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TNF/iNOS-producing dendritic cells (Tip-DCs) have been shown to arise during inflam-

mation and are important mediators of immune defense. However, it is still relatively

unclear which cell types contribute to their differentiation. Here we show that CD81

T cells, through the interaction with DCs, can induce the rapid development of human

monocytes into Tip-DCs that express high levels of TNF-a and iNOS. Tip-DCs exhibited

T-cell priming ability, expressed high levels of MHC class II, upregulated co-stimulatory

molecules CD40, CD80, CD86, toll-like receptors TLR2, TLR3, TLR4, chemokine receptors

CCR1 and CX3CR1 and expressed the classical mature DC marker, CD83. Differentiation of

monocytes into Tip-DCs was partially dependent on IFN-c as blocking the IFN-c receptor

on monocytes resulted in a significant decrease in CD40 and CD83 expression and in TNF-a

production. Importantly, these Tip-DCs were capable of further driving Th1 responses by

priming naive CD41 T cells for proliferation and IFN-c production and this was partially

dependent on Tip-DC production of TNF-a and NO. Our study hence identifies a role for

CD81 T cells in orchestrating Th1-mediating signals through the differentiation of

monocytes into Th1-inducing Tip-DCs.
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Introduction

DCs bridge innate and adaptive immunity by incorporating

signals from environmental cues to drive the activation of T cells

[1]. While DCs display a dendritic form and exhibit DC functions

during steady state, inflammatory DCs, derived from CCR21

monocytes, only appear as a consequence of infection or

inflammation [2]. Recent studies in mice have identified a subset

of inflammatory DCs, known as TNF/iNOS-producing DCs

(Tip-DCs), that are important for the clearance of Listeria

monocytogenes bacteria [3]; influenza virus [4]; and regulation

of IgA production in mucosal immunity [5]. Since the differ-

entiation of monocytes into DCs or macrophages relies on the

microenvironment, the presence of different T-cell types and
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cytokines is a critical feature in determining the differentiation

outcome [6].

Besides their cytotoxic function [7], CD81 T cells have been

shown to regulate allergic diseases by inhibiting the development

of Th2 responses [8, 9] and driving Th1 immunity in microbial

infections [10–12]. CD81 T cells exert this pro-Th1 influence

through a feedback mechanism during their interactions with

DCs. CD81 T cells utilize a variety of factors, including IFN-g,

GM-CSF, TNF-a and CD40L to activate DCs for the production of

IL-12p70 [8, 13, 14], the key cytokine for Th1 immunity [15].

Importantly, CD81 T cells were shown to interact with DCs in

both lymph nodes [16] and peripheral tissue sites [4, 17] where

they exert their pro-Th1 influence.

Previous studies have shown that CD81 T cells are able to

infiltrate quickly into inflamed sites [18] that may facilitate their

early interaction with DCs. In human psoriasis studies, the

administration of alefacept, which reduces infiltration of acti-

vated memory CD81 T cells, reduced DC content, inflammation

and tissue expression of iNOS and IFN-g [19]. These data suggest

that CD81 T cells may have an impact on differentiation and

function of DCs for the maintenance of Th1 responses. However,

it remains unknown if CD81 T cells contribute to the differ-

entiation of Tip-DCs, and if Tip-DCs have the capability to

support IFN-g-producing T cells.

In this study, we demonstrate that CD81 T cells can induce

the rapid development of human monocytes into Tip-DCs that are

capable of further driving Th1 responses by priming naive

CD41 T cells. Taken together, our results identify a previously

undescribed function of CD81 T cells that may help to explain

their role in Th1 immunity and inflammation.

Results

Activated CD81 T cells induce Th1 responses by
priming DCs for IL-12p70 production

To investigate the mechanisms by which CD81 T cells sustain Th1

immune responses, we established an in vitro human model

where CD81 T cells were co-cultured with DCs as previously

described [13]. Activated allogeneic CD81 T cells expressing both

IFN-g and perforin (Fig. 1A) induced the upregulation of CD40,

CD80, CD83 and CD86 on DCs after 18 h of co-culture (Fig. 1B).

In contrast, freshly isolated CD81 T cells increased the expression

of DC co-stimulatory molecules to a lesser extent. CD40L was not

detected on CD81 T cells (data not shown), suggesting that

unlike in mice [13], CD40L does not play a role in human CD81

T-cell-DC crosstalk. No significant reduction in DC viability was

detected in co-cultures with activated CD81 T cells, indicating

that CD81 T cells did not kill DCs in these experiments (Fig. 1C).

We next examined the ability of CD81 T cells to prime DCs for

IL-12 production. Given that the efficient production of IL-12p70

requires at least two activating signals [20], we added lipopoly-

saccharide (LPS) as an additional stimulus. DCs activated with

IFN-g and LPS were used as a positive control. In contrast to

freshly isolated CD81 T cells, which failed to induce any

IL-12p70, activated CD81 T cells stimulated DCs to produce

robust amounts of IL-12p70 in the presence of LPS (Fig. 1D).

To demonstrate the capacity of CD81 T cells to induce

IL-12p70 production by DCs in an antigen-specific manner, we

generated CD81 T-cell lines (CTLs) specific for the influenza M1

peptide. Flu-specific CTLs (85.7% specific for M1 tetramer;

Fig. 1E, inset) cultured with autologous DCs in the absence of

peptide, with or without LPS, failed to secrete any IL-12p70

(Fig. 1E). Consistent with our findings with allogeneic cultures

(Fig. 1D), CTLs cultured with peptide-loaded DCs in the presence

of LPS produced IL-12p70 while those in the absence of LPS did

not (Fig. 1E). IL-12p70 production increased in a dose-dependent

manner with the Flu M1 peptide concentration used (Fig. 1F).

These data further confirm the role of activated CD81 T cells in

priming DCs for IL-12p70 [13, 14].

CD81 T-cell-DC interaction results in the production of
pro-inflammatory cytokines and chemokines

We next investigated whether the interaction of activated CD81

T cells with DCs leads to the production of cytokines or

chemokines that promote Th1 responses. DCs stimulated with

LPS produced GM-CSF, IFN-g, IL-6, IL-10 and TNF-a (Supporting

Information Table 1A) as well as MCP-1, MIP-1a and b, RANTES

and IP-10 (Supporting Information Table 2A). In contrast,

activated CD81 T cells re-stimulated with anti-CD3/CD28

produced GM-CSF, IFN-g, TNF-a (Supporting Information Table

1B), MIP-1a and b and RANTES (Supporting Information Table

2B). When activated CD81 T cells were cultured with DCs, GM-

CSF, IFN-g, TNF-a, MCP-1, MIP-1a and b, RANTES and IP-10

production was increased and IFN-g, TNF-a, MIP-1a and b,

RANTES and IP-10 were further enhanced in the presence of

LPS (Supporting Information Tables 1B and 2B). Intracellular

staining of co-cultured cells also revealed that IFN-g, GM-CSF

and TNF-a were expressed by both CD81 T cells and DCs, although

IFN-g was mainly expressed by CD81 T cells while GM-CSF and

TNF-a were mainly expressed by DCs (Supporting Information

Fig. S1). The cytokine and chemokine profiles were similar for

influenza-specific CTLs, with CTLs co-cultured with peptide-loaded

DCs and LPS secreting the largest amounts (Supporting Informa-

tion Tables 1C and 2C). No IL-4 and IL-23 were detected in the

cultures. These data suggest that CD8-DC interactions result in the

production of inflammatory cytokines and chemokines, which can

potentiate the recruitment and differentiation of other immune

effectors.

Monocytes exposed to CD81 T-cell-DC cytokine milieu
displayed DC characteristics

As monocytes are important precursors of DCs and macrophages

[21], we investigated whether the cytokine milieu engendered

by CD81 T-cell-DC interactions modifies the morphology of
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monocytes. Monocytes cultured with DC or DCLPS supernatants

(SupernatantDC or DCLPS) exhibit similar morphology to mono-

cytes that were cultured with medium alone (Fig. 2A). In

contrast, monocytes exposed to CD8DC or CD8DCLPS super-

natants (SupernatantCD8DC or CD8DCLPS) developed long, spindle

dendrites, and although smaller in size, are similar to mature

classical IL-4/GM-CSF- derived DCs (Fig. 2B). They were also

clearly distinct from macrophages that exhibited vacuoles instead

(Fig. 2B).

We further analyzed the phenotype of these cells by flow

cytometry. IL-4/GM-CSF DCs expressed high levels of MHC

class I, HLA-DR, CD40, CD80, CD86 and DC-SIGN (Fig. 3A).

Similarly, monocytes exposed to SupernatantCD8DC or CD8DCLPS

resembled DCs by expression of high levels of MHC class I, HLA-

DR and CD40 and moderate expression of CD80, CD86 and DC-

SIGN (Fig. 3A). With the exception of CD14, the expression of

these surface molecules on monocytes exposed to Super-

natantCD8DC or CD8DCLPS were also higher than on M-CSF- derived

Figure 1. Activated CD81 T cells induce DC maturation and production of IL-12p70. (A) Freshly isolated or activated CD81 T cells were stimulated
with anti-CD3/28 together with Golgi StopTM for 6 h and stained for intracellular IFN-g and perforin. Numbers represent percentage of positive
cells. (B–D) Immature DCs were cultured with freshly isolated or activated allogeneic CD81 T cells for 18 h. (B) Cells were stained for DC maturation
markers using FACS. Bold numbers on left indicate mean fluorescence intensity (MFI) and numbers on right indicate percentage of positive cells.
(C) Cells were harvested and DCs gated for expression of MHC class II. Graph shows percentage of viable DCs assessed by FACS for Annexin-V and
7-AAD negative cells. Data (mean1SD) are representative of three independent experiments. No statistical significance of DC-killing was seen
among groups using one-way ANOVA (D) IL-12p70 was analyzed using ELISA in triplicates. ��po0.005 using a two-tailed unpaired Student’s t-test.
(n.d., not detected) (E and F) CD81 T lymphocytes (CTLs) specific for Flu M1 peptide (inset: percentage of cells positive for influenza M1 tetramer)
were co-cultured with (E) autologous immature DCs with or without 5 mM peptide or LPS where indicated or (F) with increasing doses of peptide.
IL-12p70 was analyzed using ELISA in triplicates. ��po0.005 using a two-tailed unpaired Student’s t-test. Results (mean7SD) are representatives of
five independent experiments with comparable results.
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macrophages and monocytes exposed to SupernatantDC or DCLPS

(Fig. 3A). Both IL-4/GM-CSF DCs and M-CSF macrophages

expressed low levels of CCR1, CCR2 and intermediate levels of

CX3CR1 (Fig. 3B). IL-4/GM-CSF DCs upregulated CCR7 and

M-CSF macrophages upregulated CCR5 (Fig. 3B). In contrast,

monocytes exposed to SupernatantCD8DC or CD8DCLPS had higher

levels of CCR1, CCR2, CX3CR1 and similar levels of CCR5

as IL-4/GM-CSF DCs. Monocytes exposed to SupernatantDC or

DCLPS resembled M-CSF macrophages through higher

expression of CCR5 and had no upregulation of CCR7

(Fig. 3B). The expression of TLR2, TLR4 and TLR8 was also

higher on monocytes exposed to SupernatantCD8DC or CD8DCLPS

compared with untreated monocytes or monocytes exposed to

SupernatantDC or DCLPS (Fig. 3B). Notably, TLR3 expression was

only restricted to IL-4/GM-CSF DCs and monocytes exposed to

SupernatantCD8DC or CD8DCLPS (Fig. 3B). Finally, only monocytes

exposed to SupernatantCD8DC or CD8DCLPS expressed the classical

DC maturation marker CD83 and to a similar manner as IL-4/

GM-CSF DCs (Fig. 3C). Overall, these results suggest that

monocytes exposed to SupernatantCD8DC or CD8DCLPS closely

resembled IL-4/GM-CSF DCs.

Monocytes exposed to CD81 T-cell-DC cytokine milieu
differentiate into cells that resemble Tip-DCs

We next investigated whether monocytes exposed to Super-

natantCD8DC or CD8DCLPS expressed pro-inflammatory mediators

such as TNF-a and iNOS. Monocytes exposed to Superna-

tantCD8DC or CD8DCLPS expressed similar levels of iNOS as M-CSF

macrophages (Fig. 4A). In addition, monocytes exposed to

SupernatantCD8DC or CD8DCLPS expressed the highest levels of

TNF-a, which is threefold more than monocytes exposed to

SupernatantDC or DCLPS (Fig. 4A). The increased levels of TNF-a
and iNOS expressed by monocytes exposed to SupernatantCD8DC

or CD8DCLPS compared with monocytes exposed to SupernatantDC

or DCLPS were statistically significant (Fig. 4B). In addition, the

levels of nitric oxide (NO) produced by monocytes exposed to

SupernatantCD8DC or CD8DCLPS was significantly higher than

monocytes exposed to SupernatantDC or DCLPS (Fig. 4C). Finally,

immunostaining further confirmed the expression of both

intracellular TNF-a and iNOS by monocytes exposed to Super-

natantCD8DC or CD8DCLPS (Fig. 4D and E).

We further analyzed the ability of these cells to secrete pro-

inflammatory cytokines. Monocytes exposed to SupernatantCD8DC

or SupernatantCD8DCLPS produced significantly higher amounts of

IL-1a, IL-1b, IL-6, IL-12p40, GM-CSF and TNF-a compared with

monocytes exposed to SupernatantDC or DCLPS (Fig. 5). The

quantities of cytokines produced by re-stimulated monocytes

exposed to SupernatantCD8DC or CD8DCLPS were also well above

non-stimulated controls (Fig. 5), suggesting that the cytokines

detected did not result from residual cytokines transferred from

supernatant cultures. Hence, these results suggest that monocytes

exposed to SupernatantCD8DC or CD8DCLPS are pro-inflammatory.

Since they also expressed CD83 (Fig. 3C), TNF-a and iNOS, they

could resemble Tip-DCs previously described in mice [3–5] and

humans [22].

Tip-DCs prime naive CD41 T cells toward Th1
differentiation

We next investigated the DC functional properties of monocytes

exposed to SupernatantCD8DC or CD8DCLPS. Similar to IL-4/GM-CSF

DCs, monocytes exposed to SupernatantCD8DC or CD8DCLPS

exhibited reduced endocytic (Fig. 6A) and phagocytic activities

Figure 2. Monocytes exposed to CD8-DC cytokine milieu differentiate into cells with distinct morphologies that resemble classical mature DCs.
(A) Monocytes were cultured with culture medium alone (no cytokines) or supernatants harvested from cultures of DC alone, DC1LPS, CD81DC or
CD81DC1LPS for 48 h. (B) Classical DCs and macrophages were generated from monocytes in the presence of IL-4/GM-CSF and M-CSF respectively
for 6 days. LPS was added for a further 24 h to induce their maturation. Cells were stained with hematoxylin-and-eosin (H&E) and captured using a
Leica DM2000 microscope (Leica Microsystems, Singapore). Original magnification was � 630 for all panels (scale bar: 15 mm). Data shown are
representatives of six experiments.
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(Fig. 6B). In contrast, monocytes cultured with SupernatantDC or

DCLPS showed robust endocytosis (Fig. 6A) and phagocytosis

(Fig. 6B), similar to M-CSF macrophages. Next, we determined

whether these cells were able to induce naive T-cell proliferation

which is a defining function of DCs [1]. Monocytes exposed to

SupernatantCD8DC or CD8DCLPS and IL-4/GM-CSF DCs induced a

significant increase in proliferating T cells, in contrast to M-CSF

macrophages and monocytes cultured with SupernatantDC or

DCLPS which showed minimal T-cell priming ability (Fig. 6C).

These results confirm the DC properties of monocytes exposed to

SupernatantCD8DC or CD8DCLPS and their resemblance as Tip-DCs.

Notably, while IL-4/GM-CSF DCs had significant differences in

their stimulating capacities before and after exposure to LPS

(data not shown), Tip-DCs (monocytes exposed to Super-

natantCD8DC or CD8DCLPS) had minimal differences, suggesting

that the latter may be semi-mature and further maturation does

not increase their stimulating capacity. Remarkably, these Tip-

DCs also generated a similar percentage of IFN-g-producing

CD41 T cells to IL-4/GM-CSF DCs and this was three-fold more

than monocytes cultured with SupernatantDC or DCLPS and M-CSF

macrophages (Fig. 6D). No IL-10 or IL-17-producing CD41 T cells

were detected (data not shown). Notably, the polarization

of IFN-g-producing CD41 T cells by Tip-DCs was partially

dependent on their expression of TNF-a and iNOS, as blocking

antibodies against TNF-a and TNF receptor, as well as inhibitor of

NOS activity (NG-nitro-L-arginine methyl ester (L-NAME)),

resulted in a significant reduction in the percentage IFN-g-

producing CD41 T cells (Fig. 6E).

Figure 3. Monocytes exposed to CD8-DC cytokine milieu display surface markers of DCs. (A) Cell surface antigens, (B) chemokine and toll-like
receptors of mature IL-4/GM-CSF DCs, mature M-CSF macrophages or monocytes differentiated with the indicated supernatants were analyzed by
FACS. (C) CD83 expression on cells was analyzed after further 24 h stimulation with LPS. Histograms show expression of surface antigens (solid)
compared with isotype control (line). Numbers indicate relative difference in MFI between surface antigen expression and isotype control. Results
are representatives of five independent experiments with comparable results.
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Tip-DC differentiation is partially dependent on IFN-c

We noted that SupernatantCD8DCLPS contained increased amounts of

IFN-g compared with SupernatantDC or DCLPS (Supporting Informa-

tion Table 1). To assess whether IFN-g may be implicated in Tip-DC

differentiation from monocytes, monocytes were treated with an

IFN-g-receptor-blocking antibody prior to culture with Superna-

tantCD8DCLPS. The expression of CD40, CD83 (Fig. 7A) and TNF-a
(Fig. 7B) by Tip-DCs was reduced in a dose-dependent manner.

We next determined whether IFN-g alone was sufficient to

differentiate monocytes into Tip-DCs. Monocytes exposed to

IFN-g formed less extensive dendrites (Fig. 7C) than Tip-DCs

(Fig. 2A) and exhibited vacuoles (Fig. 7C) like M-CSF macro-

phages (Fig. 2B). In addition, monocytes differentiated with

increasing doses of IFN-g exhibited a dose-dependent increase in

TNF-a and iNOS (Fig. 7D), suggesting that IFN-g contributes

toward the induction of TNF-a and iNOS. However, TNF-a and

iNOS expression by monocytes differentiated with IFN-g was less

Figure 4. Monocytes exposed to CD8-DC cytokine milieu express increased amounts of TNF-a and iNOS. Monocytes were cultured with indicated
supernatants for 48 h. (A) Differentiated monocytes, IL-4/GM-CSF DCs or M-CSF macrophages were washed and re-cultured with 100 ng/mL of LPS
together with 1 mL/mL of Golgi StopTM in fresh medium for 6 h to detect intracellular TNF-a and for 12 h to detect iNOS. All cells were subsequently
analyzed by FACS. Numbers represent percentage of positive cells. (B) Average expression (mean7SD) of TNF-a (white bars) and iNOS (black bars)
produced by differentiated monocytes, DCs and macrophages from five donors. �po0.05; ��po0.005 using one-way ANOVA. (C) NO production
(mean1SD) from three donors detected using DAF-FM diacetate and analyzed by FACS. �po0.05; ��po0.005 using one-way ANOVA.
(D) Immunostaining of differentiated monocytes with DAPI, anti-iNOS and anti-TNF-a viewed by fluorescence microscopy. (Blue, DAPI; Red,
TNF-a; Green, iNOS). Original magnification was � 400 for all panels. (Scale bar: 20 mm). (E) Higher magnification of cells differentiated with
SupernatantCD8DCLPS. Original magnification was � 630 for all panels. (Scale bar: 12 mm). Results are representatives of three independent
experiments with comparable results.
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than expression by Tip-DCs, even at saturating levels (5000 U/

mL) of IFN-g (Fig. 7D). We then further analyzed

the ability of IFN-g differentiated monocytes to prime naive

T cells. Compared with untreated monocytes, monocytes

differentiated with IFN-g induced the proliferation of naive

CD41 T cells in a dose-dependent manner (Fig. 7E). However,

the level of naive CD41 T-cell proliferation was still significantly

lower than that induced by Tip-DCs (Fig. 7E). In addition,

blocking the IFN-g receptor on monocytes before exposing them

to SupernatantCD8DCLPS significantly reduced but did not

abolish the proliferation of naive CD41 T cells (Fig. 7E). Inter-

estingly, we also noticed that monocytes differentiated with IFN-g
had a drastic reduction in viability after stimulation with LPS,

which was not seen in monocytes that have been cultured with

supernatants obtained from the co-cultures (Fig. 7F). Taken

together, these findings suggest that IFN-g is an important

contributing but not the only factor in differentiating monocytes

to Tip-DCs.

Discussion

Previous reports have shown that human CD81 T cells initiate

Th1 responses by priming DCs for IL-12p70 [14]. We now show

that human CD81 T cells can further sustain this Th1 response

during their interaction with DCs by supporting the differentia-

tion of monocytes into Th1-inducing Tip-DCs. This highlights a

novel role that allows the transmission of CD81 T-cell-mediated

Th1-inducing signals without the need for physical interaction

with infiltrating monocytes, similar to other bystander-mediated

crosstalk seen in infectious models [23, 24]. This may also

explain the importance of CD81 T cells in microbial infections

[10–12, 25], since TNF-a and NO production by Tip-DCs are key

effectors in pathogen clearance [3].

We observed that soluble factors from human CD81 T-cell-DC

co-cultures were sufficient to differentiate monocytes into Th1-

inducing Tip-DCs. These Tip-DCs resemble activated DCs as

shown by their morphology, high expression of co-stimulatory

molecules, TLR2, 3 and 4, MHC class I and II, DC-SIGN and the

classical DC maturation marker, CD83. The functions of Tip-DCs

were similar to DCs rather than macrophages as they could

induce a MLR response and exhibited reduced phagocytic and

endocytic activities. Tip-DCs also primed naive CD41 T cells for

IFN-g and this was partially dependent on their production of

TNF-a and NO, which may explain why residual Th1 responses

can still occur in the absence of IL-12p70 [26, 27]. In addition,

Tip-DCs upregulated the chemokine receptors CCR1, CX3CR1

and continued to express CCR2 and CCR5, suggesting a role in

inflamed tissues where they may exert a pro-inflammatory role

through the production of TNF-a and NO. Although Tip-DCs do

not express high levels of CCR7, we cannot exclude the possibility

of their presence in lymph nodes where they prime T cells, as

monocytes can migrate directly into lymph nodes via CCR2 and

differentiate into DCs[28].

In particular, we show that IFN-g in our CD8-DC cytokine

milieu was an important factor for monocyte differentiation into

cells with Tip-DC characteristics. Interestingly, the inability of

monocytes to express more TNF-a and iNOS after differentiation

with a certain level of IFN-g suggests that a saturating effect

occurs, thereby explaining why monocytes cultured with Super-

natantCD8DC or SupernatantCD8DCLPS could both differentiate into

Tip-DCs despite the latter having higher amounts of IFN-g and

other cytokines. In contrast to our findings, previous groups have

demonstrated that IFN-g skews monocytes toward macrophages

[29] or tolerogenic DCs [30] instead. However, their results also

revealed that IFN-g increases the expression of CD80, CD86 and

CD40 as well as downregulation of phagocytosis, which are

consistent with characteristics of Tip-DCs observed in our model.

These discrepancies could be attributed to differences in experi-

mental models and the fact that IFN-g is not the only factor

involved in Tip-DC differentiation, as monocytes differentiated

with saturating levels of IFN-g were still insufficient to generate

viable DCs that can prime and express as high levels of TNF-a and

iNOS as Tip-DCs. Hence, we feel that other factors in the CD8-DC

supernatants, such as IL-12p40 homodimer, GM-CSF and TNF-a,

may act in concert with IFN-g to induce the differentiation of

Tip-DCs.

In humans, monocytes can be subdivided into classical (CD1411

CD16�), intermediate (CD1411CD161) and non classical (CD141

CD1611) subsets and are important precursors of inflammatory

DCs [31]. Recent transcriptional profiling have provided evidence

Figure 5. Tip-DCs obtained from monocytes exposed to CD8-DC
cytokine milieu produce pro-inflammatory cytokines. Monocytes were
cultured with supernatants from indicated cultures or culture medium
for 48 h. Cells were washed and re-plated in fresh medium with (black
bars) or without (white bars) LPS. After 18 h, supernatants were
harvested and indicated cytokines were measured using multiplex
bead arrays in triplicates. �po0.05; ��po0.005 using one-way ANOVA.
Results (mean7SD) are representatives of three independent experi-
ments with comparable results.

Eur. J. Immunol. 2011. 41: 1639–1651 Immunomodulation 1645

& 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



of homology between mouse and human monocyte subsets and

that the mouse Ly6ChiCCR21 subset corresponds to the human

classical subset [32]. Since Tip-DCs in mice have been shown to

arise from Ly6ChiCCR21 monocytes [3, 33], it is likely that Tip-

DCs seen in our model arise mainly from the classical subset,

especially since this population represents 90% of total blood

monocytes. Nevertheless, we cannot rule out that the non-clas-

sical subset may also give rise to Tip-DCs since this subset has

been proposed to mature from the classical subset and can

express high levels of TNF-a and MHC class II [31]. Hence, this

area remains to be explored.

The ability of CD81 T cells to influence monocyte differ-

entiation into Tip-DCs has important implications for microbial

immunity and chronic diseases. In turn, Tip-DCs were shown

to enhance viral clearance by promoting influenza-specific

CD81 T cells in infected lungs [4]. Since our results suggest that

Figure 6. Tip-DCs obtained from monocytes exposed to CD8-DC cytokine milieu prime naive CD41 T cells for Th1 responses. Mature DCs, mature
macrophages and monocytes differentiated with supernatants from the indicated cultures were analyzed for (A) endocytosis with FITC-labeled
dextran and (B) phagocytosis with Escherichia coli AF488 conjugate bioparticles and analyzed by flow cytometry. Numbers represent percentage of
positive cells. (C and D) Monocytes differentiated with indicated supernatants or conditions were harvested and used as APCs to stimulate
allogeneic naive CD41CD45RA1 T cells in the presence of LPS (100 ng/mL). (C) CD41 T-cell proliferative response was measured after 6 days by
3H-thymidine incorporation; results are expressed as mean counts per minute (cpm)7SEM of triplicate wells. 1� 105 T cells and varying numbers
of APCs were added per well. � po0.05, ��po0.005 comparing (~) or (&) versus (m) or (& ) using one-way ANOVA. (D) CD41 T cells were stained for
IL-4 and IFN-g. Numbers represent percentage of positive cells. (E) Percentage of IFN-g positive CD41 T cells (mean7SD) from three donors detected
using FACS. To determine if TNF-a or NO produced by monocytes differentiated with SupernatantCD8DCLPS had an effect on the polarization of
CD41 T cells, differentiated monocytes were cultured with CD41 T cells that were blocked with anti-TNFR (bTNFR) antibodies (10 mg/mL) 1 h prior to
co-culture as indicated. To further block the effect of TNF-a on CD41 T cells, anti-TNF-a-blocking (bTNF-a) antibodies (10 mg/mL) were also added
simultaneously to the indicated co-culture. Alternatively, differentiated monocytes were treated with 10 mM of L-NAME to block the effects of NO
for 1 h at 371C before use as APCs to stimulate naive CD41 T cells. Differentiated monocytes and CD41 T cells that were blocked with relevant
isotype-blocking antibodies served as a control. �po0.05 using one-way ANOVA. All results are representative of four independent experiments
with comparable results.
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CD81 T cells can contribute to Tip-DC differentiation, it appears

that CD81 T cells and Tip-DCs may sustain each other’s activity in

a reciprocal fashion. The role of CD81 T cells observed in our

findings can also be extrapolated to human psoriasis studies,

where reduced infiltration of activated memory CD81 T cells by

administration of alefacept showed decreased DC content,

inflammation and tissue expression of IFN-g and iNOS [19].

Similarly, administration of efalizumab, an antibody that reduces

Figure 7. Differentiation of monocytes into Tip-DCs is partially dependent on IFN-g. Monocytes were cultured with an isotype-blocking antibody
(10 mg/mL) or the indicated concentrations of anti-IFN-g receptor-blocking antibodies (bIFN-g R) for 1 h before adding SupernatantCD8DCLPS. Cells
were further stimulated with LPS for 24 h before staining for (A) CD40 and CD83 or (B) intracellular TNF-a by flow cytometry. Numbers represent
percentage of positive cells. (C) H&E staining of monocytes activated with 500 U/mL of rhIFN-g for 48 h. Original magnification was � 630 (scale bar:
15 mm). (D) Intracellular staining of TNF-a and iNOS from Tip-DCs compared with monocytes that have been differentiated with increasing
concentrations of rhIFN-g as indicated. Numbers represent percentage of positive cells. (E) Proliferation of naive CD41 T cells (mean7SD of
triplicate measurements) quantified via 3H-thymidine incorporation induced by monocytes incubated with isotype-blocking (bisotype) or anti-IFN-
gR-blocking antibodies (bIFN-gR) (both 10mg/mL) before differentiation with SupernatantCD8DCLPS (CD8DCLPSsup) or with monocytes that have
been differentiated in increasing concentrations of rhIFN-g. ��po0.005 comparing CD8DCLPSsup1bisotype versus rest of the groups. �po0.05
comparing CD8DCLPSsup1bisotype versus rest of groups except CD8DCLPSsup1bIFN-g R using one-way ANOVA. (F) Viability of differentiated
monocytes from three donors (mean7SD) with (black bars) or without (white bars) 6 h LPS stimulation assessed by cells negative for the LIVE/
DEADs fixable violet dead cell stain through FACS. ��po0.005 using a two-tailed unpaired Student’s t-test.
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T-cell and DC infiltration, resulted in decreased inflammation in

the skin and a reduced number of Tip-DCs [22]. It is likely that

reduced CD81 T-cell infiltration into skin can help to minimize

monocyte recruitment and their inflammatory effects on

monocyte differentiation. In support of the Th1-inducing capacity

of CD81 T cells, iNOS-producing DCs have also been shown to

represent a major class of Th-1 regulated effector cell population

during chronic Leishmania major infection [34].

Taken together, our study highlights a novel role for human

CD81 T cells in the orchestration of Th1 responses, not only

through the rapid initiation of DC IL-12p70, but also through the

differentiation of monocytes into Th1-inducing Tip-DCs. This

provides a further insight into their immune-modulatory func-

tions which may be applicable for the development of future

effective therapies.

Materials and methods

All blood was collected after informed consent in accordance with

the Declaration of Helsinki and under an approved protocol by

the National University of Singapore Institutional Review Board

(NUS IRB code: 05-024).

Reagents

All cells were cultured in Dulbecco’s modified Eagle medium

(DMEM) (Gibco, Invitrogen, Singapore) and 10% heat-

inactivated human AB serum (Cambrex, Singapore). Recombi-

nant human (rh) IFN-g, rhIL-2, rhIL-4, rhIL-7 rhGM-CSF and

rhM-CSF were from Peprotech (Gene-Ethics, Singapore). Human

anti-IFN-gR (GIR-208)-blocking antibody was from BD Pharmin-

gen (Biomed, Singapore). Anti-TNF-a and TNF-receptor-blocking

antibodies were from R&D systems (Singapore). L-NAME,

phorbol 12-myristate 13-acetate (PMA), ionomycin and LPS from

Salmonella enterica serotype Typhimurium were from Sigma

Aldrich. CD3 mAb (OKT3) and CD28 mAb (CD28.2) were from

BioLegend (Genomax, Singapore).

Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from

heparinized samples by Ficoll-PaqueTM (GE Healthcare, Singa-

pore) density gradient sedimentation. CD81 T cells (9771.5%

CD31CD81) were isolated with anti-CD8-conjugated magnetic

beads and enriched by depleting contaminating NK cells with

anti-CD56-conjugated magnetic beads. Naive CD41 T cells

(9870.7% CD41CD45RA1) and monocytes (9770.5% CD141)

were both isolated by negative selection with the Naive CD41

T cells Isolation Kit and Monocyte Isolation Kit II respectively. All

magnetic beads were purchased from Miltenyi Biotec and

isolation protocols carried out according to the manufacturer’s

instructions. To generate classical immature DCs or macro-

phages, peripheral blood CD141 monocytes (5�105/well) were

differentiated with GM-CSF and IL-4 (both 1000 U/mL) or with

M-CSF (1000 U/mL) respectively in 24-well plates (Nunc) for 6

days. LPS (100 ng/mL) was added for a further 24 h to induce

their maturation where indicated.

Generation of influenza-specific CD81 T cells

Blood CD81 T cells specific for the influenza peptide (Flu M1;

58–66; GILGFVFTL) (Mimotopes; Melbourne, Australia) in the

context of HLA-A2.01 were stained with PE-labeled tetramer and

sorted using a MoFlo cell-sorter (Beckman Coulter, Singapore).

Isolated cells were cultured for 14 days with IL-2 (50 U/mL) and

IL-7 (5 ng/mL) and re-stimulated with peptide-loaded autologous

DCs every wk. The percentage of tetramer-binding cells was

480% (Fig. 1E, inset)

Co-cultures

For allogeneic co-cultures, CD81 T cells were used after isolation

or activated as indicated [13]. Activated CD81 T cells were

washed extensively and co-cultured with allogeneic DCs, with or

without LPS (100 ng/mL). For autologous co-cultures, immature

HLA-A2.01 restricted DCs were pulsed with 5 mM influenza

peptide (Flu M1; 58–66; GILGFVFTL) for 1 h before washing off

excess peptide. Influenza-specific CD81 T cells were subsequently

co-cultured with peptide-pulsed DC with or without LPS (100 ng/

mL). All co-cultures contained a total of 2� 105 cells at a 2:1

CD81 T-cell-to-DC ratio in triplicate wells using U-bottom 96-well

plates (Costar) cultured at 371C/5% CO2.

Monocyte differentiation studies

To analyze the effect of co-culture supernatants on monocyte

differentiation, supernatants were prepared from co-cultures in a

similar manner but with minor modifications. Instead of adding

LPS directly to co-cultures, DCs were cultured with LPS (100 ng/

mL) for 3 h before washing off thrice with media. CD81 T cells

were subsequently added to DCs and culture supernatants were

harvested after 18 h. Next, supernatants or culture medium was

added to isolated monocytes (1�106/well) in 24-well plates for

48 h.

NO assay

To detect intracellular NO, cells were stimulated with LPS for 6 h

in phenol-red free DMEM (Invitrogen) containing 10% human AB

serum before adding 5 mM of the pH insensitive fluorescent dye

DAF-FM diacetate (Calbiochem, Merck, Singapore) for another

30 min at 371C. Cells were washed with PBS and incubated
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for another 15 min at 371C before analyzing by flow cytometry.

DAF-FM fluorescence emission is a direct measure of intracellular

NO content.

Phagocytosis and endocytosis assays

Phagocytosis was determined by incubation for 1 h at 371C with

Escherichia coli Alexa Fluor 488-conjugated bioparticles (100mg/

mL; Molecular Probes, Invitrogen). Stained cells were washed

thrice with cold PBS and analyzed by flow cytometry (Cyan-ADP,

Beckman Coulter). For measurement of endocytosis, cells were

incubated for 30 min at 371C with FITC-labeled dextran (1 mg/

mL; 40 000 molecular weight; Molecular Probes) in culture

medium, washed and analyzed by flow cytometry (Cyan-ADP). In

all experiments, cells incubated with the probes at 41C were used

as negative controls.

Proliferation and priming of naive CD41 T cells

Naive CD41 T cells (1�105/well) were co-cultured with

increasing numbers of irradiated (30 Gy) differentiated mono-

cytes in 96-well plates with LPS (100 ng/mL). T-cell proliferative

response was measured 6 days after co-culture by an 18 h pulse

with [3 H] Thymidine (1 mCi/well; Amersham Pharmacia). For

intracellular cytokine staining, T cells were stimulated with PMA

(10 ng/mL), ionomycin (400 ng/mL) and 1mL/mL of Golgi

StopTM (BD Pharmingen) for 6 h before analyzing their intracel-

lular cytokine content by flow cytometry.

Flow cytometry

Antibodies used for analysis were CD3-PB (clone UCHT1), CD4-

FITC (clone RPA-T4), CD8-APC (clone RPA-T8), CD14-APC

(clone MFP9), CD40-FITC (clone 5C3), CD80-PE (clone

L307.4), CD83-APC (clone HB15e), CD86-PE (clone 2331),

DC-SIGN-PE (clone 9E9A8) and HLA-DR-FITC (clone G46-6)

(all BD Pharmingen). CCR7-PE (clone 3D12), TLR2-PE (clone

TLR2.1) and TLR3-PE (clone TLR3.7) were from eBioscience

(Biomed Diagnostics). CCR1-AF647 (clone TG4/CCR1), CCR2-

AF647 (clone TG5/CCR2), CCR5-AF647 (clone HEK/1/85a),

CX3CR1-AF647 (clone 2A9-1), HLA-A, B, C-PB (clone W6/32)

and TLR4-PE (clone HTA125) were from BioLegend. TLR8-PE

(clone 44C143) was from Abcam (Singapore). Annexin

V-FITC (BD Pharmingen) and 7-amino-actinomycin-D (7-AAD)

(Sigma) or LIVE/DEADs fixable violet dead cell stain kit

for 405 nm excitation (Invitrogen) was used to determine

cell viability. Intracellular cytokines were detected with

the following antibodies: IFN-g-PE (clone 25723.11) and TNF-

a-PE (clone 6401.1111) were from BD Pharmingen. IL-4-APC

(clone MP4-25D2) and perforin-AF647 (clone dG9) were from

BioLegend. To detect intracellular iNOS, purified mouse

anti-human iNOS/NOS Type II (clone 6/iNOS/NOS Type II)

from BD Pharmingen followed by secondary antibody goat anti-

mouse IgG PE (Sigma) was used. Acquisition was performed

using CyAn ADP and analyzed using Summit software (Beckman

Coulter).

Cytokines and chemokines detection

IL-12p70 was determined using human IL-12p70 DuoSet ELISA

(R&D Systems). IL-1a, IL-1b, IL-4, IL-6, IL-10, GM-CSF, IFN-g,

TNF-a and IP-10, RANTES, MCP-1, MIP-1a, MIP-1b were

determined using multiplex bead arrays (Bio-Rad, Singapore)

and analyzed using a Luminex 100 plate reader (Qiagen,

Singapore). All experiments were performed according to the

manufacturer’s instructions.

Microscopy

Monocytes were differentiated on glass coverslips seeded in

24-well plates in 1 mL of supernatants. LPS (100 ng/mL) and

1mL/mL of Golgi stopTM (BD Pharmingen) were added to the

cells for 6 h. Cells were subsequently fixed in methanol/acetone

(1:1), washed with PBS/10 mM glycine before permeabilizing

with PBS containing 0.5% BSA and 0.1% saponin. iNOS staining

was detected with purified mouse anti-human iNOS/NOS Type II

(clone 6/iNOS/NOS Type II; BD Pharmingen) followed by

secondary antibody goat-anti-mouse IgG AF647 (Invitrogen).

TNF-a staining was detected with PE-conjugated mouse-anti-

human TNF-a (clone 6401.1111; BD Pharmingen). All antibodies

were used at a final concentration of 5mg/mL. Coverslips were

viewed under a fluorescence microscope (Axio imager.Z1,

Axiocam HRM camera; Carl Zeiss Micro Imaging, Singapore)

using AxioVision LE software (Version 4.6).

Statistical analysis

Results shown are mean7SD. Comparisons between two groups

were performed by Student’s t-test. Comparison between three or

more groups was performed by one-way ANOVA followed by

Tukey’s post test. Data were analyzed using Prism 5 (GraphPad).

p-values of less than 0.05 were considered statistically significant.
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