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Abstract
We examined the role of macrophage migration inhibitory factor (MIF) in the generation of the
Th2 response using MIF-deficient mice in a model of epicutaneous sensitization (EC) to
ovalbumin. Lymph node cells from sensitized MIF-deficient mice produce lower levels of Th2
cytokines after antigen challenge when compared to their wild-type counterparts. Sensitized mice
lacking MIF show less pulmonary inflammation after intranasal antigen exposure. Mice deficient
in CD74, the MIF receptor, also are unable to generate an inflammatory response to epicutaneous
sensitization. Examination of the elicitation phase of the atopic response using DO11.1 OVA TCR
transgenic animals shows that T cell proliferation and IL-2 production are strongly impaired in
MIF-deficient T cells. This defect is most profound when both T cells and antigen presenting cells
are lacking MIF. These data suggest that MIF is crucial both for the sensitization and the
elicitation phases of a Th2-type immune response in allergic disease.
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Introduction
Atopic diseases (asthma, allergic rhinitis, and atopic dermatitis) are being increasingly
recognized among populations in the developing and developed world, and lead to a high
degree of morbidity, and even mortality. The pathogenesis of these diseases, which is
incompletely understood, involves the activation of the Th2 subset of CD4 T cells. A
specific profile of cytokines (e.g. interleukin (IL)-4, IL-5, and IL-13) also characterizes the
acute, Th2-type inflammatory response (1–6). IL-4 and IL-13 promote the production of IgE
by class switching, upregulate MHC class II molecules on macrophages, induce VCAM
expression by endothelial cells, and suppress Th1 inflammatory cytokine production (7–12).
The receptors for IL-4 and IL-13 share the IL-4-receptor α-chain, which likely accounts for
their similar effects on a number of cellular processes (13–15). However, notable differences
in the functions of IL-4 and IL-13 exist. For example, IL-4, but not IL-13, directs naïve T
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cells to differentiate into Th2-type effector cells (16, 17). Moreover, IL-13 deficient mice
are impaired in the generation of an epicutaneously (EC) induced Th2 immune response,
while this response is intact in IL-4 deficient mice (18, 19). IL-5 induces eosinophil
differentiation, proliferation, activation, and survival (20–24). Cells producing these Th2
cytokines are found in abundance at sites of acute allergic inflammation and are crucial for
the development of the inflammatory response.

IL-4 is considered to promote Th2 differentiation by enhancing the expression of the
transcription factor GATA3, which promotes cellular proliferation, cytokine production, and
inhibition of the Th1 response (25, 26). Additionally, Th2 differentiation is influenced by
the presence of regulatory T cells (Tregs), the deficiency of which leads to a syndrome
characterized by heightened allergic responses and autoimmunity (27). The transcription
factor Foxp3 is expressed by Treg cells and has been implicated in driving the cells into the
regulatory lineage, while suppressing other factors which promote cytokine production in
effector T cells (28). The presence of Tregs has been negatively correlated with the
development of Th2 responses in both mouse models and human allergic disease (27, 29).

Macrophage migration inhibitory factor (MIF) initially was described forty years ago as an
activity elaborated by mitogen-activated lymphocytes that inhibited the random migration of
macrophages (30, 31). Since that time, MIF has been cloned and an array of pro-
inflammatory, anti-apoptotic, and proliferative functions have been ascribed to this protein.
It induces a sustained ERK-1/2 phosphorylation (32), upregulates toll-like receptor (TLR)-4
expression (33), and suppresses p53-mediated apoptosis (34). MIF’s proliferative and anti-
apoptotic functions are believed to sustain inflammation in environments where activation-
induced apoptosis may result in the attrition of immune cells (35). MIF also is produced by
many non-immune cells in response to diverse stimuli (36, 37).

MIF is essential for T cell activation and the development of adaptive immune responses.
Anti-MIF antibodies inhibit T cell proliferation and IL-2 production in vitro and suppress
antigen driven T cell activation and antibody production in vivo (38). In a mixed
lymphocyte reaction (MLR), the T cell proliferative response to an alloantigen is decreased
in lymphocytes derived from mif−/− (MIF-KO) mice when compared with lymphocytes
from wild-type (WT) mice (39). In two classic models of Th1-biased immune responses,
contact hypersensitivity to the topically applied hapten, trinitrochlorobenzene (TNCB), and
the delayed-type hypersensitivity reaction to tuberculin antigen, MIF-KO show attenuated
inflammation (39, 40). Importantly, MIF-KO mice and mice treated with an anti-MIF
antibody display impaired immune responses in both the afferent and efferent arms of the
contact hypersensitivity response (39).

In addition to its role in promoting Th1-type inflammation, a variety of experimental
evidence suggests an important role for MIF in the development of allergic, Th2-type
immune responses. Th2 T cell clones stimulated with the mitogen concanavalin A (conA)
release MIF, while Th1 clones do not (38). In murine models, MIF is required for the
maximal development of allergic rhinitis and an asthma-like condition induced by
ovalbumin (OVA) priming and inhalation challenge (41, 42). Furthermore, MIF deficiency
attenuates the generation of IgE and IgG1 antibodies in the murine asthma model (42, 43).
Recently, the role of MIF also has been implicated in a model of atopic dermatitis (AD)
induced by EC sensitization with OVA (44). High expression polymorphisms in the
promoter of the human MIF gene are significantly associated with asthma severity and the
development of atopic dermatitis (42, 45, 46). MIF expression is elevated in the skin and
serum of patients with atopic dermatitis (47–49) and in the sputum, serum, and
bronchoalveolar lavage (BAL) fluid from patients with asthma (50, 51). Human eosinophils
also produce MIF in a time- and concentration-dependent fashion in response to an
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activating stimulus (50). Finally, inhibition of MIF by antibody or a small molecule inhibitor
leads to reduced airway inflammation and remodeling in as asthma-hyperresponsiveness
model (52, 53).

MIF is known to be important for ovalbumin (OVA)-induced Th2 lung inflammation when
the sensitization phase of the immune response involves intraperitoneal (IP) administration
of OVA with an adjuvant (42). In this report, we use EC sensitization and adoptive transfer
of in vitro sensitized T cells to examine more precisely the role of MIF in the generation of a
Th2 immune response. These techniques offer several advantages to systemic sensitization
with OVA. They allow the role of MIF in the Th2 immune responses of both the skin and
lung to be studied; they offer an opportunity for the relative contribution of MIF to the
sensitization and elicitation to be studied more precisely; and the use of EC sensitization
without co-administration of an adjuvant represents a considerably more physiologic model
system than systemic immunization with adjuvant (54).

Materials and Methods
Animals

BALB/c mice were purchased from Charles River Laboratories. MIF-KO were backcrossed
onto the BALB/c background at the Yale Animal Resources Center and were used at
generation N10 (55). Cd74−/− (CD74-KO) mice in the BALB/c background (N10) were
obtained from the Weizmann Institute (Rehovot, Israel) and subsequently maintained at the
Yale Animal Resources Center (56). BALB/c mice transgenic for the T cell receptor (TCR)
recognizing OVA residues 323–339 (DO11.10H2dTg) were provided by Lauren Cohn (Yale
University, New Haven, CT). DO11.10H2d mice on the MIF-KO (BALB/c) background
were prepared by crossing the mice from each of the two strains. All mice were bred and
maintained on OVA-free diets in a pathogen-free environment at the Yale Animal Resources
Center. Age-matched female mice, 8–12 weeks old, were used in all experiments.

Epicutaneous sensitization and lymph node cytokine production
The EC sensitization protocol, described previously (18), entailed application of OVA (100
µg, Grade V; Sigma Chemical Co.) to the shaved back of mice in 75 µl of PBS on day 0.
Skin-draining axillary lymph nodes (LN) from EC sensitized mice were isolated on day four
after initial exposure. Cells were cultured at 4×106 cells/ml with an equal number of
syngeneic, mitomycin-treated, T cell-depleted splenocytes (prepared as previously
described, (18)) and OVA (100 µg/ml) in Bruff’s/10%FCS at 37°C for 48 hrs, in the
presence or absence of IL-2 (20 ng/ml, R&D Systems) (57). This 1:1 ratio of APC to T cells
has been described in prior studies of MLRs (18, 43). In experiments with bone-marrow
derived macrophages, LN cells (4×106 cells/ml) were cultured with an equal number of
syngeneic T-depleted macrophages. CD4+ T cells were prepared by negative selection, as
described previously (58), using monoclonal antibodies (Abs) to CD8, class II MHC I-Ad

(clone 212.A1), FcR, B cell precursors (clone TIB164), CD49b (pan NK cell, BD
Biosciences), and anti-Ig-coated magnetic beads (Advanced Magnetics, Inc.).

Cytokines in the culture supernatants: IL-4, IL-5, IL-13, and interferon gamma (IFN-γ)
were detected with commercially available ELISA kits (IL-4, IL-5, and IFN-γ, ΒD
Biosciences and IL-13 R&D Systems).

Lymph node cultures that were used for flow cytometric analysis were treated with Golgi
Plug (BD Biosciences) 6 hours prior to analysis. Cells were harvested and washed in PBS
containing 1% BSA. After treating with Fc Block (BD Biosciences), staining for surface
markers was performed using PerCP-conjugated anti-CD4 and APC-conjugated anti-CD25
(eBioscience). Cells then were fixed and permeabilized using the BD cytofix/cytoperm kit
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according to the manufacturer’s instructions (BD Biosciences) and staining for intracellular
cytokines and transcription factors was performed using PE-conjugated anti-IL-4, APC-
conjugated IFN-γ, and PE-conjugated Foxp3 (eBioscience). Flow cytometry was performed
using a BD FACSCalibur instrument, and data analyzed using FlowJo software.

qRT-PCR for transcription factors
Non-adherent cells from the lymph node cultures described above were collected after 48
hours. Cells were treated with RLT buffer, and RNA isolated using RNeasy mini kit
(QIAGEN) according to the manufacturer’s protocol. Complementary DNA was reverse
transcribed using 500 ng of RNA with the QuantiTect kit (QIAGEN). The template cDNA
was used with 0.5 µM of forward and reverse primers for murine β-actin, Tbet (TBX-21),
Gata3, and Foxp3 (QIAGEN) and SYBR Green PCR Mix (BIO-RAD) according to the
manufacturer’s instructions. Reactions were carried out using the iCycler (BIO-RAD)
system, and quantitative comparisons were obtained using the ΔΔCT method.

Inhaled Ag challenge and assessment of lung inflammation and serum antibody level
On day 14 after EC sensitization, mice were challenged with intranasal (IN) OVA over a 6
day period, as previously described (18). Briefly, 50 µl of OVA in PBS (0.5 mg/ml) was
administered by IN droplet on days 14, 15, 18, and 19. On day 21, mice were sacrificed to
allow for assessment of lung inflammation and determination of serum antibody level. BAL
was performed from the lungs and the total cell number recovered from each lung was
enumerated. Cell counts based on morphology and staining characteristics of 200 cells per
sample was determined. H&E-stained lung sections were examined in a blinded fashion to
determine the degree of inflammation present using a subjective scale. In this scale, we
counted the number of perivascular and peribronchial inflammatory foci in a whole lung
section, giving weight to areas of inflammation that appeared significantly denser than
average by counting them twice (42). The levels of OVA-specific IgG1, IgG2a, and total IgE
from serum collected on day 21 were determined as described previously (18).

Bone marrow macrophage isolation
To obtain bone marrow-derived macrophages, bone marrow from the femurs and tibias of
6–12 week old mice was cultured for four days in RPMI medium with 20% fetal calf serum
and 30% L929 conditioned medium. As described previously (59), the L929 conditioned
medium consisted of RPMI and 10% fetal calf serum in which near-confluent L929 cells
were allowed to grow for three days.

Generation of Th2-skewed OVA sensitized DO11.10 T- cells
To generate OVA-sensitized Th2-skewed cells from DO11.10 mice, CD4 T cells were
isolated by negative selection, as described above. Sygeneic T cell-depleted splenocytes,
prepared as above, were used as antigen presenting cells (APCs). Cultures were established
in flasks with a twofold excess of APCs (2.5 × 106/mL) over CD4 T cells (1.25 × 106/mL).
IL-4 at 10 ng/ml (Collaborative Research, Inc.), IL-2 at 5 µg/ml, and anti-IFNγ (XMG1.2)
at 3.8 mg/ml, an inhibitory concentration, were added with 5 µg/ml of OVA (323–339)
peptide. These cultures were maintained for four days prior to preparing the cells for transfer
into mice.

Transfer of OVA-sensitized DO 11.10 cells and IN administration of OVA
Cultured DO11.10 cells were harvested after day 4, purified by lymphocyte separation
medium (MP Biomedical, LLC), washed with PBS, and 5×106 cells were injected IP into
mice on day 1. Four to seven days later, mice were challenged with 50 µl of OVA in PBS
(0.5 mg/ml) administered by IN droplet. The mice were challenged IN again on days one,
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four, and five following the first challenge. The mice were sacrificed two days after the last
challenge to allow for assessment of lung inflammation as detailed above.

T cell proliferation assays and IL-2 measurements
T lymphocytes were prepared from splenocytes and LN cells of 6–10 week old WT or MIF-
KO mice by negative selection with MACS (Miltenyi Biotech, Auburn CA) columns, as per
the manufacturer’s instructions. Anti-B220, CD8, CD16/32, MHC Class II (I-Ab KH74),
CD11b, and γδ antibodies (eBioscience) were used in the depletion. 2×106 cells/ml were
suspended in 2 ml of Click’s media supplemented with 10% FBS (60). 2 ml of either
complete media or media supplemented with 2 µg/ml anti-CD28 Ab (eBioscience) was
added. 200 µl of the resulting cell suspension was plated in the wells of a 96 well plate that
was coated at 37°C for 2 hrs with anti-CD3 Ab (eBioscience) at various concentrations prior
to use (61). Cells were cultured for 2 days at 37°C in a 5% CO2 incubator. Subsequently, 1
µCi of [3H] thymidine was added to each well and this was allowed to incubate for 18 hrs.
The cells were harvested and counts per minute were determined.

For T cell transfer studies, WT or MIF-KO DO11.10 T cells were prepared by negative
selection from pooled unsensitized lymph node and spleen cells of two mice, using anti-Ig-
antibody coated magnetic beads (Advanced Magnetics, Inc.) by the same protocol described
above. Mitomycin-treated, T cell depleted splenocytes from WT or MIF-KO mice for use as
APCs were prepared as described above. 3×105 T cells were mixed with a 2-fold excess of
APCs (6×105) in 96 well plates with varying doses of OVA peptide. The MTT assay for
cellular proliferation was performed as per manufacturer’s instruction (Promega), and IL-2
concentration in the supernatant was determined at 40 hrs by ELISA (eBioscience).

Results
Skin-draining LN cells from MIF-deficient mice are impaired in their ability to produce Th2
cytokines after EC sensitization

MIF is important for the sensitization phase of a Th1 immune response in the skin after
TNCB application (39). We initially sought to demonstrate whether MIF is similarly
important for the sensitization phase of a Th2 immune response in the skin. Four days after
EC OVA exposure, skin-draining LN cells from WT and MIF-KO mice were collected and
restimulated in vitro by culturing them with mitomycin-treated, Tcell-depleted splenocytes
and OVA (Figure 1). A robust production of Th2 cytokines was observed in the supernatants
from cultures with WT LN cells, while the cultures with MIF-KO LN cells displayed
markedly attenuated levels of these cytokines. Although absolute levels of the Th1 cytokine
IFN-γ were lower after EC OVA sensitization than after cutaneous sensitization to a
stimulus known to have more of a Th1 bias (such as TNCB), MIF-KO LN cells also
produced a lower amount of this cytokine after restimulation with OVA in vitro. This latter
finding is consistent with published results that MIF is important for the production of Th1
cytokines after antigenic challenge (40, 42). Notably, prior EC sensitization with OVA had
no effect on IFN-γ production after restimulation with the protein. Thus, together with
previously published data, our findings suggest that MIF-KO mice are impaired in their
ability to generate both Th1-type and Th2-type effector cytokines in response to a topically-
applied antigen.

Mechanism of the MIF-dependent defect in Th2 cytokine production appears to involve
decreased number of Th2 cells and increased numbers of Tregs

MIF is known to be important in T cell proliferation in response to antigen stimulation (38).
We investigated the number of Th1 and Th2 cells in lymph node cultures from EC sensitized
WT and MIF-KO lymph node cultures using flow cytometry (Figure 2). Using intracellular
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staining for IFN-γ and IL-4 to designate Th1 and Th2 subsets of T cells respectively, we
observed that the population of Th2 skewed T cells is reduced in the MIF-KO lymph node
cultures, compared to WT (5.37% vs. 2.67%, p<0.05, Figure 2A). We also noted a trend
towards an increased population of Th1 skewed cells in the WT compared to MIF-KO
lymph node cultures (1.88% vs. 1,41%, p>0.05, data not shown), but it did not reach
statistical significance. Further investigation of the expression of Th1 and Th2 transcription
factors by qRT-PCR, showed a significant decrease in the induction of both T-bet and
Gata-3 after OVA stimulation in the MIF-KO cultures compared to WT (Figure 2B, C).

Prior work by our group has shown lower IL-2 production in the MIF-dependent reduction
in antigen-specific T cell response (38). We supplemented the WT and MIF-KO lymph node
cultures with exogenous IL-2 to determine whether restoring IL-2 might lead to a recovery
in the MIF-dependent defect in cytokine production. Interestingly, in the case of the Th2
cytokines, IL-4, IL-5, and IL-13, IL-2 addition augmented cytokine production, however the
level in the MIF-KO system remained below that in the unsupplemented WT (IL-4, p<0.05,
IL-13, p<0.05, and IL-5 p=0.053, Figure 1). By contrast, the addition of IL-2 increased the
level of IFN-γ produced by the MIF-KO culture beyond that of the WT.

We next quantified the Treg population in the WT and MIF-KO lymph node cultures. We
demonstrated a larger population of Treg cells (Foxp3+/CD25+) in the MIF-KO compared
to WT cultures (n=4 animals, p<0.05). Although we noticed a similar trend in the level of
the expression of the Foxp3 transcription factor in the MIF-KO and WT lymph node
cultures, the difference did not reach statistical significance (p=0.097).

MIF-KO mice display attenuated lung inflammation and antibody responses after EC
sensitization

We next aimed to determine whether the impaired sensitization to an EC-applied antigen in
MIF-KO mice was functionally significant in vivo. Accordingly, we assessed lung
inflammation and antibody responses in MIF-KO and WT mice after EC OVA sensitization
and subsequent IN challenge. Both MIF-KO and WT EC OVA-immunized mice displayed
significantly increased numbers of cells in their BAL when compared with sham immunized
mice (Figure 5 and data not shown). The numbers of total cells and eosinophils recovered by
BAL were significantly greater in WT than in MIF-KO mice. Histologic evaluation (Figures
4, 5), which included a blinded measurement of inflammatory index in sections from the
lungs of these mice, confirmed that MIF-KO mice exhibited an attenuated inflammatory
response after IN challenge with OVA when compared with their WT counterparts. The
inflammatory response after EC OVA sensitization and IN challenge in both groups of mice
was generally a mixed perivascular and peribronchial inflammatory response with a
moderate to abundant number of eosinophils; this finding also is in agreement with prior
reports (Figure 5) (18, 19).

MIF-KO mice were impaired in their ability to mount a total IgE and OVA-specific IgG1
antibody response after OVA sensitization and challenge (Figure 4), which is in accord with
prior studies of Th2 sensitization using alum as adjuvant (42, 43). The present results both
confirm and extend these prior findings, but now in the physiologically more relevant model
of Th2 immune responses, EC sensitization without co-administration of adjuvant. OVA-
specific IgE could not be detected in the serum in the EC sensitization model, as has been
described previously (18). Negligible levels of anti-OVA IgG2a, which is an isotype more
associated with IFN-γ production by Th1 cells, was detected in serum of both WT and MIF-
KO mice in the present study (data not shown). Notably, the lack of IgG2a production in
MIF-KO mice is similar to that observed in IL-13 deficient mice and stands in contrast to
the antibody profile observed in IL-4 and STAT-6 deficient mice (18, 19). In the latter two
strains, the attenuation in Th2-associated antibodies in serum is accompanied by a rise in
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this Th1-associated antibody, presumably because of the absence of IL-4 driven class
switching. The findings of decreased Th2-related antibody production in MIF-KO mice,
without an attendant increase in Th1 antibody, may result from a direct effect of MIF on
antibody production (i.e. an effect of MIF on T and/or B cells), an effect of MIF on the
production of cytokines necessary for an appropriate antibody response (with IL-13, rather
than IL-4, as a leading candidate), or a combination of these two factors.

MIF is not required for antigen presentation during EC OVA sensitization
We next examined whether MIF produced by antigen-presenting cells (APCs) is required for
proper antigen presentation. Four days after EC OVA exposure, skin-draining LN cells from
WT mice were collected and CD4+ T cells were purified by immunodepletion. These T cells
were restimulated in vitro by co-culture with OVA and mitomycin-treated, T cell-depleted
splenocytes (Figure 7A), or bone marrow-derived macrophages (Figure 7B) from non-
immunized WT or MIF-KO donors. No significant differences were observed in the levels
of IL-4, IL-5, IL-13, and IFN-γ in the culture supernatants when splenic or bone marrow
APCs were derived from WT or MIF-KO mice.

The MIF cell surface receptor, CD74, is required for EC sensitization to OVA
MIF binds to cell surface CD74 with nanomolar affinity, leading to the phosphorylation of
the CD74 intracytoplasmic domain and the membrane recruitment of CD44, which then
activates a Src family member non-receptor tyrosine kinase to initiate signal transduction
(62, 63). CD74 deficiency in mice also results in reduced, but not absent MHC class II cell
surface expression (56). Interestingly, T cells from CD74 deficient mice (CD74-KO)
proliferate normally in vitro and in vivo after immunization with a protein Ag and adjuvant
but their cytokine secretion profiles are strongly biased to a Th1 profile (64). CD74-KO
mice also have been shown to be impaired in their ability to generate Th2 immune responses
in the murine OVA asthma model (64). We thus sought to determine whether CD74-KO
mice were impaired in the production of Th2 type cytokines after exposure to an EC
stimulus and, moreover, to compare the degree of impairment to that seen in MIF-KO mice.

Indeed, draining LN cells from EC sensitized CD74-KO mice, when compared with LN
cells isolated from WT mice, displayed significantly reduced levels of the Th2 cytokines,
IL-4, IL-5, and IL-13 after in vitro restimulation with OVA antigen (Figure 8). Furthermore,
the levels of these key Th2 cytokines, produced by LN cells from CD74-KO mice, were
significantly lower than observed in MIF-KO LN cells. While the LN cells from the CD74-
KO mice reproducibly displayed marked defects in the production of Th2 cytokines, they
were able to produce some Th2 cytokines as evidenced by the fact that the levels of IL-4,
IL-5, and IL-13 in the supernatants from these stimulated cells were significantly higher
than in control supernatants (i.e. from cultures to which OVA was not added). Interestingly,
despite the pronounced Th2 defects seen after EC sensitization in CD74-KO mice, the LN
cells from these mice displayed a somewhat lesser decrease in production of the Th1
cytokine IFN-γ in response to OVA when compared WT LN cells. Although our
experiments were not designed to assess Th1 responses, these data support the prior work of
Topilski et al. who observed a severe attenuation of the Th2 response in CD74-KO mice but
a relatively preserved Th1 response (64). The attenuated Th2 cytokine secretion profile from
CD74-KO LN cells after EC OVA sensitization is consistent with the findings observed in
MIF-KO mice. Whether the more severely impaired response in the CD74-KO than in the
MIF-KO mouse results from additional defects in antigen presentation, or to the absence of
activating signals provided by MIF or other potential CD74 ligands (65), remains to be
established
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MIF is required for the elicitation phase of a Th2 immune response
MIF is known to be important for the sensitization and elicitation phases of a Th1 response
(39). In this study, we have shown that MIF is important for the sensitization phase of a Th2
immune response (Figure 1). The differences we observed between WT and MIF-KO mice
in the elicitation phase of a Th2 immune response (i.e. in lung inflammation and antibody
production) as well as differences observed in previous studies (42) could be entirely
explained by a lack of sensitization to the antigenic stimulus, OVA, in MIF-KO animals.

To specifically address whether MIF is important for the elicitation phase of a Th2 immune
response independently of the sensitization phase, we utilized the DO11.10 transgenic
mouse, in which all of the T cells express a single TCR directed against a specific peptide
present in OVA (residues 323–339). T cells from this mouse strain were isolated and
sensitized in vitro to OVA peptide in the presence of cytokines and antibodies which skewed
the resulting T cells to a Th2 phenotype (66). These T cells were injected IP into WT or
MIF-KO mice and the mice then were challenged IN with OVA antigen.

As shown in Figure 9, the numbers of total cells as well as eosinophils recovered from BAL
fluid in MIF-KO mice were significantly lower than the numbers found in WT mice.
Moreover, histopathologic examination of the lungs from these mice (Figures 7 and 8) was
remarkable for an attenuated inflammatory response in the setting of MIF deficiency. Thus,
MIF is a crucial mediator not only of the sensitization, but also of the elicitation phase of a
Th2 immune response.

T cells from MIF-KO mice display attenuated proliferation in response to anti-CD3
stimulation

WT T cells treated with anti-MIF antibody mice display impaired activation, proliferation,
and IL-2 production (38), which may be an important mechanism for explaining the
attenuation in immune responses observed in MIF-KO mice. We wanted to confirm that
impaired T cell proliferation is a feature not only of anti-MIF treated WT cells but also cells
derived from MIF-KO mice. Thymidine incorporation in response to stimulation with anti-
CD3 alone or anti-CD3 plus anti-CD28 was compared in naïve WT and MIF-KO T cells.
After CD3 ligation, a significant decrease in proliferation was observed in the MIF-KO
lymphocytes in the presence and absence of CD28 ligation (Figure 11). The concentration of
anti-CD3 eliciting a proliferative response was lower with addition of anti-CD28.

MIF-KO T cells display impaired proliferation and IL-2 production in response to antigen
Taken together, our data indicate that MIF produced by T cells is crucial for the generation
of an adequate proliferative response to an antigenic challenge (Figure 12), while its
production by APCs appears to be less important (Figure 7). These data are consistent with
published findings (39), which showed that in parallel MLRs, lymphocyte proliferation to
alloantigen was not impaired when MIF-KO cells were used as APCs with WT
lymphocytes, but was impaired when APCs were WT and lymphocytes were MIF-KO. To
support and extend these findings, we generated DO11.10 transgenic mice on a MIF-KO
background and compared proliferation and IL-2 production by T cells derived from these
and WT DO11.10 mice after exposure to OVA peptide in the context of WT or MIF-KO
APCs.

DO11.10 TCR transgenic T cells derived from MIF-KO mice were significantly impaired in
their proliferative and IL-2 production responses when compared with cells derived from
WT mice regardless of whether the APCs employed were WT or MIF deficient (Figure 10).
Conversely, in cultures where the T cells were derived from WT mice, nearly identical T
cell proliferative responses were observed after antigenic challenge irrespective of whether
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antigen presentation was performed by MIF-KO or WT splenocytes. T cell proliferation was
similar despite the fact that there was a lower level of IL-2 in the supernatants when the
APCs were MIF deficient. The reason for this result likely reflects the adequacy of the lower
level of IL-2 in triggering the available IL-2 receptors on the T cells. When T cells were
derived from MIF-KO mice, however, the presence or absence of APC-encoded MIF had
more substantial functional consequences. MIF-KO T cells presented antigen by MIF-KO
splenocytes displayed significant defects in both proliferation and IL-2 production when
compared with T cells where antigen presentation was performed by WT APCs. Thus, when
there is no source at all of MIF in the experimental system (i.e. from either T cells or APCs),
T cell proliferation and IL-2 production is most severely impaired.

Discussion
Atopic diseases are present in a large and growing segment of our population. The lifetime
prevalence of AD has been estimated at levels as high as 20% of the United States
population and the lifetime prevalence of asthma at approximately 10% (67). Despite the
significant morbidity and mortality associated with atopic diseases, our understanding of the
molecular mechanisms that underlie an individual’s predisposition to develop an
exaggerated immune reaction to an allergic stimulus is still incomplete. For example, we
still do not understand the most relevant route of antigen exposure during the sensitization
phases of these diseases. Interestingly, it has been suggested that in human atopic diseases,
EC exposure to antigens may be an important route of sensitization (54). Thus, the EC OVA
sensitization model system employed in the present studies may well be the most
physiologically relevant one in which to study atopic diseases.

MIF is a cytokine that has pro-inflammatory effects in both in vivo and in vitro models of
Th1- and Th2-type inflammation. In several model systems, MIF was found to “override” or
counter-regulate the broad, immunosuppressive action of glucocorticoids on cells of the
immune system (68), which is notable because glucocorticoids remain the mainstay of
therapy for many Th1 and Th2-type inflammatory diseases. MIF also is encoded in
functionally distinct alleles and polymorphisms in MIF have been associated with Th2
diseases such as atopic dermatitis, asthma as well as several Th1 biased inflammatory
conditions (42, 45, 46).

We investigated herein the role of MIF in EC sensitization to a Th2 antigenic stimulus,
OVA, and also examined its role in the elicitation phase of the response. After EC
sensitization, LN cells from MIF-KO mice, when compared to WT mice, produced lower
levels of key Th2 cytokines when restimulated with OVA antigen. Notably, EC sensitization
does not require administration of an adjuvant, although there is evidence that mice
genetically-deficient in the TLR-2 or the TLR adaptor protein, MyD88, are impaired in the
production of Th1 and Th2 cytokines after EC sensitization (C. Herrick, unpublished data,
(69,70). Thus, a natural adjuvant, perhaps one derived from a microbe colonizing the surface
of the skin, may be stimulating a TLR signaling cascade during EC OVA sensitization.
Since APCs from MIF-KO mice are known to display reduced cell surface TLR-4 (33),
impaired signaling through this or perhaps another TLR may explain certain of the defects in
sensitization observed in MIF-KO mice after EC OVA application. Our experiments
nevertheless indicate that once T cells are sensitized to OVA, comparable antigen
presentation appears to be achieved by WT and MIF-KO APCs (splenocytes and bone
marrow-derived macrophages). That MIF-KO APCs function comparably to WT APCs is
supported by the observation that the proliferative response of WT T cells to an antigenic
stimulus is very similar regardless of MIF expression by APCs.
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The key defect in the sensitization and elicitation phases of a Th2 response in MIF-KO mice
is likely an intrinsic property of MIF deficiency by T cells. This is an attractive hypothesis
because MIF is known to have direct effects on T cell activation, proliferation, and IL-2
production (38). Furthermore, in studies of the MLR, lymphocyte proliferation to
alloantigen was not impaired when APCs were MIF-KO and lymphocytes were WT, but
was impaired when APCs were WT and lymphocytes were MIF-KO (39). Finally, our data
also indicate that the presence of MIF in T cells is vital for the ability to respond maximally
to an antigen. This T cell defect in the MIF-KO lymph nodes, which is manifest by reduced
number of Th2 cells and increased number of Treg cells, is not compensated by adding IL-2
to the cultures.

These different experiments imply that there is a defect in the responsiveness of MIF-KO T
cells that cannot be compensated by the presence of WT APCs. Nevertheless, our results
also suggest that MIF from sources other than sensitized T cells does play a role in the
expression of Th2 inflammation. We observed diminished lung inflammation after the
transfer of OVA-sensitized, WT DO11.10 T cells into WT and MIF-KO mice and challenge
with IN OVA. This experiment therefore showed that MIF not only is required for the
elicitation phase of a Th2 immune response but furthermore, that MIF produced by
sensitized T cells alone is insufficient to compensate for a lack of MIF in the recipient
mouse.

Flow cytometric analysis of splenocytes from MIF-KO and WT mice showed no significant
abnormalities in the total number of cells when comparing several important lymphocyte
subpopulations (42, 71). Specifically, WT and MIF-KO mice displayed equivalent numbers
of splenocytes with surface expression of CD3, CD4, CD8, and B220. Furthermore, on the
CD4+ cells, cell surface expression of CD25, CD69, and CD44/62L was similar. At
baseline, the numbers of Th1, Th2, and Treg cells were not different. Thus, a diminished
number of a specific subset of circulating T cells is unlikely to explain the defects that we
and others have described in the development of Th2-type inflammation in MIF-KO mice
(39, 47, 48, 51). Additionally, it is likely a functional defect in the Th2 response, rather than
an intrinsic defect in B cells, which explains the diminished IgG1 and total IgE responses
that develop without a compensatory increase in IgG2a in the EC-OVA sensitized MIF-KO
animals.

The molecular mechanism of MIF’s action in immunologic responses is mediated in large
part by signaling through the ERK 1/2 MAPK pathways, which are activated by MIF/
receptor interaction. In many cell types, this receptor is CD74, with ligand-receptor
interaction occurring either on the cell surface or within an endosome (72, 73). Our results,
which demonstrate similar Th2 cytokine defects in both MIF and CD74-KO animals, may
be explained by reduced activation of MIF/CD74 signaling leading to reduced inflammatory
cytokine production and/or impaired cell survival. The increased impairment in Th2
cytokine production in the CD74-KO lymph node cultures, compared to MIF-KO, may be
due to further defects in these cells, such as in antigen presentation, or by additional ligands
for CD74 (64).

In contrast to most cytokines, which can be characterized as “predominantly” Th1 or Th2,
MIF upregulates both Th1 and Th2 type inflammatory responses. The important effect of
MIF on both types of inflammation is consistent with current hypotheses indicating that MIF
is: (1) an upstream mediator of innate and acquired immunity and (2) a key regulator of the
immunosuppressive action of endogenous glucocorticoids (74). Glucocorticoids are used
clinically to prevent and control both Th1- and Th2-type inflammation. Therefore, if MIF is
to be viewed as an “anti-glucocorticoid”, the results from the current study may be expected.
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The suggestion that MIF is a central, upstream immune activator is based on the
observations that MIF is stored preformed in cells, is released rapidly after exposure to an
inflammatory stimulus, and activates downstream molecules in different inflammatory
cascades. In response to infections and other inflammatory stimuli, for example, MIF-KO
mice display attenuated levels of TNF, IL-1, IL-12, MCP-1 and PGE2 (55, 71, 75). Since
MIF affects both Th1- and Th2-type inflammation, it can be inferred that this cytokine is
important globally for the initiation and the propagation of inflammation and is not as
important in directing the specific cytokine or cellular milieu of an inflammatory
environment. There is evidence that the main role of MIF in inflammation is to prevent the
loss of immune cells and to promote their growth via sustained ERK activation (35). To
address the mechanism of MIF action on T cells after exposure to an antigenic stimulus, we
showed that the numbers of Th2-skewed T cells are reduced in the lymph nodes of OVA-
sensitized MIF-KO mice. Whether this decrease is due to reduced proliferation (related to
IL-2), increased apoptosis, direct effects on regulating transcription factors (such as T-bet or
Gata-3), or more than one of these mechanisms remains to be elucidated. An additional
element that requires investigation is the MIF-related decrease in Treg cells in the WT
sensitized lymph node cultures, which may be considered permissive for Th2 differentiation.
Recent work by Park and colleagues also has suggested a role for MIF in Treg populations
by demonstrating that MIF from the helminth Anisakis simplex suppresses Th2
inflammatory responses by antagonizing host MIF and increasing the subset of Treg cells
(76).

In summary, we found that MIF is crucial for both the afferent and efferent arms of a Th2
type inflammatory response using EC sensitization to OVA antigen and adoptive transfer of
in vitro sensitized T cells. These findings may prove important clinically especially since
individuals with low versus high expression alleles of MIF display different phenotypes in
atopic dermatitis and in asthma (42, 45, 46). We postulate that MIF inhibitors, which are
currently in clinical development may prove efficacious in palliating atopic inflammation
(52, 77).
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AD Atopic Dermatitis

APC Antigen Presenting Cell

BAL Bronchoalveolar lavage

EC Epicutaneous sensitization

ERK-1/2 Extracellular-signal-regulated kinase

IFN-γ Interferon-γ

IL Interleukin
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IN Intranasal

IP Intraperitoneal

LN Lymph Node

MHC Major Histocompatability Complex

MIF Macrophage Migration Inhibitory Factor

TCR T cell Receptor

TNCB Trinitrochlorobenzene

TLR Toll-Like Receptor
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Figure 1.
MIF-KO mice display attenuated cytokine production in skin-draining LN cells after EC
OVA exposure. Production of Th2 cytokines (IL-4, IL-5, and IL-13) are compromised in the
MIF-KO system despite supplementation with IL-2. Mice were EC exposed to OVA on day
0 and axillary LNs were harvested on day 4. LN cells were restimulated in vitro with OVA.
After 48 hours, cytokine levels in culture supernatants were measured. WT (n=5), MIF-KO
(n=5). Each panel is representative of three separate experiments. Statistical significance
was determined using an unpaired Student’s t test or ANOVA. Error bars represent one
standard deviation from the mean. *** p<0.001, **p<0.01, *p<0.05.
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Figure 2.
Th2 differentiated CD4 T cells are reduced in the lymph nodes of EC-OVA sensitized MIF-
KO mice. (A) OVA-stimulation increases the number of IL-4 producing CD4 T-cells,
measured by flow cytometry, to a greater degree in the WT, compared to MIF-KO system.
(B&C) Both Th1 and Th2 differentiation, measured by upregulation of transcription factors
Tbet and Gata3, are decreased in MIF-KO lymph nodes. Unsensitized (n=3), WT (n=3),
MIF-KO (n=3). Summary data are pooled from three independent expeirments *** p<0.001,
**p<0.01, *p<0.05.
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Figure 3.
Tregs are increased in the MIF-KO lymph node cultures. (A&B) The number of CD4 T cells
which display Treg markers (CD25+, Foxp3+) are increased in the MIF-KO compared to
WT systems. (C) Foxp3 upregulation, measured by qRT-PCR is also increased in the MIF-
KO compared to WT, although this increase does not reach statistical significance. WT
(n=4), MIF-KO (n=3). Summary data are pooled from three independent expeirments ***
p<0.001, **p<0.01, *p<0.05.
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Figure 4.
MIF-KO mice display attenuated airway inflammation after EC sensitization and IN
challenge with OVA antigen. WT and MIF-KO mice were exposed to EC OVA while
control mice were treated with PBS alone. All mice were subsequently challenged IN with
OVA. After sacrifice, BAL was performed and inflammatory cells recovered from
individual mice were counted. Histologic sections from the lungs of individual mice were
subsequently prepared and an inflammatory index scored for the number of pockets of
perivascular and peribronchial pockets of inflammation as described previously (42). WT:
n=5, MIF-KO: n=5, WT: control n=3, MIF-KO: control n=2. *** p<0.001, **p<0.01,
*p<0.05.
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Figure 5.
Histologic appearance of inflammatory infiltrate in mice after EC sensitization and IN
challenge with OVA antigen. Representative H&E stained from WT: n=5 and MIF-KO:
n=5, sections are shown. (A,B,C) WT, (C,D,E) MIF-KO. (A,C) ×40, (B,D) ×200, (C,E)
×1000.
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Figure 6.
Total IgE and OVA-specific IgG1 antibody responses are decreased in EC sensitized and IN
challenged MIF-KO mice as compared with control mice. WT and MIF-KO mice were
exposed to EC OVA and were subsequently challenged IN with OVA. Total IgE and anti-
OVA IgG1 antibody levels from serum collected after sacrifice on day 21 were measured by
ELISA. WT: n=5, MIF-KO: n=5. *** p<0.001, **p<0.01, *p<0.05.
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Figure 7.
Splenocytes and bone-marrow derived macrophages from MIF-KO mice do not show
defects in vitro in antigen presentation. WT mice were EC exposed to OVA on day 0 and
axillary LNs were harvested on day 4. LN cells were restimulated in vitro with OVA and
mitomycin-treated T-depleted splenocytes (A) or bone marrow-derived macrophages (B) as
APC. After 48 hours, cytokine levels in culture supernatants were measured. WT: n=5, MIF-
KO: n=5. Each panel is representative of three separate experiments. p<0.001, **p<0.01,
*p<0.05.
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Figure 8.
MIF receptor (CD74) deficiency attenuates Th2 but not Th1 cytokine production in skin-
draining LN cells after EC OVA exposure to a greater extent than does MIF deficiency.
Mice were EC exposed to OVA on day 0 and axillary LNs were harvested on day 4. LN
cells were restimulated in vitro with OVA and, after 48 hours, cytokine levels in culture
supernatants were measured. WT: n=5, MIF-KO: n=5, CD74-KO n=5. Each panel is
representative of three separate experiments. *** p<0.001, **p<0.01, *p<0.05.
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Figure 9.
MIF is required for the elicitation phase of a Th2 inflammatory response. WT and MIF-KO
mice were injected IP with OVA-sensitized Th2 cells derived from DO11.10 mice and were
then IN challenged with OVA antigen or PBS. Inflammatory cells recovered from the BAL
of 5 individual mice were counted. Histologic sections from the lungs were subsequently
prepared and an inflammatory index scored for the number of pockets of perivascular and
peribronchial pockets of inflammation. WT: n=5, MIF-KO: n=5, WT control: n=3, MIF
control: n=3. *** p<0.001, **p<0.01, *p<0.05.
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Figure 10.
Histologic appearance of inflammatory infiltrate in mice after adoptive transfer of sensitized
DO11.10 T cells and IN challenge with OVA Ag. Representative H&E stained sections from
WT:n=5 and MIF-KO n=5 are shown. (A,B) WT, (C,D) MIF-KO. (A,C) ×40; (B,D) ×200.
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Figure 11.
T cells from MIF-KO mice display a decreased proliferative response when compared with
those from WT mice after stimulation with anti-CD3 (A) or anti-CD3 plus anti-CD28 (B).
WT: n=3, MIF-KO: n=3. Each panel is representative of three separate experiments. ***
p<0.001, **p<0.01, *p<0.05.
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Figure 12.
MIF-KO T cells display impaired proliferation and IL-2 production after exposure to an
antigen. (A) Proliferation of T cells isolated from either WT or MIF-KO DO11.10
transgenic mice after exposure to antigen was determined by MTT assay. Splenocytes from
either WT or MIF-KO mice were used as APCs. (B) IL-2 production from WT or MIF-KO
DO11.10 T cells was assessed after exposure to antigen. Splenocytes from either WT or
MIF-KO mice were used as APCs. Similar results were found in two separate experiments.
Comparison of all data points singly against each other on both graphs (A) and (B) at 5 and
25 µg/ml OVA peptide reveals highly statistically significant differences (p < 0.001) except
for two labeled points on (A).
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