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To better understand the components of an effective immune response to human immunodeficiency virus
(HIV), the CD8™" T-cell responses to HIV, hepatitis C virus (HCV), and cytomegalovirus (CMV) were compared
with regard to frequency, immunodominance, phenotype, and interleukin-2 (IL-2) responsiveness. Responses
were examined in rare patients exhibiting durable immune-mediated control over HIV, termed long-term
nonprogressors (LTNP) or elite controllers, and patients with progressive HIV infection (progressors). The
magnitude of the virus-specific CD8" T-cell response targeting HIV, CMV, and HCV was not significantly
different between LTNP and progressors, even though their capacity to proliferate to HIV antigens was
preserved only in LTNP. In contrast to HIV-specific CD8* T-cell responses of LTNP, HLA B5701-restricted
responses within CMV pp65 were rare and did not dominate the total CMV-specific response. Virus-specific
CD8™ T cells were predominantly CD27*45RO™ for HIV and CD27 45RA™ for CMV; however, these pheno-
types were highly variable and heavily influenced by the degree of viremia. Although IL-2 induced significant
expansions of CMV-specific CD8* T cells in LTNP and progressors by increasing both the numbers of cells
entering the proliferating pool and the number of divisions, the proliferative capacity of a significant propor-
tion of HIV-specific CD8* T cells was not restored with exogenous IL-2. These results suggest that immu-
nodominance by HLA B5701-restricted cells is specific to HIV infection in LTNP and is not a feature of
responses to other chronic viral infections. They also suggest that poor responsiveness to IL-2 is a property of
HIV-specific CD8" T cells of progressors that is not shared with responses to other viruses over which

immunologic control is maintained.

Gaining a better understanding of the immunologic control
of human immunodeficiency virus type 1 (HIV-1) is among the
most critical goals for the rational design of HIV vaccines and
immunotherapies. Although most HIV-infected patients de-
velop high-level viremia, CD4™ T-cell depletion, and progres-
sive disease, a rare subgroup of patients variably termed long-
term nonprogressors (LTNP) or elite controllers restrict HIV
replication to below 50 copies of HIV RNA/ml plasma and
remain disease free for up to 25 years without antiretroviral
therapy (ART). Measurements of HIV-specific immune re-
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sponses in these patients, in comparison with progressors, are
providing insights into mechanisms that mediate immunologic
control or loss of control in humans. Although the mechanisms
of restriction of HIV replication remain incompletely under-
stood, a number of lines of evidence suggest that it is mediated
by HIV-specific CD8" T cells (reviewed in reference 51). High
frequencies of HIV-specific CD8" T cells specific for the au-
tologous virus are observed in both LTNP and untreated pro-
gressors, suggesting that differences in immunologic control
are mediated not by quantitative but more likely by qualitative
features of the immune response.

A number of qualitative features of the HIV-specific CD8™
T-cell response of LTNP or progressors have recently been
proposed as the cause of immunologic control or loss of con-
trol, respectively. HLA B*5701 is highly overrepresented in
LTNP, and the HIV-specific CD8" T-cell response is highly
focused on B5701-restricted peptides in B*5701" LTNP but
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not in B*5701" progressors (19, 50). In addition, there is a
difference in surface markers between HIV- and cytomegalo-
virus (CMV)-specific CD8" T cells thought to represent dif-
ferences in maturation of the T-cell response (8). The CD8* T
cells of progressors are diminished in proliferative capacity and
perforin upregulation in response to autologous HIV-infected
CD4™" T cells (49). Recently, it has been proposed that this
diminished proliferative capacity is due to a lack of paracrine
or autocrine interleukin-2 (IL-2) production by HIV-specific
CD4™" T cells or CD8" T cells (41, 42, 75). Interpretation of
proliferation studies is complicated by the fact that the effects
of IL-2 were measured on the basis of 5,6-carboxyfluorescein
diacetate succinimidyl ester (CFSE) dye dilution of major his-
tocompatibility complex (MHC) tetramer-positive cells. Be-
cause cell division over 6 days is an exponential function, IL-2
may induce small increases in the percentage of cells dividing
or in the number of cell divisions that can result in large
changes in the percent CFSE™ cells, and yet the majority of
antigen-specific cells may not proceed through the cell cycle. In
addition, there are very limited data regarding whether the
features of immunodominance, surface phenotype, and IL-2
responsiveness of HIV-specific CD8" T cells extend to other
chronic virus infections.

In the present study, we examined these qualitative features
within the response to HIV, CMV, or hepatitis C virus (HCV)
across patient groups. We observed that the high degree of
focus upon B5701-restricted peptides found in LTNP does not
extend to the HCV- or CMV-specific responses. The pheno-
type of HIV- or CMV-specific CD8" T cells was highly vari-
able and heavily influenced by the degree of viremia. In addi-
tion, when both the number of divisions and the percentage of
cells dividing were analyzed, proliferation of HIV-specific
CD8™ T cells was refractory to IL-2 stimulation, unlike that of
CMV-specific cells. These results offer important insights into
qualitative features of the HIV-specific CD8" T-cell response,
whether they extend to responses to other viruses, and whether
they are associated with the presence or absence of immuno-
logic control.

MATERIALS AND METHODS

Study population. All patients in this study were previously recruited as part of
a National Institute of Allergy and Infectious Diseases (NIAID) protocol and
signed investigational review board-approved informed consent documents.
LTNP patients had negative histories for opportunistic diseases, stable T-cell
counts, set point HIV-1 RNA levels of <50 copies/ml (bDNA-based Versant
HIV-1 RNA assay version 3.0; Bayer Diagnostics, Tarrytown, NY), and no
ongoing ART. Progressors, defined as patients with a progressive decline in
CD4™" T-cell counts and/or current or previously documented poor restriction of
virus replication (HIV-1 RNA levels of >1,000 copies/ml) when not receiving
ART, were divided into subgroups based on duration of infection, HIV-1 RNA
set points, and treatment status. Untreated progressors either were ART naive or
had been off ART for at least 6 months prior to leukapheresis. Treated progres-
sors received continuous ART. In addition, paired peripheral blood mononu-
clear cell (PBMC) samples reflecting “off therapy” and “on therapy” time points
were obtained from each of nine HIV-seropositive patients undergoing an in-
terruption of ART (66). Single-time-point or longitudinal PBMC samples from
nine HIV-seronegative lung transplant recipients diagnosed with CMV pneumo-
nitis were also obtained. HIV-1 infection in study participants was documented
by HIV-1/2 immunoassay. CMV infection was confirmed using an enzyme-linked
immunosorbent assay to detect CMV-specific immunoglobulin G. HCV infection
was documented by HCV immunoassay, and HCV viral load was quantified by
PCR. HLA class I/IT typing was done by sequence-specific hybridization as
described previously (6).
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Q-PCR detection of CMV. Patient and healthy donor blood samples were
collected into EDTA-treated tubes. One-milliliter aliquots of plasma samples
were prepared from the blood specimens. The MagNA Pure LC total nucleic
acid (NA) isolation kit (large volume; Roche Applied Science, Indianapolis, IN)
was used on the MagNA Pure LC instrument (Roche Applied Science, India-
napolis, IN) according to the manufacturer’s instructions to extract total NA
from the 1-ml plasma aliquots and to elute the NA in 50 wl elution buffer. To
verify that impurities that may contribute to quantitative real-time PCR (Q-
PCR) inhibition were removed during the extraction, an internal control (lin-
earized pBR322 plasmid) was added to the lysis/binding buffer from the MagNA
Pure LC total NA isolation kit (large volume) at a final concentration of 200
copies/pl prior to the NA extraction step and then coextracted. A dilution series
of a plasmid that contained CMV target sequence that was generated as de-
scribed previously (9) was used to produce a quantitative reference standard
curve for the quantification of positive samples in each Q-PCR experiment.

CMV DNA was detected and quantified with the RotorGene3000 system
(Corbett Research/Robotics, San Francisco, CA) Primers, fluorescence reso-
nance energy transfer detection probes, and the PCR conditions were essentially
as previously described (9). Q-PCR was carried out with the QuantiTect Probe
Mastermix (Qiagen, Valencia, CA) using 5 pl of extracted NA with a final
reaction volume of 20 ul. The concentration of CMV target DNA was calculated
by plotting the crossing point of each sample on the standard curve by using the
RotorGene3000 software. The internal control was detected in a separate Q-
PCR on the RotorGene3000 system with a second aliquot of extracted NA (5 pl)
from the clinical sample.

Stimulation of CD8" T cells for detection of gamma interferon (IFN-vy).
PBMC s, which had been obtained as described previously (49) and stored at
—140°C, were thawed and rested overnight in 10% human AB (GemCell, Wood-
land, CA) medium prior to stimulation for 6 h with HCV peptides, CMV
peptides, dendritic cell (DC) targets (CMV TB40E infected, HIVgg ¢, infected,
or uninfected), phorbol myristate acetate (6.5 nM; Calbiochem, Darmstadt,
Germany), and ionomycin (0.2 pM; Sigma-Aldrich, St. Louis, MO) or medium
alone. For peptide stimulation experiments, autologous Epstein-Barr virus
(EBV)-transformed B cells were pulsed with the relevant peptide/pool at a
concentration of 0.5% PBMCs (200:1 effector/target cell [E:T] ratio). For HCV
experiments, 441 14- to 18-mer peptides overlapping by 11 amino acids compris-
ing the entire HCV 1la proteome were pooled according to gene product: core,
E1, E2, P7,NS2, NS3, NS4A, NS4B, NS5A, and NS5B (NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, Rockville, MD). The
final peptide concentration was 4 pg/ml. For experiments using HIV Gag (NIH
AIDS Research and Reference Reagent Program) or CMV pp65 (Multiple
Peptide Systems, La Jolla, CA) peptide 123 or 138, respectively, 15-mers over-
lapping by 10 amino acids were used at a 2-ug/ml final concentration of each
peptide. A peptide matrix was used for pp65 epitope mapping, whereby each
peptide was present in two pools, as previously described (31, 32). Recognition
of individual 15-mer peptides was then confirmed, and where applicable, 9-mers
were constructed to identify optimal epitopes (see Table 2). To determine HLA
restriction, heterologous B-cell targets matched at a single or limited number of
HLA class I loci pulsed with the appropriate peptide were used as antigen-
presenting cells (APC) at an E:T ratio of 10:1. To determine the total frequency
of CMV- and HIV-specific CD8* T cells, CMV TB40E-infected and HIVgg,4,-
infected autologous and heterologous DC targets were used as APC at an E:T
ratio of 1:1, which gave optimal responses with low background and minimal
bystander activation and was relatively insensitive to variations in the level of
infection.

PBMCs were aliquoted at 4 X 10° per stimulation tube (Starstedt Inc., New-
ton, NC) and stimulated with peptides or cell targets for 6 h prior to intracellular
staining as previously described (50). In all peptide stimulation experiments,
anti-CD28 and anti-CD49d were added for costimulation (1 pg/ml; BD Bio-
sciences, San Jose, CA).

CMV preparation. CMV strain TB40E, a kind gift from L. Hertel and E.
Mocarski of Stanford University, was propagated in confluent human foreskin
fibroblasts that were generously provided by J. Meier of the University of Iowa
(23). Human foreskin fibroblasts were infected at a low multiplicity of infection,
and infection was allowed to proceed until the fibroblasts exhibited nearly 100%
cytopathic effect. Cell-free supernatant (75 ml) was then collected, centrifuged
once at 1,300 rpm to remove debris, and then concentrated by ultracentrifugation
at 80,000 X g for 70 min. The pelleted virus was then resuspended in 500 pl and
stored in 35-pl aliquots at —80°C until used for DC infection (58).

Generation of CMV- and HIV-infected DCs. DCs were generated as previously
described (59). Briefly, cryopreserved PBMCs were thawed, washed twice in 10%
fetal bovine serum (FBS; Gemini Bio-Products, West Sacramento, CA) medium,
and incubated at 37°C in T75 flasks at a concentration of 2 X 10° cells/ml in 10%
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FBS medium. After 2 hours, nonadherent cells and medium were discarded.
Adherent monocytes were washed twice with room-temperature phosphate-buff-
ered saline (PBS) and incubated with 10% FBS medium supplemented with 6.5
ng/ml IL-4 (R&D, Minneapolis, MN) and 100 ng/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF) (Peprotech, Rocky Hill, NJ) for 7 days.
Medium was replaced on days 2, 4, and 6. On day 7, DCs were pooled and
counted. Residual CD8" T cells at day 7 were depleted by automated magnetic
cell sorting according to the manufacturer’s protocol (AutoMACS; Miltenyi
Biotec, Germany). Prior to infection, these cells were predominantly CD1AM
and CD14%.

Between 2 X 10° and 6 X 10° DCs were infected with 107 50% tissue culture
infective doses of CMV TB40E (30 wl) or 5,000 50% tissue culture infective
doses of HIVggi4 (50 pl). Cells and virus were resuspended in IL-4- and
GM-CSF-containing medium and centrifuged at 2,400 rpm for 1.5 h at room
temperature. After spinoculation, supernatant was aspirated, and cells were
resuspended in IL-4- and GM-CSF-containing medium and plated in 24-well
plates at a concentration of 10° cells/ml. In preliminary time course experiments,
peak infection, determined by staining for the CMV immediate-early 1 (IE-1) or
the HIV p24 gene product, occurred at 24 h and 4 days, respectively, of incuba-
tion. Subsequently, infection (CMV, 30 to 60%; HIV, 5 to 13%) and cell purity
(>98%) were confirmed in all cases by flow cytometry. In experiments compar-
ing HIV-infected DCs with HIV-infected primary CD4" T-cell targets, autolo-
gous CD4™ T cells were positively selected from cryopreserved PBMCs by
magnetic automated cell sorting and polyclonally stimulated prior to infection as
previously described (49). Infection (21 to 47%) and cell purity (>98%) were
confirmed in all cases by flow cytometry.

CFSE proliferation assays. For proliferation experiments, PBMCs were la-
beled with CFSE (Molecular Probes, Eugene, OR) as previously described (49).
CFSE-labeled PBMCs were incubated in 96-well, deep-well culture plates (PGC
Scientifics, Frederick, MD) at a density of 10° PBMCs/well/ml with HCV or
CMV peptides, anti-CD3 (Orthoclone OKT3, 1 ug/ml; Ortho Biotech, Bridge-
water, NJ) and anti-CD28 (1 pg/ml) antibodies, or medium with or without IL-2
(20 TU/ml) for 6 days.

Flow cytometry. Multiparameter flow cytometry was performed according to
standard protocols (26). Surface and intracellular staining of DCs was done using
the following antibodies: fluorescein isothiocyanate (FITC)-conjugated anti-
CMV IE-1 (Chemicon International, Inc., Temecula, CA), FITC-conjugated
anti-HIV p24 (Kc57-FITC; Beckman Coulter, Inc., Fullerton, CA), peridinin
chlorophyll protein-conjugated anti-CD14 (BD PharMingen, San Diego, CA),
and allophycocyanin-conjugated anti-CD1A (BD PharMingen). In order to stain
infected and uninfected DCs for intracellular expression of the CMV IE-1 gene
product, 2 X 10° DCs were pelleted and then placed on ice for 15 min prior to
fixation and permeabilization with cold (stored at —70°C before use) absolute
methanol (Fisher BioTech Grade, Fair Lawn, NJ) for 10 min at 4°C. The cells
were washed with PBS and stained with 100 ul of FITC-conjugated anti-IE-1 at
37°C. After 1 h, the cells were washed three times with an 0.5% PBS-Tween 20
solution (Chemicon International, Inc.) and resuspended in 400 pl of PBS
containing 1% formaldehyde. For intracellular staining of the HIV p24 gene
product, DC or CD4" T-cell targets were fixed and permeabilized with Cytofix/
Cytoperm (BD PharMingen), washed, and then stained with the FITC-conju-
gated Kc57 antibody at 4°C for 30 min.

Surface and/or intracellular staining of PBMCs was performed using the fol-
lowing antibodies, which were purchased from BD Biosciences unless otherwise
specified: FITC-conjugated anti-CD3 and anti-CD8; phycoerythrin (PE)-conju-
gated anti-CD3, anti-CD8, anti-CD69, and anti-IL-2; peridinin chlorophyll
protein-conjugated anti-CD3, anti-CD8, and anti-CD45RA; allophycocyanin-
conjugated anti-CD4, anti-IFN-vy, and anti-CD45RO; PE-Texas Red-conjugated
anti-CD4 (Caltag Laboratories, Inc., Burlingame, CA); PE Alexa 700-conjugated
anti-CD8 (Caltag Laboratories, Inc.); PE-Cy7-conjugated anti-tumor necrosis
factor alpha; Alexa 700-conjugated anti-CD3; allophycocyanin-Cy7-conjugated
anti-CD27 (eBiosciences, San Diego, CA); and Pacific blue-conjugated anti-
CD3. CMV and HIV HLA class I tetramers conjugated to allophycocyanin
and/or PE (Beckman Coulter, Inc.) were used to label epitope-specific CD8* T
cells (see Table 3). HLA-Cw0602-CMV pp65,;,.5,9 TRATKMQVI (TI19) allo-
phycocyanin tetramer was conjugated at the NIH tetramer facility (Atlanta, GA).
Cw*0602 cDNA was generously provided by H. Reyburn of Cambridge Univer-
sity (46). CCR?7 staining was performed in two steps: murine anti-human CCR7
(BD PharMingen) was added at 37°C for 30 min, followed by Alexa 488-conju-
gated goat anti-mouse secondary antibody (Invitrogen Molecular Probes) at 4°C
for 30 min. All other staining was performed at 4°C for 30 min.

Flow cytometry profiles were gated on CD3* CD8* lymphocytes, and 50,000
to 200,000 events were collected. Samples were analyzed on a FACSAria three-
laser cytometer (Becton Dickinson) with FACSDiva software. Color compensa-
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tions were performed for each patient’s PBMCs using samples single stained for
each of the fluorochromes used. Data were analyzed using FlowJo software
(Tree Star, San Carlos, CA). In experiments with CFSE-labeled cells, the FlowJo
Proliferation Platform provided detailed information about the division charac-
teristics of gated tetramer™ CD8" T cells. For each sample, a model fitting the
cell population of interest was used to separate it into individual generations.
When possible, a standard model was calculated from anti-CD3/anti-CD28-
stimulated cells to define the nonproliferating and proliferating subsets and the
individual divisions. This was then applied to subsequent samples. This type of
analysis produced information about the fraction of cells of the original cell
population that divided (percent divided) and the average number of divisions
that these proliferating cells had undergone (proliferation index). To examine
the effect of IL-2 on proliferation, these parameters for tetramer™ CD8™" T cells
were generated in samples that had been stimulated with peptides plus IL-2 and
compared to the values obtained from samples stimulated with peptides alone by
calculating the delta percent divided (percent divided with IL-2 minus percent
divided without IL-2) and the delta proliferation index (proliferation index with
IL-2 minus proliferation index without IL-2) (FlowJo; Tree Star).

Statistical methods. Independent groups were compared using the Wilcoxon
two-sample test. The Wilcoxon signed-rank test was used to compare paired
data. Correlation was determined by the Spearman rank method. Paired pro-
portions were compared by the McNemar test. The Bonferroni method was used
to adjust P values for multiple testing. Medians are reported.

RESULTS

Patient characteristics. The clinical characteristics of the
study patients are shown in Table 1. LTNP are included in a
cohort who have been infected for a median of 17 years and yet
typically maintain normal CD4" T-cell counts (median, 834
[range, 456 to 1,830] cells/ml) and <50 copies of HIV RNA/ml
plasma without ART. Additional detailed characteristics of
this cohort are provided in previous studies (48-50). HLA
B*5701 is highly overrepresented in LTNP but occurs in pro-
gressors at a frequency of 10%, similar to the U.S. Caucasian
population (50). For this reason, additional patients with
HLAB*57 were added to groups B, C, and D to permit com-
parisons of CD8™ T cells specific for HIV, HCV, or CMV that
are restricted by these alleles.

Twelve patients in this cohort are seropositive for HCV;
three are LTNP and nine are patients with evidence of HIV-1
disease progression. Of the three HIV/HCV-coinfected LTNP,
patient 12 had a sustained virologic response following treat-
ment with pegylated IFN and ribavirin, but the other two
untreated patients had had HCV RNA levels persistently
greater than 2 X 10° IU/ml plasma. Of the progressors, pa-
tients 55 and 134 spontaneously cleared their infection, and
patient 130 was cured with antiviral therapy. Patient 46, ini-
tially diagnosed with HCV genotype la, was reinfected with
genotype 1b following undetectable HCV RNA levels for 11
months posttreatment. In summary, the few HCV/HIV-coin-
fected patients in our cohort with immune-mediated control
over HIV were not more likely to have cleared HCV infection,
consistent with one prior report (38). All of the patients stud-
ied were CMV seropositive, but all had CMV DNA levels
below 50 copies/ml plasma at the time of study.

Frequency, breadth, and MHC restriction of virus-specific
responses in coinfected patients. The relationship between
levels of antigen and frequency and breadth of virus-specific
CD8" T cells was examined. Because the length of gene prod-
ucts can affect the number of epitopes detected and the fre-
quency of responding CD8™ T cells (63), the response to CMV
pp65 peptides was compared to the response to HIV Gag
peptides. The amino acid lengths of these two gene products
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TABLE 1. Characteristics of coinfected patients

Patient group and no. HLAA HLAB® HLAC diz(grn‘;fsis ngtsf” HIV VL? SerostHa(leNLc CMV serostatus/VL
LTNP
4 1,31 8,57 6,7 1985 1,190 <50 - +/<50
6 11, 30 52,57 7,12 1986 606 <50 6,000,000 +/<50
8 11,23 44,57 4,6 1985 473 <50 - +/<50
11 32 14,51 8,14 1989 1,830 <50 - +/<50
12 3,11 7,57 6,7 1986 456 <50 <615 +/<50
17 2,26 38,27 1,12 1985 950 <50 - +/<50
33 2,30 13,57 6 1995 972 <50 - +/<50
34 1,2 8,57 7,6 1989 958 <50 2,375,950 +/<50
37 30 42,57 17,18 1998 1,616 <50 - +/<50
38 2,24 44,57 5,6 1990 1,645 <50 - +/<50
47 1,74 57,81 7,18 1994 538 <50 - +/<50
48 1,33 8,53 1,4 1989 834 <50 - +/<50
53 11, 80 27,35 2,4 1992 825 <50 - +/<50
58 30, 74 15,57 3,8 1989 596 <50 - +/<50
59 23,30 7,57 7,15 1986 833 <50 - +/<50
Slow progressors
20 1 52,57 6,12 1985 1,307 28,954 - +/<50
21 1,2 8,27 1,7 1984 564 7,148 - +/<50
35 2,3 57 6,7 2000 520 1,800 245,234 +/<50
36 2 13, 44 5,8 1996 614 1,770 - +/<50
44 1,24 27,37 2,6 1986 789 1,370 - +/<50
45 2 45,57 6 1990 791 9,607 - +/<50
46 2,23 53,57 6,18 1984 461 1,543 2,383,710 +/<50
54 2,11 15,37 4,6 1989 649 1,289 - +/<50
55 1,23 8,57 7 1992 394 2,062 <615 +/<50
63 30 57,81 18 1986 803 1,607 + +/<50
Viremic progressors
103 2,11 55,57 3,6 1991 545 1,406 - +/<50
105 2,80 8,57 7,12 1990 720 1,220 - +/<50
107 3 40, 57 3,7 1987 405 90,130 - +/<50
131 2,11 35,57 4,6 1989 421 76,038 - +/<50
133 33,68 15,35 3,16 2000 594 82,000 974,450 +/<50
134 68 15,27 3 2003 336 20,421 <615 +/<50
137 34,68 53,58 3,4 2003 784 213,759 - +/<50
138 1,68 15,57 1,7 1996 444 160,954 - +/<50
139 2,32 27,35 1,4 1993 453 78,984 - +/<50
203 30,32 18,57 5,6 1989 824 6,584 - +/<50
Treated progressors (<50 copies)
101 1,31 51,57 6,15 1986 602 <50 - +/<50
113 1,2 45,57 7,16 1991 574 <50 - +/<50
114 1,24 8,57 6,7 1989 292 <50 - +/<50
115 1,3 14,57 6,8 1995 567 <50 - +/<50
118 2,2 51,57 6,14 1990 668 <50 - +/<50
124 11 35,57 4,6 1986 852 <50 - +/<50
126 1,68 8,57 5,8 1991 829 <50 3,440,410 +/<50
129 2,32 15,27 1,2 1988 366 <50 - +/<50
130 25,68 18,57 7,12 1997 472 <50 <521 +/<50
132 30, 66 40, 57 3,7 1995 1,409 <50 - +/<50
135 2,3 42,81 17,18 1985 666 <50 9,504,730 +/<50
136 23,68 14,58 6,8 1986 1,172 <50 - +/<50
142 2,68 27,40 1,3 1994 759 <50 - +/<50
144 3,26 7,57 6,7 1986 729 <50 - +/<50
145 1,68 15 2,3 1994 1,914 <50 - +/<50

“ HLA B57 is highlighted by underlining.
> VL, viral load, expressed as number of copies/ml of plasma.
¢ HCV viral load, expressed as International Units (IU)/ml of plasma.

are roughly similar (499 and 561 for Gag and pp65, respec-
tively). Compared with the cumulative frequency of IFN-y-
producing Gag-specific CD8" T-cell responses, the total fre-
quency of CMV pp65-specific responses was of similar
magnitude (medians, 1.2% [range, 0 to 26%] versus 1.38%

[range, 0.5 to 14.2%], respectively; P > 0.5) (Fig. 1). As re-
ported previously, using various techniques to enumerate an-
tigen-specific cells in HCV-monoinfected or HCV/HIV-coin-
fected patients, the frequencies of CD8" T-cell responses to
any HCV gene product in our cohort were very low compared
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FIG. 1. Comparison of CD8" T-cell responses to HIV Gag, CMV pp65, and HCV. The percentages of CD8" T cells that are CD69" and
IFN-y" in response to EBV-transformed B cells pulsed with HIV Gag (blue), CMV pp65 (red), or HCV (green) peptide pools are shown.
Background activity against B cells not pulsed with peptides has been subtracted. Patient numbers are listed below each bar. Patients are
subgrouped according to HIV disease status as LTNP (HIV LTNP), slow progressors (HIV SP), progressors (HIV P), and patients with
antiretroviral-induced suppression of HIV RNA levels to <50 copies/ml (HIV Rx<50).

to those to CMV or HIV (29, 38-40, 70). Using peptides

spanning the entire HCV proteome, HCV-specific CD8" T TABLE 2. Summary of cytotoxic T-lymphocyte epitopes derived
cells were detected in the peripheral blood of only three/eight from CMV pp65
i d f 1 itude (Fig. 1). Although th i
patients an W?reo. very low n.lagnltu.e( £ ) . thoug t.e Peptlde' group and Amino acid sequence Position  Reference(s)
small sample size did not permit meaningful statistical analysis, name
HCV-specific CD8" T-cell frequencies did not appear to cor- Newly identified
relate with either HIV or HCV viral loads or CD4 counts (see epitopes and
Fig. S1 in the supplemental material). Furthermore, these cells HLA class T
. . . . restriction

from five coinfected patients did not proliferate to HCV pep- elements

i i i - i + B57 VF9 VAFTSHEHF 294-302

tides, even in th.ree LTNB with preserved HIV-specific Cl?8 ce 10 TRATKMOVI P
T-cell proliferation (see Fig. S1 in the supplemental material).

Given the low frequencies, the HCV-specific responses were Previously reported

not examined in further detail. ppiopes :;“Id

We then analyzed the frequency and breadth of immuno- restriction

dominant CMV-specific CD8" T-cell responses and their Alelérﬁrllts VSEHPTFTSOY 63373 5
MHC restriction elements in a subset of 23 CMV/HIV-coin- ‘A2 NVO NLVPMVATS 195503 .72
fected patients using a peptide matrix in intracellular IFN-y gig 2199 g}g%{l\lf\IVGHFI%EL 53—5% g
detection assays as previously described (31, 32). Two re- B44 EY10 EFFWDANDIY 512571 .72
sponses were frequently detected. In the first case, a response B44 SY10 SEHPTFTSQY 364-373 13,35
to the immunodominant HLA A0201-restricted NLVPM B52QV9 QMWOQARLTV 15516331
VATV (NV9) epitope (72) contained within peptides 121 and 15-mer peptides

122 was found in 6 of 11 (55%) HLA A*02" patients (Table 2 recognized in

and Fig. 2; see also Fig. S2 in the supplemental material). In Fnef;;(:ﬁ gmatrlx

the second case, a high-frequency response targeting the experiments

: i ithi i 15 PCHRGDNQLQVQHTY 67-81

TRATKMQVI (1'“19)'ep1tope' contained within pept1de§k 50 and 3 HRHILPVADAVIHASG 1300153

51 was observed in eight patients who shared HLA B*57 and 44 TSAFVFPTKDVALRH 183-197

* H H ial: 49 ELVCSMENTRATKMQ 203-217

Cw*06 (see Fig. S2 in thf supplemental.n}aterlal, also data nqt < YVKVYLESFCEDVPS P

shown). Although CD8™" T-cell recognition of TI9 was previ- 56 FCEDVPSGKLFMHVT 231245

ously reported to be HLA B13 restricted (32, 34, 53), Cw0602 gj %&%ﬁ‘ggﬂé@%n %gg%g;
was confirmed to be the major HLA class I restriction element 109 ATACTAGVMTRGRLK ~ 443-457

in our cohort using heterologous B-cell lines matched at a PN — — olowed by CMY nenia
.. . . “ reviated as class I restriction element followed by peptide
limited number of ?lass [ alleles vas AIZC (S'ee Flg'. S2 in the sequence identified as first and last amino acid symbols followed by sequence
supplemental material). Of 12 Cw*0602™ patients, eight (67%) length.
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FIG. 2. Summary of CMV pp65-specific CD8" T-cell response mapping. The percentages of CD8" T cells that are CD69" and IFN-y™ in
response to CMV pp65 peptides following 6-hour stimulation are shown. Individual peptide-specific responses are color coded by specificity and
HLA restriction if present in three or more patients. Two novel responses, seven previously reported CMV pp65 optimal epitope-specific CD8*
T-cell responses, and low-frequency responses targeting nine 15-mers in which the optimal epitopes and HLA restriction were not determined are
shown (Table 2). Patient numbers are listed below each bar. Patients are subgrouped according to HIV disease status as LTNP (HIV LTNP), slow
progressors (HIV SP), progressors (HIV P), and patients with antiretroviral-induced suppression of HIV RNA levels to <50 copies/ml (HIV

Rx<50).

recognized the TI9 epitope, a prevalence exceeding the 55% of
A*02" patients who targeted the immunodominant HLA A02-
restricted NV9 epitope (Fig. 2 and data not shown).

Identification of a B57-restricted CMV epitope was of inter-
est to permit comparisons between B57-restricted CD8* T-cell
responses targeting HIV and CMV. The optimal epitope
VAFTSHEHF (VF9) contained within peptide 71 had a planar
motif compatible with B57 restriction and was recognized by
the cells of the A*02*/B*57" patient 105 (see Fig. S2 in the
supplemental material). Although Cwl2 was the restriction
element in a previous report (35), B57 was confirmed to re-
strict CD8" T-cell recognition of VF9 in the present case
(Table 2 and Fig. 2; see also Fig. S2 in the supplemental
material). Of 16 HLA B*57" patients, only CD8™" T cells from
patient 105 recognized this epitope. In addition, no other fre-
quently targeted HLA B57-restricted epitope was identified.
This is a striking contrast to HIV-specific CD8" T-cell re-
sponses, where cells derived from all B¥57017 patients recog-
nize some B5701-restricted HIV epitopes, and in LTNP, the
majority of HIV-specific CD8" T-cell responses are B5701
restricted (19, 50). The prevalence of recognition of the TI9
epitope by CD8" T cells from 11 patients who were both HLA
B*5701" and Cw*06™ was significantly greater than recogni-
tion of the VF9 epitope (73% versus 0%, P = 0.005).

To examine characteristics of these CMV-specific CD8" T
cells with HIV-specific cells in the same patients, MHC class I
tetramers were made for the HLA Cw0602-restricted CMV
PP65511010 T19 and the HLA B5701-restricted CMV pp65,0,4 302
VF9 epitopes (see Fig. S2 in the supplemental material). Cells
from 12 of 14 (86%) HLA Cw*0602" patients stained posi-
tively with the C6 TI9 tetramer, confirming the highly domi-
nant nature of this response specificity. In contrast, cells from
only 1 of 13 (7%) HLA B*5701" patients stained positively
with the B57 VF9 tetramer (data not shown). Similar to the
results of the IFN-vy assays, the prevalence of positive staining
with the C6 TI9 tetramer was significantly greater than that
with the B57 VF9 tetramer in eight HLA B*5701"/Cw*0602*
patients (88 versus 0%, P = 0.02).

For most of the other dominant CD8* T-cell responses
detected in these CMV mapping experiments, HLA restriction
had been previously described and was confirmed in a subset of
patients (Table 2 and Fig. 2; also data not shown). Twenty-one
of 23 patients had responses to CMV pp65, ranging in magni-
tude from 0.1 to 26% CD69* IFN-y" CD8" T cells. The
median total CMV pp65-specific CD8" T-cell frequency was
not significantly different between 10 LTNP and 13 HIV™
progressors (0.8% [range, 0 to 26%] versus 1.3% [range, 0 to
9.4%], respectively; P > 0.5). The breadths or median numbers
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FIG. 3. Determination of total CMV- and HIV-specific CD8" T-cell responses and the contribution of HLA B57 restriction using virus-infected
monocyte-derived DCs as APC. (A) Pseudocolor density plots are gated on CD8™" T cells from patient 8 showing CD69" and IFN-y" expression
in response to 6-hour stimulation with CMV TB40-infected (top row) or HIVg,¢,-infected (bottom row) DC targets at a 1:1 E:T ratio. DCs were
autologous (first column), heterologous with a match only at HLA B*57 (second column), heterologous with a match only at Cw*06 (third column),
or heterologous with complete mismatches at all HLA class I loci (fourth column). Numbers on plots reflect the percentages of the gated
population expressing CD69 and IFN-y after subtracting background values, which were measured against uninfected targets (not shown).
(B) Total frequencies of CMV- (solid bars) and HIV-specific (hatched bars) CD8" T cells measured by CD69" and IFN-y ™ expression in response
to virus-infected DC targets are shown for 11 B*5701" LTNP and three B*5701" slow progressors. The red bars signify the fractions of the total
virus-specific CD8™" T-cell responses that are HLA B57 restricted. Patient numbers are listed below each bar. (C) Data in panel B expressed simply
as the percentage of the total response restricted by B57. Solid black lines represent median values. Paired data were compared with the Wilcoxon

signed-rank test.

of pp65 peptides targeted were also similar between LTNP and
progressors (1.5 [range, 0 to 4] versus 1 [range, 0 to 4], respec-
tively; P > 0.5) (Fig. 2). The total frequencies and breadth of
CMV pp65-specific CD8" T-cell responses did not correlate
with HIV RNA levels (P > 0.5).

Given that CMV pp65 represents only a small portion of the
CMYV genome and that CMV gene products other than pp65
have been reported to elicit large CD8* T-cell responses, we
next examined the total CMV-specific CD8" T-cell response in
HIV/CMV-coinfected patients and determined the overall
contribution of HLA B57 restriction (13, 32, 33, 63). Recently,
it has been shown that certain endothelial strains of CMV
(TB40E and VHLE) can productively infect monocyte-derived
DCs, which can be used to stimulate CD8" T cells (5, 18, 21,
23, 52, 58). In order to examine the total CD8" T-cell re-
sponse, CMV TB40E-infected autologous and heterologous

DCs were used as APC. Similar to other reports, 30 to 60% of
DCs expressed the IE-1 gene product at 24 h of infection (data
not shown) (23, 52). Figure 3A (top row) shows an example
where 8.1% of this representative patient’s CD8* T cells rec-
ognized autologous CMV TB40E-infected DCs. When stim-
ulated with heterologous DC targets matched only at HLA
B*57, 1.8% of CD8" T cells responded, compared with a
response of 2.4% using heterologous DCs matched only at
HLA C*6. Minimal responses above background (<0.05%)
were detected when effectors and targets were completely
HLA mismatched or if effectors were derived from a CMV-
seronegative donor (Fig. 3A and data not shown). In six
randomly selected patients, the total CMV-specific CD8*
T-cell frequencies measured in this assay were greater than
the frequencies measured against a pp65 peptide pool, sug-
gesting that a significant proportion of CMV-specific CD8"
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T cells recognize gene products other than pp65 (data not
shown).

The fraction of the total HIV-specific CD8" T-cell response
restricted by HLA B57 was also examined using a similar
monocyte-derived DC system. Although we have previously
examined the frequency of HIV-specific CD8" T cells in re-
sponse to autologous HIV-infected CD4" T-cell targets, we
have not examined the response to HIV-infected DCs (49).
Therefore, potential differences in restriction patterns between
CMV- and HIV-specific CD8" T cells could be caused by
differences in APC types, not differences in the responses to
CMYV in comparison to HIV. Consistent with previous reports,
peak HIVgp, 4, infection on day 4 resulted in a median value of
6.1% (range, 5 to 13%) of DCs expressing the HIV p24 gene
product (data not shown) (25, 45). In Fig. 3A, the CD8* T-cell
response to HIVgg,¢--infected autologous DCs is similar to the
total CMV-specific response in this LTNP; however, the HIV-
specific CD8" T-cell response is completely restricted by HLA
B57. To ensure the utility of HIVg, -infected DCs as APC,
CD8" T-cell responses using these cell targets were compared
with those of HIVgg 4,-infected CD4™ lymphoblast targets in
a subset of eight B¥57* LTNP (50). Although the percentages
of p24™ autologous DCs were significantly lower than the per-
centages of p24™* lymphoblasts (medians, 6.1% [range, 5 to
13%] versus 31.7% [range, 21 to 47%], respectively; P <
0.001), the HIV-specific CD8" T-cell responses were of a sim-
ilar magnitude (medians, 5.4% [range, 0.9 to 8%] versus 6.4%
[range, 0.7 to 13.6%], respectively; P > 0.5). In addition, the
proportions of the responses to infected DCs or lymphoblasts
that were restricted by HLA B57 were similar (medians, 100%
[range, 17.7 to 100%] versus 94.5% [range, 11 to 100%], re-
spectively; P = 0.25; data not shown).

A summary of the total CMV- and HIV-specific CD8" T-
cell responses in 11 B*¥57* LTNP and three B*57" slow pro-
gressors is shown in Fig. 3B. With the use of monocyte-derived
DC targets infected with CMV TB40E, the median total CMV-
specific CD8™ T-cell response was 7.4% (range, 0.8 to 18.6%)
with only a median of 22.6% (range, 0 to 64.2%) of the total
response restricted by HLA B57 as determined by stimulation
with heterologous (matched only at B*57) CM V-infected DCs
(Fig. 3C). High-frequency, broadly directed CMV-specific
CD8" T-cell responses have also been reported in CMV-
seropositive, HIV-seronegative subjects (13, 63). With the use
of HIVgg,e-infected DCs as APC, the median total HIV-
specific CD8" T-cell response was 4.7% (range, 0.9 to 8%) and
was not significantly different from the total CMV-specific re-
sponse (P = 0.07; Fig. 3B). However, unlike the CMV-specific
responses, the HIV-specific CD8" T-cell responses of B*57*
patients with low levels of HIV RNA were predominantly
focused on B57-restricted epitopes, with a median of 98.2%
(range, 17.7 to 100%) of the total response restricted by HLA
B57 (P < 0.001; Fig. 3C). Thus, consistent with the pp65
peptide mapping data, HLA B57 appears to restrict a relatively
small percentage of the total CMV-specific response. This ob-
servation was made in LTNP whose CD8" T cells preferen-
tially target BS7-restricted HIV epitopes. These results suggest
that the immunodominance of B57 in the response to HIV in
LTNP does not extend to the response to CMV. Immunodomi-
nance of B57-restricted cells is therefore unlikely to be simply
intrinsic to the B57 molecule itself or a response modifier but
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rather is influenced by other factors that are unique to HIV
infection of LTNP.

Differences in surface phenotype of HIV- and CMYV-specific
CD8™ T cells are a consequence of viral load. A comparison of
the phenotype of HIV- and CMV-specific CD8" T cells was
also explored in these cohorts (Fig. 4). It has been suggested
that the impaired functionality of HIV-specific CD8* T cells is
associated with a skewed surface phenotype in comparison to
CMV-specific cells (8). HIV-specific CD8™ T cells of untreated
progressors express a predominantly CD45RA™/CCR7™ sur-
face phenotype, which has been termed “pre-terminally differ-
entiated,” whereas most CMV-specific cells have a CD45RA ™/
CCR7™ phenotype, thought to be consistent with “terminally
differentiated” effector cells. Based upon these designations, it
was suggested that HIV-specific cells are not fully mature ef-
fectors in the context of viremia and that this inability to
completely differentiate may be the basis of poor immunologic
control of HIV replication (8, 14). We sought to confirm
whether there are phenotypic differences based on cell surface
markers between HIV- and CMV-specific CD8" T cells and
whether these differences are influenced by the level of HIV or
CMV antigen.

Figure 4A shows phenotypic data for treated patient 129.
The HIV Gag,q; »7» KRWIILGLNK (KK10)-specific cells in
this patient are CCR7/CD45RA™RO™ whereas the CMV
PP65.495_s03 NLVPMVATV (NV9)-specific cells are CCR7 "/
CD45RA"RO™, consistent with prior reports (8, 14). How-
ever, upon examination of multiple specificities in additional
patients, considerable heterogeneity in surface phenotype
within a given patient and between patients was observed. The
phenotypic data for two patients, patient 131, a viremic pro-
gressor, and patient 38, an LTNP, who both recognized the
A2-restricted CMV pp65 NV9 epitope (blue) and the C6-
restricted CMV pp65 TI9 epitope (green), are shown in Fig.
4B. Although CD8™" T cells specific for the C6-restricted CMV
TI9 epitope are predominantly CD45RATRO™ for patient
131, these cells from patient 38 are more heterogenous in their
CD45RA/RO expression. Furthermore, although the A2-re-
stricted CMV NV9 epitope and C6-restricted CMV TI9
epitope are both within CMV pp65, the CD8* T cells specific
for these epitopes vary in their expression of CD45RA/RO for
both of these patients. This heterogeneity in the CD45RA/RO
phenotype of CMV-specific CD8" T cells is consistent with
findings reported for healthy CMV carriers who are HIV sero-
negative (73, 74).

For a group of LTNP (nine patients, 15 tetramer stainings),
viremic progressors (10 patients, 14 tetramer stainings), and
progressors with HIV RNA levels suppressed to <50 copies/ml
by ART (Rx<50; 12 patients, 14 tetramer stainings), summary
data of the surface phenotype of CD8" T cells stained with a
panel of CMV tetramers (Table 3) are shown in Fig. 4C.
Although there was variability between patients and between
specificities from a given individual, the CMV-specific CD8" T
cells of all groups were predominantly CCR7/CD27/
CD45RA RO, consistent with previous findings (8, 14). In
comparisons made between the three patient groups, no sig-
nificant differences were observed in the surface phenotype of
CMV tetramer™ cells (data not shown) (54). Consistent with
previous reports, HIV-specific CD8" T cells were predomi-
nantly CCR77/CD27"/CD45RA"RO™ in 12 LTNP (15 tet-
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FIG. 4. Virus-specific CD8" T-cell phenotype. (A) CCR7/CD45RA (left panel) and CD45RA/RO (right panel) expression of total CD8" T
cells (gray) overlaid with CMV (blue) and HIV (red) tetramer™ cells in PBMCs is shown for patient 129, an ART recipient with HIV RNA levels
of <50 copies/ml. (B) Distinct CD45RA/RO phenotype of two CMV specificities, HLA A2 CMV NLVPMVATV (NV9) and Cw06 CMV
TRATKMQVI (TI9) tetramer™" cells, overlaid on total CD8" T cells (gray), is shown for a viremic progressor (patient 131, left) and an LTNP
(patient 38, right). (C) The percentages of CMV- (43 tetramer stainings, red) and HIV-specific (39 tetramer stainings, blue) CD8" T cells
expressing CCR7, CD27, CD45RA, and CD45RO are depicted. Solid black lines represent median values. Comparisons were made using the
Wilcoxon two-sample test. (D) Using Boolean gating analysis, the frequencies of different surface phenotypic subsets of antigen-specific CD8" T
cells, which had been enumerated by intracellular cytokine detection following 6-hour stimulation with 15-mer peptide pools spanning CMV pp65
or the major HIV gene products, are shown for “on therapy” (on Rx) and “off therapy” (off Rx) time points in nine patients prior to and during
an interruption of ART. Numbers on the stacked bars reflect the percent expression of CCR7~/CD27"/CD45RA™ CD8" T cells, the HIV-specific
phenotypic subset with the greatest expansion during treatment interruption. (E) CD45RA/RO surface phenotype of CMV tetramer” CD8" T
cells was examined in PBMC samples obtained from a single time point during acute primary CMV infection in one HIV-seronegative lung
transplant recipient (CP1) and during latent infection in two additional patients (CP2 and CP3). (F) Samples from four additional lung transplant
recipients (CP4 to CP7) were evaluated during the acute primary infection and then longitudinally during latency. Numbers in left corners of plots
denote days after documented acute infection, and numbers in right corners are percentages of CD45RA™* CMV tetramer” CD8" T cells.
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ramer stainings), 13 viremic progressors (15 tetramer stain- observed that the level of viremia has a dramatic effect on the

ings), and nine Rx<50 (nine tetramer stainings). No significant
differences were noted in the surface phenotype of HIV tet-
ramer” cells between the three patient groups (data not
shown). Comparing CMV and HIV tetramer* CD8" T cells,
overall differences in CD27 and CD45RA/RO expression were
significant and similar to results obtained in comparisons be-
tween CMV and HIV tetramer™ cells within each patient
group (Fig. 4C and data not shown).

We next explored the potential influence of differences in
the level of viremia on surface phenotype. We have recently

expression of CCR7 on HIV-specific CD4™ T cells (66). Lon-
gitudinal changes in CD45RA/RO expression have been ob-
served during acute and convalescent EBV and CMV infec-
tions (7, 16, 73, 74). Thus, it was possible that differences in
CD45RA/RO expression between CMV- and HIV-specific
cells were a consequence of the marked differences in the
levels of viremia between these two infections. We therefore
examined the surface phenotype of virus-specific CD8* T cells
in two longitudinal cohorts: HIV-infected patients during an
interruption of therapy (Fig. 4D) and CMV-infected patients
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TABLE 3. Human leukocyte antigen class I tetramers

Tetramer? Protein Amino acid Position
sequence
CMV
Al VY9 ppS0 VTEHDTLLY 245-253
A2 NV9 ppo65 NLVPMVATV 495-503
B7 TM10 ppo65 TPRVTGGGAM 417-426
B8 EM9 1E-1 ELRRKMMYM 199-207
B35 1Y9 ppo65 IPSINVHHY 123-131
B57 VF9 ppo65 VAFTSHEHF 294-302
C6 T19 ppo65 TRATKMQVI 211-219
HIV
Al GY9 Gag pl7 GSEELRSLY 71-79
A2 SL9 Gag pl7 SLYNTVATL 77-85
A3 RK9 Gag pl7 RLRPGGKKK 20-28
A24 RF10 Nef RYPLTFGWCF 134-143
B8 EI8 Gag p24 EIYKRWII 260-267
B8 FL8 Nef FLKEKGGL 90-97
B27 IK9 Gag pl7 IRLRPGGKK 19-27
B27 KK10 Gag p24 KRWIILGLNK 263-272
B35 RY11 Nef RPQVPLRPMTY 71-81
B57 ITW9 Gag p24 ISPRTLNAW 147-155
B57 KF11 Gag p24 KAFSPEVIPMF 162-172
B57 QW9 Gag p24 QASQEVKNW 308-316

“ Abbreviated as HLA class I restriction element followed by virus peptide
sequence identified as first and last amino acid symbols followed by sequence
length.

during acute CMV viremia following lung transplantation (Fig.
4F). In the first group, the phenotypes of the CD8"* T cells
targeting the major gene products of HIV that expanded fol-
lowing an interruption of ART were predominantly
CD45RA /RO™, suggesting that HIV viremia skewed the sur-
face phenotype to CD45RO™. In contrast, the frequencies and
phenotype of CMV tetramer™ cells in these same patients
were relatively stable. The surface phenotype of CMV pp65-
specific CD8™ T cells was also studied cross-sectionally in three
HIV-seronegative lung transplant recipients (CP1 to CP3, Fig.
4E) and longitudinally in four additional patients (CP4 to CP7,
Fig. 4F). In these patients, there was a trend for most CMV-
specific cells to be CD45RO™ during the acute primary infec-
tion and to subsequently revert to a CD45RA™ phenotype
during latency. Taken together, these results are consistent
with prior work in EBV and CMV in HIV-seronegative pa-
tients (7, 16, 73, 74) and suggest that differences in surface
phenotype of HIV- and CMV-specific cells may be due not to
differences in maturation and function but rather to levels of
antigen. They also suggest that the designation of terminally
differentiated effectors as CD45RA ™" may not be correct, given
that patients who ultimately control CMV viremia have a skew-
ing toward a CD45RO™ phenotype during peak viremia.
Proliferation of a significant proportion of HIV-specific
CD8* T cells from progressors could not be restored with
IL-2. We then examined the proliferative capacity and IL-2
responsiveness of CMV-specific CD8™ T cells in comparison to
HIV-specific cells. CFSE-labeled PBMCs derived from 10
LTNP and 18 progressors (11 viremic and seven Rx<<50) were
stimulated with the peptide pools spanning HIV Gag or CMV
pp65 for 6 days and assessed for CFSE dilution. As shown
previously, HIV Gag-specific CD8" T-cell proliferation was
significantly greater in LTNP than in progressors (median per-
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cent CFSE'" cells, 46.4 [range, 2 to 64.3] versus 4.6 [0.5 to 41.4],
respectively; P < 0.001; data not shown) (5, 27, 49). In contrast,
CMV pp65-specific CD8™" T-cell proliferation values were sim-
ilar between LTNP and progressors (median percent CFSE"
cells, 17.4 [range, 0.2 to 75] versus 6.8 [range, 0.4 to 49.5],
respectively; P = 0.5; data not shown). In untreated patients,
pp65-specific CD8" T-cell proliferation was not correlated
with HIV RNA levels (R = —0.3, P = 0.5); however, Gag-
specific CD8" T-cell proliferation was inversely correlated
with HIV RNA levels (R = —0.6, P = 0.01), as reported
previously (5, 27, 49).

The role of IL-2 in the rescue of CMV- and HIV-specific
CD8" T-cell proliferation was then assessed. It has previously
been shown that the percentage of CMV-specific CFSE'"
CD8™ T cells is greatly increased upon the addition of IL-2 in
immunocompetent CMV-seropositive donors (69, 74). Re-
cently, it has also been suggested that IL-2 reverses the prolif-
erative defect seen in HIV-specific CD8" T cells of progressors
(41). However, this observation was made on the basis of
increases in the percentages of CFSE" tetramer” cells. Be-
cause cell division causes exponential increases in CFSE™ cells,
small changes in the number of cell divisions or the fraction of
cells entering the cell cycle can produce very large changes in
the percentages of CFSE'" cells. To compare the effects of IL-2
on CMV- and HIV-specific CD8" T cells, PBMCs were stim-
ulated with HIV and/or CMV optimal epitopes in the presence
or absence of IL-2 and stained with HIV and/or CMV tetram-
ers on day 6. In preliminary experiments, virus-specific CD8™
T cells proliferated in response to optimal epitopes without
significant bystander proliferation of nonspecific cells (see Fig.
S3 in the supplemental material). To assess proliferation of
CFSE-labeled tetramer™ cells in greater detail, proliferation
analysis software was used to determine the changes in the
average number of cell divisions that dividing cells had under-
gone (proliferation index) and the proportion of the original
cell population entering cycle and dividing at least one time
(percent divided; Fig. 5).

Consistent with previous findings, IL-2 was able to induce
large expansions of CMV-specific CD8" T cells from both
LTNP and progressors in a 6-day assay. In two representative
patients, the percentage of CMV tetramer™ cells that entered
the proliferating pool increased from 13.2% to 21% in the
LTNP (Fig. 5A, middle column) and from 14.1% to 50.4%
(Fig. 5B, middle column) in the progressor when stimulation
conditions included IL-2. The average number of divisions of
proliferating CMV tetramer™ cells increased from 2.6 to 3.37
in the LTNP (Fig. 5A, middle column) and from 1.37 to 2.53 in
the progressor (Fig. 5B, middle column) with peptides plus
IL-2 compared with peptides alone. Changes in these param-
eters were expressed as the delta proliferation index (prolifer-
ation index with IL-2 minus proliferation index without IL-2)
and the delta percent divided (percent divided with IL-2 minus
percent divided without IL-2). Summary data for 15 patients
(17 CMYV tetramer stainings) are shown in Fig. 5C and D. IL-2
induced significant increases in both the proliferation index
(P < 0.001) and percent divided (P < 0.001) of CMV-specific
CD8™ T cells, with a median delta proliferation of 1.2 divisions
(range, —0.2 to 2.6 divisions; Fig. 5C) and the median delta
percent divided of 9.5% (range, —4.4 to 36.6%; Fig. 5SD).

The effects of IL-2 on HIV-specific CD8™ T-cell prolifera-
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FIG. 5. Effects of IL-2 on CMV- versus HIV-specific CD8" T-cell proliferation. (A and B) Representative proliferation analysis of virus-specific
CD8" T cells is shown for one LTNP (A) (patient 33) and one progressor (B) (patient 105). Stimulation conditions are shown on the far right.
With gating on CD8* T cells (gray), dot plots (left columns) depict the proliferation of CMV (red) and HIV (blue) tetramer™ CD8™ T cells in
response to the corresponding CMV and HIV optimal epitopes with (bottom rows) and without (top rows) IL-2 at 6 days for each patient.
Proliferation analyses of gated CMV (middle columns) and HIV (right columns) tetramer™ CD8" T cells are shown. Percent divided is defined
as the percentage of cells of the original sample that divided. Proliferation index is the average number of divisions that divided cells had
undergone. (C to F) Proliferation analyses of gated CMV (C and D) (red bars, n = 15 patients) and HIV (E and F) (blue bars, n = 17 patients)
tetramer ™ CD8" T cells are shown. Delta proliferation index of CMV (C) or HIV (E) tetramer™ CD8™ T cells is the proliferation index when cells
were stimulated with peptide and IL-2 minus the proliferation index when cells were stimulated with peptide alone. Delta percent divided of CMV
(D) or HIV (F) tetramer® CD8" T cells is the percent divided when cells were stimulated with peptide and IL-2 minus the percent divided when
cells were stimulated with peptide alone. Patient numbers are listed below each bar. Patients are subgrouped according to HIV disease status as
LTNP (HIV LTNP), slow progressors (HIV SP), progressors (HIV P), and patients with antiretroviral-induced suppression of HIV RNA levels
to <50 copies/ml (HIV Rx<<50). The Wilcoxon signed-rank test was used to compare paired data.

tion, measured with the same parameters, were also examined
for the two representative patients (Fig. SA and B, left and
right columns) and summarized for 17 patients (17 tetramer
stainings) in Fig. 5SE and F. Consistent with previous reports,
even in the absence of IL-2, most HIV-specific CD8" T cells
from HIV-infected LTNP were CFSE'" at 6 days (Fig. 5A, left
and right panels of top row). Similar to the effect of IL-2 on
CMV-specific cells, the addition of IL-2 produced significant
increases in the proliferation index of HIV-specific CD8" T
cells in the 17 patients (P < 0.001), with a median delta pro-
liferation index of 0.86 divisions (range, —0.7 to 1.9 divisions;
Fig. SE). The positive net effect of IL-2 on the proliferation
index of CMV-specific CD8™ T cells was similar to the positive
net effect of IL-2 on the proliferation index of HIV-specific

CD8™" T cells (medians, 1.2 versus 0.86, respectively, P = 0.2;
Fig. 5C and E). However, unlike the case with CMV-specific
CD8™ T cells, there was a striking lack of an effect of IL-2 on
the percentage of HIV-specific cells recruited into the prolif-
erating pool (median delta percent divided, —2.8 [range, —20.1
to 5.4]; P = 0.12; Fig. 5F). The minimal effect of IL-2 observed
in the percent divided of HIV-specific CD8" T cells of LTNP
was not unexpected, considering that nearly all cells divided
even in the absence of IL-2 (Fig. 5A and data not shown). The
positive net effect of IL-2 on the percent divided of CMV-
specific CD8" T cells was significantly different from the ab-
sence of an effect of IL-2 on the percent divided of HIV-
specific CD8" T cells (medians, 9.5% versus —2.8%,
respectively; P < 0.001; Fig. 5D and F).
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In order to control for autocrine or paracrine production of
IL-2 or other factors affecting proliferation, a similar analysis
was performed including only data from 12 patients in which
CMV- and HIV-specific CD8" T-cell proliferation were stud-
ied in the same tube using CMV and HIV tetramers labeled
with different fluorochromes (similar to results shown in Fig.
5A and B). Under these conditions, the net positive effect of
IL-2 on the proliferation indices of both CMV- and HIV-
specific cells was similar (medians, 1.1 [0.4 to 2.6] versus 0.9
[—0.7 to 1.9] divisions, respectively; P = 0.35; data not shown).
In contrast, the effect of IL-2 on the percent divided was vastly
different between CMV-specific and HIV-specific cells, with an
extraordinary lack of an increase in the percentage of HIV-
specific cells that divided (medians for percent divided, 5.2
[range, —4.4 to 36.3] versus —1.5 [range, —20.1 to 5.4], respec-
tively; P < 0.01; data not shown), consistent with the results in
Fig. 5D and F. In summary, although IL-2 induced significant
increases in both the number of CMV-specific CD8" T cells
recruited into the cell cycle and the number of cell divisions
that they underwent, the increases in CFSE'® HIV-specific cells
induced by exogenous IL-2 were completely attributable to
increases in the number of divisions of cells already in the cell
cycle. IL-2 did not recruit more HIV-specific CD8* T cells to
enter the cell cycle and the majority of HIV-specific cells of
progressors did not divide despite 6 days of stimulation with
peptide and IL-2.

DISCUSSION

The results of the present study provide insights regarding
the HIV-specific CD8" T-cell response through comparisons
with responses to other chronic virus infections in coinfected
individuals. Marked differences in immunodominance, surface
phenotype, and IL-2 responsiveness were observed between
HIV- and CMV- or HCV-specific CD8" T cells. Although the
vast majority of HIV-specific CD8" T-cell responses of HLA
B*57" LTNP are B5701 restricted, this pattern was not ob-
served in the CMV-specific responses of the same patients.
Although some differences in surface phenotype were ob-
served between HIV- and CMV-specific CD8" T cells, these
differences were not intrinsic to the response to these viruses
but rather appeared to be secondary to the level of viremia.
Lastly, HIV-specific CD8* T cells were only poorly responsive
to exogenous IL-2. Taken together, these results suggest that
the extraordinary immunodominance of HLA B5701-restricted
cells in LTNP and poor responsiveness to IL-2 in progressors
are unique features of the HIV-specific CD8" T-cell response.

The differences in immunodominance patterns between
HIV- and CMV-specific cells may provide some insights re-
garding the immunologic control of HIV in B*5701" LTNP.
HLA B5701-restricted cells preferentially proliferate in vitro,
expand in vivo during acute infection and vaccination, and
persist in the blood during chronic infection (19, 27, 30, 49, 62).
It is believed that the extraordinary immunodominance of
B5701-restricted cells in LTNP is a functional association that
suggests direct involvement of the B5701 molecule in immu-
nologic control and not simply linkage disequilibrium between
B*5701 and another gene responsible for immune protection.
Because the percentage of HIV-infected patients who are
B*5701" progressors is similar to the frequency of B*5701 in
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the U.S. population, it was thought that immunologic control
in LTNP may be mediated through a combination of B*5701
with another gene acting as a response modifier. Such a mech-
anism has been suggested in some work where a subset of Bw4
alleles (80I) in combination with KIR3DL1 is associated with
slower progression to AIDS (47). However, these associations
were made in cohorts that were predominantly progressors.
We have been unable to confirm such an association in our
LTNP in comparison with progressor cohorts when controlled
for MHC (L. Shupert, personal communication). If a KIR or
other response modifier operated in conjunction with B5701,
we would expect to observe some immunodominant B5701-
restricted CMV-specific responses in LTNP, given that the
genome of CMV is approximately 20-fold larger than that of
HIV-1. Similarly, one would expect to observe B5701-re-
stricted CMV responses if induction of immunodominant re-
sponses was intrinsic to the B5701 molecule. However, within
all of pp65, we observed only one response, and this response
was found in only a single patient. A broader examination of
total CMV-specific responses did not reveal immunodomi-
nance of B*5701. These results suggest that the immunodomi-
nance of B5701-restricted HIV-specific responses is less likely
due to a response modifier or to properties intrinsic to the
B5701 molecule and rather is specific to the interaction of HIV
with B5701.

The results of the present study also demonstrate phenotypic
differences between HIV- and CMV-specific cells and the ef-
fects of viremia on these phenotypes observed in the periph-
eral blood. We observed considerable heterogeneity in the
surface phenotypic analyses of HIV- and CMV-specific CD8"
T cells. The surface phenotype for HIV- or CMV-specific cells
was predominantly CCR7™. HIV-specific cells were predomi-
nantly CD27%/CD45RO*, and CMV-specific cells were pre-
dominantly CD27~/CD45RA™, consistent with prior results (4,
8, 14). However, these differences were not observed to be
intrinsic to HIV- or CMV-specific cells but rather were a con-
sequence of the level of viremia in patients undergoing a treat-
ment interruption or patients with CMV viremia. These results
are very consistent with prior studies of EBV and CMV infec-
tions where MHC tetramer® cells were observed to be
CD45RO™ during peak viremia at a time when they also ex-
hibited maximal cytotoxicity and CD45RA™ during convales-
cence (7, 16, 73, 74). Similarly, proliferating HI'V-specific cells
are almost entirely CD45RO™" after 6 days of reexposure to
antigen (49, 60, 74). It should be noted that designation of
CD45RA™ cells as effectors was made using redirected cyto-
toxic T-lymphocyte assays in which most of the CD8" T cells
had not been recently exposed to their cognate antigen and
were more likely to acquire this phenotype. It is likely that
surface phenotypes would be more heterogeneous if they were
determined using assays that measure the antigen-specific re-
sponse during viremia. We, and others, have observed that
surface phenotypes of CD4™* or CD8™ T cells are not reliably
associated with a particular effector function (4, 14, 24, 55, 66,
67, 73, 74). The matter is further complicated in some studies
in humans where the timing of exposure to antigen and the
trafficking pattern of antigen-specific cells are uncertain.

We also observed dramatic differences in the abilities of
HIV-and CMV-specific CD8" T cells to proliferate in re-
sponse to IL-2. In one prior report, an increase in CFSE"
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HIV-specific cells was observed following incubation with ei-
ther IL-2 or autologous HIV-specific CD4" T cells (41). Based
upon this observation, it was suggested that diminished prolif-
erative capacity of HIV-specific CD8* T cells is due to the
effects of diminished T-cell “help.” However, it should be
noted that changes in the percentage of CFSE'" cells in such
studies are likely a result of the exponential expansion of ex-
tremely small numbers of dividing cells. If tetramer-positive
cells are gated, only 0.5% dividing cells are required to pro-
duce 32% CFSE" cells in six twofold divisions. In this case,
greater than 99.5% of tetramer™ cells have not divided. These
numbers are consistent with the relationship between the fre-
quency and proliferation of HIV-specific CD4" T cells (28,
66). In addition, prior studies have not determined whether the
effects of IL-2 on HIV-specific CD8" T cells were to increase
the number of cells dividing or to simply increase the number
of divisions that cells in the cell cycle underwent. The results of
the present study are clearly consistent with the latter. HIV-
specific CD8* T cells were particularly refractory to increases
in the percent divided in response to IL-2. This result is con-
sistent with our prior work, where conditions that cause large
increases in secreted IL-2 in vitro, such as addition of autolo-
gous CD4*" T-cell blasts or stimulating cells with anti-CD3/
CD28, did not restore the proliferative capacity of HIV-spe-
cific CD8™ T cells of progressors to the level observed in LTNP
(49). In addition, these results are also consistent with prior
work in which administration of IL-2 in vivo to progressor
patients neither restores in vitro CD8* T-cell proliferation nor
reduces viral load (1, 10). We previously found no significant
differences in the percent expression of the IL-2 receptor «
chain CD25 on unstimulated CMV or HIV tetramer® CD8* T
cells between LTNP and progressors but did demonstrate that
proliferating CFSE'> CMV and HIV tetramer™ CD8™ T cells
were CD25" in both patient groups (S. A. Migueles, unpub-
lished observations). How these and other factors might ac-
count for these differences in virus-specific CD8" T-cell pro-
liferation and IL-2 responsiveness are presently unknown and
are the focus of intensive investigation.

It should be noted that some of the differences in frequency,
surface phenotype, proliferative capacity, or IL-2 responsive-
ness among cells specific for HIV, HCV, or CMV observed in
the present study may be attributable to differences in virus
biology. In individuals with chronic HCV infection, HCV-spe-
cific CD4" and CD8™" T-cell responses are barely detectable in
the peripheral blood, even though vigorous and broadly di-
rected responses have been associated with spontaneous re-
covery from acute infection and have been implicated in clear-
ance after interferon and ribavirin therapy for chronic
infection (12, 37, 40, 64, 65, 70). More recently, T-cell re-
sponses were confirmed to mediate protective immunity
against HCV by in vivo depletion studies in the chimpanzee
model (20, 61). In our small cohort of HCV/HIV-coinfected
patients, the HCV-specific CD8* T-cell responses were infre-
quently detected and of very low magnitude regardless of the
level of immunologic control of HCV or HIV, which is consis-
tent with one previous study (38), but not others (3, 68), of
coinfected patients. This discordance in measurable HCV- and
HIV-specific responses in the peripheral blood of coinfected
patients is somewhat surprising, since high levels of virus rep-
lication characterize both of these chronic infections. Dimin-
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ished frequencies of HCV-specific CD8" T cells have been
ascribed to deficient priming by antigen-presenting liver sinu-
soidal endothelial cells (43), hepatic compartmentalization
(22), suppression by HCV proteins or regulatory T cells (2, 36),
impaired proliferation (70), or exhaustion (38). In addition to
low frequencies, impaired effector function of HCV-specific
CD8™ T cells has been observed (38, 70). Whether these fea-
tures simply reflect a unique pattern of virus-host interaction
or also account for the immune dysfunction responsible for
HCYV persistence remains to be determined.

Because HCV-specific T-cell frequencies were too low to
permit a meaningful evaluation, we relied on comparisons with
CMV-specific responses as other investigators have done, re-
alizing that infections with CMV or HIV are also distinct for a
number of reasons. Studies in humans and animal models have
demonstrated a central role for CD4" and CD8" T cells in
controlling viral replication and preventing clinically significant
disease (56). Although the levels of viral replication are con-
siderably lower in chronic CMV infection than in chronic HIV
infection, comparable frequencies of CMV-specific CD8" T
cells are readily detectable in the periphery. Unique target cell
tropisms, which may impact virus replication kinetics and the
efficiency of antigen presentation, might predispose to the ac-
cumulation of immune responses of increased magnitude and
breadth in the peripheral blood disproportionate to the level of
viremia. Furthermore, heightened immune responses in the
context of an intermittently replicating virus might relate to the
overall size and tremendous complexity of CMV, which pos-
sesses a double-strand DNA genome encoding approximately
200 open reading frames for proteins greater than 80 amino
acids in length (63). Other inherent features potentially distin-
guishing CMV from HIV infection may include timing of an-
tigen encounter, cytokine milieu during the priming event,
anatomic sites of virus turnover, activation state of effectors
and APC, and recirculation pathways of virus-specific cells (4,
14, 15). Where possible, we made an effort to control for some
of these differences in our assays by standardizing antigen-
presenting systems, using comparable peptides and target cell
types, and analyzing the results in the context of the size of
viral gene products and the level of viremia. Regardless, these
factors might lead to distinct phenotypic and functional pro-
files of virus-specific CD8" T cells without impacting their
capacity to control virus replication.

The results of the present study demonstrate several pheno-
typic and functional features of the HIV-specific CD8" T-cell
response that are not shared with responses to other viruses. A
better understanding of the factors that direct the immu-
nodominance of HLA B5701 in LTNP and signals that might
induce proliferation of HIV-specific CD8" T cells in progres-
sors may have important implications for prophylactic and
therapeutic vaccines for HIV.
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