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Abstract

Foxp3* regulatory T (Treg) cells modulate the functions of multiple immune cell types, and loss
of Treg cells causes lethal, CD4" T cell-dependent multi-organ autoimmune disease in both mice
and humans. However, how different effector T cell subets contribute to the severe autoimmunity
observed in the absence of Treg cells remains controversial. We found that although expanded
populations of Thl, Th2, and Th17 cells can be detected in scurfy mice, Thl cells predominate.
Moreover, using a genetic approach we found that scurfy mice with deficiencies in type-1
immunity (sfx/fngr1™=, st Tbx217!=, and s Ifngr1~=1 Tbx217/-) have an extended lifespan that
is associated with altered cytokine production and attenuated cutaneous and hepatic inflammation.
By contrast, scurfy mice deficient in type-2 immune responses (s/xStat6~'~) display a significantly
reduced lifespan with increased hepatic inflammation, but decreased dermatitis. These data
demonstrate that Th1 cells and their associated cytokines drive early immunopathology in Foxp3-
deficient scurfy mice, highlighting the essential role of regulatory T cells in restraining Th1-
mediated autoimmunity.
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Introduction

Foxp3-positive regulatory T (Treg) cells play a central role in enforcing peripheral
tolerance[1]. In humans, mutations in FOXP3result in immunodysregulation
polyendocrinopathy enteropathy X-linked (IPEX) syndrome, a severe multi-organ
autoimmune disease that presents with eczema, enteropathy, type | diabetes, thyroiditis, and
other autoimmune symptoms[2]. Likewise, several different mouse models deficient in
Foxp3-positive Treg cells have been developed, and all are associated with severe
immunopathology and lethality at approximately 3—-4 weeks of age[3-6]. Scurfy (sf) mice
lack functional Treg cells due to a two—base pair insertion in Foxp3, which results in the
premature termination of translation[7]. These mice rapidly develop lymphadenopathy,
splenomegaly, anemia, and wasting, ultimately succumbing to disease within a month of
birth[8;9]. Although disease in sfmice is caused by CD4* T cells[10], there has only been a
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limited examination of how different functional subsets of CD4* T cells contribute to
immunopathology. The increased production of Th2-associated cytokines by CD4* T cells
from sfmice suggests that Th2 cells are major contributors to sfpathology[6;11;12].
However, using a genetic approach, we demonstrate that autoimmune pathology is
substantially attenuated in sfmice lacking key components of type-1 immunity, whereas loss
of type-2 immune responses exacerbates disease and significantly shortens lifespan. Thus,
early lethality in sfmice is dependent on Th1 cells and their associated cytokines, whereas
the observed type-2 immune responses in these animals partially counter this type-1
response and are therefore protective.

Results and Discussion

Increased lifespan of Thx21- and Ifngrl-deficient sf mice

Although previous studies have suggested that autoimmunity in Foxp3-deficient mice may
be largely driven by Th2 cell effector functions [6;12], the precise role of CD4* T cell
subsets in the pathogenesis of disease in sfmice is unknown. To examine this, we crossed sf
mice to animals carrying targeted mutations in genes essential for the development and/or
function of either Thl (76x21, Ifngrl) or Th2 (Stat6) cells[8;9;13;14]. Surprisingly, the
median life-span of s/ 7hx217/~ and sfx /fagr1™~ mice was significantly increased from 28
days to 52 and 48 days, respectively (Figure 1A; p<0.001 compared with sfmice).
Moreover, combined deficiency of 7Hx21 and /fngr1 further prolonged the median life-span
of sfmice to 62 days (p<0.001 compared with sfmice). By contrast, the median lifespan of
s Stat6™'~ mice, which cannot respond to the major Th2-associated cytokines IL-4 and
IL-13, was significantly decreased (21 days; £=0.002 compared with sfmice).

Consistent with their lack of functional Treg cells, all of the sfmice examined showed a
dramatic increase in the proportion of activated CD44NCD4* T cells (Figure 1B). However,
as expected the frequency of IFN-y-producing CD4* T cells was significantly reduced in sf
mice lacking 7bx21 and/or /fngrl, but was significantly increased in s/ Stat6~'~ animals
(Figure 1C, top). Conversely, IL-4-producing Th2 cells were significantly expanded in the
Thi-deficient sfmice, but largely absent in the s/ Stat6~'~ animals (Figure 1C, middle).
Moreover, consistent with the ability of T-bet and IFN-y to inhibit Th17 differentiation,
IL-17-producing cells were modestly elevated in the Thx21- and /fngr-deficient sfmice
(p<0.05 compared with sfmice; Figure 1C, bottom). Importantly, in all of the sfmice
examined, CD4* T cells co-producing IFN-y, IL-4, and/or IL-17 were rarely observed,
demonstrating that loss of Treg cells does not lead to the emergence of poly-functional
CD4* T cells (data not shown). Overall, these data demonstrate that although autoimmune
pathology in sfmice is associated with the expansion of multiple effector T cell subsets,
early lethality in these animals can be prevented by the deletion of key genes involved in the
development/function of type-1 immune responses despite corresponding increases in Th2
and Th17 cells. Furthermore, the increased Th1 cell expansion in the s/ Stat6~ mice
(Figure 1C) suggests that lack of 1L-4/13-mediated counter-regulation of Th1l cell
development may underlie the decreased life-span of these animals. Furthermore, our results
in B6.s/% Stat6™'~ mice contrast the finding that loss of Stat6 prolongs the life-span of
Foxp3-deficient Balb/c mice[6], indicating that genetic background can influence the
pathogensis of autoimmunity caused by loss of Treg cells.

Attenuated inflammation in Tbx21- and Ifngrl-deficient sf mice

By approximately 3 weeks of age, sfmice are severely runted and display extensive
exfoliative dermatitis. Sfmice also present with lymphadenopathy, splenomegaly,
inflammatory infiltration targeting the liver and lungs, and hematological abnormalities,
including severe anemia[3;8]. Although substantially prolonging their lifespan, ablation of
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Thx21and Ifngrdid not completely protect sfmice from disease, suggesting that the disease
pathogenesis is multifaceted. However, whereas both Thl-associated (e.g., IFN-y) and Th2-
associated (e.g., IL-4, -5, and -13) cytokines are overexpressed in sfmice [11], the
contributions of the different effector T cell lineages to each aspect of sfpathology has not
been carefully examined. Therefore, to determine how Th1 and Th2 effector functions
influence disease development in sfmice, we performed a detailed phenotypic analysis of sf
mice lacking functional type-1 or type-2 immunity at 21-24 days of age.

All of the sfmice examined were runted and displayed similar degrees of splenomegaly and
lymphadenopathy (Supplemental Figure 1). Moreover, sfmice deficient in either type-1 or
type-2 immunity displayed dramatically attenuated dermatitis, evidenced by decreased
inflammatory infiltration and thickening of the ears (Figure 2A and Supplemental Figure 2).
However, hepatic inflammation was significantly attenuated in all Th1-deficient sfmice,
whereas consistent with the elevated frequency of IFN-y-producing Th1 cells observed in

s Stat67'~ mice, these animals presented with pervasive perivascular and parenchymal
hepatic inflammation and extensive hepatocyte necrosis that was more widespread than in
wild-type sfanimals (Figure 2B, top and Supplemental Figure 2). Interestingly, the
extensive bronchial and avelolar inflammation characteristic of sfmice was significantly
attenuated only in the s/ /fngr1~/~/ Tbx217~ animals (Figure 2B, bottom and Supplemental
Figure 2). Thus, both type-1 and type-1 immune responses contribute to the development of
the autoimmune pathology in sfmice in an organ-specific manner, and distinct mechanisms
appear to underlie the inflammation at the different tissue sites, with hepatic inflammation
being predominantly IFN-y and T-bet-dependent, whereas dermatitis requires both intact
Th1 and Th2 responses. Moreover, the development of pulmonary inflammation in

s Thx217!~ and sfx /fngrI~~ mice indicates that multiple Thl-associated inflammatory
pathways contribute to immune pathology of the lungs in sfmice. This is consistent with the
ability of cells, such as CD8" T cells and NK cells, to produce IFN-y in the absence of
Tbx21[15], and of Th1 cells to cause IFN-y-independent immunopathology[16]. The
attenuated tissue inflammation in sfmice lacking 76x21 and/or /fngr1 is similar to what was
observed in IL-2-deficient sfanimals[17], and IL-2 was recently shown to directly influence
the development of Th1 effector cells[18], providing a potential link between these findings.

Progressive IL-17-associated pathology in Tbx21- and Ifngrl-deficient scurfy mice

The development of early-onset anemia was at least partially rescued in the sfmice lacking
Thx21andlor /fagrl, but not in the s/ Stat6™'~ animals (Figure 2C). However, all of these
animals developed progressive anemia and severe cutaneous and pulmonary inflammation
with age, and this was associated with a dramatic increase in the abundance of splenic
GR-1** neutrophils (Figure 3A, B and data not shown). By contrast, hepatic inflammation
did not increase significantly in these aged (>42 days old) mice (data not shown),
underscoring the importance of type-1 immunity in this aspect of autoimmune pathology.
IL-17 can contribute to development of neutrophilia, anemia, and cutaneous/pulmonary
inflammation[19-21], and indeed we found that the serum IL-17 level was significantly
increased in the aged 7bx21/Ifngri—deficient sfmice (Figure 3B, bottom). Thus, in the
absence of functional type-1 immunity, a slowly progressing, potentially IL-17-associated,
systemic autoimmune pathology develops in sfmice, resulting in their death by
approximately 2 months of age.

Concluding Remarks

Our results demonstrate that type-1 and type-2 immune responses play distinct roles in the
morbidities observed in sfmice. In particular, loss of type-1 immune function results in
reduced organ-specific inflammation in the skin, lungs and liver, delayed development of
anemia and a significantly prolonged lifespan, whereas loss of Stat6-mediated Th2 cell
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function attenuated cutaneous inflammation, but enhanced Th1 cell expansion and reduced
the lifespan. Thus, although loss of Treg cells results in the expansion of Thl, Th2 and Th17
cell populations, dysregulated Th1 responses appear to underlie much of the early pathology
observed in sfmice. Moreover, these data demonstrate that inflammation in different tissues
of sfmice is driven by distinct disease processes. However, as Thl-deficient sfmice age,
they develop IL-17-associated morbidities, including anemia, neutrophilia, and cutaneous
and pulmonary inflammation[19-21]. Together, our data further demonstrate the importance
of Treg cells in restraining multiple CD4* effector T cell populations and highlight their
particular importance in inhibiting destructive autoreactive Th1l cells.

Mice were housed and bred at the Benaroya Research Institute, and all experiments were
performed in accordance with the guidelines of the Benaroya Research Institute Animal
Care and Use Committee. C57BL/6J, B6.129S7- /fngr1?™1Ad43 (Ifagri~'"), B6.12952(C)-
Stat6"™1Gru|) (Stat6™'"), and B6.Cg- Foxp3TJ (sf) mice were from the Jackson Laboratory,
and C57BL/6 Thx21~/~ mice were provided by A. Weinmann. As the sfmutation is X-
linked, only male mice were analyzed in this study. Complete blood counts were obtained
using a HemaVet 950S (Drew Scientific, Dallas, TX). Mice were euthanized at hematocrits
less than 20%, upon development of severe cutaneous inflammation, or at a body condition
score less than 2.

Cell purification and analysis

Histology

Cells from skin-draining lymph nodes and spleens were isolated and processed for flow
cytometry using standard techniques. Cytokine production was determined following
stimulation with 50 ng/ml PMA and 1 pg/ml ionomycin for 5 hours in the presence of 10 ug/
ml monensin.

H&E-stained sections of ear, skin, liver, and lung tissue were obtained using standard
techniques. Hepatic inflammation was quantified by counting the proportion of inflamed
blood vessels in two tissue levels. Pulmonary inflammation was quantified based on the
number of inflammatory foci present in two tissue levels: 0, no foci; 1, 1-2 foci; 2, 3—4 foci;
3, 4-5 foci; 4, 5-6 foci; 5, >6 foci.

Statistical Analysis

The survival of the mice was compared using the logrank test; all other comparisons were
made using an ANOVA, with a post hoc Dunnett’s test comparing the gene-deficient sfmice
to wildtype sfmice or wildtype mice as indicated, or a Mann-Whitney U'test. pvalues less
than 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Increased survival of Thl cell-deficient sf mice

(A) Survival curves of the indicated gene-deficient sfmice. At least five mice from at least
three litters of each geneotype were analyzed. (B) The proportion of activated CD44Mi cells
among splenic CD4* T cells (CD4* CD44M) in each of the indicated gene-deficient sfmice,
as determined using flow cytometry. At least five mice of each genotype were analyzed over
at least three separate experiments. (C—E) The proportion of splenic CD4*CD44M T cells
producing IFN-y (C), IL-4 (D), or IL-17 (E) following stimulation with PMA and ionomycin
in the indicated gene-deficient sfmice, as determined using flow cytometry. At least three
mice of each genotype were analyzed over at least three separate experiments. (B-E) Each
symbol represents data from an individual mouse; the horizontal bar represents the mean; *,
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p<0.05; *** p<0.001 determined using ANOVA, with a post hoc Dunnett’s test comparing
the gene-deficient sfmice to wildtype mice (B) or sfmice (C-E).
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Figure 2. Attenuated inflammation in Thl cell-deficient sf mice
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(A) Ear thickness in each of the indicated gene-deficient sfmice measured on either 21-day-

old (Stat6™'~ mice) or 24-day-old (all other strains). (B) The percent of inflamed blood

vessels in the liver was quantified in H&E-stained tissue sections; the proportion of inflamed
vessels from two tissue levels is shown. (C) Lung inflammation was quantified based on the
number of inflammatory foci present in two tissue levels. (D) The hematocrit values in each
of the indicated gene-deficient sfmice measured on either day 21 (Stat6”'~ mice) or day 24
(all other strains). Each symbol represents data from an individual mouse. At least four mice
of each genotype were analyzed over at least three separate experiments; the horizontal bar
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represents the mean; *, p<0.05; **, p<0.01; ***, p<0.001 determined using ANOVA, with a
post hoc Dunnett’s test comparing the gene-deficient sfmice to sfmice (A-C).

Eur J Immunol. Author manuscript; available in PMC 2013 November 03.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suscovich et al.

Page 11

A 125+

= sfxThx21""
- sfx/fngr’”
-~ sfxThx21” '//fngr'/ i

.§
‘c 100+
£
(]
I
S
g2 75
X
50 L] L] L] L] L] Ll L]
21 28 35 42 49 56 63
Age (days)
80' K - | r - | *
-
g 60 . “oe ‘
T 404 . .
N °
% .
s 20 ®
. &
oo
O L] L] L] L] Ll L]
1000
r ] r 1 r—
[ ] ° °
,\100 —— nlingr
g 10 [ 1]
8:) _:_ : g .: . .
N~ 1 ® — [ ]
N oo °
= .
0.1

0.01 T Y T T T T
Day 24 Aged Day?24 Aged Day24 Aged

sfxThx217" sfxlfngr’™  sfxThx217Ifngr’

Figure 3. Thl cell-deficient sf mice develop a progressive, | L-17-associated disease

(A) Hematocrit values in the indicated Th1l cell-deficient sfmouse strains were measured
weekly beginning at 21 days of age and are displayed as the mean percent of the initial
hematocrit measurement + SD (/7=4-8). (B) Frequency CD4~CD8~B220~GR-1* neutrophils
among total splenocytes in the young (24 days old) and aged (> 42 days old) Th1 cell-
deficient sfmice, as determined using flow cytometry. Each symbol represents data from an
individual mouse from two separate experiments; the horizontal bar represents the mean. (C)
Serum concentration of IL-17 in young (24 days old) and aged (>42 days old) Th1 cell-
deficient sfmice, as determined using a Bio-plex Magnetic Cytokine Assay (Biorad). Each
symbol represents data from an individual mouse from two separate experiments; the
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horizontal bar represents the mean; *, p<0.05; **, p<0.01; ***, p<0.001 as determined using

a Mann-Whitney Utest comparing the 24-day-old mice to the aged mice of the same
genotype.
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