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Abstract

Awhole blood peptide mapping intracellular cytokine staining (ICS) assay was developed that allows
the direct comparison, at the individual peptide level, of CD4* and CD8* T-cell responses that span
every encoded protein, in patients infected with HIV-1. Whole blood samples from HIV-1 infected
patients were stimulated with overlapping synthetic peptides spanning nine subtype C HIV-1 gene
regions (Gag, Pol, Nef, Env, Tat, Rev, Vif, Vpu, Vpr). Following stimulation and permeabilization,
cells were stained with fluorochrome labelled antibodies to CD3, CD8 (CD4* cells were defined as
CD8 negative cells), and IL-2 and IFN-y. A total of 396 overlapping peptides were arranged in pools
with a matrix design which allowed the identification of individual peptide responses from multiple
pool responses. HIV-1 infected patients screened using this method showed a broad range of peptide
responses across the entire HIVV-1 genome with CD8 T-cell responses being higher in frequency in
magnitude than CD4* T-cell responses. The advantages of this whole blood ICS assay include the
following: (1) the response to all potential HIV-1 epitopes across the genome can be examined, (2)
the responding cell type can be monitored in the same reaction, and (3) considerably less blood is
required than would be necessary if peripheral blood mononuclear cells (PBMC) were first isolated
prior to peptide stimulation.
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1. Introduction

Cellular immune responses appear to play an important role in control of viral replication and
thereby may influence the clinical outcome of HIV-1 infected individuals. CD4* T-cells
coordinate effector immune responses (Kalams and Walker, 1998; Rosenberg and Walker,
1998), which involves both the induction and maintenance of B-cell functions (Letvin, 1998)
as well as CD8* cytotoxic T-lymphocyte (CTL) responses (Matloubian et al., 1994; Kalams
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and Walker, 1998). Vigorous HIV-1-specific CD4* T-helper cell responses have been observed
among long-term non-progressors (Rosenberg et al., 1997; Pitcher et al., 1999; Pontesilli et
al., 1999; Alatrakchi et al., 2002), and have been found to be inversely correlated with viral
load (Rosenberg et al., 1997; Musey et al., 1999; Pitcher et al., 1999), suggesting that CD4*
T-cells are critical in mediating an effective antiviral defence. HIVV-1-specific CTL responses
also play a central role in controlling viral replication (Koup et al., 1994; Koenig et al., 1995;
Goulder etal., 1997; Price et al., 1997), by direct cytolysis of infected cells and by suppression
of viral replication by secreted factors such as perforin, interferon-y (IFN-y), and the CC
chemokines CCL3, CCL4, and CCL5 (Walker et al., 1986; Cocchi et al., 1995).

The quantification of antigen-specific T-cell responses to pathogens or immunogens has been
greatly facilitated in recent years by the development of methods based on the detection of
various cytokines, including assays such as enzyme-linked immunospot (ELISPOT) and
intracellular cytokine staining (ICS) (Lalvani et al., 1997; Larsson et al., 1999; Betts et al.,
2000; Gea-Banacloche et al., 2000). ELISPOT and ICS assays use short term in vitro
stimulations to determine the frequency and cytokine profiles of responding cells. In addition,
the tetramer assay was developed to directly stain CTL with a defined T-cell receptor (Altman
etal., 1996). The ELISPOT assay was originally developed to detect antibody-producing cells
(Klinman, 1992), but has subsequently been adapted to quantify viral-specific T-cell responses.
Although the ELISPOT assay is valuable for detecting low-frequency T-cell responses, the
enumeration of spots can be a subjective process due to different operators. While computer-
aided counting apparatus has improved the efficiency and accuracy of spot counting, the
definition of a positive spot (correct size and shape) has to still be made by the individual. In
addition, the different cell types secreting the cytokine of interest in an ELISPOT assay are not
easily discernable, although magnetic bead depletions of peripheral blood mononuclear cells
(PBMC) prior to stimulation allows the testing of specific cell populations. The ICS assay
allows rapid quantitation of a large number of cytokine-producing cells while the multi-
parameter capability of flow cytometry allows determination of cell-specific production of
individual cytokines. Methods aimed at mapping T-cell responses at the peptide level usually
involve screening with an ELISPOT assay, with ICS used to confirm responses and identify
responding cell types. The aim of this study was to develop an assay that allows the direct
comparison, at the individual peptide level, of HIV-1-specific CD4* and CD8™ T-cell responses
that span every encoded protein, using as small a volume of blood as possible. We therefore
evaluated a whole blood ICS assay using overlapping peptides arranged in a pool and matrix
design to measure the breadth of T-cell responses across the genome in HIV-1 infected patients.
This approach allows significant dissection of cellular immune responses in HIV-1 infected
patients, and could help in understanding protective correlates in HIV-1 infection.

2. Materials and methods

2.1. Patient samples

To evaluate the whole blood intracellular cytokine staining assay, peripheral blood samples
were collected from HIV-1 infected women (CD4 T-cell count > 200 cells/pl) at Chris Hani
Baragwanath Hospital in Soweto, South Africa. Approximately 16 ml of blood was drawn into
Sodium Heparin vacutainers and processed within 6 h of collection. Written informed consent
was obtained from all study participants and the study was approved by the Institutional Review
Boards of the investigators.

2.2. Synthetic HIV-1 peptides

A total of 396 overlapping synthetic peptides spanning nine HIV-1 subtype C gene regions
(Gag, Pol, Nef, Env, Tat, Rev, Vif, Vpu, Vpr) were used in this study, arranged in pools with
a matrix design which allowed identification of individual peptide responses, as described
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previously for ELISPOT (Masemola et al., 2004). The peptides were supplied by the South
African AIDS Vaccine Initiative (SAAVI) Peptide Repository (Immunology Lab., AIDS Virus
Research Unit, National Institute for Communicable Diseases, Johannesburg, South Africa).
The peptides were synthesized using 9-fluorenylmethoxy carbonyl-based solid phase
chemistry at the Natural and Medical Sciences Institute (University of Tubingen, Ttbingen,
Germany), and checked for correct molecular weight by Elektrospray quadruple time-of-flight
(QTOF)-mass spectrometry. Table 1 shows details of the pools for each of the nine gene regions
while Table 2 shows the arrangement of the peptides in each matrix. Some of the peptides,
including Pol, Nef, Env (gp160), Tat, and Rev were designed to match regions that were
selected for inclusion in clade C HIV-1 vaccine candidates (Dul51 and Du179) (Williamson
etal., 2003), while Gag, Vif, Vpu, and Vpr peptides were based on a consensus HIV-1 subtype
C sequence. Gag, Pol, Env, Tat, Rev, Vif, Vpu, Vpr peptides varied from 15- to 18-mers
overlapping at 10 amino acids, while Nef peptides were synthesized as 15-mers overlapping
at 11 amino acids. The synthetic peptides were originally dissolved in 100% dimethyl
sulphoxide (DMSO) at 10 mg/ml, and were then aliquoted into the pools and matrices at 40
pg/ml in phosphate-buffered saline (PBS).

2.3. Whole blood stimulation and intracellular cytokine staining

Tomap CD4* and CD8" T-cell responses in HIV-1 infected individuals, 200 ul of whole blood
from HIV-1 patients were aliquoted into a total of 75 1.5 ml Eppendorf tubes together with 1
ug each of the costimulatory antibodies against CD28 and CD49d (BD Biosciences, San Jose,
CA, USA). Each of the 25 HIV-1 peptide pools and the 48 peptide matrices were then added
to individual tubes containing the whole blood at a final concentration of 10 pg/ml. A negative
control tube (anti-CD28 and anti-CD49d) to control for non-specific production of intracellular
IFN-y and IL-2, as well as a positive control of Staphylococcus enterotoxin B (SEB); final
concentration 1 pg/ml were also used for each experiment. In addition, the secretion inhibitor
Brefeldin A (Sigma—Aldrich Corp., St. Louis, MI, USA) was added to each tube at 10 pg/ml
final concentration. Samples were then gently mixed and incubated at 37 °C for 6 h.

Following stimulation, EDTA was added to all samples to arrest activation and to remove
adherent cells. Samples were then transferred to FACS tubes and erythrocytes lysed by adding
2 ml 1x FACS lysing solution to each tube and allowed to incubate for 10 min (BD
Biosciences). Samples were then centrifuged at 2000 rpm for 5 min, supernatants decanted,
and the cells permeabilized using 500 ul 1x FACS Permeabilizing solution 2 (BD Biosciences)
with a 10 min incubation at room temperature. Following permeabilization, cells were washed
twice with 2 ml wash buffer (PBS containing 1% bovine serum albumin (BSA)) (Sigma-—
Aldrich Corp.) and 0.1% sodium azide (Sigma—Aldrich Corp.) (2000 rpm centrifugation for 5
min). A cocktail of fluorescent antibodies including CD3 allophycocyanin (APC), CD8
peridinin chlorophyll (PerCP), and interleukin-2 (IL-2) and interferon-y (IFN-y) phycoerythrin
(PE) (BD Biosciences) were then added to each tube and incubated for 60 min at room
temperature in the dark. After staining, the samples were washed with 2 ml wash buffer (2000
rpm centrifugation for 5 min), and resuspended in PBS containing 1% paraformaldehyde
(Electron Microscopy Sciences, Pretoria, South Africa).

2.4. Flow cytometric acquisition and analysis of samples

Samples were acquired using a FACSCalibur flow cytometer (Becton Dickinson
Immunocytometry Systems) within 24 h of staining with fluorescent antibodies. Where
possible, 70 000 CD3* cells were acquired per sample. Fig. 1 shows the gating procedure used
in this study. The lymphocyte gate was based on the forward and side scatter characteristics
of each sample. Since cells were not stained with a specific CD4 marker, CD4"* cells were
defined as CD3* CD8™ cells, while CD8" T-cells were identified as CD3* CD8* cells within

J Virol Methods. Author manuscript; available in PMC 2008 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

3. Results

Meddows-Taylor et al. Page 4

the lymphocyte gate. All data was analyzed using FlowJo software (Tree Star, San Carlos, CA,
USA).

The percentage of CD4" and CD8* T-cells responding to the peptides in a particular pool or
matrix was determined using the whole blood ICS assay. Five HIV-1 infected individuals were
screened for CD4* and CD8* T-cell responses across the HIV-1 genome. A positive response
was considered as >0.1% IL-2 and IFN-y producing cells after subtracting the background
staining from cells stimulated with anti-CD28 and anti-CD49d in the absence of peptides.
Detectable peptide responses identified in any of the major pools could be cross-referenced to
aresponse in one of the matrix pools. In so doing, multiple peptide responses could be narrowed
down to a single peptide response. In previous studies conducted in our laboratory measuring
CD4* and CD8* T-cell responses to peptide pools representing entire HIV-1 genome regions,
we have evaluated the production of different cytokines (IL-2, IFN-y, TNF-a, MIP-10/CCL3,
MIP-1B/CCL4 and different combinations of these cytokines) in an attempt to determine
optimal cytokine measurements to detect the strongest possible cellular responses. The
combination of IL-2 and IFN-y provided the greatest magnitude of CD4" and CD8* T-cell
responses compared to their individual use, and provided the best cocktail of cytokine
antibodies to use for the whole blood ICS assay (Shalekoff, unpublished data).

Fig. 2 shows representative data for one of the patients tested showing a comparison of
individual CD4* and CD8* peptide responses across the entire HIV-1 genome. As an example
of determining individual peptide responses, this individual showed a detectable CD8*
response in Gag pool 2 (Gag peptides 15-28) (Table 1) and in Matrix 38 (Gag peptides 14, 28,
42,56 and 70) (Table 1), with the common peptide between Gag pool 2 and Matrix 38 being
Gag 28. Table 2 shows the CD4* and CD8™ peptide responses obtained for this patient, showing
all positive pools and matrices, the individual peptides identified from these combinations, and
the amino acid regions spanned by these individual peptides or groups of peptides. Upon
searching the Los Alamos HIV Molecular Immunology database
(http://www.hiv.lanl.gov/content/immunology/index.html), a number of the peptides
identified in this patient contained previously described CTL (CD8*) and T-helper (CD4*) T-
cell epitopes. Overall, all patients screened showed a broad range of peptide responses across
the entire HIV-1 genome with CD8* T-cell responses being higher in magnitude and frequency
than CD4* T-cell responses.

4. Discussion

The application of assays such as ELISPOT and ICS has greatly enhanced the understanding
of the role cellular immune responses in HIV-1 infected individuals. Although certain reports
have demonstrated inverse relationships between CD4* (Rosenberg et al., 1997) and CD8*
(Oggetal., 1998) T-cell responses and HIV-1 viral load, later studies evaluating HIV-1-specific
T-cell responses to a variety of potential epitopes have failed to confirm these associations
(Pitcher et al., 1999; Gea-Banacloche et al., 2000). Many studies to date using the ELISPOT
and ICS assays to evaluate associations between cellular immune responses and viral
parameters in HIV-1 infected individuals have however been restricted to responses against
whole HIV-1 proteins (Gea-Banacloche et al., 2000), pools of peptides (Dalod et al., 1999), or
single epitopes (Ogg et al., 1998). These approaches imply that certain responses to selected
epitopes provide an illustration of the entire HIVV-1-specific immune response, although
findings by Betts et al. (2000) showing the correlation of particular restricting HLA alleles and
epitope immunodominance is not absolute, contradict this assumption. In addition, the use of
optimized epitopes will typically underestimate the total response, since only a few well-
defined epitopes are used. In this study we developed a whole blood peptide mapping ICS
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assay that allows the direct comparison, at the individual peptide level, of CD4* and CD8" T-
cell responses that span every encoded protein, in patients infected with HIV-1 to provide an
appreciation of the overall immune response to HIV-1.

A total of 396 overlapping synthetic peptides spanning nine HIV-1 subtype C gene regions
(Gag, Pol, Nef, Env, Tat, Rev, Vif, Vpu, Vpr) were used in this study. Peptides were arranged
in pools with a matrix design, where detectable peptide responses identified in any of the major
pools could be cross-referenced to a response in one of the matrices. In so doing, multiple
peptide responses could be narrowed down to a single peptide response. Previously, virus or
protein lysates, presented by MHC class I1, have been used to detect CD4*-specific responses,
while viral vector constructs expressing viral proteins (Nixon et al., 1988) and 8-11-mer
peptides that mimic optimal epitopes have been used to measure CD8*-specific responses.
Overlapping 15-mer peptides have been shown to stimulate both CD4* and CD8* T-cell
responses (Kern et al., 2000; Maecker et al., 2001), circumventing the need to use separate
antigens to detect CD4* and CD8* responses.

For detection of peptide-specific responses in this study, we have chosen to measure cells
producing both IL-2 and IFN-y, as opposed to measuring IFN-y alone. De Rosa et al. (2004),
using 12-colour flow cytometry, have illustrated significant limitations in using single
functional measurements to evaluate immune responses, and have proposed that sensitive
evaluation of antigen-specific T-cells requires the coordinated measurement of several
cytokines. It has been shown that non-progressive HIV-1 infection is characterized by
polyfunctional IL-2 and IFN-y secreting CD4* and CD8* T-cell responses (Harari et al.,
2004), while chronic, progressive HIV-1 infection is associated with a monofunctional T-cell
response characterized by HIV-1-specific CD4* and CD8* T-cells that secrete IFN-y
(Champagne et al., 2001; Harari et al., 2004). Previous studies in our laboratory have shown
that the combination of 1L-2 and IFN-y provided the greatest magnitude of CD4* and CD8"*
T-cell responses compared to using individual cytokine markers, which is in agreement with
other studies showing IFN-y secretion is typical of the early phase of immune response
generation, but which decreases with antigen clearance, while IL-2 secretion is indicative of
the long-term memory (predominantly CD4*) T-cell response.

Another important advantage of the whole blood ICS assay is that smaller blood volumes are
required than would be necessary if PBMC were first isolated prior to peptide stimulation, as
is the method of choice for ICS as cells can be stored. This is particularly advantageous in
infant studies where blood volumes represent an important limiting factor to consider. The
nature of the whole blood ICS assay also allows it to be modified in instances where blood
volumes are limited, in order to assess cellular responses in specific regions of interest.
Hanekom et al. (2004) have previously optimized an ICS assay to characterize BCG
vaccination-induced CD4* and CD8" T-cell responses in infants using small volumes of whole
blood, which they found to be sensitive and specific for detecting mycobacteria-specific
immunity. We have previously used another whole blood assay to measure IFN-y production
in response to Mycobacterium tuberculosis antigens and BCG in infants born to HIV-1 infected
mothers (Van Rie et al., 2006). In this assay, which was selected due to its relative simplicity
and small blood volumes required, whole blood infants samples were stimulated with different
antigens, following which IFN-y release was measured in culture supernatants using ELISA.
However, one major disadvantage of this whole blood assay was that the different cell types
secreting the IFN-y in response to the stimuli could not be identified. This is averted by the
multi-parameter ability of an ICS assay, and with the development of flow cytometers which
have the capacity to detect large numbers of different fluorochromes, flow cytometry is
becoming a very powerful tool in measuring not only different responding cell types, but
different cytokines and molecules produced in response to stimuli and the functional capacity
of cells in a single reaction tube.
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HIV-1 infected patients screened using the method developed in this study showed a broad
range of peptide responses across the entire HIV-1 genome with CD8* T-cell responses being
higher in frequency in magnitude than CD4" T-cell responses. The advantages of the whole
blood ICS assay described here for peptide mapping include the following: (1) the response to
potential HIV-1 epitopes across the genome can be examined, (2) the responding cell type can
be monitored in the same reaction, and (3) that considerably less blood is required than would
be necessary if peripheral blood mononuclear cells were first isolated prior to peptide
stimulation. A disadvantage however of this method is that it is expensive to perform compared
to other assays such as ELISPOT, due to the cost of the flow cytometer, fluorescent antibodies
and other required reagents. In addition, although this assay is very useful in screening
responses across the entire HIVV-1 genome and allows the detection of stretches of targeted
amino acids, the identification of optimal T-cell epitopes would require the patient to be re-
bled for further testing which may not always be possible. Although the time taken to complete
the stimulation, staining and acquisition of samples for an ICS peptide screening assay would
be longer than completing an ELISPOT assay, time is saved on not having to isolate PBMC
from whole blood. The ICS assay could also be adapted to use flow cytometric deep-well plates
which would reduce the workload in performing this assay.

Overall, results indicate that the whole blood ICS peptide screening assay we have developed
represents a useful approach to measuring HIV-1-specific T-cell responses across the entire
HIV-1genome, and could be a useful tool in dissecting immune parameters related to protective
immunity in HIV-1 infected subjects. This whole blood ICS assay could also be adapted to
monitoring immune responses (innate or adaptive) in defined cell subsets and studying immune
responses to other viruses or organisms.
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Fig. 1.
Representative data illustrating the gating strategy used in this study.

J Virol Methods. Author manuscript; available in PMC 2008 September 1.

10' 10% 10
FL2-H: IL-24IFNg PE

]



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Meddows-Taylor et al.

Page 10

1 » 58
cDé ] 10 11 14 17 28
GAG |CD4
59 — > 70
CcD8
CD4
1 » 58
g& 30 31 36 3738 39 40 41
POL - o3
cD8 78 79 84 85 86 87 88 89
CD4
i P 58
cDs %37 42 43 44 45 46 47
[41 42 43] |45 47]
ENV o0 o » 114
cD8 84 85 90 91929394 95
CD4
1 » 50
NEF cps 12 16 1718
CD4
1
VIF cpg 5678610
CD4
1 —>1
VPR cD8
CD4
1 —»12
TAT cD8 234647
Cbd
1 »14
REV |cos -
CD4
—_——
VPU oy | 9
CD4
Fig. 2.

Representative patient data showing individual CD4* and CD8™ peptide responses across the
entire HIV-1 genome. Genome regions are shown on the left hand side of the figure with

positive CD4* responses (black boxes) and CD8* responses (grey boxes) with peptide numbers
indicated.
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Table 2

Representative patient data showing the positive pools and matrices, identified peptides and spanned amino acid regions

Positive response

Identified peptide

Amino acid region spanned

Pool Matrix
CcD4*
responses
Gag 4 31 Gag 49 SHKARVLAEAMSQANSA
Env 2 11-13 Env 41, 42, 43 IRIGPGQAFYTNHIIGDIRQAYCNISKQEWNK
Env 2 16, 17 Env 46, 47 KKLQEHFPNKTIKFNSSSGGDLEI
Nef 2 45 Nef 17 EVGFPVRPQVPLRPM
Tat 11-13 Tatl,2,3 MEPIDPNLEPWNHPGSQPNTPCNNCYCKHCSYH
Tat 16, 17 Tat6,7 TKGLGISYGRKKRRQRRSTPPSSEDH
cbs*
responses
Gag 1 27 Gag 3 EKIRLRPGGKKHYMLKHL
Gag 1 34,35 Gag 10, 11 QLQPALQTGTEELRSLYNTVATLY
Gag 1 38 Gag 14 IEVRDTKEALDKIEEEQNK
Gag 2 27 Gag 17 KAAADKGKVSQNYPIV
Gag 2 34,35 Gag 24, 25 PMFTALSEGATPQDLNTMLNTVGGH
Gag 2 38 Gag 28 LKDTINEEAAEWDRLHPV
Pol 2 6,7 Pol 30, 31 FWEVQLGIPHPAGLKKKKSVTVLDV
Pol 2 12-17 Pol 36, 37, 38, 39, PSINNETPGIRYQYNVLPQGWKGSPAIFQASMTKILEPFRAKNPEIVIY
40, 41
Pol 4 6,7 Pol 78, 79 TFYVDGAANRETKIGKAGYVTDRGR
Pol 4 12-17 Pol 84, 85, 86, 87, LALQDSESEVNIVTDSQYALGIIQAQPDRSESELVNQIIEQLIKKERAYLSWVPAHK
88, 89
Env 2 6,7 Env 36, 37 IRSENLTNNVKTIIVHLNESIGIV
Env 2 12-17 Env 42, 43, 44, 45, FYTNHIIGDIRQAYCNISKQEWNKTLEEVRKKLQEHFPNKTIKFNSSSGGDLEI
46, 47
Env 4 6,7 Env 84, 85 MQWDREINNYTNITYQLLEDSQI
Env 4 12-17 Env 90, 91, 92, 93, WFSITNWLWY IKIFIMIVGGLIGLRIIFAVLSIVNRVRQGYSPLSFQTLTPNPR
94, 95
Nef 2 40 Nef 12 SNTAHNNPDCAWLQA
Nef 2 44-46 Nef 16, 17, 18 EEEEEVGFPVRPQVPLRPMTYKA
Vif 1l 12-17 Vif5,6,7,8,9,10 RRANGWFYRHHYESRHPKVSSEVHIPLGEARLVIKTYWGLQTGERDWHLGHGVSIEW
Tat 12-17 Tat2,3,4,5,6,7 LEPWNHPGSQPNTPCNNCYCKHCSYHCLVCFQTKGLGISYGRKKRRQRRSTPPSSEDH
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