JOURNAL OF VIROLOGY, May 2010, p. 4998-5006
0022-538X/10/$12.00 doi:10.1128/JVI1.00138-10

Vol. 84, No. 10

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Phenotypic and Functional Profile of HIV-Inhibitory CD8
T Cells Elicited by Natural Infection and Heterologous
Prime/Boost Vaccination"{

Stephanie A. Freel,"? Laurie Lamoreaux,” Pratip K. Chattopadhya%/,8 Kevin Saunders,
David Zarkowsky,” R. Glenn Overman,"* Christina Ochsenbauer,'’ Tara G. Edmonds, "'
John C. Kappes,'® Coleen K. Cunningham,” Thomas N. Denny,"° Kent J. Weinhold,"*?

Guido Ferrari,"* Barton F. Haynes,'*® Richard A. Koup,’ Barney S. Graham,’
Mario Roederer,®* and Georgia D. Tomaras'****

1,24

Duke University Human Vaccine Institute* and Departments of Surgery,” Immunology,® Molecular Genetics and Microbiology,*
Pediatrics,” and Medicine,® Duke University Medical Center, Durham, North Carolina; Immunology Laboratory,”
ImmunoTechnology Section,® and Viral Pathogenesis Laboratory,” Vaccine Research Center, NIAID,

NIH, Bethesda, Maryland; and Departments of Medicine'® and Pathology,'" University of
Alabama at Birmingham, Birmingham, Alabama

Received 21 January 2010/Accepted 19 February 2010

Control of HIV-1 replication following nonsterilizing HIV-1 vaccination could be achieved by vaccine-elicited
CDS8* T-cell-mediated antiviral activity. To date, neither the functional nor the phenotypic profiles of CD8* T
cells capable of this activity are clearly understood; consequently, little is known regarding the ability of vaccine
strategies to elicit them. We used multiparameter flow cytometry and viable cell sorts from phenotypically
defined CD8* T-cell subsets in combination with a highly standardized virus inhibition assay to evaluate CD8*
T-cell-mediated inhibition of viral replication. Here we show that vaccination against HIV-1 Env and Gag-Pol
by DNA priming followed by recombinant adenovirus type 5 (rAd5) boosting elicited CD8* T-cell-mediated
antiviral activity against several viruses with either lab-adapted or transmitted virus envelopes. As it did for
chronically infected virus controllers, this activity correlated with HIV-1-specific CD107a or macrophage
inflammatory protein 13 (MIP-13) expression from HIV-1-specific T cells. Moreover, for vaccinees or virus
controllers, purified memory CD8* T cells from a wide range of differentiation stages were capable of
significantly inhibiting virus replication. Our data define attributes of an antiviral CD8* T-cell response that

may be optimized in the search for an efficacious HIV-1 vaccine.

Recent human immunodeficiency virus type 1 (HIV-1) vac-
cine clinical trial results have put an increasing emphasis on the
need for definition of the qualities of HIV-1-specific CD8"
T-cell responses required to lower virus set point and maintain
long-term virus control. While some aspects of CD8" immune
responses have been reproducibly associated with virus con-
trol, analysis of a recent HIV-1 vaccine efficacy trial in which
enhanced acquisition of HIV-1 occurred (5), underscored the
limitations in our understanding of how surrogate T-cell func-
tional markers relate to CD8" T-cell response rate and vaccine
efficacy. Several lines of evidence show that CD8" T-cell re-
sponses are key determinants of disease progression early after
infection. During human acute HIV-1 infection and acute sim-
ian immunodeficiency virus (SIV) infection in nonhuman pri-
mates, CD8" T-cell responses have been associated with the
initial control of viremia (4, 11, 21). Moreover, a recent study
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demonstrated rapid appearance of cytotoxic T-lymphocyte
(CTL) escape mutations in the transmitted/founder virus dur-
ing acute infection (10). Thus, rapid and durable elicitation of
potent HIV-1-specific CD8* T-cell responses following vacci-
nation from which the transmitted/founder virus cannot escape
will likely be critical for extinguishing virus replication in vivo
and for control of viral load in the absence of sterilizing im-
munity.

The precise attributes of CD8" T cells that suppress viral
production in vivo are not defined. A detailed understanding of
the properties of CD8" T cells that correlate with virologic
control will inform vaccine development by focusing on strat-
egies that elicit functional cellular responses. In this regard, it
is critical to determine the phenotypic and functional proper-
ties of CD8" T cells that can mediate viral suppression. In
HIV-1-infected subjects, measurements of T-cell polyfunction-
ality (1, 3), Gag specificity (6, 20), and the ability to suppress
virus replication (19) have all been associated with virus con-
trol and slower disease course in HIV-1" individuals. How-
ever, the direct relationships between CD8-mediated antiviral
activity and specific effector functions and CD8" T-cell differ-
entiation stage have not been defined.

Polyfunctional CD8" T cells are defined as those cells that
have multiple effector functions, including degranulation
(measured by CD107a) and production of cytokines/chemo-
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kines such as gamma interferon (IFN-v), tumor necrosis factor
alpha (TNF-a), interleukin-2 (IL-2), and macrophage inflam-
matory protein 18 (MIP-1B) (3). Several studies have charac-
terized the polyfunctional T-cell responses in HIV-1-infected
subjects as a surrogate of T-cell efficacy (22). It remains un-
known which subsets of T-cell functions are associated with
virus inhibition and, importantly, whether or not polyfunc-
tional T cells elicited by vaccines have increased capacities to
inhibit viral replication. Gag-specific or total CD8" T-cell re-
sponses have also been associated with the ability of CD8" T
cells to control plasma viremia in elite controllers (20). Thus, it
is critical to determine whether vaccine-elicited Gag- or Env-
specific CD8" T cells have the functional capacity to inhibit
HIV-1 replication.

While the presence of more differentiated cells may allow
for a more rapid response to pathogen, durable protection in
the setting of vaccination may also require generation of a
substantial memory pool. Evaluation of vaccine strategies elic-
iting antiviral CD8" T-cell function must include determina-
tion of the phenotypic profiles of these cells as well as an
understanding of whether their differentiation stage defines
their capacity to inhibit virus.

Suppression of HIV-1 replication by specific CD8" T cells
can be mediated either through major histocompatibility com-
plex (MHC)-restricted cytolytic activity (16, 24, 26) or through
nonlytic mechanisms of virus inhibition (e.g., MIP-13 and
IFNs) (7, 23, 25). The measurement of virus inhibition ex vivo,
using infected primary autologous CD4" T lymphocytes as
targets, encompasses the totality of the potential inhibitory
mechanisms (direct target cell lysis as well as cytokine or
B-chemokine release) by CD8" T cells. Thus, the virus inhibi-
tion assay gauges the overall potency of the CD8" cell-medi-
ated antiviral response elicited by infection or vaccination.

In this study, we used polychromatic flow cytometry and a
CD8 virus inhibition assay to examine the relationship between
phenotypic and functional subsets of HIV-1-specific CD8" T
cells and the ability to mediate direct virus inhibition in vitro.
We found that a multiclade DNA prime/recombinant adeno-
virus type 5 (rAd5) boost vaccine (14) elicited CD8™ T cells
with antiviral activity that was best associated with expression
of CD107a and MIP-1B. Elicitation of this antiviral activity did
not require maturation to the late stages of differentiation,
suggesting that vaccination in the absence of chronic antigen
stimulation is sufficient for eliciting CD8" T-cell-mediated vi-
rus inhibition.

MATERIALS AND METHODS

Patient cohorts. Vaccinees were enrolled as healthy volunteers under Institu-
tional Review Board (IRB) approval through the Vaccine Research Center
(VRC) (NIH, NIAID, Bethesda, MD) protocols VRC008 and VRCO11. Thirty-
one donors from VRC008 (3 DNA vaccinations with clades A and B Gag, Pol,
and Nef and rAd5 boost with clade B Gag/Pol and clades A, B, and C Env) were
studied at week 38 (14 weeks post-rAd5 boost). Nine donors from VRCO011 were
studied following randomized administration of the either the DNA-rAdS im-
munizations described above (n = 3) or two doses of rAd5 (n = 6). Cellular
activity was analyzed in samples from weeks 4 to 17 (median 7) following rAd5
boost collected by apheresis by the NIH Clinical Center Department of Trans-
fusion Medicine.

HIV-1-positive donors were recruited under Duke University IRB approval
through the adult and pediatric infectious diseases clinics at Duke University
Medical Center. Virus controllers (VCs) were identified as subjects who had
been diagnosed as HIV-1 positive for greater than 1 year, are antiretroviral
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therapy (ART) naive, have CD4 counts >350 cells/ul blood, and have been
controlling virus replication to less than 5,000 viral RNA copies/ml blood.
Chronic HIV-1 donors were recruited by the Immunology Quality Assessment
Center (IQAC) of the Duke Human Vaccine Institute (DHVI) or the Duke
Infectious Diseases clinics and were defined as HIV-1 positive for greater than 1
year, with a viral load (VL) of >5,000 or on antiretroviral therapy. HIV-1-
negative control CD8" T cells were obtained as leukopaks, either from the
American Red Cross or from healthy uninfected donors through the IQAC,
DHVL

Replication-competent reporter viruses. NL4-3 and transmitted/founder Env
(13)-containing Renilla luciferase (LucR) reporter viruses were generated by
Fugene HD (Roche) DNA transfection of 293T cells. Working stocks were
prepared by passaging virus in peripheral blood mononuclear cells (PBMCs).
Briefly, PBMCs from a pool of 10 healthy HIV-1 negative donors were activated
using OKT3 (R&D Systems) and anti-CD28 (BD Biosciences) for 3 days. PBMC
targets were depleted of CD8" T cells by magnetic bead separation (Dynal) and
spinoculated (17) for 2 h at 1,200 X g. Virus supernatants were collected every
2 to 3 days and filtered through a 0.45-mm syringe filter, and titers were deter-
mined on TZM-bl cells. The virus nomenclature is as follows: NL4.3-LucR.T2A,
NL-LucR.T2A-CH040.ecto, NL-LucR.T2A-CHO058.ecto, NL-LucR.T2A-CH077.
ecto, NL-LucR.T2A-WITO.ecto, NL-LucR.T2A-WEAU.ecto. Throughout the
article, the viruses will be identified by envelope.

CD8 VIA. The virus inhibition assay (VIA) was performed as follows. PBMCs
from each donor were thawed in RPMI 1640 supplemented with 20% fetal
bovine serum (FBS), penicillin/streptomycin, and 20 U/ml recombinant human
interleukin-2 (rhIL-2) (PeproTech) and activated for 3 days as described above.
PBMC targets were depleted of CD8" T cells by magnetic bead separation
(Dynal; Miltenyi) as described above. CD8 effectors were isolated by negative
selection using anti-CD4 beads (Dynal) or the CD8* T-cell isolation kit (Milte-
nyi). Target PBMCs were infected at 2.25 X 10° cells/ml and a multiplicity of
infection (MOI) of 0.004 to 0.06 by spinoculation at 1,200 X g for 2 h. Following
spinoculation, cells were resuspended and plated at 2.25 X 10* cells per well in
a flat-bottom 96-well tissue culture plate. CD8" effectors were serially diluted
2-fold from 4.5 X 10° to 5.6 X 10* cells/ml and added to autologous infected
targets at corresponding effector/target (E:T) ratios of 2:1, 1:1, 1:2, and 1:4.
Infectivity controls consisted of infected targets without added CD8" effectors.
Cultures were incubated at 37°C and 5% CO, for 3 days. Viral replication was
measured as Renilla luciferase production (in relative light units [RLU]) from
infected target cells using the Renilla luciferase assay kit (Promega) and read on
a Berthold E & G luminometer using MicroWin software. Viral inhibition was
calculated as a percentage of the infectivity control for each E:T ratio and log
reduction of RLU from infectivity controls at an E:T of 2:1.

Antibodies and reagents. A dead-cell discriminator, ViViD (violet viability
dye; Invitrogen), together with CD14- and CD19-PacificBlue (conjugated ac-
cording to standard protocols; http://drmr.com/abcon/index.html), all read on the
same fluorescent channel, were used to identify dead cells, B cells, and mono-
cytes, and exclude them from the analysis. Surface markers used to determine
T-cell maturation included CD45-ROQD705, CD57-QD585, CCR7-Ax680 (in-
house conjugation), and CD28-Cy5-PE (BD Biosciences). Additional antibodies
to identify T cells included CD8-QD800 (in-house conjugation) and CD4-
Cy5.5-PE (Caltag), both surface stained, and CD3-Cy7-APC (BD), stained in-
tracellularly (IC). Functional T cells were identified based on their staining with
IFN-y fluorescein isothiocyanate (FITC), IL-2 allophycocyanin (APC), TNF-a
Cy7-phycoerythrin (PE), MIP-1B-PE (all from BD), and CD107a Ax680 (con-
jugated in house).

Antigens. Fifteen-mer peptides overlapping by 11 amino acids were synthe-
sized to more than 85% purity as confirmed by high-performance liquid chro-
matography (HPLC). Individual peptides of HIV-1 Gag, Env, Pol, and Nef were
diluted to 100 mg/ml in dimethyl sulfoxide (DMSO) or deionized water and then
pooled to a final concentration of 500 pg/ml. The TRVV peptide pools, which
include B clade Tat, Rev, Vif, Vpr, and Vpu were pooled to a concentration of
100 pg/ml. Peptide mixes in each experiment were at a final concentration of 2.5
peg/ml, except for the TRVV peptides, which were used at a final concentration
of 0.5 wg/ml.

Cell stimulation. Peripheral blood, with subsequent PBMC isolation using
Ficoll-Paque Plus (GE Healthcare) density-gradient centrifugation, was col-
lected from healthy donors. PBMCs were frozen (90% fetal bovine serum-10%
DMSO) and stored at —180°C until analyzed. On the day of analysis, cells were
thawed in a 37°C water bath, transferred to prewarmed R10 (RPMI 1640 [Hy-
Clone] supplemented with 10% heat-inactivated FBS [Invitrogen], 100 U/ml
penicillin/streptomycin, and 2 mM L-glutamine [Gibco]), and examined for re-
covery and viability. PBMCs were cultured overnight at 1 X 10° to 2 X 10°
cells/ml in a 37°C, 5% CO, incubator. After overnight rest, cells were washed and
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resuspended in R10 at 10 X 10° cells/ml, and mixes of peptide pools composed
of HIV-1 overlapping protein sequences were prepared. In addition, brefeldin A
(BFA; final concentration of 10 pg/ml), monensin (final concentration of 0.7
pg/ml), and anti-CD107a (pretitered volume) were added to each peptide mix.
For each assay day, an unstimulated control and a positive control (Staphylo-
ccoccus enterotoxin B) were included in the experiment. To each plate well, 100
wl of cells and 100 pl of peptide mix were added, mixed, and incubated for 6 h
at 37°C and 5% CO,. The plates were then placed in the refrigerator at 2 to 8°C
overnight.

Immunofluorescence staining/analysis. PBMCs were washed once in phos-
phate-buffered saline (PBS) and surface stained with a violet amine dye for
dead-cell discrimination. Cells were then washed with wash buffer (PBS with 1%
FBS) and surface stained with directly conjugated antibodies. After incubation,
cells were washed, fixed/permeabilized with a Cytofix/Cytoperm kit (Becton
Dickinson-PharMingen), washed twice in permeabilization/wash buffer, and
stained intracellularly for markers of interest. The cells were then washed three
times in permeabilization/wash buffer and resuspended in 1% paraformaldehyde
(Electron Microscopy Systems) in PBS. Samples were acquired on a LSRII
(Becton Dickinson), and data analysis was performed using FlowJo version 8.8.6
(TreeStar).

Isolation of phenotypically defined CD8* y cells. The frequency and
phenotype of antigen-specific CD8" T cells were determined in preliminary
experiments, where cells were stimulated overnight with pooled peptides in the
presence of brefeldin A (BD, San Jose, CA). Cells were subsequently washed in
PBS and stained with the following commercial reagents: LIVE/DEAD fixable
violet stain (Invitrogen, Eugene, OR) and antibodies to CD3 APC-Cy7 (BD),
CD4 PE-cyanin (Cy) 5.5 (Caltag), CD27 PE-cyanin (Cy5) (Coulter), and CD127
PE (Coulter; in some experiments). In addition, the following reagents were
manufactured in our laboratory and used: antibodies to CCR7 Alexa 680,
CD45RO Qdot (QD545), CD57 QDS85, and CD8 QD800. Cells were then
treated with Cytofix/CytoPerm (BD), washed, and stained with the following
commercial cytokine antibodies (all from BD): IFN-y FITC, IL-2 APC, and
TNF-a PE-Cy7. Antigen-specific T cells were identified based on their expres-
sion of at least one of the cytokines measured, and distribution of these cells
among various memory cell populations was determined for each subject studied.
The most frequent memory cell subsets in each individual were identified,
stained (in a separate aliquot of cells, using the cell surface reagents listed
above), and isolated by sorting samples on a 20-parameter BD FACS Aria.

Statistical analysis. Population comparisons of virus inhibition and cellular
phenotypes were performed using Student’s ¢ test, assuming unequal variances
(MedCalc v11.01.1 [MedCalc Software, Mariakerke, Belgium] and SAS v9.1
[SAS, Cary, NC]). Correlations between CD8-mediated virus inhibition and
markers of effector function or phenotype were determined using Pearson’s
Correlation (MedCalc v11.01.1). There were no adjustments for multiple com-
parisons, and P values should be interpreted with this in mind. Polyfunctionality
comparisons of multicategorical distributions were performed by a permutation
test (SPICE v4.2). Comparisons of individual distributions were performed using
the Wilcoxon rank sum test or Student’s ¢ test (SPICE v4.2; NIAID, NIH).

RESULTS

DNA prime/rAdS boost elicits CD8" T-cell-mediated virus
inhibition. We characterized the ability of peripheral blood
CD8™" T cells to mediate virus inhibition in vitro using cells
from three donor cohorts: HIV-17 virus controllers, HIV-17
chronically infected subjects, and HIV-1 DNA prime/rAd5
boost vaccinees (see Table S1 in the supplemental material).
The 16 virus controllers were defined as antiretroviral (ART)-
naive HIV-1" subjects with CD4 counts of =350 cells/pl and
viral loads of <5,000 copies/ml for at least 1 year. Two of these
subjects were elite controllers with either undetectable viral
load or undetectable with viral blips of <2,000 for greater than
2 years. The second cohort comprised 21 subjects with chronic
HIV-1 infection (HIV-1 seropositive greater than 4 years,
VL = 5,000, or on ART). Sixteen of 21 subjects in this cohort
were on ART and were matched to the virus controller cohort
for the prevalence of controlling alleles (43% in the chronic
infection group compared to 40% in the VCs) (Table S1). In
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FIG. 1. DNA prime/rAd5 boost elicits CD8" T cells capable of
mediating HIV-1 inhibition in vitro. CD8" T-cell antiviral activity
against five Env reporter viruses expressing transmitted/founder enve-
lopes or NL4-3 is shown for 23 seronegative donors, 40 DNA/rAd5
vaccinees, 21 HIV-1-positive chronically infected donors, and 16 HIV-
1-positive virus controllers. The inhibition is calculated as the log,,
reduction in virus infection, measured as viral luciferase-produced
relative light units (RLU) compared to autologous infectivity controls.
A threshold for positive antiviral activity was established as 3 standard
deviations above the mean of the seronegative inhibition values. (The
dotted line shows a 0.8-log reduction.)

the third cohort, we assessed the ability of a DNA prime/rAdS
boost vaccine regimen to elicit functional antiviral activity in
CD8" T cells. We examined 40 vaccinees: 31 enrolled in
VRCO008 and 9 enrolled in VRCO011. Both protocol regimens
included a multiclade DNA prime (VRC HIVDNAO016-00-VP,
clade B Gag, Pol, Nef and clades A, B, and C Env) given three
times at months 0, 1, and 2, followed by an rAdS boost (VRC-
HIVADV014-00, clade B HIV-1 Gag/Pol and clades A, B, and
C Env) given at month 6. For our study, cellular responses
were examined 4 to 17 weeks postboost (VRCO11) or at 14
weeks postboost (VRC008). We found no significant differ-
ences between samples from the two studies (or arms within
either study) for any responses reported here; hence, all vac-
cinees were grouped together for the purposes of our analysis.

The capacity of CD8" T cells to inhibit HIV-1 replication
was assessed using an autologous CD8™" T-cell virus inhibition
assay with replication-competent reporter viruses. HIV-1 inhi-
bition was determined for six different replication-competent
Renilla luciferase reporter viruses, isogenic except for the env
ectodomain: four CCRS5-tropic transmitted/founder envelopes
(CH040, CHO77, CHO058, and WITO), a CCR5/CXCR4-dual-
tropic transmitted/founder envelope (WEAU), (13), or the
standard CXCR4 reference virus (NL4-3) (Fig. 1). CD8" T
cells from 23 HIV-1-seronegative donors were assessed for
anti-HIV activity and were used to define a cutoff for positive
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FIG. 2. Impact of HLA alleles on CD8" T-cell-mediated virus inhibition. Cohorts were divided based on the expression of HLA-B alleles
associated with virus control in vivo (HLA B*57 and B*27). Increased antiviral activity associated with the presence of controlling alleles for two
viruses (CXCR4-tropic NL4.3-LucR.T2A and CCR5" CXCR4-dualtropic NL-LucR. T2A-WEAU.ecto) are indicated by asterisks (P < 0.05).

inhibition as 0.8 log;, (3 standard deviations [SD] above the
mean). In comparison to the seronegative group, we found that
the DNA/rAd5 vaccine cohort, the virus controller cohort, and
the chronic HIV-1 subjects had statistically significant virus
inhibition (P < 10~%). Of note, the chronic subjects in this
study were predominately on antiretroviral therapy and thus
had low virus loads (see Table S1 in the supplemental mate-
rial), which likely contributed to the preservation of the CD8™
T-cell-mediated virus inhibition in this study. CD8" T cells
from 65% of vaccinees inhibited replication of either transmit-
ted/founder or NL4-3 enveloped viruses; the vaccine group had
0.7 log,, less-potent suppressive activity (P < 0.004) than the
virus controller group. Although all six viruses showed similar
magnitudes of suppression for the controller and chronic
groups, three of the viruses (NL4-3, CH040, and CHO058) were
more sensitive to virus inhibition (P < 0.05) in the vaccinees
than the less-sensitive virus (WEAU).

Differences in inhibitory activity might be due to sequence
variation between the target viruses and the immunogen. Thus,
we compared the sequences of the HIV-1 envelopes in the
vaccine regimen to those envelopes used in the virus inhibition
assay. As expected, the sequence of the VRC B envelope was
most similar to the NL4-3 enveloped virus; this is consistent
with the relatively greater sensitivity of this virus to inhibition
(see Table S2 in the supplemental material). However, the
envelope sequences for CH040 and CHOS58 are no more similar
to any of the 3 vaccine strain envelopes than the other viruses.
Thus, sequence identity alone does not account for differences
in the magnitude of virus inhibition that were observed.

Finally, there was no correlation between inhibition and
time since vaccination. Thus, the HIV-1 DNA/rADS prime-
boost vaccine regimen elicited T-cell-mediated HIV-1 inhibi-
tion against a range of different viruses, including transmitted/
founder enveloped viruses, for at least 4 months following
vaccination.

Protective MHC class I alleles are not required for vaccine-
elicited virus inhibition. Within these cohorts, a number of
subjects (six controllers, seven chronic infection patients, and
seven vaccinees) have known protective MHC class I alleles
(HLA B*27, HLA B*57, or HLA B*5801). Of the vaccinees
that had suppressive activity, 20% were HLA B*27, B*57, or
B*58; thus, 80% of vaccinees showed CD8" T-cell virus inhi-
bition in the absence of these alleles. Figure 2 shows the mag-

nitude of virus suppression for each of six reporter viruses for
subjects with and without protective alleles. Although overall
there is a trend toward greater virus suppression in subjects
with controlling alleles, this reached significance only for vac-
cinees tested against the viruses NL4-3 and WEAU. Of all six
viruses, the NL4-3 and WEAU viruses have the most con-
served B*27 and B*57 CTL epitopes (7/10 and 4/10, respec-
tively) that have been defined (LANL database) (see Fig. S1 in
the supplemental material); this may account for the increased
magnitude of suppression in allele-positive individuals. In con-
trast, virus inhibition of the other four viruses was not signifi-
cantly different between those with and without known con-
trolling alleles. Thus, HIV-1 vaccines can elicit functional
CD8™" T-cell-mediated virus inhibitory activity in subjects that
are not known to be genetically predisposed to have better
virus control.

CD107a, MIP-18, and IFN-v responses correlate with anti-
viral activity. We sought to define differences in CD8" T-cell
responses in vaccinees with antiviral activity against the stan-
dard reference virus (NL4-3) compared to those without anti-
viral activity. We assessed multiple CD8" T-cell effector func-
tions using 13-color flow cytometry (see Fig. S2 in the
supplemental material) after in vitro stimulation with overlap-
ping peptides covering the individual HIV-1 proteins (Fig. 3).
Overall, CD8" responses were greatest for Env- and Gag-
stimulated cells, with Env responses accounting for nearly 60%
of the total response to HIV-1. We found no significant dif-
ferences in percentage of IL-2- or TNF-a expressing cells in
vaccinees with inhibitory activity over those without inhibitory
activity. However, antiviral activity was strongly associated with
increased numbers of CD8* T cells expressing CD107a or
MIP-1B following either Env (Fig. 3A) or Gag (Fig. 3B) stim-
ulation, and additionally with IFN-y for Env-stimulated cells.
There was not a direct correlation between the presence of
known protective alleles in this cohort and with the total mag-
nitude of any T-cell response nor with any individual functions.

Similarly, virus controllers and chronically HIV-1-infected
donors with CD8" T-cell-mediated antiviral activity also had
CDS8 T-cell responses dominated by production of CD107a,
MIP-1B, and IFN-y (Fig. 4). CD8* T-cell responses following
Env or Gag peptide stimulation showed that, for HIV-1-in-
fected subjects, Gag-specific responses were predominant.
Specifically, Gag responses accounted for 80% (virus control-
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FIG. 3. Env- and Gag-specific CD8" T cells in vaccinees correlate with HIV-1 inhibition in vitro. Expression of cytokine and degranulation
markers was measured in PBMCs from 40 vaccinees by polychromatic flow cytometry. Total CD8" T-cell responses for each function are shown
following Env (A) and Gag (B) peptide stimulation. Asterisks denote functions for which statistically significant differences between vaccinees with

antiviral activity (red symbols) and vaccinees without antiviral activity (blue) (P < 0.05, Wilcoxon’s rank sum test) were found.

lers) or 65% (chronically infected) of the total HIV-1-specific
response, and thus represent a significant portion of the CD8
T cells with antiviral capacity.

Antiviral activity is defined by CD107a and MIP-1f3 expres-
sion. CD8" T cells are capable of expressing multiple effector
molecules at once. The association between viral inhibition
and CD107a, MIP-1B, or IFN-y may reflect inhibitory activity
of all of these functions. Alternatively, only a subset of the
functions may be inhibitory, with a broader correlation for all
functions arising from the frequent coexpression of these func-
tions by individual cells. To address this question, we measured
all functions on a cell-by-cell basis and examined whether
CD107a, MIP-1B, or IFN-y expression was independently as-
sociated with virus suppression. Among the vaccinees, for both
Env (Fig. 5A)- and Gag (Fig. 5B)-stimulated CD8" T cells,
virus inhibition was associated with CD107a and MIP-1B ex-
pression independently, but not with IFN-y. Both polyfunc-
tional and monofunctional cells expressing MIP-1B and
CD107a were associated with the presence of antiviral activity
(see Fig. S3 in the supplemental material) following Env (Fig.
S3A) or Gag (Fig. S3B) stimulation. The strongest correlation
between the potency of antiviral activity and number of HIV-
1-specific cells was found for monofunctional cells expressing
MIP-1B alone. Furthermore, among the functional subsets
showing significant correlations with antiviral activity against at
least three viruses, all expressed either CD107a or MIP-1;

notably, there was no correlation for cells expressing IFN-y in
the absence either of these two functions. These results indi-
cate that the association of IFN-y with viral suppression is a
consequence of the frequent coexpression of this cytokine by
those cells with true suppressive activity.

Similar results were observed for HIV-1" subjects. For virus
controllers, significant associations with antiviral potency were
found for functional subsets expressing CD107a, IFN-vy, or
MIP-18 (see Fig. S4 in the supplemental material) for Env- or
Gag-stimulated cells. Again, by examining individual responses
on a cell-by-cell basis, it is apparent that the suppressive activ-
ity is associated with MIP-1 or CD107a expression. Suppres-
sive activity correlated with Env- and Gag-specific MIP-1B
monofunctional cells and polyfunctional cells expressing
CD107a and/or MIP-1p cells, but not with cells that produced
IFN-vy, IL-2, or TNF-« in the absence of MIP-18 or CD107a
(see Table S3 in the supplemental material).

CD107 and MIP-1B have been shown to be dominant CDS8
responses to HIV antigens in chronically infected adults (3,
19); thus, correlations between these functions and antiviral
activity could be driven by this dominance. Indeed, in our
cohort, the fractions of the total HIV response that included
CD107a and MIP-1B were 72% and 88%, respectively (non-
controllers), and 89% and 88% (controllers). However, for
vaccinees, these fractions were 28% and 60%: i.e., these func-
tional responses do not dominate the CD8 T-cell response like

A Virus Controller Chronic
2 121 ° 32 b . E
3 6 ° nv
o [ ]
= ° o0 28 ® Gag
+
© 4 (1] o ® Nef
a i~ [ <] 5 oo
3 ° ° [ O
| . ° ° 15 P
[) [ 1] e
l: 2 .. [ ] 1 [ ] ]
£ o T % .
o1 P o 0.5
& oo : o °

3
TNF o CD107a IFNy IL-2 MIP-18 TNFa

FIG. 4. Effector function in HIV-1-infected subjects with antiviral activity. Expression of cytokine and degranulation markers was measured in
15 virus controllers (A) and 15 chronically infected subjects (B) by flow cytometric analysis. Total CD8* T-cell responses for each function are
shown following Env (blue symbols), Gag (red), or Nef (green) peptide stimulation. Shaded bars indicate interquartile range.

[ ]
CD107a IFNy IL-2

MIP-1p



VoL. 84, 2010 FUNCTION AND PHENOTYPE OF HIV-1-INHIBITORY CD8 T CELLS 5003
A Env B Gag
**p<0.01 *p<0.05 * i * * wok *k
")
= 0.5 o 0.4 o0
3 0.353, ‘ ° . o.z%, 5 . o e .
': 0.3 0.15 .
8 ° o ®
[&]
B L o 01 o 2
o ° .'. °
: 0.1 0.05 M B
g % [}
° > o o o
e 0
cD107a + - * + - - * -
MIP-13  + + - + - + - -
IFNy + + + - + - - -

@ antiviral activity positive

0
CD107a + N + + - - + -
MIP-18 + + - + - + - -
IFNy + + + - + - -

@ antiviral activity negative

FIG. 5. CD107a and MIP-1p expression independently correlate with CD8" T-cell-mediated virus inhibition. CD8™ cells from 40 vaccinees
were examined for coexpression of three different effector functions by flow cytometric analysis. CD8" T-cell responses are shown following Env
(A) and Gag (B) peptide stimulation. Asterisks denote effector functions for which there are statistically significant differences between vaccinees
with (red symbols) or without (blue) antiviral activity (*, P < 0.05; #x, P < 0.01, by Wilcoxon’s rank sum test). Shaded bars indicate interquartile

range.

they do in natural infection, but still correlate with viral sup-
pression activity. Taken together, these data indicate that virus
suppression can be mediated by CD8" T cells specific for
multiple HIV-1 antigens (Env and Gag) and producing
MIP-18 and/or CD107a, but not by CD8" T cells producing
only IFN-v, IL-2, or TNF-a.

Viral inhibition is effected by multiple CD8* memory phe-
notypes. By including markers of T-cell maturation in our
antigen-specific assays, we determined whether T cells at var-
ious stages of the differentiation pathway could mediate virus
inhibition. Cells that have reached the terminal effector stage
may be more likely to quickly mediate cytolytic activity than
earlier memory phenotypes; however, such effector cells may
not be as long-lived. To define the phenotype of CD8" cells
that mediate virus inhibition, we characterized the phenotype
of HIV-1-specific CD8" T cells from subjects with demonstra-
ble CD8-mediated antiviral activity. We grouped CD8™" T cells
that respond to HIV-1 antigens (and are therefore memory
cells) into five categories: naive-like (CD45RO~ CCR7*
CD28™"), central memory (CD45RO™ CCR7" CD28"), tran-
sitional memory (CD45RO" CCR7~ CD28"), effector mem-
ory (CD45RO" CCR7~ CD287), or terminal effector
(CD45RO~ CCR7 CD28"). Figure 6A illustrates the distri-
bution of the HIV-1 antigen-specific cells among these five
different maturation stages for the three cohorts. We observed
a significant fraction of antigen-specific T cells with a pheno-
type that is typically associated with naive T cells (predomi-
nantly in the vaccinees). The significance of these cells is
unknown; we have observed a similar phenotype for antigen-
specific cells after influenza virus vaccination in healthy indi-
viduals (M. Roederer, unpublished data).

Vaccinees with antiviral activity had a greater representation
of cells from the earlier stages of differentiation, and the HIV-
1-positive subjects had a greater representation of cells with
the latest stage of differentiation. However, there were no
significant associations between the differentiation phenotype
of the antigen-specific CD8" T cells and antiviral activity (i.e.,
the distribution of memory phenotypes of HIV-specific cells in
vaccinees with high inhibitory activity was not different from
that of those with low inhibitory activity). These data indicate

that CD8* T cells of various stages of differentiation were
capable of mediating virus suppression, as long as they express
MIP-18 or CD107a.

Purified memory CD8" T cells throughout differentiation
are capable of inhibiting virus replication. To further investi-
gate the relationship between memory differentiation stage
and antiviral activity, we purified phenotypically defined CD8"
T-cell subsets by flow cytometry. Viably sorted cells (see Fig.
S5 in the supplemental material) from HIV-1" virus control-
lers and vaccinees with suppressive activity were tested for
antiviral activity (Fig. 7A). HIV-1 inhibition was essentially
absent from sorted naive CD8™" T cells, but present in all other
CD8™" T-cell subsets. All memory subsets inhibited virus rep-
lication significantly better than naive cells (P < 0.03, Student’s
t test). The degree of inhibition by these purified subsets could
be affected by the intrinsic functional capacity of the cells as
well as the relative proportion of antigen-specific T cells
present. To account for this, we normalized the virus inhibitory
activity for each culture by the fraction of HIV-1-specific
CD8™" T cells present in that subset (as determined by stimu-
lation of a parallel sample, stained with the same reagents used
for sorting plus those identifying intracellular cytokine expres-
sion). As shown in Fig. 7B, the central memory subset tends to
have the greatest inhibitory activity on a per-cell basis, but this
did not achieve statistical significance (P = 0.1, Student’s ¢
test). Thus, CD8" T cells from all memory stages of differen-
tiation exhibit antiviral activity.

DISCUSSION

Identification of the inducible CD8" T-cell functions re-
sponsible for virus control in HIV-1-infected humans will pro-
foundly impact vaccine design. To this end, it is important to
delineate the functional antiviral capacity of HIV-1-specific
CD8" T cells elicited by vaccine strategies and to compare
those capacities with CD8™" T-cell inhibitory activities found in
HIV-1-infected subjects who control virus production. T cells
are remarkably heterogeneous and can be characterized by
their capacity to express numerous functions including cytoly-
sis, cytokine secretion, and proliferation. Some of these func-
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tions, as well cellular homing properties and differentiation
stage, can be inferred from cellular phenotypes. In this study,
we demonstrated that vaccination against HIV-1 Env and Gag-
Pol by DNA priming followed by rAd5 boosting elicited CD8*
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FIG. 7. Virus inhibition mediated by subsets of CD8* T cells.
CD8™" T cells from 10 donors positive for antiviral activity (4 vaccinees
and 6 viral controllers) were sorted by flow cytometry into four of five
possible subsets for each donor (sorts performed in each of three
different experiments focused on different subsets). Bars represent the
mean =+ standard error of the mean for those sorts where sufficient
cells were isolated for the assay: naive, n = 6; early memory
(CD45RO~ CCR7~ CD27"), n = 4; central memory (CD45RO™
CD27%), n = 9; effector memory (CD45RO* CD277), n = 8; and
terminal effector (CD57"), n = 10. (A) Total inhibitory activity per
culture of 45,000 cells; (B) Inhibitory activity normalized by the frac-
tion of HIV-1-specific T cells (determined by intracellular staining)
contained within each subset.

T-cell-mediated antiviral activity. In both vaccinees and in
chronically infected HIV-1" virus controllers, this activity cor-
related with HIV-1-specific CD107a or MIP-1B3 expression
from HIV-1-specific T cells. Moreover, for vaccinees or virus
controllers, purified memory CD8" T cells from a wide range
of differentiation stages were capable of significantly inhibiting
virus replication.

The quality of CD8"* T cells can be assessed by examining
multiple parameters simultaneously (22). Various functions
may have antiviral activity; for example, CD107a expression is
associated with cytolytic activity and may reflect the ability of
antigen-specific CD8" T cells to eliminate infected cells. Sim-
ilarly, MIP-1B secretion can directly inhibit infection of CCRS-
using viruses by blocking the viral coreceptor (7, 8). Finally,
effector cytokines such as IFN-y or TNF-a may have antiviral
activity, although TNF-«a can also activate HIV-1 replication
through NF-kB activation. Identifying which of these factors is
responsible for antiviral activity by individual CD8™ T cells can
be ascertained with multiparameter flow cytometry. Here, we
report on the role of multiple CD8" T-cell functions in inhib-
iting viral replication in vitro.

In general, the total expression of IFN-y, CD107a, or
MIP-1pB correlated with viral inhibition. However, it is impor-
tant to note that these cytokines are not expressed indepen-
dently but are coordinately regulated in many T cells. By dis-
secting these responses down to individual combinations of
these cytokines, we found that the viral inhibition was most
closely defined by MIP-1B or CD107a expression. Indeed, the
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secretion of IFN-vy in the absence of these two functions was
not correlated with inhibition. These data suggested that
IFN-v is a surrogate for CD107a and/or MIP-1B because of
high coexpression but is not likely to contribute to virus inhi-
bition in this assay. Likewise, TNF-a or IL-2 secretion was not
observed to be characteristic of antiviral cells.

We also examined the relationship of the CD8" T-cell phe-
notype to antiviral activity. In general, vaccinees have HIV-1-
specific cells of an earlier differentiation stage than do control-
lers, and the chronically infected have the most-differentiated
cells. Nonetheless, we did not identify strong correlations be-
tween the phenotype of HIV-1-specific CD8™ T cells and the
magnitude of antiviral activity in either vaccinees or infected
subjects. To further delineate the relationship of differentia-
tion stage to inhibition, we isolated pure populations of CD8*
T cells based on their phenotypically defined differentiation
stage and quantified the ability of these cells to effect viral
inhibition. Overall, we found that cells of any memory pheno-
type could inhibit HIV-1, whether of the central memory or
effector memory categories.

A goal of vaccination is to elicit a strong and durable mem-
ory response—a characteristic of central memory cells. How-
ever, due to the rapidity in which HIV-1 establishes a latent
infection (18), it will be important to arm HIV-1-specific T
cells to respond rapidly to infection; thus it is presumed that
effector T cells will also be needed. Our results suggest that
whether a vaccine elicits central memory- or effector memory-
biased CD8™" T-cell responses, a strong antiviral activity can be
achieved. A vaccine-elicited CD8" T-cell-mediated antiviral
response could help control early viral replication and reduce
the risk of established infection and subsequent transmission.
The magnitude and breadth of a vaccine elicited virus inhibi-
tory response needed to impact in vivo virus replication are still
unknown. The DNA/rAd5 vaccination induced CD8" virus
inhibitory responses that were 0.7-log less than HIV-1" virus
controllers; it is not clear if the level of CD8" T-cell responses
achieved by this vaccination strategy would be sufficient for
controlling virus replication in vivo. Further optimization of
vaccine regimens to induce these responses will be important.

The genetic determinants HLA B*57 (2, 9, 16) and HLA
B*27 (12) are strongly associated with virus control. An unre-
solved question is whether T-cell-based vaccines can elicit
functional CD8™" T cells in subjects without these MHC alleles.
We found that HIV-1-infected individuals bearing these alleles
did not have substantially greater inhibitory activity. Impor-
tantly, our study also demonstrates that T-cell-based vaccines
can effectively target genetically diverse populations and elicit
CDS8 inhibitory activity even in individuals who are not genet-
ically predisposed to have better control of HIV-1 replication.

Vaccine-elicited CD8" T cells that can inhibit a diverse
panel of HIV-1 isolates are an important goal for vaccine
design; thus assay systems need to be established to measure
this heterologous virus inhibition, akin to the way neutralizing
antibodies are systematically studied (15). In this study, we
used a panel of HIV-1 enveloped viruses that include several
distinct transmitted/founder viruses and viruses with different
coreceptor usage. We found that although all viruses were
inhibited, there were some differences in sensitivity, with two
of the transmitted viruses (CH040 and CHO58) having the
most sensitivity to CD8 virus inhibition. Importantly, measure-
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ment of inhibitory activity against a wide panel of virus isolates
may reveal the potential breadth or coverage of the CD8 virus
inhibitory response elicited by a given vaccine approach.

In summary, we show that the expression of MIP-1B and
CD107a by HIV-1-specific CD8* T cells, in either the setting
of vaccination or natural infection, most closely corresponds to
antiviral activity. In contrast, it appears that the phenotype of
the HIV-1-specific CD8" T cells is less important to this ac-
tivity. We also demonstrate that, with respect to virus inhibi-
tion, HIV-1 vaccines can stimulate anti-HIV CD8* T-cell sub-
sets similar in function to what is found in HIV-1" virus
controllers. Quantifying these functions will be important for
the optimization of vaccine strategies attempting to elicit CD8-
mediated antiviral activity.
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