with IL-2 (and
IL-7 for RMC) twice per week, maintaining cells at a density of 1 to 3 X 10°
cells/ml. Cultures continuing after 21 days were restimulated with 0.1 pg/ml
anti-CD3 antibody (12F6, also provided by Johnson Wong, Harvard University).

HLA class | typing. DNA was isolated from approximately 5 X 10° to 10 X 10°
PBMCs using the QIAamp DNA blood minikit (Qiagen, Valencia, CA) and
quantified on a spectrophotometer. Low-resolution HLA-A, -B, and -C typing
was performed by PCR with sequence-specific primers using the SSP ABC
Unitray kit (Invitrogen, Carlsbad, CA). High-resolution HLA-A and -B typing
was performed using direct-to-high-resolution SSP-PCR kits. PCR products were
resolved on a 2% agarose gel and photographed, and the patterns were analyzed
with UniMatch Plus software (Invitrogen).

Peptides and peptide pools. (i) Preparation of peptides. 123 HIV subtype B
Gag peptides, 211 HIV subtype B Env peptides, and 49 HIV subtype B Nef
peptides (15-mers overlapping by 11 residues spanning the entire sequence) were
obtained in a lyophilized state from the NIH AIDS Research and Reference
Reagent Program, Rockville, MD. Each peptide was reconstituted in 50 to 150
wl of dimethyl sulfoxide (depending on solubility), kept at 4°C overnight, and the
following day brought up to a total volume of 400 pl with PBS, for a concentra-
tion of 2.5 mg/ml.

(ii) Preparation of peptide pools. Matrices of 23 Gag pools, 30 Env pools, and
14 Nef pools were designed wherein each peptide was present in exactly two
pools. A 125-ul portion of each assigned peptide was added to each correspond-
ing peptide pool, and the volume was adjusted to 3.125 ml with RPMI (Gibco),
resulting in a peptide concentration of 100 pg/ml. Pools were passed through a
0.45-pm-pore-size sterile filter, aliquoted, and stored at —80°C.

Interferon gamma ELISPOT assays. Enzyme-linked ImmunoSpot (ELISPOT) as-
says were performed as previously described (52). Briefly, sterile Multiscreen
MAHA S4510 plates (Millipore) were coated with 50 pl/well monoclonal anti-
body (MAD) 1-D1K (MabTech), at 5 pg/ml in PBS overnight at 4°C. Plates were
then washed with PBS and blocked with 50 wl/well R15 for at least 1 h at 37°C.
Polyclonally expanded CD8™ T lymphocytes from PBMC or RMC cultures were
plated at a concentration of 1 X 10° to 2 X 10° cells in 100 pl to give a total
volume of 150 ul R15 per well. Pooled or individual peptides (10 pg/ml) were
added in duplicate wells. Individual peptides were chosen based on results from
peptide pool data utilizing the peptide matrices described above. A 4-ug/ml
portion of staphylococcus enterotoxin B was used for positive-control wells, and
culture medium alone was used for negative controls. Plates were incubated
overnight (14 to 20 h) at 37°C and 5% CO,. Plates were developed the next day
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TABLE 1. Patient characteristics

Patient group n % Male % Caucasian loil;lsglni;il;l),, ((:I]ig d?;)rl:)r},t Z’a:;“l’tﬁ‘i‘g?
Elite controller (EC) 16 69 31 <75 746* 69
Viremic controller (VC) 14 71 57 286 448 64
Noncontroller (NC) 14 57 50 27,590 411 36
HAART suppressed 8 50 63 <75 488 25

¢ Viral RNA copies/ml.
b Cells/mm?. *, P < 0.05 compared to VC and NC.
 HLA-B13, -B27, -B57, -B58, and -BSI.

as described previously (52). The plates were read with an AID ELISPOT reader
(Autoimmun Diagnostika GMBH, Strasberg, Germany). The number of pep-
tide-specific CD8" T cells was quantified as spot-forming cells per 10° cells
(SFC/million) after subtracting negative-control values. Values of >50 SFC/
million were considered positive for all analyses except for cluster maps, where
only values of >100 SFC/million were utilized.

Statistical analysis. Data and statistical analyses were done in consultation
with Jerome Braun, University of California—Davis Department of Statistics.
Graphing and statistical computation was performed using GraphPad Prism
software, version 5 (GraphPad Software, San Diego, CA). Comparisons between
two groups were made using a two-tailed Mann-Whitney test.

RESULTS

Subject characteristics. This study included 52 HIV-infected
individuals in four different subject groups: 16 elite controllers,
14 viremic controllers, 14 noncontrollers, and 8 individuals on
HAART with undetectable plasma viral loads. The median
viral loads for viremic controllers and noncontrollers were 286
copies/ml and 27,590 copies/ml, respectively (Table 1). The
median blood CD4 counts were 746, 448, 411, and 488 for elite
controllers, viremic controllers, noncontrollers, and HAART-
suppressed groups, respectively (Table 1). Elite controllers had
significantly higher CD4 counts than the viremic controllers
and the noncontrollers (P < 0.05). A summary of major his-
tocompatibility complex (MHC) class I genotypes is presented
in Table 1.

Immunodominant responses are shared between peripheral
blood and rectal mucosa. In order to provide sufficient cells to
map CD8* T-cell responses by IFN-y ELISPOT, CD8™" T cells
were polyclonally expanded from peripheral blood mononu-
clear cells (PBMC) and rectal mononuclear cells (RMC). Pre-
vious studies have shown this method to expand cells nonspe-
cifically without introducing bias toward particular peptides or
T-cell receptor clonotypes (2, 29, 31) and also revealed similar
targeting and magnitudes of HIV-specific T-cell responses in
fresh and expanded CD8™" T cells (29).

We sought to determine the extent to which responses to
individual epitopes were shared between peripheral blood and
rectal mucosa. Epitopes recognized by both PBMC and RMC
were termed “concordant,” while those recognized by only
PBMC or RMC were termed “discordant.” When the magni-
tudes of concordant and discordant responses were compared,
concordant responses tended to be immunodominant (i.e., of
higher magnitude) while discordant responses tended to be of
lower magnitude (Fig. 1). This trend was most obvious in
responses to HIV Gag, with significant differences between
concordant versus discordant responses in controllers (periph-
eral blood, P < 0.01) and noncontrollers (rectal mucosa, P <
0.05) (Fig. 1A). Similar but weaker trends were observed for

Env-specific responses (rectal mucosa in controllers, P < 0.05)
(Fig. 1B). The magnitudes of concordant and discordant Nef-
specific responses were similar in controllers, whereas in non-
controllers concordant responses appeared to be immunodom-
inant (Fig. 1C).

A previous study by Ibarrondo et al. attributed discordant
responses to culture artifacts, such as differential expansion or
starting frequencies of epitope-specific cells, resulting in low or
discordant responses near the limit of detection. While some
discordant responses in our study were near the limit of de-
tection for our assay (50 SFC/million), many discordant re-
sponses, particularly those in rectal mucosa, were well above
this limit, with 84% of Gag responses and 85% of Env and Nef
responses being 100 SFC/million or greater (Fig. 1). Another
technical issue that may have contributed to discordant re-
sponses is the limitation imposed by biopsy specimen sampling
due to variable localization of inductive and effector sites
within the GI tract. Given the limited number of biopsies
performed, it may be difficult to capture all antigen-specific
T-cell populations with comparable efficiency, although this
remains the best available method for acquiring tissue at this
time.

HIV controllers frequently target HIV Gag p24 (capsid) and
p7 (nucleocapsid). CD8™ T cells in HIV controllers may target
highly conserved regions of HIV structural proteins, leading to
a potentially high fitness cost associated with cytotoxic T-lym-
phocyte (CTL) escape mutations (8, 38, 39, 48, 49). In order to
better visualize regions targeted by the mucosal CD8* T-cell
response in controllers and noncontrollers, we generated pep-
tide cluster maps for Gag, Env, and Nef (Fig. 2A to D). We
determined the percentage of subjects in each group that re-
sponded to individual peptides, irrespective of MHC restric-
tion.

Both controllers and noncontrollers appeared to target HIV
Gag pl7 (matrix) equally well and in similar locations (Fig.
2A). A higher percentage of controllers responded to p24
(capsid) peptides than noncontrollers (Fig. 2B). These re-
sponses were generally concordant and, since a majority of
controllers were HLA-B577, frequently targeted immunodom-
inant, HLA-B57-restricted epitopes (described in detail be-
low). Controllers also more frequently targeted the zinc finger
domains of p7 (nucleocapsid) than noncontrollers (Fig. 2C). In
contrast, noncontrollers preferentially targeted Nef, particu-
larly regions in the folded core domain (Fig. 2D). HIV Env was
sporadically targeted in our assays (data not shown); however,
the targeting of Env peptides in these individuals may have
been underestimated due to the use of consensus clade B
peptides in our assay as opposed to autologous viral sequences.
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FIG. 1. Concordant and discordant CD8* T-cell responses in pe-
ripheral blood and rectal mucosa of controllers and noncontrollers.
Concordant (shared between peripheral blood [PB] and rectal mucosa
[RMC]) and discordant (unique to PB or RMC) responses for Gag
(A), Env (B), and Nef (C) as determined by IFN-y ELISPOT assay. All
data are presented in spot-forming cells per million (SFC/million).
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Immunodominant responses to HLA-B27- and HLA-B57-
restricted epitopes in rectal mucosa of HIV controllers. HLA-
B27 and HLA-B57 are enriched in HIV controller populations
(10, 15, 37). Immunodominant Gag epitopes restricted by
these two alleles have been well defined: KRWIILGLNK
(B27-KK10, p24 amino acids [aa] 131 to 140) (1, 9, 23, 48, 49,
54), KAFSPEVIPMF (B57-KF11, p24 aa 30 to 40) (22, 24),
ISPRTLNAW (B57-IW9, p24 aa 15 to 23) (22, 30), QASQE
VKNW (B57-QW9, p24 aa 176 to 184) (22), and TSTLQE
QIGW (B57-TW10, p24 aa 108 to 117) (8, 22, 38, 39, 54). Our
cohort included two controllers positive for HLA-B27, one
positive for both HLA-B27 and HLA-B57, and 11 positive for
HLA-B57.

B57-KF11 and B57-IW9 were the most frequently targeted
HLA-B57-restricted epitopes among controllers in our study
(Fig. 3A). B57-KF11 was also the most consistently immuno-
dominant (Fig. 3A; Table 2), eliciting the highest median re-
sponses in blood and rectal mucosa of any HLA-BS57-restricted
epitope. Furthermore, both HLA-B27- and HLA-B57-re-
stricted CD8" T cells elicited significantly higher-magnitude
responses in controllers, compared to the median responses to
non-HLA-B27- or HLA-B57-restricted epitopes (P < 0.05;
Fig. 3B). For comparison, the well-defined HLA-A2-restricted
epitope SLYNTVATL (A2-SL9, pl7 aa 77 to 85) (30, 42, 43),
which is not associated with controller status, elicited re-
sponses among controllers that were similar in magnitude to
those for other non-HLA-B27- and HLA-BS57-restricted
epitopes (Fig. 3A; Table 2).

Median mucosal T-cell responses to Gag peptides are stron-
ger in controllers than in noncontrollers, while Env and Nef
responses show the opposite trend. In general, and consistent
with our earlier studies (20), controllers (elite and viremic
controllers combined) had significantly higher median re-
sponses to Gag p55 in rectal mucosa than HAART-suppressed
individuals (P < 0.05; Fig. 4A). Controllers also showed a
trend toward higher mucosal Gag-specific responses than non-
controllers (Fig. 4A). In PBMC, controllers had significantly
higher median IFN-y responses to HIV Gag than noncon-
trollers (P < 0.001, Fig. 4B).

The peripheral blood IFN-vy responses to Env and Nef were
slightly greater in controllers than in noncontrollers or
HAART-suppressed subjects (Fig. 4B). However, median Env
and Nef responses in rectal mucosa were stronger in noncon-
trollers than either controllers or individuals on HAART (P >
0.05, Fig. 4A). Thus, mucosal responses to HIV Gag peptides
tended to be stronger in controllers than in noncontrollers (in
terms of IFN-y SFC/million), while mucosal responses to Env
and Nef revealed the opposite trend.

There was also a trend toward higher-magnitude Gag-, Env-,
and Nef-specific responses in rectal mucosa than in PBMC in
both controllers and noncontrollers (Fig. 4A and B). This
trend reached significance only in Env-specific responses
among noncontrollers (P < 0.05, Fig. 4A and B). This obser-
vation recalls previous findings and is a likely consequence

Each data point represents the median response of all concordant or
discordant epitopes in a single subject. Horizontal bars represent the
median response for each group. *, P < 0.05; **, P < 0.01.
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FIG. 2. CD8" T-cell targeting of HIV Gag and Nef. Peptide cluster maps were constructed to visualize the frequency of subjects targeting
specific areas of Gag and Nef. (A) Gag p17, (B) Gag p24, (C) Gag p2, p7, p1, and p6, and (D) Nef. Each peptide numbered on the y axis is a 15-mer
which overlaps by 11 amino acids with the next numbered peptide. The colored horizontal bars represent the frequency of controllers (left side)
and noncontrollers (right side) with concordant (blue bars), discordant blood (red bars), or discordant mucosal (green bars) responses to a
particular peptide. Vertical bars in the center of the map delineate important structural or functional features, and numbered boxes show the
locations of well-characterized immunodominant epitopes.
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FIG. 3. Strength of the IFN-y response to HLA-B27- and HLA-B57-restricted Gag epitopes in HIV controllers. (A) IFN-y response to five
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epitopes. (B) Magnitude of five HLA-B27 and HLA-B57 epitopes compared to those of non-HLA-B27 and HLA-B57 epitopes. All data are
presented in spot-forming cells per million (SFC/million). Horizontal bars represent the median magnitude for each group. *, P < 0.05.

of the higher frequency of antigen-experienced, memory T
cells in gastrointestinal lamina propria than in peripheral
blood (12, 20).

Viremic controllers show a greater breadth of response to
HIV Gag than elite controllers, noncontrollers, and individu-
als on HAART. The total ELISPOT response breadth for each
subject was calculated by summing the number of epitopes
recognized within Gag, Env, and Nef by PBMC or RMC. For

TABLE 2. Median IFN-y response magnitudes for HLA-B27 and
HLA-B57 epitopes

SFC/million in:

Epitope Peripheral Rectal

blood mucosa
B27-KK10 597 1361
B57-KF11 678 824
B57-IW9 268 245
B57-QW9 292.5 720

B57-TW10 210 732.5
All B27 and B57 epitopes 443 626
A2-SL9 296 386
All other epitopes 185 255

these calculations, responses to overlapping peptides spanning
a single known epitope were counted as a single response.
Total response breadth was similar in controllers and noncon-
trollers (Fig. SA and B). However, controllers had broader
Gag-specific responses in rectal mucosa than subjects on
HAART (median, 4 versus 2 epitopes) (Fig. 5A). Controllers
also had broader Gag-specific responses in PBMC than non-
controllers (median, 3 versus 1.5 epitopes) (Fig. 5B). Subdi-
viding the controller group into elite (i.e., those with VL <75
copies/ml) and viremic controllers (i.e., those with VL <2,000
copies/ml), we found that viremic controllers had significantly
broader Gag-specific responses in rectal mucosa than elite
controllers, noncontrollers, and individuals on HAART (me-
dian, 5 versus 3, 3, and 2 epitopes, respectively; P < 0.05) (Fig.
5A), suggesting that the presence of ongoing low-level viral
replication in these individuals may support continued target-
ing of HIV Gag.

Reduced breadth and magnitude of mucosal CD8" T-cell
responses in individuals on HAART. Subjects on HAART with
undetectable viral loads generally showed lower-magnitude
CD8" T-cell responses to Gag, Env, and Nef than HIV con-
trollers, with many subjects on HAART showing no detectable
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responses at all (Fig. 4). Likewise, response breadth was also
low in these individuals (Fig. 5). As a percentage of the total
response in HAART-suppressed individuals (Gag, Env, and
Nef combined), Gag epitopes were most frequently targeted in
both rectal mucosa and blood (60 and 75% of targeted
epitopes, respectively; data not shown). Env epitopes elicited
fewer responses in subjects on HAART (40% and 25% of
targeted epitopes in mucosa and blood, respectively) (data not
shown). Only one sample from a HAART-suppressed individ-
ual in our study targeted Nef (Fig. 5).

Gag-specific responses dominate in rectal mucosa of HIV
controllers. The pie charts in Fig. 6A show median ELISPOT
response magnitudes partitioned into Gag, Env, and Nef. In
HIV controllers, responses in rectal mucosa and blood showed
a slight bias toward Gag (39 to 42% of the total response), with
the remaining 60% divided approximately evenly between Env
and Nef. In contrast, in HIV noncontrollers, less than 25% of
the response in either tissue was directed toward Gag, while
40% of the mucosal response and 49% of the PBMC response
were directed toward Nef.

The pie charts in Fig. 6B show the median response breadth
(number of epitopes targeted) for each tissue and subject
group. In controllers, at least 50% of the epitopes targeted by
CD8" T cells in both rectal mucosa and PBMC were located
within HIV Gag, compared to fewer than 20% for HIV Env
(Fig. 6B). In noncontrollers, Gag, Env, and Nef were targeted
at similar frequencies in blood.

Taken together, the data in Fig. 6A and B reveal that Gag
responses were the largest contributor to mucosal and blood

CD8™" T-cell responses in HIV controllers, while Nef and Env-
specific responses dominated in HIV noncontrollers.

DISCUSSION

Concordance of T-cell responses in mucosa and blood. Our
data demonstrate a strong concordance between epitope-spe-
cific CD8" T-cell responses in rectal mucosa and peripheral
blood, suggesting broad dissemination of HIV-specific T-cell
clones throughout blood and tissues in the setting of chronic
HIV infection. This is in agreement with a previous study by
Ibarrondo et al. showing shared responses between rectal mu-
cosa and blood to pools of peptides spanning the HIV pro-
teome (29). Here we expand on this previous work by mapping
responses to the level of individual peptides in HIV control-
lers, noncontrollers, and subjects on HAART. It should be
noted that during acute HIV/simian immunodeficiency virus
(SIV) infection, the appearance of virus-specific CD8" T cells
in mucosal tissues may be delayed and relatively compartmen-
talized (46), depending upon the route of infection. Similarly,
in murine vaccine studies, the route of administration and type
of immunogen may determine the tissue distribution of anti-
gen-specific T cells (5). Our data suggest a broader tissue
distribution of effector T cells during long-term chronic infec-
tion than what may be observed during acute infection or
postvaccination.

Dominance of HIV Gag responses in controllers. In previous
studies of individuals with chronic HIV infection, we noted
that HIV Gag-specific T cells were more abundant in rectal
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FIG. 5. Breadth of the CD8" T-cell response. The number of epitopes (breadth) recognized within Gag, Env, and Nef by CD8" T cells in rectal
mucosa (A) and peripheral blood (B), as measured by IFN-y ELISPOT assay. Horizontal bars represent the median breadth of response for each

group. *, P < 0.05; %, P < 0.01.

mucosa of individuals with low viral load than in those with
high viral load (11, 12); indeed, for one subject group, we
observed an inverse relationship between the frequency of
HIV Gag-specific IFN-y™ mucosal T cells and plasma viral
load (12). More recently, we determined that polyfunctional
HIV-specific CD8" T cells responding to Gag p55 were more
abundant in rectal mucosa of HIV controllers than in that of
noncontrollers or individuals on HAART (20). These complex
responses were not observed in peripheral blood (20). In this
study, CD8™ T cells targeting immunodominant Gag epitopes
(as measured by IFN-y SFC/million) were shared between
blood and mucosa; however, the quality of those epitope-spe-
cific responses in terms of polyfunctionality was not deter-
mined.

Kiepiela et al. reported that Gag-specific CD8" T-cell re-
sponses are immunodominant in peripheral blood of HIV-
infected subjects with low viral load whereas Env- and Nef-
specific responses are dominant in those with high viral load
(32). Similarly, we found that mucosal responses in HIV con-
trollers were dominated by Gag-specific CD8" T cells whereas
mucosal responses in noncontrollers were more strongly di-
rected toward Nef and Env. Notably, mucosal responses in
HIV controllers were frequently directed toward conserved
regions of HIV Gag, including but not limited to immunodom-
inant epitopes restricted by HLA-B27 and -B57.

It is important to note that technical limitations, primarily
mucosal cell number, prevented us from mapping responses to
the entire HIV peptidome. While it might have been possible
to continue expanding T-cell cultures in order to obtain suffi-

cient cells to analyze all HIV peptides using a matrix approach,
the specificity and functionality of T cells can change with
prolonged in vitro culture (our unpublished results). Instead,
we chose to focus on Gag, Nef, and Env responses because (i)
we had previously identified Gag responses as immunodomi-
nant in mucosal tissues (11, 12), (ii) strong Nef-specific re-
sponses are frequently present during chronic infection (21),
(iii) some reports have suggested a role for Env-specific T-cell
responses in mucosal tissues (41), and (iv) Env viral sequences
may vary between mucosal tissues and blood (45). However, it
must also be noted that clade B consensus peptides, as op-
posed to autologous viral peptides, were used to map these
responses. Therefore, responses to autologous viral sequences
that strongly diverge from the clade B consensus, particularly
within the highly variable Env protein, would not have been
detected in this study.

Focusing of CD8 responses on conserved regions within
Gag. By mapping mucosal responses to the peptide level, we
found that HIV controllers frequently targeted the highly con-
served Gag p24 as well as the zinc finger domains of Gag p7.
Several studies have noted that HLA-B27- and HLA-B57-
restricted responses to Gag p24 impose strong immune selec-
tion pressure on the virus (8, 38, 39, 48, 49). The resulting
escape mutants show reduced viral fitness, likely due to defects
such as reduced cyclophilin A binding. Additionally, de novo
CD8™" T-cell responses to viral escape variants can arise, sug-
gesting a dual mechanism of control where responses directed
toward conserved structural motifs drive the evolution of less-
fit escape mutants, which are then targeted by strong CD8™
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FIG. 6. Proportion of the CD8" T-cell response attributed to Gag,
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trollers. The numbers in the middle of the pies signify the median
number of spot-forming cells/million (A) or the median number of
epitopes targeted in each protein (B), followed by the percentage of
the total response magnitude or breadth.

T-cell responses (38). Responses directed toward Gag p7 zinc
finger domains may also be important, as escape mutations
may disrupt genome dimerization, RNA encapsidation, and
reverse transcription (35, 47, 55). Thus, by driving viral escape,
certain Gag-specific CD8" T-cell responses may help to dis-
rupt critical functions of highly conserved viral proteins and
contribute to immune control. Our study also found response
breadth to Gag, Env, and Nef to be similar among controllers
and noncontrollers in both blood and tissues. Taken together,
these findings suggest that the number of epitopes recognized
may be less important for immune control than the targeting of
structurally conserved regions that are critical for the viral
replication cycle.

Role of mucosal cell-mediated immunity in HIV controllers.
Several lines of evidence argue for a “protective” role for
cell-mediated immune responses in contributing to HIV con-
trol. First, certain MHC class I alleles, notably HLA-B57, are
enriched in HIV controllers (17). Second, HIV controllers
have strong, polyfunctional HIV-specific CD8* T-cell re-
sponses in blood (6) and gastrointestinal mucosa (20). Poly-
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functional mucosal CD4™" T-cell responses may also contribute
to the maintenance of controller status (19), and many con-
trollers have high numbers of HIV Gag-specific CD4" and
CD8" IFN-y* IL-2" T cells in blood (16, 17, 26, 27). However,
as noted by several authors, there is significant heterogeneity in
HIV-specific T-cell response magnitude, polyfunctionality, and
breadth among HIV controllers, and some have low to unde-
tectable HIV-specific T-cell responses (17, 44). Furthermore,
many controllers lack “protective” MHC class I alleles (17).
Therefore, while it is likely that host genetic factors, such as
MHC class I alleles, and Gag-specific CD4* and/or CD8*
T-cell responses contribute to immune control, additional non-
T-cell factors may account for other instances of decreased
viral replication. The role of innate immunity, including NK
cells, in the HIV controller phenomenon should also be ex-
plored.

Even though plasma viremia in subjects on long-term
HAART may be comparable to that in elite controllers (28),
subjects on HAART have much lower HIV-specific T-cell re-
sponses (as defined by magnitude and breadth) in blood and
tissues than controllers. One can speculate that residual viral
replication in controllers (e.g., in gastrointestinal mucosa) may
support continued targeting of HIV by CD4" and CD8" T
cells. Additional studies will be required to address this ques-
tion. It is interesting to note that viremic controllers, who have
low but detectable plasma viremia, showed an increased
breadth of response to Gag compared to those of all other
groups, including elite controllers (VL, <75 copies/ml). There-
fore, immune responses may operate in a Gaussian fashion
driven by viral load, as previously described for antiretroviral-
treated individuals with various levels of viral control (13).
Subjects on antiretroviral therapy who had incomplete viral
suppression, called “partial controllers on antiretroviral ther-
apy” (PCAT), had higher levels of HIV-specific CD4" T cells
than either subjects with complete suppression or those who
did not respond to treatment and maintained high viral loads
(13). It will be important in future studies to determine the
degree to which controllers harbor residual viral replication at
mucosal sites.

Taken together, our results show that immunodominant
HIV-specific CD8* T-cell responses are broadly distributed
across both blood and tissues. Additionally, Gag-specific re-
sponses, in particular those directed against conserved regions
in Gag p24 and Gag p7, dominated in rectal mucosa of HIV
controllers. In general, differences between patient groups in
response breadth were subtle, suggesting that the total number
of epitopes recognized may be less important for long-term
immune control than the targeting of structurally conserved
regions that are critical for the viral replication cycle. Under-
standing which epitopes may be most susceptible to immunity-
mediated selection pressures that drive the expansion of less fit
viral escape mutants will be important for future vaccine de-
velopment.
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