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Abstract

Expansion of CD4+CD28null T-lymphocytes is common in chronic heart failure

(CHF) patients. Its ability to produce high levels of proinflammatory cytokines is

probably the key role of these cells in CHF. IL-10 is a candidate for limiting

CD4+CD28null T-lymphocyte responses, whereas tumour necrosis factor (TNF) is

the cytokine most closely involved in the loss of CD28 expression. Serum levels of

TNF and IL-10 were measured in 65 CHF patients (mean age, 65.2 ± 13.84 years).

Patients with an IL-10/TNF ratio ≥1 had significantly lower levels of

CD4+CD28null T-lymphocytes than those with a ratio <1. In vitro, IL-10 reduced

the frequency of proliferative CD4+CD28null T-lymphocytes stimulated with anti-

CD3. Pre-treatment with IL-10 before anti-CD3 stimulation was required for the

cytokine to inhibit TNF production by CD4+CD28null T-lymphocytes. In addition

to the previously described effect of IL-10 on HLA-DR and ICAM-1 expression,

LFA-3 protein and mRNA levels were reduced in the presence of the cytokine in

monocytes. IL-10 inhibition on CD4+CD28null T-lymphocytes may be mediated

by a reduction in HLA class II and LFA-3 expression because blocking interac-

tions with these costimulators has similar effects to those of IL-10 treatment.

Moreover, costimulation through CD2/LFA-3 interaction is enough to induce pro-

liferation and cytokine production in CD4+CD28null T-lymphocytes.

Abbreviations: APC, allophycocyanin; CD, cluster of differentiation; CFSE, carboxyfluorescein succinimidyl ester; CHF, chronic heart failure;
EDTA, ethylenediaminetetraacetic acid; FITC, fluorescein isothiocyanate; GmbH, Gesellschaft mit beschränkter Haftung; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; HLA, human leukocyte antigen; ICAM-1, intercellular adhesion molecule 1; IFN-γ, interferon-γ; IL, interleukin;
IQR, interquartile range; LFA-3, lymphocyte function-associated antigen 3; mAb, monoclonal antibody; MFI, median fluorescence intensity; mRNA,
messenger RNA; NK, natural killer; PBMCs, peripheral blood mononuclear cells; PBS, phosphate-buffered saline; PE, phycoerythrin; PerCP, peridinin
chlorophyll-A protein; RPMI, Roswell Park Memorial Institute medium; TCR, T cell receptor; TNF, tumour necrosis factor.

Received: 31 August 2023 Accepted: 2 June 2024

DOI: 10.1111/imm.13824

Immunology. 2024;1–14. wileyonlinelibrary.com/journal/imm © 2024 John Wiley & Sons Ltd. 1

https://orcid.org/0000-0002-8277-8718
mailto:rebeca.alonso@sespa.es
http://wileyonlinelibrary.com/journal/imm


KEYWORD S
chronic heart failure, immunosenescence, T-lymphocyte differentiation

INTRODUCTION

Throughout their differentiation, T-lymphocytes undergo
a series of phenotypic and functional changes, one of the
most relevant of which is the loss of CD28 expression.
The interaction between CD28 and B7 in antigen-
presenting cells is responsible for the second signal in the
activation process and is indispensable for avoiding
T-lymphocyte anergy in the initial stages of its differenti-
ation. Highly differentiated CD4+CD28null

T-lymphocytes are characterised by their low activation
threshold and the enhancement of certain properties.
These include the expression of several receptors com-
monly associated with natural killer (NK) cells, the secre-
tion of large amounts of tumour necrosis factor (TNF)
and IFN-γ, and the expression of perforin and
granzyme B, which gives cells a cytotoxic capability
[1–3]. Inflammatory environments may contribute to the
expansion of CD4+CD28null T-lymphocytes because TNF
is responsible for a stable loss of CD28 expression in
T-lymphocytes [4]. Expansion of CD4+CD28null

T-lymphocytes is common in individuals who experience
chronic inflammation, such as elderly people and
patients with chronic infections and autoimmune dis-
eases [5–8]. Chronic heart failure (CHF) is a pathology
characterised by the non-specific activation of the
immune system, which results in an exaggerated produc-
tion of proinflammatory cytokines. In CHF patients,
increased circulating levels of CD4+CD28null

T-lymphocytes have been associated with disease severity
and are recognised as an independent predictor of mor-
tality [9, 10].

Little is known about the regulatory mechanisms
directed towards limiting CD4+CD28null T-lymphocyte
responses in a way that keeps them from being highly
elevated and harmful to the body. One possible candidate
is IL-10, a cytokine whose immunosuppressive functions
reduce the tissue damage caused by excess and uncon-
trolled inflammatory effector responses, especially during
the resolution phase of infection and inflammation. IL-10
is produced by almost all subsets of leukocytes, but
T-lymphocyte subsets are major cellular sources, and this
cytokine inhibits proinflammatory responses by acting on
most of the innate and adaptive immune cells [11–13].
IL-10 mainly regulates T-lymphocyte activity by inhibit-
ing antigen presentation of monocytes/macrophages,
thereby reducing expression of HLA class II, costimula-
tory, and adhesion molecules, and the production of cyto-
kines [14–16].

The modulation of activity within this subset has not
been studied in depth, and the mechanisms involved in
this process have not been defined, so for these reasons
our study set out to analyse whether IL-10 can also have
an inhibitory effect on the functional capacity of
CD4+CD28null T-lymphocytes.

METHODS

Study subjects

Blood samples were obtained from 65 CHF patients
(17 females) who were followed up at the Cardiology
Department of Hospital Universitario Central de Asturias
(Oviedo, Spain). Six healthy volunteers from the Health
Centre of El Cristo (Oviedo, Spain), matched by age and
sex with the patients, were recruited to the study
(2 females; age: 65.3 ± 11.2). Informed written consent
was given prior to the inclusion of subjects in the study.
Ethical approval for this study was obtained from the
Regional Ethics Committee for Clinical Research (Comité
de �Etica de la Investigaci�on del Principado de Asturias,
number 82/17). The study was conducted according to the
guidelines of the Declaration of Helsinki. Patients with sta-
ble CHF were recruited, i.e., those without decompensa-
tion for a minimum of 1 month prior to their inclusion,
regardless of their aetiology, and with affected systolic
function (ejection fraction <40%). The various experiments
analysing the effects of IL-10 on CD4+CD28null

T-lymphocytes were performed on individuals from this
subset with a lymphocyte percentage of ≥10%.

Cytokine quantification

TNF and IL-10 levels were measured in the sera of the
participating CHF patients using X-Map technology with
a Milliplex map kit (Sigma Aldrich, Saint Louis, MO,
USA), following the manufacturer’s specifications.

Quantification and characterisation of
CD4+CD28null T-lymphocytes

The percentage of CD4+CD28null T-lymphocytes was deter-
mined in peripheral blood samples from the participants in
the study by staining them with anti-CD3 (FITC), anti-
CD28 (PE) (eBioscience, San Diego, CA, USA), anti-CD8
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(PerCP) and anti-CD4 (APC) (BioLegend, San Diego, CA,
USA). One hundred microliters of whole blood were stained
with the combination of labelled monoclonal antibodies
(mAbs) for 20 min at room temperature. Red blood cells
were lysed with FACS Lysing Solution (BD Biosciences,
San Jose, CA, USA), washed in PBS, and acquired and ana-
lysed in a BD Accuri C6 (BD Biosciences). Appropriate
isotype-control mAbs were used for marker settings. The
gating strategy of CD4+CD28null and CD4+CD28+

T-lymphocytes is shown in Supplementary Figure 1a.
Phenotypic characteristics of CD4+CD28null T subset

were determined by flow cytometry. Cells were stained
with anti-CX3CR1 (FITC) (BioLegend), anti-NKG2D
(PE) (BD Bioscience), anti-granzyme B (FITC) anti-
perforin (PE), anti-CD3 PerCP, and anti-CD28-APC
(BD Bioscience) and anti-CD4-ECD (Beckman Coulter
Life Science, Indianapolis, IN, USA). The frequencies of
cells with intracytoplasmic stores of granzyme B and per-
forin were counted. Cells were surface-stained for 20 min
at room temperature, lysed and fixed with FACS Lysing
Solution, permeabilised with BD FACS Permeabilising
Solution 2 (Perm II) (BD Bioscience), and stained with
anti-granzyme B-FITC or anti-perforin-FITC for 30 min
at room temperature. Cells were washed and resus-
pended in PBS until they were acquired in a Navios flow
cytometer and analysed with Kaluza software (Beckman
Coulter Life Science).

Isolation and cell culture

Peripheral blood mononuclear cells (PBMCs) were isolated
from peripheral blood anticoagulated with EDTA by cen-
trifugation on Ficoll–Hypaque gradients (Lymphoprep;
Nycomed, Oslo, Norway). Monocytes were isolated from
PBMCs by positive selection in columns with CD14
MicroBeads (Miltenyi Biotec, GmbH, Bergisch Gladbach,
Germany). CD4+ T-lymphocytes were enriched with
Human CD4+ Enrichment Cocktail (STEMCELL Technol-
ogies, Grenoble, France), following the manufacturer’s
instructions. In both cases, the purity was >95%.

Cultures were grown in an RPMI 1640 medium sup-
plemented with 10% FCS (ICN Flow, Costa Mesa, CA,
USA) and antibiotics. Cells were incubated at 37�C in an
atmosphere of 5% carbon dioxide. Cytokines and activat-
ing or blocking antibodies were added to the cultures at
the concentrations and in the combinations required by
the experimental conditions.

Stimulation for cytokine assays

PBMCs (2 � 106 cells/mL) were cultured in medium or
in the presence of IL-10 (100 ng/mL) (BioLegend).

Soluble anti-CD3 (1 μg/mL; eBioscience, San Diego, CA,
USA) was added to the culture at the beginning or after
18 or 36 h of preculture, depending on the experiment. In
the blocking experiments, anti-HLA class II (2 μg/mL),
anti-LFA-1 (10 μg/mL), anti-LFA-3 (2 μg/mL), anti-OX40
(2.5 μg/mL) (R&D Systems, McKinley Place NE, Minne-
apolis, MN, USA) and anti-4-1BB (2 μg/mL) (BioLegend)
antibodies were also added to the cultures before they
were stimulated with anti-CD3.

Isolated monocytes and CD4+ T-lymphocytes were
independently precultured in medium alone, or in the
presence of IL-10, for 18 h. Cells were then washed,
mixed in culture, and stimulated for 18 h with anti-CD3
before intracytoplasmic levels of TNF were quantified.

In other experiments, isolated CD4+ T-lymphocytes
were cultured in the presence or absence of IL-10 for
18 h and then stimulated for 18 h with T Cell Activation/
Expansion beads (ratio 1:2) (Miltenyi Biotec) that had
previously been covered with anti-CD3 and anti-CD2
antibodies, following the manufacturer’s instructions.

For the intracytoplasmic staining, cells were treated
during the final 2 h of stimulation with the
secretion-inhibitor brefeldin A (10 mg/mL) (Calbiochem,
Darmstadt, Germany). Cells were surface-stained with
anti-CD28 (BV) (BioLegend), anti-CD3 (PerCP)
(BD Biosciences) and anti-CD4 (APC) antibodies, then
lysed and fixed with FACS lysing solution, permeabilised
with BD FACS Permeabilising Solution 2 (Perm II)
(BD Bioscience), and stained with anti-TNF
(PE) (BD Bioscience) for 30 min at room temperature.
Cells were washed and resuspended in PBS until they
were acquired in a Navios flow cytometer and analysed
with Kaluza software (Beckman Coulter Life Science).

Surface expression of costimulatory
molecules

The expression of several costimulatory ligands on the
monocyte surface in response to IL-10 was studied. Iso-
lated monocytes were cultured for 24 and 48 h in the
medium alone, or in the presence of IL-10 (100 ng/mL),
and then stained with anti-HLA class II (PECy7), anti-
ICAM-1 (PE), anti-LFA-3 (PE), anti-OX40L (PE) and
4-1BBL (PE) (eBioscience, San Diego, CA, USA), as
described above. Cells were acquired in a Navios flow cyt-
ometer and analysed using Kaluza software.

mRNA expression

Purified monocytes were cultured in the presence of
IL-10 (100 ng/mL) for 18 h. mRNA was extracted using
a Total RNA Isolation kit (Macherey-Nagel GmbH &
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Co. KG, Düren, Germany), and reverse transcription of
mRNA was carried out with the iScript cDNA Synthe-
sis Kit (Bio-Rad, Life Science Research Group, Hercu-
les, CA, USA), following the manufacturer’s
instructions.

LFA-3 mRNA expression was quantified using
TaqMan-Gene-Expression CD58 (Hs00156385_m1)
(Thermo Fisher Scientific, MA, USA) and an Applied
Biosystems™ StepOne™ Real-Time PCR System
(Thermo Fisher). Reactions without cDNA were always
included as negative controls. Experimental samples were
run in duplicate, and the average value of the replicates
was taken as the sample result.

Proliferation assay

PBMCs were resuspended in PBS at a final concentration
of 1 � 106 cells/mL, incubated with 0.5 μM CFSE
(Invitrogen, Paisley, Scotland, UK) for 10 min at 37�C,
and then washed twice with an RPMI 1640 medium con-
taining 2 � 103 M L-glutamine and HEPES. Resting cells
and cells stimulated with anti-CD3 (1 μg/mL) were cul-
tured at 2 � 106 cells/mL in the presence or absence of
IL-10 (100 μg/mL) for 7 days. The proliferative responses
of CD4+CD28null T-lymphocytes were analysed in a
Navios flow cytometer (Beckman Coulter Life Science)
after staining with anti-CD28 (PE), anti-CD8 (PerCP),
and anti-CD4 (APC).

To quantify the proportion of Ki-67+ cells, PBMCs
were cultured with or without IL-10 and stimulated with
anti-CD3 for 4 days before intranuclear staining. In addi-
tion, blocking of ligand-receptor interactions was per-
formed as described above. Isolated CD4+ T-lymphocytes
were cultured with or without IL-10 and stimulated with
anti-CD3 + anti-CD2 coated beads. Anti-LFA-3 was
added to the cultures to block possible contamination
with non-CD4+ T-lymphocytes.

After 4 days, cells were stained with anti-CD28 (PE),
anti-CD8 (PerCP) and anti- CD4 (APC) for 20 min at 4�C.
Cells were then fixed and permeabilised with Fixation/
Permeabilisation Solution (Invitrogen), prepared accord-
ing to the manufacturer’s instructions, and stained with
anti-Ki-67 (PECy7) before being acquired by Navios flow
cytometry and analysed with Kaluza software (Beckman
Coulter Life Science).

Statistical analysis

The results are expressed as the median and interquartile
range (IQR), or the mean and standard deviation in some
graphs. Groups were compared using the Mann–Whitney

U test, since the data were not normally distributed.
Pair-wise comparisons were made using the Wilcoxon
non-parametric method when data were not normally
distributed, or Student’s t test for paired samples for nor-
mally distributed variables. Comparisons of three or more
groups were made using the non-parametric Friedman
test and the Wilcoxon non-parametric method. Analyses
were performed using PASW Statistics 17.0 software
(IBM SPSS, NY, USA). Values of p < 0.05 were consid-
ered statistically significant (*p < 0.05, **p < 0.01).

RESULTS

IL-10 production in CHF patients

To analyse whether IL-10 may modulate CD4+CD28null

T-lymphocyte levels, and because TNF is known to be
the main cytokine involved in loss of expression of the
CD28 molecule, we compared percentages and absolute
counts of CD4+CD28null T-lymphocytes in CHF patients
relative to their IL-10/TNF ratio. Table 1 shows the
characteristics of the patients according to the IL-10/
TNF ratio. Those with a lower ratio (<1; n = 45) had
significantly higher levels of CD4+CD28null

T-lymphocytes than those with an IL-10/TNF ratio ≥1
(n = 20), in terms of percentages and absolute counts
(Figure 1). The majority of CD4+CD28null T-cells
expressed CX3CR1 and NKG2D, and had intracytoplas-
mic stores of granzyme B and perforin (Supplementary
Figure 1b).

Effect of IL-10 on CD4+CD28null

proliferation and cytokine production

IL-10 may play a role in CD4+CD28null T-lymphocyte
subset expansion, although it depends on TNF levels. We
compared the effect of IL-10 on the proliferation induced
by anti-CD3 in CD4+CD28null and CD4+CD28+

T-lymphocytes. PBMCs, but not isolated CD4+

T-lymphocytes, were cultured because there was no cur-
rent clear definition of CD4+CD28null T-lymphocyte cost-
imulatory requirements. A high frequency of cycling cells
was found in both subsets of CD4+ T-lymphocytes stimu-
lated with anti-CD3 for 4 days (Figure 2a,c). However the
reduction of the percentage of Ki-67+ CD4+ lymphocytes
in the presence of IL-10 was more important in the
CD4+CD28null compartment than in CD4+CD28+

T-lymphocytes (Figure 2d). Similarly, the proliferative
response to anti-CD3 stimulation for 7 days, measured
with CFSE staining (Figure 2b,c), demonstrated that
CD4+CD28null T-lymphocytes proliferated more slowly

4 GARCÍA-TORRE ET AL.



than CD4+CD28+ T-lymphocytes in the presence of IL-
10 (Figure 2d).

To evaluate IL-10’s ability to limit CD4+CD28null and
CD4+CD28+ T-lymphocytes response, we studied its
effect on TNF production induced by anti-CD3

stimulation. Treatment with IL-10 simultaneously with
anti-CD3 stimulation for 18 h had no effect on cytokine
production (Figure 3a; t = 0h). However, when cells were
precultured for both 18 h and 36 h in medium, or
medium containing IL-10, and then stimulated with

TAB L E 1 Donor features in relation to IL-10/TNF ratio.

IL-10/TNF <1 (n = 45) IL-10/TNF ≥1 (n = 20) p (between-group)

Demographic and clinical data

Age ± SD 64.1 ± 12.5 68.2 ± 16.6 NS

Male (%) 32 (71.1) 16 (80) NS

% LVEF (IQR) 40.0 (53.0) 35.0 (43.0) NS

NYHA functional class

I 4 (8.9) 4 (20) NS

II 19 (42.2) 8 (40.0) NS

III 20 (44.4) 5 (25) NS

Missing 2 (4.4) 3 (15) NS

CHF aetiology

Coronary artery disease (%) 18 (40.0) 9 (45.0) NS

Hypertensive heart disease (%) 27 (60.0) 11 (55.0) NS

CRP, mg/dL (IQR) 1.4 (24.9) 1.5 (21.1) NS

Cholesterol ± SD (mg/dL) 164.2 ± 30.7 163.4 ± 39.9 NS

Haematological variables (median ± IQR)

WBCs (103/μL) 8.1 ± 1.9 8.3 ± 3.1 NS

Neutrophils (103/μL) 5.6 ± 1.8 6.2 ± 3.2 NS

Neutrophils (%) 67.6 ± 9.0 71.9 ± 12.4 NS

Monocytes (103/μL) 0.6 ± 0.2 0.6 ± 0.3 NS

Monocytes (%) 8.1 ± 2.4 7.9 ± 2.9 NS

Lymphocytes (103/μL) 1.7 ± 0.7 1.4 ± 0.8 NS

Lymphocytes (%) 21.1 ± 8.1 18.2 ± 10.3 NS

Abbreviations: CRP, C-reactive protein; IQR, interquartile range; LVEF, left ventricular ejection fraction; NS, not significant; NYHA, New York Heart
Association; SD, standard deviation; WBCs, white blood cells.
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anti-CD3, IL-10 treatment induced significant inhibition
of TNF production in CD4+CD28null and CD4+CD28+

T-lymphocytes (Figure 3a,b; t = 18 h and t = 36 h). Nev-
ertheless, we found significant differences between the
two subsets of CD4+ T-lymphocytes in the percentage
reduction of TNF production in the presence of IL-10
(Figure 3c).

To identify whether IL-10 acts directly on
CD4+CD28null T-lymphocytes’ ability to respond, or
whether it modulates the expression of some costimula-
tory molecules in antigen-presenting cells, CD4+

T-lymphocytes and monocytes were isolated and inde-
pendently precultured in medium alone, or in the pres-
ence of IL-10, for 24 h. Cytokine levels were reduced in
CD4+CD28null and CD4+CD28+ T-lymphocytes only
in the cultures with IL-10-treated monocytes (Figure 3d),
but these differences were only significant in the
CD4+CD28null compartment (Figure 3e).

The effect of IL-10 on CD4+CD28null T-lymphocytes
was not specific to cells from CHF patients since similar
results were obtained when cells from age- and sex-
matched healthy donors were analysed (Supplementary
Figure 2).

Relevance of costimulation of
CD4+CD28null T-lymphocyte to their
functional activity

To evaluate molecules potentially involved in the modu-
latory effects of IL-10, we studied the expression of HLA
class II, ICAM-1, LFA-3, OX40L and 4-1BBL at the
monocyte surface in response to the cytokine. As
expected, IL-10 treatment reduced not only HLA class II
and ICAM-1 expression, but also levels of LFA-3 (MFI)

(Figure 4a and Supplementary Figure 3). In fact, quantifi-
cation of LFA-3 mRNA expression by RT-PCR in purified
monocytes also showed a reduction following 18 h of cul-
ture with IL-10 (Figure 4b). OX40L or 4-1BBL showed
neither basal expression nor IL-10 modulation in mono-
cytes (Figure 4a; n.s. = not significant). Based on the lack
of inhibition caused by IL-10 pretreatment on CD4, this
cytokine showed no effect on the studied costimulatory
receptors LFA-1, CD2, OX40, and 4-1BB in
CD4+CD28null T-lymphocytes at basal expression or after
induction by anti-CD3 activation (Figure 4c and Supple-
mentary Figure 3).

On the other hand, to analyse the relevance of HLA
class II/CD4, CD54/LFA-1, and LFA-3/CD2 interactions
in the CD4+CD28null T-lymphocyte response to anti-
CD3 activation we blocked the ligand-receptor interac-
tion with specific mAbs. Proliferation in response to
anti-CD3 of CD4+CD28null T-lymphocytes was dimin-
ished, but only when anti-HLA class II (the most effec-
tive) or anti-LFA-3 blocking antibodies were added to
the culture. Similar results were found with simulta-
neous blocking of both costimulators in the absence of
IL-10. These were conditions in which proliferation was
almost completely suppressed (Figure 4d,e). Regarding
the effect of costimulation on cytokine production, inhi-
bition was noted when the HLA class II/CD4 interaction
was prevented, but to a lesser extent than when the
CD2/LFA-3 interaction was blocked with anti-LFA-3
antibodies. The lowest levels of TNF were produced
when the two interactions were simultaneously blocked,
which produced an additive inhibition (Figure 4d,e).
However, no effects were found on proliferation and
cytokine production when ICAM-1/LFA-1, OX40/
OX40L or 4-1BB/4-1BBL interactions were blocked
(Supplementary Figure 4).

F I GURE 3 Effect of IL-10 on TNF production by CD4+CD28null and CD4+CD28+ T-lymphocytes. (a) PBMCs were cultured in medium

or in the presence of IL-10 (100 ng/mL). Anti-CD3 was added to the culture at the same time as IL-10 (t = 0 h) or t = 18 h or t = 36 h later

(n = 12). Percentages of TNF-positive cells and MFI (Isotype control/TNF staining) in the CD4+CD28null and CD4+CD28+ T-lymphocyte in

this representative experiment are shown in the histograms (Isotype control: grey; Ki-67 staining: black). (b) Box-and-whisker plots represent

the percentages of TNF-positive CD4+CD28null and CD4+CD28+ T-lymphocytes cultured in medium (squares), when stimulated with anti-

CD3 (circles) and stimulated with anti-CD3 in the presence of IL-10 (triangles). (c) Box-and-whisker plots represent the percentages of

inhibition of TNF production in CD4+CD28null (open diamonds) and CD4+CD28+ T-lymphocytes (filled diamonds). (d) CD4+

T-lymphocytes and monocytes were independently isolated and precultured in medium alone, or in the presence of IL-10 (100 ng/mL), for

18 h (n = 6). Cells were then washed, mixed in culture, and stimulated for 6 h with anti-CD3 (1 μg/mL) before quantifying intracytoplasmic

levels of TNF. Percentages of TNF-positive cells in the CD4+CD28null (above) and CD4+CD28+ (below) T-lymphocyte subsets in this

representative experiment are indicated in the dot plots. (e) Box-and-whisker plots represent the percentage of TNF-positive CD4+CD28null

and CD4+CD28+ T-lymphocytes when CD4+ T-lymphocytes and monocytes were precultured independently in medium (squares), when

CD4+ T-lymphocytes were precultured in medium and monocytes with IL-10 (triangles), when CD4+ T-lymphocytes were precultured with

IL-10 and monocytes in medium (inverted triangles), and when both subsets were precultured with IL-10 (hexagon). In all cases, individual

values are shown in the scatter plots. Statistics: paired-samples t tests (b and c); Friedman and Wilcoxon tests (e) (all comparisons with

respect to ‘medium/medium’ condition are represented). *p < 0.05; **p < 0.01, n.s. = not significant.
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Costimulation through the CD2 receptor is
sufficient to induce CD4+CD28null

T-lymphocyte activation

To characterise CD4+CD28null T-lymphocyte costimula-
tion through CD2, isolated CD4+ T-lymphocytes were
stimulated for 18 h with anti-CD3-coated beads or anti-
CD3 + anti-CD2-coated beads. The proportion of Ki-67+

cells increased in response to CD2 costimulation after
4 days of culture, as did the production of TNF
(Figure 5a). Anti-CD3-coated beads induced a low but
significant proportion of Ki-67+ cells and a low level of
production of TNF, while addition of anti-CD2 stimulation
was enough to activate CD4+CD28null T-lymphocytes
(Figure 5b).

DISCUSSION

The functional properties of CD4+CD28null T-lymphocytes
have been widely studied and described in a variety of
pathological situations and in the context of ageing.
However, little is known about the mechanisms involved
in downregulating the enhanced activity of these cells. In
this study, we have demonstrated the inhibitory effects of
IL-10 on the proliferation and cytokine production of
CD4+CD28null T-lymphocytes. These effects are at least
partially mediated by reductions in HLA class II and
LFA-3 expression on the monocyte surface, and our
results demonstrate, for the first time, the relevance of
the role of LFA-3 in costimulating CD4+CD28null

T-lymphocytes.
CHF is a pathology characterised by non-specific acti-

vation of the immune system, resulting in an strikingly
high level of production of proinflammatory cytokines,
such as TNF, IL-6, IL-1, and IL-18, which is positively
correlated with disease severity [17–21]. Anti-
inflammatory cytokines, such as IL-10, downregulate the
production of several inflammatory cytokines from

macrophages and other cells [22,23], and improved heart
function has been suggested to be associated with an
increased IL-10/TNF ratio [24]. The importance of
T-lymphocytes in cardiac dysfunction in the pathogenesis
of inflammatory heart diseases is indisputable. Specifi-
cally, circulating levels of CD4+CD28null T-lymphocytes
have been associated with CHF severity and identified as
an independent predictor of patient mortality [9,25]. We
found significantly higher levels of CD4+CD28null

T-lymphocytes in patients with a low IL-10/TNF ratio. It
has long been known that TNF induces a reduction in
CD28 expression [4,26], but we also found that IL-10
inhibits CD4+CD28null T-lymphocyte proliferation. This
may explain the reduced levels of the subset of patients
with an IL-10/TNF ratio >1 because not only CD28 loss,
but also subset expansion, may be responsible for the
higher counts of these cells in CHF patients. The ability
to produce high levels of proinflammatory cytokines is
probably the key to the role played by CD28null cells in
heart failure, since this contributes to the general inflam-
matory status of these patients. CD4+CD28null

T-lymphocytes are characterised by their low activation
threshold, which could play a part in the predisposition
to breaking self-tolerance [27,28], and to enhancing
chronic immune responses, thereby contributing to the
development of chronic inflammatory diseases. Some
studies have described hitherto unknown phenotypic and
functional properties of CD4+CD28null, such as the acqui-
sition of the expression of several receptors commonly
associated with NK cells, new migration properties or
secretion of large amounts of proinflammatory cytokines
[2,29]. In contrast, little has so far been reported about
the regulatory mechanisms directed towards limiting
these responses in a way that keeps them from being so
strongly expressed that it harms the body. IL-10 could be
a candidate because it inhibits proinflammatory
responses acting on most of the innate and adaptive
immunity cells. Direct effects of IL-10 in T-lymphocytes
have been reported, although we found none in

F I GURE 4 Effect of IL-10 on expression of molecular costimulatory molecules. (a) Box-and-whisker plots depict expression of HLA

class II, ICAM-1, LFA-3, OX40L and 4-1BBL on monocyte surface in medium (squares), or in the presence of IL-10, for 18 h (triangles)

(n = 5). (b) LFA-3 mRNA expression was determined by quantitative RT–PCR in isolated monocytes cultured for 18 h in medium (white

bar) and in the presence of IL-10 (black bar). Results were normalised with regard to mRNA expression in medium. (c) Box-and-whisker

plots depict surface expression of CD2, LFA-1, OX-40 and 4-1BB in CD4+CD28null T-lymphocytes in medium (squares) or in the presence of

IL-10 (100 ng/mL) (circles) and stimulated with anti-CD3 (1 μg/mL) for 18 h. (d) PBMCs were cultured in the presence of blocking

antibodies against HLA class II (2 μg/mL) and LFA-3 (2 μg/mL) before being stimulated with anti-CD3 (1 μg/mL) (n = 5). Percentages of Ki-

67+ and TNF-positive cells in the CD4+CD28null and CD4+CD28+ T-lymphocyte subsets in these representative experiments are shown in

the dot plots (n = 5). (e) Box-and-whisker plots represent the percentage of Ki-67+ and TNF-positive cells in the CD4+CD28null

T-lymphocyte subset, in the presence of various blocking antibodies against the costimulatory molecules. In all cases, individual values are

shown in scatter plots. Statistics: paired-samples t tests (a–c); Friedman and Wilcoxon test (e) (only comparisons with respect to the ‘no-
blocking antibody’ condition are shown). *p < 0.05; **p < 0.01. n.s. = not significant.
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CD4+CD28null T-lymphocytes under our experimental
conditions. IL-10 induces T-lymphocyte inhibition by
blocking the CD28 costimulatory signal [30], which can-
not act in CD28null T-lymphocytes, and by suppressing
CD2 signalling via SHP-1. The latter only occurs in
T-lymphocytes stimulated via CD2 alone, and not when
anti-CD3 is also present in the cultures [31]. In other
words, we did not find a direct effect of IL-10 on stimu-
lated CD4+CD28null T-lymphocytes, but we did note an
indirect effect on monocyte surface molecule expression.
IL-10 mainly regulates T-lymphocyte activity by inhibit-
ing the antigen presentation of monocytes/macrophages,
reducing the expression of HLA class II, costimulatory
and adhesion molecules, and limiting the production of
cytokines [32]. We found that HLA class II, ICAM-1 and
LFA-3 reduced expression in IL-10-treated monocytes,

but that the ICAM-1/LFA-1 interaction was not associ-
ated with any of the effector functions of CD4+CD28null

T-lymphocytes. By contrast, diminished expression of
HLA-DR in IL-10-treated monocytes and blocking
of HLA class II molecules both induced a reduction in
the responses of CD4+CD28null T-lymphocytes. Similar
effects have been described in CD28+ T-lymphocytes,
whereby inhibition is maintained even in the presence of
IL-2, and in vitro T-lymphocyte anergy is induced [33].
Moreover, LFA-3 modulation by IL-10 on monocytes also
seems to have a major role in CD4+CD28null

T-lymphocyte inhibition. IL-10 reduced protein expres-
sion of LFA-3 in monocytes as early as 24 h after treat-
ment, an observation that was also supported by mRNA
expression. The LFA-3/CD2 pathway plays a central role
in activating naïve and memory T helper cells, initiating
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strong antigen-independent cell adhesion, expansion of
naïve T helper cells, and induction of large amounts of
IFN-γ in memory cells [34,35]. In fact, some authors have
proposed that CD2 compensates for the loss of CD28
because of the relatively mild phenotype associated with
CD28 deficiency [36,37]. However, the absence of both
receptors produces important deficits in activation and
proliferation, suggesting that at least one of them must
be present in T-lymphocytes to achieve an adequate
response. CD2 can act as an adhesion molecule and a sig-
nalling molecule, inducing proliferation of
T-lymphocytes as well as cytokine secretion, both in a
ZAP70-dependent manner [35,38]. In a similar way, CD2
may be the main costimulatory molecule in
CD4+CD28null T-lymphocytes. The obligatory costimula-
tion by CD4+CD28null T-lymphocytes is not fully under-
stood, but a lack of the costimulatory receptor CD28
indicates that the expression of alternative costimulatory
receptors may be involved in modulating functional
responses. Thus, OX40 (CD134) and 4-1BB (CD137),
which are members of the tumour necrosis factor recep-
tor (TNFR) family, are known to be important costimula-
tory receptors in CD4+CD28null T-lymphocytes in
patients with acute coronary syndrome. Moreover, sev-
eral reports have demonstrated the capacity of 4-1BB
engagement to costimulated CD8+CD28null

T-lymphocytes [39–41]. We did not find any involvement
of OX40 or 4-1BB in the functional activity of
CD4+CD28null T-lymphocytes of CHF patients, but were
able to show that LFA-3 was involved. The LFA-3/CD2
axis has been defined as the primary costimulatory path-
way for CD8+ T-lymphocytes that lack CD28 [42]. Simi-
lar to the finding in CD28+ T-lymphocytes, engagement
of the CD2 molecule by its ligand LFA-3 clearly costimu-
lated proliferation, cytokine production, and the effector
function in these cells, but this is the first study to dem-
onstrate its relevance in CD4+CD28null T-lymphocyte
functionality. We demonstrated that CD2 costimulation
is sufficient to induce proliferation, and that cytokine
production in anti-CD3 stimulated CD4+CD28null

T-lymphocytes. CD2/LFA-3 signals proved to be effective
only in the presence of TCR signals, which is consistent
with the well-established costimulation of CD28+

T-lymphocytes via CD2.
In summary, IL-10 has an inhibitory effect on

CD4+CD28null T-lymphocytes that can be responsible for
the circulating levels and functionality of these cells.
Their inhibition is not direct, but instead occurs by the
costimulation and antigen presentation arising from
reduced HLA class II and LFA-3 expression in mono-
cytes. Moreover, the CD2/LFA-3 interaction proves to be
a major activating mechanism in CD4+CD28null

T-lymphocytes.
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