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Cytotoxic T-lymphocyte (CTL) responses have been implicated as playing an important role in control of
human immunodeficiency virus (HIV) infection. However, it is technically difficult to demonstrate CTL re-
sponses consistently in nonhuman primate and human subjects using traditional cytotoxicity assay methods.
In this study, we systematically evaluated culture conditions that may affect the proliferation and expansion of
CTL effector cells and presented a sensitive method for detection of cytotoxicity responses with bulk CTL
cultures. We confirmed the sensitivity and specificity of this method by demonstration of vigorous CTL re-
sponses in a simian-HIV (SHIV)-infected rhesus macaque. The expansion of epitope-specific CTL effector cells
was also measured quantitatively by CTL epitope-major histocompatibility complex tetramer complex staining.
In addition, two new T-cell determinants in the SIV gag region are identified. Last, we showed the utility of this
method for studying CTL responses in chimpanzee and human subjects.

Cytotoxic T lymphocytes (CTL) are CD8" of T lympho-
cytes, and their T-cell receptors (TCR) recognize small pep-
tides of 8 to 12 amino acids presented by major histocompat-
ibility complex (MHC) class I molecules on the cell surface (5,
13). These peptides are derived from intracellular antigens via
the endogenous antigen processing and presentation pathway
(15, 33). The TCR recognition of the peptide-MHC class I
molecule complexes on the cell surface will trigger the cytolytic
activity of CTL, resulting in the death of cells presenting the
peptide-MHC class I complexes (20). Partly because of this
cytotoxic function, CTL responses have been implicated as
playing an important role in control of viral infection (19, 26,
41).

The importance of CTL responses in control of human im-
munodeficiency virus (HIV) infection has been indicated in
many studies. First, appearance of vigorous CTL responses in
HIV-1 or simian immunodeficiency virus (SIV)-infected sub-
jects was found to be temporally associated with control of
primary viral infection (6, 22, 23). Second, studies showed that
vigorous CTL responses in HIV-infected individuals can exert
strong selective pressure on the virus in the hosts to evolve
escape mutants (7, 29). Third, strong T-cell immunity has been
associated with effective control of viremia and prolonged pre-
vention of disease progression in HIV-infected patients (16,
17, 31, 34). Fourth, the frequency of CTL precursors (CTLp),
determined by limiting dilution assay and by CTL epitope-
specific tetramer staining of T cells, has been shown to be
inversely correlated with virus load in SIV-infected rhesus ma-
caques and HIV-infected human subjects, respectively (12, 32).
Last, in an SIV-infected rhesus macaque model, it has been
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shown in two independent studies that rhesus monkeys failed
to control viral infection when their CD8" T-cell population
was depleted by administration of anti-CD8 monoclonal anti-
bodies prior to acute infection or during chronic infection (37,
17a).

It is difficult to study CTL responses using the cytotoxicity
assay in nonhuman primate and human subjects because of the
polymorphic MHC background in the primate and human
populations. Autologous B-lymphoid cell lines (BLCL) have to
be established for each subject to serve as target cells in order
to match the MHC alleles in a cytotoxicity assay. Additionally,
the undefined MHC alleles in each subject make the identifi-
cation and characterization of CTL epitopes in any antigen of
interest a technical challenge. To circumvent these problems,
recombinant vaccinia viruses are frequently used to deliver
antigens (4). This type of approach entails using inactivated
autologous B cells infected with vaccinia virus to provide an-
tigen-specific restimulation for activation and expansion of
memory T cells in culture and using vaccinia virus-infected
autologous B cells as targets in a cytotoxicity assay (21, 28, 40).
The assay is generally less sensitive and at times inconsistent
because of vaccinia virus-specific background, and often only
borderline responses can be demonstrated. Although many
novel methods have been developed to study CD8" T-cell
responses, including gamma interferon-based ELISPOT assay
and the epitope peptide-MHC class I complex tetramer stain-
ing assay (2, 24), the bulk culture cytotoxicity assay is still
regarded as an important method for assessing T cells’ cyto-
toxic function. ELISPOT and cytotoxicity assays are comple-
mentary to each other, as they are designed to evaluate differ-
ent functional aspects of CD8" T-cell response. The objective
of this study is to optimize the CTL culture and cytotoxicity
assay conditions for both nonhuman primates and humans.
Here we show, by using unfixed autologous peripheral blood
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mononuclear cells (PBMC) infected with recombinant vaccinia
virus for antigen-specific restimulation, that satisfactory expan-
sion of CTL effector cells can be achieved in cultures. In
addition, by using synthetic peptide pools to sensitize B lym-
phoid cells as targets, we can obtain consistent results with
remarkable sensitivity in a cytotoxicity assay. A series of cyto-
toxicity experiments were conducted to further confirm the
sensitivity and specificity of this configuration.

MATERIALS AND METHODS

Reagents, synthetic peptides, and recombinant vaccinia viruses. The cell cul-
ture reagents were purchased from Gibco-BRL Life Technologies (Grand Is-
land, N.Y.). RPMI 1640 medium, supplemented with 2 mM L-glutamine, 5 X
107> M B-mercaptoethanol, 5 mM HEPES, plus 25 g of pyruvic acid, 100 U of
penicillin, and 100 pg of streptomycin per ml, was designated R-10 when sup-
plemented with 10% fetal bovine serum (FBS) and R-20 when supplemented
with 20% FBS. Recombinant human interleukin-2 (IL-2) was purchased from
the Cellular Products Company (Buffalo, N.Y.), and recombinant human IL-7
was from R&D Systems (Minneapolis, Minn.).

The synthetic peptides were custom ordered from the following commercial
vendors: Multiple Peptide System (San Diego, Calif.), Massachusetts General
Hospital Core Facility (Charlestown, Mass.), and Genesys Biotechnology Com-
pany (Houston, Tex.). All peptides were solubilized in straight dimethyl sulfoxide
(DMSO) at 20 mg/ml (or 10 mg/ml if insoluble at 20 mg/ml) and stored in small
aliquots at —70°C. The peptide pools were composed of an equal volume of each
peptide, and the final concentration of each peptide in the pool depends on the
number of peptides included in the pool. The typical concentration is in the
range of 0.4 to 0.8 mg/ml. The peptides for making pools are 20-mers overlapping
by 10 amino acids to cover part or all of the open reading frame of the antigen.

The generation and characterization of recombinant vaccinia viruses have
been described elsewhere (11). Vac-SC was used as a wild-type control vaccinia
virus, expressing only B-galactosidase under the control of the p11 promoter.

Nonhuman primate and human subjects. Monkey MmL-3 was infected with
400 50% tissue culture infective doses (TCIDs,) of a nonpathogenic SIV-HIV
(SHIV) composed of SIV,,..o39 backbone expressing the HIV-1yxp., rev, tat,
vpu, and env genes as described earlier (27). Monkey Mm94-98, a Mamu-A*01-
positive rhesus monkey infected with SIV, has also been described earlier (23).
Chimpanzee 289 was infected with HIV-15y,4 in 1994, and chimp 316 was in-
fected with HIV-1p4;, in 1994 and with HIV-1;;5 in 1997 (36). Both chimps are
housed at the Southwest Foundation for Biological Research, San Antonio, Tex.
PBMC samples from HIV-infected subjects were collected from volunteers at-
tending clinics at the University of Pittsburgh, Mt. Sinai Hospital in New York,
and the State University of New York at Stony Brook. Subjects 30495 and 402
were not treated with any antiviral therapy at the time the PBMC sample was
collected, with their viral loads determined to be 9,050 and 1,728 copies/ml,
respectively. Their CD4 counts were determined to be 920 and 1,247 cells/pl,
respectively. Subject 802 was treated with highly active antiretroviral therapy,
with her viral load and CD4 counts determined to be 1,040 copies/ml and 498
cells/pl, respectively.

Bulk culture of lymphocytes. The procedures for establishing cultures for CTL
with fresh or cryopreserved PBMC were adapted from a published method (9,
10). Briefly, 20% or another specified percentage of total PBMC were infected
in a 0.5-ml volume with recombinant vaccinia virus at a multiplicity of infection
(MOI) of 5 for 1 h at 37°C and then recombined with the remaining PBMC
sample. The cells were washed once in 10 ml of R-10 medium and plated in a
12-well plate at approximately 5 X 10° to 10 X 10° cells/well in 4 ml of R-10
medium. Recombinant human IL-7 was added to the culture at 330 U/ml. Two
or three days later, 1 ml of R-10 containing recombinant human IL-2 (rhIL-2, 100
U/ml) was added to each well. Twice weekly thereafter, 2 ml of culture medium
was replaced with 2 ml of fresh R-10 medium with rhIL-2 (100 U/ml). The
lymphocytes were cultured at 37°C in the presence of 5% CO, for approximately
2 weeks and used in the cytotoxicity assay described below.

Cytotoxicity assay. The effector cells harvested from bulk CTL cultures were
tested against autologous BLCL expressing specific antigens, either through
infection with recombinant vaccinia virus or by sensitization with peptides. To
prepare vaccinia virus-infected targets, the BLCL cells (5 X 10° to 10 X 10° cells)
were infected with recombinant vaccinia virus at an MOI of 10 in 5 ml of R-10
medium overnight at 37°C. The cells were washed once and labeled with 5 to 10
ul of Na®!'CrO, (approximately 100 wCi; Amersham Life Sciences, Arlington
Heights, T11.) in 0.5 ml in a 15-ml conical tube for 1 to 2 h at 37°C. The target cells
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were then washed three times, enumerated, and resuspended at 5 X 10* cells/ml
in R-10. To prepare the peptide-sensitized targets, the BLCL cells were washed
once with R-10 medium, enumerated, and pulsed with the individual peptide
(5 pg/ml) or peptide pool (about 4 to 8 pg/ml for each individual peptide) in a
0.5-ml volume. A mock target was prepared by pulsing cells with peptide-free
DMSO diluent to match the DMSO concentration in the peptide-pulsed targets.
From 5 to 10 ul of Na®'CrO, was added to the tubes at the same time, and the
cells were incubated for 1 to 2 h 37°C. The cells were then washed three times
and resuspended at 5 X 10* cells/ml in R-10 medium to be used as target cells.
The cultured lymphocytes were plated with target cells at designated effector-
to-target cell (E:T) ratios in triplicate in 96-well plates and incubated at 37°C for
4 h in the presence of 5% CO,. A sample of 30 pl of supernatant from each well
of cell mixture was harvested onto a well of a Lumaplate-96 (Packard Instru-
ments, Meriden, Conn.), and the plate was allowed to air dry overnight. The
amount of >'Cr in the well was determined through beta-particle emission, using
a plate counter from Packard Instruments. The percent specific lysis was calcu-
lated using the formula % specific lysis = (E — S)/(M — S), where E is the
average counts per minute (cpm) released from target cells in the presence of
effector cells, S is the spontaneous cpm released in the presence of medium only,
and M is the maximum cpm released in the presence of 2% Triton X-100.

Limiting-dilution culture conditions and analyses. The limiting-dilution anal-
ysis (LDA) protocol was modified from a previously published method (21, 22).
Briefly, 10% or another specified percentage of the PBMC sample was infected
with recombinant vaccinia virus expressing SIV Gag (Vac-SIVgag) at an MOI of
5in 0.5 ml in a 15-ml conical tube for 1 h and then mixed with the remaining
PBMC sample. The cells were washed once with R-10 medium and plated in 24
replicates in U-bottomed 96-well plates in serial titrations (e.g., 16,000, 12,000,
6,000, 3,000, 1,500, 750, and 500 cells/well) in a total of 100 ul of R-10 medium.
Control wells containing no PBMC but only 100 ul of R-10 medium were
included as a negative control. Gamma-irradiated (4,000 rads) feeder cells
(50,000 cells/well of human PBMC, unless otherwise specified) were added in a
volume of 100 pl to each well. Two or three days later, 50 pl of R-10 medium
containing thIL-2 at 100 U/ml was added to each well. Twice weekly thereafter,
100 pl of culture medium from each well was removed and replaced with 100 pl
of fresh R-10 medium with rhIL-2 (100 U/ml). The cultures were incubated at
37°C in the presence of 5% CO, for approximately 2 weeks. Each microculture
in the 96-well plates was then split into three sets of 96-well plates with 50 pl per
well for each set, and R-10 medium was used to bring the volume to 100 pl for
each well. Each set was used for a cytotoxicity assay against one type of target
cells (mock-, Vac-SC-, and Vac-SIVgag-infected autologous B lymphoid cells). A
well was considered positive (presumably containing at least one CTLp) if the
cpm value is greater than the mean of the medium control well values plus 3
standard deviations. The CTLp frequency was determined by the maximum-
likelihood method (8), based on the cumulative negative hits at each cell titra-
tion, and calculated by using a spreadsheet generously provided by S. A. Kalams
(Boston, Mass.).

Tetramer staining. The procedure for tetramer staining of fresh whole blood
was adopted from a published procedure (23). Briefly, phycoerythrin (PE)-
conjugated tetramer Mamu-A*01/p11C complex in conjunction with fluorescent-
conjugated surface marker monoclonal antibodies were used to stain 100 wl of
fresh whole blood sample or about 5 X 10° cells from bulk CTL cultures. The
monoclonal antibodies used in this study were anti-CD8a-PerCP (Becton Dick-
inson, San Jose, Calif.) and anti-rhesus monkey CD3-APC (clone FN18). The red
blood cells were lysed using the kit from Becton Dickinson, and the cells were
washed once with cold phosphate-buffered saline (PBS) and fixed with 1%
formaldehyde in PBS. The cells were stored at 4°C for 1 day before flow cyto-
metric analysis on a FACSCalibur (Becton Dickinson). PE-conjugated tetramer
Mamu-A*01/p11C complex and anti-rhesus monkey CD3-APC were generously
provided by N. Letvin (Boston, Mass.).

RESULTS

It was reported that unfixed autologous PBMC infected with
recombinant vaccinia virus could be used as stimulators for
human CTL cultures (9, 10, 14). To reproduce this procedure
and address the concern about cytopathic effects of vaccinia
virus, we first evaluated viability of unfixed PBMC infected
with vaccinia virus in culture. PBMC samples from healthy
human donors were infected with recombinant vaccinia virus at
MOI of 0, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10 for 1 h and then
incubated in complete R-10 medium complemented with
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FIG. 1. CTL responses demonstrated in rhesus macaque MmL-3
using unfixed autologous PBMC infected with vaccinia virus for re-
stimulation. Ten percent of the PBMC sample from MmL-3 were
infected with Vac-SIVgag and cultured in vitro with the remaining
PBMC for 2 weeks with or without IL-7. The effector cells were tested
in a cytotoxicity assay against autologous BLCL infected overnight
with Vac-SC (vaccinia virus control) or Vac-SIVgag or mock infected.

rhIL-2 for 1 week. The viability of the cultured lymphocytes
was monitored on days 1, 3, 5, and 7. After 1 week, the super-
natants and the cell lysates from each culture were assayed for
vaccinia virus infection. The viability results showed that all
cultures had a similar number of viable cells during the 1-week
culture, regardless of the amount of vaccinia virus used for the
initial infection. The results from the plaque assay confirmed
that all cultures except the one at an MOI of 0 had active viral
replication, with at least a 10,000- to 100,000-fold increase in
virus titers. Although we could not identify the particular cell
type in PBMC that was susceptible to vaccinia virus infection,
the experiment did address the concern about the pathogenic-
ity of the viral infection on PBMC in short-term cultures. In
conclusion, these results confirmed the findings by other lab-
oratories (9, 10, 14) and indicated that PBMC can survive
infection with vaccinia virus in short-term cell culture.

We used this procedure to detect the CTL responses of an
SHIV-infected rhesus macaque. Monkey MmL-3 was infect-
ed with 400 TCIDs, of a nonpathogenic SHIV composed of
SIV Lac230 backbone expressing the HIV-1xp., rev, tat, vpu,
and env genes (27). The CTL responses against SIV gag and
HIV-1 env antigens have been demonstrated in this monkey
with its CTL cultures stimulated with fixed autologous B lym-
phoid cells infected with relevant recombinant vaccinia viruses
(39, 40). In the experiment shown in Fig. 1, one-tenth of the
PBMC sample used for bulk culture was infected with recom-
binant vaccinia virus expressing SIV Gag and then recombined
with the remaining PBMC in culture for 2 weeks. No proce-
dures were used to inactivate virus. A similar culture supple-
mented with IL-7 was also established in parallel to evaluate
the effect of IL-7 on CTL bulk cultures. The cultures were
tested for cytotoxicity against autologous B lymphoid cells in-
fected with Vac-SC (vaccinia virus control) or Vac-SIVgag or
mock infected. The results of cytotoxicity assays showed that
cultured CTL effectors from both sets were cytolytic against
Vac-SIVgag-infected target cells, with 30 to 40% specific lysis
over mock- and Vac-SC-infected target cells at all E:T ratios
tested (Fig. 1). Although there seemed to be no direct benefit
of IL-7 on cytolytic function of the lymphocyte effector cells,
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we did observe that almost twice the number of viable lympho-
cytes could be recovered from cultures with IL-7 compared to
the ones without IL-7 (data not shown).

To further optimize the conditions for bulk CTL cultures, we
performed a series of LDA for CTLp frequency assessment to
quantitatively define the effect of each parameter on the cyto-
lytic function of the lymphocyte culture. The LDA cultures
were established with MmL-3 PBMC, with 10% (or otherwise
specified) autologous PBMC infected with Vac-SIVgag as
stimulators at seven serial dilutions, and cultured under the
conditions indicated in Table 1. The micro-cultures were split
and tested against mock, Vac-SC, or Vac-SIVgag-infected tar-
get cells in cytotoxicity assay. The result of CTLp frequencies
with 95% confidence intervals from these experiments are
shown in Table 1.

First, we compared the different restimulation methods for
expansion of cytotoxic effector cells in culture. Two widely
adopted antigen-specific methods use vaccinia virus-infected B
lymphoid cells as stimulators, and both require fixation of
stimulator cells to inactivate vaccinia virus (18, 40). To com-
pare these two methods to the use of vaccinia virus-infected
autologous PBMC (unfixed) as stimulator cells, we mixed the
MmL-3 PBMC with the fixed B lymphoid stimulator cells at a
10:1 ratio and established the LDA cultures accordingly. The
results showed that using autologous PBMC as stimulator cells
is a better choice for activating and expanding precursor cyto-
toxic effector cells in culture than the other two methods.
Second, we measured the kinetics of development of cytotoxic
effector cells in culture. The CTLp frequency against Vac-
SIVgag-infected target was almost undetectable after 9 days in
culture and readily detected in the cultures after 14 days of
incubation. Although CTLp can still be seen after 3 weeks in
culture, we confirmed that the optimal incubation time for
detecting CTL effector function is about 2 weeks, as generally
used by others (21, 22). Third, we evaluated the effect of the
concentration of rhIL-2 on expansion of precursor CTL in
culture. The data showed that higher rhIL-2 concentrations
resulted in nonspecific high background killing in the cytotox-
icity assay without increasing overall sensitivity. Fourth, we
replaced the human PBMC feeder cells with either allogeneic
rhesus PBMC or mouse splenocytes as feeder cells in LDA
cultures and showed that human PBMC are a better choice for
feeder cells than rhesus PBMC or mouse splenocytes. Also we
observed that MmL-3 CTLp proliferated and expanded with-
out any feeder cells in cultures, as the equivalent CTLp fre-
quency was detected against Vac-SIVgag-infected target cells.
This observation suggests that irradiated allogeneic feeder
cells are not critical for expansion of CTL effector cells in
cultures if appropriate cell density is provided. Fifth, we
showed in LDA culture that addition of IL-7 did not affect the
cytotoxic function of the effectors, as equivalent CTLp fre-
quencies were detected in both sets. Last, we showed that 10,
20, or even 100% autologous PBMC can be infected with
Vac-SIVgag as the stimulators to provide antigen in LDA
cultures. Although this does not appear to result in cytopathic
effect by vaccinia virus infection on lymphocyte cultures, the
benefit is not obvious by increasing the percentage of cells
infected with vaccinia virus in culture. In conclusion, we deter-
mined the conditions for our bulk CTL cultures by using 20%
autologous PBMC infected with vaccinia virus without fixing
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TABLE 1. CTLp frequency of MmL-3 under different culture conditions
No. of CTLp/10° PBMC (95% confidence limits)
Culture conditions
Mock Vac-SC Vac-SIVgag

Different stimulators added

10% autologous PBMC (unfixed) 1(3-16) 9 (5-18) 211 (163-273)

10% BLCL/psoralen/UV fixed 3(1-9) 5(2-12) 29 (19-44)

10% BLCL/paraformaldehyde fixed 4 (1-11) 3(1-9) 75 (56-101)
Time of LDA culture

9 days 1(0-8) 4 (1-11) 11 (6-21)

14 days 17 (10-29) 2 (0-8) 187 (144-241)

16 days 6 (2-14) 1(0-8) 357 (271-470)

21 days 13 (7-24) 10 (5-20) 195 (151-253)
IL-2 added”

1X (normal regimen) 13 (7-23) 5(2-12) 116 (88-151)

0.5% 6 (3-14) 7 (3-15) 97 (74-128)

2X 129 (99-168) 111 (85-145) 433 (327-574)

4x 201 (155-260) 165 (128-214) 334 (255-439)
Irradiated feeder cells added

Human PBMC 1(0-8) 14 (4-17) 139 (76-132)

Rhesus PBMC 7 (3-16) 16 (10-27) 61 (45-84)

Mouse splenocytes 5(2-12) 58 (42-79) 18 (11-29)

None 2(0-8) 1(0-8) 147 (114-191)
IL-7 added to LDA culture”

No 15 (9-26) 9(5-19) 157 (121-260)

Yes 9(5-19) 5(2-12) 187 (145-242)
% of autologous PBMC infected”

10% 7 (3-15) 8 (4-16) 197 (153-253)

20% 13 (9-24) 7 (3-15) 228 (177-293)

100% 22 (14-35) 12 (7-22) 92 (70-121)

“ IL-2 feeding schedule and normal concentration are detailed in Materials and Methods.

> TL-7 was added on day 0 at 330 U/ml.

¢ The percentages indicate the portions of PBMC in the cultures that were infected with Vac-SIVgag for restimulation.

for antigen-specific stimulation, including IL-7 in the cultures,
and culturing lymphocytes for about 2 weeks before testing in
the cytotoxicity assay. Although these conditions were initially
determined by the series of experiments with PBMC from one
monkey (Table 1), they have been confirmed in several human
LDA assays (data not shown).

It has been shown previously that monkey MmL-3 expresses
the Mamu-A*01 allele and exhibited a CTL response directed
against a dominant CTL determinant, p11C, located at resi-
dues 181 to 189 of SIV Gag (1, 30). Also, we noticed that
MmL-3 bulk CTL cultures, although very efficient in lysing
Vac-SIVgag-infected autologous B lymphoid cells at lower E:T
ratios, could lyse no more than 50% of target cells at the higher
E:T ratios. We hypothesized that this “ceiling” effect of cytol-
ysis was due to either incomplete infection of target cells by
vaccinia virus or inefficient sensitization of target cells through
processing and presentation of antigen expressed through the
vaccinia virus vector. To improve the efficiency of target sen-
sitization, we prepared two synthetic peptide pools covering
the whole open reading frame of SIV gag. Each pool contains
25 20-mer synthetic peptides, overlapping by 10 amino acids.
The N-terminal pool covers the region from residues 1 to 280
without the two peptides containing p11C sequence (residues
181 to 189), and the C-terminal pool covers residues 271 to
520. We tested autologous B lymphoid cells pulsed with both

peptide pools or p11C peptide as targets in the cytotoxicity
assay. As shown in Fig. 2A, MmL-3 lymphocyte effectors stim-
ulated with vaccinia virus efficiently recognized target cells
pulsed with the C-terminal peptide pool as well cells sensitized
with the p11C peptide, with specific lysis of over 60% even at
an E:T ratio of 5. The MmL-3 effector cells also lysed target
cells pulsed with the N-terminal peptide pool, but at a much
lower level (about 40% at an E:T ratio of 40). On the other
hand, the lymphocyte culture from the PBMC sample of a
naive monkey did not recognize its autologous BLCL pulsed
with these peptide pools or p11C peptide, demonstrating the
specificity of MmL-3’s responses.

Also in this experiment, we compared the efficiency of vac-
cinia virus-based restimulation versus the peptide-specific
stimulation in expanding p11C peptide-specific CTLp in bulk
CTL culture. The peptide p11C was added to both MmL-3 and
naive monkey lymphocyte cultures on day 0 at a concentration
of 1 pg/ml. As shown in Fig. 2B, p11C peptide-based stimula-
tion specifically expanded MmL-3 lymphocyte effector cells
that recognized p11C peptide-sensitized target, with over 70%
specific lysis at an E:T ratio of 5, but not the N- or C-terminal
peptide pool of SIV Gag-pulsed targets. However, there is no
obvious difference between percent specific lysis against p11C
peptide-sensitized target cells by the vaccinia virus-stimulated
culture versus pl11C peptide-stimulated culture. As expected,
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FIG. 2. Comparison of MmL-3 and a naive monkey CTL culture
restimulated with vaccinia virus or synthetic epitope peptide. (A)
Twenty percent PBMC samples were infected with Vac-SIVgag and
cultured with the remaining PBMC samples in culture for 2 weeks. (B)
Synthetic peptide corresponding to the p11C epitope sequence was
added to CTL cultures on day 0 at a concentration of 1 wg/ml, and the
cultures were incubated for 2 weeks. The effector cells from both sets
of cultures were harvested and tested in a cytotoxicity assay against
autologous BLCL pulsed with peptide pools or peptide for 1.5 h with
SICr label. The peptide pools contain 25 20-mer synthetic peptides
overlapping by 10 amino acids, and the two peptides containing the
p11C epitope sequence (residues 181 to 189) were deleted from the
N-terminal peptide pool. DMSO is the solvent used for solubilizing the
peptides and was used here as a mock-pulsed control.
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TABLE 2. Kinetics of p11C tetramer-positive
CTL expansion in cultures
% p11C tetramer staining”
Monkey Status Restimulagion on day of culture:
no. method
0 8 10 14
94-98 SIvV+ Vac-SIVgag 1.25 9.90 17.73 31.66
p11C peptide 1.25 11.12 11.70 12.76
061F Naive Vac-SIVgag 0.05 0.48 0.24 0.91
p11C peptide 0.05 0.19 0.07 0.17

“The cultures were restimulated with 20% autologous PBMC infected with
Vac-SIVgag or with p11C peptide at 1 pg/ml.
® The lymphocytes were gated on CD3* and CD8* populations.

the pl1C peptide-stimulated lymphocyte culture from the
naive monkey did not recognize any autologous target cells
pulsed with p11C peptide or either peptide pools.

Using the Mamu-A*01/p11C tetramer complex, we exam-
ined the blood samples from MmL-3 and a naive Mamu-A*01-
positive monkey for p11C-specific T cells. As shown in Fig. 3A,
the fresh staining of the whole blood sample of MmL-3 re-
vealed a population of approximately 1.6% that was positive
for tetramer staining within CD3™ and CD8" T lymphocytes.
After approximately 2 weeks in culture with stimulation with
either vaccinia virus or pl1C peptide, the effector cells from
the cultures were estimated again using tetramer staining as
described (23). The results showed that both methods achieved
comparable expansion of p11C peptide-specific effector cells
(53% versus 32% within the CD3" CD8" T-cell population).
On the contrary, the naive monkey PBMC culture, upon re-
stimulation with Vac-SIVgag or p11C peptide, was not stained
or only stained marginally positive (0 and 0.3%, respectively;
results not shown).

A similar experiment was also performed to evaluate the
expansion kinetics of CTL effector cells in cultures restimu-
lated with Vac-SIVgag versus p11C peptide. The fresh blood
samples from an SIV-infected, Mamu-A*01-positive rhesus
monkey, Mm94-98, showed about 1.25% of the population
positive for p11C tetramer in CD3" and CD8" lymphocytes,
whereas that from a naive Mamu-A*01-positive monkey, 061F,
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FIG. 3. Flow cytometric analysis of MmL-3 T cells stained with Mamu A*01/p11C tetramer complex. A fresh blood sample (A), 2-week CTL
culture restimulated with Vac-SIVgag (B), and 2-week CTL culture restimulated with p11C peptide (1 pg/ml) (C) from MmL3 were stained with
the tetramer complex and anti-CD3 and anti-CD8 monoclonal antibodies. The events were collected and sequentially gated for lymphocyte
population (forward versus side scatter) and CD3* CD8" population. The percentages shown in the figure indicate the tetramer staining-positive

population within the CD3* CD8™ lymphocytes.
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FIG. 4. Identification of additional SIV Gag epitopes recognized
by MmL-3 CTL. Cultured MmL-3 lymphocytes restimulated with Vac-
SIVgag were assayed against autologous BLCL pulsed with six smaller
N-terminal (A) and C-terminal peptide pools covering (B) the SIV gag
open reading frame or SIV Gag individual peptides within the C-
terminal pool (C) in the cytotoxicity assay. The bars in panel C in each
column represent the four E:T ratios used in the experiment (20, 10, 5,
and 2.5). The data shown are representative of three similar experi-
ments. Mock, negative control (DMSO).

had only 0.05%. Upon restimulation with either Vac-SIVgag
or pl1C peptide, the cultures were stained with the pl11C
tetramer complexes in the CD3" CD8" T-cell population on
days 8, 10, and 14. The results shown in Table 2 clearly indicate
the difference in the kinetics of the cultures restimulated with
Vac-SIVgag versus p11C peptide. The vaccinia virus-restimu-
lated culture showed a steady increase in tetramer-positive
population during the 2-week culture period, reaching a peak
on day 14 at 31.6%, whereas the staining of the peptide-re-
stimulated culture showed that tetramer-positive population
was 11.1% on day 8 but remained around 11 to 12% through-
out the rest of period. The cultures from naive monkey PBMC
samples remained negative at all time points regardless of the
restimulation method.

To exclude the possibility that cytotoxicity seen with peptide
pool-sensitized target is due to an experimental artifact, we
elected to identify the individual peptide(s) within the peptide
pool that was causing the cytotoxicity. First, we delineated
the CTL responses against N- and C-terminal pools with six
smaller peptide pools of seven or eight peptides each (Fig. 4A,
N-terminal SIV gag pools a, b, and ¢, and Fig. 4B, C-terminal
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SIV Gag pools a, b, and ¢). The results showed that the cyto-
toxic responses of MmL-3 against the N-terminal pool disap-
peared when the smaller pools were used to sensitize target
cells (Fig. 4A), whereas the responses against the C-terminal
pool persisted against the target cells sensitized with two of the
three smaller pools (Fig. 4B). Further delineation with indi-
vidual peptide-pulsed target cells in the cytotoxicity assay re-
vealed two new T-cell determinants, located at residues 321 to
340 and 421 to 440 of SIV Gag, recognized by MmL-3 lym-
phocyte culture (Fig. 4C).

To evaluate whether these culture conditions and cytotoxic-
ity assay procedures are suitable for studying other primate or
human CTL responses, we tested the procedures with PBMC
samples from chimpanzees and human subjects infected with
HIV-1. Chimp 289 was infected with HIV-15,,, in 1994, and
chimp 316 was infected with HIV-1,;,, in 1994 and HIV-1;;5
in 1997 (36; K. Murthy, personal communication). We used
two peptide pools which correspond to the N- and C-terminal
halves of the HIV-1 Gag sequence, each containing 25 20-mer
synthetic peptides overlapping by 10 amino acids. We also
tested an HIV Gag peptide pool that was a combination of
both the N- and C-terminal pools. The results in Fig. 5SA
showed that the CTL culture from chimp 289 recognized and
lysed autologous B lymphoid cells pulsed with the HIV Gag
peptide and C-terminal pools, but only marginally lysed the
cells sensitized with the N-terminal peptide pool. No signifi-
cant cytotoxicity can be detected with the CTL cultures of
chimp 316 PBMC. As shown in Fig. 5B, the CTL cultures from
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FIG. 5. CTL responses demonstrated with cultured lymphocytes
from HIV-infected chimpanzee (A) and human (B) subjects. CTL
cultures restimulated with Vac-HIVgag were tested against autologous
BLCL pulsed with N-terminal, C-terminal, or complete HIV Gag
peptide pools or mock pulsed at the indicated E:T ratios in the stan-
dard cytotoxicity assay.
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FIG. 6. Specificity of CTL cultures restimulated with peptide pools
versus vaccinia virus. Lymphocyte cultures from an HIV-infected sub-
ject were restimulated with HIV Gag N- or C-terminal peptide pools
or Vac-HIVgag, as indicated, for 2 weeks and tested against autolo-
gous B cells pulsed with HIV Gag N-terminal and C-terminal peptide
pools or mock pulsed (DMSO) at the indicated E:T ratios in the
standard cytotoxicity assay.

three HIV-infected human subjects all recognized the peptide
pool-sensitized target cells. It should be noted that percent
lysis of the target cells pulsed with the HIV Gag peptide pool
matches the higher percent lysis of target cells pulsed with the
N- or C-terminal pools.

Individual synthetic peptide has been commonly used for
restimulation, and the peptide pools have also been used for
this purpose. We tested this possibility with the lymphocyte
cultures of an HIV-infected human subject. The cultures were
restimulated with the N-terminal peptide pool, C-terminal
peptide pool, or Vac-HIVgag. The results in Fig. 6 showed that
the culture expanded with the N-terminal peptide pool recog-
nized both N- and C-terminal peptide pool-sensitized target
cells, whereas the C-terminal peptide pool-stimulated culture
only recognized the corresponding target. The Vac-HIVgag-
restimulated culture recognized both pool-sensitized target
cells. These data raised concerns about using a synthetic pep-
tide pool as the antigen source for in vitro culture restimula-
tion because of apparent loss of specificity of cytotoxic re-
sponses.

To further confirm the specificity of our bulk CTL assay
configuration, we tested more human samples. First, the lym-
phocyte cultures from an HIV-1-infected subject and a naive
volunteer were tested against autologous BLCL pulsed with
the HIV Gag peptide pool or Pol N-terminal and C-terminal
peptide pools or mock pulsed (DMSO) (Fig. 7A). Since both
CTL cultures were stimulated with Vac-HIVgag, cytolytic re-
sponses against target cells sensitized with the HIV Gag pool,
but not the two Pol peptide pools were detected with the
lymphocyte cultures of subject 402, an HIV-infected individ-
ual. There were no nonspecific responses against targets pulsed
with the two Pol peptide pools, and no cytotoxicity was seen
with CTL cultures from the naive volunteer against any target
cells pulsed with the HIV Gag or Pol peptide pools. Second,
the PBMC from an HIV-infected individual were restimulated
with Vac-HIVgag, Vac-pol, or a combination of both, and the
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corresponding CTL cultures were tested against autologous
BLCL pulsed with HIV Gag or two Pol peptide pools (Fig.
7B). The CTL cultures expanded with Vac-HIVgag or Vac-pol
demonstrated the specific cytotoxicity against target cells
pulsed with the HIV Gag pool and the two HIV Pol peptide
pools, respectively. The culture expanded with both vaccinia
viruses lysed all three targets but not mock-pulsed target cells.

DISCUSSION

In this study, we evaluated the parameters associated with
expansion of CTL precursors in bulk cultures in vitro and
presented a sensitive method for detecting cytotoxic effector
functions in primate and human PBMC samples. The method
combines vaccinia virus-based restimulation and peptide pool-
based target sensitization, and the experiments presented in
this study confirm the sensitivity and specificity of this config-
uration for assaying CTL responses in primate and human
subjects. This method has been used for studying hundreds of
out-bred nonhuman primates that have been immunized with
our vaccine candidates, and we have noted remarkable consis-
tency for detecting CTL responses in many longitudinal studies
(unpublished data).

The infection of PBMC by vaccinia virus was confirmed by
plaque assay using the cell lysates and the supernatants from
1-week PBMC cultures. Although the exact titers were not
determined in this study, active viral replication was unques-
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FIG. 7. Specificity of CTL responses in HIV-infected human sub-
jects. Lymphocyte cultures restimulated with the indicated vaccinia
virus were tested against autologous BLCL pulsed with HIV Gag
peptide pool or the HIV Pol N-terminal or C-terminal peptide pool or
mock pulsed (DMSO) at the indicated E:T ratios in the standard
cytotoxicity assay. (A) Cytotoxicity responses of lymphocyte cultures
from HIV-1-infected subject 402 and a naive volunteer; (B) cytotox-
icity responses of lymphocyte cultures from HIV-1-infected subject
802.
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tionable, as the infectious virus titer in these cultures detected
in a plaque assay far exceeded the initial infection dose (at
least 1,000-fold higher than the input infection dose). It is
unclear at this point why the vaccinia viruses do not lyse the
lymphocytes in cultures. As the CTLp against Vac-SIVgag
target was still detectable even when all MmL-3 PBMC (100%
PBMC sample) were infected with Vac-SIVgag before being
plated in LDA culture (Table 1), one can only assume that not
all lymphocytes are susceptible to vaccinia virus infection, since
it is known that vaccinia virus infection will ultimately shut
down host cell functions (4). This assumption is also supported
by the fact that we could not detect any antigen expression in
the lymphocyte cultures after infection with recombinant vac-
cinia virus, by either intracellular staining or Western blot
analysis (results not shown). Thus, it is unclear at this point
what types of cells are infected and serve as host for viral
replication in lymphocyte cultures.

There are some considerations that favor using unfixed
PBMC infected with vaccinia virus for restimulation. First,
there is no concern about BLCL-related high background lysis
that many considered nonspecific lysis caused by expanding
effector cells in culture in the presence of B lymphoid cells,
thus eliminating the need for inclusion of unlabeled target cells
in the CTL assay to reduce the background. Second, live and
infectious vaccinia virus in the culture can provide a continu-
ous supply of antigen to drive T effector cell proliferation and
expansion (Table 2), eliminating the need for additional stim-
ulator cells during the 2-week culture period. This is also sup-
ported by the LDA results, showing that 2 weeks in culture are
optimal for detecting CTLp with vaccinia virus as the restimu-
lation reagent (Table 1). Third, and most important, is that the
unfixed vaccinia virus-infected PBMC method is equally if not
more efficient for activation and expansion of p11C epitope-
specific CTLs compared to stimulation with a synthetic peptide
of pl1C. Tetramer staining provided a unique quantitative
means to track pl1C-specific effector expansion in both cul-
tures (Fig. 3 and Table 2).

The bulk culture CTL assay is used to measure the cytotoxic
function of the expandable memory CD8" T-cell population.
The activation and proliferation of memory CD8™ T cells and
efficient expansion of cytotoxic effector cells in culture are
critical for detecting CTL response in the cytotoxicity assay.
Monkey MmL-3 has been infected with a nonpathogenic SHIV
for over 2 years, and its immune status is considered stable. Its
CTLp frequency against autologous BLCL infected with Vac-
SIVgag has been consistently detected in the range of 120 to
240 per 10° PBMC over a 1-year period in our study (Table 1)
(unpublished results). Thus, MmL-3 provided an ideal sample
source for evaluation of different parameters associated with
expansion of CTLp in culture. The results in Table 1 presented
the optimal conditions in our laboratory for expansion of
CTLp cells in LDA microculture, and the conditions are gen-
erally applicable to bulk CTL cultures. It should be noted that
the benefit of using IL-7 is not reflected by the results from
either bulk CTL assay (Fig. 1) or LDA (Table 1). However, we
favor IL-7 simply based on the observation that more viable
effector cells can be recovered from the lymphocyte cultures
with IL-7. Other groups have reported similar observations (K.
Weinhold, personal communication).

The sensitivity of this CTL assay configuration hinges on
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using peptide pools to sensitize target cells. The “ceiling” effect
in percent specific lysis of Vac-SIVgag-infected target cells by
MmL-3 effector cells indicates the limitation of using vaccinia
virus to present antigen for target cells (Fig. 1). This limitation
could be explained by the fact that not all BLCL are effectively
infected with vaccinia virus even at a relatively high MOI. The
intracellular staining of BLCL infected with Vac-HIVgag at an
MOI of 10 showed maximally about 60% cells expressing p24
antigen after overnight incubation (results not shown). This
limitation is compounded by the fact that intracellular antigens
have to be processed in order to be presented properly by
MHC class I molecules on the cell surface, further reducing the
number of functional epitope peptide-MHC class I complexes
for TCR recognition (33, 42). It has been demonstrated that a
full-length version of influenza virus nucleoprotein expressed
through a vaccinia virus yielded only about 30 copies of an
H-2K"-restricted CTL epitope per cell, while the minigene
version of this epitope expressed through a vaccinia virus pro-
duced about 55,000 copies per cell (3). This observation exem-
plifies one of the rate-limiting factors associated with the en-
dogenous antigen processing and presentation (42). It is known
that the density of functional peptide-MHC class I complexes
on the cell surface will affect the efficiency of TCR recognition
(25). Supplying synthetic peptide exogenously certainly by-
passed these limitations, which are inherent in the vaccinia
virus delivery system.

The peptides in the pools used in this study are 20-mers,
which is by no means the optimal size for MHC class I mole-
cule presentation. From crystallographic structure studies of
MHC class I molecules (5), we know that the grooves in which
peptides are bound are closed ended and are unlikely to be
able to accommodate the 20-mer peptides used in this study. It
is perceivable that 20-mer peptides in the pools are processed
to smaller peptides in the culture medium during the 1 to 2 h
of incubation. It has been demonstrated that a COOH-termi-
nal dipeptidase in FBS can trim a longer peptide to the optimal
size in the culture medium for antigen presentation (38). It is
also possible that short peptide intermediates exist in the pools
as incomplete products from peptide synthesis process, and
these short versions are the ones presented by MHC class 1
molecules. Nonetheless, it has been shown in many studies that
longer peptides can sensitize target cells for CTL recognition
at concentrations ranging from 1 to 10 pg/ml (1), and the
concentrations of the individual peptides in the pools used in
this study are certainly within this range.

It is clear that the antigens expressed through vaccinia vi-
ruses are appropriately processed and presented to memory T
cells in CTL cultures. This type of endogenously presented
antigen is highly specific for expansion and proliferation of
relevant cytotoxic effector cells in cultures. On the contrary,
the cytotoxic effectors activated and expanded with peptide
pool-based restimulation showed high levels of promiscuous
killing against targets sensitized by peptide pools (Fig. 6). It has
been reported that variant peptides of an Epstein-Barr virus
CTL epitope with only one amino acid conserved for TCR
contact can activate the memory T cells in culture (35). None-
theless, the results from a series of experiments serve to ad-
dress the concerns about the artificiality of this method for
detection of CTL responses. First, we identified the peptide
determinants responsible for the cytotoxicity seen against the
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C-terminal SIV Gag pool-sensitized target by MmL-3 effector
cells. Two new T-cell determinants, located at residues 321 to
340 and 421 to 440 of SIV Gag, were reported in this study.
Second, we showed that PBMC samples from naive subjects
would not recognize any peptide pool-sensitized targets after
being restimulated in culture with vaccinia virus. Third, we
demonstrated that only lymphocytes from the cultures exposed
to a particular antigen expressed through vaccinia virus would
recognize the cognate peptide pool-sensitized targets in the
cytotoxicity assay (Fig. 7).

In summary, we present here a new configuration of restimu-
lation and target sensitization in a cytotoxicity assay for detect-
ing CTL responses in primate and human subjects. The
method has been tested for over a year in our laboratory and
used to examine the CTL responses from hundreds of primate
and human subjects with remarkable consistency in results.
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