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We characterized dendritic cells (DC) phenotypically and functionally between C57BL/6 (Th1-prone) and BALB/c (Th2-prone) mouse recipi-
ents in an in vivo sensitization model. Two strains of mice were presensitized with Lewis rat splenocytes as xenogeneic antigens. We found
that BALB/c recipients mounted a significantly higher total IgG response to the xeno-antigens when compared with C57BL/6 recipients, 10
days after rat splenocyte infusion. A Th2-mediated antibody response with high ratio of IgG1/IgG2a was seen in the BALB/c recipients,
while a Th1 antibody response with low ratio of IgG1/IgG2a was detected in C57BL/6 recipients. CD11cþDC isolated from C57BL/6 recipi-
ents possessed increased expression of CD8aþ (DC-1 type). The administration of bone marrow derived-DC from IL-12 knockout mice
into C57BL/6 recipients induced a shift of Th-mediated anti-xenogeneic antibody responses from Th1 to Th2 domain. Our findings suggest
that DC could play an important role to regulate the balance of Th1/Th2 cytokine profiles and rejection patterns in xen-
otransplantation. VVC 2007 Wiley-Liss, Inc. Microsurgery 27:234–239, 2007.

Xenotransplantation is one of the novel approaches pres-

ently being sought to solve the problems of the severe

organ shortage. Pig donors possess several advantages for

this purpose, including defined phenotype and physiologi-

cal similarities with human organs, and the ability to

raise the animals under germ-free conditions.1 Unfortu-

nately, xenotransplantation is limited by aggressive

immune responses when cells are transplanted across spe-

cies. In discordant transplantation, a severe immunologi-

cal attack termed hyperacute rejection (HAR) occurs im-

mediately following xenografting. This problem has been

sufficiently solved through the use of human decay accel-

erating factor (hDAF) transgenic pigs.2 Nevertheless,

hDAF transgenics still evoke acute vascular rejection

(AVR). Concordant models of xenotransplantation, such

as rat to mouse, do not induce HAR, however, AVR is

still present.3 Therefore, a better understanding of the

mechanisms of AVR is important and necessary in the

future development of xenotransplantation as a therapeu-

tic option.

The Th1/Th2 paradigm has been conventionally used

to categorize immune responses into cell mediated (asso-

ciated with IFN-g and IL-12) and antibody mediated

(associated with IL-4 and IL-10) reactions.4 Although

there is controversy in allotransplantation, Th1 responses

are classically associated with accelerated graft rejection,

whereas Th2 responses are associated with enhanced sur-

vival and in some cases of tolerance.5 In the context of

concordant xenotransplantation, we have previously made

the surprising observation that Th1 responses are associ-

ated with prolonged xenograft survival, whereas Th2

responses are associated with accelerated rejection.6

When Lewis rat cardiac allografts were placed into the

Th1-prone C57BL/6 recipients, there was a prolonged

survival when compared with Th2-prone BALB/c recipi-

ents. Ablation of the Th1 cytokines IL-12 or IFN-g
from C57BL/6 recipients endowed them with accelerated

rejection.

Another characteristic of Th1/Th2 responses is the

antibody isotype produced. Although Th1 responses are

usually cellular mediated, antibodies albeit at lower levels

are also produced. In the murine system, Th1-associated

antibody responses are of the IgG2a isotype, whereas

Th2-associated responses are of the IgG1 isotype.7 It is

believed the IgG2a allows for more potent complement

activation, as well as opsonization and antibody depend-

ent cellular cytotoxicity (ADCC) than IgG1.8 Thus the

antibody responses during Th1 activation synergize with

the activated T cells to allow more effective clearance of

the pathogen. We have confirmed that animals predis-

posed to Th1 responses produce higher titers of anti-xeno

IgG2a in comparison to xenograft recipients predisposed

to Th2 responses.9

Control of the naive T cell into Th1/Th2 polarization

is maintained at the level of dendritic cells (DC), which

provide T cells with costimulatory signals, such as CD80/

CD86, and soluble signals, such as IL-10/IL-12. The

combination of these signals programs the differentiation

path of the naive T cell. For example, lack of CD80/86,

will cause default of the T cell into Th2 differentiation.10
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A strong IL-12 signal from the DC will cause Th1 differ-

entiation. Accordingly, cytokines produced by DC also

act as autocrine signals, for example, IL-12 acts as an

autocrine signal during the stimulation of DC maturation,

whereas IL-10 also acts in an autocrine manner in imma-

ture DC to maintain their immaturity.11 DC from IL-12

knockout mice have been previously described as Th2

inducing,12 and may serve as an ideal tool for modifying

Th1/Th2 responses in vivo. Indeed we have previously

demonstrated that silencing the IL-12 p35 gene, using

siRNA, gives rise to Th2-promoting DC that secrete high

levels of IL-10 and induce the differentiation of naive T

cells into high IL-4 and low IFN-g secretors.13

In the current study, we sought to examine immuno-

logical reactions during concordant anti-xeno responses,

using a model of splenocyte sensitization. Lewis rat

splenocytes were injected into BABL/c or C57BL/6

mice, and recipient anti-xeno antibody responses were

evaluated for titer and isotype using a previously de-

scribed assay.6 We demonstrate that: 1) The xeno-sensi-

tization model is a simple and reliable system for inves-

tigating anti-xeno antibody responses without needing to

perform the procedure of organ transplantation; 2) The

Th1-prone strain of C57BL/6 mice produced lower over-

all anti-xeno antibodies but higher IgG2a in comparison

with the Th2-prone strain of BALB/c mice; and 3)

Administration of Th2-promoting IL-12 knockout DC

into the C57BL/6 mice resulted in enhanced overall

anti-xeno antibody titers and caused higher production

of the Th2-associated IgG1 isotype.

MATERIALS AND METHODS

Animals

Lewis rats (RT1) 200–250 g, BALB/c (H-2d), and

C57BL/6 (H-2b) 25–30 g mice were purchased from The

Jackson Laboratory (Bar Harbor, Maine). IL-12p40

knockout C57BL/6 mice (C57BL/6-IL-12btm1jm) were

kindly provided by Dr. D.J. Kelvin. Animals were housed

under pathogen-free conditions at the Animal Care Facil-

ity, University of Western Ontario. They were cared for

in accordance with the guidelines established by the

Canadian Council on Animal Care.14

Presensitized Model

Splenocyte suspensions were prepared by harvesting

spleen from Lewis rats in RPMI 1640 medium supple-

mented. BALB/c and C57BL/6 mice were presensitized

with an intravenous injection of 20 3 106 rat splenocytes

in phosphate buffer saline (PBS). 10–14 days after injec-

tion of rat splenocytes, whole blood was collected, sera

were purified by centrifugations, and stored at �70 8C
until use.

Isolation of Mouse Splenocytes and Bone

Marrow DC Culture

For purification of splenic DC, spleens were harvested

from BALB/c and C57BL/6 mice (nontreated and pre-

sensitized), mechanically dissociated, subjected to hypo-

tonic erythrocyte lysis, and resuspended in PBS (GIBCO

Life Technologies, Burlington, Ontario, Canada) with

10% FCS (GIBCO), 0.5% EDTA (GIBCO). Purification

of CD11cþ DC was performed using magnetic activated

cell sorting (MACS; Miltyni BioTech, Germany) accord-

ing to the manufacturer’s instructions. Bone marrow

derived-DC (BM-DC) were generated as originally

described by Inaba et al.15 with modifications.16 By day

4–6 of culture, nonadherent cells and loosely adherent

proliferating DC aggregates were seen. After 6–7 day DC

culture, BM-DC from IL-12KO mice were collected and

used for FACS analysis, and then were injected into

C57BL/6 mice.

Flow Cytometry

As described by Kodaira et al.,17 1 3 106 cells were

incubated in buffer (PBS with 2% FBS and 0.1% sodium

azide) were stained with the following mAbs and ana-

lyzed by FACScan, using Cell Quest software (Becton

Dickinson, San Jose, CA). FACS cell sorter was used for

cell sorting (Becton Dickinson). The mAbs for cell stain-

ing, including anti-mouse H-2b, or H-2d, anti-DEC205,

anti-mouse CD11c, anti-mouseCD8a, anti-mouse IL-12

(BD Biosciences, San Diego, CA), were conjugated with

either FITC, or PE, or Cy. Xeno-reactive antibody (xAb)

levels (mouse anti-rat Immuno-globulin) were also meas-

ured using flow cytometry, as described by Wang et al.6

Cells were stained with the following FITC-coated anti-

bodies: anti-mouse IgM, IgG, IgG1, IgG2a conjugated

with FITC (BD Biosciences, San Diego, CA), and then

analyzed by flow cytometry. Antibody titers were quanti-

fied as mean fluorescent intensity.

Statistical Analysis

The data were reported as mean 6 SD. The serum anti-

body levels and the phenotype of DC were analyzed, using

student’s t-test and the one-way ANOVA. Differences with

P values less than 0.05 were considered significant.

RESULTS

Different Anti-Xeno Antibody Responses

Between Two Different Strains of BALB/c

and C57BL/6 Mice

Our previous work suggests that anti-xenogeneic

responses are more potent when the recipient possesses a

Th2 predisposition (unpublished data). In light of this, we

choose to investigate whether the heightened antibody
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response in the Th2-prone mouse strain also occurs in a

model of presensitization. The immune responses to xen-

oantigens can be directed toward both MHC, and non-

MHC elements, since in contrast to allotransplantation,

almost every non-species conserved protein can be immu-

nogenic. We therefore intend to use a model system that

will allow the detection of antibody responses to all anti-

gens, in which the recipient is recognizing the antigens

on the xenotransplanted cells.

The rat splenocyte used to sensitize murine recipients

is a convenient, easily accessible tissue that possesses

many characteristic xenoantigens that would be found on

other organs.17 Both BALB/c and C57BL/6 mice toler-

ated the intravenous infusion of 20 3 106 rat splenocytes

without developing anaphylaxis or alteration of behavior.

Overall levels of anti-xeno antibodies were approxi-

mately 10-fold higher in the BALB/c as opposed to the

C57BL/6 recipient, both on day 10 and day 14 after sen-

sitization (Fig. 1). The BALB/c responses consisted pre-

dominantly of IgG antibody, while the C57BL/6 response

was characterized by elevated IgM. This may suggest

that in the C57BL/6 recipient, the xeno-antigens in-

creased production of natural antibodies, which are typi-

cally known to be of the IgM class.18 In contrast, the

IgG predominance in the BALB/c recipients, along with

the robustness of the response seems to indicate that

class switching had occurred in responses to the xeno-an-

tigenic challenge.

Different Isotype of Anti-Xeno Antibody Between

BALB/c and C57BL/6 Mouse Strains

Antibody responses mediate effector functions through

several mechanisms, including Th1 associated functions

such as complement fixation and ADCC, as well as, Th2

associated functions such as direct inactivation of toxins,

or prevention of pathogen adhesion to host epithelium. In

regard to the IgG class, IgG2a is more effective at the

Th1-mediated functions, whereas IgG1 is predominant at

the Th2-mediated functions. We therefore investigated

the isotypic profiles of the anti-IgG responses that are

occurring as a result of xeno-sensitization. The BALB/c

strain consistently produced higher levels of IgG1 at both

days 10 and 14 after sensitization. In contrast, the anti-

body response in C57BL/6 recipients was characterized

by elevated levels of IgG2a, predominantly on day 14

postimmunization (Fig. 2). These data suggest that this

xeno-sensitization model can serve as a practical and

convenient surrogate for whole organ transplantation in

the investigation of xenograft rejection. This notion is

supported by the fact that the present observations mim-

icking our previous findings in a whole organ xenotrans-

plant model in terms of antibody titer, class of antibody,

and isotype of antibody.6

Different Phenotypes DC Between BALB/c and

C57BL/6 Strains

Since DC are associated with stimulation of immune

responses and control both T and B cell function, we

assessed the possibility that DC changes were occurring in

the spleen as a result of xeno-sensitization. Using magnetic

purification, splenic cells were purified for the DC marker

CD11c. When these cells were assessed for production of

the Th1 promoting cytokine IL-12, measurements of IL-12

by intracellular staining revealed that there was no differ-

ence between xenosensitized or naive BALB/c or C57BL/6

mice. As CD8aþCD11cþ DC were reported to be Th1-pro-

moting DC, we decided to examine whether there was any

alteration in the numbers of these cells before and after

xenosensitization and whether this alteration would be dif-

ferent between BALB/c and C57BL/6 strains. At day 10

postxenosensitization, there was an increase in the number

of CD8aþ DC in the spleens of both recipient strains, but

with a significantly higher increase (P < 0.05) in the

C57BL/6 mice (Fig. 3). Although this observation is only

correlative, it prompted us to ask whether DC may play a

role in the ability of the recipient to respond to various xen-

oantigenic challenges.

Alteration of Anti-Xeno Responses by

Administration of Th2-Promoting DC

Due to the critical role of DC in orchestrating both T

cell and B cell responses, we asked whether preadminis-

Figure 1. Comparison of anti-xeno antibody responses between

BALB/c and C57BL/6 strains. After presensitization with xenogeneic

antigen, spleen cells of BALB/c and C57BL/6 recipients were ana-

lyzed by flow cytometry as described in the Materials and Methods

section. BALB/c recipients showed significantly higher total IgG

response compared with C57BL/6 in 10 and 14 days after spleno-

cyte infusion. The bars show the mean 6 SD of three independent

experiments. (*P < 0.05). [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com]
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tration of syngeneic Th2-promoting DC before xenosensi-

tization could alter the profile of the anti-xeno response

in C57BL/6 recipients. The low levels of antibodies, as

well as propensity to produce anti-xeno IgM and IgG2a

are characteristic of a Th1-prone recipient. By adminis-

trating Th2-promoting DC before the xenosensitization,

we would anticipate that the exogenous DC would pos-

sess characteristics that overcome the endogenous Th1-

predisposition of the C57BL/6 recipient. Previously we

have reported that silencing the IL-12 gene, using siRNA

on DC, gives rise to a population of Th-2 promoting DC

that are active both in vitro and in vivo. In the present

study we choose IL-12 knockout DC as a prototypic

Th2-promoting DC based on previous reports that these

DC can stimulate Th2 responses19 and secrete higher lev-

els of IL-10.20 Intravenous administration of 106 CD11cþ
BM-DC from either IL-12 knockout or wild-type mice

was well tolerated, with no adverse effects observed (data

not shown). When wild-type DC were administered to

C57BL/6 recipients 3 days before xenosensitization, the

anti-xeno IgM and IgG levels were approximately identi-

cal to xenosensitized recipients that did not receive DC

infusion. In contrast, administration of IL-12 knockout

DC resulted in a marked upregulation of the IgG anti-

body production (P < 0.05) (Fig. 4A).

This suggests that the IL-12 knockout DC possessed a

potent immune modulating function that could have been

the cause of class-switching of the anti-xeno response.

Additional experiments were performed to evaluate

whether administration of the IL-12 knockout DC altered

the isotype of the response. Administration of wild-type

DC resulted in a minute but significant upregulation of

IgG1 anti-xeno antibodies. In contrast, when IL-12

knockout DC were administered a marked (>5-fold)

increase in IgG1 was observed (P < 0.05) (Fig. 4B).

These results suggest that administration of the Th2 pro-

moting IL-12 knockout DC can potently switch the anti-

xeno antibody response from characteristic Th1-response

produced by C57BL/6 mice into a Th2-like response as

typically mounted by BALB/c recipients. Additionally,

the observation of this antibody switch confirms that Th2

promoting DC possesses a predominant role in the initia-

tion of immune response because of their ability to over-

come the inherent Th1-biase of C57BL/6 mice.

DISCUSSION

We have previously demonstrated that silencing of

the IL-12 gene in DC using siRNA renders these cells

high IL-10 producers, and endows the ability to stimulate

Th2 responses both in vitro and in vivo.13 We have also

demonstrated that in the context of xenotransplantation

the Th1/Th2 predisposition of recipients results in altered

antibody responses to the xenograft.6 In the present study,

we have determined two issues, that being: 1) whether

this newly developed xenosensitization model is much

easier and more convenient for xenotransplant studies

and provides similar results to whole organ transplanta-

tion in terms of immunological responses; and 2) whether

Figure 2. Comparison of IgG isotypes of anti-xeno antibody between BALB/c and C57BL/6. A Th2 mediated antibody response (high ratio

of IgG1/IgG2a) was seen in the BALB/c recipients, while a Th1 antibody response (low ratio of IgG1/IgG2a) was seen in C57BL/6 recipi-

ents, after presensitization with xenogeneic antigen on day 10 and 14. The bars show the mean 6 SD of three independent experiments.

(*P < 0.05). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

Figure 3. Phenotypes of DC in BALB/c and C57BL/6 mice. DC iso-

lated from C57BL/6 recipients on day 10 after presensitization with

xenogeneic antigen showed significantly increased expression of

CD11cþCD8aþ (DC-1 type) cells (*P < 0.05 by student’s t-test).

The data show mean 6 SD and are representative of three inde-

pendent experiments. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com]
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administration of IL-12 knockout DC predominate over

the inherent Th1 predisposition of C57BL/6 recipients

and alter antibody responses, thereby indicating the

potential effects of DC transfer in modulation of xeno-

immune responses.

We found that murine recipients tolerate rat spleno-

cyte infusions without toxicity or adverse effects. Further-

more, the Th1 associated antibody profile of low overall

antibody production, little class switching, and IgG2a iso-

type predominance was detected in the xenosensitized

C57BL/6 recipients. In the meanwhile, the converse was

observed in the Th2-prone BALB/c recipients. The verifi-

cation that this xenosensitization model yields similar

results to the whole organ xenotransplant model implies

this model can be used for future studies of immunologi-

cal responses to xenoantigens without the need of the

complex procedure of whole organ xenotransplants.

DC control of immunological functions is established

both for T cells and B cells. DC production of soluble

(i.e., IL-10, IL-12) and contact-dependent (i.e., CD40,

CD80, CD86, PD-1L) signals stimulate/inhibit T cell acti-

vation, as well as control whether the naive T cells will

differentiate into Th1/Th2 or T regulatory cells.21 These

T cells then interact with B cells to dictate the antibody

response that will ensue. DC can also directly modulate

B cell activation through secretion of factors such as

BLYS.22 It has been demonstrated that DC from BALB/c

mice preferentially stimulate Th2 responses, whereas DC

from C57BL/6 mice preferentially stimulate Th1

responses.23 The second goal of this study was to deter-

mine whether priming of an antibody response to xenoan-

tigens could be altered by the preadministration of cyto-

kine-biased DC. The IL-12 knockout DC were indeed

able to raise the amount of class-switching that was

occurring in response to the xenoantigen, as well as influ-

ence the isotypic profile of the responses, making it Th2-

like. Our results possess several implications. First, the

fact that the DC were administered before the xenogenic

challenge implies that they were interacting with the xen-

oantigen directly, or biasing other immunological cells

that have already been activated. Studies are ongoing to

determine whether the IL-12 knockout DC can be admin-

istered concurrently with xenogenic challenge and even

after challenge to induce the antibody profile. Second,

because we were able to increase both the titer and iso-

type of antibody using the IL-12 knockout DC, this strat-

egy may be useful in other contexts (i.e., in vaccination)

to elicit a desired immunological response. Finally, the

verification of IL-12 as a key target, and the DC as a key

cell in modulating immune responses in vivo strengthens

the basis of ongoing efforts for immune modulation using

these components. In conclusion, our successful achieve-

ment of immunomodulation in the xenogenic setting dem-

onstrates that DC manipulation is a feasible and simple

strategy for programming systemic antibody responses.
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