
Differential CD4
+ T-cell memory responses induced by two subsets

of human monocyte-derived dendritic cells

Introduction

Differentiation of circulating blood monocytes into tissue

macrophages and dendritic cells (DC) has been well

established in vitro1 and in vivo.2 In vivo, they migrate

from blood to inflammatory sites where many differe-

ntiate to macrophages,2 which apparently fail to initiate

T-cell responses.3 Other infiltrating monocytes become

DC in the presence of phagocytic or chemoattractant

stimuli2,4 and are able to present antigens and prime

naive lymphocytes.5 In vivo responses of naive T lympho-

cytes against particulate antigens are mainly dependent on

monocyte-derived DC,6 confirming the biological rele-

vance of these cells.

In humans, two monocyte subsets have been identified

based on their expression of CD16: the regular CD14hi

CD16– subpopulation (referred to as CD16–), accounting

for 90–95% of monocytes in healthy individuals, and the
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Summary

Dendritic cells (DC) are powerful inducers of primary T-cell responses,

but their role in secondary responses has not been extensively analysed.

Here, we address the role of two DC subsets derived from human CD16+

(16+ mDC) or CD16– (16– mDC) monocytes on the reactivation of mem-

ory responses. CD4+ CD45RA– memory T cells were obtained from adult

blood donors, and central (TCM) and effector (TEM) memory T cells were

isolated by fluorescence-activated cell sorting with anti-CCR7 antibodies.

The 16+ mDC and 16– mDC were cocultured with autologous lympho-

cytes, either unpulsed or loaded with purified protein derivatives of Myco-

bacterium tuberculosis (PPD) or tetanus toxoid (TT), and were analysed

for up to 8 days. Over a range of doses, 16+ mDC drove stronger T-cell

proliferative responses against both antigens. Overall, antigen-specific

memory cells tended to acquire a phenotype of TEM at later time-points

in the culture, whereas cells that had completed fewer cycles of division

were similar to TCM. The 16+ mDC induced higher rates of proliferation

on both TCM and TEM lymphocytes than 16– mDC. This phenomenon

was not related to the ability of both DC to induce CD25 expression on

T cells, to lower secretion of interleukin-2, or to raise production of inter-

leukin-10 during T-cell/16– mDC cocultures. The induction of TCM effec-

tor capacity in terms of interferon-c production was faster and more

pronounced with 16+ mDC, whereas both DC had similar abilities with

TEM. In conclusion, these data might reveal new potentials in vaccination

protocols with 16+ mDC aimed at inducing strong responses on central

memory T cells.

Keywords: dendritic cell subsets; interferon-c production; lymphoprolifer-

ation; recall antigens

Abbreviations: 16– mDC, CD16– monocyte-derived DC; 16+ mDC, CD16+ monocyte-derived DC; CFSE, carboxyfluorescein
diacetate succinimidyl ester; DC, dendritic cell; LPS, lipopolysaccharide; PGN, peptidoglycan; poly (I:C), polyinosinic–
polycytidylic acid; PPD, purified protein derivatives of Mycobacterium tuberculosis; TCM, central memory T; TEM, effector
memory T; TT, tetanus toxoid.
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minor CD14+/– CD16+ subset (CD16+), comprising the

remaining 5–10%.7,8 CD16+ monocytes exhibit certain

phenotypic characteristics resembling tissue macrophages,

with lower expression of CD11b and CD33 and higher

expression of human leucocyte antigen (HLA) class II

than classical CD16– monocytes.8 Data suggest an inflam-

matory nature for CD16+ monocytes. First, they express

high levels of surface CD11a, CD11c, intracellular adhe-

sion molecule-1, very-late activation antigen type 4 and

CX3CR1, which has been associated with an increased

interaction with endothelia and rapid migration into

inflamed tissues.8–10 Second, they constitutively produce

pro-inflammatory cytokines in patients infected with

human immunodeficiency virus11 and secrete low levels

of interleukin-10 (IL-10) in vitro12 and third, their

numbers are drastically increased in pathological condi-

tions associated with acute or chronic inflammatory

responses.13 However, CD16+ monocytes lack CCR2, a

chemokine receptor involved in monocyte recruitment to

many inflamed tissues,14 so the actually nature of CD16+

monocytes is still unknown. The identification of mouse

monocyte subsets that closely resemble human CD16+

(Gr-1lo) and CD16– (Gr-1hi) monocytes15 has allowed

their fate in both steady-state conditions and inflamma-

tion to be traced. Several lines of evidence suggest that

Gr-1hi monocytes are recruited to inflammatory or infec-

tion sites and give rise to macrophages and DC, including

Langerhans cells,15,16 whereas Gr-1lo monocytes might be

precursors for resident DC and/or macrophages in the

steady state.15 Remarkably, human CD16+ monocytes

preferentially differentiate in vitro to DC in a model

of transendothelial trafficking.17 Furthermore, Toll-like

receptor 2/1 activation of human monocytes triggers their

differentiation to macrophages and DC, but DC differ-

entiation is restricted to the CD16+ subset, while macro-

phage differentiation is enhanced in CD16– monocytes.18

Though the extent of these findings is unknown, human

monocytes, and particularly the CD16+ subset, might be

precursors for DC in vivo.

We previously demonstrated that human CD16+ and

CD16– monocytes could differentiate to DC (referred as

16+ mDC and 16– mDC) when cultured with granulo-

cyte–macrophage colony-stimulating factor (GM-CSF)

and IL-4.12,19 Both DC types showed similar abilities to

induce proliferation of allogeneic naive CD4+ T cells.12

However, 16– mDC induced lower levels of IL-4 on these

T cells compared with 16+ mDC, while there were no sig-

nificant differences in interferon-c (IFN-c) induction by

both DC subtypes.12,19 Regarding the activation of CD4+

memory T cells, 16+ mDC were found to induce greater

responses than 16– mDC in vitro20 in studies performed

with cells from patients with metastatic renal cell carci-

noma. Patients were vaccinated with total monocyte-

derived DC pulsed with tumour lysates and keyhole

limpet haemocyanin and matured with tumour necrosis

factor-a (TNF-a) and prostaglandin E2. The 16+ mDC

induced greater proliferation of CD4+ T lymphocytes

against tumour antigens in 70% of patients after treat-

ment, while the remaining 30% showed similar levels of

proliferation.20 Additionally, 16– mDC induced higher

ratios of IFN-c : IL-4 among CD4+ T cells against

tumour antigens before therapy. However, 16+ mDC

reversed that tendency and induced stronger T helper

type 1 (Th1) responses after treatment.20

Recent data supported a preferential role of DC in

memory T-cell reactivation. Memory CD8+ T-cell

responses in lymphoid and non-lymphoid organs are

strongly reduced when DC are transiently ablated,3 as

previously suggested by others for memory CD4+

lymphocytes in peripheral tissues.21 Several studies have

demonstrated that some DC subtypes induce T-cell prolif-

eration more efficiently than others.22 In humans, DC

derived from CD34+ progenitors or from CD11c+ blood

precursors induced better lymphoproliferative responses

against recall antigens than monocyte-derived DC.23,24

Therefore, selective activation of distinct types of DC

could explain in part the great heterogeneity of T-cell

effector functions or the development of different mem-

ory subpopulations. In recent years, two subsets of CD4+

memory T cells have been defined based on their dif-

ferential expression of the chemotactic receptor CCR7

and the adhesion molecule L-selectin (CD62L): central

(TCM) and effector (TEM) lymphocytes.25,26 The TEM

(CCR7– CD62L–/+) migrate preferentially from blood into

tissues under homeostatic or inflammatory conditions.

Upon restimulation, TEM display immediate secretion of

effector cytokines (IFN-c, IL-4, IL-5), which has been

attributed to their fully differentiated state and low activa-

tion threshold. In contrast, TCM possess only a partial

level of differentiation and, upon polyclonal stimulation,

are only capable of secreting IL-2. The TCM constitutively

express CCR7 and CD62L, which allows them to gain

access into secondary lymphoid organs. There, TCM could

interact with professional antigen-presenting cells, such as

DC, increasing the likelihood that they progress along

their differentiation pathway. According to their proper-

ties, it is predictable that TEM mount immediate protect-

ive responses at sites of antigen entry, whereas TCM need

first to travel to secondary lymphoid compartments for

commitment to proliferation and differentiation to effec-

tor cells.27 The pathways leading to TCM and TEM devel-

opment are currently controversial, and it is not

clear whether they represent separate or interrelated cell

lineages.28–32

Since previous evidence suggested that 16– mDC and

16+ mDC differentially affect T-cell memory activation,

the present study sought to clarify the role of these DC in

the restimulation of secondary responses in healthy indi-

viduals against two well-known recall antigens, related

to Th1 (purified protein derivative of Mycobacterium
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tuberculosis; PPD) or Th2 (tetanus toxoid; TT) cytokine

patterns. We present evidence that 16+ mDC induced

higher proliferative responses of memory CD4+ T cells

than 16– mDC. This phenomenon was independent of

CD25 expression on these cells or the amount of IL-2

and IL-10 secreted during cultures. Finally, we showed

that 16+ mDC elicit stronger IFN-c responses in memory

cells, particularly in TCM.

Materials and methods

Media and reagents

Lymphocytes and monocytes were cultured in RPMI-1640

medium supplemented with 10% heat-inactivated autolo-

gous serum, 2 mM L-glutamine, 1 mM sodium pyruvate,

0�1 mM non-essential amino acids (Hyclone Laboratories,

Logan, UT), 100 U/ml penicillin, 100 lg/ml streptomycin,

and 50 lM 2-mercaptoethanol (Gibco BRL, Grand Island,

NY), referred to as complete medium. The following

reagents were used: human recombinant GM-CSF

(hrGM-CSF; 1000 U/ml), rat neutralizing monoclonal

antibody (mAb) to IL-10 (JES3–19F1, 5 lg/ml) and its

immunoglobulin isotype control (BD PharMingen, San

Diego, CA); human IL-2 (5–100 U/ml; Gibco BRL);

hrIL-4 (15 ng/ml) and prostaglandin E2 (0�1 lg/ml) (Cal-

biochem, La Jolla, CA); hrTNF-a (40 ng/ml; R & D Sys-

tems, Minneapolis, MN); lipopolysaccharide (LPS) from

Escherichia coli 0111:B4 (0�5 lg/106 cells/ml; Sigma-

Aldrich, St Louis, MO); peptidoglycan (PGN) from Sta-

phylococcus aureus (10 lg/ml; Fluka, Milwaukee, WI);

polyinosinic–polycytidylic acid [poly (I:C), 50 lg/ml;

Amersham Life Science, Buckingham, UK]; carboxyfluo-

rescein diacetate succinimidyl ester (CFSE; Molecular

Probes, Eugene, OR); TT (0�01–10 lg/ml; kindly supplied

by the National Institute of Hygiene, Mexico); PPD

(0�01–100 lg/ml; Statens Serum Institut, Copenhagen,

Denmark).

Cell separation and differentiation of peripheral blood
monocytes

Peripheral blood mononuclear cells were purified from

buffy coats of healthy volunteers vaccinated with TT and

with a positive tuberculin skin test reaction (induration

� 10 mm at 48 hr; Aventis Pasteur, France). They were

isolated using Ficoll-Hypaque (Gibco BRL) density gradi-

ent centrifugation. Subsequently, CD56– CD16+ and

CD56– CD16– CD14+ cells (referred as CD16+ and CD16–

monocytes) were separated by magnetic cell sorting, using

MACS isolation kits (Miltenyi Biotec, Bergisch Gladbach,

Germany), as described elsewhere.19 Autologous memory

CD4+ CD45RA– T lymphocytes from adult blood were

separated by negative selection using the MACS CD4+

T-cell isolation kit (Miltenyi Biotec), followed by incuba-

tion with MACS anti-CD45RA antibody. Central (CCR7+,

TCM) and effector (CCR7–, TEM) memory T cells were

isolated from CD4+ CD45RA– lymphocytes by fluores-

cence-activated cell sorting using anti-CCR7 antibodies

(3D12; BD PharMingen).

Isolated monocytes were cultured at 106 cells/ml in

complete medium supplemented with GM-CSF and IL-4

to obtain DC. The cultures were fed with fresh medium

and cytokines every 2 days. After 6 days, non-adherent

DC were harvested and replated at 5 · 105 cells/ml in

medium containing GM-CSF and IL-4. Then, different

doses of TT or PPD were added to the immature DC,

and 8 hr later DC were activated with TNF-a and prosta-

glandin E2 for two more days.

Cytokine detection in DC culture supernatants

Production of IL-10 in the supernatants of immature DC

(day 6) was quantified using an enzyme-linked immuno-

sorbent assay (ELISA) kit from BD PharMingen. Either

16– mDC or 16 + mDC were incubated with LPS, PGN

or poly (I:C) at the concentrations mentioned above.

Controls were established with cells cultured without

additional stimulus. IL-10 production was measured from

24-hr supernatants of 1 · 105 cells/100 ll.

T-cell activation

For T-cell memory proliferation assays, CD4+ CD45RA–

lymphocytes were labelled with CFSE as described

elsewhere33 and cocultured with either autologous antigen-

loaded or unloaded DC, at a ratio of 8 : 1 for up to 8 days.

In some experiments, memory lymphocytes were activated

for 5 days with CD16– or CD16+ monocytes pulsed with

PPD (10 lg/ml) at a ratio of 8 : 1. Occasionally, cocultures

with 16– mDC were treated with IL-2 (5–100 U/ml). On

different days, lymphocytes were harvested and stained

with allophycocyanin-conjugated anti-CD62L (DREG-56),

phycoerythrin-labelled anti-CD25 (M-A251), or phyco-

erythrin-labelled anti-CCR7 (3D12) antibodies (BD

PharMingen), and analysed by flow cytometry.

For cytokine production assays, 2 · 105 to 4 · 105

memory T cells were cocultured with either autologous

PPD-pulsed or TT-pulsed DC at an 8 : 1 ratio in com-

plete medium. Controls were set with unpulsed DC.

Lymphocytes were harvested 2–8 days after priming,

according to the different experiments, washed exten-

sively, and restimulated for 6 hr with phorbol 12-myri-

state 13-acetate (20 ng/ml) plus ionomycin (500 ng/ml)

for intracellular staining of IFN-c, or for 24 hr with

immobilized anti-CD3 mAb (5 lg/ml, UCHT1, BD

PharMingen) for quantification of IL-10 secretion. For

intracellular staining, GolgiPlugTM (BD PharMingen) was

added to the cultures 4 hr before the cells were harvested,

to prevent cytokine secretion. Then, cells were fixed and
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permeabilized using a Cytofix/Cytoperm kit (BD Phar-

Mingen) and incubated with allophycocyanin-labelled

anti-IFN-c (clone 45–15, Miltenyi Biotec). Quantification

of IL-10 secretion in the supernatants was performed with

an ELISA kit from BD PharMingen.

Statistical analyses

Data were expressed as mean ± SD of independent experi-

ments. The statistical significance of the data was deter-

mined by Student’s two-tailed paired t-test, assuming

equal variances.

Results

DC subtypes induced differential T-cell memory
responses against TT and PPD

The 16+ mDC showed stronger ability than 16– mDC to

induce CD4+ T-cell memory proliferation in response to

TT and PPD, over a range of antigen doses (0�01–10 lg/ml)

(Fig. 1a,b). Both the percentage and the number of prolif-

erating T lymphocytes were significantly higher when sti-

mulated with 16+ mDC (Fig. 1b). However, the most

substantial difference with respect to 16– mDC was
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Figure 1. Lymphoproliferative activity of CD4+ memory T cells against TT and PPD induced by 16– mDC and 16+ mDC. (a) DC were pulsed

with different doses (0–10 lg/ml) of TT (top) or PPD (bottom), and cocultured for 5 days with CFSE-labelled CD4+ CD45RA– autologous T

lymphocytes. Cell division induced by 16– mDC (solid histograms) and 16+ mDC (empty histograms) was measured by flow cytometry. A repre-

sentative assay of four is shown. (b) Percentage (left) and number (right) of proliferating T cells with � 1 or � 6 cycles or of division after 5 days

of coculture with 16– mDC or 16+ mDC pulsed with TT (1 lg/ml) or PPD (10 lg/ml). Cultures were set as above with 2�5 · 105 memory T

lymphocytes at 1 : 8 DC : T-cell ratio. After 5 days, lymphocytes were counted and the number and percentage of proliferating cells were calcula-

ted by the CFSE dilution method. Data shown are the mean ± SD of six different donors. The values obtained with unpulsed DC were subtrac-

ted. Statistical significance of the data is indicated. (c) CD16– and CD16+ monocytes were cultured for 5 days with CFSE-labelled autologous

CD4+ CD45RA– memory lymphocytes, in the presence of PPD (10 lg/ml) or in the absence of antigen (– Ag). Cell division was measured by

flow cytometry. Percentages shown correspond to cells with one or more cycle of division.
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observed in cells undergoing intermediate to high num-

bers of divisions (six or more, Fig. 1b). Overall, the

response to PPD was slightly higher than to TT in several

independent donors, and differences between 16+ mDC

and 16– mDC were usually more marked with PPD. The

diminished proliferation induced by 16– mDC was not

the result of an enhancement of cell death because we

detected more necrotic or apoptotic lymphocytes in cul-

tures with 16+ mDC, probably caused by activation-

induced cell death (data not shown).

We next asked whether the differences between

16– mDC and 16+ mDC in eliciting secondary responses

were also attributable to their monocyte precursors. Both

CD16+ and CD16– monocytes were cultured with

CD4+ CD45RA– lymphocytes in the presence of 10 lg/ml

PPD (Fig. 1c). Under the same conditions where DC

induced considerable responses, none of the monocyte

subpopulations were able to elicit antigen-driven prolifer-

ation of memory lymphocytes.

Effector activity of memory lymphocytes activated
by DC

Along with proliferation, memory lymphocytes achieved

effector activity, assessed by intracellular IFN-c produc-

tion (Fig. 2). Some non-proliferating cells also acquired

the ability to produce this cytokine (Fig. 2). The cytokine

profile was as expected, i.e. the percentage of PPD-specific

IFN-c-producing lymphocytes was greater with respect to

TT-specific cells. The number of both PPD-specific and

TT-specific lymphocytes stimulated with 16+ mDC that

produced IFN-c at early time-points was larger compared

to those activated by 16– mDC (day 4, Fig. 2). Hence, the

kinetics of appearance of IFN-c+ cells was faster with

16+ mDC. However, at later time-points (day 8) lympho-

cytes stimulated by 16– mDC occasionally reached the

levels observed with 16+ mDC (Fig. 2). On the other

hand, at that time, 16+ mDC-activated lymphocytes

tended to diminish the mean fluorescence intensity of

IFN-c+ cells, which is associated with an earlier returning

to rest (not shown).

Phenotype of memory lymphocytes stimulated by DC

To assess the phenotype of memory T cells upon restim-

ulation with both DC, we performed a kinetic study of

secondary lymphoid tissue homing (CCR7, CD62L) and

activation receptor (CD25) expression within the prolif-

erating cells. Co-cultures were maintained for an 8-day

period and analysed every 2 days. In those assays the

total of proliferating cells was represented at every time

as 100% so as to compare both DC subtypes while

avoiding their differences in T-cell proliferation (Fig. 3).

At later time-points, PPD-responding lymphocytes

tended to down-regulate CD62L, whereas � 40% of

TT-specific cells conserved the expression of this mole-

cule (Figs 3 and 4c,d). Overall, the levels of CCR7 at

earlier time-points (2–4 days) were diminished in PPD-

specific compared to TT-specific lymphocytes, but at the

end of the assays both types of cells were mostly CCR7–

(60–75% of dividing cells were CCR7– at day 8, Figs 3

and 4). Moreover, the maximum percentage of CD25+ in

cycling lymphocytes responding to PPD was found at

early times (day 2), while those responding to TT

reached their peak 2 days later (Fig. 3). These differences

could correlate with the more efficient expansion of

PPD-specific lymphocytes that was previously observed

(Fig. 1b). When we lengthened the time of coculture,

lymphocytes responding to TT and PPD down-regulated

the expression of CD25, but this tended to occur faster

and more prominently with 16+ mDC (Fig. 3; P < 0�05

at day 8 with PPD). Accordingly, cells with more rounds

of division, i.e. lymphocytes stimulated with PPD-loaded

16+ mDC, expressed the lowest level of CD25 (Figs 3

and 4d).

Additionally, we detected that lymphocytes undergoing

fewer cycles of division (� 3–6) expressed higher levels of

CCR7 and CD25, while cells that had experienced more

rounds of proliferation down-regulated both markers.

Figure 4(a–d) shows a representative example. Neverthe-

less, down-regulation of CCR7 occurred earlier compared

with CD25. Thus, most of the dividing cells converted

over time from CCR7+ CD25+, to CCR7– CD25+, to

4

2 6

7 25 8

CFSE

IF
N

-γ

16
– m

D
C

16
+

 m
D

C

20 6

100 101 102 103 104100 101 102 103 104100 101 102 103 104

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

100 101 102 103 104

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10 7

TT PPD

6·5 3·5

Day 4 Day 4Day 8

26 7

Day 8

6 2

Figure 2. IFN-c production by CD4+ memory

T cells stimulated by 16– mDC (top panel) or

16+ mDC (bottom panel) loaded with TT

(1 lg/ml) or PPD (10 lg/ml). Cultures were

established as in Fig. 1. After 4 or 8 days of

priming, lymphocytes were restimulated with
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APC-labelled anti-IFN-c antibodies. Results are
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CCR7– CD25–, and this gradual transition paralleled the

rate of cell division. Since lymphocytes activated with

16+ mDC usually underwent more extensive proliferation,

it was common to find higher numbers of CCR7– CD25–

lymphocytes within the proliferating population stimula-

ted with this DC subtype.

Effect of DC subtypes on antigen-driven recall
of TCM and TEM subsets

The differences found between 16– mDC and 16+ mDC

using total memory CD4+ cells prompted us to examine

if they had a distinct effect on the response of the two

major memory subsets, TCM and TEM. Thus, both sub-

populations were separated by fluorescence-activated cell

sorting based on their expression of CCR7 (Fig. 5a) and

were activated with PPD-loaded DC. The features of

isolated T cells were in agreement with previous

reports25,26 as TEM had earlier effector activity than TCM

(they had superior capacity to produce IFN-c before the

lymphocytes divided, Fig. 5b). Similar to the observation
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Figure 4. Phenotypic analysis of antigen-specific CD4+ memory T cells stimulated with 16– mDC or 16+ mDC. DC were pulsed with 1 lg/ml

TT (a, c) or 10 lg/ml PPD (b, d) and cocultured with CFSE-labelled T lymphocytes as described in Fig. 1. After 4 (a, b) or 8 (c, d) days, cells

were harvested, stained with the corresponding antibodies (anti-CCR7, anti-CD25, anti-CD62L), and analysed by flow cytometry. One representa-

tive experiment out of four is shown. Percentage of cells in each quadrant is indicated.
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Figure 3. Kinetics of marker expression on CD4+ memory T

lymphocytes stimulated with 16– mDC or 16+ mDC. CFSE-labelled

lymphocytes were cultured with 16– mDC or 16+ mDC loaded with

1 lg/ml TT or 10 lg/ml PPD for an 8-day period. Lymphocyte

phenotype was evaluated every 2 days with anti-CD62L, anti-CCR7

and anti-CD25 antibodies by flow cytometry. Values are the mean ±

SD of four independent donors, and were calculated as the percent-

age of T cells positive for each marker within the proliferating

population (100%). Statistical analysis: *P < 0�05.
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made with the entire CD4+ memory population, we

detected a significantly increased rate of proliferation

induced by 16+ mDC in both PPD-specific TCM and

TEM (Fig. 5d–f). There were no significant differences in

the number of viable non-proliferating lymphocytes

upon culture with 16– mDC or 16+ mDC (Fig. 5c). An

average of 60–80% of the initial TCM or TEM lympho-

cytes survived as non-cycling cells when cultured with

antigen-pulsed DC (not shown). As cells divide along

the culture, the percentage of proliferating lymphocytes

reached 50–75% of the recoverable viable cells at day 5

(not depicted). Differences between 16– mDC and

16+ mDC were equally prominent with TCM and TEM

(Fig. 5d). Likewise, when the percentage of cells in

advanced rounds of division (at least six cycles, Fig. 5e,f)

was taken into account, differences were evident. In
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Figure 5. Interaction of 16– mDC and 16+ mDC with the major subsets of CD4+ memory T cells. (a) Central memory T cells (CCR7+, TCM)

and effector memory T cells (CCR7–, TEM) were isolated from CD4+ CD45RA– lymphocytes by fluorescence-activated cell sorting using anti-

CCR7 antibodies. Histograms show CCR7 expression on total CD4+ CD45RA– memory lymphocytes and on isolated TCM and TEM cells (solid
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Data show the mean ± SD of five independent donors. Statistical analysis: *P < 0�05.
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general, we can conclude that 16+ mDC allowed both

TCM and TEM to complete more cycles of division in

the same time frame, and the total number of prolifer-

ating T cells stimulated with 16+ mDC was greater com-

pared to those stimulated with 16– mDC.

In terms of effector activity, 16+ mDC induced a

higher percentage of IFN-c-producing cells in the TCM

subset than did 16– mDC, whereas differences with TEM

were less evident (Fig. 6a). By the end of the culture, a

higher proportion of TEM lymphocytes showed effector

activity with respect to TCM cells. At that time, there

were still differences between 16+ mDC and 16– mDC

with TCM lymphocytes (although not significant), but

the percentage of IFN-c+ cells activated by both DC was

similar in TEM (Fig. 6a,b). Regarding the phenotype of

lymphocytes during culture, TEM did not re-express

CCR7, and roughly 80% of the cells were CD62L– by

the end of the assays, indicating that they maintained a

classical TEM phenotype. Most of the 16+ mDC-activated

TCM cells acquired a TEM phenotype, while about half of

those stimulated with 16– mDC maintained the expres-

sion of CCR7.

Putative molecules involved in the decreased
lymphoproliferation induced by 16– mDC

We next investigate whether the low rate of proliferation

induced by 16– mDC in memory cells was the result of a

failure in the activation of the IL-2/CD25 system.34 To

test this hypothesis, we performed cocultures of 16– mDC

with CD4+ memory T cells in the presence of graded

doses of IL-2. The results showed that lymphocytes acti-

vated with 16– mDC and IL-2 were unable to reach the

levels of proliferation of cells stimulated by 16+ mDC

(Fig. 7a). Moreover, we detected CD25 expression on

TCM and TEM when both subsets were activated with

PPD-pulsed 16– mDC or 16+ mDC (Fig. 7b). In the case

of 16– mDC-activated lymphocytes, CD25 was expressed

mostly by non-dividing cells at day 2 of culture, but cyc-

ling cells at day 5 expressed normal levels of CD25. It is

worth noting that a higher number of TEM expressed

CD25 than TCM before division (Fig. 7b).

Then, we tested the possibility that the antiprolifera-

tive cytokine IL-10 had an effect on the diminished

proliferation induced by 16– mDC. We found that higher
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Figure 6. Phenotype and kinetics of IFN-c
production by TCM and TEM lymphocytes

stimulated with 16– mDC or 16+ mDC.

(a) CFSE-labelled lymphocytes were cultured

with 16– mDC or 16+ mDC loaded with

10 lg/ml PPD for an 8-day period. The per-

centage of IFN-c+ cells was evaluated by flow

cytometry. Values were reported as the per-

centage of IFN-c+ T cells. (b) A representative

example of IFN-c production upon 8 days of

culture. The percentage of IFN-c+ proliferating

cells is indicated. (c) Phenotype of dividing

cells cultured as in (a). Values were calculated

as the percentage of positive cells within the

proliferating population (100%). Data show

the mean ± SD of three independent donors in

(a) and (c). Statistical analysis: *P < 0�05.
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amounts of IL-10 were secreted during the cocultures of

CD4+ memory lymphocytes with 16– mDC compared

with 16+ mDC, not only for TT, but particularly for PPD

(Fig. 8a). On the other hand, 16– mDC by themselves

secreted greater amounts of IL-10 in response to different

ligands of Toll-like receptors, such as LPS from E. coli or

PGN from S. aureus, than did 16+ mDC (Fig. 8b). To

assess the influence of IL-10 on the proliferative ability of

PPD-specific TCM and TEM lymphocytes, we blocked this

cytokine throughout the cultures. The results indicated

that IL-10 secreted during the cultures with 16– mDC or

16+ mDC did not affect the proliferative capacity of either

TCM or TEM lymphocytes against PPD (Fig. 8c). Moreover,

IL-10 blockade did not increase significantly the percent-

age of IFN-c+ cells in TCM (Fig. 8d) or TEM subsets (not

depicted). Therefore, molecules other than CD25, IL-2 or

IL-10 seem to be involved in the decreased proliferation

induced by 16– mDC on CD4+ memory T cells.

Discussion

Priming of naive T lymphocytes with DC is influenced by

several variables that lead to heterogeneous responses,

such as antigen dose, cytokine signalling, duration of

T-cell stimulation35,36 or DC subtype;37 it is conceivable

that some of these factors also contribute to shape

memory T-cell responses. The purpose of the present

study was to determine whether human CD4+ memory T

cells maintain their acquired phenotypical and effector

status upon restimulation, or whether they could be

modifiable, particularly by distinct types of DC. Here, we

examined the potential of different human DC subsets

derived from two monocyte precursors to elicit secondary

CD4+ T-cell responses: the regular CD16– monocytes and

the ‘non-classical’ CD16+ monocytes. We have previously

observed that 16+ mDC seemed to induce greater secon-

dary responses in vitro than 16– mDC.20 However, in that

study we evaluated T cells from cancer patients, and the

results could be biased as a consequence of the disease. In

the present work, by using cells from healthy individuals,

we have demonstrated that both DC subtypes were fully

competent to stimulate secondary responses, whereas their

monocyte precursors were very inefficient under the same

conditions (Fig. 1). Nevertheless, 16+ mDC induced more

vigorous proliferative responses against the two recall

antigens tested here (PPD and TT) at earlier time-points

compared to 16– mDC (Figs 1 and 4). In some donors,

the total percentage of cycling cells was similar when

lymphocytes were stimulated with both DC, but a higher

proportion of lymphocytes consistently underwent more

rounds of division with 16+ mDC (Figs 1b, 4 and 5e,f).

The T-cell effector activity was linked only partially to cell

proliferation because non-dividing cells (probably TEM)

were able to produce IFN-c (Figs 2 and 5b). However,

the most striking finding was that 16– mDC were relat-

ively inefficient in their stimulation of the effector activity

of TCM in comparison with 16+ mDC, while minor differ-

ences were evidenced on TEM (Fig. 6).

The cytokine pattern observed for PPD-specific and

TT-specific lymphocytes was consistent with the hypothe-

sis that 16+ mDC stimulate stronger Th1 secondary

responses (Fig. 2), confirming previous results obtained

(b)

2 6

4.5

24 2

14

3 22

1

21 16

8

47 5

20

47 2

28

48 12

8

42 6

9

TCM

TEM

C
D

25

CFSE

C
D

25

CFSE

Day 2 Day 5

(a)

20

40

60

80

0 5 25 100
IL-2 (U/ml)

%
 T

 c
el

ls
 ≥

 6
 c

yc
le

s
of

 d
iv

is
io

n

16– mDC 16+ mDC

16– mDC 16+ mDC16– mDC 16+ mDC

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104
10

0
10

1
10

2
10

3
10

4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

100 101 102 103 104

10
0

10
1

10
2

10
3

10
4

Figure 7. The higher lymphoproliferative acti-

vity induced by 16+ mDC is independent of

IL-2 and CD25 expression. (a) CFSE-labelled

CD4+ memory T lymphocytes were cultured

for 5 days with 16– mDC or 16+ mDC pulsed

with 10 lg/ml PPD, in the absence (both) or

presence (16– mDC only) of different doses of

IL-2. The percentage of lymphocytes with six

or more cycles of division is represented.

(b) CFSE-labelled TCM and TEM lymphocytes

were cultured as in Fig. 4(b), and after 2

or 5 days CD25 expression was evaluated.

Percentage of positive cells in the respective

quadrant is indicated. Data are from a repre-

sentative experiment out of four.
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with tumour antigens.20 Because the acquisition of effec-

tor cytokine-producing capacity increases with cell

division,38 the higher lymphoproliferative activity of

16+ mDC could correlate with the larger extent of IFN-c
production observed early in the cultures of total memory

T cells. At later time-points (8 days), the number of divi-

sions reached by 16– mDC-stimulated lymphocytes might

be sufficient to detect similar numbers of IFN-c-produ-

cing cells compared with 16+ mDC, although this varied

among donors. Furthermore, Th1 cells are short-lived39

and some of the effectors activated by 16+ mDC may

have already died at later time-points.

The memory subsets sorted by CCR7 expression

revealed lower activation thresholds for TEM compared

with TCM, which is in agreement with previous

results.25,26 This affirmation is based on the early detec-

tion of a higher percentage of TEM that up-regulated the

expression of CD25 upon stimulation (Fig. 7b), linked to

a higher frequency of IFN-c-producing cells before divi-

sion occurs (Fig. 5b). Effector activity of TCM was only

evident after cell division (Fig. 6b). These data are consis-

tent with evidence that freshly isolated TEM have

polarized cytokine gene acetylation patterns and show

immediate cytokine production. In contrast, TCM are

non-polarized cells that carry hypoacetylated or non-

acetylated effector cytokine genes, which in turn prevents

cytokine production unless restimulation under appropri-

ate conditions takes place.40 Although 16+ mDC induce

higher rates of proliferation than 16– mDC in TEM and

TCM, differences in IFN-c production were more apparent

in TCM. Thus, many PPD-specific TCM stimulated with

16– mDC remained IFN-c– irrespective of their number

of divisions, indicating that parameters other than cell

cycle are playing important roles in TCM differentiation.

The alternative, that 16– mDC favour TCM differentiation

to Th2 cells, is unlikely because the production of intra-

cellular IL-4 was analysed in some donors and 16+ mDC

induce similar or higher frequencies of IL-4+ cells (not

depicted). Although the reason why IFN-c production by

TEM was affected only marginally by the DC subtype is

not known, it may rely on their previously acquired

acetylation at the Ifng promoter,40 which allows immedi-

ate cytokine production without further influence of cell

division.
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Figure 8. The high levels of IL-10 secreted

during cocultures of 16– mDC with T lympho-

cytes are not responsible for their diminished

proliferation. (a) Memory T cells were stimula-

ted with 16– mDC or 16+ mDC loaded with

different doses (0–100 lg/ml) of TT and PPD.

After 5 days of priming, lymphocytes were

restimulated with immobilized anti-CD3 mAb.

Analysis of IL-10 secretion on culture superna-

tants was performed by ELISA and production

of cytokines by lymphocytes cultured with

unloaded DC was subtracted. Results are the

mean ± SD of eight independent experiments.

(b) IL-10 secretion by immature 16– mDC and

16+ mDC after 24 hr of stimulation with

LPS, PGN or poly (I:C). The iDC represents

immature DC in the absence of stimulation.

(c) Cocultures of CFSE-labelled TCM or TEM

were performed for 5 days in the presence

of PPD-pulsed (10 lg/ml) 16– mDC or

16+ mDC. Lymphocytes were maintained in

the presence or absence of a neutralizing anti-

human IL-10 antibody. Graphs represent the

percentage of proliferating cells measured by

CFSE dilution. (d) IFN-c expression in

cultures established as in (c) with TCM lym-

phocytes. The percentages of positive cells in

the respective quadrants are shown. Statistical

analysis: *P < 0�05.
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The findings discussed above suggest that regardless of

the effector activity of the human CD4+ memory T cells

before restimulation, it could be susceptible to modifica-

tion by DC subtypes, at least for some antigens. We

have previously observed that secretion of IL-12 by

16+ mDC was significantly lower than that produced by

16– mDC.12,19 However, naive CD4+ T lymphocytes secre-

ted similar amounts of IFN-c in response to allogeneic

16– mDC and 16+ mDC.12 These data indicate that the

low levels of IL-12 produced by 16+ mDC are sufficient

to stimulate IFN-c secretion in naive T cells, at levels

comparable with 16– mDC. It is also possible that

16+ mDC produce additional factors that compensate the

IL-12 deficiency. In that sense, preliminary microarray

data from our group showed an increased number of

IL-18 transcripts in 16+ mDC, which might facilitate

the deviation toward the Th1 phenotype (unpublished

results). Notably, according to the data presented here,

both DC appear to behave differently in naive and TEM

versus TCM lymphocytes in terms of IFN-c induction.

Those discrepancies may be the result of different require-

ments of lymphocytes to become effectors.40,41 Moreover,

naive and memory cells express distinct cytokine recep-

tors and display differential responsiveness to various

cytokines.42 Though we did not provide direct evidence,

the distinct sensitivity of these cells to factors produced

by 16+ mDC could underlie the efficient differentiation of

TCM toward Th1 effectors supported by this DC subset.

Our above observations are consistent with some

reports regarding the generation of TEM and TCM from

activated naive lymphocytes following a progressive model

of development28,43–45 in which TCM would arise in con-

ditions of weaker activation stimulus, without transiting

through an effector phase, while TEM precursors would

emerge from effector cells. In fact, when compared with

human CD4+ TCM, it has been reported that TEM are

more differentiated cells, which correlates with a

decreased expansion potential.25,42 However, in agreement

with other reports,3 we did not observe a diminished rep-

lication capacity of TEM with respect to TCM (Fig. 5e),

and perhaps this hypothesis should be revisited by testing

CD4+ TEM and TCM responses to different recall antigens.

The phenotype of the responding memory T cells upon

restimulation was related to the number of cycles they

experienced, i.e. cells with more rounds of division ten-

ded to down-regulate CCR7 (a classical marker for delin-

eating the human TCM subset), while lymphocytes with

fewer cycles of proliferation, presumably those with

higher activation thresholds, retained a TCM phenotype

profile. Consequently, upon restimulation of memory

lymphocytes with their cognate antigen, the final ratio of

TCM : TEM specific for this antigen would depend on the

number of divisions they previously underwent. Since

16+ mDC had greater lymphoproliferative ability, most of

the 16+ mDC-stimulated TCM down-regulated CCR7 and

CD62L, whereas a considerable proportion of 16– mDC-

activated TCM conserved their phenotype (Fig. 6c). The

TEM did not regain a TCM phenotype upon restimulation

with both DC in the time-frame evaluated here (Fig. 6c),

though some studies have observed a reverse phenotypic

differentiation of TEM.29,46 Additionally, because many

TCM acquire effector abilities when stimulated with

16+ mDC, but not with 16– mDC (Fig. 6b), the pheno-

typic changes induced by 16+ mDC could be stable in

these cells, as a result of the conversion of TCM to TEM.28

In contrast, TCM that became CCR7– CD62L– upon acti-

vation with any DC type, but that did not acquire effector

activity, could indeed have a transitory phenotype and

regain long-term TCM characteristics. Based on the above

results, we propose that DC evoking weaker secondary

responses would have the ability to maintain substantial

numbers of TCM after reactivation.

Currently, it is unknown why 16+ mDC have superior

lymphoproliferative ability in secondary responses com-

pared with 16– mDC. According to our evidence, this

characteristic is independent of the amount of IL-2 and

IL-10 secreted during DC : T-cell cocultures, as well as of

CD25 expression by antigen-specific lymphocytes. Other

studies have shown that human and mouse DC subtypes

can induce different proliferative responses in the entire

CD4+ memory cell population and, for mouse splenic DC

subsets, those differences have been attributable to a dis-

tinct production of IL-2 during cocultures.23,24,34 A recent

study in mice demonstrated a role for the CD28/B7

costimulatory pathway as a regulator of memory T-cell

reactivation.47 Blockade of this pathway with cytotoxic

T-lymphocyte antigen-4 immunoglobulin (CTLA-4Ig)

substantially inhibited antigen-driven memory CD4+

T-cell expansion and IL-2 and IFN-c production, but

early activation (CD25 and CD69 expression) was not

affected. Interestingly, treatment with CTLA-4Ig dimin-

ished the number of memory cells that underwent more

than two or three cycles of division, as well as the genera-

tion of TEM.47 Previous results from our group demon-

strated that TNF-a/prostaglandin E2-matured 16+ mDC

had similar expression of HLA-DR and CD40, but

increased levels of CD80 and CD86 compared with

16– mDC.12 Thus, DC subtypes bearing different levels of

B7 molecules could affect human memory CD4+ T-cell

restimulation in the way described by Ndejembi et al.47

Obviously, because 16– mDC and 16+ mDC expressed B7

molecules, the net effect observed would be less evident

Then, some activities might be unaffected (i.e. IL-2 induc-

tion), while others might be more influenced: rate of lym-

phocyte proliferation, number of cells in advanced cycles

of division, IFN-c production and, importantly, the final

ratio of TCM : TEM in the responding population. In addi-

tion to the potential effect of B7 molecules, preliminary

data from our group showed that 16+ mDC had augmen-

ted expression of several transcripts of costimulatory
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molecules belonging to the TNF superfamily, such as

TNFSF14 (LIGHT) and TNFSF18 (GITRL) (unpublished

results), which could increase the capacity of 16+ mDC to

activate T lymphocytes.48,49 Nevertheless, those hypothe-

ses will require further investigation.

In conclusion, because 16+ mDC induce higher prolif-

erative and effector responses in TCM than 16-mDC under

the same conditions (i.e. maturation stimulus, antigen

dose, time of stimulation), we propose that some types of

DC could be more efficient to overcome the threshold for

differentiation of TCM to TEM upon antigenic stimulation,

while other types would have a major role in maintaining

the numbers of TCM and, perhaps, the uncommitted

characteristic of some cells within this population. The

biological significance of the data provided here is chal-

lenging to ascertain. First, it remains to be determined

whether blood monocytes have a physiological role in

reactivating memory responses in vivo. Further, at present

it is unknown whether human monocytes can differenti-

ate in vivo to DC. Nevertheless, it appears that the equiv-

alent mouse monocyte subsets are precursors for DC

in vivo15,16 and total human monocytes transferred into

severe combined immunodeficiency (SCID) mice acquire

the phenotypic characteristics of DC.4 Whether human

DC subsets other than 16– mDC and 16+ mDC have a

direct influence on memory responses in vivo is yet to be

determined. However, our findings could have practical

relevance for clinical approaches. In vitro manipulation of

TCM and TEM using 16+ mDC and 16– mDC might be

useful in certain pathogenic conditions associated with a

low proportion of antigen-specific CD4+ T-cell clones, in

which the selective expansion and induction of TCM effec-

tor activity could aid in defeating the disease.
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