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Abstract

Macaca nemstrina has been described as an animal model
for acute HIV-1 infection. This animal, unlike most infected
humans, appears to contain HIV-1 replication. Therefore
analysis of HIV-1-specific proliferative and cytotoxic T
lymphocyte (CTL) responses following HIV-1 challenge of
M. nemestrina may provide information into the role of such
responses in both the control of acute HIV infection and
protective immunity. Although CD4+ T cell responses to
HIV-1 are generally difficult to detect in HIV-1-infected
humans, early and persistent CD4+ T cell proliferative re-

sponses to HIV-1 antigens were detected in all HIV-1-inocu-
lated M. nemestrina. HIV-l-specific CD8+ CTL responses

were evaluated in PBMCby stimulation with autologous
cells expressing HIV-1 genes, limiting dilution precursor
frequency analysis, and T cell cloning. CTL reactive with
gag, env, and nef were present 4-8 wk after infection, and
persisted to 140 wk after infection. The presence of both
CD4+and CD8+ T cell responses before and after clearance
of HIV-1 viremia is consistent with a role for these responses

in the successful control of HIV-1 viral replication observed
in M. nemestrina. Further studies of T cell immunity in these
animals that resist disease should provide insights into the
immunobiology of HIV-1 infection. (J. Clin. Invest. 1995.
95:248-256.) Key words: HIV-1 * T lymphocytes - cytotoxic
* T4 lymphocytes * Macaca nemestrina

Introduction

The pig-tailed macaque, Macaca nemestrina (M. nemestrina),
has recently been described as an animal model of acute HIV-
1 infection (1, 2). Intravenous inoculation of several strains of
HIV-1 has resulted in a clinical rash and lymphadenopathy
syndrome 2-12 wk after inoculation and a transient viremia
lasting 4-24 wk. Long-term HIV-1 replication is restricted,
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however, despite detection of persistent HIV-1 DNA in PBL
and splenic lymphocytes. The cause of this inhibition in viral
replication is unclear, but may be due at least in part to immuno-
logic containment of HIV-1 replication. Antibodies to multiple
HIV-1 proteins, including neutralizing antibodies to HIV-1 en-
velope, have been detected in HIV-1 -infected M. nemestrina
( 1, 2) but to date no studies of cellular immune responses have
been reported.

Cellular immune responses are critical for either the elimina-
tion or immunologic control of most viral infections and may
be necessary components of a successful vaccination program
to induce protection against viral challenge (3). In HIV-1-
infected humans, CD4+ T cell proliferative responses to HIV-
1 proteins are rarely present, even early in infection, and this
apparent lack of CD4 cell responsiveness to HIV-1 may play a
role in both the failure to generate and maintain an immune
response effective at controlling HIV-1 and the etiology of the
subsequent immunodeficiency (4). CD8+ cytotoxic T lympho-
cytes (CTL), specific to multiple HIV-1 proteins are readily
detectable in HIV-1-infected humans, and correlative studies
as well as analysis of viral escape variants suggest that such
effector cells play a role in control of the infection (5, 6).

CD4- and CD8-mediated T cell responses have also been
detected in recipients of candidate HIV-1 and simian immuno-
deficiency virus vaccines, although the definitive role of T cell
immune responses in protective immunity to HIV-1 and SIV
remains to be defined (7-10). Analysis of cellular immune
responses in HIV-1-infected macaques, a host that appears to
contain viral replication, should facilitate further definition of
the parameters of protective immune responses to HIV-1. As
such, we measured T lymphocyte proliferative and cytotoxic
responses in PBMCfrom HIV-1 -infected M. nemestrina. Our
data indicate that both CD8-mediated cytotoxic and CD4-medi-
ated proliferative T cell responses to HIV- 1 proteins are present
early and persist for > 100 wk in HIV-1-infected M. nemes-
trina. Moreover, limiting dilution cultures can be used to both
isolate HIV-1 -specific CTL clones and quantify the frequency
of CTL precursors. These responses in HIV- 1-infected M. nem-
estrina provide insights into the role of cellular immunity in
resistance to HIV-1 disease in these primates.

Methods

Cell lines. B lymphoblastoid cell lines (BLCL) were established from
each macaque by infecting 10' freshly isolated PBMCin 100 p1 of

1. Abbreviations used in this paper: APC, antigen-presenting cells;
BLCL, B lymphoblastoid cell lines; CTL, cytotoxic T lymphocytes;
CTLp, cytotoxic L lymphocyte precursors; CRA, 51Cr release assay;
rVV, recombinant vaccinia viruses; SIV, simian immunodeficiency
virus.
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R15 (RPM! 1640 supplemented with L-glutamine penicillin 100 U/ml,
streptomycin 100 Mg/ml, and 15% FCS [Whittaker M. A. Bioproducts,
Inc., Walkersville, MD] ) with 100 M1 of supernatant from S394-IX 1055
cells (a kind donation of Dr. Sharp, Southwest Foundation for Biomedi-
cal Research, San Antonio, TX) containing Herpes virus papio, a ba-
boon herpesvirus, in a 96-well, U-bottomed plate (Costar Corp., Cam-
bridge, MA). African green monkey kidney cells (BSC-40), maintained
in DMEsupplemented 10% FCS, were used to generate stocks of vac-
cinia viruses.

T cell proliferative responses. Freshly separated PBMCwere incu-
bated in quadruplicate replicate cultures at 105 cells per well in 96-well
U-bottomed plates for 6 d with 10 Mig/ml preparations of HIV-1 antigens,
including psoralen-inactivated whole HIV- LA, and HIV- sF2, and re-
combinant HIV- SF2 gpl20 produced in Chinese hamster ovary cells
(kindly provided by Dr. K. Higgins, Chiron, Emeryville, CA), in a total
of 200 Ml. PBMCwere incubated with media alone to assess unstimu-
lated control responses, and stimulated with PHA(Sigma Chemical Co.,
St. Louis, MO, 10 jMg/ml) and Candida antigen (Casta, Greer Labs,
Lenoir, NC, 20 Mg/ml) as positive mitogenic and antigenic control
responses. Wells were pulsed with 2.5 MCi of [3H]thymidine (NEN
Products, Boston, MA) 18 h before harvesting with a cell harvester
(Cambridge Technology, Inc., Watertown, MA). Proliferation is ex-
pressed as stimulation index (mean [3H] thymidine incorporation of cells
stimulated with antigen/mean incorporation in absence of stimulation).

Recombinant vaccinia viruses (rVV). The entire gag and env genes
of HIV-1 LAI were inserted into wild type vaccinia (New York City
Board of Health strain) as previously described (11, 12) (kindly donated
by S.-L. Hu, Bristol Meyers, Squibb, Seattle, WA). The entire nef gene
of HIV- 1 LAI was inserted into wild type vaccinia, as previously described
(13) (vTFnef kindly donated by S. Koenig, MedImmune, Inc., Gaith-
ersburg, MD). The rVV were amplified and titered on BSC-40 cells.

In vitro generation of CTL. CTL activity in PBMCwas assessed in
vitro by sequential bulk stimulation cycles as a modification of pre-
viously described methods (14). For cycle 1, freshly isolated PBMC
for use as stimulators were infected with rVV, expressing either gag,
env, or nef at a an moi of 10 for 90 min in 200 jl of RIO (similar to
R15, except 10% human serum pooled from screened volunteers was
used instead of FCS), washed twice, and placed 4 cm from an ultraviolet
light source for 10 min; the stimulator cells were incubated with freshly
isolated PBMCcells at a ratio of 10 responder: 1 stimulator cell at
37°C in 5%CO2 for 7 d at 106 cells/ml. Cycle 2 and subsequent weekly
stimulators were prepared using autologous BLCL infected with rVV
at an moi of 10 for 16 h, and inactivated with an ultraviolet light source
and y-irradiation (8,000 rad). These stimulator cells were added to the
responder population at a ratio of 10 responder 1 stimulator cell.
Freshly isolated autologous y-irradiated (3,000 rad) PBMCfiller cells
were also added at a ratio of 1 responder: 1 filler cell to the culture. Each
well, containing 106 responder cells in RIO media, was supplemented 2
d after stimulations with 2 U/ml of rIL-2 (Hoffman-La Roche, Nut-
ley, NJ).

Assay for cytolytic activity. Cytolytic activity was measured in a
standard 4-h 5'Cr release assay (CRA). Autologous BLCL targets were
infected with an rVV at an moi of 10, labeled with 0.1 jICi Na5'CrO4
(NEN Products) for 16 h, gently washed three times with HBSS(Whit-
taker M. A. Bioproducts, Inc.) with 2% FCS, resuspended in RIO, and
plated at 5x 103 BLCL targets per well in U-bottomed 96-well plates
(Costar Corp.). Effector cells were washed and added to targets at
varying E/T ratios to a total volume of 200 M1. After a 4-h incubation
100 Ml of each well was sampled and counted (Beckman Instrs., Inc.,
Fullerton, CA; y-5,500B). Spontaneous release was determined by har-
vesting supernatant from targets cultured in media only and maximum
release from targets lysed with I %NP-40 detergent, and percent specific
release calculated by standard formula. Standard deviation of replicate
wells was always less than 10% and spontaneous release was always
less than 30% of the maximal release.

Analysis of lymphocyte subpopulations. Phenotypic analysis of cells
present in bulk stimulated cultures of PBMCwas determined by two-
color flow cytometry with either FITC or phycoerythrin (PE)-conju-

gated mAbs directed against CD8 (Leu-2a-PE) and CD4 (Leu-3a-
FITC). The T cell lineage of CD4+ and CD8+ populations being studies
was demonstrated by two-color flow cytometry using a second mAb to
CD3 (Leu-4-PE or FITC, all from Becton Dickinson, Mountain
View, CA).

To subsequently determine the specific subset of cells present in
PBMCcultures mediating the observed proliferative and cytolytic re-
sponses, subpopulations were isolated before assay by adherence to a
25-cm2 flask coated with an caCD8 mAb (A.I.S., Menlo Park, CA) for
1 h. The nonadherent population (CD4+-enriched cells) was aspirated,
and the adherent population (CD8 + -enriched cells) subsequently gently
removed with a cell scraper (Costar Corp.). The relative enrichment of
CD8+ and CD4+ T cells achieved by these methods was determined
by analyzing each population using two-color flow cytometry following
staining with CD4-FITC and CD8-PE mAbs as described above.

Cloning of CTL to HIV-J gag. Cloning of T cells was performed as
a modification of previously described methods (15). Briefly, following
generation of bulk-stimulated PBMCcultures containing HIV-1 gag-
specific cytolytic activity, cells from these cultures were plated at 1
effector cell per well in 96-well U-bottomed plates (Costar Corp.).
Each well was stimulated with 104 vac-gag-infected autologous BLCL
(ultraviolet, and y-irradiated), 105 autologous PBMCfiller (y-irradi-
ated), and rIL-2 100 U/ml. Wells in which growth was present were
expanded by specific antigen restimulation as described above, tested
for cytolytic activity, and analyzed for phenotype by flow cytometry
with mAbs to CD8, CD4, CD3 (as described above), and CD16 (Leu-
lla-FITC, Becton Dickinson).

Limiting dilution analysis of cytotoxic T lymphocyte precursor
(CTLp) frequencies. Analysis of CTLP frequencies in the PBMCof
macaques to HIV- 1 gag was performed by a modification of previously
described methods (16). Briefly, fresh PBMCwere plated in 96-well
plates at dilutions of 8x 105-5 X 104 cells/well in 24 replicates. Each
well was stimulated with I04 vac-gag-infected autologous BLCL (ultra-
violet- and y-irradiated) and supplemented with 25 U/ml rIL-2 every
3 d to ensure that adequate helper function was present without the
requirement for helper cells. After 10 d of culture, cells in each well
were divided and assayed for cytolytic activity against a panel of three
BLCL targets. The targets expressed either no antigens other than those
derived from the H. papio virus used to transform the B cells (uninfected
BLCL), vaccinia virus antigens (vaccinia-infected BLCL), or HIV-1
gag antigen (vac-gag-infected BLCL). Wells were considered positive
against a particular target if cytolysis exceeded by three standard devia-
tions the mean spontaneous release from 24 replicates of the target
cultured in media alone. CTLP frequencies and confidence intervals were
determined by the statistical method of x2 minimization and assumes
a single hit model and Poisson distribution as described by Taswell
(17). Data was expressed on a log scale as proportion of negative wells
and graphed against cells/well.

Analysis of macaques infected with HIV-J. All animals were housed
in stainless steel containment cages in a BSL-3 facility at the University
of Washington Regional Primate Research Center, and anesthetized with
ketamine (10 mg/kg i.m.) before blood draws. Eight HIV-l-infected
and four uninfected control M. nemestrina were studied. Animals
F891 I1, F89115, T92051, J92076, 93086, and 93089 were infected with
cell-associated and cell-free stocks of HIV-1LA1, animal J90402 was
infected with cell-free HIV-lLAI, animal M74046 was infected with cell-
free and autologously infected lymphocytes from a previously described
clinical isolate (1, 2) denoted as HIV- I RO. Infection in all animals was
confirmed by assay for anti-HIV antibodies by a whole virus EIA (Ge-
netic Systems, Redmond, WA), virus isolation by co-culture with PHA-
stimulated donor human PBMC, and PCR of PBMCDNA using the
HIV-1 gag-specific primers SK38/39 (1, 2). All eight animals were
healthy and had normal CD4 and CD8 lymphocyte counts, with no
change in the CD4/CD8 ratio, at all time points evaluated after infection.

Results
Proliferative responses. PBMCproliferative responses were
measured as an initial reflection of T cell recognition of HIV-
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1 proteins. PBMCfrom infected or control uninfected animals
were stimulated with either whole inactivated HIV-1 virus, puri-
fied gpl20, Candida Ag, or PHA. None of three control unin-
fected animals proliferated to the HIV-1 antigens (stimulation
index < 1.7), but did respond to PHA(stimulation index > 20)
and Candida Ag (stimulation index > 5). All five infected ani-
mals studied demonstrated significant proliferative responses
(stimulation index > 5) to two strains of whole inactivated
HIV-1 (LAI and SF2) and to recombinant gpl2O, as well as to
PHAand Candida. Each of the five animals was evaluated at
a minimum of three distinct time points after infection, and
proliferative responses to HIV-1 antigens were detected on ev-
ery assay. Responses were present at the first time points mea-
sured (three animals evaluated at 4 wk postinfection) and per-
sisted in two animals that were monitored as far as 140 wk
postinfection. Representative lymphoproliferative assays to
HIV-1 antigens from two uninfected control animals and two
infected animals, one assayed early and one late postinfection,
are shown in Fig. 1 A.

CD4+ T cells are the predominant cells responsible for the
proliferative response to HIV-1 in humans (4, 18, 19), and we
evaluated the relative role of T cell subsets in the proliferative
response to HIV-1 in infected M. nemestrina. PBMCfrom ani-
mal F89115 were separated into CD8-enriched and CD4-en-
riched populations by panning on an aCD8 mAb-coated flask
and tested as above. Enrichment for CD8+ and CD4+ cell popu-
lations was confirmed by FACSanalysis. Of the adherent cells
removed from the aCD8-coated flask, 88-94% expressed CD8,
and 2-6% of this CD8-enriched population expressed CD4.
The CD4-enriched population, represented by the cells nonad-
herent to the flask, contained 67-82% CD4+ cells, as compared
to 35-45% in the unfractionated PBMC. The CD4-enriched
population demonstrated a stronger proliferative response to
HIV-1 than the unfractionated population, whereas the CD8-
enriched population demonstrated a substantially lower re-
sponse than the unfractionated population. These results suggest
that CD4+ T cells were the predominant cell responding by
proliferation (Fig. 1 B).

HIV-1 gag-specific cytolytic activity in bulk-stimulated cul-
tures. HIV-1 -specific CTL have been detected in humans in
fresh PBMCand in PBMCstimulated with autologous cells
infected with rVV-expressing HIV-1 genes (5). Fresh PBMC
were evaluated in all eight HIV-1 -infected M. nemestrina, and
no direct HIV-l -specific lytic activity was detected. Wethere-
fore adapted a method that we had previously reported to im-
prove the sensitivity of detection of virus-specific CTh (14,
20), in which the responder cells are stimulated for sequential
cycles with cells expressing HIV-1 antigen. The initial stimula-
tion was performed with autologous rVV-infected PBMCas
stimulators. At weekly intervals thereafter, the cells were har-
vested and restimulated with rVV-infected autologous BLCL
(Note: autologous H. papio-transformed BLCL were not used
for the initial stimulation to avoid enrichment of T cells poten-
tially reactive with H. papio products). 2 d after the second and
subsequent stimulations, 2 U/ml rIL-2 were added to cultures to
supplement helper function for CD8+ responses.

Specific cytolytic activity (% specific lysis > 10%) to HIV-
1 gag from bulk-stimulated PBMCcultures was detected in
four of five HIV-l -infected M. nemestrina following three to
five sequential stimulations, but was not detected in PBMC
cultures from three uninfected control M. nemestrina stimulated
in an identical manner (five or more experiments from each
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Figure 1. (A) The proliferation of PBMCfrom M. nemestrina on expo-
sure to whole inactivated HIV-1 or gpl20. Fresh PBMCfrom either
uninfected control M. nemestrina or HIV- -infected M. nemestrina
were incubated for 7 d with either whole psoralen-inactivated HIV-lsm
(n) or recombinant FfV-lsF2 gpl20 (o) at 10 j.g/mI and [3H]thymidine
incorporation measured. Animals F89115 (88-140 wk after infection)
and J92076 (4 wk after infection) were infected with HIV-lLAJ and
animals J92071 and J92012 were uninfected controls. (B) Determination
of the cell subset mediating proliferative response in HIV-lLAI-infected
M. nemestrina animal F89115 (120 wk after infection). Cells were

separated into CD8- or CD4-enriched populations using an a-CD8 mAb-
coated flask and proliferation to whole psoralen-inactivated HIV-lIs at
10 jig/ml was measured after 7 d by [3H]thymidine incorporation.

animal). Background lysis of vaccinia-infected or uninfected
BLCL was always less than 6%. Representative experiments
from two infected animals (Fig. 2, A and B) and one control
animal (Fig. 2 C) are shown. HIV-1 gag-specific lysis was de-
tected at two or more separate time points in four of five HIV-
1 -infected animals (Table I). The animal with no discernable
response was tested only on one occasion. One animal
(T92051) was assayed for HIV-1 gag-specific lysis before and
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Figure 2. Lysis of vac-gag-infected autologous BLCL by antigen-
stimulated PBMCfrom M. nemestrina. PBMCwhich underwent 3-5
sequential stimulations, initially with autologous vac-gag-infected
PBMCand subsequently with autologous vac-gag-infected y-irradiated
BLCL and autologous filler, were tested in a standard 4-h CRAagainst
vac (* )- or vac-gag ([1)-infected autologous 5'Cr-labeled BLCL tar-
gets. Representative experiments are shown from two HIV-1 infected
animals (A, animal F89111 and B, animal M74046) and a control
uninfected animal (C).

after inoculation with HIV-1, and specific lysis was only de-
tected after infection (Table I).

Persistence of HIV-J gag-specific CTL. HIV-1 gag-specific
CTL activity was evaluated at several time points following
infection in four animals to determine the durability of responses

(Table I). Persistent gag-specific CTL activity in animals
F891 11 and M74046 was detected from bulk-stimulated PBMC
cultures assayed as described on five occasions from 80 to 140

Table 1. HIV-I gag-specific CTL in HIV-I-infected Macaques

Percent specific lysis at time after infection
Target

cell -2 4 12-20 52- 112 140
Animal No. infection* wk wk wk 80 wk wk wk

T92051 vac 0t 0 0
(infected) vac-gag 0 11 10
M74046 vac 1 3 2
(infected) vac-gag - 21 11 17
F891111 vac - - 0 1 0
(infected) vac-gag - - 22 10 10
F89115§ vac - - 3 3 1
(infected) vac-gag - - 12 7 14

Percent specific lysis at time after initial monitoring

0 4 10-12 16- 24-28 42-54
wk wk wk 18 wk wk wk

8609211 vac 3 0 2 2 1 0
(uninfected) vac-gag 0 0 1 2 1 2
8921811 vac 0 0 0 4 0 0
(uninfected) vac-gag 1 0 0 1 0 0

* Target cells were vac and vac-gag-infected autologous 51Cr-labeled
BLCL. I Percent specific lysis by Ag-specific stimulated cultures of
HIV-1 inoculated M. nemestrina PBMCat three time points at E/T
ratios of 50:1. -, not tested. Infected animals were each analyzed at
three separate time points, as presented. § PBMCfrom animals F891 11
and F89115 were unavailable for study before 80 wk after infection.

11 PBMCof uninfected animals were tested on multiple occasions in an
identical manner to the infected animals.

wk after infection and 4-52 wk after infection, respectively.
Animal F89115 demonstrated gag-specific CTL activity at
weeks 92 and 140 after infection, but not at week 112 after
infection and animal T9205 1 showed gag-specific CTL at weeks
4 and 12 after infection, but not before infection or at week 8
after infection.

Effector T cell population mediating cytolytic activity to
HIV-J gag. Four bulk-stimulated cultures of PBMCsfrom HIV-
1-infected M. nemestrina containing gag-specific cytolytic ac-
tivity were evaluated by flow cytometric analysis. A mean of
93% of cells were CD3+ (range 91-96%), 66% were
CD8+CD3+ (range 54-74%) and a smaller subset of 20%
were CD4+ CD3+ (range 14-32%). FACS analysis confirmed
that > 96% of CD8+ of CD4+ cells were CD3 . The predomi-
nance of cells expressing CD8 in these cultures suggested that
this population might be responsible for the observed cytolytic
activity, but a significant participation by the CD4+ subset could
not be excluded. CD8+ cells were therefore purified from the
bulk-stimulated PBMCcultures by panning on an aCD8 mono-
clonal antibody-coated flask. To determine the efficiency of
this panning method for enriching CD8+ cells from macaques,
the cells were analyzed on a FACS. The adherent population
was 94% CD8+, whereas the nonadherent population was
largely depleted of CD8+ cells, containing only 4%CD8+ cells.
Bulk-stimulated PBMCcultures that were separated into CD8-
enriched and CD8-depleted populations were assessed for HIV-
1 gag-specific lytic activity (Fig. 3), and the CD8-enriched
population contained nearly all of the detectable lytic activity.
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Figure 3. Determination of the cell subset mediating CTL response to
HIV- Igag in HIV-l -infected M. nemestrina animal M74046. Cells
from a bulk culture containing HIV-1 gag-specific lysis were separated
into CD8-enriched or CD8-depleted populations using an a-CD8 mAb-
coated flask and lysis of autologous vac-gag-infected 51Cr-labeled
BLCL determined in a standard 4-h CRA. The E/T ratio was 25:1.

HIV-1 env- and nef -specific cytolytic activity in bulk-stimu-
lated cultures. To assess CTL responses to HIV- 1 proteins other
than gag, PBMCwere also examined by similar methods for
the presence of env- and nef-specific CTL. Specific lytic activity
(lysis > 10%) to env was detected in two of four HIV-1-
infected M. nemestrina. Animal M74046 was evaluated three
times and animal F891 11 was evaluated twice, and both animals
had env-specific lysis detectable at each occasion tested, as
described below. At an E/T ratio of 50:1, the lytic activity from
animal M74046 for targets infected with vac-env was 12% at
8 wk after infection, 11% at 40 wk after infection and 14% at
52 wk after infection, with background vaccinia lysis of 4%,
2%, and 3%, respectively. Animal F891 11 had lytic activity at
an E/T ratio of 50:1 for vac-env targets of 16% at 100 wk after
infection and 10% at 132 wk after infection, with background
vaccinia lysis of 7 and 0%, respectively. Two animals, T92051
and F89115, tested on a single occasion each, failed to demon-
strate env-specific lytic activity. Two uninfected control animals
were evaluated on three separate occasions, and neither animal
ever demonstrated greater than 2% env-specific cytolytic activ-
ity following stimulation in an identical manner.

Env-specific CTL in HIV-1-infected humans has been re-
ported to be mediated by both CD4+ and CD8+ cells (21), and
we therefore sought to determine whether CD4+ CTL contrib-
uted significantly to the lytic activity detected in HIV-l-in-
fected macaques. Bulk-stimulated PBMC, obtained from animal
M74046 at 52 wk after infection, were separated into CD8+-
and CD4+-enriched populations, as described in Methods, and
assayed for env-specific lytic activity. The unfractionated popu-
lation exhibited 14%env-specific lytic activity at an E/T ratio of
50:1, the CD8-enriched population exhibited 19% env-specific
lysis, and the CD4-enriched population exhibited 4% env-spe-

cific lytic activity. Lysis of vaccinia-infected control targets was
< 4%in all populations. Thus, the majority of the lytic activity
to env was mediated by CD8+ cells, with little contribution
from CD4+ cells.

Nef-specific CTL have been reported to be of potential im-
portance in clearance of HIV-1 in humans (22, 23), and we
therefore examined the infected macaques for the presence of
nef-specific CTL. Two macaques were evaluated at 8 wk after
infection. Bulk-stimulated PMBCcultures of animal 93089 ex-
hibited 13% lysis of vac-nef-infected autologous BLCL versus
2% lysis of vaccinia-infected autologous BLCL at an E/T of
25: 1. Animal 93086 exhibited weaker lytic activity towards n ef,
with 7% lysis of vac-nef targets and 2% lysis of vac targets at
an E/T of 25:1. By contrast, two uninfected animals had less
than 1% lysis of nef-expressing targets.

Estimation of frequency of HIV-J gag CTLp. Gag-specific
CTL in HIV-1 -infected M. nemestrina was not present in fresh
PBMC, as has been described in humans, but rather required
several in vitro stimulations for detection. This suggested that
gag-specific CTL precursors might be present in frequencies
relatively lower than those in humans who have chronic viremia.
Therefore, the frequency of gag-specific CTLp was determined
by limiting dilution culture. PBMCwere plated at limiting dilu-
tions and stimulated for 10 d with autologous vac-gag-infected
BLCL in wells supplemented with 25 U/ml rIL-2, and the re-
sponding cells were tested against autologous BLCL targets
expressing vac-gag. Frequencies of CTLp specific for gag were
estimated in two HIV- 1-infected animals and two control unin-
fected animals at two time points (Fig. 4). The relative fre-
quency in animal M74046, infected with both cell-free and cell-
associated HIV- 1, was estimated at 1/327,000 (95% confidence
interval [CI] 1/249,000-1/476,000) at 24 wk after infection
(Fig. 4 A) and 1/380,000 (95% CI 1/290,000-1/536,000) at
32 wk after infection. Animal J90402, infected with only cell-
free HIV- 1, was tested at 42 wk after infection (Fig. 4 B), with
the gag-specific CTLp frequency estimated as 1/134,000 cells
(95% CI 1/101,000-1/199,000), and at 52 wk after infection,
with the frequency estimated at 1/170,000 cells (95% CI 1/
130,000-1/246,000). The CTLp frequency to targets infected
with vaccinia alone (range: 1/1,300,000-1/2,600,000 in four
experiments) or uninfected BLCL targets (range: 1 / 1,900,000-
1/4,900,000) was significantly lower in the two infected ani-
mals. The CTLp to vac-gag-infected targets from two control
uninfected M. nemestrina in four experiments each were lower
than in infected animals (range: 1 / 1,700,000- 1 /3,700,000, and
had similar CTLp frequencies as the HIV-infected animals to
vaccinia or uninfected targets (range: 1/2,300,000- 1/
13,000,000).

Generation of an HIV-J gag-specific CTL clone. Analysis
of HIV-1 -specific CTL responses in primates would be facili-
tated by the availability of CD8+ T cell clones. To determine
if HIV-specific CD8+ T cell clones could be isolated and ex-
panded, cells from a bulk-stimulated culture of PBMCfrom
macaque M74046 which contained gag-specific CTL activity
were plated at 1 cell/well and stimulated with vac- gag-infected
BLCL, autologous irradiated PBMCas filler cells, and rIL-2 as
described in Methods. Cell growth was observed in 6 of 960
wells plated, and cells from these wells were expanded and
tested for cytolytic activity. Cells derived from one of these six
positive wells demonstrated HIV-l gag-specific lysis following
screening against vac- and vac- gag-infected targets. Cells from
this well were expanded by repetitive cycles of specific stimula-
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Figure 4. CTLp frequencies of HIV- I gag-specific CTL were estimated
by limiting dilutional analysis. Fresh PBMCwere plated in increasing
dilutions of 24 replicates ranging from 5 x 104 to 80 x 104 cells/well
and stimulated with autologous vac-gag-infected BLCL and 25 U/ml
rIL-2. Cells from each well were harvested after 10 d and split for assay

of cytolytic activity against multiple targets. Targets used were 5'Cr-
labeled mock infected autologous BLCL (.), vaccinia-infected autolo-
gous BLCL (co) or vac-gag-infected autologous BLCL (A). Wells
were considered positive if cytolytic activity exceeded that spontaneous
release by 3 SD. Representative experiments on two HIV-1 -infected
animals (A, animal M74046 and B, animal J90402) and an uninfected
animal (C) are shown.

tion with cells expressing gag plus supplemental IL-2. Follow-
ing expansion, the cell population demonstrated 60% specific
lysis of HIV-1 gag at an E/T ratio of 10:1 (Fig. 5). By FACS
analysis, the cells derived from this single well were 99%
CD3+4-8+16-. A control uninfected animal had no clonal
growth when stimulated in an identical manner.

Definitive evidence that the gag-reactive cells from this well
were clonal would require reagents for directly analyzing T
cell receptor gene rearrangements in macaques, which are not

available. However, the likelihood that this reactive cell popula-
tion is clonal can be calculated by relative probabilities of plat-
ing and detecting reactivity from more than one cell. Assuming

E:T ratio
Figure 5. Cells from a bulk culture of PBMCfrom animal M74046 in
which HIV-1 gag-specific CTL were present were cloned in limiting
dilution by stimulating with autologous vac-gag-infected BLCL, autol-
ogous filler, and rIL-2. Wells which contained cell growth were ex-
panded and tested for cytolytic activity against vac ( * ) - or vac- gag
(E) -infected autologous 5"Cr-labeled BLCL targets.

t0

a Poisson distribution, the probability that one or more cells is
plated in a well when plated from a suspension diluted to 1
cell/ 100 yl is 0.63 (Minitab Statistics for MS-DOS). Therefore,
of the 960 wells plated, (960 x 0.63) or 605 wells are likely
to have contained at least one cell. Of the wells that contained
at least one cell, the probability that 2 2 cells were added to a
well when plated at this dilution is 0.41. Since only 1/605 of
the wells plated that contained cells demonstrated growth and
was reactive for HIV-1 gag, the likelihood that the well exhib-
iting the gag-specific cytolytic activity reflected the outgrowth
of two or more cells is (0.41 x 1/605), or 1/1,475. Thus, the
probability that this population is derived from a single cell and
thus is clonal is > 99.9%.

Discussion

Our study is the first to demonstrate HIV-1-specific prolifera-
tive and cytotoxic T cell responses in HIV-l -infected M. nem-
estrina. T cell proliferative responses to HIV- 1 envelope protein
and inactivated HIV-1 were readily detectable in all animals
tested at time points from 4 to 140 wk postinfection. These
HIV- 1 -specific proliferative responses were predominantly me-
diated by CD4+ T cells. Cytotoxic T cell responses to HIV-1
were detected to HIV-1 env, gag, and nef proteins. CTL re-
sponses were present from 4 to 140 wk after infection, were
mediated by CD8+ T cells, and were seen in animals inoculated
with both cell-associated and cell-free HIV-1.

Persistent CD4+ T cell proliferative responses were ob-
served in all animals to HIV-1 LAI (the infecting strain in four
of the five animals), the antigenically related SF-2 strain, and
purified recombinant gpl20. The stimulation indices to these
HIV-1 antigens were similar or greater than that observed to
SIV in macaques vaccinated with SIV envelope preparations,
and to HIV- 1 in chimpanzees and humans vaccinated with vari-
ous HIV-1 envelope preparations (24-26) but, unlike the re-
sponse to those vaccine preparations, did not appear to decline
over time. The persistence of CD4+ T cell responses has been
reported in experimental systems to require the persistence of
stimulating antigen, typically on antigen-presenting cells such
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as follicular dendritic cells (27). However, this does not neces-
sarily require the persistence of replicating virus. For example,
we have previously reported that CD4+ T cell responses to
vaccinia virus persist for > 15 yr after immunization (28),
despite the fact that this virus has no demonstrable latency in
the host. Thus, immunization with or exposure to viable viruses
may more efficiently provide antigen reservoirs for maintaining
CD4+ memory responses.

Humans infected with HIV-1 typically demonstrate poor
proliferative responses to HIV- 1, even at early time points when
the host is asymptomatic and the number of CD4+ cells is
normal (4, 19). In distinction to these findings, the macaques
infected with HIV-1 demonstrated strong and persistent prolifer-
ative responses to HIV- 1. The maintenance of normal CD4+ T
cell numbers and a proliferative response to HIV-1 are consis-
tent with our previous observations in this model that infected
animals do not develop immunosuppression (1, 2). Indeed, the
ability of HIV-l -infected macaques to generate and maintain
CD4+ T cell proliferative responses may be important in the
observed clearance of viremia in this model.

Unlike humans, HIV-1 -specific CTL were not detected di-
rectly from M. nemestrina PBMC. The failure to detect circulat-
ing activated CTL in fresh PBMCis similar to observations
made in SIV-infected macaques (29) and HIV-l -infected
chimpanzees (30). Therefore, to determine if CTL were pres-
ent, we adapted methods we have previously reported to en-
hance detection of primed virus-specific CTL responses in cyto-
megalovirus-infected humans and in SIV-infected macaques
(14, 20), and employed sequential in vitro antigen-specific
stimulation with autologous cells infected with rVV containing
HIV-1 genes. Using this approach, HIV-reactive CD8+ CTL
was detected in bulk-stimulated PBMCcultures and HIV-1-
specific clones were subsequently isolated.

The demonstration of CD8+ cytolytic activity to HIV-1 pro-
teins following experimental challenge with HIV-l is consistent
with the virologic evidence that HIV- 1 replicates in macaques
(1, 2). In vivo priming of CD8+ virus-specific CTL requires
the presentation of appropriate viral peptide antigens in the
context of MHCclass I, and thus presumably requires HIV-1
infection of host cells. This has been most directly demonstrated
in animal J90402, which was inoculated with only cell-free
HIV-1. Both plasma viremia and cell-associated HIV-1 infec-
tion were present at 16 wk after inoculation (2), and gag-
specific CTL were detectable at multiple subsequent time points
tested. Of note, the animal became culture negative from PBMC
after week 24. The finding of CTL specific for the nef protein,
which is a non-structural, regulatory gene product expressed
only in infected cells, is also consistent with in vivo viral repli-
cation. The presence of virus-specific CTL responses at time
points long after virus is recoverable does not define the viro-
logic status of the host, since this finding is consistent with
either long-lived CD8+ memory cells that can persist in the
absence of replicating virus or with limited persistent viral repli-
cation in the host (31-33).

Wedetected CTL to multiple HIV-1 proteins (env, gag, and
n ef ) in this animal model. CTL responses to proteins which
contain conserved CTL epitopes, such as gag and nef have
been suggested to be of potential utility in HIV-1 vaccine design
(22, 34). Additionally, studies in humans exposed to HIV-1
who did not exhibit continued viral replication demonstrated
CTL responses to gag and nef (23, 35), suggesting a potential
role of such CTL in clearing HIV-l infection. Our ability to

detect CTL responses to gag and nef in HIV-l -inoculated M.
nemestrina, who also clear HIV- 1 viremia, supports the con-
tention that these responses may aid in viral clearance, and the
role of such responses should be directly analyzable in this
animal model.

The frequency of CTLp in all our HIV-l -infected M. nem-
estrina was lower than that reported in persons with chronic
HIV-1 infection (36-38). Using limiting dilution assays, gag-
specific CTLp frequency estimates in these HIV-l-infected
animals ranged from 1 per 1.34 x 105 to 1 per 3.8 x 105 cells,
which were - 100-fold lower in frequency than that described
in humans (37). The reduced frequency of gag-reactive CTLp
from M. nemestrina may reflect restricted viral replication of
HIV-1 within M. nemestrina as compared to humans. Alterna-
tively, these differences may be in part methodologic, reflecting
more efficient culture conditions for stimulating human cells.
Additionally, the sites of HIV-1 replication in macaques have
not been well described, and analysis of lymphocytes from other
compartments, such as lymph nodes and spleens from infected
animals, might reveal different CTLp frequencies.

Limited data on the kinetics of HIV-l-specific CTLp in
humans with acute HIV-1 infection have suggested that cyto-
toxic responses to HIV-1 may play a role in controlling acute
HIV-1 infection (39). Kinetic studies in humans with acute
HIV-1 infection are limited, however, as it is often difficult to
precisely define the time of infection, and there can be a substan-
tial delay from the time of infection until lymphocytes from
infected individuals can be examined. In HIV-l-infected ma-
caques, CTL responses to multiple HIV-1 proteins were de-
tected as early as 4-8 wk after infection, suggesting a potential
role of CD8+ responses in controlling viral replication and
clearing virus as reported in humans. The definition of CTLp
frequencies to various HIV-1 proteins at very early time points
after acute HIV-1 infection of M. nemestrina may provide in-
sights into the comparative role of specific CTL responses in
initial viral clearance and the subsequent virologic course. The
only alternative primate model for studying immunity to HIV-
1 is chimpanzees. However, very limited numbers of these pri-
mates are available for study and HIV-specific CD8+ CTL have
been difficult to detect in HIV-infected chimpanzees, suggesting
chimpanzees may not be as useful as macaques for studying
CD8+ immunity (30, 40).

A potential causative role of CD8+ CTL in HIV-1 immuno-
pathogenesis, by analogy with the cause of disease following a
noncytopathic viral infection in mice in which virus-infected
antigen-presenting cells (APCs) are lysed by CD8+ CTL, has
recently been speculated by Zinkernagel and Hengartner (41).
Our finding that these macaques who do not develop immunode-
ficiency but do develop HIV-1-specific CD8+ CTL responses
suggests that persistent viral replication, rather than CD8+ CTL
responses, may be a more important cause of HIV-induced im-
munopathology. HIV-1-specific CD4' T cells with cytolytic
activity have also been implicated in HIV-1 immunopathogen-
esis by mediating lysis of uninfected APCsor CD4+ cells (42).
However, we could not detect significant HIV-1-specific CTL
activity mediated by CD4+ cells in bulk cultures of macaque
PBMC. Such CD4+ CTLhave been reported in HIV-1 -infected
humans (21), and appear to be less readily demonstrable in
macaques. The use of selective depletion or adoptive transfer
of T cells with defined functions in this model should allow a
more definitive analysis of the role of CD4+ and CD8+ T cells
in HIV-1 immunouathogenesis.
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Wewere able to generate a CTL clone from an HIV- 1-
infected M. nemestrina that had high levels of specific lysis for
HIV-1 gag proteins at low E/T ratios. Gag-reactive CTL epi-
topes have been well characterized in HIV- 1 -infected humans
(34), HIV-2-infected humans (43) and SIV-infected macaques
(44). A similar portion of the gag gene from SIV and HIV-1
elicit CTL responses in macaque and humans, respectively
(45). This suggests that macaques may recognize a similar
region of HIV-1 gag as humans, and studies to determine the
epitope specificity of HIV-1-specific cellular immune re-
sponses in macaques are now possible. If similar regions are
recognized, this model may prove useful for evaluating the
mechanisms by which CTL select escape variants, as suggested
with HIV-1 -specific CTL responses (6).

In summary, this study demonstrates that HIV-1-infected
M. nemestrina develop persistent T cell proliferative and cyto-
toxic responses to HIV-1 proteins. These animals which resist
HIV-1-induced disease demonstrate persistent HIV-specific
CD4+ T cell responses in contrast to HIV- 1-infected humans.
The combination of HIV- 1 -specific CD4+ and CD8+ responses
may be important in the control of replication seen in this ani-
mal, a finding which if confirmed has implications for immunity
to HIV-1 infection and the design of protective vaccines.
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