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Clinical evidence suggests that cellular immunity is involved in controlling 
human immunodeficiency virus-I (HIV-1) replication. An animal model of 
acquired immune deficiency syndrome (AIDS), the simian immunodeficiency 
virus (SIV)-infected rhesus monkey, was used to show that virus replication is 
not controlled in monkeys depleted of CD8+ lymphocytes during primary SIV 
infection. Eliminating CD8+ lymphocytes from monkeys during chronic SIV 
infection resulted in a rapid and marked increase in viremia that was again 
suppressed coincident with the reappearance of SIV-specific CD8+ T cells. These 
results confirm the importance of cell-mediated immunity in controlling HIV-1 
infection and support the exploration of vaccination approaches for preventing 
infection that will elicit these immune responses. 

Defining the immune mechanisms responsible 
for controlling HIV- 1 replication during prima- 
ry and chronic infection will be important for 
understanding the immunopathogenesis of 
AIDS. The delineation of these mechanisms 
will also be useful to establish the goals of 
HIV-1 vaccine approaches. A number of clini- 
cal and experimental observations have impli- 
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cated vims-specific cytotoxic T lymphocytes 
(CTLs) in this process. CDSt lymphocytes 
from infected individuals have been shown to 
inhibit HIV-1 replication in vitro (1). Control of 
the intense burst of viral replication seen in 
primary HIV-1 infection coincides with the ap- 
pearance of vims-specific CTLs (2). Finally, 
potent vims-specific CTL responses have been 
obsewed in infected individuals with low viral 
loads and persistent, nonprogressive infections 
(3). However, these observations provide only 
circumstantial evidence for the role of vims- 
specific cellular inunune responses in control- 
ling HIV-1 infections. 

We directly assessed the role of cellular 
immunity in controlling HIV-1 infection by 
means of the SIV of macaques (SIVmac)!rhe- 
sus monkey model of AIDS (4). In previous 
attempts to abrogate cell-mediated immune re- 
sponses in lentiviral infections, only incom- 
plete, transient CDSt lymphocyte depletion 
was achieved: and the studies were done with 
nonpathogenic lentiviruses (5).  We observed 
that intravenous adnli~listration of the CD8- 
specific mouse-human chimeric monoclonal 
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antibody cM-T807 resulted in near total deple- 
tion of CD8-bearing lymphocytes from the 
blood and lymph nodes of normal monkeys, 
whereas the CD4+ T cell subset remained un- 
changed (6). We therefore characterized the 
replication of SlVmac in monkeys depleted of 
CDSt lymphocytes by this antibody. 

As in HIV-1 infection of humans, primaly 
infection of rhesus monkeys with SIVmac is 
characterized by an intense burst of virus rep- 
lication followed by an abrupt decline in vire- 
mia presumably due to the emergence of im- 
mune responses that suppress vims replication 
(7) or. potentially, to exhaustion of target cells 
(8). To determine the contribution of CDSt 
lymphocyte-mediated immune responses to 
this control of viremia, we treated rhesus mon- 
keys with cM-TS07 or a control monoclonal 
antibody during primaly SIVmac infection (9). 
The cM-T807 treatment resulted in total deple- 
tion of CDSt T cells from the blood of mon- 
keys (Fig. 1, B and C). Near total elimination of 
CDSt lymphocytes was also achieved in 
lymph nodes (Fig. 2, A and B), where immu- 
nophenotypic analysis of sequential biopsies 
confinned a 90 to 100% decline in CDSt T 
cells (10). However, the duration of CDSt 
lymphocyte depletion varied considerably 
among monkeys. In three of the six cM-T807- 
treated monkeys, CDSt T cell depletion was 
evident for 17 to 2 1 days (Fig. 1B). In the other 
three monkeys, CDSt lymphocyte depletion 
was considerably more persistent. CDSt T 
cells were depleted in these monkeys for 28 to 
60 days (Fig. 1C). The duration of antibody- 
mediated depletion is partially age-dependent, 
and the variability we observed was consistent 
with that seen in nonnal rhesus monkeys that 
received similar treatment (6 , I l ) .  Nevertheless, 
we achieved 2 1 8  days of near total CDSt 
lymphocyte depletion in all six monkeys, and 
the duration of cell depletion from lymph nodes 
was equal to, or longer than, that observed in 
the blood. The other lymphocyte subsets 
showed only the transient decline that is gener- 
ally seen during the peak of SIVmac viremia 
irrespective of any antibody treatment (7). 

To detelmine the effect of CDSt lympho- 
cyte depletion on the control of SIVmac in- 
fection, we assessed vims replication by mea- 
suring plasma viral RNA and SIVmac Gag 
p27 antigen levels. In all six control mon- 
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keys, the peak levels of plasma viral RNA 0.4, and -0.3, respectively). (Fig. 3, A to C). Peak levels of Gag p27 antigen 
were reached between days 1 1 and 14 after The same pattem of viremia was observed were also reached between days 1 1 and 14 after 
inoculation. Neither the time of peak viremia when plasma SIVmac Gag p27 antigen levels SIVmac infection in all monkeys. In control 
nor the peak levels of plasma virus differed were used as a measure of virus replication antibody-heated monkeys, Gag p27 antigen 
substantially between the CD8+ lymphocyte- 
depleted monkeys and monkeys receiving a 

Fig. 2. CD8+ Lympho- control monoclonal antibody (Fig. 1, D to F). cyte depletion and virus 
SIVrnac viral RNA levels decreased rapidly replication in lymph 
from peak levels in all control antibody-treated nodes during ~r imarv 
monkeys by day 21 and remained at these lower SlVmac infezoi. (A a d  
levels through davs 28 and 35 (median loearith- B) Depletion of CD8+ T 

u d 

mic decrease from peak levels: 1.2, 1.4, &d 1.6 lymphocytes from lymph 
nodes by treatment with for days 21,28, and 35, respectively). A signif- cM-T807 was demon- 

icantly smaller decrease (P = 0.048) from peak strated bv immunohis- = 
viral RNA levels was observed at the same time tochemical staining of lm 
points in the six monkeys that were depleted of cryostat sections for I 

creased substantially (Fig. IF). At 21, 28, and in situ hybridization as 
35 days slvmac infection, the changes in previously described (78). (C) High-level replication was evident in a long-term CD8+ lymphocyte- 

plasma viral RNA the day to 14 peak depleted monkey at 14 days after SIVmac inoculation. Low power (original magnification, ~ 2 5 ) .  (D) 
High power (original magnification, ~ 5 0 ) .  (E) A high level of virus replication was still evident in the 

in these three were lymph node of the same CD8+ lymphocyte-depleted monkey 42 days after SIVmac inoculation 
less than those seen in control anbbody-wated (original magnification, ~ 5 0 ) .  (F) Virus replication was well controlled on day 42 in the lymph node of 
monkeys (median logarithmic decrease: 0.0, a control antibody-treated monkey (original magnification, X50). 

Fig. 1. Effect of CD8+ lymphocyte depletion on Controls CD8depleted (*21 days) CD8depleted (>28 days) 
control of SIVmac replication during primary in- 2000 
fection of rhesus rnonkeys. Rhesus rnonkeys were 
administered the mouse-human chimeric mono- 1500 
clonal antibody to CD8 cM-T807 or a control $ 1000 
antibody to deplete CD8' lymphocytes during 

+ 500 primary SIVmac infection as described (9). (A to 
C) CD8+ T cells were enumerated in blood by 0 0 
four-color flow cytometric analysis with CDC -7 0 7 14 21 28 35 -7 0 7 14 21 28 35 -7 0 7 14 21 28 35 
FlTC (OKT4; Ortho Diagnostic Systems, Raritan, 
NJ), CD8-PE (DK25; Dako, Carpinteria, CA), CD2O- 
ECD (BI; Beckman Coulter, Miami, FL), and CD3- 
APC (FN18). The CD8-specific monoclonal anti- 3 body DK25 could bind to CD8 in the presence of 3 cM-T807, although staining intensity was de- 
creased. When we were unable to detect CD8+ 2 
lymphocytes, we confirmed that >95% of the '= 

remaining lymphocytes were either CD20+ B .8 
cells or CD4+ T cells. (A) CD8+ T lymphocyte $ l o 5  
counts in control antibody-treated rnonkeys. (B) 
In three monkeys, treatment with antibody to 1 04 
CD8 resulted in near complete depletion of CD8+ -7 0 7 14 21 28 35 -7 0 7 14 21 28 35 -7 0 7 14 21 28 35 
T cells from peripheral blood for 17 to 21 days. Days 
(C) In three monkeys, depletion of CD8+ T cells 
persisted for 28 to 60 days. (D to F) SIVmac replication was assessed by plasma viral RNA measurement (SIVmac bDNA RNA Assay; Chiron Diagnostics, 
Emeryville, CA). (D) Control antibody-treated rnonkeys. (E) Monkeys depleted of CD8+ lymphocytes for 521 days. (F) Monkeys depleted of CD8+ T cells 
for 228 days. 

5 FEBRUARY 1999 VOL 283 SCIENCE www.sciencemag.org 



R E P O R T S  

levels had declined substantially by day 21 (Fig. 
3A). However, ill CDS+ lymphocytedepleted 
moilkeys. plasma Gag p27 antigen levels re- 
mained sig~lifica~ltly higher (P = 0.028) than in 
coiltrol mollkeys during the day 21 to 35 time 
period (I?). I11 cM-T807-treated monkeys that 
achieved shoit-term ( 5 2 1  days) CD8+ T cell 
depletioi~, plasma viral antigen levels declined 
more slowly and did not reach the same level as 
control antibody-treated mollkeys until day 28 
(Fig. 3B).  The cM-T807-treated monkeys that 
achieved long-tell11 ( 2 2 5  days) CD8+ T cell 
depletion ~naiiltaiiled high Gag p27 levels ill 
plasma through day 35 (Fig. 3C). The continu- 
ous high levels of viral replicatioil in CD8+ 
lymphocyte-depleted mollkeys were also con- 
firmed by in s i h ~  hybridization studies that 
showed that productively infected cells persist- 
ed in lymph nodes tlxougl~ day 42 after SIVinac 
infection (Fig. 2, C to F). 

To evaluate virus-specific immune respons- 
es mediated by CD8+ T cells in these antibody- 
treated monkeys, we quantitated the SIVmac- 
specific CTLs in peripheral blood by flow cy- 
tometly. This was done as previously described 
in those moilkeys expressing the rhesus mon- 
key major histocompatibili~ complex (I\/IHC) 
class I allele .Ilic~il~ir d"01 by means of MHC 
class Iviral peptide tetramers coupled to fluo- 
rocl~romes (13). I11 the Cltrrn~c .4"Olf monkey 
that received control antibody. SIVmac-specific 
CTLs were detected at 11 days after v i m  in- 
oculation, co~~esponding closely wit11 the clear- 

ance of viremia (Fig. 3D). The kinetics of the 
geileration of this CTL response during piimaly 
SIVmac infectioll \vas identical to that which 
we have obse~ved in six other monkeys (14). In 
the ~Clc~iilli A "01 + monkey in \vhich 5 2  1 days 
of CD8+ lymphocyte depletion was achieved. 
SIVmac-specific CTLs were first detected at 24 
days after virus inoculation, which was 13 days 
later than in the control antibody-treated mon- 
key. The appearance of this cellular response 
also paralleled the decline in viremia (Fig. 3E). 
Finally, in the moilkey in \vhich long-term 
CD8+ lymphocyte depletion was achieved, vi- 
rus-specific CTLs were never obsened in 
blood, and vims replication was never con- 
trolled (Fig. 3F). 

The depletion of CD8+ lymphocytes was 
also associated with a substantial acceleration in 
the SIVmac-induced course of disease. In nor- 
mal rhesus mollkeys. about 20 to 30" of SIV- 
mac infections result in a rapidly progressive 
disease course (15). As would have been pre- 
dicted, tcvo of six moilkeys that received the 
control antibody succumbed to a rapidly pro- 
gressive disease course characterized by a per- 
sistent. high-level virernia, weak or absent neu- 
tralizing antibody response (16). and death due 
to an AIDS-like syndrome. Survival time was 
significantly shorter (P = 0.043) (12) for the six 
monkeys. that received cM-TS07 (median sur- 
vival: 160 days) than for the control antibody- 
treated mollkeys (median smvival: >297 days) 
(Fig. 4). 111 the CD8+ lymphocytedepleted 

group, there appeared to be an associatioil be- 
tween duration of CD8+ T cell depletion and 
suivival. Two of the three monkeys that 
achieved short-term CD8- lymphocyte de- 
pletion had a rapidly progressive disease 
course as described above (median surviv- 
al: 240 days). Of the three monkeys treated 
wit11 antibody to CD8 that achieved long- 
term CDS cell depletion, all developed a 
rapidly progressive disease course, suc- 
cumbing withi11 120 days of virus inocula- 
tion (median survival: 114 days) (Fig. 4).  

As these studies indicated that CDSf lym- 
phocytes affect SIVmac replication during pri- 
maly infection, we reasoned that this cell pop- 
ulation may also control AIDS virus replication 
during the peiiod of chroilic viremia. To test 
this hqpothesis. we adinillistered cM-T807, or 
the control monoclonal antibody, to rhesus 
monkeys that had been infected with SIVmac 
for more than 9 months (9). The plasma viral 
RNA levels varied benveen monkeys fi-om 
<I500 to > lo7  RNA copies per milliliter of 
plasma but lvere relatively stable over time in 
each individual monkey. As illustrated ill Fig. 5. 
A to C. top panels; substantial CD8+ lympho- 
cyte depletion was achieved for 9 to 14 days in 
the tlxee monkeys that received cM-TS07. 
CD8+ lymphocyte depletion in these clxonical- 
1y SIVmac-infected monkeys was coilsiderably 
less efficient than that observed in cM-T807 
treatment of uninfected monkeys or in treat- 
ment during prima17 iilfection. Although we are 
unable to explain this inefficiency of lympho- 
cyte depletion seen in clxonically infected mon- 
keys, several mechanisms may be involved 
( 1 3 .  

Despite inefficient CD8+ lymphocyte de- 

Controls CD8-depleted ( ~ 2 1  days) CD8-depleted (>28 days) 

pletion. in all three mollkeys that received cM- 
T807, plasma viral RNA levels increased rap- 
idly, coincident with the loss of CD8 ' lympho- 
cytes (Fig. 5. A to C). The magnitude of this 
increase in plasma viral RKA levels was in- 

Days  

Fig. 3. Plasma SlVmac Gag p27 antigen levels and the appearance of virus-specific CTLs during primary 
SlVmac infection of CD8- lymphocyte-depleted rhesus monkeys. (A to C) Viral antigen was quanti- 
tated in plasma with a commercial enzyme-linked immunosorbent assay kit (SIV Core Ag EIA; Beckman 
Coulter, Miami, FL) (median t range). (A) Control antibody-treated monkeys. (B) cM-T807-treated 
monkeys that achieved 521  days of CD8- lymphocyte depletion. (C) cM-T807-treated monkeys that 
achieved 228 days of CD8- lymphocyte depletion. (D to F) Emergence of virus-specific CTLs in 
antibody-treated monkeys after primary SIVmac infection corresponds with clearance of viral antigen. 
SIVmac-specific CTLs were quantitated in blood with fluorochrome-labeled MHC class I (Mamu-A*Ol)/ 
SIV peptide (pllC, C-M) tetramers as previously described (13). Limits of detection: 0.1%. Data are 
expressed as percentage of CD8olP- (2ST8-5H7; Beckman Coulter) T lymphocytes that bound tetramer. 
(D) Control antibody-treated monkey. (E) Monkey transiently depleted of CD8- lymphocytes for 5 2 1  
days. (F) Monkey in which long-term CD8- lymphocyte depletion (228 days) was achieved. 

Days 

-c CD8-depleted (all; n = 6) 
-Controls (n = 6) 

- c+ CD8-depleted (>28 days; n = 3) 

- O CD8-depleted (c21 days; n = 3) 

Fig. 4. Survival time of CD8+ lymphocyte- 
depleted and control antibody-treated mon- 
keys after primary SlVmac infection. *, Signifi- 
cantly different survival time from control an- 
tibody-treated monkeys (12). 
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Fig. 5. Effect of CD8+ lymphocyte depletion on control of virus replication in rhesus monkeys during 
chronic SIVmac infection. (A to D, top panels) Monkeys infected with SIVmac for > 9 months were 
depleted of CD8+ lymphocytes with cM-T807, or they received a control monoclonal antibody (9). 
CD8+ lymphocyte enumeration and plasma viral RNA levels were measured as described in the legend 
to Fig 1. (A to C) CD8+ lymphocyte-depleted monkeys. (D) Control monoclonal antibody-treated 
monkey. (A, B, and D, bottom panels) Mamu A*01/p11C, C-M tetramer-binding CTLs were assessed as 
described in the Fig. 3 legend in monkeys expressing the MHC class I allele MamuA*01. (A and B) CD8+ 

lymphocyte-depleted monkeys. (D) Control monoclonal antibody-treated monkey. 

versely related to the plasma viral RNA level 
observed before CD8+ lymphocyte depletion, 
suggesting that replication in some monkeys 
was being more efficiently suppressed by 
CD8+ lymphocytes than in other monkeys. The 
reappearance of CD8+ T cells in the cM-T807-
treated monkeys coincided precisely with a de­
crease in plasma viral RNA to levels seen be­
fore CD8+ lymphocyte depletion. Intravenous 
administration of protein, which has the poten­
tial to activate T cells, appeared to have no 
effect on viral replication because the monkey 
that received the control monoclonal antibody 
showed no change in plasma viral RNA (Fig. 
5D, top panel). Although unlikely, increased 
SIVmac replication due to T cell activation 
occurring as a consequence of cM-T807-medi-
ated destruction of CD8+ lymphocytes cannot 
be excluded. 

SIVmac Gag pllC, C-M-specific CTLs 
were enumerated in two monkeys treated with 
cM-T807 and in one monkey treated with the 
control antibody (Fig. 5, A, B, and D, bottom 
panels). Between 1 and 5% of peripheral blood 
CD8+ T cells bound the Mamu A*01/pllC, 
C-M tetramer in all monkeys before antibody 
treatment. After CD8+ lymphocyte depletion, 
the CD8+ T cells that reappeared contained 3-
and 18-fold increases in percentage of tetramer-
binding cells (Fig. 5, A and B, bottom panels). 
A similar phenomenon was observed in neu­
tralizing antibody titers. All three CD8+ lym­
phocyte-depleted animals also showed a 2- to 
15-fold rise in neutralizing antibody titers coin­
cident with the increase in viral replication 
(16). The control antibody-treated monkey had 
a stable viral load with no change in percentage 
of tetramer-binding cells (Fig. 5D, bottom pan­
el) or in neutralizing antibody titers (16). The 
increases in SIVmac-specific CTLs and neu­
tralizing antibody titers in cM-T807-treated 

monkeys were most likely induced by the brief 
increase of viral antigen. The sudden increase in 
these immune responses was reminiscent of 
that seen during primary SIVmac infection. 

These studies demonstrate that CD8 + 

lymphocytes play an important role in con­
trolling vims replication in both primary and 
chronic SIVmac infection of rhesus monkeys. 
During primary SIVmac infection, the ab­
sence of CD8+ lymphocytes resulted in un­
controlled viremia with a subsequent inability 
to generate neutralizing antibody responses 
and a rapid progression of disease. During 
chronic SIVmac infection, CD8+ lymphocyte 
depletion resulted in a transient burst of vire­
mia. These results show conclusively the im­
portance of cellular immunity in AIDS vims 
infections. Furthermore, they suggest that an 
effective HIV-1 vaccine should elicit strong 
cellular immune responses that might block a 
primaiy infection or modulate viral replica­
tion in the newly infected individuals. 
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