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Abstract

The loss of T helper cell (TH) function in asymptomatic HIV

type 1-infected individuals occurs before the decline in CD4+ T
cells. At least part of the loss in TH function results from
changes in immunoregulatory cytokine profiles. To investigate
the role of IL-10 in such dysregulation, we tested whether: (a)

expression of IL-10-specific mRNA would be upregulated in
PBMC from asymptomatic, HIV-infected (HIV +) individuals;
(b) PBMC from these same individuals would produce in-

creased levels of IL-10 when stimulated in vitro with phytohem-
agglutinin; and (c) defective antigen-specific TH function could
be restored by anti-IL-10 antibody. We observed that
IL-10-specific mRNA was marginally upregulated, and in-

creased levels of IL-10 were produced by PBMC from HIV +

individuals compared with PBMC from uninfected individuals.
Those individuals whose TH function was more severely com-

promised produced higher levels of IL-10. Additionally, defec-
tive antigen-specific TH function in vitro could be reversed by
anti-IL-10 antibody, including the response to HIV envelope

synthetic peptides. Furthermore, the antigen-specific TH re-

sponses of HIV-uninfected PBMC could be reduced with IL-

10, a process reversed by anti-IL-10. These results confirm
that the early loss ofTH function in HIV + individuals is due at

least in part to cytokine-induced immune dysregulation, and

support the hypothesis of a switch from a predominant type 1

state to a predominant type 2 condition in HIV infection. (J.
Clin. Invest. 1994. 93:768-775.) Key words: cytokines * inter-
leukin-2 * interleukin-10 * human immunodeficiency virus in-

fection * T lymphocytes

Introduction

The most dramatic effect of infection with HIV type 1 on the
immune system is the severe depletion ofCD4+ T cells. How-

ever, other less obvious effects have been reported that affect
immunity, particularly T cell function (1-5). Thus, PBMC
from HIV-infected, asymptomatic (HIV +) 1 individuals can ex-
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hibit defects of in vitro antigen- or mitogen-stimulated prolifer-
ation or IL-2 production (4), despite adequate numbers of
CD4+ T cells. We have studied more than 1,000 HIV + individ-
uals, many ofwhom have been followed longitudinally for up
to 5 yr (4, 6, 7). Among HIV + individuals with CD4' T cell
counts ranging between 400 and 800, we observed four pat-
terns ofT helper cell (TH) dysfunction, based on the ability of
their PBMC to respond by IL-2 production or proliferation to a

panel of stimuli and independent of the number of CD4' T

cells (4). These stimuli included: (a) the recall antigens
(REC), influenza A virus (FLU), tetanus toxoid, and HIV

envelope synthetic peptides (env peptides) (8); (b) HLA-dis-
parate PBMC (ALLO); and (c) PHA. The four observed pat-
terns and their frequencies were: (1) REC+/ALLO+/
PHA+([+/+/+]) (36%); (2) REC-/ALLO+/PHA+([-/
+/+]) (41%); (3) REC-/ALLO-/PHA+([-/-/+])
(11%); and (4) REC-/ALLO-/PHA-([-/-/-]) (12%).
These four TH response patterns were sequential and progres-
sive in the order of 1 to 4. The loss of in vitro TH function was
associated with a more rapid decline in CD4 count (6), progres-
sion to AIDS diagnosis, and progression to death (7).

We recently reported that the selective loss of ability to

produce IL-2 in response to REC (a memory T cell response)
([- / + / + ]) was associated with an increase in IL-4 production
(9). We found that the in vitro production of IL-2 in response

to FLU, but not to env peptides, could be reconstituted by
addition of anti-IL-4 antibody to the cultures (9). This is con-
sistent with the demonstration in humans (10, 11) and mice
(Powrie, F., D. Menon, and R. L. Coffman, manuscript sub-

mitted for publication) that IL-4 is an important component of
the inhibition of TH 1 responses by TH2 cells. We also ob-
served that the next sequential stage ofTH dysfunction charac-

terized by [ - / - / + ] was associated with loss of IL-2 produc-
tion in response to REC and ALLO, and of IL-4 production in

response to PHA (9). This latter observation raised the possibil-
ity that another cross-regulatory cytokine is involved in the

suppression of TH responses assessed by IL-2 production and

proliferation. Because IL-10 has been demonstrated to have

appreciable T cell inhibitory activity, particularly on TH 1 cells

in mice and humans ( 13-20), we studied the possible role of
IL-10 in the more functionally advanced stages of HIV infec-
tion. We demonstrate in the present report that the expression
of IL-10-specific mRNA and the production of PHA-stimu-
lated IL- 10 are increased in HIV + individuals, and that those

individuals whose TH function was most severely compro-
mised (assessed by proliferation and IL-2 production) pro-
duced proportionally higher levels of IL- IO. We also show that

neutralization of endogenous IL-10 can restore IL-2 produc-
tion in response to recall antigens, including the TH response
to HIV env peptides. Finally, we verify the inhibitory properties
of IL-10 in our system by demonstrating that IL-10 can abro-
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gate or reduce the in vitro response ofPBMC from HIV-unin-
fected (HIV -) individuals, and that anti-IL-10 antibody can
reverse this process. These findings are discussed in the context
of the hypothesis that a type 1-to-type 2 functional switch oc-
curs in asymptomatic HIV + individuals as they progress to-
ward AIDS.

Methods

Patient and control blood. The HIV + individuals were from Wilford
Hall, Lackland Air Force Base, San Antonio, TX. HIV - control do-
nors were obtained from Wilford Hall and the Transfusion Depart-
ment, National Institutes of Health. The blood samples were collected
under protocols approved by both institutions. Whole blood was col-
lected in vacutainer tubes containing preservative-free heparin (Becton
Dickinson & Co., Mountain View, CA). PBMC were separated on
lymphocyte separation medium (Organon Teknika, Rockville, MD),
were washed twice in PBS, and the number of viable leukocytes was
determined by trypan blue exclusion and hemocytometer. The cells
were resuspended at 3 X 106 cells/ml in RPMI 1640 (Gibco Laborato-
ries, Grand Island, NY) containing 100 U/ml penicillin and 2 mM
glutamine.

Detection ofIL-1O mRNA. Quantitation of IL-10 mRNA expres-
sion was done as follows. Relative quantities ofmRNA for IL-10 and
hypoxanthine guanine ribosyl transferase as a control were assessed by
a quantitative reverse transcriptase-PCR protocol as described previ-
ously (9, 21). Briefly, total cellular RNA was isolated from PBL of
HIV + individuals either unstimulated or stimulated with PHA for 6 h
by lysis of the cells with an RNA solvent (RNAzol; Tel Test, Inc.,
Friendswood, TX). 1 ug of RNA was reverse transcribed (RT) and
then was amplified (thermus aquaticus DNA polymerase; Promega
Corp., Madison, WI). A 1:8 dilution ofeach cDNA was prepared, and
10 ,l was used in the PCR. PCR products were run on a 1% agarose gel
and were transferred to a nylon membrane (Hybond N+; Amersham
International, Buckinghamshire, UK). Southern blots were hybridized
with internal cytokine-specific oligonucleotide probes labeled by an
enhanced chemoluminescence system (ECL; Amersham Interna-
tional). Light output was detected on Hyperfilm-ECL, was analyzed on
a scanner (model 600ZS; Microtek International, Torrance, CA) cali-
brated with a densitometric step tablet (Eastman Kodak, Rochester,
NY), and was adjusted relative to the corresponding hypoxanthine
guanine ribosyl transferase signal when necessary to normalize for
RNA levels used in the RT reaction. The amount ofPCR product was
determined by comparison of signal density with that of standard
curves generated from simultaneously amplified serial twofold
dilutions of RT product from samples with high amounts of IL-10
mRNA. Primer and probe sequences for IL-10 were as described pre-
viously (22).

IL-2 production and proliferation. The ability ofPBMC to produce
antigen-induced IL-2 or to proliferate was determined by culturing the
PBMC at 37°C in a moist, 7% CO2 atmosphere. PBMC were either
unstimulated or were stimulated with: FLU (A/Bangkok RX73
H3N2) (1:500 concentration); 2 x 105/well 50-Gy irradiated alloge-
neic PBMC from unrelated HIV - donors (ALLO); PHA diluted 1:100
(Gibco Laboratories); or a pool of five synthetic peptides (2.5 MM final
concentration) from env peptides of HIV-l (T1, T2, Th4. 1, P1 8IIIB,
P18MN) previously shown to be recognized by T lymphocytes from
asymptomatic HIV+ individuals and recombinant gpl 60-vaccinated
volunteers (8, 23-26). For IL-2 production, 3 X 105 PBMC were cul-
tured in 96-well, flat-bottomed culture plates (Costar Corp., Cam-
bridge, MA) for 7 d in the presence of 2 Mg/ml ofthe human anti-IL-2
receptor antibody anti-Tac to prevent IL-2 consumption by the stimu-
lated cells (27) (provided by Dr. John Hakimi, Hoffman-La Roche,
Nutley, NJ). For IL-2 production, culture supernatants were frozen
and stored at -200C until assayed for IL-2 content. The IL-2 assays
consisted ofculturing 8 x I03 ofthe IL-2-dependent CTLL cell line per
well in 96-well, flat-bottomed microtiter plates, in the presence of four

twofold dilutions of unstimulated or antigen-stimulated culture super-
natants as described previously (4). 24 h later, the cultures were pulsed
with 1 MCi of [3H]thymidine and were harvested after 18 h using a

96-well cell harvester (Tomtec, Orange, CT). 3H determinations were

made using a beta-plate spectrometer (Pharmacia LKB Biotechnology
Inc., Piscataway, NJ).

In the assays in which augmentation of defective FLU-, ALLO-,
PHA-, or env peptides-stimulated proliferation of HIV + PBMC was

induced by anti-IL- 0, anti-IL-4, or anti-IL- 0 plus anti-IL-4 antibod-
ies, PBMC were stimulated for 5 d in the absence or in the presence of 5

Ag/ml anti-IL-10 (JES3-19F1; DNAX, Palo Alto, CA), 5 gg/ml anti-
IL-4 (MP4-25D2; DNAX), or 5 Ag/ml anti-IL-10 plus 5 pg/ml anti-
IL-4 antibodies; arkti-TGF-3 antibody (R&D Systems, Inc., Minneapo-
lis, MN) (5 Ag/ml) was used as a control.

For experiments in which cytokine-mediated suppression of TH
function was attempted, PBMC from HIV - controls were preincu-
bated for 3 h with human IL-4 (hIL-4; DNAX) (final concentration 5
ng/ml), hIL-10 (DNAX) (final concentration 5 ng/ml), or recombi-
nant gpl20 (rgp120 IIIB strain; American Bio-Technologies Inc.,
Cambridge, MA) (final concentration 4 pg/ml) before stimulation
with FLU, ALLO, or PHA. To restore TH function suppressed in this
manner, PBMC from HIV - controls preincubated with hIL-4, hIL- 10,
or rgp 120 were stimulated with antigens in medium alone or in me-

dium containing an anti-IL-4 (MP4-25D2) (DNAX) or an anti-IL-O0
(JES3-19F1; DNAX) antibody (final concentration for both antibod-
ies of 5 Ag/ml).

IL-10 production. The ability of PBMC samples to produce mito-
gen-induced IL-0 was determined by culturing 3 x 106 PBMC/well in
a 24-well LINBRO plate (Flow Laboratories, Inc., McLean, VA) at
37°C in a moist, 7% CO2 atmosphere. PBMC were stimulated with
PHA diluted 1:100 (Gibco Laboratories). The culture media consisted
of RPMI 1640 (Gibco Laboratories). Supernatants were harvested
after 48 h of culture, and were frozen and stored at -20°C until assayed
for IL- 10 content. The supernatants were harvested after 48 h as it has
been previously shown that this is the optimal time for detection of
IL-10 produced by human PBMC stimulated with PHA (25). The
amount of IL-10 present in the supernatants was determined using a

two-step ELISA (28). Briefly, Immulon plates (Dynatech Laboratories
Inc., Chantilly, VA) were coated overnight at 4°C with 100 ,l/well of
the antibody JE53-9D7 (DNAX) (final concentration 5, g/ml). Plates
were washed five times in PBS-Tween. The plates were blocked with
150 Al of 10% FCS in PBS incubated at 37°C for 1 h and then were

washed five times with PBS-Tween. Supernatants were diluted through
three serial dilutions (1:2-1:8) in PBS-Tween, which contained the
4-hydroxy-3-iodo-5-nitrophenylacetic acid (NIP)-conjugated anti-
IL-10 antibody NIP-JES3-12G8 (DNAX) (final concentration 0.5 Mg/
ml) as well as the rat IgG antibodies GL 113 (IgGl) and GL 117
(IgG2) (1:50 dilution) to inhibit rheumatoid factor activity. A 100-M1
aliquot of each sample was added to each well and was incubated at
37°C for 1 h, and a standard for IL-10 was run concurrently. Plates
were washed with PBS-Tween five times. Horseradish peroxidase anti-
IL-10-conjugated antibody (J4-HRP) was diluted 1:3,000 in PBS, and
100 Ml was added to each well and incubated for 1 h at 37°C. Plates
were again washed with PBS-Tween. 2,2'-Azinobis (3-ethyl benzthia-
zoline sulfonic acid) was diluted 1:1 with H202 (Kirkegaard & Perry
Laboratories, Inc., Gaithersburg, MD), and 100 Ml of this mixture was

added to each well. Plates were developed for 15 min and then were
read in an ELISA reader (Molecular Devices Corp., Menlo Park, CA)
at a wavelength of 405 A. Values for IL-10 were calculated from a

standard curve of recombinant human IL- 10.
T cell phenotyping. Peripheral blood from HIV + individuals was

consistently drawn between 7:00 and 9:00 a.m. daily by venipuncture
into tubes containing K3 EDTA to minimize the effect of diurnal varia-
tion on CD4+ T cell measurements. Labeling with fluorochrome-con-
jugated monoclonal antibodies against CD3 (T3), CDl9 (B4), CD56
(NKH-1), CD4 (T4-FITC), CD8 (TD8-FITC), CD4 and CD29 (4B4-
PE), CD4 and CD45R (22H4-PE), CD4 and DR (I2 /13), and CD8 and
DR (Coulter Immunology, Hialeah, FL) was performed by taking 100
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Figure 1. Mean value of PHA-stimulated IL-10 production (pico-
grams per milliliter) by PBMC from HIV - healthy controls (HC) (n
= 11), or from HIV + individuals whose TH functional patterns were:

[+/+1+] (n = 22); [-/+/+] (n = 28); [-/-/+] (n = 5); and
[-/-/- J (n = 6). The bars indicate standard errors.

,ul of a whole blood sample for each surface marker to be identified and
by incubating it with 10 *d ofthe corresponding monoclonal antibody.
Samples were mixed, were incubated at room temperature for 30 min,
and then were processed in an immunology work station (Q-prep;
Coulter Immunology). Flow cytometry was performed with a flow
cytometer (Epics; Coulter Immunology), as described previously (29).
All specimens were processed in tandem with both a fresh whole blood
specimen and a cryopreserved lymphocyte preparation from HIV-
donors.

Results

Analysis ofIL-JO mRNA expression and IL-10 production by
PBMCfrom HIV+ individuals. To demonstrate that IL-10 is
increased in HIV + individuals, we assessed the relative levels of
IL-IO mRNA expression induced by stimulation with PHA. A
low constitutive level of IL-10 mRNA expression was detect-
able in samples from both the HIV - healthy controls and
HIV + individuals. Upon stimulation with PHA, the [- / + / +
and - / -/+; -/- / - ] HIV + TH functional categories pro-
duced an average twofold more IL- 10 mRNA than the control
group (data not shown).

We also stimulated PBMC in vitro with PHA to test
whether IL- 10 produced by HIV + individuals who exhibit TH
defects by IL-2 production is increased compared with that
produced by HIV - healthy control donors. Because fewer indi-
viduals were found who show the most severe defects of TH
dysfunction [-/-/+ and -/-1- (4), data from the [-/-/
+ ] and the [- /- / -] patients were combined. PBMC from 1 1
HIV - healthy controls and 61 HIV + individuals were charac-
terized by TH function as follows: 22 [+/+/+]; 28 [-/+/+];
5 [-/-/+]; and 6 [-/-/-]. The mean amount of IL-10
produced by each of the groups was: HIV - controls, 275 pg/
ml; [+/+/+], 408 pg/ml (HIV- controls vs [+/+/+], not
significant by two-tailed Student's t test); [-/ +/ +1, 546 pg/
ml (HIV- controls vs [-/+/+], P > 0.001); [-/-/+] and
[- / -], 619 pg/ml (HIV - controls vs [-I -/ +] and [-I - /
-], F> 0.02). These results are summarized in Fig. 1. All of
the HIV + TH functional categories produced more IL- 10 than
the HIV - healthy control group. There was a gradual increase
in IL- IO production with increasing severity ofTH defects de-
fined by absence of IL-2 production, with the most severely
impaired categories ([- /- / + ] and [ - /- / - ]) showing a

slightly greater than twofold increase in IL-10 above the con-
trol group. No correlation was observed between IL- 10 produc-
tion and the clinical stage ofthe patients. To further investigate
whether a correlation could be established between IL- 10 pro-
duction and changes in lymphocyte subpopulations, we ana-
lyzed the PBMC of all 61 HIV + individuals that were function-
ally characterized by FACS® techniques using a panel of CD
markers. As shown in Table I, no correlation was seen between
any ofthe CD markers and IL- IO production, although a trend
toward a lower percentage ofCD4+ lymphocytes and a higher
percentage of CD 19 + lymphocytes was seen in the [-/-/+
and - /- /- ] subset of patients.

Restoration ofTHfiunction in HIV+ individuals with anti-
IL-JIO. The above results demonstrate an increase in IL- 0 pro-
duction in HIV + individuals who exhibit defects in prolifera-
tion and production of IL-2 in response to one or more stimuli.
We also tested whether the defective TH function of HIV +
individuals could be increased in vitro by stimulating their
PBMC in the presence of anti-IL-O0, anti-IL-4, or anti-IL-O0
plus anti-IL-4. The proliferative responses of four HIV + indi-
viduals are shown in Fig. 2. In two examples, reduced but posi-
tive FLU responses were elevated three- to eightfold (Fig. 2, A
vs. B and E vs. F). In the third example, a 10-fold improve-
ment in the FLU-stimulated proliferative response resulted in
the conversion ofa [ - /+ / + ] proliferative response to a [+ /+ /

Table I. Cytokine Production and Phenotypic Markers ofPBMCfrom 61 HIV+ Individuals

IL-2 functional status IL-10 CD4 CD3 CD4 CD8 CD19 CD56 CD4/DR CD8/DR

pg/ml per mm-3 % % %

+/+/+ 408* 517* 81.2 28.3 51.7 10.5 12.7 5.5 20.6
(n = 22) (127-802)§ (57.6-93.7) (12.0-44.1) (41.7-71.4) (2.6-24.2) (2.9-27.4) (2.3-11.1) (8.9-49.8)

-/+/+ 546 421 82.1 25.4 57.8 10.2 11.7 4.2 22.7
(n = 28) (162-845) (65.9-91.4) (6.8-40.5) (40.7-70.4) (5.5-31.7) (3.2-27.2) (1.8-10.9) (7.2-43.1)

-/-/+ and -/-/- 619 333 74.5 18.8 62.3 16.6 12.5 2.9 24.6
(n= 11) (15-583) (28.8-85.2) (3.9-38.9) (31.2-81.5) (3.5-43.1) (4.5-28.6) (1.7-9.3) (3.7-54.6)

* Mean value (picograms/per milliliter). * Median value. 4 Range.
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Figure 2. Proliferative responses of PBMC from four HIV + individ-

uals either unstimulated (a), or stimulated with FLU (o), ALLO

(r), or PHA (m). The left and right columns indicate responses in

the absence or presence of 5 ug/ml anti-IL-IO antibody, respectively.
Anti-TGF-3 antibody was used as control and did not have an effect

on T cell proliferation.

+ I response (Fig. 2, C vs. D). Finally, a [- / - /+ ] response was
converted to [+ / + / +] by a > 10-fold improvement in FLU-
and ALLO-stimulated proliferative responses (Fig. 2, G vs. H).

Improved proliferative responses by anti-IL-10 antibody
(greater than or equal to fourfold above basal response) were

observed in the majority (38/57; 67%) of the HIV+ individ-

uals tested. Similar results were obtained with anti-IL-4 anti-

body and with the combination anti-IL-10 plus anti-IL-4

(data not shown). Anti-TGF-f antibody was used as a nega-

tive control and had no effect on T cell proliferation (data
not shown). The addition of anti-IL-10 antibody to FLU-,
ALLO-, or PHA-stimulated PBMC of HIV - control did not

result in changes of the proliferative response (data not

shown). Thus, anti-IL- 10 can selectively enhance the prolifera-
tive responses to recall or alloantigens in the majority of TH

functionally defective HIV + individuals.
A major objective ofimmune-based therapy in AIDS is the

restoration or enhancement of HIV-specific immunity. Be-

cause anti-IL-10 elevated proliferative responses to FLU, we

tested whether anti-IL- 10 would elevate HIV-specific prolifera-
tive responses ofHIV + individuals. PBMC from HIV + individ-
uals and HIV - control donors were stimulated with env pep-
tides in the absence of antibodies or in the presence of anti-IL-

10, anti-IL-4, or anti-IL-10 plus anti-IL-4. The results from

representative experiments (Fig. 3) indicate that peptide-spe-
cific proliferation by PBMC from all seven ofthe HIV + individ-
uals tested was increased 3-10-fold by anti-IL- 10 but not by
anti-IL-4 antibodies. In contrast, env peptides-specific prolifer-

1

600

, 775
0

E
z
C 959
0

' 1030

0

o 1081

1178

HC

I

o 10000 20000 30000 40000 50000 60000

3H Thymidine Incorporation (CPM)

Figure 3. Proliferative responses of PBMC from seven HIV + individ-

uals and one HIV - individual (HG) stimulated with a pool of the

HIV env peptides T 1, T2, Th4. 1, and P1 8 IIIB and P1 8MN. The cul-

tures were stimulated in the absence (o) or presence of 5 jig/ml

anti-IL-lO (v) or of 5 ,g/ml anti-IL-4 (m) antibodies. The numbers
indicated are the individuals' identification numbers. The medium
alone controls for each patient, which did not exceed 1,000 cpm, were

subtracted from the stimulated cultures.
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Figure 4. Effect of different concentrations of IL-10 on in vitro sup-
pression ofFLU- (o, e), ALLO- (a, v), and PHA- (a, *) stimulated
T cell proliferation. Open symbols and solid lines indicate responses
by PBMC from a representative HIV - individual. Closed symbols
and dashed lines indicate responses by PBMC from a representative
HIV + individual. Four different titration experiments were per-
formed with similar results.

ation by PBMC from the HIV - control was not increased and
remained within the unstimulated culture range. Finally, anti-
IL-10 antibody did not enhance the proliferative response to
the control nonimmunogenic env peptide P23 (30) (data not
shown). It should be noted that PBMC from two of these
HIV+ individuals (959 and 1030) were unresponsive to the
peptides (compared with unstimulated controls), but became
responsive in the presence of anti-IL-10. Similar results were
obtained by IL-2 production (data not shown). The combina-
tion anti-IL-10 plus anti-IL-4 was also effective in restoring
env-specific TH function (data not shown). Thus, anti-IL-10
but not anti-IL-4 can restore the HIV-specific T cell prolifera-
tive response ofPBMC in the majority ( 15 / 24; 63%) ofHIV +
individuals.

Inhibition of TH function with IL-JO. The above results
suggest that increased production of IL-10 by PBMC from
HIV + individuals contributed to the TH dysregulation and
resulted in reduced IL-2 production and proliferation to env

105
A B

0

10i4 - -Med
-L -0--FLU
1.4 -- iALLO

--PHA
-J

Supernatant Dilutions

peptides, REC, and ALLO. To test the in vitro immunosuppres-
sive potential of IL-10, two types of experiments were per-
formed. First, IL-I 0 titration curves were generated for the sup-
pression of FLU-, ALLO-, and PHA-stimulated proliferative
responses by PBMC from HIV - controls and HIV + [+ / + /+ ]
donors. As shown in Fig. 4, 600 pg/ml of IL-10 reduced the
FLU and ALLO response to 15-50% of the normal response.
Of notice, these levels of IL-10 are comparable with those pro-
duced by the [-I - / + and - /-/ - I HIV + individuals shown
in Fig. 1. PBMC from the HIV + individuals may have been
more sensitive to the suppressive effects of IL-10 than PBMC
from the HIV - donors. Second, PBMC from healthy, HIV -

control donors were stimulated with FLU, ALLO, and PHA,
and the IL-2 generated in the culture supernatants was assessed
(Fig. 5 A). Parallel cultures of these PBMC were stimulated:
(a) without IL- 0 or antibody; (b) in the presence of IL-I 0 to

determine whether IL-10 would suppress IL-2 production (Fig.
5 B); (c) in the presence of IL-10 plus anti-IL-10 antibody to
determine whether the suppressive effects of IL-10 would be
reversed by anti-IL-10 (Fig. 5 C); and (d) in the presence of
IL-10 plus anti-IL-4 to determine whether IL-4 was involved
in the IL-10-mediated inhibition of IL-2 production (Fig. 5
D). The results indicate that IL-10 suppressed FLU- and
ALLO-stimulated IL-2 production but not PHA-stimulated
IL-2 production. Furthermore, addition of anti-IL- 10 but not
anti-IL-4 antibody reversed the suppressive effect of IL-10.
Similar results were obtained in five independent experiments.
Thus, elevated IL-10 in vitro converts the [+ /+ / +] phenotype
of normal controls into an apparent [ - /- / + ] phenotype, sug-
gesting that the elevation in IL- IO observed in cells from HIV +
patients contributes to their in vitro immunological defects.
Similar results were obtained for proliferative responses by
FLU- and ALLO-stimulated PBMC from HIV - individuals
(data not shown).

Discussion

In the mouse, IL-10 is produced by TH2 but not THl, and
IL- IO has been shown to be a potent inhibitor ofcytokine pro-
duction byTH 1, both in vitro and in vivo ( 12-14). This inhibi-
tion is primarily because of the action of IL- 10 on antigen-pre-
senting cell (APC) function, rather than on the TH itself( 13).
One consequence of this is that the amount of IFN-,y (a TH1-

D

Figure 5. Effect of IL-10 and/or anti-IL-O0
on IL-2 production by PBMC from an
HIV - individual either unstimulated
(Med) (+), or stimulated with FLU (o),
ALLO (A), or PHA (a). A, untreated cul-

b_ tures. B, cultures containing 5 ng/ml IL-1O.

I
. C, cultures containing 5 ng/ml IL- IO and

:2 :4 :8 5 ,gg/ml anti-IL-10. D, cultures containing
5 ng/ml IL-10 and 5 Ag/ml of anti-IL-4.
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like cytokine) produced by secondary in vitro cultures is fre-

quently limited by the amount of IL- 10 produced in those cul-

tures, and IFN-y production can be increased severalfold by
including anti-IL-10 in the cultures (Powrie, F., D: Menon,
and R. L. Coffman, manuscript submitted for publication).
Human IL- 10 has been shown similarly to inhibit the function
and proliferation of TH 1-like human CD4' T-cells. Although
IL- 10 can be produced by both human TH 1 and TH2 clones

(20), it may be preferentially associated in vivo with responses
that are predominantly TH2 like ( 1 1, 31). We present here

data showing that the production of IL-2 by human PBMC is
severely impaired by IL- 10 in the dose range of IL- 10 detected
in the supernatants of cultured PBMC from HIV + individuals
who exhibit TH dysfunction. We also demonstrate that IL-2

production in HIV + individuals can be dramatically increased
by anti-IL- 10 antibodies.

In the progression of HIV infection to AIDS, we observed
that a first stage characterized by loss in recall antigen-stimu-
lated IL-2 production and increase in PHA-stimulated IL-4

production is followed by a stage identified by loss in recall and

ALLO-stimulated IL-2 production and decrease in PHA-stim-
ulated IL-4 production (4). We therefore tested whether one or

more of the defects in IL-2 production would be associated
with an increase in IL- 10 production. We observed increases in
IL- 10-specific mRNA and PHA-stimulated IL- 10 production
in all three groups of defective patients, with the more severely
immunodeficient individuals producing more IL- 10.

That these defects are attributable to the immunosuppres-
sive effects of endogenous IL- 10 is supported by experiments
demonstrating that proliferation and IL-2 production to FLU
and env peptides could be restored by adding anti-IL- 10 to the
cultures of PBMC from HIV + individuals. Conversely, the ad-
dition of IL- 10 to cultures ofPBMC from HIV - donors as well
as from HIV + [+ / + / + ] individuals resulted in a profound
inhibition of FLU- and ALLO-specific proliferation, which
could be reversed with anti-IL- 10. Such findings argue against
the possibility that these early defects in TH function are the
result of T cell energy. It appears, instead, that the type of
defects in TH function described here are the result of active
inhibition of TH function and/or of APC function and that
IL- 10 is a major contributor to such inhibition. Furthermore,
IL- 10 levels are increased in the serum of AIDS patients with
non-Hodgkin's lymphoma (32), suggesting that IL- 10 contrib-
utes to other AIDS-associated pathologies.

From the present and a previous study (9), it appears that
predominance of a type 1-like cytokine profile is replaced by a

type 2-like cytokine profile in the progression ofasymptomatic
HIV-infected individuals toward AIDS. Although detected in
asymptomatic, HIV + individuals, this type 1-to-type 2 switch
is predictive for three relevant correlates of AIDS: (a) decline
in CD4 counts (6); (b) time to diagnosis of AIDS (7); and (c)
time to death (7). Thus, analysis of immunoregulatory cyto-
kine profiles may be important for early diagnosis of progres-
sion to AIDS (33), as it has recently been reported that the
CD4 count is an incomplete surrogate marker for the analysis
of such progression (34, 35). Furthermore, a recent report
shows that IL-4 and IL- 10 have a synergistic effect favoring in
vitro HIV replication in the latently infected promonocytic
line U 1 (36). That the viral load may be augmented in the high
IL-O1 subset of HIV individuals [- /- / and - / - /- is

suggested by the finding that these same patients show a faster
decline of CD4 Lumber and progress to AIDS and to death

more rapidly than the low IL- 10, low IL-4 patients [+ / + / + ].
Our hypothesis that a switch from a predominant TH 1-like to a

predominant TH2-like functional pattern occurs in HIV infec-

tion (32) is supported by recent reports from other laboratories

(37, 38). Our findings are also consistent with recent reports
suggesting that cytokine cross-regulation is involved in TH

dysregulation and susceptibility to infection in individuals af-

fected by leprosy ( 11, 30), leishmaniasis (39), and kala azar

(22). It is nevertheless important to emphasize that anti-IL-4

antibodies and anti-IL- 10antibodies restored IL-2 production
and proliferative responses in the majority, but not in all of the
HIV + individuals (9, and this report). Therefore, there is a

minority of HIV + individuals in whom: (a) the immunosup-
pressive action oftype 2-like cytokines is too potent to be over-

come by antibodies; (b) prior action of these cytokines in vivo
on T cell clonal expansion precludes a restoration of the re-

sponse in vitro; or (c) the immunosuppressive action of type
2-like cytokines is associated with one or more of the alterna-
tive mechanisms possibly responsible for the suppression of
TH function, before and independent of the reduction in the
number of CD4+ TH lymphocytes (40-48).

Addition of anti-IL- 10, but not of anti-IL-4, also restored

the proliferative response to HIV-specific antigens such as the

env peptides. This discrepancy raises the possibility that the

immunosuppressive potential of IL-10 is greater than that of

IL-4. Such an interpretation is consistent with our observations
that HIV + individuals who produce IL-4 belong to the [- / + /
+ I category, whereas a higher proportion of higher producers
of IL- 10 belong to the [- / - / + I category, in which the potent
ALLO-specific TH response is suppressed. That IL-10 acts

mainly by inhibiting APC function (13, 16-19) is consistent
with our observation that IL- 10 suppresses IL-2 production of

PBMC from HIV - individuals in response to FLU and ALLO,
antigens that require processing by APC, but not in response to

PHA, a stimulus that is less dependent on APC function to

induce triggering of T cell response.
This study provides the first example in which restoration

of HIV-specific TH response was detected, either by in vitro

addition of a reagent to cultures of PBMC or by in vitro testing
of PBMC from HIV-infected symptomatic and asymptomatic
patients who were on AIDS therapeutic protocols (49, 50).
Because our in vitro functional characterization is predictive
for three correlates of AIDS (see above) and we demonstrate

here in vitro restoration of defective TH functional profile with
anti-IL- 10, our findings raise the possibility of using cytokine-
based therapy for restoration of TH function by reversing the
TH2-like prevalence over TH 1-like function in HIV + patients,
as it has been recently suggested (51 ). Thus, therapy based on

counteracting the effects of IL- 10 might restore HIV-specific T
cell immunity, which is an objective of immune-based therapy
in AIDS.
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