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Introduction

If the number of published papers were a marker of the

subject of maximum interest, then T regulatory cells

(Tregs) would appear among the ‘hottest’ fields in

immunology. The idea of immune regulation, (even if it

is still meant in its old sense of suppression), has returned

to the limelight after decades of disinterest.1 Indeed, for a

better understanding of human pathology related to the

immune system both decreased activity and increased

activity of Tregs are important – the former may lead to

one of many autoimmune diseases, while the latter may

result in a deficient immune system, poorly capable of

fighting, for example, viral infections or cancers. It is

therefore to be expected that huge volumes of data have

been published about the changing numbers and propor-

tions of Tregs in different human diseases, generally con-

firming lower number of Tregs in patients with different

autoimmune diseases, and higher numbers in patients

with cancers.2,3 Initially, the Treg phenotype was defined

as CD4+ CD25+ T cells, which was based on studies in

mouse models.4,5 This approach was also used for

enumeration of human Tregs; however, in the peripheral

blood of healthy individuals of any age, there are always

CD4+ CD25+ T cells – reflecting a certain level of activa-

tion in response to environmental antigenic challenge.6–9

Taking this constant presence of presumably activated

CD4+ CD25+ T cells into consideration, the newest data

suggest that only those CD4+ T cells with the highest

CD25 expression (the CD4+ CD25high subpopulation)

have a suppressive (regulatory) activity.10,11 Unfortu-

nately, there is no clear, uniform and satisfactory cutoff

for the level of CD25 that would decide which CD25+

cells should be considered CD25high. Some authors claim

that only the upper 1–2% of CD4+ CD25+ cells are

Tregs,12,13 whereas others put the cutoff at the upper
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Summary

The interest of the scientific community in regulatory CD4+ T cells has

reached an enormously high level. Common agreement is that they inhibit

not only the proliferation of CD4 and CD8 lymphocytes, but also the

activities of natural killer cells and macrophages. However, very important

issues concerning actual mechanism(s) and specificity of the action of reg-

ulatory T cells (Tregs) upon responder cells are still unsolved or vague.

The best known marker for Tregs is the expression of transcription factor

FoxP3, widely used for their enumeration. It is known that FoxP3 inhibits

cytokine production so the most probable action of Tregs is direct. How-

ever, FoxP3 expression cannot be used for functional studies in humans.

Therefore we identified human peripheral blood Tregs as a distinct, very

well-defined population of peripheral blood T cells with reduced CD4 and

high CD25 expression (CD4low CD25high), which fulfils the current pheno-

typic criteria identifying the Tregs by simultaneously expressing high

amounts of FoxP3. We conclude that the definition of a CD4low CD25high

phenotype is enough to unambiguously detect and study the regulatory

function of these cells. On the functional level, the CD4low Tregs are able

to non-specifically suppress the proliferation of autologous, previously

polyclonally activated CD4+ and CD4) lymphocytes and to kill them by

direct contact, probably utilizing intracellular granzyme B and perforin.
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7–10% of the CD4+ CD25+ cells.14 All of these limits

were arbitrary. The problem with identification of human

regulatory CD4+ T cells seemed to be solved once FoxP3

– a transcription factor recognized as the new marker

necessary for regulatory T-cell formation – was discov-

ered15–20 and shown to suppress the production of

interleukin-2 (IL-2), interferon-c and IL-4.21 The

CD4+ CD25high FoxP3+ phenotype has therefore become

established as the proper and reasonably adequate way for

enumeration of Tregs in human pathology.

The main unsolved problem with regulatory cells is that

the mechanism of action of human regulatory T cells is

largely unknown. There are currently two or three pro-

posed mechanisms: direct cytotoxicity via cell to cell con-

tact,22,23 induction of responder cell apoptosis by

cytokine deprivation24 and indirect modulation via ‘sup-

pressive’ cytokines, mainly IL-10.11,25 The latter mecha-

nism is sometimes ascribed to cells that do not belong to

the Treg family, while the actual Tregs are thought to

secrete no cytokines and to rely on those secreted by

other cells for their survival and function.26 It is now easy

to study the Treg function in mice, because genetically

modified animals have been designed in which FoxP3

expression is associated with that of green fluorescent

protein and living Tregs can be easily detected.27 Unfortu-

nately, this method of assessing the FoxP3 expression as

an unequivocal marker of Tregs could not, for obvious

reasons, be used for functional studies in humans, and in

general the FoxP3 staining procedure that requires the

cells to be fixed–permeabilized before FoxP3 staining

makes its detection impractical for human functional

studies. Considering all the above we ask in this paper if

there is an unambiguous and non-arbitrary method with

which to distinguish living human Tregs and what is the

mechanism of action of such defined Tregs on other cells.

We have previously described a distinct human CD4+

lymphocyte subpopulation in the peripheral blood of

healthy donors, in which CD4+ expression was about half

that in the majority of CD4-positive T cells, which coined

it a designation of CD4low.28 We have also shown this

cellular population to be CD25high, CD95high, CD28low

and CTLA-4+, i.e. it has a phenotype very similar to the

regulatory T cells ‘rediscovered’ at the same time – the

CD4+ CD25+ cells.29,30 In this paper we test if ‘our’

CD4low CD25high lymphocytes are in fact the Tregs and

what is their mode of action.

Materials and methods

Subjects

Peripheral venous blood was obtained from 20 healthy

volunteers of both sexes (average age 40�6 ± 15�23 years,

age range 22–58 years). All participants were informed

about the purpose of the study and gave their written

informed consent. The project was approved by the Local

Committee for Biomedical Research Ethics at the Medical

University of Gdańsk. The exclusion criteria for healthy

people included autoimmune diseases, neoplasms and

acute or chronic inflammation. None of the healthy

volunteers were taking medication that would influence

the immune system.

Surface markers staining and fluorescence-activated cell
sorting analysis of the extended phenotype of
CD4low CD25high cells

One hundred microlitres of peripheral blood was stained

for 30 min at room temperature with fluorescein isothio-

cyanate (FITC)–conjugated anti-CD3 and phycoerythrin

(PE)-Cy5-conjugated anti-CD4 monoclonal antibodies

(mAbs), and with either PE-conjugated anti-CD25,

PE-conjugated anti-CD28 mAbs (all from Dako Cytoma-

tion, Gdynia, Poland), PE-conjugated anti-CD94, PE-con-

jugated anti-CD16+ CD56, PE-conjugated anti-CD161, or

PE-conjugated anti-iNKT (BD Biosciences-Pharmingen,

San Diego, CA). The expression of CD158b antigen was

assayed on the cells stained with FITC-conjugated anti-

CD158b (BD Biosciences-Pharmingen), PE-conjugated

anti-CD25 and PE-Cy5-conjugated anti-CD4 mAbs. Red

blood cells were removed from samples with NH4Cl/

KHCO3 lysis buffer, and remaining cells were washed

twice with phosphate-buffered saline (PBS) before fluoro-

cytometric analysis. Appropriate fluorochrome-conjugated

irrelevant mouse immunoglobulins of corresponding iso-

types (DAKO Cytomation) were used as controls. The T

lymphocytes were considered CD4low if they conformed

to the strict definition of this population, described in

our previous work.28 Fluorocytometry analysis was per-

formed with the fluorescence-activated cell sorting

(FACS) FACScan system (BD Biosciences, San Jose, CA).

All fluorocytometric data were analysed with the WINMDI

2.9 (J. Trotter, The Scripps Institute, La Jolla, CA) soft-

ware.

FoxP3 protein expression

To assess the FoxP3 protein expression in subpopulations

of CD4+ lymphocytes, the peripheral blood mononuclear

cells (PBMC) were surface stained with PE-Cy5-conju-

gated anti-CD4 mAb as described above and then with

the intracellular FoxP3 staining kit (eBioscience, San

Diego, CA) according to the manufacturer’s protocol.

Briefly, after incubation in the ‘A’ buffer for 20 min at

room temperature then for 24 hr at )20�, followed by

incubation in the ‘B solution for 20 min at +4�, the cells

were washed with PBS, and stained with 10 ll PE-conju-

gated anti-FoxP3 mAb (clone h-FOX-Y) in 100 ll of flow

cytometry staining buffer (FCSB) and 20 ll blocking buf-

fer, and after 25-min of incubation the cells were washed
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twice with the FCSB and analysed by flow cytometry.

Appropriate PE-conjugated irrelevant mouse immuno-

globulins were used as isotype control.

Perforin and granzyme B expression

For the estimation of perforin expression the cells were

surface-stained with FITC-conjugated anti-CD3 and PE-

Cy5-conjugated anti-CD4 mAbs, while cells that were

used to assess the granzyme expression were stained

extracellularly with PE-Cy5-conjugated anti-CD4 mAb

and either with PE-conjugated anti-CD28 or PE-conju-

gated anti-CD25. Surface-stained cells were fixed with 2%

paraformaldehyde for 15 min at room temperature. A

0�25% saponin buffer (Sigma Aldrich Chemie GmbH,

Munich, Germany) was used to wash and permeabilize

the cells. Fixed-permeabilized cells were resuspended in

saponin buffer before adding 20 ll of PE-conjugate anti-

perforin or FITC-conjugated anti-granzyme B mAbs (BD

Biosciences-Pharmingen). After 30 min incubation at +4�
temperature, cells were washed once with saponin buffer

and then with PBS and analysed by flow cytometry.

Apoptosis assay

Cells cultured as above were stained with FITC-conjugated

anti-CD3, PE-conjugated anti-Annexin V (BD Biosciences-

Pharmingen) and PE-Cy5-conjugated anti-CD4 mAbs as

described above except that they were washed twice with

diluted Annexin V binding buffer (BD Biosciences-Pharm-

ingen) (1 : 9 with distilled water), not with PBS.

Conjugate formation and cytotoxicity assay

The following assay was developed to test the ability of

CD4low T cells to contact (form conjugates with) and kill

activated PBMC. On day 0, PBMC from healthy volun-

teers were isolated and stimulated with immobilized anti-

CD3 mAb (BD Biosciences-Pharmingen) at 1 lg/ml or

Staphylococcus enterotoxin A (SEA; Sigma Chemical Co.),

at final concentration of 250 ng/ml for 72 hr. On day 3,

second PBMC samples were obtained from the same

donors. For distinction of free cells and their conjugates,

immediately before the conjugation/killing test the stimu-

lated target PBMC were loaded with a supravital fluores-

cein derivative carboxyfluorescein succinimidyl ester

(CFSE; 1 lM, 15 min at 37�), and fresh effector PBMC

(presumably containing Tregs) were stained with

PE-Cy5-conjugated anti-CD4 mAb as above, to allow

for distinction of CD4low cells. Both stimulated and

freshly isolated, stained PBMC were mixed at different

target to effectors ratios –25 : 1 and 1 : 1, cultured for 0,

15, 30, 60 and 120 min at 37� and the conjugate forma-

tion was examined by flow cytometry. As a control, cells

used for conjugate formation tests were stained with

either PE-conjugated anti-CD4 or CFSE and separately

cultured for 4 hr, showing no change in the CFSE or

CD4 staining intensities after that time (not shown). Also,

we did not see any double-positive cells in any of these

controls. Additionally, to assess the actual killing, the

mixture of cells was checked for damaged cells after

240 min by 7-aminoactinomycin D (7-AAD) staining;

5 ll of the standard 7-AAD solution (BD Biosciences-

Pharmingen) was added to the cell mixtures and

incubated at room temperature for 15 min before the

FACS analysis.

Suppression of proliferation of activated autologous
T cells

CD3+ CD4low CD25high lymphocytes and the mixed pop-

ulation containing the remaining CD25) lymphocytes and

monocytes were sorted from the PBMC stained with

appropriate monoclonal combinations using the FACS

Aria (BD Biosciences-Pharmingen), as in Fig. 6a. Compo-

sition of the resulting cellular populations, especially pur-

ity of sorted CD3+ CD4low CD25high cells and the levels

of CD4 expression, were determined as in Fig. 6(b, c).

Sorted, CD3+ CD4low CD25high/+-depleted PBMC were

loaded with CFSE as described above and stimulated with

5 lg/ml concanavalin A (Con A, Sigma) for 120 hr, with-

out or with 5, 10 or 20% of sorted CD3+ CD4low

CD25high cells added. The proportion of dividing (CFSE-

diluting) cells was determined for CD3+ CD4+ and

CD3+ CD4) lymphocytes after appropriate gating.

Cytokine production

Isolated PBMC were stimulated with phytohaemaggluti-

nin for 4 hr, in RPMI-1640 medium containing 10% fetal

calf serum and GolgiStop� (BD Biosciences-Pharmin-

gen). Afterwards the cells were surface-stained with PE-

Cy5-conjugated anti-CD4 mAb and fixed in 2% parafor-

maldehyde for 30 min. The PE-conjugated anti-IL-10

mAb (BD Biosciences-Pharmingen) was added for 30 min

in 0�25% saponin buffer. Stained cells were washed twice

in PBS before recording the flow cytometry readout. The

total of 10 000 cells per sample were collected using BD

Biosciences-Pharmingen software and analysed with the

WINMDI 2.9 program.

Statistical analysis

Data were analysed using a parametric unpaired or paired

Student t-test after confirmation of normal distribution.

All statistical analyses were performed with the StatSoft,

Inc. (2005) STATISTICA data analysis software system, ver-

sion 7.1.(http://www.statsoft.com) under the Medical

University of Gdańsk license agreement. P-values of

� 0�05 were taken to be significant in all tests.
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Results

For the purpose of distinction of the CD4low from CD4+

cells and analysis of the CD25 levels in both populations

we designed the plot regions to contain cells with null,

low–intermediate and high CD25 expression (Fig. 1a).

Rhomboid regions were adopted rather than rectangular

ones, e.g. by Wang,31 because of visible overlapping of

the lowest CD25 signal level shown by the CD4low popu-

lation and the highest one shown by other CD4+ cells.

Comparison of mean fluorescence intensities (MFIs) for

the three CD4-positive subpopulations revealed that the

highest mean CD25 expression occurs on the cells with

the lowest CD4+ MFI and the changes are statistically sig-

nificant (Fig. 1b). Thus defined, CD25high CD4low T cells

were also strongly positive for FoxP3 staining (Fig. 2),

gaining the phenotype description of CD4low CD25high -

FoxP3high. The CD4low T cells did not secrete IL-10 after

4 or 22 hr of stimulation (data not shown). Based on

these results we concluded that CD4low T cells might

belong to the regulatory T cells – the Treg subpopulation

with a phenotype CD4low CD25high FoxP3high IL-10).

The postulated role of the Tregs is to reduce (suppress)

the activity of other previously activated, antigen- or

stimulation-responsive, proliferating T cells. To check if

putative Tregs as defined above might act via cell-to-cell

contact, and if they contain mechanisms that could kill

target cells, we decided to investigate whether they

expressed perforin and granzyme B as well if they possess

the ability to form conjugates with activated, autologous

lymphocytes.

CD4low T cells express significant amounts of both

intracellular perforin (Fig. 3a) and granzyme B (Fig. 3b).

These granzyme-B-positive CD4low T cells also express
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high CD25 (in accord with their putative Treg pheno-

type) and low CD28 (Fig. 3c, d).

The latter feature might have suggested that the CD4low

T cells belong in fact to the natural killer T (NKT) or –

even less likely because of CD4 expression – to a subpop-

ulation of the NK cells. To exclude the possibility of our

putative Tregs being the NK or NKT cells, we had analy-

sed them for the expression of common NK/NKT anti-

gens, including: CD16, CD56, CD94, CD158b, CD161

and invariant NKT (iNKT). Staining with appropriate

antibodies detecting the above-mentioned antigens

revealed that – as expected – most of these antigens were

not present on any CD4+ T cells (including the CD4low

lymphocytes), with the exception of CD161 (Fig. 4a).

However, CD4+ lymphocytes positive for CD161 had sig-

nificantly higher CD4 expression than those with no

CD161, as revealed by the MFI values for CD4 antibody

signal on both CD161+ and CD161) populations

(Fig. 4a, b), which allows us to conclude that CD4low

T cells do not express CD161. Adequate specificity and

working of the antibodies was confirmed by the presence

of positive staining on CD4) T cells (the majority of

them CD8+ T and NK cells) contained in the same sam-

ples. On the other hand, only a few NKT cells as mea-

sured by iNKT expression were found in the peripheral

blood of healthy people, and they were definitely not

CD4low T cells (Fig. 4f).

The CD4low T cells express both perforin and granzyme

B and so, in essence, could kill susceptible cells on con-

tact, so we checked their ability to form the conjugates

with autologous PBMC polyclonally activated for 3 days

in vitro, as target cells. These kinetic experiments showed

that CD4low T cells were able to form conjugates with tar-

get cells as soon as 15 min into the test and with time the

number of conjugates increased, reaching a maximum at

120 min from the moment of mixing the cells (Fig. 5).

The expression of CD4 on cells forming the conjugates

was significantly lower (P < 0�001) than on CD4+ T cells,

which did not form conjugates, mean fluorescence of the

CD4-bound antibody in these experiments being:

25�25 ± 2�41 and 45�26 ± 1�31 for conjugating and non-

conjugating lymphocytes, respectively. Additionally, the

percentage of conjugates formed by CD4low T cells was

similar to the proportion of CD4low CD25high cells in the

peripheral blood (not shown) and was greater in middle-

aged groups than in young groups.

To show if the conjugate formation was a first step to

killing target autologous cells, we used an additional

staining with 7-AAD to distinguish dead cells in the con-

jugates. The experiments revealed that after 240 min of

incubation the majority of dead (7AAD+) cells were the

CFSE-positive target cells (Fig. 5e). Additional staining

with anti-CD4 PE-Cy5 antibody and 7-AAD showed that

the CD4 T cells which formed conjugates were mostly

alive (Fig. 5e), and confirmed that dead cells were within

the conjugate region.

Further proof of the actual suppression of T-cell func-

tion by the CD4low CD25high lymphocytes was demon-

strated in a proliferation inhibition test (Fig. 6). The

PBMC of healthy individuals were depleted of the

CD4low CD25high cells by FACS sorting (Fig. 6a–c), loaded

with CFSE and used as proliferating targets by stimulation
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for 120 hr with Con A. Addition of 5–20% sorted autolo-

gous CD4low CD25high lymphocytes visibly reduced the

proportion of CFSE-diluting, dividing cells both among

the CD4+ and the CD4) (predominantly CD8+) popula-

tions (Fig. 6d, e). The proportion of dividing (CFSE-

diluting) CD4+ cells significantly decreased from

58�1 ± 7�3% in the samples depleted of CD4low CD25high

cells to 33�5 ± 7�2% at the 20% (1 : 5) ratio of putative

Tregs to the targets (n = 3, P = 0�014), proving the sup-

pressive activity of CD4low CD25high cells. For the CD4)

population, the respective figures were 21�2 ± 5�8% divid-

ing cells in Treg-depleted samples, and 3�5 ± 1�2% in the

presence of 20% Tregs (P = 0�007). The latter result show

that CD4low CD25high lymphocytes act as non-specific

regulators–suppressors of activated T cells.

Discussion

In this study we were seeking a possible mechanism of

human Treg action, based on a previous suggestion of the

necessity of direct contact for their operation. We have

confirmed that the CD4low CD25high lymphocytes that we

described first28 also express high levels of FoxP3, which

fulfils the phenotypic criterion for Treg distinction. We

believe therefore that the feature of constant, significantly

low expression of CD4 simultaneous with high expression

of CD25 is a sufficient marker of functional human

Tregs.

Using low expression of CD4 as putative alternative

marker of the Treg population, we checked for the func-

tionalities of this subpopulation, associated with Treg

activities. The literature already suggested that the mecha-

nism of action of Tregs was not associated with cytokine

release26,32 and this is in full agreement with our data,

showing especially a lack of any IL-10 secretion. We dem-

onstrated that the CD4low T cells form detectable conju-

gates with activated autologous PBMC within 15 min of

initial contact, reaching a maximum after 120 min of

incubation. This effect is a prerequisite for cytotoxic

killing of target cells, visible after 4 hr of conjugate
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formation. In our opinion, the ability to form the conju-

gates with and to kill autologous PBMC is a very strong

indicator of the CD4low lymphocytes being the regulatory

T cells acting by cell-to-cell contact. This theory is sup-

ported also by the demonstration that CD4low T cells

express perforin and granzyme B, so possessing the mech-

anisms to perform killing of conjugated targets. The

CD4+ CD28null T cells accumulating in the elderly also

express granzyme B and perforin.33,34 However, in our

study cohort recruited from young and middle-aged

healthy volunteers the proportion of these cells in peri-

pheral blood was less than 1% and, even more impor-

tantly, the CD4low T cells positive for granzyme B were

also CD28 (low) positive. Granzyme B involvement in

induced regulatory T cells (Tr1) and Treg (CD4+ CD25+)

suppressive action was recently described35 in a knockout

mouse model. Our demonstration of perforin expression

in the cytoplasm of circulating CD4low T cells of human

peripheral blood is in agreement with the suggested possi-

ble role for perforin for regulatory T-cell action.22,23 Inter-

estingly, according to Grossman et al., human Tregs

utilize granzyme A while our CD4low Tregs use granzyme

B23. This may be another illustration of the complexity of

the Treg system36 and supports the notion of CD4low

CD25high cells being a novel human Treg population.

Our data showing their ability to eliminate the non-

specifically (polyclonally) activated, autologous CD4+ cells

suggest that it should be necessary for the Tregs to disap-

pear after completion of their regulatory activity. To this

end, we have observed that CD4low CD25high CD28low

T cells contain an up to five times greater proportion of

cells positive for Annexin V than the remaining CD4+

lymphocytes (not shown). The idea of rapid generation

and disappearance of at least some Tregs is supported by

a recent paper, showing a very fast turnover of

CD4+ CD25high T cells in humans in vivo, possibly as

progeny of memory T cells.37 It agrees also with the dem-

onstration of strong dependency of the Tregs on cyto-

kines supplied by activated T cells;26 the emerging picture

would be that of a negative feedback, where Tregs kill the

source of cytokines necessary for their own survival and

then die off. Such dynamic appearance and disappearance

of major regulators of adaptive immunity could be a very

sensitive marker of immune status, bearing in mind

reports on the low proportions of Tregs being associated

with various autoimmune diseases,38 and on higher then

normal proportions of Tregs detected in cancer patients.3

In the light of our findings, the most probable mode of

action of human CD4low CD25high Treg cells is to ‘calm

down’ the activation of the immune system by direct,

non-specific elimination of activated, proliferating, target

T (both CD4+ and CD8+) cells. We suggest that this

action is not epitope-specific; accumulation of more

Tregs, as seen for example in elderly humans39 and

mice,40,41 leads to a widely observed general reduction of

immune responsiveness (including its anti-cancer branch)

rather than to reduced reactivity against specific patho-

gens.
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