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Nuclear factor of activated T cell (NFAT) transcription factors are key
regulators of gene transcription within immune cells. The NFAT-
interacting protein, (NIP45), augments NFAT-driven IL-4 expression
by a mechanism that relies on arginine methylation. To establish the
function of NIP45 in vivo, we generated mice with a targeted dele-
tion of the gene encoding this cofactor. NIP45-deficient T helper cells
displayed profound defects in the expression of NFAT-regulated
cytokine genes, including IL-4. Whereas NIP45 deficiency does
not interfere with T helper cell NFAT activation or lineage-specific
transcription-factor expression, NIP45 acts as an enhancer for the
assembly of protein arginine methyltransferase 1 and the protein
arginine methyltransferase 1-linked histone 4 arginine 3 methyla-
tion with the IL-4 promoter. Our study reveals an essential role for
NIP45 in promoting robust cytokine expression in vivo, which is
required for the efficient handling of parasites. We propose that
NIP45 acts as a molecular rheostat serving to amplify the type-2
immune response.
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n encounter with cognate antigen, the T helper precursor

(Thp) cell is instructed by signals from the environment and
antigen-presenting cells to specialize by committing to a T helper
(Th) 1, Th2, Th17, T regulatory (Treg), or T follicular (Tfh) cell
fate. This T helper cell fate decision is reinforced by the expres-
sion of lineage-specific transcription factors (1-5).

Although members of the nuclear factor of activated T cell
(NFAT) family transcription factors are expressed in all subsets,
they are vital for translating the T cell receptor (TCR)/antigen
interaction into lineage-specific gene-expression patterns (6).
There are five NFAT family members, NFATc1-c5, of which
three (NFATc1-c3) are expressed within the lymphoid system (7,
8). NFAT resides in the cytoplasm of unstimulated cells as a
highly phosphorylated molecule (9, 10). TCR ligation induces
calcium mobilization that results in activation of the phosphatase
calcineurin (11, 12). Calcineurin dephosphorylates NFAT, un-
masking the nuclear localization sequence, allows NFAT to enter
the nucleus where it interacts with many different binding part-
ners to induce immunoregulatory genes (6).

Multiple lines of evidence support T helper cytokine gene-
regulatory function for NFAT. NFATcl-deficient T helper cells
exhibit impaired proliferative and Th2 responses (13, 14). In
contrast, NFATc2-deficient mice express enhanced Th2 devel-
opment caused by prolonged maintenance of IL-4 transcription
(15-18). Whereas NFATc3-deficient mice do not present any
defects in cytokine production, expression of a constitutively
active NFATc3 protein enhances the production of Thl cyto-
kines and suppresses Th2 cytokine genes (19, 20). NFATc2/
NFATc3 doubly deficient mice produce extremely large amounts
of Th2 cytokines and are resistant to activation-induced cell
death, which leads to severe allergic and inflammatory disease (7,
18). Although these observations suggest that NFATc2 and
NFATc3 play negative immunoregulatory roles, NFATcl/
NFATc2 doubly deficient mice have a global impairment of
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cytokine gene expression, indicating a critical role for these two
NFAT family members in T helper cell cytokine production (21).
Thus, it seems that the proportion of active NFAT isoforms
determines the range of T helper cell cytokine gene expression.

The heterodimerization of NFAT with different nuclear pro-
teins serves to modify transcriptional activity. Mutual contacts
between activator protein-1 (AP-1) factors and NFAT facilitate
the coordinate binding to composite sites within the IL-2 and IL-4
promoters (22,23). Similarly, interferon regulatory factor - 4 (IRF-
4) cooperates with NFATc1 and NFATc2 to activate IL-4 tran-
scription (24, 25). NFAT-interacting protein (NIP45) was cloned
by virtue of its ability to interact with the Rel-homology domain of
the NFAT proteins (26). NIP45 does not act as a transcriptional
activator on its own but instead, potently synergizes with NFAT
and the Th2-specific transcription factor c-Maf to induce IL-4
production from the endogenous IL-4 locus (26). Although NIP45
does not itself contain enzymatic activity, it recruits the arginine
methyltransferase- and histone-modifier protein arginine meth-
yltransferase 1 (PRMT1) to the NFAT complex, likely facilitating
NFAT-driven transcriptional activity (27).

To examine the function of NIP45 in regulating endogenous
cytokine expression, we disrupted the NIP45 gene in mice by
homologous recombination. We asked whether or not the dele-
tion of this single coregulator protein would be sufficient to
disrupt the type-2 immune response. We focused our analysis on
the effects that the NIP45 deletion had on Thl and Th2 cells,
two subsets that have been classically described to oppose one
another in the immune response (28). Deletion of NIP45 results
in reduced expression of specific NFAT-regulated T helper cell
cytokine genes, including IL-4. NFAT expression and activation
is not affected by NIP45 deletion. Instead, we linked diminished
IL-4 expression by NIP45~'~ Th2 cells with reduced recruitment
of PRMT1 and concomitant methylation of arginine 3 on histone
4 with the IL-4 promoter. Subtle changes in IL-4 promoter-
associated chromatin remodeling and ensuing IL-4 expression
in NIP45~~ Th2 cells are amplified in vivo and result in a pro-
foundly compromised type-2 immune response to the gastro-
intestinal parasite Trichinella spiralis.

Results

NIP45-Deficient Mice. The observation that overexpression of
NIP45, together with NFATc2 and c-Maf, endows a B cell line
with the capability of IL-4 production led us to create a mouse
line lacking NIP45 expression. The first and second exons were
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targeted for deletion and replaced by a neomycin resistance
cassette flanked by loxP sites (Fig. S14). The targeting construct
was electroporated into a murine protamine 1 promoter driving
Cre recombinase transgene (Prml™) bearing embryonic stem-
cell line to mediate Neo deletion within the male founder
germline (29), and the NIP45 deletion was confirmed (Figs. S1
B-E). NIP45~~ mice were born at the expected Mendelian ratio
and appeared healthy and viable. No alteration in thymic T cell
populations, T cell proliferation, or peripheral lymphocyte
development was observed in NIP457'~ mice compared with
NIP45%* mice (Figs. S2 and Figs. S3). Importantly, deletion of
NIP45 did not alter the stability of its binding partners, NFATc1,
NFATc2, and NFATc3 (Fig. S2D).

Delayed Expulsion of T. spiralis in NIP45-Deficient Mice. Because
NIP45 cooperates with NFATc2 to drive the activity of a Th2-
selective region of the IL-4 expression, we examined whether or
not NIP45 is essential for an efficient type-2 antiparasitic response
to the intestinal nematode T. spiralis. The adult stage of T. spiralis
resides within the intestine and requires the proper functioning of
both T helper cells and mast cells (30). We inoculated wild-type
and NIP45~~ mice with T. spiralis larvae and evaluated the
immune response after 12 days of infection. A 4-fold reduction of
serum IL-4 levels in NIP45~"~ mice supported our hypothesis that
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NIP45 regulates IL-4 production during an in vivo immune
response (Fig. 14). Consistent with the observation that IL-4 is a
critical factor in mediating protective immunity to T. spiralis (31),
NIP45~"~ mice also displayed an elevated intestinal worm burden
after T. spiralis infection (Fig. 1B). To determine if the diminished
serum IL-4 levels and increased worm burden found in NIP45~/~
mice were a reflection of a disabled T helper cell response, we
isolated mesenteric T helper cells from infected animals and
measured cytokine production after anti-CD3 stimulation by
ELISA. An effective immune response against T. spiralis requires
both IL-4 and IL-13 (30). Blocking either IL-4 or IL-13 is not
sufficient to interfere with the antiparasitic response, but a per-
sistent infection develops in the absence of both cytokines (32).
Indeed, NIP45~~ mesenteric T helper cells were markedly
impaired in both IL-4 and IL-13 production (Fig. 1C and Fig.
S4A4). Decreased NIP45~~ T helper cell IL-4 and IL-13 pro-
duction did not result in a reciprocal up-regulation of Th1 cyto-
kines, because IFNy levels were equivalent between wild-type and
NIP457'~ T helper cells (Fig. 1C). These data support the notion
that a diminished Th2 response contributed to the ineffective
expulsion of T. spiralis in NIP45~'~ mice.

Mast cells are an essential component of an effective 7. spiralis
immune response (33-37). Therefore, we investigated intestinal
mast-cell recruitment and activity in infected mice. Histological

Fig. 1. Increased worm burden in T. spiralis-infected
NIP457"~ mice. (A) Wild-type (WT) control or NIP457~
knockout (KO) mice were inoculated orally with 500 T.
spiralis muscle larvae. Mice were killed, and small intestine-
residing adult worms were counted on day 12. (B) Serum IL-
4 |evels were measured on day 12 after T. spiralis inocu-
lation of WT and NIP457~ (KO) mice. (C) Cytokine
responses from activated T helper cells. T helper cells were
isolated from the draining mesenteric lymph node of T.
spiralis-infected mice, and cell supernatants were analyzed
by cytokine ELISA for IL-4 (Left) or IFNy (Right). (D) Histo-
logical analysis of mast cells in the jejunum of infected WT
and NIP45~'~ mice. (Scale bar: 50 pm.) Mast cells were
identified as cells with CAE activity. (E) Mast cells per villus
crypt unit (vcu; small intestine) were counted. (F) IL-3
production by mesenteric T helper cells. *P < 0.05; **P <
0.01 (unpaired Student’s t test). Data are presented as
mean + SEM (n = 5). Data depicted are representative of
three independent experiments.
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analysis revealed decreased jejunal mastocytosis in NIP457/~
mice (P = 0.03) (Fig. 1 D and E). The reduced intestinal mast-
cell numbers in NIP45~~ mice were not caused by a mast-cell
developmental deficiency, because uninfected NIP45~'~ mice
had mast-cell numbers equal to wild-type controls in ear tissue
samples (Fig. S4B). Further, decreased intestinal mastocytosis
was unlikely caused by an intrinsic mast-cell development or
proliferation defect, because bone marrow-derived mast cells
(BMMC) developed normally in culture and exhibited normal
proliferative responses to the mast-cell growth-factor IL-3 (Fig.
S4 C and D). IL-3 production by mesenteric lymphocytes is
critical for maintaining intestinal mastocytosis in response to
parasitic infection, whereas the addition of exogenous IL-3
during infection accelerates T. spiralis expulsion (38-42). Thus,
we examined the production of IL-3 by mesenteric T helper cells
after infection. Mesenteric T helper cells from T. spiralis-infected
NIP45~~ mice displayed significantly impaired IL-3 production
(Fig. 1F). These results suggest that defective T helper cell
function in NIP45~'~ mice within the mesenteric lymph nodes of
NIP45~~ accounts for the impaired type-2 immune response.

NIP45 Is Required for Robust IL-4 Expression in Vitro. The diminished
IL-4 levels produced by mesenteric T helper cells could be
caused by an intrinsic defect in T helper cells or factors upstream
of Th2 differentiation. Similar to mesenteric T helper cells iso-
lated after T. spiralis infection, NIP45 deficiency resulted in a
greater than 2-fold reduction in IL-4 production by in vitro-
derived Th2 cells (Fig. S54). In gene-reporter assays, NIP45 also
cooperates with the Thl lineage-specific transcription factor T-
bet to induce IFNy promoter activity (27). Indeed, NIP45~~ Thl
cells displayed a modest but significant decrease in IFNy levels
(Fig. S5A4). The frequency of IFNy-producing Th1 cells was not
significantly affected by the NIP45 deficiency (P = 0.0848),
although intracellular IFNy mean fluorescence intensity (MFI)
levels in NIP45~'~ Th1 cells were decreased compared with wild-
type controls (Fig. S5B). The frequency and the MFI of IL-4-
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producing Th2 cells were diminished, suggesting that NIP45
regulates the quantity of IL-4—producing cells (P = 0.0128) (Fig.
S5B). In addition, the intracellular IL-4 MFI levels in NIP45~'~
Th2 cells were reduced compared with wild-type Th2 cells (Fig.
S5B). Decreased IL-4 protein levels in NIP45~'~ Th2 cells were
accompanied by a reduction in IL-4 transcript, showing IL-4
dysregulation was at the level of transcription (Fig. S5C). These
results further support the notion that NIP45 regulates the
magnitude of NFAT-driven transcription.

The IL-4 gene is located within a coordinately regulated cluster
of Th2 cytokine genes also containing the /L-/3 and IL-5 loci
(43). Both IL-13 and IL-5 levels were diminished in NIP457/~
Th2 cells (Fig. 2.4 and B). In conjunction with NFAT, NIP45 is
required for T cell-specific IL-3 enhancer activity in over-
expression analysis. Indeed, NIP45~'~ Th2 cells were impaired in
IL-3 production (Fig. 2C). Importantly, not all NFAT-regulated
cytokine expression was attenuated in NIP45~~ T helper cells,
because IL-2 levels were comparable between wild-type and
NIP457~ Thl and Th2 cells (Fig. 2 D and E). Together, these
results indicate that NIP45 modulates a specific subset of NFAT-
regulated cytokine genes.

NIP45 Enhances IL-4-Promoter Chromatin Modifications. Because
NIP45 is an NFAT-binding partner (26), we examined whether
or not the integrity of the NFAT-activation pathway was dis-
rupted in NIP45~~ T helper cells. Purified naive T helper cells
were skewed for 7 days under Th1 or Th2 polarizing conditions.
After stimulation with phorbol myristate acetate (PMA) and
ionomycin, we analyzed the localization of NFATcl, NFATc2,
and NFATc3 isoforms in wild-type and NIP45~'~ Thl and Th2
cells. Immunoblotting cytoplasmic and nuclear extracts revealed
no deficiency in NFAT translocation to the nucleus in NIP45~/~
cells (Fig. 3). Nuclear NFAT in NIP45~'~ Th2 cells retained the
capacity to bind DNA, which was revealed by gel shift analysis
using a probe corresponding to a NFAT-binding region (—88

KO

Fig. 2. NIP45 deletion does not alter all NFAT-regulated
cytokine genes. Th2 cell supernatants were analyzed by cyto-
kine ELISA for (A) IL-4, (B) IL-5, or (C) IL-3. Supernatants from
(D) Th1 or (E) Th2 cells were analyzed for IL-2 levels. Graphs
depict mean + SD and are representative of at least five

independent experiments. *P < 0.05 (unpaired Student's t test).
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Fig. 3. NIP45 deficiency does not alter NFAT activation or lineage-com-
mitment program. NFAT is translocated in NIP45** (WT) and NIP45~~ (KO).
Th2 cells were stimulated with PMA (50 ng/mL) and ionomycin (1 pM) for 2 h.
Cytoplasmic and nuclear extracts from WT and KO Th2 cells were analyzed
by Western blot with antibodies to NFATc1, NFATc2, and NFATc3. Integrity
of nuclear and cytoplasmic extracts was determined using antibodies to Oct1
and Tubulin, respectively. Data are representative of at least three inde-
pendent experiments.

to —60) of the murine IL-4 promoter (Fig. S64) (44). Thus,
NIP45 is not required for NFAT activation.

Signals from the TCR and cytokine receptors converge to
induce a genetic program, which gives rise to a specific T helper
effector lineage (45). To gain insight into the molecular events
leading to the IL-4 deficiency seen in NIP45~'~ Th2 cells, we
examined the expression of the Thl and Th2 lineage-specific
transcription factors T-bet and GATA-3 (46). NIP45~'~ cells
expressed equivalent levels of T-bet and GATA-3 (Fig. S6B).
Therefore, NIP45 is not required for the expression of Thl- or
Th2-programming factors.

Arginine methylation of histone H4 by PRMT1 (H4R3)
facilitates histone H4 acetylation and correlates with transcrip-
tionally active chromatin structure (47, 48). Because NFAT and
NIP45 form a ternary complex with the arginine methyl-
transferase PRMT1 (27), we performed chromatin immunopre-

cipitation analysis of H4R3 methylation and H4 acetylation
associated with the IL-4 promoter. In NIP45~~ Th2 cells, IL-4
promoter histone 4 acetylation was decreased (Fig. 44), corre-
lating with diminished IL-4 levels (Fig. SS5). Importantly, NIP45
deficiency did not cause a global reduction in histone acetylation,
because acetylation at the IFNy promoter was unaffected in
NIP457'~ Th2 cells (Fig. 4B).

Consistent with NIP45-mediated recruitment of PRMT1 to
the NFATc2 complex, NIP45~'~ Th2 cells displayed impaired
H4R3 methylation (Fig. 4C) and recruitment of PRMT]1 to the
IL-4 promoter (Fig. 4D; Fig. S7). PRMT1 specifically associates
with the IL-4 promoter, because PRMT1 was not recruited to the
brain-specific neurofilament (Nfm) control (Fig. 4D). The
reduced association of methyl-H4R3 and PRMT1 with the IL-4
promoter is not caused by a defect in PRMT1 expression,
because wild-type and NIP457~ cells expressed equivalent
amounts of PRMT1 (Fig. 4E). These findings confirm the role
of NIP45 in recruiting PRMT]1 to participate in chromatin re-
modeling at the IL-4 locus.

Discussion

Here, we have developed a NIP45~~ mouse line to investigate
the role of this NFAT transcriptional cofactor in the type-2
immune response and to understand the mechanism by which
NIP45 regulates Th2-driven immunity. In the absence of NIP45,
the immune response to the parasitic nematode 7. spiralis was
severely impaired as a result of diminished levels of the Th2
cytokines IL-4 and IL-13 as well as the mast-cell growth-factor
IL-3. NIP45 deficiency did not alter the general transcription-
factor profile of Thl or Th2 cells nor was NFAT activation
affected. Instead, the absence of NIP45 hindered recruitment of
PRMT1 to the IL-4 promoter, thereby diminishing PRMT1-
associated chromatin modification and IL-4 transcription.
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Both Thl and Th2 hallmark cytokines are targets for members
of the NFAT transcription-factor family (6, 49). Indeed, NFATc1/
NFATc2 doubly deficient T helper cells are severely impaired in
IL-2, IL-5, IL-4, and IFNy production, whereas constitutively
active forms of NFATc1 and NFATc2 can drive endogenous IL-4
production (21, 50, 51). Here, we have described the function of
NIP45 in Thl and Th2 cells. NIP45 plays a limited role in regu-
lating IFNy production by Thl cells. In contrast, NIP45 contrib-
utes significantly to inducing Th2 IL-4 production both in vitro
and in vivo during 7. spiralis infection.

Histone arginine methylation facilitates histone acetylation and
has been correlated with elevated transcriptional activity (47, 48).
In contrast to acetylation, PRMT-mediated histone modifications
have not been previously characterized within the /-4 locus (43).
We have recently described the ability of NIP45 to recruit the
arginine methyltransferase PRMT1 to NFAT complexes and
postulated that one function of NIP45 might be to recruit PRMT1
to participate in chromatin remodeling at cytokine loci (27). In
support of this model, the level of both PRMT1 recruitment to
the IL-4 promoter and its methyl-histone mark is reduced in
NIP457'~ Th2 cells. Because PRMT1 IL-4 promoter association is
still enriched relative to a nonspecific control in NIP45~'~ Th2
cells, NIP45 by itself is not required for PRMT1 IL-4 promoter
recruitment, suggesting that PRMT1 can be recruited v through
non-NIP45—containing transcriptional complexes. Because IL-5
and TL-13 levels are also altered in NIP45~~ Th2 cells, NIP45
may influence epigenetic chromatin modifications within other
critical cis-regulatory elements that control IL-4, IL-13, and IL-5
production. Nevertheless, we propose that the adjustment to the
coregulator complex in NIP45 null Th2 cells is sufficient to dial
down the magnitude of NFAT-driven IL-4 expression, which then
cascades into an inefficient antiparasite immune response.

Expulsion of T. spiralis is critically dependent on Th2 cell and
mast-cell function (30). As is the case during infection with many
parasitic nematodes, the hallmark Th2 cytokine IL-4 is pro-
tective during infection with 7. spiralis (32). Mast cells are also
IL-4 producers (52). Indeed, IL-4 production by mast cells is
almost entirely dependent on NFATc2 (53, 54). Whether or not
IL-4 expression is also reduced in NIP45-deficient mast cells in
response to FceRI stimulation is currently being investigated.
Although the primary cellular source of IL-4 during 7. spiralis
infection is unidentified, reduced expression of 1L-4 by Th2 cells
and possibly, other cellular sources contributes to the impaired
antiparasitic response in NIP45~~ mice (32). IL-4 and IL-13 act
in concert to mediate antiparasitic responses by cells not derived
from bone marrow, inducing smooth-muscle contractility, intes-
tinal epithelial permeability, intestinal secretory responses to
prostaglandin E2 (PGE,), and mucus secretion.

Our results provide in vivo confirmation of our original
description of NIP45 as a factor that acts to augment IL-4 gene
transcription by synergizing with NFAT and c-Maf transcription
factors (26). As an NFAT coregulator, NIP45 coordinates many
NFAT-driven cytokine-expression responses, in some cases par-
alleling results found with NFATc1 and NFATc2 knockouts (13,
14, 21, 26). We speculate that non-NIP45-regulated NFAT-
responsive genes may also require a unique complex of tran-
scriptional coregulator proteins. These findings indicate that,
although NIP45 regulates the magnitude of expression for a subset
of NFAT-driven genes, it is critically important for mediating a
productive type-2 immune response.
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Materials and Methods

Mice and Cell Culture. The targeting construct was designed to delete exon 1
and 2 of NIP45 by replacement with a neomycin cassette flanked by lox P
sites, and it was electroporated into PrmCre ES cells (29). To screen for
homologous recombination, genomic DNA from drug-resistant clones was
digested with Xbal and analyzed by Southern blot hybridization. For PCR
genotyping, the 400-bp NIP45~"~ PCR product was detected using forward
(5'GTCTACAATCACGAGCATGAACC3’) and reverse (5'GATGTCACAGAGTCT-
CAGAACTCC3’) PCR primers flanking exon deletion, and the 120-bp NIP45
wild-type allele was detected using forward (5'-TAGGCTCATTCCAGACACCG-
3’) and reverse (5'-CTGTCCTGCTCAGGTTTAGC-3’) primers corresponding to
exon 1. Mice were backcrossed onto C57BL/6 or BALB/c for 6-12 generations.
All animal protocols were in accordance with The Scripps Research Institute
and Harvard School of Public Health Institutional Animal Care and Use
Committee policies.

CD4*CD62LM naive T cells were purified by FACS (MoFlo; Becton Dick-
inson) or by magnetic selection using the Naive T cell Purification kit (Mil-
tenyi). Th1 and Th2 cultures were grown as described (31).

Immunoblots. Cytoplasmic and nuclear fractions were prepared using
hypotonic and hypertonic lysis buffers (55). Specific antibody clones are listed
in S/ Materials and Methods.

Flow Cytometry. Antibodies used for flow cytometry are listed in S/ Materials
and Methods. Cells were analyzed with a FACSCanto cytometer (BD Bio-
sciences). Data were analyzed with FlowlJo software (TreeStar). Intracellular
cytokine staining was performed as described (56).

Histology. Ear pinna mast cells were identified by reactivity to chloroacetate
esterase (CAE) (57) and were counted in 8-12 consecutive fixed fields (58).
Examination of slides was performed by an observer who was not aware of
individual section identities. For T. spiralis infections, the distribution of mast
cells within the jejunum was compared between 5 mice in each wild-type
and NIP45~~ group and expressed per villus crypt unit.

T. spiralis Infection and Worm-Burden Determination. T. spiralis larvae were
obtained from BALB/c mice as described previously (57). Mice were infected
with ~500 larvae by direct gastric installation (n = 5). Worm burden was
determined by excising the small intestine, slicing it open longitudinally, and
then, cutting it into 4-mm-long sections. Intestine sections were incubated in
PBS for 3 h at 37 °C with gentle agitation, and worms were enumerated
using an inverted microscope.

EMSA. EMSAs were performed using nuclear extracts and an end-labeled
oligonucleotide corresponding to an NFAT-binding region of the IL-4 pro-
moter (5'-CTGGTGTAATAAAA CCAATGTAAAC-3) as described (55).

ChIP Assay. ChIP assay was performed as described and is detailed in S/
Materials and Methods (59).

Statistics. Statistical significance was determined by the Student’s t test (for
parametric data) or the Mann-Whitney test (for nonparametric data) using
Graphpad Prism 5 software. P values of less than 0.05 were considered
statistically significant.
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