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HIV nonprogressors preferentially maintain highly functional

HIV-specific CD8" T cells

Michael R. Betts, Martha C. Nason, Sadie M. West, Stephen C. De Rosa, Stephen A. Migueles, Jonathan Abraham,
Michael M. Lederman, Jose M. Benito, Paul A. Goepfert, Mark Connors, Mario Roederer, and Richard A. Koup

Establishing a CD8* T cell-mediated im-
mune correlate of protection in HIV dis-
ease is crucial to the development of
vaccines designed to generate cell-medi-
ated immunity. Historically, neither the
quantity nor breadth of the HIV-specific
CD8* T-cell response has correlated con-
clusively with protection. Here, we as-
sess the quality of the HIV-specific CD8*
T-cell response by measuring 5 CD8*
T-cell functions (degranulation, IFN-vy,
MIP-183, TNF-a, and IL-2) simultaneously
in chronically HiV-infected individuals and

elite nonprogressors. We find that the
functional profile of HIV-specific CD8* T
cells in progressors is limited compared
to that of nonprogressors, who consis-
tently maintain highly functional CD8* T
cells. This limited functionality is indepen-
dent of HLA type and T-cell memory phe-
notype, is HIV-specific rather than gener-
alized, and is not effectively restored by
therapeutic intervention. Whereas the to-
tal HIV-specific CD8* T-cell frequency did
not correlate with viral load, the fre-
quency and proportion of the HIV-specific

T-cell response with highest functionality
inversely correlated with viral load in the
progressors. Thus, rather than quantity
or phenotype, the quality of the CD8*
T-cell functional response serves as an
immune correlate of HIV disease progres-
sion and a potential qualifying factor for
evaluation of HIV vaccine efficacy. (Blood.
2006;107:4781-4789)

© 2006 by The American Society of Hematology

Introduction

CD8" T cells play an important role in controlling HIV and SIV
disease progression. Evidence for this is based on several important
observations and correlative studies. First, their presence during
SIV infection leads to decreased viral replication and slower
disease progression in rhesus macaques.!? Second, resolution of
acute viremia is coincident with a major expansion of HIV-specific
CD8*' T cells.>* Third, during primary and chronic infection,
immunologic pressure mediated by SIV- and HIV-specific CD8* T
cells is often manifested by viral escape mutation.>® Finally, there
are strong correlations between the expression of certain HLA class
I alleles, lack of escape, and nonprogressive HIV infection.>!0-13
Ultimately, the CD8* T-cell response to HIV in most infected
patients is insufficient to maintain durable control of HIV viral load
and disease progression.

Despite extensive efforts, the definition of a CD8* T cell-
mediated immune correlate of protection in HIV infection has
proven elusive, because the precise mechanisms involved in CD8*
T cell-mediated control of most chronic viral infections, including
HIV, are largely unknown. Three attributes of HIV-specific CD8" T
cells could be involved in controlling HIV-1 viral replication:
frequency, breadth of epitope recognition, and functional quality.
MHC class I tetramer-based studies initially demonstrated that the
frequency of HIV-specific CD8" T cells was inversely correlated

with viral load.!* Subsequent correlative studies examining the
frequency of functional HIV-specific CD8* T cells and HIV viral
load have been inconclusive.'>! Similarly, the breadth of epitopes
recognized by HIV-specific CD8* T cells does not correlate with
control of viral replication or protection from disease progres-
sion.'® How HIV-specific CD8" T-cell response quality factors
into the control of HIV remains unclear, but initial studies
examining 2 CD8" T-cell functions concordantly suggest an
important relationship between response quality and immune
control.20-21

CD8" T cells are capable of a multitude of functions, including
cytolysis and production of several cytokines and chemokines.
Therefore, measurement of only one or 2 CD8* T-cell functions
may not provide an adequate measure of CD8* T-cell response
quality. Recent technologic advancements in flow cytometry now
permit the simultaneous examination of multiple T-cell func-
tions.?22* We used polychromatic flow cytometry to assess simulta-
neously 5 CD8" T-cell functions, including degranulation (CD107a
mobilization?*) and cytokine (IFN-y, TNF-a, and IL-2) and
chemokine production (MIP-1B) to determine whether HIV-
specific CD8* T-cell response quality is an important factor in HIV
disease progression. We first examined a group of 79 HIV-infected
individuals to establish the functional profile of HIV-specific CD8*
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T cells and compared this to the CD8* T-cell functional profile in a
well-defined group of HIV-infected nonprogressors. Our findings
indicate that HIV-infected nonprogressors have a qualitatively
different, and presumably superior, HIV-specific CD8* T-cell
response compared to that of HIV-infected progressors and that this
response constitutes a correlate of protection and a target functional
CD87 T-cell response to induce with candidate HIV vaccines.

Patients, materials, and methods
Patients

The progressor group consisted of HIV-infected subjects recruited from 3
different sites: Case Western Reserve University, Cleveland, OH (C1-15);
Hospital Carlos III, Madrid, Spain (S1-29); University of Alabama,
Birmingham, AL (A1-35). Only patients not receiving antiretroviral therapy
(ART) were recruited, although some subjects had a previous history of
highly active antiretroviral therapy (HAART; Table 1). All assays using this
group were performed blinded to viral load, CD4 count, and disease history.
The viral load ranged from less than 50 to 708 000 copies/mL, and the CD4
counts from 4 to 1428 cells/mm?. Thus, these subjects represent the normal
spectrum of disease progression expected in untreated HIV infection. The
precise infection time in these individuals is unknown. Because these
subjects are considered a representative sample of HIV-infected subjects, as
many as about 5% of the subjects may be nonprogressors. For example,
subject C3 appears to fit our definition of a nonprogressor; however, there
are not supporting longitudinal data to be sure this subject fits these criteria.
Several subjects subsequently initiated HAART following the initial
sampling date; viral load in these individuals dropped below the limit of
detection (< 50 copies/mL), with one exception (70 copies/mL). Samples
from these subjects were collected approximately 6 months to 1 year
following inception of HAART. A second group consisted of extensively
characterized HIV-infected nonprogressors!'-226 (NP1-9) recruited at the
National Institutes of Health. The criteria for nonprogression were durable
maintenance of normal CD4 ™ T-cell counts/ratios and viral load less than or
equal to 125 RNA copies/mL in the absence of therapeutic intervention
or opportunistic infections for duration of infection. All subjects gave
informed consent as required. This study was reviewed and approved by
the National Institutes of Health Institutional Review Board. Peripheral
blood mononuclear cells (PBMCs) were isolated by Hypaque-Ficoll
(Pharmacia, Uppsala, Sweden) density centrifugation and were frozen at
—140°C at 10 to 20 X 10° cells/mL in 90% fetal calf serum (FCS) and 10%
dimethylsulfoxide (DMSO; Sigma-Aldrich, St Louis, MO) until use.

Peptides

Peptides (15mers overlapping by 11) corresponding to full-length HIV-1
gag, pol, env, nef, tat, rev, vif, vpr, and vpu were used at 2 pg/mL each
peptide. The gag, pol, env, and nef peptides corresponded to the HXBc2/Bal
RS chimeric strain, and the tat, rev, vif, vpr, and vpu were clade B consensus
sequence (NIH AIDS Research and Reference Reagent Program). All
peptides were synthesized as free acids and were more than 80% pure.
Lyophilized peptides were reconstituted to 100 mg/mL in 100% DMSO for
the peptide mixes. Five mixes were prepared, one each for full-length gag,
pol, env, and nef; tat, rev, vif, vpr, and vpu peptides were combined into one
mix (TRVVYV). Optimized peptides derived from CMV, EBYV, and influenza
were the kind gift of Dr Guido Ferrari (Duke University, Durham, NC).

Antibodies

Directly conjugated antibodies were obtained from the following: BD
Biosciences (San Jose, CA): IL-2 (APC), CD3 (Cy7APC), IFN-y (FITC),
MIP-183 (PE), and TNF-a (Cy7PE); Beckman Coulter (Hialeah, FL): CD8
(Texas red-PE) and CD45RO (Texas red-PE). The following antibodies
were conjugated in our laboratory (http://drmr.com/abcon/index.html):
CD4 Cascade Blue, CD14 CySPE, CD19 CySPE, CD8 Qdot 655, CD27
Cascade Blue, CD27 Qdot 605, CD4 Cy5.5 PE, CD57 Qdot 565, CD57

Table 1. Characteristics of HIV-infected patients

Viral load, RNA CD4 count, Therapy Sample
Patient copies/mL cells/mm3 history* montht
C1 27 000 466 Naive 42
c2 19 000 273 Naive 33
C3 <50 677 39y 222
C4 18 000 398 Naive 6
C5 708 000 514 3y 118
Cé 59 000 361 Naive 13
c7 17 000 636 1.3y 91
C8 71 000 391 Naive 7
C9 400 718 Naive 83
c10 44 000 428 Naive 25
C11 18 000 508 Naive 21
c12 22 000 384 Naive 117
C13 14 000 413 Naive 167
C14 21 000 693 Naive 29
C15 35 000 478 Naive 14
S 2350 368 4 mo 74
S2 147 435 300 Unknown 43
S3 26 918 810 6 mo 21
S4 35937 299 Naive 0
S5 150 ND 7 mo 76
S6 500 000 209 Unknown 77
S7 204 1056 Naive 27
S8 190 700 Naive 16
S9 1054 684 Naive 23
S10 10 366 162 Naive 0
S11 54 194 459 Naive 0
S12 172 852 196 Naive 1
S13 2153 450 Naive 0
S14 73780 690 Naive 12
S15 70 414 406 Naive 1
S16 15315 700 Unknown 0
S17 613 594 Naive 39
S18 99 180 210 Naive 0
S19 500 000 768 Naive 3
S20 181 750 Naive 41
S21 63 905 810 Naive 34
S22 60 310 465 Naive 0
S23 17 448 962 3mo 51
S24 706 1431 Naive 0
S25 42 423 759 Unknown 0
S26 8941 671 Naive 0
S27 62 948 783 Naive 6
S28 69 668 850 Naive 0
S29 10 694 1428 Naive 20
Al 23 069 405 10 mo 182
A2 4917 1071 4y 79
A3 3012 689 Naive 0
A4 2319 818 Naive 109
A5 146 877 Naive 54
A6 13979 419 10 mo 21
A7 72 662 570 Naive 209
A8 185 720 22 Naive 1
A9 41 459 167 3y 63
A10 148 000 36 Naive 219
Al1 18 993 286 Naive 1
A12 49 755 372 Naive 21
A13 5107 716 3y 131
Al4 377 759 1.3y 176
A15 24 985 252 Naive 99
A16 10 391 563 1y 90
A17 48 680 294 19y 63
A18 16 121 531 25y 59
A19 47 551 838 1.3y 76
A20 65 548 388 Naive 101
A21 103 503 Naive 30
A22 63 382 426 Naive 13
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Table 1. Characteristics of HIV-infected patients (continued)

Viral load, RNA CD4 count, Therapy Sample
Patient copies/mL cells/mm3 history* montht
A23 128 540 431 15y 123
A24 68 380 150 8 mo 95
A25 6 369 857 Naive 119
A26 659 619 Naive 139
A27 19 700 542 3y 80
A28 2981 1049 Naive 189
A29 30 553 835 Naive 27
A30 64 975 Naive 172
A31 21159 571 18y 108
A32 5821 694 Naive 10
A33 239 300 4 Naive 58
A34 128 460 228 Naive 136
A35 10 333 513 Naive 41
NP1 124 1830 Naive 122
NP2 < 50 311 Naive 219
NP3 <50 908 Naive 216
NP4 < 50 1042 Naive 222
NP5 < 50 1645 Naive 165
NP6 59 972 Naive 103
NP7 < 50 785 Naive 72
NP8 < 50 1506 Naive 179
NP9 <50 806 Naive 57

ND indicates not determined.

*Time since most recent documented ART. All patients were off therapy at the
time of sampling. Patients with undocumented therapy history prior to sampling are
listed as unknown.

tSample month refers to the time between HIV diagnosis and the sampling date.
For patients S16 and S25, the diagnosis date was unknown, so a value of 0 was used.

Cascade Blue, and CD107a Alexa 680. The unconjugated monoclonal
antibodies (mAbs) were obtained from BD Biosciences. Cascade Blue and
Alexa 680 were obtained from Molecular Probes (Eugene, OR). Cy5 was
obtained from Amersham Biosciences (Pittsburgh, PA). Quantum Dots
were obtained from Quantum Dot Corporation (Hayward, CA).

Cell stimulation and staining

Purified PBMCs were thawed, resuspended to 2 X 10¢ cells/mL in com-
plete RPMI media (RPMI 1640 supplemented with 10% heat-inactivated
FCS, 100 U/mL penicillin, 100 pg/mL streptomycin sulfate, and 1.7 mM
sodium glutamate), and rested overnight at 37°C with DNAse I (10 U/mL;
Roche Diagnostics, Indianapolis, IN). The following morning, the PBMCs
were examined for viability by trypan blue exclusion (typically = 90%
viable) and adjusted to 1 X 10° cells/mL. Costimulatory antibodies (¢CD28
and 49d, 1 pg/mL; BD Biosciences), monensin (Golgistop, 0.7 pL/mL; BD
Biosciences), brefeldin A (10 wg/mL; Sigma-Aldrich), and aCD107a-
Alexa 680 (pretitered volume) were added, and the cells aliquoted at 1 mL
to each tube containing 5 pL of each peptide mix. An unstimulated and
positive control (Staphylococcus enterotoxin B, 1 wg/mL; Sigma-Aldrich)
were included in each assay. Cells were incubated for 5.5 hours at 37°C.
Following incubation, the cells were washed (PBS containing 1% bovine
serum albumin and 0.1% sodium azide) and stained with surface antibodies.
The cells were washed and fixed using the Cytofix/Cytoperm kit (BD
PharMingen, San Diego, CA) according to instructions. Following fixation,
the cells were washed twice in the perm buffer and stained with
antibodies against intracellular markers. Following staining, the cells were
washed, fixed (PBS containing 1% paraformaldehyde), and stored at 4°C
until analysis.

Flow cytometry

Cells were analyzed on a modified LSR II flow cytometer (BD Immunocy-
tometry Systems, San Jose, CA). Between 200 000 and 1 000 000 events
were collected per sample. Data analysis was performed using FlowJo
version 6.0 (TreeStar, San Carlos, CA). Initial gating used a forward scatter
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area (FSC-A) versus height (FSC-H) plot to remove doublets. Subse-
quently, the events were gated through a side scatter (SSC) versus Cascade
Blue plot to remove dead cells (Cascade Blue bright), as a surrogate marker
of viability (M.R., unpublished observations, 2003). CD14/19* events were
removed to reduce background staining of CD107a. Finally, the events were
subjected to a lymphocyte gate by a FSC-A versus SSC plot. Following this,
events are sequentially gated on CD3", CD8", and CD4~ events versus
IFN-y to account for down-regulation. Following identification of CD8" T
cells, a gate was made for each respective function using combinations that
provided optimal separation. After the gates for each function were created,
we used the Boolean gate platform to create the full array of possible
combinations, equating to 32 response patterns when testing 5 functions.
Note that the CD4 Cascade Blue conjugate serves 2 purposes: (1) The bright
events, resulting from the nonspecific entry and binding of Cascade Blue to
an unknown molecule in permeable (ie, dead) cells, are removed, and (2)
the CD4™" events (Cascade Blue dim positive) are removed further into the
gating analysis. Thus, the Cascade Blue—anti-CD4 antibody conjugate
serves both as a dead cell marker and specific label. Data are reported after
background correction. Nonspecific background becomes extremely low
when examining combinations of functions, nearly always reaching 0
events for 3 or more functions simultaneously. The background is higher for
single positive responses, particularly for MIP-1B, because some CD8* T
cells constitutively express MIP-13. The cutoff for a positive response is
dependent on the particular combination from 10 events (4 and 5 functions)
to as many as a few hundred events (1 function).

Statistical analysis

Unless otherwise noted, all data were background-subtracted using the
28/49d stimulation. A lower threshold corresponding to 2 SDs above
background was built for each cytokine pattern based on a Poisson model,
and values below this threshold were set to 0. For comparisons in which the
interest was mainly in response patterns and not magnitude, the proportion
of each individual response pattern within the total response was calculated
by dividing each background-subtracted value by the sum of all patterns
with at least one positive cytokine. Comparisons between groups were
based on Wilcoxon rank sum test. A stricter criterion for significance
(P <.01) was used to address the question of multiple comparisons.
Correlations between log viral load and CD8" T-cell responses were
calculated using a linear regression model (least-squares fit).

Results
Concurrent measurement of 5 separate CD8* T-cell functions

To measure the complexity of the HIV-specific T-cell response, we
developed a flow cytometric assay to measure simultaneously and
independently CD107a mobilization and IFN-y, MIP-183, TNF-a,
and IL-2 production. Figure 1A shows representative data from an
HIV-infected subject stimulated with overlapping HIV gag pep-
tides. In this subject, HIV Gag-specific CD8" T cells eliciting each
of the 5 functions were measurable (CD107a, 3.5%; IFN-vy, 2.5%;
MIP-1B, 4.6%; 1L-2, 0.2%; TNF-a, 0.6%). The full complexity of
the response was then examined using a Boolean gating algorithm,
yielding 32 unique response patterns comprising every combina-
tion of the 5 individual measurements (Figure 1D). The frequency
of each individual response pattern was then assessed and the
contribution of each combination toward the total response
determined.

Hierarchy of the HIV-specific CD8* T-cell functional response

Using this panel, we assessed the HIV-specific CD8" T-cell
response functionality by measuring responses against the total
HIV genome in 79 chronically infected individuals (termed “pro-
gressors,” Table 1; see “Patients and methods” for selection
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Figure 1. Detection of 5 concurrent T-cell functions
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criteria). Overall, MIP-1 dominated the HIV-specific CD8* T-cell
response for every HIV antigen (P < .001; Figure 1B). CD107a
expression and IFN-vy production were the next highest responses,
followed by TNF-a, and finally IL-2 production. In some subjects,
cells expressing IFN-y accounted for only 60% of the response,
and in no subject was IFN-y the most highly expressed function
(data not shown). This indicates that measurement of only IFN-y
underestimates the total HIV-specific CD8" T-cell frequency.

We next addressed whether by measuring additional CD8*
T-cell functions beyond IFN-vy a relationship between HIV-specific
CD8* T-cell frequency and viral load might be identified. No
relationship between the HIV-specific CD8* T-cell frequency,
either in total (Figure 1C) or to individual HIV antigens (data not
shown), and viral load was found, which confirms and extends our
previous observation that the absolute frequency of HIV-specific
CD8" T cells does not correlate with viral load."

We examined the functional hierarchy of the HIV-specific
CD8* T-cell response in the progressors to HIV-Gag, as shown in
Figure 1D. The response hierarchy was limited, with the major
responding populations being mainly segregated to few of the
possible functional combinations, most with 3 or fewer simulta-
neous functions. In this individual, the Gag-specific response was
composed of 3 major populations: cells expressing 4 (CD107a*IFN-
yTMIP-1B3*TNF-a*), 3 (CD107a*IFN-y*MIP-1B"), and one func-
tion (MIP-1B7). Cells expressing all 5 measured functions were

nearly absent in the responding cell population, driven primarily by
a paucity of IL-2 production. This pattern of limited functionality
extended throughout nearly the entire progressor cohort against
HIV-Gag, Pol, Env, Nef, and TRVVV (Figure 1E), with the vast
majority of responses to any antigen being restricted to 3 functions
or fewer. Although this response pattern was largely shared
between the different antigens among the cohort, there were also
differences. For example, CD107a*TFN-y*MIP-13*TNF-a* and
CD107a*MIP-1B8" CD8* T cells were significantly more frequent
for Gag and Pol-specific responses than Env-specific responses
(P < .001). Furthermore, MIP-1B* populations sometimes domi-
nated the response to particular HIV antigens. This was often
observed for HIV Env, where the MIP-1B7 response sometimes
represented nearly 90% of the Env-specific response. Therefore,
not only are there different functional responses to a single HIV
antigen, but individual HIV proteins can stimulate qualitatively
diverse response profiles.

HIV-infected nonprogressors maintain a higher degree of CD8*
T-cell functionality

Having observed consistent patterns of limited functionality in response
to HIV antigens in the progressors, we hypothesized that nonprogressive
HIV infection may be associated with a qualitatively different CD8*
T-cell functional profile. We therefore performed a similar analysis of
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HIV-specific CD8* T cells in 9 HIV-infected nonprogressors (Table 1).
Figure 2A shows the response to HIV-Gag in a representative HIV-
infected nonprogressor. The response to HIV-Gag was similar to the
progressors, in that many of the same functional populations were
present. However, the response was notably shifted in functionality,
such that cells positive for all 5 functions measured were detectable
(CD107a*TFN-y*MIP-1B*IL-2*TNF-a* [“5+"]) and a larger propor-
tion of the response was positive for 4 measured functions (Figure
2A-B). This enhanced functionality extended to responses against all
HIV antigens in the nonprogressors (Figure 2B). The frequency of HIV
Gag-specific CD8" T cells was higher in nonprogressors than progres-
sors (P <.001, data not shown). Although the total frequency of
Pol-specific CD8* T cells was not significantly different, more respond-
ing cells produced IL-2 (P <.001, data not shown). Similarly, more
Env-specific CD8" T cells in the nonprogressors produced IL-2 and
TNF-a (P < .01, data not shown).

We compared the functional profiles, irrespective of magnitude,
of the CD8" T-cell responses by expressing each response compo-
nent as a proportion of that total response (Figure 2C). The left
panel of Figure 2C compares the entire Gag-specific response
between the progressors and nonprogressors. The HIV-Gag re-
sponse profiles appeared mostly similar between the groups, in that
much of the response was limited in functionality. However,
responses in the nonprogressors (blue box plots) had a higher
degree of functionality (4+ or 5+ different functions simulta-
neously) than in the progressors (red box plots). The presence of
5+ HIV Pol-, Env-, and TRVV V-specific CD8" T cells was also a
discriminating factor between nonprogressors and progressors
(Figure 2C right). Additionally, Env- and TRV VV-specific CD8* T
cells expressing various combinations of 4 functions were more
prevalent in the nonprogressors.

Recent data have suggested that HIV-infected nonprogressors
and progressors can be differentiated by the proportion of CD8* T
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cells that produce IFN-y and IL-2.?7 To confirm this, we compared
the proportion of IFN-y*IL-2* cells between the groups for each
peptide pool; these proportions were significantly different for Env
and Gag (P < .001), but not Pol, Nef, or TRVVV (data not shown).
Next, we examined whether the additional measurement of CD107a,
TNF-a, and MIP-1 helped to discriminate between the 2 groups.
We used a likelihood ratio test to compare a logistic regression
model predicting progression status (nOnprogressor versus progres-
sor) using mean IFN-y*IL-2* proportion across peptide pools
versus a similar model including both the mean IFN-y*IL-2* and
mean CD107a"TFN-y*MIP-1BFIL-2*TNF-a* proportions. The
test was significant at P = .001, indicating that measuring re-
sponses by 5 functions provides a better differentiation between
progressors and nonprogressors than measuring only IFN-vy
and IL-2.

Relationship between functionality and viral load

Having observed enhanced functionality in the nonprogressors, we
revisited the relationship between CD8" T-cell response and viral
load in the progressors. Rather than focusing on total HIV-specific
CD8" T-cell frequency, which was not correlated with viral load
(Figure 1C), we examined the relationship between the frequency
and percent of the HIV-specific T-cell response positive for all 5
measured functions and viral load in the progressors. Both the
frequency and percent (Figure 3A-B) of HIV Gag-specific CD8* T
cells expressing all 5 functions correlated inversely with viral load
(P < .001). We next calculated the percent and total frequency of
all 5+ responses against all HIV antigens in each progressor
toward the total HIV-specific CD8* T-cell response (Figure 3C and
3D, respectively), and found these were inversely correlated with
viral load (P < .001 and P < .01, respectively). The frequency of
the largest single 5+ response to any HIV antigen in each
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