
and poison subunits of any functional ho- 
mologs. Alternatively, the ETRl protein 
may normally be active in the absence of 
ethylene and negatively regulate the re- 
sponse pathways. Binding of ethylene 
would inactivate the receptor, resulting in 
derepression of the response pathways. 
Mutant receptors that fail to bind ethyl- 
ene would be locked in the active state. 
suppressing the response pathways even 
when wild-type receptors were saturated 
with ethylene. If true, the latter model 
must be reconciled with the finding that 
Newer-ribe ( N r ) ,  a mutation in tomato that 
seems to be attributable to a lesion in a 
tomato homolog of ETRI, shows an in- 
crease in Nr mRNA abundance in tomato 
fruits as they become more sensitive to 
ethylene-induced ripening (18). 
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Identification of RANTES, MIP-la, and MIP-1 P as 
the Major HIV-Suppressive Factors produced by 

CD8+ T Cells 
Fiorenza Cocchi,* Anthony L. DeVico, Alfredo Garzino-Demo, 

Suresh K. Arya, Robert C. G a l l o , * ~ a o l o  Lusso$ 

Evidence suggests that CD8+ T lymphocytes are involved in the control of human im- 
munodeficiency virus (HIV) infection in vivo, either by cytolytic mechanisms or by the 
release of HIV-suppressive factors (HIV-SF). The chemokines RANTES, MIP-la, and 
MIP-Ip were identified as the major HIV-SF produced by CD8+ T cells. Two active 
proteins purified from the culture supernatant of an immortalized CD8+ T cell clone 
revealed sequence identity with human RANTES and MIP-la. RANTES, MIP-la, and 
MIP-I p were released by both immortalized and primary CD8+ T cells. HIV-SF activity 
produced by these cells was completely blocked by a combination of neutralizing anti- 
bodies against RANTES, MIP-la, and MIP-Ip. Recombinant human RANTES, MIP-la, 
and MIP-I p induced a dose-dependent inhibition of different strains of HIV-I, HIV-2, and 
simian immunodeficiency virus (SIV). These data may have relevance for the prevention 
and therapy of AIDS. 

A s  documented in several viral diseases 
( I ) ,  CD8+ T lymphocytes are believed to 
play a critical role in the containment of 
HIV infection, particularly during the phase 
of clinical latency and in long-term nonpro- 
gressors (2 ) .  Activated CD8+ T cells de- 
rived from the peripheral blood of HIV- 
infected individuals (3) ,  as well as from 
HIV- or SIV-infected nonhuman primates 
( 4 ) ,  secrete one or more soluble HIV-sup- 
pressive factors (HIV-SF) that may contrib- 
ute to the control of HIV infection in vivo 
(5). The nroduction of HIV-SF bv CD8' T ~, 

cells isolated in vitro correlates with the 
disease stage, showing a progressive decline 
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in parallel with the Increasing deterioration 
of the immune system (6). 

We established a sensitive test system for 
HIV-SF ( 7 ) ,  based on a CD4+ T cell clone 
(PMI) that has a broad susceptibility to 
macrophage-tropic and primary HIV-I iso- 
lates (8). The HIV-SF was tested on PM1 
cells acutely infected with HIV-I,,, (9), a 
macrophage-tropic isolate with biological 
properties resembling those of non-syncy- 
tia-lnducing primary isolates (8, 9). To 
identify a reproducible source of HIV-SF, 
we tested (i) three CD8+ T cell lines im- 
mortalized in vitro with human T cell leu- 
kemia/lymphotropic virus (HTLV) type I 
(CD8-UI, CD8-PI, and 67-I), (ii) one 
HTLV-I-negative CD8+ T cell line 
(PF382) and (iii) two CD4+ T cell lines, 
one immortalized with HTLV-I (MT-2) 
and the other with HTLV-I1 (Vev-11) (Ta- 
ble 1) (10). No effect was seen with the 
culture supernatant of PF382, which sup- 
presses the differentiation of bone-marrow 
precursor cells ( 1  1). By contrast, all three 
HTLV-ItCD8+ T cell lines produced ex- 
tracellular HIV-SF, albeit at different lev- 
els. Some HIV-SF activity was also detected 
in the culture supernatant of MT-2, where- 
as Vev-I1 had no s~gnificant effect. To ob- 
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tain an optimized source of HIV-SF, the 
two best-producer CD8+ T cell lines (67-1 
and CD8-UI) were cloned bv the limitine 
dilution technique, at 0.5 cells per well. 
Heterogeneity was observed among the 
clones (Table 1); one of the two clones with 
the highest HIV-SF activity (FC36.22) was 
selected for subsequent studies. 

Cell-free culture supernatant from 
FC36.22 was filtered through a 0.22-pm 
membrane and fractionated through a tan- 
eential flow filter and centrifueal concen- " 
trators (12). The concentrate displaying 
HIV-suppressive activity in the PMl/HIV- 
I,,, test was further fractionated by weak 
anion-exchange high-performance liquid 
chromatography (HPLC). Fractions con- 
taining high levels of HIV-SF were pooled 
and further purified by reversed-phase 
HPLC (12). Potent HIV-SF activity, in the 
absence of significant cytotoxic effects, was 
recovered in two separate fractions, each 
containing a single major protein peak (Fig. 
1). The persistence of the HIV-suppressive 
activity after reversed-phase HPLC at pH 
2.0 was consistent with previous reports 
that HIV-SF is acid-stable (5). Proteins 1 
and 2 were each subiected to oroteolvtic 
digestion, followed by sequencing of dis- 
tinct peptide fragments (three from protein 
1 and two from protein 2) (1 3). The amino 
acid sequences obtained from tryptic pep- 
tides of protein 1 (14) revealed identity 

with three different portions of human 
RANTES, an 8-kD polypeptide belonging 
to the C-C or P-chemokine subfamily (15). 
The sequences of tryptic peptides from pro- 
tein 2 (14) matched those of two different 
portions of human MIP-la, another 8-kD 
C-C chemokine that is highly related to 
RANTES (15). 

High concentrations of RANTES (139 
to 1624 ng/ml) and MIP-la (112 to 616 
ng/ml) were detected by specific enzyme 
immunoassay (EIA) in the culture superna- 
tants of all CD8+ clones tested and their 
parental cell line (Table 1). In contrast, the 
only cytokine produced at high levels by 
the MT-2 cell line was MIP-la (340 ng/ 
ml), as recently reported also for MT-4 
(1 6), another HTLV-I-immortalized CD4* 
T cell line. These results confirmed a pre- 
vious report demonstrating CD8+45RO+ T 
cells to be the most potent producers of 
RANTES among blood leukocytes (17). 
Because of the close similarity to MIP-la, 
we also tested the production of MIP-IP, a 
third member of the C-C chemokine sub- 
family (15). Moderate to high levels of 
MIP-1P were detected in all the culture 
supernatants tested (9 to 1 I2 nglml), except 
in MT-2 (Table 1). 

We next investigated the effects of spe- 
cific polyclonal goat immunoglobulin G 
(IgG) neutralizing antibodies (NAb) against 
these chemokines on the FC36.22-derived 

Table 1. Production of HIV-SF and C-C chemokines by CD4+ CD8+ cells; not tested. 

Extracellular releaset of: 
Cell type* 

(phenotype) 
Treatment HIV-SF RANTES MIP-la MIP-1 P 

(ED,,) (ng/ml) (ng/ml) (ng/ml) 

Cell lines 
PF-382 (CD8+) 
CD8-UI (CD8+) 
CD8-PI (CD8+) 
67-1 (CD8+) 
FC36.4 (CD8+) 
FC36.5 (CD8+) 
FC36.7 (CD8+) 
FC36.12 (CD8+) 
FC36.22 (CD8+) 
Vev-ll (CD4+) 
MT-2 (CD4+) 

Primary cells 
Normal PBMC 
CD8.Ptl 

CD8.Pt2 

CD8.Pt3 
CD8.Pt4 
CD8.Pt5 

None 
IL-2 
IL-2 
IL-2 
IL-2 
IL-2 
IL-2 
IL-2 
IL-2 
IL-2 

None 

OKT3 + IL-2 
None 

O R 3  + IL-2 
None 

O K 3  + IL-2 
O R 3  + IL-2 
O K 3  + IL-2 
OKT3 + IL-2 

'The FC36 series includes representative clones obtained by limiting dilution cloning of the 67-1 cell line, performed at 0.5 
cells per well in 96-well round-bottom microtiter plates, in the presence of exogenous IL-2. Purified patient CD8+ T cells 
(CD8.Pt) from asymptomatic HIV-infected people were cultured for 3 days at lo6 cells per milliliter in the presence or 
absence of OKT3 and mlL-2. Normal, unfractionated PBMC, obtained from a healthy blood donor, were stimulated in 
a similar fashion. PED,, = 95% effective dose [percent of culture supernatant (v/v) inducing suppression of HN-1 
p24 antigen release equal to or greater than 95%, compared to untreated controls]. Chemokine production was tested 
by specific EIA (R&D Systems) in cell-free culture supernatants collected at the stage of maximal cell confluence for cell 
lines and at day 3 after in vitro stimulation for primary cells. nt, not tested. 

HIV-SF activity. Nonimmune goat IgG, 
used as a control, had no effect. When the 
NAb were used alone, only anti-RANTES 
demonstrated a partial blocking activity. 
However, the combination of NAb against 
all three chemokines totally abrogated the 
HIV-suppressive effect of the FC36.22 cul- 
ture supernatant (Fig. 2A). Thus, the HIV- 
SF activity of clone FC36.22 cannot be as- 
cribed to the effect of a single chemokine, 
but rather to their combined action. 

Moderate to high levels of RANTES (6 
to 95 ng/ml), MIP-la (28 to 255 ng/ml), 
and MIP-1 P (37 to 191 nglml) were detect- 
ed in culture supernatants from activated 
CD8+ T cells of HIV-infected patients (Ta- 
ble 1) (18). Lower amounts of all three 
chemokines were produced by unfraction- 
ated peripheral blood mononuclear cells 
(PBMC), stimulated in the same fashion, 
from a normal donor. No significant levels 
of chemokines were produced by unstimu- 

;;I,, , b f l  

0 0 
Fractions tested 

Fig. 1. Reversed-phase HPLC profile and HIV- 
suppressive activity of two HIV-SF-containing 
fractions purified from serum-free culture super- 
natant of clone FC36.22. (A) Protein 1. (B) Protein 
2. The PMi/HIV-I,, system was used for 
screening the activity of the fractions tested at the 
concentration of 1 % (v/v). At this concentration, 
no cytotoxic effects were detected. Controls (at 
least four for each test) were cultured in complete 
culture medium without supplements. 
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lated cells from two of the patients. 
HIV-SF derived from CD8+ T cells of 

four patients tested (CD8.Pt1, 2, 3, and 5 )  
induced a dramatic inhibition of HIV in- 
fection (Fig. 2B). Pretreatment with the 
anti-RANTES NAb alone had only a lim- 
ited blocking effect (less than 20%) on 
CD8.Ptl and virtually no effect on 
CD8.Pt3. Similarly, anti-MIP-la or anti- 
MIP-1P NAb alone had no effects. How- 
ever, in three of the four patients tested, 
the combination of NAb to all three che- 
mokines completely blocked the HIV-SF 
activity; in the fourth case (CD8.Pt2), the 
activity was blocked by more than 80%. 
Thus, the HIV-SF activity produced by in 
vitro-activated CD8+ T cells of HIV-in- 
fected patients is mostly, if not exclusive- 
ly, a result of the combined effects of 
RANTES, MIP-la, and MIP-1P. 

The HIV-suppressive effect of C-C 
chemokines was further investigated with 
recombinant human (rh) proteins, pro- 

Fig. 2. Neutralization of the  
HIV-SF activity produced 
by clone FC36.22 (A) or by 
activated CD8+ T cells from 
HIV-infected patients (B) af- 
ter pretreatment with poly- 
clonal goat IgG NAb 
against RANTES, MIP-l a, 
and MIP-1 P. The PMl/HIV- 
1 ,,,test system was used. 
The neutralization test was 
performed by incubating 
the HIV-SF-containing cul- 
ture supematants with the 
NAb, alone or in wmbina- 
tion, for 30 min at room tem- 
perature. Control, untreated 
culture supernatants were 
handled in parallel and kept 
for 30 min at room tempera- 
ture. Further controls includ- 
ed cells treated only with the 
NAb at the same doses and 
combinations as those used 
in the neutralization tests. 
Anti-RANTES, anti-MIP-la, 
and anti-MIP-1 P NAb (R&D 

duced in Escherichia coli. A dose-depen- 
dent inhibition of the extracellular release 
of HIV-1 p24 antigen was observed in the 
PMl/HIV-I,,, system with rhRANTES, 
rhMIP-la, or rhMIP-1P, but not with 
rhMCP-1, a related C-C chemokine (Fig. 
3). RANTES was the most effective inhib- 
itor, with the dose inducing 295% sup- 
pression of HIV p24 release (ED,,) be- 
tween 3.12 and 6.25 ng/ml; MIP-la and 
MIP-1P showed ED9, values of 12.5 to 
25.0 and 6.25 to 12.5 nglml, respectively. 
The cellular viability was markedly higher 
in cultures treated with effective doses of 
the chemokines, compared to untreated 
controls ( 1  9). Consistent with previous 
observations with crude HIV-SF ( 5 ) ,  the 
expression of HIV-1 RNA was totally sup- 
pressed by treatment of infected PM1 cells 
with either RANTES (20 ng/ml), MIP-la 
(100 ng/ml), or MIP-1P (50 ng/ml) (20). 

We then analyzed the effects of the che- 
mokines on different HIV-1 strains grown 

Control 

HIV-1 p24 release (%of control) 

Systems) were used at Patient HIV-SF +Anti-MIP-la 
200,50, and 100 kg/ml, re- +Anti-RANTES I +Anti-MIP-1 p +Anti-MIP-la 
spectively, both when used tAnt tMIP-1 p 
alone and in combination. 
The IgG fraction purified 
from a nonimmune goat se- 100 

rum (normal GS) was used E 
as a control at 200 pg/rnl. 80 

Subsequently, both treated g 
and untreated supema- 60 
tants were added to infect- 
ed PM1 cells in 48-well 

40 plates. The proportion of 
patient CD8+ T cell culture 2 
supematant used was 20% 20 
(v/v) for patient 1, 40% for 
patient 3, and 75% for pa- 0 
tients 2 and 5. CD8.ptl CD8.Pt3 CD8 Pr2 CD3 Pt5 

in primary PBMC that had been activated 
in vitro with phytohemagglutinin (PHA) 
(21). Two primary isolates (HIV-1573 and 
HIV- 1 hL), never previously passaged in 
continuous cell lines, and two laboratory 
isolates (HIV-I,,,, and HIV-lMN), grown in 
the CD4+ T cell line H9, were tested. 
Treatment with rhRANTES, rhMIP-la, or 
rhMIP-1P induced a dose-dependent inhi- 
bition of infection by HIV-1,7,, HIV-I,,, 
and HIV-I,,, albeit with different ED95 
values, whereas HIV-l,,,, was virtually in- 
sensitive (Fig. 4A). Similar results were ob- 
tained with culture supernatant of clone 
FC36.22 (19). The ED,, of the three che- 
mokines in primary PBMC was higher than 
in the PMl/HIV-l,, system. This phe- 
nomenon was not dependent on the viral 
strain used. 

The rhRANTES, rhMIP-la, and rhMIP- 
l p  induced a dose-dependent inhibition of 
infection by two HIV-2 and two SIV isolates 
in primary human PBMC (Fig. 4B) (22). 
Similar results were obtained with the 
FC36.22 culture supernatant (19). Neither 
the C-C chemokines nor the FC36.22 super- 
natant were able, at the doses tested, to 
inhibit infection by herpesviruses, either hu- 
man herpesvirus (HHV)-6 subgroup A 
(strain GS), HHV-6 subgroup B (strain 
Z29), or HHV-7 (strain AL), in human cord 
blood mononuclear cells (23). Similarly, the 
level of replication of HTLV-I was not af- 
fected by treatment with either rhRANTES 
or the FC36.22 culture supernatant (24). 
Although these results would suggest a spec- 
ificity for lentiviruses, a wider panel of virus- 
es and primary patient isolates should be 
tested. 

To rule out that the antiviral activity of 
RANTES, MIP-la, and MIP-1P could be 
due to a negative effect on cellular prolifer- 
ation, we tested the proliferative response of 
primary human PBMC to stimulation with 
either PHA or monoclonal antibody OKT3 
in the presence or absence of these chemo- 
kines (25). Only MIP-la exerted a dose- 
dependent inhibitory effect, albeit very lim- 
ited, on [SH]thymidine incorporation in- 
duced by OKT3 (24.4, 14.1, and 2.0% in- 
hibition at 500, 100, and 20 nglml, 
respectively), while having no effect on 
PHA-stimulated cells. All the other chemo- 
kine-treated cultures displayed values of 
[3H]thymidine incorporation between 87 
and 105% of the control. None of the che- 
mokines, at the doses used, had stimulatory 
effects on resting cells. 

This study demonstrates that chemo- 
kines can mediate antiviral effects and 
identifies RANTES, MIP-la, and MIP-1P 
as the major HIV-SF produced by CD8+ T 
cells. We found that higher concentrations 
of all three chemokines were required to 
inhibit HIV in PBMC than in the PM1 cell 
system. For example, the ED,, for RANTES 
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against HIV-lB,L was between 3.12 and 
6.25 ng/ml in PM1 and between 50 and 200 
ng/inl in PBMC. However, many of the 
biological activities of RANTES (in terms 
of Ca2+ influx, che~notactic responses, ba- 
s o ~ h i l  and eosino~hil  activation, and T cell 
signaling) have been found between 40 and 
8000 ng/ml (26). Similarly, several physio- 
logical effects of MIP-la and MIP-1P, in- 
cluding CaZ+ influx, chemotaxis, enhanc- 
ing and suppressive effects on bone inarrow 
progenitor cells, and eosinophil activation, 
occur in the dose-range between 10 and 
1000 ng/inl (26, 27). The experimental 
conditions used in our PBMC tests (syn- 
chronous ~olvclonal activation with a 

L ,  

strong plant-derived rnitogen and acute in- 
fection with exogenous HIV at relatively 
high multiplicity) are the most difficult for 

the evaluation of inhibitory factors and are 
of unlikely physiological relevance. More- 
over, the documented propensity of C-C 
chemokines to forin large aggregates at 
physiological pH rnay significantly reduce 
the bio-available levels of these peptides, 
complicating the interpretation of efficacy 
studies (15). 

Chemokines are actively produced at 
sites of infla~n~natory processes and exert 
proinflarninatory effects (15). Chemo- 
kine-mediated control of HIV rnay occur 
either directly, through their inherent an- 
ti-lentiretroviral activity, or indirectly, 
through their ability to chemoattract T 
cells and rnonocytes in proximity of the 
infection foci. However, this latter mech- 
anisin may also have the opposite effect of 
providing new, ~~ninfec ted  targets for HIV 

Fig. 3. Dose-dependent in- 100-  
hibition of HIV-1 ,,, infec- 
tion in PMI cells by recom- 
binant human C-C chemo - 

kines. The cells were infect- 
ed with HlV-1 and then RANTES 
cultured in the presence of 60 - A MIP-la 
serial dilutions of each che- 
moklne (all from R&D Sys- 
tems) in 250 F I  of complete 40 - 
culture medlum. After 3 g 
days, 250 F I  of fresh culture ,- 
medium, containing the ap- 2 20- 
propriate amount of the re- 
spective chemokine, were 
added to each culture. The 0 
level of HlV-1 replication 0.5 5 50 500 
was tested at days 5 to 7 Chemokine concentration (nglml) . , 
after infectlon by p24 anti- 
gen capture on cell-free culture supernatants. 

Fig. 4. Effect of rhRANTES, 
rhMIP-la, and rhMlP-1 R Z A 

O RANTES L?, MIP-la MiP-lp - 
on infection by HIV-1 iso- = H1v-l 1116 

R lates (A) or HIV-2 and SIV loo  

lsolates (B) in activated hu- g 80 
man PBMC. HIV-I,,, IS a g 60 

prlmary Isolate grown ex- 2 40 

elusively ~n primary PBMC 20 

(for less than f~ve passages 2 
in vitro); HIV-I ,,,was pas- 2 
saged several times exclu- = 
sively in prlmary adherent =. B 
macrophage cultures de- 
rived from adult peripheral 
blood; HIV-I,, and HIV- 
1 are long-term labora- 
tory-passaged ~solates, 
grown in H9 cells. HIV- 
2,,, and HIV-2,, were 
grown In the continuous 
CD4+ T cell llne SupT1. 
The two SIV lsolates Chemokine concentration (nglml) 

(SIVlvin313 and SIVM",,,) 
were dlrectlv obtained from in vitro-activated monkev PBMC cocultivated with human PBMC. The HIV-1 
and SIV viral stocks were previously tested for their content of retroviral core antigen and used at 0.25 to 
1 ng of p24 (for HIV-I) or p27 (for SIV) per 10" cells. The HIV-2 viral stocks were tested for reverse 
transcriptase (RT) activity and used at 4000 RT counts per 1 O6 cells. V~ral replication was tested by antigen 
capture ELlSA on cell-free culture supernatants collected 4 to 9 days after infectlon. 

infection. Clinical studies on the produc- 
tion of RANTES, MIP- la ,  and MIP-1P in 
vivo will be critical to define their role in 
the natural history of HIV infection. In 
particular, it will be important to deter- 
mine whether high levels of these chemo- " 
kines are associated with a delayed pro- 
gression of HIV disease. Chemokine levels 
may also provide a reliable correlate of 
protection in monkeys treated with exper- 
imental vaccines (28). In addition. it is . , 

possible that some of the known difficul- 
ties with neutralizing antibody assays for 
HIV are due to the variable amounts of 
these chemokines in different human sera. 
Finallv, the identification of the HIV- , . 
suppressive chemokines may open new 
perspectives for the development of effec- 
tive therapeutic approaches to AIDS. 

Note added in proof: We recently ob- 
tained the amino acid seauence analvsis of 
a third protein peak that we have purified 
from the culture supernatant of clone 
FC36.22 and found it to exactlv match the 
published protein sequence of human 
MIP-1P. 
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