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At present it is not known which form of immunity would be most effective against infection with human
immunodeficiency virus (HIV). To evaluate the possible role of cellular immunity, we examined whether four
HIV type 2-exposed but seronegative macaques developed cellular immune responses and determined whether
these exposed macaques were resistant to mucosal transmission of simian immunodeficiency virus (SIV).
Following intrarectal challenge with SIV, 2 monkeys were protected against detectable SIV replication and
another showed suppressed viral replication compared to 14 persistently infected controls. The two protected
monkeys demonstrated SIV-specific cytotoxic T lymphocytes before as well as after SIV challenge. Here we
provide evidence that activation of the cell-mediated arm of the immune system only, without antibody
formation, can control SIV replication in macaques. The results imply that vaccines that stimulate a strong and
broad cellular immune response could prevent mucosal HIV transmission.

Human immunodeficiency virus (HIV) is transmitted pre-
dominantly by sexual contact involving exposure of genital and
rectal surfaces to cell-free and cell-associated virus. Experi-
mental infection of macaques with simian immunodeficiency
virus (SIV) or HIV type 2 (HIV-2) (22) is an important animal
model for testing vaccine strategies to prevent HIV infection
and AIDS in humans. This model allows controlled studies of
the immune responses involved in protection against lentivirus
infections. We (16) and others (10) have previously shown that
passive transfer of antibodies from HIV-2-vaccinated or
healthy, SIV-infected macaques prevents infection of other
macaques after intravenous challenge with the homologous
virus. However, the relative contributions of cell-mediated
mechanisms to protective immunity against HIV and SIV in-
fection in humans and primate models are not well under-
stood. It has been speculated that the induction of cell-medi-
ated immunity in the absence of antibody is important for
protection against certain virus infections such as HIV (21).

Several studies have described specific cellular immune re-
sponses to HIV in individuals who, despite documented expo-
sure to the virus, remain seronegative and uninfected. Such
HIV-exposed but uninfected individuals produce HIV-specific
cytotoxic T lymphocytes (CTL) directed against HIV (4, 9, 15,
19, 20), indicating that exposure to the virus and possibly tran-
sient infection have occurred. It is not known whether such
immune responses in exposed seronegative individuals confer
protection against HIV infection in the future. The objective of
the present study was to determine whether four HIV-2-ex-
posed but seronegative macaques developed cellular immune
responses and to evaluate whether these animals could resist
mucosal infection with a heterologous challenge virus.
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MATERIALS AND METHODS

Animals. Four cynomolgus monkeys (Macaca fascicularis) were selected for
the present study following demonstration of protection from infectious HIV-2.
Four of 19 animals enrolled in three separate experiments were either passively
immunized with anti-HIV-2 serum or treated with antiviral drugs and subse-
quently shown to be protected from intravenous HIV-2 challenge. Two animals
(monkeys B22 and B52) were selected from an experiment examining the pro-
phylactic effect of passive immunization against HIV-2 challenge (16). Monkey
B22 received a low dose (3 ml/kg of body weight) and monkey B52 received a
high dose (9 ml/kg) of anti-HIV-2 serum intravenously, and both were challenged
6 h later with 10 50% monkey infective doses (MIDs,) of HIV-2. Both animals
were protected, whereas seven parallel macaques became infected. The third
animal (monkey S6) was selected from an experiment assessing whether 3'-
fluorothymidine (FLT) could prevent HIV-2 replication (2). The monkeys were
treated with FLT, three times a day at 15 mg/kg for 10 days, beginning 8 h before
inoculation of 10 MIDs, of live HIV-2. Three of eight animals resisted the
intravenous HIV-2 challenge, compared to eight controls which became infected
with HIV-2. Only one of the three protected monkeys, S6, was available for this
study. The fourth animal (monkey 75-2) was treated with 3’-azido-3'-deoxythy-
midine, three times a day at 20 mg/kg for 1 day and three times a day at 10 mg/kg
for four days (3). Treatment started 10 min after intravenous inoculation with 30
MIDs,, of HIV-2. Four controls became infected, and the one animal demon-
strating protection, monkey 75-2, was studied.

The HIV-2 challenge virus inoculated intravenously was obtained from a
cell-free HIV-2gp; 66607115 Stock that had been grown in cynomolgus monkey (M.
fascicularis) peripheral blood mononuclear cells (PBMC), and the infectious
dose was determined in cynomolgus monkeys (17). SIV,, challenge was carried
out by topical application to the rectal mucosa of 10 MIDs, of a cell-free SIV,,
virus pool grown in cynomolgus monkey PBMC, as previously described (18).
Experimental protocols for the animals used in this study were reviewed and
approved by institutional committees for the care and use of animals in research.
Animals were anesthetized with ketamine (10 mg/kg intramuscularly) prior to all
procedures that required the removal of animals from their cages.

Virus isolation, PCR, and serology. Virus isolation was performed as previ-
ously described (13). Virus was isolated by coculture of 2 X 10° monkey PBMC
with 5 X 10° phytohemagglutinin-stimulated human PBMC from at least two
different blood donors. Cultures were tested for production of viral antigen by a
capture enzyme-linked immunosorbent assay. Proviral DNA was detected by
nested PCR in PBMC and lymph node mononuclear cells with SIV long terminal
repeat and env primers as previously described (18, 25). To address the possibility
that virus was sequestered in lymphoid organs, lymph nodes were surgically
removed from the monkeys from which virus could not be cultured. Cell sus-
pensions were prepared, and the cells were used for virus isolation and PCR
analysis as described above. Endpoint immunoglobulin G titers were investigated
by enzyme-linked immunosorbent assay as previously described (13).

The CTL assay. The CTL response was determined with a standard chromium
release assay as previously described (1, 18). Briefly, purified monkey PBMC
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TABLE 1. Treatment and SIV,, challenge of four HIV-2-exposed seronegative macaques”

Date of exposure Pattern of viral replication

Animal no. Treatment regimen after SIV,, challenge in
1st 2nd 3rd February 1995
B22 Serum June 1990 November 1990 November 1991 Limited
S6 FLT June 1990 November 1990 November 1991 Inhibited
B52 Serum November 1990 November 1991 ND Inhibited
75-2 3'-Azido-3'-deoxythymidine December 1992 March 1993 ND Persistent

“ The four cynomolgus macaques were either passively immunized with anti-HIV-2 serum or treated with antiviral drugs and subsequently shown to be protected from
intravenous HIV-2 challenge. The four monkeys which showed no evidence of infection following the first HIV-2 challenge were reinoculated with the original HIV-2
inoculum without further treatment. All four monkeys continued to be seronegative and negative for virus isolation and by PCR following the second and third
inoculations with HIV-2. In February 1995, the four macaques protected against HIV-2 were intrarectally challenged with 10 MIDs, of SIV .. Further details of the

treatment regimen are described in Materials and Methods. ND, not done.

were stimulated with 10 pg of concavalin A (Sigma, St. Louis, Mo.) per ml. After
3 to 4 days of culture, 20 U of recombinant human interleukin-2 (Amersham
International, Amersham, England) per ml was added. The cytolytic activity was
tested after 14 to 21 days in culture. Target cells for the cytotoxicity assay were
autologous B-cell lines generated by transformation with herpesvirus papio pro-
duced in the S594 cell line (kindly provided by K. H. G. Mills, National Institute
for Biological Standards and Control, Potters Bar, Hertfordshire, England).
Target cells were infected with wild-type vaccinia virus or recombinant vaccinia
virus expressing SIV,,..3oi (J5) nef and reverse transcriptase (RT) genes (do-
nated by E. W. Rud, Ottawa, Ontario, Canada) and thereafter labelled with >'Cr.
Various effector/target cell ratios were used. CD8"-depleted cell populations
were obtained by using anti-CDS8 antibody-coated magnetic beads (Dynal,
Skgjen, Norway). Percent specific lysis was calculated by the equation [(experi-
mental release — spontaneous release)/(maximum release — spontaneous re-
lease)] X 100. The criteria for a positive CTL value were based on the results
obtained from 20 naive control monkeys. The approximate lower limits for a
positive CTL value were 11.8% (5.4% + 2 standard deviations) for nef and 7.0%
(2.5% + 2 standard deviations) for the RT gene. However, the trend in each
animal was always considered, and a single positive value was not accepted unless
it was confirmed on another occasion.

RESULTS

CTL studies in HIV-2-exposed seronegative macaques. The
four cynomolgus macaques were initially either passively im-
munized or treated with antiviral drugs and shown to be pro-
tected against intravenous HIV-2 challenge, as described in
Table 1. The monkeys also resisted a second and third HIV-2
rechallenge without further treatment. The monkeys were con-
sidered protected if they did not seroconvert to HIV-2 posi-
tivity and remained free of any detectable virus in PBMC as
demonstrated by coculture and by nested PCR.

The four HIV-2-exposed uninfected monkeys had no de-
monstrable serum antibodies, and their blood lymphocytes did
not show any virus-specific proliferative response to HIV-2 or
SIV. However, CD8"-dependent nef- and RT gene-specific
CTL responses were detected in two monkeys, B52 and S6
(Fig. 1). Monkey B22 had no detectable CTL. Monkey 75-2
was not investigated for CTL due to difficulties in establishing
an autologous B-cell line.
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FIG. 1. SIV-specific CTL responses against RT and Nef in HIV-2-exposed
seronegative monkeys.

Outcome of mucosal SIV,, challenge. Twenty-three to 39
months following the last HIV-2 exposure, the four exposed
macaques and four naive monkeys were challenged with a
heterologous SIV,,, administered by a mucosal route to mimic
the natural transmission of virus in humans. After the patho-
genic SIV,, challenge, all four control monkeys were positive
for virus culture during the 1-year observation period (Table
2). Similar results were obtained with 10 historical controls,
where the intrarectal challenge dose caused high persistent
viremia in all 10 animals. Two monkeys previously exposed to
HIV-2 resisted the SIV,, challenge, as shown by an inability to
isolate virus from PBMC and by negative SIV DNA PCR
(Table 2). The aviremic animals were also negative for virus
isolation and by SIV DNA PCR from lymph node cells taken
6 and 12 months after SIV, challenge. The two protected
animals were further tested for the presence of SIV by culture
of CD8™ cell-depleted PBMC, since CD8™ cell depletion has
been shown to increase the sensitivity for detection of HIV and
SIV (7). However, the CD8" cell-depleted cultures did not
yield any detectable virus (data not shown). In the remaining
two monkeys, virus was isolated from PBMC after SIV,, chal-
lenge. However, in one of these animals (monkey B22) virus
was isolated only during the first month following SIV,, inoc-
ulation (Table 2). Animals B22, B52, and S6 had demonstrable
CTL responses to SIV Nef and RT at 3 weeks after SIV,
challenge (data not shown).

Viral antibodies appeared in the 14 control animals within 3
to 4 weeks of SIV, challenge. Monkey B52 remained sero-
negative, but viral antibodies appeared in the remaining three

TABLE 2. Results of virus isolation and PCR after

SIV,,, challenge®

Group and Isolation of virus on day: PCR on day:

monkey 0 14 28 58 91 183 240 295 365 14 28 183 365
HIV-2 exposed

B22 e

B52 - - - - - - - - - - - =

S6 - - - - - - - - - - - -

75-2 -+ + + + + 4+ 4+ 4+ o+ 4+ 4+ o+
Control

C54 -+ + + + + + + + + + + +

C57 -+ + + + + + + + + + + +

C68 -+ + + + + + + + + + + +

C73 -+ 4+ + 4+ + + + 4+ 4+ 4+ + o+

“ The results of virus isolation and PCR after intrarectal SIV,, challenge of
HIV-2-exposed but seronegative macaques and control monkeys challenged only
with SIV,,,. Challenge was done on day 0. +, virus detected by virus isolation or
by PCR; —, no virus detected.
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monkeys. Surprisingly, monkey S6 developed a low antibody
titer after SIV,,, challenge in spite of the fact that virus could
not be isolated by coculture, demonstrated by PCR, or trans-
mitted by blood transfusion.

Transfusion experiment. The two protected animals (B52
and S6) and the partially protected monkey B22 were further
tested for the presence of SIV,, by the transfusion of blood to
untreated recipients. Four untreated monkeys were each trans-
fused with 5 ml of heparinized blood from monkeys B52, S6,
B22, and C57 (infected control). The blood was taken 6
months after challenge with SIV . Transfused monkeys were
monitored for signs of SIV infection during 6 months of fol-
low-up by virus isolation, SIV-specific antibody response, and
PCR. Transfer of blood from the aviremic monkeys B52 and S6
revealed no evidence of SIV infection in the two recipients.
However, the two monkeys that received blood from B22 and
C57 became productively infected.

DISCUSSION

This is the first demonstration that highly exposed macaques
show virus-specific CTL responses in the absence of antibodies
and that the presence of CTL is correlated with protection
against mucosal SIV challenge. Here we report cross-protec-
tion against detectable SIV replication in 2 of 4 monkeys and
suppression of viral replication in a third animal compared
with 14 control animals which were repeatedly positive for
virus isolation. HIV-specific CTL activity normally requires
actively replicating virus for stimulation, implying that the
monkeys were exposed to HIV-2 at a level sufficient to prime
T-cell immunity but insufficient to induce antibody production.
The lack of measurable antibodies prior to SIV, challenge
and the presence of cytotoxic T cells before and after challenge
suggest that cellular immunity was responsible for the cross-
protection observed. Since CTLs cannot neutralize cell-free
virus, the mechanism of protection was probably clearance of
early infection. The CTL may have tipped the balance in favor
of the host and made it possible to clear the early infection
while the number of infected cells was still low. However, it is
also possible that other cellular mechanisms such as CD8"
T-cell-mediated, noncytotoxic, antiviral activity (24) and CD8"
cell-produced chemokines (6) accounted for or contributed to
the protection observed.

This study is consistent with previous clinical observations
indicating that naturally occurring immunity to HIV may exist
and may have helped to protect some individuals who remain
seronegative and uninfected despite documented exposure.
Specific CTL have been detected in infants born of infected
mothers (20), long-time partners of HIV-infected men or
women (9), some female prostitutes in Africa (19), and some
health-care workers exposed to body fluids of HIV-infected
individuals (15). Hom and collaborators (8) have demon-
strated in a mouse model that transfer of specific immune T
cells can mediate protective immunity against live Rauscher
murine leukemia virus challenge. These findings, together with
evidence from the present study, suggest that cellular immunity
alone is sufficient for protection against a retrovirus.

Another possible explanation is that the resistance to infec-
tion observed in two of the monkeys in the present study is due
to genetic factors rather than to virus-induced immunity. Ear-
lier Paxton et al. (14) described a relative resistance to HIV-1
infection of CD4" lymphocytes from persons who remained
uninfected despite multiple high-risk sexual exposures. Liu et
al. (11) showed that these two individuals were homozygous for
a defect in the gene encoding CKR-5, a major coreceptor for
macrophage-tropic HIV-1 isolates. It is not known whether the
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protected monkeys in our study lacked this coreceptor. How-
ever, we found that cells from the protected animals were
easily infected in vitro by the SIV,, strain used for challenge
(data not shown).

Clerici et al. (5) have reported that macaques exposed to low
doses of SIV mount cellular responses to the virus in the
absence of antibody and that some macaques were protected
from subsequent homologous rectal challenge. However, CTL
responses were not examined in these experiments. Further-
more, the SIV challenge stock was grown on a human T-cell
line, and immunity to nonmonkey HLA antigens could have
been involved in the protection (23). It should be noted that
our challenge stocks were free from human HLA antigens
since our HIV-2 and SIV stocks were grown on macaque
PBMC.

The implication of our findings is that individuals who are
exposed to HIV and develop virus-specific CTL without anti-
body production may build up a truly protective immunity.
Additionally, we show that attenuation of a primate lentivirus
infection by chemotherapy or passive immunization may stim-
ulate the development of a protective cellular immune re-
sponse. Our evidence for cell-mediated protection implies that
vaccine strategies favoring the induction of a stable and strong
cellular immune response could protect against subsequent
mucosal transmission of HIV. It has recently been demon-
strated that antiviral CTL are present in the vaginal epithelium
(12), which indicates that an appropriate immunization regi-
men may be able to generate anti-HIV CTL in the mucosal
immune system of the genital tract. Taken together, our ob-
servations support the notion that stimulation of a CTL re-
sponse is an important goal in the development of an effective
prophylactic vaccine against HIV infection and AIDS.
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