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By cross-linking B7-DC on dendritic cells (DC) the human IgM antibody (B7-DC XAb) shifts

polarized immune responses from Th2 to Th1 in an antigen-specific manner. The mole-

cular determinants governing the ability of DC to reprogram the polarity of T cell recall

responses are not yet known. In addition to the expected role of T-bet expressed by T cells

in regulating Th1 responses, we find using in vitro assays and an established in vivo model

of allergic airway inflammation that T-bet expression by DC is also required for the

polarity shift promoted by B7-DC XAb. T-bet expression by both T cells and DC is critically

important for B7-DC XAb-induced down-regulation of IL-4, up-regulation of IFN-g and

suppression of allergic airway inflammation. Moreover, retroviral reconstitution of T-bet

expression in T-bet-deficient DC rescued their ability to modulate both naive and memory

T-cell responses from Th2 to Th1. Our observations further our understanding of the

critical mediators controlling the ability of DC to modify the responses of previously

activated T cells and reveal the interesting use of the same transcription factor to regulate

the inductive phenotype of DC and the inducible phenotype of T cells.
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Introduction

The phenotype of the CD41 T lymphocytes defines the polarity of

the immune response. There are four known types of Th

responses: Th1, Th2, Th17 and the regulatory T-cell response

(Treg) [1]. Th differentiation is regulated by specific transcription

factors expressed by T cells and is driven by the local cytokine

milieu. Th1 responses are typically triggered by infections with

intracellular pathogens and utilize the T-box family transcription

factor T-bet and the cytokine IL-12 to generate IFN-g-secreting

CD41 Th cells [1, 2]. In contrast, Th2-polarized CD41 T cells

usually develop in response to pathogens such as parasites and

helminthes. Th2 responses are driven by the transcription factor

GATA3 and characterized by T cells producing the cytokines IL-4,

IL-5 and IL-13 [1, 2]. The Th17 phenotype is regulated by the

transcription factor RORgt, while TGF-b and IL-6 support the

differentiation of this Th-polarized phenotype [1, 3, 4]. It is

characterized by the production of IL-17 and associated with

responses to extracellular bacteria [3]. In contrast to the other Th

responses, Tregs are anti-inflammatory, producing the cytokines

IL-10 and TGF-b under the regulation of the transcription factor

FOXP-3 [1].
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Despite being first characterized as the initiator of Th1

responses in CD41 T cells, T-bet is also expressed in many other

immune cells. T-bet promotes the cytolytic activity and IFN-g
production in CD81 effector cells and is important for CD81

memory T cells [5–7]. It is involved in B-cell class switching as

well as the development of NKT cells [8]. In DC, T-bet has been

shown to regulate the expression of IFN-g and TNF–a [9–11].

These observations demonstrate that T-bet is not only important

in T cells, but also contributes to a wide variety of immune

processes.

While polarized immunity represents physiological

responses required for the effective clearance of microbial

pathogens, Th polarity has also been associated with various

disease processes. Many autoimmune diseases have been char-

acterized by Th1 polarity, whereas Th2 cells have been linked to

allergic inflammation [2]. Recent evidence from murine models

of multiple sclerosis and arthritis indicate the involvement of

Th17-polarized cells in these autoimmune diseases [3]. Conse-

quently, there has been increasing interest in therapeutic strate-

gies modulating the polarity of these pathogenic immune

responses [12–16].

We recently discovered a human IgM antibody (B7-DC XAb)

that profoundly alters immune responses by cross-linking B7-DC

co-stimulatory molecules on DC [17, 18]. B7-DC XAb-treated DC

acquire a unique maturation state characterized by a marked

increase in antigen presentation in the absence of an up-regula-

tion of co-stimulatory molecules [17]. Moreover, B7-DC XAb is

capable of redirecting established Th2 cells toward a Th1 cell

phenotype [19]. These and other unique effects of B7-DC XAb

treatment modulate immune responses associated with cancer

and allergic asthma [18–23].

Ovalbumin (OVA)-induced airway inflammation is a widely

used murine model to study a Th2-polarized immune response

[24]. Using this model we previously demonstrated that the

adoptive transfer of B7-DC XAb-treated DC reprograms estab-

lished Th2-polarized cells and induces a fundamental shift in

T-cell polarity toward Th1 [21]. This shift in the immune

response protects the animals from allergic airway inflammation

and airway hypersensitivity [21]. This protective effect is asso-

ciated with the induction of IFN-g and down-regulation of IL-4

[21]. Therefore, we hypothesized that this polarity shift from Th2

to Th1 requires the expression of the Th1 associated transcription

factor T-bet. Here, we report that T-bet expression is indeed

essential, not only in T cells, but also in DC for the repolarization

of Th2 responses by B7-DC XAb.

Results

T-bet expression by T cells and DC is required for
reprogramming Th2-polarized splenocytes

Th2 splenocytes were generated in wild-type (WT) and T-bet-

deficient (T-bet KO) mice by intraperitoneal injections of OVA

adsorbed to alum. Coculture of WT Th2 splenocytes and WT DC,

pretreated with OVA and B7-DC XAb, resulted in the up-

regulation of IFN-g and down-regulation of IL-4 (Fig. 1A and

B). Consistent with the known role of T-bet in regulating Th1

polarization [1, 2], none of these changes were observed when

Th2-polarized T-bet KO splenocytes were substituted for the WT

splenocytes (Fig. 1A and B). However, we also observed that

T-bet KO DC treated with B7-DC XAb failed to induce the

production of IFN-g and down-regulation of IL-4 by WT Th2-

polarized splenocytes (Fig. 1C and D). This key observation

suggests that T-bet functions as an important regulator of Th

polarity in both the stimulatory DC as well as the responding

T cells.

To test whether the failure of T-bet KO DC to repolarize

Th2 splenocytes is due to insufficient IFN-g production by

T-bet KO DC, we added recombinant IFN-g to T-bet KO DC and

WT Th2 splenocyte cocultures and examined the cytokine

production profile of CD41 cells by intracellular cytokine

staining (Fig. 2). In the absence of exogenous IFN-g, Th2-polar-

ized splenocytes cocultured with T-bet KO DC treated with

B7-DC XAb maintained their Th2 cytokine profile (presence of

IL-4 and absence of IFN-g) (Fig. 2B, D and E). The supple-

mentation of recombinant IFN-g restored the ability of T-bet

KO DC to induce the production of IFN-g by CD41 T cells

(Fig. 2C–E). However, the IL-4 expression by these T cells was not

affected (Fig. 2C–E).

Retroviral reconstitution restores T-bet KO DC function

To verify whether our observations were indeed due to the

inability of T-bet KO DC to express T-bet and not the result of a

more generalized defect in these DC, we reconstituted T-bet

expression in genetically deficient DC using a retroviral system.

Two days prior to treatment with B7-DC XAb or control IgM and

OVA, bone marrow-derived T-bet KO DC were subjected to

retroviral transduction. In order to obtain an antigen-specific,

naive cell population free of Tregs and highly activated

CD41 CD251 cells, we isolated CD41 CD25� cells from

DO11.10 mice. OVA-pulsed, antibody-treated DC were subse-

quently incubated with these purified OVA-specific transgenic

DO11.10 T cells for 48 h. Whereas T-bet KO DC transduced

with GFP (control retrovirus) and treated with B7-DC

XAb were unable to stimulate IFN-g production in these cells

(Fig. 3A and B), T-bet KO DC transduced with the T-bet

retrovirus and treated with B7-DC XAb induced IFN-g production

similar to B7-DC XAb-treated WT DC (Fig. 3A and B). Coculturing

splenocytes from Th2-polarized DO11.10 mice with T-bet

transduced, B7-DC XAb-treated T-bet KO DC also induced the

production of IFN-g and decreased the production of IL-4,

compared with GFP transduced similarly treated KO DC

(Fig. 3C–E). Therefore, reconstitution of T-bet restores the ability

of B7-DC XAb-treated T-bet KO DC to redirect both primary and

established Th2 responses, indicating that the induction of a

Th1-polarized response by B7-DC XAb depends on the expression

of T-bet by the activating DC.
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B7-DC XAb-treated T-bet KO DC do not protect mice
against allergic airway inflammation

We evaluated the physiological relevance of our finding by

examining the ability of B7-DC XAb-treated T-bet deficient DC to

protect mice in a model of allergic airway inflammation. As

illustrated in Fig. 4A, WT mice were injected with two doses of

OVA/alum to polarize immunity toward Th2 and sensitize the

animals to OVA. The animals then received OVA-pulsed, anti-

body-treated WT or T-bet KO DC intranasally. A separate

experiment demonstrated that DC transferred in this manner

home to the thoracic lymph nodes of recipient mice (Supporting

Information Fig. 1). Ten days after DC transfer, the mice were

challenged with OVA on four consecutive days. Histopathology of

lung tissue from mice that received antigen-pulsed, B7-DC XAb-

treated WT DC revealed only very little evidence of inflammation

(Fig. 4B). In contrast, marked perivascular and peribronchial

eosinophilic inflammation was observed in the lungs of mice that

had received antigen-pulsed WT DC treated with control IgM

antibody or T-bet KO DC treated with B7-DC XAb or the control

IgM antibody (Fig. 4C–E). The severity of pulmonary inflamma-

tion is summarized in Fig. 4F. Trichrome and PAS stains revealed

decreased collagen deposition in the mice that received WT DC

treated with B7-DC XAb as compared with the other experimental

groups, but did not show a difference regarding mucous

hyperplasia (data not shown). Thus, T-bet expression by DC is

critical for the protective response mediated by B7-DC XAb

in vivo.

To confirm these histopathological findings, differential cell

counts and cytokine levels were assessed in the bronchoalveolar

lavage fluid (BALF) and homogenized lung tissue. Mice that

received WT B7-DC XAb-treated DC had fewer eosinophils in the

BALF than mice that received similarly treated T-bet KO DC.

These animals had eosinophil cell counts comparable to those of

mice that had received control IgM-treated T-bet KO DC (Fig.

5A). IL-5 was lower in the BALF of recipients of B7-DC XAb-

treated WT DC, and higher in mice that received B7-DC XAb-

treated T-bet KO DC or control IgM-treated WT or T-bet KO DC

(Fig. 5B). The Th1 cytokine IFN-g was highly expressed in the

lungs of mice that received B7-DC XAb-treated WT DC but almost

absent in all other groups (Fig. 5C). In contrast, the expression of

the Th2 cytokine IL-4 was very low in mice treated with B7-DC

XAb-stimulated WT DC and much higher in the lungs of mice of

all other groups (Fig. 5D). In conclusion, T-bet KO DC treated

with B7-DC XAb failed to redirect the established Th2 response

and did not protect pre-sensitized animals from allergic

pulmonary inflammation.

Discussion

The transcription factor T-bet is best characterized in CD41

T cells where it regulates the polarization of activated T cells

toward Th1. T-bet has also been shown to repress Th2 and Th17

immunity [5, 25]. Th2 repression is due to T-bet interference

with GATA-3 [26]. Therefore, it is not surprising that T-bet KO

mice develop either spontaneous asthma (C57BL/6J) or

enhanced allergic airway inflammation in asthma models

(BALB/c), depending upon their background strain [25, 27,

28]. Accordingly, our findings that T-bet KO, Th2-polarized

Figure 1. T-bet-deficient DC fail to reprogram Th2-polarized splenocytes. (A, B) T-bet KO or WT, Th2-polarized and OVA-sensitized splenocytes
were cocultured with WT bone marrow-derived DC that had been pre-incubated with OVA and either B7-DC XAb or control IgM. (A) IFN-g and (B)
IL-4 levels in the culture supernatants were analyzed by ELISA on day 3. Although B7-DC XAb induced IFN-g and inhibited IL-4 production in WT
splenocytes, no such effect was seen in T-bet KO splenocytes. (C, D) Th2-polarized and OVA-sensitized WT splenocytes were cocultured with either
WTor T-bet KO syngeneic bone marrow-derived DC pretreated as in (A, B). (C) IFN-g and (D) IL-4 levels in the culture supernatants were analyzed by
ELISA on day 3. T-bet KO DC failed to induce IFN-g and down-regulate IL-4 in WT splenocytes. Data displayed are pooled from three independent
experiments and error bars show mean 7 SEM. B7-DC XAb 5 XAb, Control IgM 5 ctrl, difference is not significant 5 NS. For small data points, the
mean is displayed as number on the graph. The ] symbol indicates that the value was below the detection limit of the assay.
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splenocytes cannot be reprogrammed to produce Th1 cytokines

are consistent with these previous observations. However, our

studies provide the first direct evidence for the importance of

T-bet expression by DC for the repolarization of an established

immune response from Th2 to Th1. T-bet KO DC treated with

B7-DC XAb were unable to modulate the polarity of Th2-

polarized WT splenocytes, indicating that reprogramming of

immunity does not only require T-bet expression in T cells but

also in DC. This was confirmed by retroviral restoration of T-bet

expression in T-bet KO DC, which rescued the ability of these DC

to stimulate IFN-g and suppress IL-4 production by Th2 cells. The

finding that the same transcription factor functions as a master

regulator of an immune response profile in both the inductive DC

and the induced T cell in this regulatory network raises

Figure 2. Exogenous supplementation of IFN-g only partially compensates for the absence of T-bet during CD41 cell repolarization. Th2-polarized
and OVA-sensitized WT splenocytes were cocultured with OVA-pulsed, antibody-treated (A) WT or (B, C) T-bet KO DC in the absence (A, B) and
presence (C) of recombinant murine IFN-g. IFN-g and IL-4 expression was evaluated by flow cytometry. Supplementation with recombinant murine
IFN-g resulted in the induction of IFN-g but failed to down-regulate IL-4 expression in splenocytes cocultured with T-bet KO DC (C). All scatter plots
are gated for live CD41 cells; the numbers on the plots represent the percentage of all gated cells localizing to the quadrant (representative
experiment). (D, E) Combined data of three independent experiments. The graphs display the mean percentages 7 SEM of CD41 cells staining for
(D) IFN-g and (E) IL-4. Control IgM 5 ctrl. The ] symbol indicates that the value was below the detection limit of the assay.
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interesting questions about the molecular mechanisms that have

led to this alignment. In this regard, we have shown previously

that production of IFN-g by DC is required for the induction of

IFN-g by T cells. As T-bet expression is required for

IFN-g production by both cell types, dependency on the

transcription factor for both induction of Th1 polarity by DC

and a Th1-polarized response by T cells provides a framework for

understanding the role of this factor in the cellular network.

The mechanism by which T-bet expression in DC contributes

to the polarity shift mediated by B7-DC XAb, however, is not

completely understood. We previously observed that the B7-DC

XAb-mediated restoration of antigen uptake in CpG matured DC

is independent of T-bet expression (unpublished observation)

[20]. Moreover, despite the absence of T-bet, DC mature properly

and are able to up-regulate appropriate co-stimulatory molecules

[9]. We have previously demonstrated that B7-DC XAb treatment

of WT DC induces the expression of various cytokines by these

cells, including IFN-g, IL-12, IL-6 and TNF–a [23]. In the absence

of T-bet the production of several pro-inflammatory cytokines,

such as IFN-g and IL-1a, and the chemokine MIP-1a is impaired,

Figure 3. Retrovirus induced T-bet expression reconstitutes the ability of T-bet-deficient DC to mediate a Th polarity shift. (A) Naive transgenic
DO11, CD41, CD25� T cells were cocultured with OVA-pulsed, antibody-treated WTor T-bet KO DC transduced with retrovirus expressing either the
control GFP, or T-bet. IFN-g production was assessed by intracellular staining and flow cytometry. Retroviral transduction of T-bet in T-bet KO DC
restores their ability to induce IFN-g expression in naive OVA-specific CD41 CD25� T lymphocytes. The numbers on the plots represent the
percentage of all live cells localizing to the quadrant. (B) Combined data from three independent experiments presenting the mean
percentage7SEM of CD41 cells staining for IFN-g. (C) Th2-polarized and OVA-sensitized transgenic DO11 splenocytes were cocultured with
antibody-treated, OVA-pulsed WTor T-bet KO DC transduced with either GFP or T-bet. Retroviral transduction of T-bet in T-bet KO DC restores their
ability to induce IFN-g expression and down-regulate IL-4 production in Th2-polarized and OVA-sensitized transgenic DO11.10. The numbers on
the plots represent the percentage of all gated live, blasting CD41 lymphocytes localizing to the quadrant. (C) Displays a representative experiment.
(D, E) Combined data from three independent experiments displayed as the mean percentage7SEM of CD41 cells staining for (D) IFN-g and (E) IL-4.
Retrovirus 5 RV, Control IgM 5 ctrl, difference is not significant 5 NS. For small data points, the mean is displayed as a number on the graph. The ]
symbol indicates that the value was below the detection limit of the assay.
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Figure 4. Adoptive transfer of B7-DC XAb-treated T-bet-deficient DC does not protect mice from allergic airway inflammation. (A) Scheme of the
protocol followed. Th2-polarized, OVA-sensitized BALB/c mice received 0.5� 106 OVA-pulsed, antibody-treated WT or T-bet KO intranasally on day
14. (B–E) Representative H&E sections of three independent experiments for each experimental group: (B) WT-B7-DC XAb-treated DC (n 5 8), (C) WT
control IgM-treated DC (n 5 8), (D) T-bet KO B7-DC XAb-treated DC (n 5 10) and (E) T-bet KO control IgM-treated DC (n 5 10). Main images are shown
at 100� magnification and inserts are 400� magnification. (F) The panels summarize scoring of the severity of histological inflammation
(0 5 none to 5 5 worst airway inflammation) performed in a blind fashion. The data are displayed as median7interquartile range. Control
IgM 5 ctrl.
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whereas the expression of many other cytokines and chemokines

including IL-12p40, IL-12p70, IL-6, IL-1b and RANTES appears to

be unaffected [9, 29]. Additionally, T-bet has been shown to

suppress the Th2-polarizing transcription factor GATA3, TNF–a
and the thymus and activation-regulated chemokine [10, 26, 29].

In a prior publication we demonstrated that the B7-DC

XAb-mediated polarity shift requires the expression of IL-12, IFN-

g, the presence of the cell-surface adhesion molecule ICAM-1 as

well as adequate levels of the signaling lymphocytic activation

adhesion molecule by DC [19]. In addition, the reprogramming

of the immune response appears to be antigen-specific and

depends on the appropriate interaction between the DC antigen-

loaded MHC and the matching T-cell receptors [19]. Interest-

ingly, B7-DC XAb-treated IFN-g KO DC are able to down-regulate

IL-4 by Th2-polarized WT T cells, but fail to induce IFN-g [19].

This is consistent with our current observation that the inability

of B7-DC XAb-treated T-bet KO DC to induce IFN-g production by

naive antigen-specific T cells can be overcome by supplementa-

tion of IFN-g. Despite the addition of IFN-g, these cells continue

to produce IL-4. One possibility is that the continued expression

of IL-4 may be due to the absence of the repressor effect of T-bet,

such as has been described previously on GATA-3 [26]. Alter-

natively, in the absence of T-bet, insufficient quantities of IL-12,

ICAM-1, signaling lymphocytic activation adhesion molecule or a

lack of other unknown mediators in DC may prevent the down-

regulation of IL-4. We previously observed a similar phenotype,

the simultaneous expression of IL-4 and IFN-g, following the

treatment of Th2-polarized splenocytes with TLR agonists such as

CpG-ODN, pI:C, LPS and Gardiquomod as well as anti-CD40

antibodies [30]. This suggests that the effect of these mediators

may be due to the induction of IFN-g in DC, partially recapitu-

lating the effects of B7-DC XAb on the cytokine production of DC.

Clearly, more information is needed to further characterize the

molecular mechanisms by which T-bet contributes to polarity

shifts of the immune response and therefore we continue to

dissect these complex relationships.

The requirement for T-bet expression by DC for modulation of

the T-cell polarity provides a key mechanistic explanation for the

prophylactic and therapeutic protection against airway inflam-

mation afforded to mice by administration of B7-DC XAb. In an

established mouse model of airway inflammation, the intrave-

nous administration of B7-DC XAb prohibits the development of

allergic airway inflammation in pre-sensitized animals [31].

Similar effects are also seen when antigen-loaded, B7-DC

XAb-treated DC are treated in vitro prior to their intranasal

transfer into pre-sensitized mice, indicating that the effect of this

immune modulating antibody is mediated by DC [21]. Utilizing

this adoptive transfer model, we investigated the ability of B7-DC

XAb-treated DC to reprogram the allergic memory response

toward Th1 and provide protection against airway inflammation

in the absence and presence of T-bet expression. We demonstrate

that the Th1-polarizing and Th2-repressing effects of T-bet in DC

are essential for the protection from allergic airway inflammation

conferred by B7-DC XAb.

Studies in other disease models also suggest the importance of

T-bet expression by DC [29, 32]. In the Th1-polarized disease

model of collagen-induced arthritis, double knockout mice RAG2

KO/T-bet KO display few spontaneous symptoms and minimal

pathology [29]. Observations that the adoptive transfer of WT

DC, but not T-bet KO DC, accelerates disease progression

suggest that DC lacking T-bet expression protect against this

Th1-polarized disorder [29]. In contrast, RAG2 KO/T-bet KO

Figure 5. B7-DC XAb-treated T-bet KO DC do not prevent airway eosinophilia and fail to mediate the reprogramming of the immune response. The
protocol described in Fig. 4A was followed and (A) the percentage of bronchoalveolar lavage (BAL) eosinophils was determined (mean7SEM, three
experiments, n 5 36). (B) IL-5 levels were quantified in BALF by ELISA (mean7SEM, three experiments, n 5 36). IFN-g (C) and IL-4 (D) were measured
in lung homogenates by ELISA (mean7SEM, three experiments, n 5 23). Measurements were adjusted for total protein concentration. Control
IgM 5 ctrl, difference is not significant 5 NS. For small data points, the mean is displayed as number on the graph. The ] symbol indicates that the
value was below the detection limit of the assay.
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mice developed increased symptoms in a Th2-polarized model of

scleroderma, indicating that T-bet expression in innate cells is

important for the regulation of Th2-polarized responses [32].

Consequently, based on these studies and our observations, it

becomes clear that aside from expression in T cells, expression of

T-bet in DC is also essential for the induction of Th1 and

repression of Th2 immunity. In our case, not only the develop-

ment of Th2 immunity is repressed, but also the established Th2

immunity is reprogrammed to an alternative phenotype.

It has been proposed that the phenotype of DC determines the

polarity of the immune response. Therefore, DC supporting the

Th1 inflammatory phenotype have been labeled as DC1 whereas

DC that promote the characteristic Th2 cytokine milieu are

categorized as DC2 [33]. While these terms are applied some-

what loosely, our findings support the concept that the phenotype

of the activating DC determines the polarity of the resulting

adaptive immune response. Specifically, our observation that

T-bet is essential for the ability of a DC to induce a Th1 response

suggests that T-bet might be a key mediator of the so-called DC1

phenotype.

Materials and methods

Mice and primary cell preparation

T-bet KO mice (C.129S6-Tbx21tm1Glm/J), C57BL/6J and C57BL/

6J, GFP mice were obtained from The Jackson Laboratory (Bar

Harbor, ME, USA) and bred within our animal colony. BALB/c

(BALB/cByJ) mice and DO11 mice (C.Cg-Tg(Do11.10)10Dlo/J)

expressing a transgenic TCR that recognizes an OVA peptide

presented by MHC class II were also bred in our colony; some

BALB/c mice were also purchased directly from The Jackson

Laboratory. All mice were housed and used in experimental

protocols according to the Mayo Clinic Institutional Animal Care

and Use Committee standards.

Murine DC were generated by harvesting bone marrow,

eliminating red blood cells (lysis in a hypotonic solution), and

culturing remaining cells at 106 per mL in media (RPMI 1640

Gibco Invitrogen, Carlsbad, CA, USA) plus 10% Cosmic calf

serum (HyClone, Logan, UT, USA) supplemented with 10 ng/mL

murine GM-CSF (PeproTech, Rocky Hill, NJ, USA) and 1 ng/mL

murine IL-4 (PeproTech). Two days later, media was gently

removed from the adherent cells and replaced with freshly

supplemented media. For coculture experiments presented in

Figs. 1 and 2, DC were incubated with antigen and treated with

antibody on day 6 before being used for culture on day 7.

Reagents

The human B7-DC cross-linking IgM B7-DC XAb (also referred to

as sHIgM12 in other publications) was isolated from the serum of

a patient with Waldenstrom’s macroglobulinemia and character-

ized in our laboratory; both serum derived and recombinant B7-

DC XAb were utilized [17, 18, 34]. Another isolated human IgM

(also called sHIgM39) was used as a control antibody for these

experiments [22]. Both B7-DC XAb and the control IgM are

routinely used at a concentration of 10mg/mL. Murine recombi-

nant IFN-g (PeproTech) was utilized at 2000 units/mL for

indicated DC/polarized splenocyte cocultures.

Intracellular staining and flow cytometry

Intracellular staining was performed using the Cytofix/Cytoperm

Plus (with GolgiStop) Kit from BD PharMingen (San Jose, CA,

USA). Briefly, cells were stained first with antibodies that detect

cell-surface molecules for 15 min on ice. Following washes with

regular flow cytometry buffer (0.5% BSA and 0.1% sodium azide

in PBS), cells were incubated with Cytofix/Cytoperm Plus

solution for 20 min on ice. Next, the cells were washed several

times with the Perm/Wash buffer followed by staining (20 min on

ice) with appropriate antibodies for intracellular cytokines

diluted in Perm/Wash buffer. Cells were then washed two or

three more times with the Perm/Wash buffer before being

resuspended in the regular buffer for flow cytometry analysis.

The following anti-mouse antibodies were used for flow

cytometry: anti-IL-4 PE (11B11) (eBioscience, San Diego, CA,

USA), anti-CD4 APC (RM4-5) (BD PharMingen), anti-CD4 PerCp

(RM4-5) (BD PharMingen), anti-IFN-g FITC (XMG1.2) (BD

PharMingen) anti-IFN-g PE (XMG1.2) (BD PharMingen) and

anti-IFN-g APC (XMG1.2) (BD PharMingen).

In vitro cocultures

The Th2-polarized splenocytes were generated from BALB/c,

T-bet KO, or DO11 mice by two 100-mL intraperitoneal injections

of chicken OVA (Sigma-Aldrich, St. Louis, MO, USA) absorbed to

alum (Pierce, Rockford, IL, USA) on days 1 and 7. Equal volumes

OVA in PBS (2 mg/mL) and alum were combined for a final OVA

concentration of 1 mg/mL, and the mixture was rotated/rocked

for at least 30 min at room temperature or up to overnight at 41C.

Spleens were harvested on day 14 (unless otherwise indicated)

and homogenized prior to red blood cell lysis with a hypotonic

solution. Splenocytes were cocultured at 371C with washed DC

(BALB/c or T-bet KO) in a 3:1 splenocyte:DC ratio; DC had been

incubated with OVA (1 mg/mL) and treated with either B7-DC

XAb or control IgM (10 mg/mL) overnight. Culture supernatants

were harvested after 3 days and assayed immediately or stored at

�801C until analysis by ELISA for murine IL-4 and IFN-g
according to manufacturer’s protocol (eBioscience).

Mouse airway inflammation

Airway inflammation was induced in BALB/c mice as outlined in

Fig. 4A. Briefly, BALB/c mice were sensitized to OVA by two

Eur. J. Immunol. 2008. 38: 2464–2474 Immunomodulation 2471

& 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.eji-journal.eu



intraperitoneal injections of 100 mg OVA adsorbed to alum as

described above. On day 14, mice were anesthetized with

tribromoethanol (Mayo Pharmacy, Rochester, MN, USA) prior

to intranasal adoptive transfer of 5�105 WT or T-bet KO DC that

had been incubated with OVA and treated with B7-DC XAb or

control IgM overnight. Cells were washed two or three times prior

to transfer. In a separate experiment, 5�105 GFP-DC were

intranasally transferred into Th2-polarized, OVA-sensitized

syngeneic recipients. Forty-eight hours later the mediastinal

lymph nodes were harvested and analyzed by fluorescent

microscopy for the presence of GFP1 DC. To elicit airway

inflammation, mice were anesthetized and challenged intrana-

sally with 100mg OVA in PBS daily from days 24 to 27. On day

28, mice were sacrificed by pentobarbital injection (Abbott

Laboratories, Abbott Park, IL, USA) and BALF was collected from

the lungs by flushing with a total of 1 mL HBSS. Cells pelleted

from this lavage fluid were assessed by Wright Giemsa staining to

obtain a cell differential, while the supernatant was frozen and

later assessed for IL-5 content by ELISA (R&D Systems,

Minneapolis, MN, USA) per manufacturer’s protocol. After

lavage, one lung per mouse was fixed, sectioned, and stained

by H&E for histology analysis. H&E slides were randomly graded

on a five-point scale by one of the investigators (K.I.) who was

unaware of the treatment group assignment of the animal. The

other lung was homogenized in 0.5 mL cold PBS; supernatant

was analyzed for IL-4 and IFN-g content by ELISA (eBioscience).

Retrovirus preparation and DC-reconstitution experi-
ments

T-bet cDNA was generated from RNA isolated from BALB/c DC

and cloned into the pBabe retroviral vector kindly supplied by Dr.

Richard Vile (Mayo Clinic) [35]. GFP was also cloned into this

vector for use in control transductions. The T-bet/pBabe and

GFP/pBabe constructs were transfected into Plat-E ecotropic

packaging cells (a gift from Dr. Kay Medina, Mayo Clinic) using

the FuGene 6 Transfection Reagent (Roche, Indianapolis, IN,

USA) per manufacturer’s protocol [36]. Plat-E cells were

maintained in DMEM media (Gibco Invitrogen) with 10% Cosmic

calf serum plus 1 mg/mL puromycin (Sigma-Aldrich). Ten to 12

million Plat-E cells were plated the day prior to transfection and

were 50–80% confluent at the time of transfection. A 6:1 volume

to weight ratio of FuGene to DNA was used with 12mg of

construct DNA being introduced per transfection; fresh media

without puromycin was placed on the Plat-E cells just prior to

transfection. Culture supernatants were collected after 72 h and

stored at 41C. Cells were immediately covered with fresh media

without puromycin and incubated for another 24 h, when culture

supernatant was harvested again and stored at 41C. Culture

supernatants were concentrated approximately tenfold using

100-kDa filter tubes (Millipore, Billerica, MA, USA) and

centrifugation at 3000 rpm. Concentrated virus was then filtered

through a 0.2-mm syringe filter (NALGENE Labware, Rochester,

NY, USA), aliquoted, and stored at �801C.

Each preparation of GFP virus was tested by the transduction

of 3T3 cells (kindly provided by Dr. Cynthia Wetmore, Mayo

Clinic) simultaneously treated with hexadimethrine bromide

(32 mg/mL; Sigma-Aldrich) to enhance transduction efficiency.

After 3 days, flow cytometry was used to compare transduction

efficiency by varying amounts of the concentrated GFP virus.

Based on the GFP transduction efficiency of 3T3 cells in parallel

cultures, DC were transduced on day 3 with the virus containing

either the T-bet or GFP construct along with the addition of

freshly supplemented (IL-4 and GM-CSF) media and hexadi-

methrine bromide (32 mg/mL).

On day 6 of DC culture, naive CD41,CD25� cells were isolated

from the spleens of DO11 mice by magnetic bead sorting (murine

anti-CD25) per manufacturer’s protocol (Miltenyi Biotec, Auburn,

CA, USA). The CD41, CD25� cells were added at a 3:1 ratio

(CD41,CD25� cells:DC) to WT or retrovirally transduced T-bet

KO DC that had been incubated with OVA (final concentration:

1 mg/mL) and treated with B7-DC XAb or control IgM (10 mg/

mL) since day 5. On day 8, cells were analyzed by intracellular

staining and flow cytometry as previously described.

For the in vitro polarity shift experiments, T-bet KO DC were

also transduced as described and, along with WT DC, were

incubated with OVA and treated with B7-DC XAb or control IgM

on day 5. Cells were washed two or three times on day 6 and

cocultured with splenocytes harvested from Th2-polarized DO11

transgenic mice (day 14 relative to intraperitoneal OVA/alum

injection days 1 and 7) at a 3:1 splenocyte to DC ratio. After 3

days of coculture, CD41 cells were assessed for IFN-g and IL-4

production by intracellular staining and flow cytometry.

Statistical analysis

GraphPad Prism 4.0 for Macintosh (GraphPad Software, San

Diego, CA, USA) was used for statistical analysis. Differences in

BALF cell counts and flow cytometry data are displayed as

mean7SEM and compared using the paired t-test. Cytokine

analysis data obtained by ELISA are also presented as mean7-

SEM. In order to account for clonal expansion as the main driving

force of cytokine production we logarithmically transformed all

ELISA data prior to statistical analysis by the paired t-test.

Histological scores were summarized as median7interquartile

range and analyzed using the Mann–Whitney U test. A p-value of

o0.05 was considered as statistically significant.
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