
Immunological dysfunction in HIV-1-infected individuals caused by
impairment of adenosine deaminase-induced costimulation of T-cell

activation

Introduction

The mechanisms of human immunodeficiency virus (HIV)

infection and the host response following infection are

complex and have only partially been characterized. HIV

infection causes a progressive decline in the number and

function of CD4+ T cells, leaving the host vulnerable to

opportunistic infections.1,2 Other cells are also directly or

indirectly affected by the virus, including CD8+ T cells,3,4

monocytes,5 macrophages,6 B lymphocytes,7 neutrophils8

and dendritic cells.9 Dysfunction of these cells plays a

major role in particular aspects of HIV pathogenesis. As

a consequence, HIV-infected individuals have various

perturbations of their immunological status, such as an

inability to respond to recall antigens,10 inappropriate

responses to vaccinations,11,12 permanent hyperactivation

states13–17 with paradoxical hyporesponsiveness to stim-

uli,18–22 cell cycle dysregulation23,24 and imbalances in the

production of cytokines.25,26

At the molecular level, new insights concerning HIV

proteins causing specific irregularities have recently been

obtained.27,28 For example, signalling and apoptotic

pathways, transcriptional activation and intracellular

protein trafficking in HIV-infected cells are altered by
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Summary

The cell surface association between CD26 and adenosine deaminase

(ADA) has a costimulatory function during T-cell activation. Several stud-

ies have revealed correlations among CD4+ CD26+ T-cell depletion,

increased serum levels of ADA, and the evolution of human immuno-

deficiency virus (HIV) infection, implicating CD26 and ADA in HIV

disease progression. In this context, we aimed to determine whether ADA

costimulation could be altered during HIV infection. ADA costimulation

was investigated in cells from HIV-infected patients (n = 36) in terms of

proliferation and cytokine secretion. An effect of ADA on T-cell prolifera-

tion was found in HIV-1-infected patients and correlated positively with

the CD4+ percentage and the nadir CD4 count and negatively with viral

load, demonstrating that the response depends on the immunological

status of the patient. The robust ADA-induced increase in cytokine

production [interferon (IFN)-c, interleukin (IL)-6 and IL-10] was markedly

reduced in T cells from HIV-1-infected subjects. To eliminate some of the

variables associated with immunological defects in HIV-1-infected patients,

anti-CD3 plus ADA assays with T cells from healthy volunteers were

performed in the presence of recombinant glycoprotein 120 (gp120). It

was found that gp120 was responsible for the impairment of the ADA–

CD26 interaction and consequently of the ADA-induced effect on both

costimulation and cytokine production. The gp120-mediated disruption of

the CD26–ADA interaction is a novel mechanism that might explain, at

least in part, the altered immunological features observed in HIV-1-

infected patients and may have significant relevance in AIDS pathogenesis.

Keywords: activation; costimulation; cytokines; human immunodeficiency

virus; T cells
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negative factor (Nef) and trans-activator of transcription

(Tat) proteins.29–31 Other HIV proteins implicated in

causing anomalies during infection are viral protein R

(Vpr),32–38 virion infectivity factor (Vif)39,40 and glyco-

protein 120 (gp120).41,42 Therefore, the viral mechanisms

used to attack the host are quite diverse and have been

extensively studied. Understanding the damage HIV

causes has implications for both clinical care and basic

research. In this context, in vitro assays have shown that

HIV-1 infectious particles and also the soluble envelope

glycoprotein gp120 are able to inhibit adenosine deami-

nase (ADA) binding to CD26 on the cell surface of a vari-

ety of cells, from peripheral lymphocytes to T-cell

lines,43,44 but no evidence concerning the possible physio-

logical consequences of this inhibition has been reported.

In the present work, evidence is presented demonstrating

that ADA enhances the CD3-mediated proliferation of the

T cells of HIV-1-infected individuals, directly correlating

with the CD4 percentage and inversely with the viral load.

It is also shown that ADA enhances T helper type 1

(Th1) and pro-inflammatory cytokine secretion in CD3-

triggered T cells, and that the HIV envelope glycoprotein

gp120 markedly reduces this effect. These results

could help to explain, at least in part, the progressive

impairment of the immune system in HIV-infected

patients and shed new light on our understanding of

AIDS pathophysiology.

Materials and methods

Sampling and study population

All blood samples were non-fasting and obtained by veni-

puncture from the antecubital vein. Ethylenediaminetetra-

acetic acid (EDTA)-treated vacutainers (Becton Dickinson,

San Diego, CA) were used as collecting tubes and every

sample was processed immediately after extraction. A

sample of HIV-1-infected patients (n = 36) and healthy

control volunteers (n = 10) were chosen for the study. All

individuals gave informed consent. The characteristics of

the HIV-infected patients are shown in Table 1. The med-

ian age of the HIV-1-infected individuals was 38 years

(range 26–74 years), and 86% were male. Thirty-six per

cent of patients were successfully treated with highly active

antiretroviral therapy (HAART). Of these, six out of 13

(46%) were on a protease-inhibitor-containing HAART

regimen. In patients with detectable plasma viraemia, the

mean [± standard deviation (SD)] viral load was

4�29 ± 0�71 log10 HIV-1 RNA copies/ml (range 2�97–
5�30 log10 copies/ml). The mean (± SD) absolute and

percentage CD4 T-cell counts were 704 ± 236 (range 297–

1274) cells/ll and 30�1 ± 7�4 (range 12�5–45�1), respec-

tively. The mean (± SD) nadir CD4 count was 457 ± 134

(range 210–920) cells/ll. The mean (± SD) absolute and

percentage CD8 T-cell counts were 1107 ± 492 (range 381–

2338) cells/ll and 45�3 ± 11�3 (range 23�2–74�0), respec-
tively. Two out of 36 patients were coinfected with hepatitis

C virus and one with hepatitis B virus. Just one patient was

coinfected with both hepatitis B and C viruses. Sexual con-

tact was the most frequently reported risk factor for acquir-

ing HIV-1 (31 out of 36 patients).

Viral load measurements

Plasma HIV-RNA copy levels were evaluated using the

commercially available Versant HIV-1 RNA 3�0 assay

(Bayer Diagnostics, Tarrytown, NY) according to the

manufacturer’s protocol. The procedure targets highly

conserved regions of the HIV-1 polymerase (pol) gene

and uses proprietary branched DNA (bDNA) signal

amplification technology. The lower limit of quantifica-

tion for this assay is 50 (1�7 log10) copies/ml.

Isolation of lymphocytes

Human peripheral blood mononuclear cells (PBMC) were

isolated from fresh EDTA-anticoagulated blood from

HIV-1-infected patients or healthy donors using the

Table 1. Clinical information for patients with human immunodeficiency virus 1 (HIV-1) infection

Patients

Sex

(% male)

Age

(years)

Viral load

(log copies/ml)

CD4+ T cells CD4+ T-cell nadir CD8+ T cells

Count

(cells/ll) Percentage

Count

(cells/ll) Percentage

Count

(cells/ll) Percentage

HAART-treated

[mean ± SD (range)]

100 41 ± 13

(27–74)

� DL 841 ± 77

(497–1274)

34�7 ± 6�2
(22�5–45�1)

431 ± 119

(241–645)

23�6 ± 6�4
(17�9–38�0)

962 ± 418

(400–1710)

39�1 ± 11�0
(23�2–62�5)

Untreated

[mean ± SD (range)]

78 37 ± 9

(26–62)

4�29 ± 0�71
(2�97–5�30)

626 ± 172

(297–996)

27�4 ± 6�8
(12�5–38�2)

471 ± 143

(210–920)

25�5 ± 8�3
(12�5–40�1)

1,189 ± 519

(381–2338)

48�8 ± 10�1
(31�1–74�0)

Thirty-six per cent of patients were successfully treated with highly active antiretroviral therapy (HAART). Of these, six of 13 patients (46%)

were on a protease-inhibitor-containing HAART regimen. Two of 36 patients were coinfected with hepatitis C virus and one with hepatitis B

virus. Just one patient was coinfected with both hepatitis B and C viruses. Sexual contact was the most frequently reported risk factor for acquir-

ing HIV-1 infection (31 of 36 patients).

DL, detection limit; SD, standard deviation.
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standard Ficoll gradient method.45,46 PBMC were depleted

of monocytes by adherence to tissue culture flask incubat-

ing 2 hr in XVIVO-15 medium (Bio-Whittaker, Walkers-

ville, MD) supplemented with 1% autologous serum,

50 lg/ml gentamycin (Braun, Melsungen, Germany) and

2�5 lg/ml fungizone (Bristol-Myers Squibb, Munchen,

Germany). Non-adherent cells were collected and washed

three times with pre-warmed, serum-free XVIVO-10 med-

ium (Bio-Whittaker), counted and re-suspended in the

appropriate volume of XVIVO-10 medium.

ADA preparation and recombinant proteins

ADA from calf intestine (Roche Diagnostic Inc., Mann-

heim, Germany) was desalted by passage through a

PD-10 column (Amersham Pharmacia Biotech, Uppsala,

Sweden) and its enzymatic activity was evaluated for

consumption of adenosine measured as the kinetic

decrease in absorbance at 265 nm.47

Full-length glycosylated and baculovirus-expressed

recombinant HIV-1 IIIB gp120 from ImmunoDiagnostics

Inc. was kindly provided by the Centralised Facility for

AIDS Reagents (CFAR). HIV-1 IIIB p55 group-specific

antigen (Gag), also recombinant, full-length glycosylated

and baculovirus-expressed, was helpfully provided by the

National Institutes of Health (NIH) AIDS Research and

Reference Reagent Program, Division of AIDS, National

Institute of Allergy and Infectious Diseases (NIAID).

Proliferation assays

In anti-CD3-induced proliferation experiments, T cells

(2 · 105 cells/well) were incubated in XVIVO-10 medium

with the indicated effectors and then with 1 ng/ml of the

soluble mouse monoclonal antibody (mAb) anti-CD3

(OKT3)48,49 for the indicated times (see figure legends) in

96 round-well plates at 37� in a humid atmosphere of 5%

CO2. T-cell proliferation was measured as [3H]thymidine

incorporation in a 6–7-day assay at 37� in a humid atmo-

sphere of 5% CO2. Cells were pulsed for the last 18 hr with

1 lCi thymidine/well ([3H]methyl, 2 Ci/mmol; Moravek

Bioquemicals, Brea, CA) and fixed in 3�7% formaldehyde

for 30 min, harvested onto filters and extensively washed

using a cell harvester (LKB 1295-001; Wallac, Gaithers-

burg, MD). Tritium incorporation was determined using a

liquid scintillation counter (1205 betaplate; Wallac).

Cytokine determination

IFN-c, tumour necrosis factor (TNF)-a, IL-10, IL-6, IL-4
and IL-2 levels were determined by using a BD Cyto-

metric Bead Array Human Th1/Th2 cytokine kit (Becton

Dickinson Bioscience Pharmingen, San Diego, CA)

according to the manufacturer’s protocol, using appropri-

ately diluted culture supernatants.

Immunostaining and flow cytometry

Using three-colour flow cytometry, subpopulations of

CD3, CD4 and CD8 cells were determined for the

patients. Samples containing 105 cells were used for direct

staining with the appropriate mAb conjugated with

peridinin-chlorophyll-protein complex (PerCP), phycoer-

ythrin (PE) or fluorescein isothiocyanate (FITC): CD3-

PerCP, CD4-PE, CD8-FITC, CD4-PerCP, CD8-PerCP,

CD45RO-PE and CD45RA-FITC (all of them obtained

from Becton-Dickinson, Mountain View, CA). Mouse

immunoglobulin isotypes conjugated with PerCP, PE or

FITC were always used as negative controls for non-spe-

cific binding. The stained cells were analysed on a FAC-

SCalibur flow cytometer (Becton Dickinson, San José,

CA). A minimum of 5000 cells were examined on the

cytometer. Lymphocytes were gated on the basis of

forward- and side-scatter parameters. A gating region was

referred to an FL3/SS histogram where a FL3 (CD3, CD4

or CD8) region was defined. This region was further

analysed for the expression of FL1 and FL2. Data were

analysed using CELLQUEST software (Becton Dickinson,

Erembodegem-Aalst, Belgium).

Statistical analysis

Statistical analyses of the data were based on the calcula-

tion of the mean, standard deviation and range, according

to the nature of the variables. Differences between means

were assessed using Student’s t-test for paired or unpaired

data. In all tests, differences were considered significant

when P-values were < 0�05.

Results

Effect of ADA on proliferation of T cells from HIV-1-
infected patients

In order to test whether ADA costimulation occurs in

HIV-1-infected T cells, fresh blood samples were collected

from a cohort of patients (n = 36) and from healthy

control volunteers (n = 10). Clinical details of the

HIV-1-infected patients are summarized in Table 1. Blood

samples were processed as described in the Materials and

methods and assays of soluble anti-CD3-induced prolifer-

ation in the presence or absence of exogenously added

ADA were performed. ADA increased T-cell proliferation

expressed as the stimulation index (SI; calculated as

indicated in Fig. 1) in every tested donor (Fig. 1a,b). The

mean SI (± SD) for anti-CD3-induced proliferation

achieved in healthy donors in the absence of exogenously

added ADA was 9�6 ± 7�6 (range 1�2 to 23�3), while in

the presence of ADA the SI value increased to 20�6 ± 12�7
(range 3�9 to 40�6) (Fig. 1a). Therefore, an average

increase of 2�7-fold was observed in the presence of
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exogenously added ADA (P < 0�001 for ADA-treated ver-

sus non-treated; paired Student’s t-test). To check

whether the ADA effect is attributable to ADA-mediated

T-cell surface CD26 engagement,50–52 proliferation was

assayed in conditions under which the ADA–CD26 inter-

action was blocked by the presence of the anti-CD26 anti-

body Ta5�9, which is directed against the ADA-binding

domain of CD26.53 In these conditions the ADA effect

was abolished (Fig. 1c).

In HIV-1-infected patients, the mean SI for anti-CD3-

induced T-cell proliferation was 2�3 ± 2�0 (range 0�8–7�8;
Fig. 1b). This proliferation was markedly lower than that

observed in controls (P < 0�0001; unpaired Student’s

t-test). In the presence of exogenously added ADA, the

mean proliferation increased to 8�1 ± 9�1 (range 1�0–
41�2), which was significantly lower (P < 0�0001; unpaired
Student’s t-test) than that observed in HIV-uninfected

individuals. Despite the low proliferation index found in

cells of HIV-infected individuals, ADA significantly

improved T-cell activation. In fact, ADA induced a

3�5-fold increase in SI (P = 0�0001; ADA-treated versus

non-treated, by paired Student’s t-test). No relevant

ADA-induced proliferation (mean SI < 3) was detected in

the absence of anti-CD3 in both healthy and HIV-infected

donors (Fig. 1d), confirming the costimulatory role of

ADA in T-cell proliferation.

When ADA costimulation was further analysed in HIV-

1-infected individuals, those patients receiving HAART

were found to be the best ADA responders (Fig. 2a). In

HAART-treated patients the mean SI for anti-CD3-

induced T-cell proliferation was 2�8 ± 2�5 (range 0�8–
7�8). This proliferation was markedly lower than that

observed in controls (P < 0�01; unpaired Student’s t-test).

In the presence of ADA, the mean proliferation increased

to 11�3 ± 10�9 (range 1�7–41�2), which was lower than

that observed in HIV-uninfected individuals (Fig. 2a), but

this difference did not reach statistical significance

(P = 0�07; unpaired Student’s t-test). Regarding untreated

(viraemic) patients, the mean anti-CD3-induced prolifera-

tion achieved in the absence of exogenously added ADA

was 2�0 ± 1�6 (range 0�8 to 7�8), while in the presence of

ADA the mean SI value increased to 6�3 ± 7�6 (range 1�0
to 31�8). Thus, proliferation in untreated individuals

resulted in indexes lower than those of controls, in either
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Figure 1. Adenosine deaminase (ADA) potentiates human T-lymphocyte proliferation triggered by anti-CD3. T cells from healthy donors (a, c, d)

or human immunodeficiency virus 1 (HIV-1)-infected patients (b, d) were freshly isolated and stimulated with 1 ng/ml anti-CD3 [except in (d),

where anti-CD3 was absent] in a 7-day assay in the absence or presence of 4 lm ADA. Proliferation was determined as [3H]thymidine incorpora-

tion. Values are expressed as the stimulation index (SI), calculated as the ratio of [3H]thymidine incorporated in stimulated T cells versus non-

stimulated T cells. (a, b) T cells were stimulated in the absence (rhombuses) or presence (triangles) of ADA. Data are the mean of triplicates and

each pair of linked symbols represents a different donor. (c) T cells were preincubated without or with 33 lg/ml of monoclonal antibody

anti-CD26 Ta5�9 as indicated in the Materials and methods for 15 min before 4 lm ADA (black bars) or medium (grey bars) was added. T cells

were triggered with 1 ng/ml anti-CD3 (black and grey bars) or not triggered (white bars). Representative data (mean ± standard deviation of

triplicates) for one of 10 independent experiments are shown. (d) T cells from healthy donors (controls) or HIV-1-infected individuals (patients)

were treated with 4 lm ADA in the absence of anti-CD3, and the SI was determined as the ratio of [3H]thymidine incorporated in ADA-treated

versus non-treated T cells. Each dot represents the mean of triplicate measurements for the same donor and a solid line indicates the mean SI of

each group.
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the presence or the absence of ADA (P < 0�001; unpaired
Student’s t-test, in both cases). When anti-CD3-mediated

proliferation in the absence of ADA was compared in

HAART-treated and untreated patients, no significant dif-

ferences were found. In the presence of ADA, the mean

proliferation in untreated patients was almost 2-fold

lower than that in HAART-treated patients; nevertheless,

statistical significance was not reached because of the high

variability in the ADA response and the limited number

of individuals available for the assays.

Correlation of the ADA effect with viral load and
CD4 counts

According to the above-mentioned data, the cohort of

patients could be divided into various different groups.

The first group was composed of patients receiving

HAART (Fig. 2b; group 1, representing 36% of the

patients included in the analysis and corresponding to the

HAART group in Fig. 2a). Untreated patients were

divided into two groups according to the T-cell prolifera-

tion achieved in the presence of ADA. One of these

groups (group 2) consisted of patients who were

untreated but nevertheless responders (31% of the total;

Fig. 2b) and the other (group 3) consisted of untreated

patients with very low SI (< 4) (33% of the total;

Fig. 2b). The first group had undetectable viral load

(Fig. 2c) and a relatively high percentage of CD4+ T cells

(mean 34�7 ± 6�2; range 23–45). The second and third

groups had detectable viral load (mean 4�19 ± 0�77; range
2�97–5�12 log10 copies/ml; and mean 4�39 ± 0�68; range

3�15–5�30 log10 copies/ml, respectively) and a lower
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Figure 2. Adenosine deaminase (ADA)-induced costimulatory effect in different groups of human immunodeficiency virus 1 (HIV-1)-infected

donors. (a, b) T cells from HIV-1-infected patients (n = 36) were stimulated with 1 ng/ml anti-CD3 for 7 days in the absence (anti-CD3) or

presence of 4 lm ADA (anti-CD3 + ADA) and proliferation was determined as [3H]thymidine incorporation. Values are expressed as the stimu-

lation index (SI), calculated as the ratio of [3H]thymidine incorporated in stimulated T cells versus non-stimulated T cells. (a) Comparison

among healthy controls, highly active antiretroviral therapy (HAART)-treated patients and untreated patients. (b) Comparison among HAART-

treated patients (group 1), untreated patients who were still responders (group 2) and untreated patients with a low response (group 3). (c) The

main characteristics of the three groups of HIV-1-infected patients. (d) Main correlations found in the response to anti-CD3 plus ADA stimula-

tion in groups 1 and 2. *P < 0�05; **P < 0�01; ***P < 0�001, by paired or unpaired Student’s t-test.
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percentage of CD4+ cells (mean 29�3 ± 5�0; range 18�1–
35�7; and mean 25�7 ± 7�9; range 12�5–38�2, respectively)
than the treated group (Fig. 2c; P < 0�05 for the compari-

son of the first and second groups and P < 0�005 for the

comparison of the first and third groups, by Student’s

t-test). No statistically significant differences were found

between the second and third groups either in the

percentage of CD4+ cells or in the viral load. In all

three groups, irrespective of the magnitude of the anti-

CD3-mediated response, ADA exerted a costimulatory

effect (P < 0�01 by paired Student’s t-test in the first and

second groups and P < 0�001 by paired Student’s t-test in

the third group; Fig. 2b). In groups 1, 2 and 3 the mean

anti-CD3-induced T-cell proliferation in the absence

of ADA was 2�8 ± 2�5 (range 0�8–7�8), 2�7 ± 2�0 (range

0�9–7�8) and 1�3 ± 0�5 (range 0�8–2�1), respectively,

while in the presence of ADA it was 11�3 ± 10�9 (range

1�7–41�2), 11�0 ± 8�8 (range 3�3–31�8) and 1�9 ± 0�58
(range 1�0–2�9), respectively. In the presence of ADA,

statistically significant differences were found among

groups: group 3 displayed lower proliferation than

groups 1 and 2 (P < 0�01 by unpaired Student’s t-test).

In the absence of ADA, group 3 also showed lower prolif-

eration than group 2 (P < 0�05 by unpaired Student’s

t-test).

A strong positive correlation between the ADA effects

on proliferation and CD4+ cells (see Fig. 2d) or nadir

CD4 T-cell count was detected in a statistical analysis

using Pearson’s correlation coefficient (r) and the proba-

bility of type I error (P). A correlation was found in

group 1 (r = 0�604, P = 0�049 and r = 0�677, P = 0�022,
respectively, for CD4 cells and nadir CD4 count) and in

group 2 (r = 0�604, P = 0�049 and r = 0�677, P = 0�022,
respectively). In group 2, a negative correlation between

the ADA effects on proliferation and (i) current viral load

(see Fig. 2d), (ii) maximal viral load or (iii) average viral

load in the previous 12 months was also found

(i: r = )0�832, P = 0�001; ii: r = )0�622, P = 0�031 and

iii: r = )0�680, P = 0�021). The response to ADA also

correlated with the percentage of naı̈ve-phenotype CD8 T

cells (measured as the CD8+ CD45RA+ CD45RO) T-cell

percentage) in group 1 (r = 0�952, P = 0�013). However,

for stimulation with anti-CD3 alone, the response was

associated positively with the percentage of CD4+ T cells

in groups 1 and 2 (r = 0�632, P = 0�022 for group 1 and

r = 0�647, P = 0�021 for group 2) while in group 2 it

correlated negatively with viral load (r = )0�660,
P = 0�027). Furthermore, the response to anti-CD3

correlated positively with CD8+ CD45RA+ CD45RO) and

CD4+ CD45RA+ CD45RO) cell counts (r = 0�853, P =

0�043 and r = 0�815, P = 0�025, respectively, for groups 1
and 2). All these data indicate that the patient’s immune

status strongly influences the anti-CD3 response and the

costimulatory role of ADA in anti-CD3-induced T-cell

proliferation.

ADA enhances anti-CD3-induced cytokine production
in patients

Th1/Th2 and pro-inflammatory cytokines were measured

in anti-CD3-stimulated T-cell culture supernatants from

five healthy and five HIV-infected donors (two of these

patients, from group 1, were successfully treated with

HAART, had no detectable viral load and had relatively

high percentages of CD4+ T cells: 34�8% and 27�5%,

respectively; while the other three, from group 2, were

untreated viraemic patients with viral loads of 5�12, 3�61
and 4�59 log10 copies/ml and CD4 percentages of 32�0%,

26�3% and 27�8%, respectively) in the absence or presence

of exogenously added ADA. In the healthy control group,

at days 2 and 6 of treatment, ADA strongly enhanced the

anti-CD3-mediated secretion of IFN-c, TNF-a and IL-6

and less strongly enhanced that of IL-10 (Fig. 3a). IL-4

and IL-2 were also tested but their level was very low

(< 12 pg/ml in the presence or absence of ADA or even

undetectable). The observed increase in cytokine produc-

tion was consistently found in all tested donors (Fig. 3b;

P < 0�001, P < 0�05, P < 0�0001 and P < 0�01 for IFN-c,
TNF-a, IL-6 and IL-10, respectively, for ADA-treated ver-

sus non-treated; paired Student’s t-test). The effect on

cytokine production was attributable to the ADA–CD26

interaction, as the monoclonal antibody Ta5�9, which is

directed against the ADA-binding site of CD26, markedly

reduced the ADA-enhanced secretion of cytokines

(Fig. 3b; P = 0�001, P < 0�05, P < 0�0001 and P < 0�005
for IFN-c, TNF-a, IL-6 and IL-10, respectively;

ADA + Ta5�9-treated versus ADA-treated, by paired Stu-

dent’s t-test). In cells from HIV-1-infected donors, ADA

enhanced the anti-CD3-mediated secretion of IFN-c,
TNF-a, IL-6 and IL-10 at days 2 and 6 of treatment

(Fig. 4a). IL-4 and IL-2 were also tested but their levels

were very low (< 20 pg/ml for IL-4 and < 10 pg/ml for

IL-2 in the presence or absence of ADA) or even unde-

tectable. The observed increase in cytokine production

was consistently found in all the HIV-infected donors

tested (Fig. 4b; P < 0�05 in all cases; ADA-treated versus

non-treated, by paired Student’s t-test). These results are

qualitatively similar to those obtained with healthy con-

trols, but cytokine secretion in controls was markedly

higher than in HIV-infected patients. In fact, when cells

were stimulated with anti-CD3, the secretion of IFN-c,
TNF-a and IL-10 in T cells from healthy controls was,

respectively, 8�9, 9�1 and 2�7 times greater than that

produced by T cells from infected individuals (P < 0�001,
P < 0�005 and P = 0�001 for IFN-c, TNF-a and IL-10,

respectively, by unpaired Student’s t-test). When cells

were stimulated with anti-CD3 plus ADA, cytokine

secretion of T cells from healthy controls for the same set

of cytokines was 5�6, 4�5 and 2�9 times greater than that

of T cells from HIV-infected individuals (P < 0�005 in all

cases by unpaired Student’s t-test).
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Figure 3. Adenosine deaminase (ADA) increases cytokine secretion

in cultures of anti-CD3-triggered T cells from healthy donors. T cells

from healthy donors were stimulated with 1 ng/ml anti-CD3 in the

absence or presence of 4 lm ADA and cytokine levels were deter-

mined at days 2 and 6 (a) or day 2 (b) in culture supernatants as

indicated in the Materials and methods. (a) Cytokine production

when cells were stimulated with anti-CD3 in the absence (black

columns) or presence of 4 lm ADA (white columns); data from one

representative experiment of five are shown. Data are the

mean ± standard deviation of triplicates. (b) Cytokine production in

culture supernatants of anti-CD3-triggered T cells from five healthy

donors in the absence of ADA (anti-CD3), in the presence of 4 lm
ADA (anti-CD3 + ADA) or in the presence of 4 lm ADA but with

preincubation of T cells for 15 min with 33 lg/ml of the monoclonal

antibody anti-CD26 Ta5�9 (anti-CD3 + ADA + Ta5�9). Values are

expressed as in-folds, calculated as the ratio of the cytokine concen-

tration (pg/ml) produced by stimulated T cells versus that produced

by non-stimulated T cells. Each symbol represents a healthy donor.

Data are the mean ± standard deviation of triplicates. For each

donor, IL-2 and IL-4 production was also analysed, and was

< 12 pg/ml or even undetectable (data not shown).
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Figure 4. Adenosine deaminase (ADA) increases cytokine secretion in

cultures of anti-CD3-triggered T cells from human immunodeficiency

virus 1 (HIV-1)-infected patients. T cells from HIV-1-infected

patients were stimulated with 1 ng/ml anti-CD3 in the absence or

presence of 4 lm ADA and cytokine levels were determined at days 2

and 6 (a) or day 2 (b) in culture supernatants as indicated in the

Materials and methods. (a) Cytokine production when cells were

stimulated with anti-CD3 in the absence (black columns) or presence

of 4 lm ADA (white columns); data from one representative experi-

ment of five are shown. Data are the mean ± standard deviation of

triplicates. (b) Cytokine production in culture supernatants of

anti-CD3-triggered T cells from five HIV-1-infected individuals in the

absence of ADA (anti-CD3) or in the presence of 4 lm ADA

(anti-CD3 + ADA). Values are expressed as in-folds, calculated as the

ratio of the cytokine concentration (pg/ml) produced by stimulated T

cells versus that produced by non-stimulated T cells. Each symbol

represents an HIV-1-infected individual. Data are the mean ± stan-

dard deviation of triplicates. For each donor, IL-2 and IL-4 production

was also analysed, and was < 20 pg/ml in the case of IL-4 and < 10 pg/

ml for IL-2.
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The impairment of ADA-induced costimulation of
T-cell activation is caused by the HIV-1 protein
gp120

To investigate the effect of the HIV-1 envelope glycoprotein

gp120 on ADA-mediated costimulation, experiments with

T cells from healthy donors were performed in the absence

or presence of the soluble form of this protein or HIV-1

p55 gag (used as a control). As shown in Fig. 5a, 100 nM

gp120 inhibited the ADA-induced costimulatory effect on

anti-CD3-mediated T-cell proliferation. A small decrease

was also observed for anti-CD3 in the presence of gp120,

but this could probably be explained by the displacement

of the endogenous ADA released to the culture medium.

The specificity of the gp120 inhibition was demonstrated

by the lack of an effect of the HIV-1 protein gag, which

does not interact with the ADA–CD26 complex. It should

be noted that gp120 markedly diminished the anti-CD3

plus ADA-mediated secretion of the main Th1 cytokine

IFN-c and also of IL-6 and IL-10 (Fig. 5b). These results

indicate that gp120 blocks the interaction of ADA with

CD26 on the T-cell surface, thus preventing ADA function

and contributing to the impairment of stimulus-mediated

responses observed in cells from patients.

Discussion

The role of CD26 in immune regulation has been exten-

sively characterized, with recent findings elucidating its

linkage with signalling pathways and structures involved

in T-lymphocyte activation as well as antigen-presenting

cell (APC)–T-cell interaction (see Ohnuma et al.54 for a

review). As ADA costimulation is attributable to its inter-

action with CD26 on the T-cell surface,50,51 and taking

into account the fact that HIV-1 infectious particles and

also the soluble envelope glycoprotein gp120 are able to

inhibit this interaction,43,44 we hypothesized that gp120-

mediated disruption of the CD26–ADA interaction might

be a novel mechanism of pathology explaining some of

the immunological alterations observed in HIV-1-infected

patients. According to this hypothesis, the ADA costimu-

latory effect would be impaired during the progression of

the infection, leading to a lack of T-cell activation or

response to stimuli. To test the hypothesis, we designed

anti-CD3-mediated proliferation assays for T-cells with

suboptimal doses of antibody (in order to be able to

detect costimulatory effects) and samples from a diverse

cohort of patients were tested. In all these assays an ADA

effect occurred but was highly variable among individuals.

In spite of this, T-cell proliferation was found to be

significantly lower in patients than controls. When stimu-

lated with anti-CD3 alone, T cells from patients showed

very low SIs compared with controls; this is consistent

with the unresponsiveness to stimuli described in the

literature.18–22 When exogenous ADA was added to

cultures, the responses were strongly enhanced in samples

from both controls and patients. The proliferation with

ADA was consistently lower in T cells from HIV-1-

infected patients than in cells from healthy individuals.

Taking into account the fact that HIV-1 infectious
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Figure 5. The human immunodeficiency virus 1 (HIV-1) envelope

glycoprotein gp120 inhibits the adenosine deaminase (ADA)-induced

costimulatory effect. (a) Proliferation of unstimulated (white col-

umns), 1 ng/ml anti-CD3-stimulated (grey columns) or 1 ng/ml

anti-CD3 plus 4 lm ADA-stimulated (black columns) T cells

obtained from a healthy donor was determined in the absence or

presence of 100 nm HIV-1 gp120 (gp120) or 100 nm HIV-1 Gag

(gag) as a control. [3H]Thymidine incorporation was measured after

6 days of culture and expressed as the stimulation index (SI), calcu-

lated as the ratio of [3H] thymidine incorporated in stimulated T

cells versus non-stimulated T cells. One representative experiment of

nine with different donors is shown and data are the mean ±

standard deviation of triplicates. (b) Cytokine secretion of T cells

stimulated with 1 ng/ml anti-CD3 (light grey columns), or with

1 ng/ml anti-CD3 plus 4 lm ADA in the absence of gp120 (black

columns) or in the presence of 100 nm gp120 (dark grey columns)

was determined as indicated in the Materials and methods. One

representative experiment of five with different donors is shown and

data are the mean ± standard deviation of triplicates. *P < 0�05;
**P < 0�01; ***P < 0�001; ns, not significant, by paired Student’s

t-test.
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particles and also gp120 are able to inhibit the binding of

ADA to CD26 on the cell surface,43,44 the results suggest

that the CD26–ADA interaction is impaired in T cells of

infected individuals.

According to the hypothesis of an impaired CD26–

ADA interaction occurring in vivo in T cells of HIV-

infected individuals, it would be reasonable to assume

that the patients with more advanced disease should be

those with higher viral loads. In support of this assump-

tion, the highest ADA costimulation was achieved in

patients with controlled viral loads. Three qualitatively

different outputs for ADA costimulation were detected.

So, according to the size of the ADA effect, patients could

be classified as good responders (corresponding to the

HAART-treated group), untreated but still responders

and untreated with a poor response.

ADA costimulation was positively correlated with the

percentage of CD4+ cells and inversely with the viral load.

Good responders had well-controlled (undetectable) viral

loads as a result of HAART. Given the fact that CD4 T-

cell counts provide an indicator of immunocompetence

in HIV disease,55 the results presented here reveal that the

immunological status of patients strongly influences the

response to ADA costimuli. The fact that some patients

(essentially in the group of untreated patients with a poor

response) did not respond properly (SI < 4) indicates that

at least a minimal immunological competence is needed

to find clear responses to ADA costimuli. This observa-

tion is supported by the fact that anti-CD3 and anti-CD3

plus ADA responses correlated positively with the per-

centage of naı̈ve T cells (measured as CD4+ or

CD8+ CD45RA+ CD45RO) T cells). Thymic volume56

and the number of T cells with the naı̈ve phenotype57,58

are reliable markers of immune reconstitution in HIV-

positive patients, thus indicating that individuals with a

conserved capacity to generate cells de novo in the thy-

mus59 are those with the best clinical status. In addition,

the T-cell proliferation achieved when cells were stimu-

lated with anti-CD3 plus ADA correlated with the nadir

CD4 T-cell count in the group of HAART-treated

patients, thus indicating that, despite the relative normali-

zation of CD4 T-cell counts achieved following HAART,

functional immune restoration in terms of ADA response

is incomplete and attenuated by prior depletion of the

CD4 T-cell pool. Nadir CD4 counts have been demon-

strated to be strongly related to other factors, such as the

achievement of good vaccine responses,60,61 and to predict

the decline of CD4+ T cell counts after interruption of

HAART62 and also proliferative responses.61,63,64 The

molecular mechanisms involved in the correlation

between functional immune competence and nadir CD4

T-cell count are not well understood.65 However, cellular

proliferation is a critical factor in immunization

responses.66 Therefore, as ADA has a relevant role in

T-cell proliferation, it would be of interest to investigate

in the future whether the effect of gp120 on the ADA–

CD26 complex may lead to other perturbations found in

HIV-infected individuals.

Once the key influence of the clinical immune status of

the patients had been revealed, we carried out anti-CD3

plus ADA-induced proliferation of T cells of healthy volun-

teers in the presence of soluble gp120. This eliminates some

of the variables leading to immunological defects found in

HIV-1-infected patients. In these conditions, gp120 not

only abolished the ADA effect as measured by proliferation

but also led to a marked reduction in the secretion of the

pro-inflammatory cytokines IL-6 and IL-10 and of the

main Th1 cytokine IFN-c. If the envelope glycoprotein

gp120 is responsible for the impairment of the ADA–CD26

interaction in these circumstances, it can be assumed

that such an impairment would also take place in the

circumstances of an ADA-induced effect in cells from

HIV-infected patients. Indeed, the inhibition of ADA bind-

ing to CD26 by viral particles is likely to occur in vivo, as it

has been shown that the 50% inhibitory concentration

(IC50) for inhibition of ADA binding to the Jurkat T-cell

line is similar to the dissociation constant (Kd or affinity)

values reported for binding of gp120 to CD4.43,67 However,

ADA is found at high levels in the serum of HIV-infected

patients,68–73 and this could be, at least in part, attributable

to the displacement of ADA from its anchor on the T-cell

surface. As previously reported, a CD4–gp120 interaction is

required for efficient inhibition of ADA binding to CD26.44

As the gp120-mediated blockade of the CD26–ADA

interaction is relevant enough to be reflected as a dimin-

ished cytokine secretion promoted by ADA (a fact that is

also shown in a reduced T-cell proliferation) and as ADA

has a key role in T-cell activation events50,51 and in the

maturation of the immune system,74,75 it can be specu-

lated that continuous disruption of ADA–CD26 com-

plexes in HIV-1-infected patients could result in a

chronic state of impairment of responses to stimuli.

Taken together, our results indicate that gp120-mediated

disruption of the CD26–ADA interaction is a novel mech-

anism of pathology which partially explains some of the

immunological alterations observed in HIV-1-infected

patients. It should be noted that the size of the effect in

terms of ADA-mediated responses depends not only on

the quantities of virus and CD4 T cells, but also on the

previous immunological status of the patient, particularly

nadir CD4 counts.
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