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Autoinflammatory disease and hyperinflammatory syndromes represent a growing number of diseases associated with inappro-

priately controlled inflammation in multiple organs. Systemic inflammation commonly results from dysregulated activation of in-

nate immune cells, and therapeutic targeting of the IL-1b pathway has been used to ameliorate some of these diseases. Some

hyperinflammatory syndromes, however, such as hemophagocytic lymphohistiocytosis and the newly classified proteasome dis-

ability syndromes, are refractory to such treatments, suggesting that other factors or environmental stressors may be contributing.

In comparing two cytokine reporter mouse strains, we identify IFN-g as a mediator of systemic autoinflammatory disease.

Chronically elevated levels of IFN-g resulted in progressive multiorgan inflammation and two copies of the mutant allele resulted

in increased mortality accompanied by myeloproliferative disease. Disease was alleviated by genetic deletion of T-bet. These

studies raise the possibility that therapeutics targeting the IFN-g pathway might be effective in hyperinflammatory conditions

refractory to IL-1b–targeted therapies. The Journal of Immunology, 2015, 194: 2358–2368.

S
ystemic autoinflammatory diseases are diseases involving
abnormal inflammation in multiple tissues, and they can
present periodically throughout life (1). These disorders

comprise a spectrum of inflammatory conditions and can be both
mono- and polygenic in nature (1, 2). Unlike autoimmune dis-
eases, which are commonly associated with breaks in self-tolerance
by adaptive immune cells, autoinflammatory diseases are associ-
ated with aberrant activation of the innate immune system. Several
of the mutations associated with autoinflammatory disorders occur
in the IL-1b pathway (3). IL-1b is a proinflammatory cytokine and
can induce tissue damage when levels reach a critical threshold (4).

As such, therapeutics that target IL-1b or antagonize the IL-1b
receptor have been effective in the treatment of a number of auto-
inflammatory diseases (5, 6). There remain a number of auto-
inflammatory conditions, however, that induce overt inflammation
and excessive innate immune cell activation that are refractory to
anti–IL-1b treatment (6). Whether targeting other proinflammatory
cytokines might afford effective therapy is unknown, but models for
these inflammatory syndromes remain lacking.
IFN-g is a proinflammatory cytokine that has been implicated as

a mediator in at least two different types of autoinflammatory con-

ditions. One type is characterized by hemophagocytic lymphohis-

tiocytosis (HLH) and macrophage activation syndrome (MAS). HLH

and MAS are pathologic inflammatory disorders associated with

defects in NK and CD8+ CTL function (7–9). Although the triggers

for disease progression are not fully defined, inflammatory cytokines

contribute to the pathology (10–13). Lymphocytic choriomeningitis

virus or murine CMV infection of mice with mutations in known

HLH-relevant genes develops symptoms resembling HLH-like

autoinflammatory disease, and they have led to the suggestion that

IFN-g from CD8+ T cells may contribute to the pathogenesis of the

disease (14–16). Similarly, repeated dosing of IFN-g or TLR ligands

known to induce IFN-g corroborated the idea that cytokines were not

only associated with disease progression but might be causative for

some of the symptoms of the disease (17, 18).
The second class of autoinflammatory diseases refractory to IL-

1b but characterized by elevated IFN-g levels is the proteasome

disability syndromes (PDS). PDS represent rare autoinflammatory

conditions with mutations in the immunoproteasome (19–21).

Within this group three syndromes have been described: chronic

atypical neutrophilic dermatosis with lipodystrophy and elevated

temperature (CANDLE); joint contractures, muscle atrophy, mi-

crocytic anemia, and panniculitis-induced childhood onset lip-

odystrophy (JMP); and Nakajo–Nishimura syndrome (6, 22). Both

CANDLE and JMP present with high levels of serum IFN-g and

cells exhibit a gene signature consistent with IFN-g–mediated

activation (20, 21). Thus, IFN-g likely plays an important role in

PDS pathogenesis. However, the triggers for and sources of IFN-g

in CANDLE and JMP remain undefined.
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In this study, we describe two strains of IFN-g reporter mice
generated by targeting an IRES/yellow fluorescent protein (YFP)
reporter cassette downstream of the endogenous ifng gene. The
targeting constructs differed only in the 39 untranslated region of
the IFN-g mRNA, with one strain using a polyA bovine growth
hormone (BGH) sequence and one preserving the endogenous ifng
polyA sequence. Because the reporters were targeted into the
endogenous IFN-g locus, cells from the mice facilitated an ac-
curate assessment of IFN-g expression and regulation as compared
with wild-type mice. Mice containing IFN-g with the foreign
BGH polyA tail developed an overabundance of IFN-g–secreting
cells and elevated serum IFN-g, resulting in tissue pathology,
mortality, and morbidity consistent with autoinflammatory dis-
ease. Additionally, mice with two mutant IFN-g alleles developed
myeloproliferative disease, thus revealing a link between inflam-
matory cytokines and the development of myelodysplastic syn-
dromes. This finding is consistent with recent studies showing that
IFN-g released during infection can regulate myelopoiesis (23–
25). Importantly, disease was completely alleviated by retargeting
the original gene locus with a construct that re-established use of
the endogenous ifng polyA sequence. Establishing genetic defi-
ciency of T-bet also reversed the inflammatory hallmarks, which,
in mice, consisted of many of the diagnostic criteria for HLH/
MAS and PDS syndromes in humans. These studies suggest that
there is a critical threshold of IFN-g that, when achieved either
locally in tissues or systemically, drives pathology consistent with
autoinflammatory pathology. As such, these mice constitute im-
portant models to study the role of IFN-g in the pathogenesis of
autoinflammatory disease.

Materials and Methods
Mice

YFP-enhanced transcript for IFN-g (Yeti) and IFN-g reporter with en-
dogenous polyA tail (Great) mice have been described and were bred 10
generations onto BALB/c and C57BL/6 backgrounds for these experiments
(26, 27). In brief, Yeti and Great mice were generated by introducing an
IRES–enhanced YFP (eYFP) construct after the stop codon of IFN-g by
homologous recombination, which leads to transcription of a bicistronic
IFN-g/IRES/eYFP mRNA and translation of both IFN-g and eYFP from
the same mRNA. This allows analysis of IFN-g–competent cells in vivo by
detection of YFP expression without the need for restimulation. Yeti mice
differ from Great mice in that a bovine growth hormone polyA sequence
was placed downstream of the YFP sequence to stabilize the mRNA. Mice
were maintained in the University of California San Francisco or Duke
University specific pathogen-free animal facility in accordance with in-
stitutional guidelines. Animals for these studies were used in accordance
with Institutional Animal Care and Use Committee, Laboratory Animal
Resource Center, and Division of Laboratory Animal Resources protocols
established at the University of California San Francisco and Duke Uni-
versity.

Infections

Leishmania major strain WHOM/IR/-/173 was prepared and injected as
0.5–13 106 metacyclic promastigotes in the hind footpad of mice. Listeria
monocytogenes strain 10403S strain (DP-L4056) was provided by Dr.
D. Portnoy (University of California Berkeley). L. monocytogenes was grown
to log phase and CFU were assayed by plating on blood agar. Mice were
injected with 5 3 105 CFU (LD50 = 1 3 105) (28).

Flow cytometric analysis

Single-cell suspensions were prepared and labeled with Abs as listed: for
IFN-g reporter detection and phenotyping in Yeti and Great mice, YFP+

cells were analyzed for expression of CD4, CD8, CD3, and NK1.1.
Granulocytes, monocytes, and neutrophils were labeled with Abs as listed:
CD4, CD11c, Ly6G, CD11b, Ly6C, Ly6B (7/4), Gr1, MHC class II (MHC-II)
(I-Ab), and CD40. Samples were analyzed on a LSR II or FACSCanto II
(BD Biosciences). Where designated, a dump channel of PerCP-Cy5.5–
labeled Abs was used to reduce nonspecific staining. Live lymphocytes
were gated by DAPI exclusion, size, and granularity based on forward and

side scatter. For intracellular cytokine staining, live/dead exclusion was
performed and cells were fixed, permeabilized, and stained for intracellular
IFN-g as described (29, 30).

In vitro CD4 T cell differentiation

Cells were isolated from the lymph nodes of Great, Yeti, or wild-type
animals, and CD4+ T cells were enriched by magnetic purification
according to manufacturer’s instructions (CD4 negative selection, Miltenyi
Biotec). Purified CD4+ T cells were incubated with irradiated APCs ob-
tained from TCR-a–deficient mice to eliminate T cell contamination. Th1
cultures were performed as described (31).

ELISA

To detect total IFN-g from serum of infected mice, 96-well plates were
coated with purified anti–IFN-g (R4-6A2, anti–IFN-g) and incubated with
4- to 512-fold dilutions of serum. Bound IFN-g was detected using
biotinylated anti–IFN-g (XMG1.2, biotin–anti-IFN-g) followed by
streptavidin-HRP and substrate o-phenylenediamine. Samples were pre-
pared in duplicate and concentrations were determined by comparing to
IFN-g standards using an ELISA plate reader (Delta Soft). Plasma ferritin
(1:40 dilution) and fibrinogen (1:10,000 dilution) were detected from du-
plicate samples by ELISA according to the manufacturer’s instructions
(Immunology Consultants Laboratory, Newberg, OR).

Real-time quantitative PCR

Cells were harvested and RNA was purified from in vitro cultures at the
indicated time points. Prior to reverse transcription, RNAwas treated with
DNAse (DNase I kit, Invitrogen) to remove contaminating genomic DNA.
cDNA was generated according to the manufacturer’s instructions using
SuperScript III first-strand synthesis (Invitrogen) with random hexamer
primers. Real-time quantitative PCR reaction was performed in triplicate
using 1:1 and 1:10 dilutions of cDNA as template. Transcripts were
quantified by Power SYBR Green (Applied Biosystems) incorporation
using a StepOnePlus real-time PCR system (Applied Biosystems) and
plotted relative to expression of GAPDH or b-actin. Real-time primers
were designed in exon-1 (59-GCTTTGCAGCTCTTCCTCATGG-39) and
exon-3 (59-TGCATCCTTTTTCGCCTTGC-39) to ensure that only mRNA
generated from the reporter allele would be amplified as the second de-
fective allele contained a 2 kb neomycin cassette in the second exon, which
introduced a termination codon after the first 30 aa of the mature protein
(32). Using this approach, only the reporter allele generated a product at
the expected size of 312 nt.

Results
Homozygous Yeti IFN-g reporter mice fail to thrive

The first IFN-g reporter mouse strain, designated Yeti, consists of
a targeted insertion of an IRES, eYFP, and BGH polyA tail se-
quence, all inserted 39 to the endogenous ifng gene (33). All known
regulatory sequences in the endogenous locus are otherwise intact.
The BGH polyA tail was used to stabilize the eYFP transcript, thus
increasing sensitivity of the reporter, but also resulted in replace-
ment of the endogenous polyA tail of the bicistronically expressed
IFN-g mRNA.
Although heterozygous Yeti C57BL/6 mice grew normally,

homozygous mice containing two Yeti alleles failed to thrive as
compared with their wild-type littermates. By 5–6 wk of age,
heterozygous and wild-type mice, which did not differ, weighed
2- to 3-fold more than homozygous Yeti mice (Fig. 1A, 1B).
Runting in homozygous Yeti mice was associated with increased
mortality and 75% of homozygous mice died between 6 and 8 wk
of age (Fig. 1C).

Heterozygous Yeti mice are resistant to infection

Despite the dramatic differences in weight gain and survival in
homozygous Yeti mice, there was little effect on growth or mor-
tality of heterozygous littermates (Fig. 1A–C). To assess whether
heterozygous Yeti mice had functionally important elevations in
IFN-g, we infected wild-type and heterozygous Yeti littermates
with a lethal dose of L. monocytogenes, a facultative intracellular
bacterium whose control depends on IFN-g (34, 35). Whereas

The Journal of Immunology 2359



wild-type littermates succumbed to infection within 3 d (Fig. 1D),
heterozygous Yeti mice all lived .3 d and most survived for the
entire 3 wk when the experiment was terminated (Fig. 1D).
We next crossed Yeti mice for 10 generations onto the BALB/c

background and infected heterozygous Yeti BALB/c mice and
littermates with L. major, an intracellular protozoan whose control
depends on IFN-g but that normally induces an aberrant and fatal
Th2 response in BALB/c mice (36). Although littermate BALB/c
mice showed progressive infection after footpad injection
(Fig. 1E), heterozygous Yeti BALB/c mice were protected from
disease, with the footpad swelling where the parasites were
injected, never reaching the values observed in wild-type animals
(Fig. 1E). Thus, despite the normal weight and survival in het-

erozygous Yeti mice, these mice demonstrated evidence for in-
creased IFN-g responses in comparison with wild-type littermates
on two different genetic backgrounds.

Great IFN-g reporter mice mount wild-type responses to
infection

To show definitively that the aberrant phenotypes of the Yeti re-
porter mice were caused by introduction of the BGH polyA se-
quence, we generated a second targeted mouse strain that differed
only by insertion of the IRES/eYFP element in the same 39 region
of the endogenous ifng gene but without the BGH polyA se-
quence, thus leaving the endogenous polyA sequence intact to
regulate expression and/or translation. This second mouse reporter

FIGURE 1. Mouse weight, survival and response to infection. (A) Representative 6-wk-old wild-type (+/+), Yeti heterozygous (y/+), and Yeti homo-

zygous (y/y) littermates. (B) Weights of 6- to 8-wk-old female mice. Graph represents a composite of weights taken from multiple litters. Each point

represents an individual mouse weight with line denoting average weight of each genotype (n = 9–18 mice/group; ***p, 0.0001, two-tailed t test). (C) The

percentage survival of wild-type (N), heterozygous (O), and homozygous (s) Yeti mice by days after birth (n = 9–27 mice/group). Graph is a composite of

multiple litters. (D) The percent survival of wild-type (N), heterozygous Yeti (O), and homozygous Great (s) days after Listeria infection (n = 6–8 mice/

group). Graph is representative of two independent experiments. (E) Footpad swelling in wild-type (N), heterozygous Yeti (O), and homozygous Great (s)

BALB/c mice infected with L. major. Number represents size of infected footpad minus uninfected contralateral footpad (millimeters 6 SD; n = 5 mice/

group).
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strain is designated Great. In contrast to Yeti mice, homozygous
Great mice gained weight and grew normally as compared with
wild-type mice (Fig. 1B). Additionally, Great mice demonstrated
susceptibility to Listeria and L. major that was comparable to

wild-type animals when assessed on the C57BL/6 and BALB/c
backgrounds, respectively (Fig. 1D, 1E). In sum, retargeting the
IFN-g gene to reestablish use of the endogenous polyA element
relieved the excessive IFN-g phenotype of the Yeti strain, in-

FIGURE 2. IFN-g reporter expression and serum cytokine levels. (A) Reporter expression in CD4+, CD8+, NK1.1+ splenocytes from wild-type, Great,

and Yeti reporter mice at rest. Plots gated on single-cell suspensions of live (DAPI2) splenocytes. The numbers in each gate represent the percentage of

eYFP+ cells among total splenocytes. Plots are representative of two independent experiments (n = 5–25 mice total). (B) The graphs represent eYFP

reporter–positive cells as a percentage of total splenocytes (mean percentage6 SEM). Graphs represent data points combined from at least two independent

experiments (n = 5–25/group; ***p, 0.0001, two-tailed t test). (C) The graph represents eYFP expression of CD4+, CD8+, NK1.1+ cells as a percentage of

total eYFP+ splenocytes in wild-type, Yeti, and Great mice (percentage 6 SEM). Data points combined from at least two independent experiments (n = 5-

25 mice/group; *p , 0.01, ***p , 0.0001, two-tailed t test). (D) The graph represents serum IFN-g in wild-type, Yeti, and Great mice (ng/ml 6 SEM).

Data points combined from 10 independent experiments (n = 9–55 mice/group; *p , 0.01, two-tailed t test).
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cluding the failure to thrive and the aberrant response to infectious
challenges. Thus, alterations of IFN-g mediated by the BGH
polyA sequence underlie the phenotypes in both the heterozygote
and homozygote Yeti strains as revealed by the normal phenotypes
in the retargeted Great strains.

Yeti mice have increased IFN-g production

Protective immunity to Listeria and Leishmania requires IFN-g, as
mice deficient in this cytokine succumb to infection by these
organisms. The enhanced resistance of Yeti mice suggested that
these mice were capable of generating more IFN-g than were
wild-type animals. Indeed, both homozygous and heterozygous
Yeti mice showed enhanced reporter activity in subsets of spleen
cells as compared with wild-type and Great mice. Thus, ∼5 and
3% of eYFP+ splenocytes in unchallenged Yeti mice were CD4+

and CD8+ T cells, respectively (Fig. 2A). NK1.1+ cells were also
marked as IFN-g–producing cells and comprised ∼1 and 2.5% of
total splenocytes in heterozygous and homozygous Yeti mice,
respectively (Fig. 2A). In comparison, Great mice had reduced
levels of eYFP+ cells at rest in each of these cell subsets (Fig. 2A).
Heterozygous and homozygous Yeti mice had 5- and 8-fold more

IFN-g–producing cells among total spleen cells, respectively, than
did Great mice (Fig. 2B).
In an effort to better understand the contribution of specific cell

types to the elevated levels of IFN-g, we assessed the percentages
of eYFP+ CD4+, CD8+, NKT, and NK cells among total IFN-g–
producing cells. Although IFN-g–producing CD4+ T cells repre-
sented the same percentage of total reporter-positive splenocytes
in Yeti and Great mice, CD8+ T cells represented a significantly
higher percentage in Yeti mice. In contrast, NK and NKT cells
represented the most prevalent IFN-g–producing subsets in Great
mice (Fig. 2C). As constitutive IFN-g mRNA expression has been
demonstrated in these innate lymphocytes but not in naive T cells
(26), Great mice appear to regulate the cytokine in a manner
similar to wild-type mice.
To test whether the increased percentage of eYFP+ reporter cells

in Yeti mice resulted in increased IFN-g protein levels, we mea-
sured concentrations of IFN-g in the serum of Great, Yeti, and
wild-type animals by ELISA. Supporting the reporter expression
data, serum from heterozygous and homozygous Yeti mice con-
tained .10-fold more IFN-g than serum collected from wild-type
and Great mice, which did not differ (Fig. 2D). In sum, retargeting

FIGURE 3. Yeti mice but not Great mice have increased IFN-g protein and mRNA in Th1 cultures. Sorted naive CD4+ T cells cultured with irradiated

APCs and soluble anti-CD3 and anti-CD28 for 4 d under Th1 conditions. Wild-type, Yeti, and Great mice were crossed to IFN-g–deficient mice to restrict

reporter analysis to one allele. Thus, each mouse has one functional and one deleted IFN-g allele (wild-type, +/2; Yeti, y/2; Great, y/2) (A) Cells were

either left unstimulated (top panel) or restimulated (bottom panel) with PMA/ionomycin. Plots are gated on live (Live/Dead violet2) CD4+ T cells, and the

number in each quadrant represents the percentage of cells with eYFP or intracellular anti–IFN-g expression. Contour plots are representative of three

independent experiments (n = duplicate wells/experiment). (B) The graph represents the amount of IFN-g secreted into the supernatant of Th1 cultures from

wild-type (gray bars), Yeti (black bars), and Great (white bars) CD4+ T cells at the indicated time points (ng/ml). Wells were restimulated as indicated with

PMA/ionomycin for 6 h on day 4 of culture. Data are representative of three independent experiments. (C) The graph represents the relative change in

secreted IFN-g from Yeti (black bars) and Great (white) CD4+ T cells compared with wild-type cells. Data are representative of 3 independent experiments.

(D) The graph represents IFN-g mRNA transcripts from Yeti (filled bars) and Great (open bars) CD4+ T cells plotted as fold change over wild-type levels.

Relative mRNA was normalized to the housekeeping gene GAPDH. Data are representative of three independent experiments.
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the ifng locus relieved the elevated IFN-g levels and the aberrant
growth and infectious phenotypes of the Yeti mice, thus directly
implicating dysregulation of IFN-g in these processes.

Enhanced IFN-g protein and mRNA in cells from Yeti mice

As Yeti and Great reporter constructs differ only in their 39 un-
translated regions (UTR), we hypothesized that the discrepancies
in serum levels of cytokine resulted from an increased abundance
of IFN-g mRNA transcripts. To test this hypothesis, we crossed
Yeti, Great, and wild-type mice to IFN-g–deficient mice to assess
IFN-g mRNA expression and cytokine production from a single
reporter or wild-type allele. Confining IFN-g mRNA expression to
a single allele in the various heterozygous mice allowed us to

directly compare the expression of intracellular IFN-g mRNA and
protein from each reporter strain without the caveats associated
with contributions from the wild-type allele. CD4+ T cells from
each of the mice were cultured under Th1 conditions for 4 d and
assessed for their ability to generate eYFP and intracellular IFN-g
spontaneously or after a second stimulation with PMA and ion-
omycin. After 4 d of culture, ,1% of resting wild-type and Great
CD4+ T cells stained positive for intracellular IFN-g, and only
4.3% of Great CD4+ T cells continued to express the eYFP re-
porter (Fig. 3A). After restimulation with PMA/ionomycin, 60–
78% of Great and wild-type CD4+ T cells stained positive for
intracellular IFN-g (Fig. 3A). All of the cytokine-positive CD4+

T cells from Great mice coexpressed intracellular IFN-g and

FIGURE 4. Splenomegaly, lymphadenopathy, and monocyte activation in resting Yeti mice with features of autoinflammatory disease. (A) Representative

sizes of the spleen and peripheral lymph nodes in 6-wk-old wild-type and heterozygous Yeti mice. (B) Graphs represents total spleen weight (left panel;

grams 6 SEM) or as a percentage of total body mass (right panel; percentage 6 SEM) in 5- to 6-wk-old wild-type (gray bars), heterozygous Yeti (white

bars), homozygous Yeti (black bars), and Great (dark gray bars) mice. Graphs are a composite of mice from at least 10 experiments (n = 15–77 mice/group;

***p , 0.0001, two-tailed t test). (C) Graphs represent the mean fluorescence intensity (MFI) of CD40 (left panel) or I-Ab (right panel) expression on

CD11b+GR1int monocytes (MFI 6 SEM) isolated from the spleen of wild-type (gray bars), heterozygous Yeti (white bars), homozygous Yeti (black bars),

and Great (dark gray bars) mice. Graphs are a composite of mice from at least seven experiments (n = 9–44 mice/group; **p, 0.001, ***p, 0.0001, two-

tailed t test). (D) Graph represents plasma ferritin levels in 5- to 6-wk-old wild-type (gray bars), heterozygous Yeti (white bars), homozygous Yeti (black

bars), and Great (dark gray bars) mice (mg/ml 6 SEM). Data points are combined from four independent experiments (n = 5–25 mice/group; **p , 0.001,

***p , 0.0001, two-tailed t test). (E) Graph represents plasma fibrinogen levels in 5- to 6-wk-old wild-type (gray bars), heterozygous Yeti (white bars),

homozygous Yeti (black bars), and Great (dark gray bars) mice (mg/ml 6 SEM). Data points are combined from four independent experiments (n = 5–25

mice/group; *p, 0.01, ***p, 0.0001, two-tailed t test). (F) Representative livers from heterozygous and homozygous Yeti mice. Arrowheads denote areas

of pathology consistent with necrosis, ischemia, and fibrosis.
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eYFP, thus validating that the Great construct sustains endogenous
IFN-g at levels similar to the wild-type IFN-g allele (as the IFN-g
is present only on the targeted allele). Although ,1% of Great
Th1 cells continued to produce intracellular IFN-g by 4 d after
primary stimulation, fully 78% of Yeti Th1 cells continued to
express intracellular IFN-g even before the secondary stimulation.
After restimulation with PMA/ionomycin,.97% of cells from the
Yeti/– mice were positive for IFN-g. Thus, Yeti Th1 cells continue
to produce substantial amounts of cytokine even at times during
the culture period when Great and wild-type cells have ceased
producing IFN-g.
To confirm that the prolonged intracellular production of IFN-g

by cells from Yeti mice led to increased amounts of the secreted
cytokine, the concentrations of IFN-g in Th1 culture supernatants
were measured. During the first 2 d, CD4+ T cells from Yeti mice
secreted levels of IFN-g that were similar to those of wild-type
and Great CD4+ T cells (Fig. 3B, 3C). However, by days 3 and 4,
Yeti cultures contained 4-fold more IFN-g than did wild-type or
Great cultures. Restimulation on day 4 led to an accumulation of
secreted IFN-g in wild-type cultures similar to that generated by
Yeti CD4+ T cells, suggesting that the observed differences were
not a result of an outgrowth or preferential survival of Yeti CD4+

T cells. Of note, the differences in cytokine production between
Great and Yeti CD4+ T cells also occurred when cultures were
rested for an additional 2 d after secondary stimulation with PMA/
ionomycin. Under these conditions, Yeti cultures contained 35-
fold more cytokine when normalized to wild-type cultures as
compared with Great cultures (Fig. 3C). This differential increase
in cytokine expression among Great and Yeti Th1 cells was also
apparent at the mRNA level, as Yeti cultures contained .100-fold
more IFN-g transcript than did Great cell cultures relative to wild-
type (Fig. 3D). After restimulation with PMA/ionomycin, mRNA

levels in wild-type and Great cultures rose such that transcripts
were equivalent among all three culture conditions. Thus, IFN-g
expression is initiated in the appropriate cells and under appro-
priate conditions in these knock-in reporter mice but cytokine
expression is maintained aberrantly in the Yeti strain containing
the BGH polyA sequence. The finding that wild-type and Great
cells generate equal levels of IFN-g mRNA as do Yeti cell cultures
after restimulation suggests that the increased IFN-g mRNA ob-
served prior to restimulation in Yeti Th1 cells is due to accumu-
lation of transcript over time rather than an intrinsic ability of Yeti
cells to generate more mRNA. The mechanism by which in-
creased stability of the Yeti transcript leads to increased IFN-g
mRNA accumulation remains to be fully explored, but the elim-
ination of the UAUUA-rich 39UTR of the endogenous IFN-g
mRNA, which is known to destabilize cytokine mRNA, is the
likely explanation and is consistent with elimination of the phe-
notype by the retargeted Great allele (37–40).

Yeti mice exhibit overt inflammation consistent with
autoinflammatory disease

IFN-g is a proinflammatory cytokine and, consistent with persis-
tent inflammation, even Yeti heterozygous mice had spontaneous
splenomegaly and lymphadenopathy (Fig. 4A). This was even
more evident in homozygous Yeti mice when the weight of the
spleen is presented as a percentage of the total body mass of the
mouse (Fig. 4B). This method takes into account the reduced body
size of homozygous Yeti mice. Of note, homozygous Great mice
were comparable to wild-type animals in comparing spleen weight
and lymph node size, demonstrating that these mice do not ex-
perience the inflammatory processes that occur in the Yeti mice.
IFN-g induces CD40 and MHC-II on myeloid cells, and these

molecules are commonly used as markers of activated APCs. Splenic

FIGURE 5. Myeloproliferation in Yeti mice. (A) Plots represent the percentage of CD11b+GR1+ populations in the spleen of the indicated mice. Plots are

gated on single-cell suspensions of live (DAPI2) spleen cells. The numbers in each gate represent the percentage of GR1+CD11b+ cells among total

splenocytes. Plots are representative of at least four independent experiments. (B) The graphs represent the percentage and total number of CD11b+GR1+

cells among total spleen cells from the indicated mice. Graphs represent data compiled from at least five independent experiments (percentage or number of

total spleen cells 6 SEM; n = 11–52 mice/group; **p , 0.001, ***p , 0.0001, two-tailed t test). (C) The graph represents the percentage of CD11b+GR1+

cells in total bone marrow of the indicated mice. Graphs represent data compiled from at least five independent experiments (percentage of total spleen

cells 6 SEM; n = 11–52 mice/group; **p , 0.002, two-tailed t test).
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monocytes from both heterozygous and homozygous 5- to 6-wk-old
Yeti mice spontaneously expressed elevated CD40 and MHC-II on
their cell surface as compared with wild-type animals (Fig. 4C),
consistent with an ongoing activated state. In contrast, Great mice
showed no significant differences in monocyte activation as com-
pared with wild-type mice. Taken together, these data demonstrate
a direct relationship between prolonged exposure to high levels of
IFN-g and induction of a persistent activated state on myeloid cells in
mice.
As implied by their names, HLH/MAS are syndromes associated

with increased macrophage and monocyte activation, spleno-
megaly, and prolonged fever. Although not considered causative or
diagnostic, these syndromes often present with a secondary cy-
tokine storm that resembles the high IFN-g levels established in
Yeti mice. Indeed, the sustained IFN-g signature in these mice was
also consistent with symptoms seen in CANDLE and JMP. The
similar inflammatory phenotype observed among HLH/MAS and
PDS patients and Yeti mice prompted additional investigations of
these mice as a potential model for these autoinflammatory dis-
eases. Serum ferritin in both mice and humans is normally ,0.3
mg/ml (41). Consistent with HLH-like disease in humans, where
serum ferritin levels .0.5 mg/ml comprise one of the eight di-
agnostic criteria, homozygous Yeti mice had consistently elevated
ferritin levels (1.5–2.0 mg/ml) (Fig. 4D) (42).
Although hypofibrinogenemia is one of the diagnostic criteria for

HLH disease, fibrinogen levels were increased in homozygous Yeti
mice (Fig. 4E) (42). Recent studies suggest that fewer than 38–
46% of patients diagnosed with secondary HLH present with
hypofibrinogenemia (43, 44). Homozygous Yeti mice also showed
pathologic evidence of liver damage, likely a result of poor blood

perfusion and ischemia (Fig. 4F). Thus, IFN-g likely contributes
directly to some aspects of the pathology associated with HLH or
MAS, but perhaps not to all markers for the disease.

Homozygous Yeti mice show features of myeloproliferative
disease

To assess whether the increase in splenic volume in Yeti mice was
due to an outgrowth of specific subsets of cells, we assessed the
cellular composition of the spleen and bone marrow. Although
lymphocytes such as B and T cells were similar in all strains of
mice, cells marked by the coexpression of CD11b and Ly6C/G
(GR1) varied substantially. Yeti heterozygous mice showed a
range of myeloid cell composition in the spleen that was 5–10%
higher than that observed in their wild-type and Great counterparts
(Fig. 5A, 5B). Furthermore, Yeti mice exhibited a pronounced in-
crease in CD11b+GR1+ cells with 40% of the splenocytes coex-
pressing these markers; this number reached 65% in homozygous
Yeti mice (Fig. 5A, 5B). The total number of granulocytes was also
significantly increased in Yeti mice (Fig. 5B). The observed in-
crease in cellularity was not confined to the spleen because CD11b+

GR1+ myeloid cells were also increased in the bone marrow
(Fig. 5C).
Because IFN-g production and its downstream effects are de-

pendent to a large extent on the transcription factor T-bet, we
assessed whether the observed increase in GR1+CD11b+ cells in
Yeti mice was T-bet–dependent. Although no difference in
CD11b+Ly6C+ cells were seen in the bone marrow and spleen of
T-bet–deficient and T-bet–sufficient wild-type animals, T-bet de-
ficiency in homozygous Yeti mice restored the percentage of
CD11b+Ly6C+ cells to wild-type levels (Fig. 6A, 6B). Because

FIGURE 6. Myeloproliferation in Yeti

mice is dependent on T-bet. (A) Plots

are gated on single-cell suspensions

of live (DAPI2) spleen cells. The

numbers in each gate represent the

percentage of CD11bhighLy6C+ gran-

ulocytes (top panel) and CD11b+Ly6G+

neutrophils among total splenocytes.

Plots are derived from littermates of the

indicated genotype and are representa-

tive of eight independent experiments.

(B) The graphs represent the percentage

of CD11b+Ly6C+ cells of total spleen

in T-bet–sufficient (+/2, filled bars) or

T-bet–deficient (2/2, open bars) mice.

Data were compiled from eight indepen-

dent experiments (percentage 6 SEM;

n = 3–13 mice/group). (C) The graphs

represent the percentage of 7/4highLy6Chigh

monocytes and 7/4intLy6G+ neutrophils

among total splenocytes from T-bet–

sufficient (+/2, filled bars) or T-bet–

deficient (2/2, open bars) mice. Data

were compiled from eight indepen-

dent experiments (percentage 6 SEM;

n = 3–13 mice/group; *p , 0.05, two-

tailed t test).
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CD11b+Ly6C+ cells make up a broad family of immune cells,
including neutrophils, monocytes, macrophages, and certain den-
dritic cell subsets, we further differentiated these cells using
neutrophil- and monocyte-specific markers. Ly6G–7/4high mono-
cytes were significantly increased in homozygous Yeti animals as
compared with wild-type littermates (Fig. 6C). This increase in
monocytes was abrogated in T-bet–deficient Yeti animals. The
most abundant population of CD11b+Ly6C2 cells in Yeti mice
was Ly6G+ neutrophils, which represented 25% of all splenocytes
(Fig. 6A). Ly6G+7/4int neutrophils were also increased in homo-
zygous Yeti mice as compared with wild-type animals, but T-bet
deficiency affected this population to a lesser extent than did that
observed with monocytes (Fig. 6C). These results suggest that the
increased disease severity observed between heterozygous and
homozygous Yeti mice is associated with a proliferative disorder
that predominantly affects myeloid cells.

IFN-g–mediated autoinflammatory disease is ameliorated in
T-bet–deficient Yeti mice

Because T-bet deficiency significantly reduced neutrophil and
monocyte numbers in the spleen and bone marrow of Yeti ho-
mozygous mice, it suggested that T-bet might influence additional
aspects of the disease. Consistent with this hypothesis, T-bet–de-
ficient Yeti mice had reduced numbers of IFN-g reporter–positive
cells in the spleen as compared with T-bet–sufficient Yeti mice
(Fig. 7A). Furthermore, there was no decrease in survival among
homozygous Yeti mice on the T-bet–deficient background, which
also restored normal weight gain, demonstrating that disease se-
verity was greatly attenuated when IFN-g production was di-
minished (Fig. 7B). Inflammatory disease manifestations were
also significantly reduced in T-bet–deficient Yeti mice, and spleen
weights and plasma ferritin levels were comparable to wild-type
animals (Fig. 7C, 7D). Elevated fibrinogen levels also returned to
baseline in T-bet–deficient Yeti animals (Fig. 7E).

Discussion
These studies demonstrate that IFN-g can itself mediate the de-
velopment of autoinflammatory-like syndromes in mice. High
levels of IFN-g were sufficient to induce many of the disease-
associated hallmarks associated with autoinflammatory syn-
dromes, including some of those associated with HLH. The direct
role of IFN- g was demonstrated by retargeting the gene locus to
alleviate the syndrome and independently by crossing animals to
a T-bet–deficient background to establish that loss of this major
regulator of IFN-g was sufficient to abrogate the autoinflammatory
disease. Taken together, these studies demonstrate that cytokines
themselves can be a substantial factor contributing to disease
progression, as well as to the morbidity and mortality associated
with autoinflammatory disease. Furthermore, these results high-
light the need to consider proinflammatory cytokines such as IFN-g
as mediators of disease progression, such that anti-cytokine thera-
pies might potentially ameliorate tissue and organ dysfunction. As
suggested by these findings, targeting IFN-g might be helpful in
diseases refractory to IL-1b– and TNF-targeted therapies.
Despite these observations, questions remain regarding the role

of IFN-g in autoinflammatory disease. First, what are the relevant
cellular sources of cytokine in these diseases? It is well estab-
lished that IFN-g from CD8+ T cells is essential for the devel-
opment of virally induced HLH (14–16). However, a viral trigger
is not found in all HLH patients, suggesting that other IFN-g–
producing cell types may be important in disease progression in
some circumstances. Thus, it remains possible that other IFN-g–
producing cells, other than CD8+ T cells, are contributing to
disease in various autoinflammatory conditions. In support of this,

CD8+ T cells, NK cells, and other lymphocytes were deemed
unnecessary for CpG-mediated mouse models of HLH (17). The
sources of the elevated IFN-g in PDS syndromes remain even less
clear, and, given the lack of mouse systems available to study
PDS, inferences from YETI mice may be important in establishing
models useful for understanding the role of cytokines in PDS-like
disease.

FIGURE 7. Hallmarks of hyperinflammatory disease and associated

morbidity in Yeti mice are dependent on T-bet. (A) Graph represents

eYFP+ cells as a percentage of total splenocytes from T-bet–sufficient

(filled bars) or T-bet–deficient (open bars) mice. Data represent mice

compiled from nine independent experiments (percentage 6 SEM; n = 6–

13 mice/group; ***p , 0.0001, two-tailed t test). (B) Graph represents

weight of 5- to 6-wk-old T-bet–sufficient (+/+, filled bars) or T-bet–defi-

cient (2/2, open bars) mice. Data were compiled from mice taken from

four independent experiments (weight6 SEM; n = 3–23 mice/group; *p,
0.02, two-tailed t test). (C) Graphs represents total spleen mass (left panel;

grams 6 SEM) or spleen weight as a percentage of total body mass (right

panel; percentage 6 SEM) in 6- to 10-wk-old T-bet–sufficient (filled bars)

or T-bet–deficient (open bars) mice. Data were compiled from mice from

eight independent experiments (n = 3–16 mice/group; *p , 0.02, **p ,
0.001, two-tailed t test). (D) Graph represents plasma ferritin levels in 5- to

10-wk-old T-bet–sufficient (black bars) or T-bet–deficient (white bars)

mice. Data points represent mice and are combined from 11 independent

experiments (mg/ml6 SEM; n = 3–18 mice/group; *p , 0.02, two-tailed t

test). (E) Graph represents plasma fibrinogen levels in 5- to 10-wk-old T-

bet–sufficient (filled bars) or T-bet–deficient (open bars) mice. Data points

represent mice combined from seven independent experiments (mg/ml 6
SEM; n = 3–9 mice/group; *p , 0.05, two-tailed t test).
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Comparisons between the Yeti and Great mice establish directly
that alteration of mRNA at the 39UTR of the IFN-g mRNA is
sufficient to cause disease. This suggests that it may not be
a specific cell that is responsible for disease morbidity, but rather
the total level of IFN-g. This was evident given the different
disease manifestations observed in comparing heterozygous and
homozygous Yeti mice, where the presence of the second Yeti
allele in homozygous animals resulted in significantly higher
morbidity and mortality. Given our inability to identify any dif-
ference among the subsets of IFN-g–producing cells in the
homozyogous as compared with heterozygous mice, it would
suggest that the levels of IFN-g rather than any particular cell type
are responsible for disease progression. Thus, a threshold of IFN-g
becomes established before significant deleterious effects occur.
As such, complete inhibition of IFN-g may not be necessary to
prevent clinical HLH or PDS. Maintaining cytokine levels below
a requisite threshold may allow the host to avoid the subsequent
multiorgan involvement resulting from excessive inflammation.
Although our study supports the idea that systemic cytokines can
induce disease, the similar serum levels observed between ho-
mozygous and heterozygous Yeti mice would indicate that the
increase in morbidity could be a result of the summation of lo-
calized effects of cytokine reaching a distinct threshold within
tissues. Indeed, we speculate that total tissue IFN-g–producing
cells reach pathologic levels in homozygous Yeti mice, and this
will be an important area for future study. It may also be rea-
sonable to consider whether mutations in the 39UTR of IFN-g are
associated with inflammatory syndromes accompanying hemato-
logic malignancies in humans. Intriguingly, mutations in the
39UTR of TNF, another inflammatory cytokine, results in organ-
specific pathology in the joints (arthritis) and bowel (colitis) in
mice, and in contrast to the pathology established by the similar
mutation in the IFN-g 39UTR as described in this study, suggesting
that distinct inflammatory cytokines will induce distinct syndromes
when dysregulated (39). Of relevance to our findings, the studies in
the mice with TNF mutations set the groundwork for the successful
use of anti-TNF therapies in human arthritis and colitis syndromes.
Finally, our studies suggest a link between the severity of

autoinflammatory disease and the development of myeloprolifer-
ative disease. IFN-g is known to skew hematopoiesis toward
production of monocytes (45). Consistent with this, homozygous
Yeti mice show marked increases in monocytes in both the bone
marrow and spleen. The excessive hematopoiesis observed in Yeti
mice is interesting given that some patients with certain leukemic
malignancies can develop concurrent HLH or MAS (46–50). Al-
though it is thought that HLH and MAS are byproducts associated
with the leukemia, our results suggest that the relationship be-
tween HLH-like disorders and myeloproliferative syndromes may
be more complicated. Of note, gain-of-function mutations in
JAK2, a critical component of IFN-g receptor signal transduction,
have been associated with myeloproliferative neoplasms and
leukemias (51–55). Thus, increased IFN-g levels leading to
chronic receptor signaling in Yeti mice may phenocopy aspects of
JAK/STAT-mediated myeloproliferation. As a result, JAK/STAT
inhibitors may represent additional therapeutic candidates in cer-
tain autoinflammatory disorders and autoinflammatory-associated
leukemias.
In summary, Yeti and Great mice represent new tools to study the

role of IFN-g and IFN-g–producing cells in inflammatory dis-
orders, cancer, or infectious disease. Because these mice contain
fluorescent reporters under regulation of the endogenous IFN-g
locus, they facilitate direct visualization of cell sources of this
important cytokine. Importantly, the Great mice do not appear to
suffer from off-target effects and accurately delineate IFN-g in situ,

whereas Yeti mice offer a spontaneous model to study states of
persistently elevated IFN-g. As such, these mice provide a unique
opportunity to explore the role of IFN-g in the development of
autoinflammatory diseases, and they should prove useful in both
understanding disease pathogenesis as well as in identifying novel
therapeutic targets.
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