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While IFNγ is a well-known cytokine that actively promotes the type I immune response, it is
also known to suppress the type II response by inhibiting the differentiation and proliferation
of Th2 cells. However, the mechanism by which IFNγ suppresses Th2 cell proliferation is
still not fully understood. We found that IFNγ decreases the expression of growth factor
independent-1 transcriptional repressor (GFI1) in Th2 cells, resulting in the inhibition of Th2
cell proliferation. The deletion of the Gfi1 gene in Th2 cells results in the failure of their proliferation, accompanied by an impaired cell cycle progression. In contrast, the enforced
expression of GFI1 restores the defective Th2 cell proliferation, even in the presence of
IFNγ. These results demonstrate that GFI1 is a key molecule in the IFNγ-mediated inhibition
of Th2 cell proliferation.
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Introduction
Naïve CD4 T cells that recognize foreign antigens through their T cell receptors (TCRs) differentiate into several effector T helper (Th) subsets, such as Th1, Th2 and Th17 cells, according
to the surrounding cytokine environments, which are induced by specific pathogens [1–5].
Each Th subset produces distinct signature cytokines (i.e. IFNγ and TNFβ from Th1 cells; IL4, IL-5 and IL-13 from Th2 cells; IL-17A and IL-17F from Th17 cells), which leads to unique
immune responses, by activating and recruiting a variety of immune cells at the site of inflammation. During infection, a select subset of effector Th cells efficiently expands and creates an
appropriate immune response by producing cytokines that promote the differentiation of
newly antigen-recognized CD4 T cells toward the same specific type of Th cells but also inhibiting the differentiation and proliferation of other types of Th cells [6–8]. Consequently, the
newly activated CD4 T cells converge to differentiate into specific types of effector subsets to
create an environment that supports appropriate immune responses.
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IFNγ-mediated inhibition of Th2 cell proliferation

IFNγ, a signature cytokine produced by Th1 cells, induces the expression of T-bet, encoded
by the Tbx21 gene, in activated CD4 T cells [9]. T-bet binds to the regulatory elements on the
Ifng gene locus, and induces chromatin remodeling through histone modification so that some
transcription factors can access the gene locus for Ifng transcription [10, 11]. Thus, during the
type I immune response, Th1 cells expand via a positive feedback loop through the IFNγ-T-bet
axis. In contrast, IFNγ inhibits the proliferation and differentiation of other Th cells, such as
Th2 and Th17 cells [7, 8, 12, 13]. For instance, it has been reported that IFNγ directly inhibits
Th2 cell proliferation [14–16] and that the IFNγ-induced T-bet expression suppresses Th2 cell
differentiation by inhibiting the expression and function of GATA3 [17, 18]. Furthermore,
IFNγ suppresses Th17 cell proliferation by inhibiting the expression of IL-23R [19], and the
IFNγ-induced T-bet expression also suppresses Th17 cell differentiation through the inhibition of the Runx1-mediated transactivation of Rorc (which encodes the transcription factor
RORγt) by making a complex of T-bet and Runx1 [20]. This evidence strongly suggests that
IFNγ not only enhances the type I immune response but also inhibits other immune responses
(i.e., Th2 and Th17 cells), resulting in the efficient differentiation of CD4 T cells into Th1 cells.
However, the molecular mechanism by which IFNγ inhibits Th2 cell-mediated immune
responses remains poorly understood.
Murine GFI1 is a transcriptional repressor whose protein size is about 45 kDa expressed in
hematopoietic-derived cells. The N-terminal region of GFI1 contains a SNAG domain that
serves to recruit proteins that modify histones and is present in other transcriptional repressors. The C-terminal region of GFI1 contains six C2H2-type zinc fingers that are essential for
DNA binding. GFI1 recruits chromatin-modifying enzymes to modify the chromatin accessibility for gene transcription in various biological settings. GFI1 plays a crucial role in the development and function of hematopoietic stem cells, B and T cells, dendritic cells, granulocytes
and macrophages [21], suggesting its crucial role in various types of cells.
In this study, we explored the mechanism underlying the IFNγ-mediated inhibition of Th2
cell proliferation, in which IFNγ decreased the expression of Gfi1, resulting in a delay in Th2
cell proliferation. The loss of GFI1 reduced Th2 cell proliferation, whereas the enforced expression of GFI1 in IFNγ-treated Th2 cells restored the defective proliferation. These data suggest
that the IFNγ-mediated inhibition of the Gfi1 gene expression leads to efficient Type I
responses by suppressing Th2 cell proliferation.

Materials and methods
Mice
Gfi1fl/fl mice [22] were bred with CreERT2 (Taconic) transgenic mice to generate the Gfi1fl/fl
CreERT2 line. C57BL/6 mice and CD45.1 congenic mice were purchased from Clea Japan and
Sankyo Laboratory, respectively. Tbx21-/- mice were kindly provided by Dr. Laurie Glimcher
(Cornell University) [23]. All mice used in this study were maintained under specific-pathogen-free conditions. All experimental protocols using mice were approved by the Chiba University Animal Committee. All animal care was performed in accordance with the guidelines
of Chiba University.

Preparation of cells
For naïve CD4 T cell purification, CD4 T cells isolated from lymph nodes and/or spleen were
first enriched with anti-CD4 microbeads (Miltenyi Biotec) followed by positive selection using
autoMACS (Miltenyi Biotec), and then naïve CD44lo CD62Lhi CD4 T cells were sorted by
FACSAria (BD). The purity was more than 98%. T cell-depleted splenocytes were prepared by
incubation with anti-Thy1.2 FITC monoclonal antibody (mAb) (BioLegend) and anti-FITC
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microbeads (Miltenyi Biotec), followed by negative selection using autoMACS. T cell-depleted
splenocytes were irradiated at 30.67 Gy and used as antigen-presenting cells, as previously
described [24].

In vitro-differentiated Th culture and IFNγ treatment
Naïve CD4 T cells (2x105 cells) were stimulated with 1 μg/ml of anti-CD3 and 1 μg/ml of antiCD28 Abs together with irradiated T cell-depleted splenocytes in the presence of various combinations of antibodies (Abs) and cytokines for 2 or 3 days: for Th1-polarizing conditions, 10
ng/ml IL-12, 5 ng/ml IL-2 and 10 μg/ml anti-IL-4; and for Th2-polarizing conditions, 10 ng/
ml IL-4, 5 ng/ml IL-2 and 10 μg/ml anti-IFNγ. These cells were further cultured in the medium
containing 5 ng/ml IL-2- for another 2 or 3 days. In vitro-differentiated Th1 and Th2 cells
were used for further experiments.
For the IFNγ treatment, in vitro-differentiated Th2 cells (2.5x105 cells/ml) were cultured
with IL-2 (5ng/ml) in the presence or absence of IFNγ (10 ng/ml or indicated concentrations)
for the days indicated in rhe figure legends. For the inhibition of STAT1 activation by using
fludarabine, in vitro differentiated Th2 cells were further cultured in IL-2-containing medium
with or without IFNγ in the presence or absence of fludarabine (100μM) for 3 days.

Cell proliferation analyses
In vitro-differentiated Th cells were washed with PBS and then labelled with CFSE (10 μM)
according to the manufacturer’s protocol (Thermo Fisher Scientific). Cell proliferation was
determined by both cell counting and the mean fluorescence intensity of CFSE dilution on
cells by flowcytometory analysis.

Cell cycle analyses
The cell cycle status was measured by BrdU staining according to the manufacturer’s protocol
(BD). Cells were treated with BrdU (10 μM) for 4 hours before harvesting. The cell cycle status
was determined by BrdU and 7-AAD staining.

Detection of cell death
In vitro cultured cells were first stained with antibodies for the cell surface molecules, washed
twice with cold PBS and then treated with FITC-conjugated Annexin V and PI for 15 min at
room temperature (RT) according to the manufacturer’s protocol (BD). Cell death was determined by Annexin V and PI staining based on flowcytometory.

RNA purification and quantitative RT-PCR
Total RNA was isolated using TRIzol (Thermo Fisher Scientific), and cDNAs were prepared
using SuperScript II Reverse Transcriptase (Thermo Fisher Scientific). Quantitative PCR was
performed on a 7500 real-time PCR system (Applied Biosystems) using the predesigned
primer-probe sets listed in S1 Table.

Retroviral construction and infection
Gfi1 cDNA was cloned from the total RNA of in vitro-differentiated Th2 cells. After sequencing, the cloned Gfi1 cDNA was inserted into Thy1.1-Retrovirus (RV) vector. Retroviruses were
prepared from the culture supernatants of the Plat-E packaging cells transfected with RV constructs using TransIT-LT1 Transfection Reagent (Mirus), and the culture supernatants were
centrifuged at 12,000 ×g for 14–18 hours at 4˚C in order to concentrate RV. In vitro-
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differentiated Th2 cells (2.5x105 cells) were cultured in the presence of IL-2 with concentrated
RV mixed with Polybrene Transfection Reagent (final concentration: 8 ug/mL; Millipore) and
subjected to spin-infection by centrifugation at 2,500 rpm for 1 hour at 24˚C [25].

4-OHT treatment
In vitro-differentiated Th2 cells were cultured in the medium containing 5 ng/ml IL-2 with
500 nM 4-OHT (Sigma) for the days indicated in the figure legends.

Intracellular staining
As previously described [26], the activated CD4 T cells were restimulated with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) and 500 nM ionomycin in the presence of 2 μM monensin
for 4 hours, then stained with anti-CD44 and anti-CD4 Abs on ice for 30 min, fixed with 4%
paraformaldehyde at room temperature for 10 min and permeabilized for 10 min on ice with
PBS containing 0.5% Triton X-100 and 0.1% BSA. After permeabilization, the cells were
stained with anti-cytokine Abs and assessed by FACS Canto II (BD). The FlowJo software program (Tree Star) was used to analyze the data. Abs specific to mouse CD4, CD44, IL-4, IL-5,
IL-13, and IFNγ were purchased from BioLegend.

Statistical analyses
Unless otherwise indicated, p values were calculated using Student’s t-test.

Results
IFNγ inhibits Th2 cell proliferation due to the blockade of G1/S
progression
To examine the molecular mechanism through which IFNγ inhibits Th2 cell proliferation, we
set up an in vitro culture system, in which in vitro fully differentiated Th2 cells (S1A Fig) were
labelled with CFSE, and further cultured with IL-2 in the presence or absence of IFNγ for 5
days (S1B Fig). After day 3, the CFSE expression in Th2 cells treated with IFNγ was significantly higher than in untreated Th2 cells (Fig 1A and 1B), and the number of Th2 cells treated
with IFNγ was significantly decreased (Fig 1C), suggesting that IFNγ treatment inhibits Th2
cell proliferation in this in vitro culture system.
To examine the sensitivity of the IFNγ concentration that inhibits Th2 cell proliferation, we
next used different concentrations of IFNγ (S1C Fig). The suppressive impact of IFNγ treatment on Th2 cell proliferation was observed even with 0.3 ng/ml. Since the concentration of
10 ng/ml showed a plateau with regard to inhibition, we decided to use 10 ng/ml for subsequent experiments. We also confirmed the same results using OTII TCR transgenic (Tg) Th2
cells generated with specific antigen stimulation (i.e. chicken ovalbumin peptide 323–329)
instead of polyclonal stimulation (i.e. anti-CD3 and anti-CD28 Abs) (S1D–S1G Fig), indicating that the IFNγ-mediated inhibition of Th2 cell proliferation occurred in both polyclonal
and monoclonal Th2 cells.
We further found that IFNγ treatment significantly decreased the frequency of cells in the S
phase. Although the frequency of cells in the G2-M phase was slightly increased (Fig 1D and
1E, and S1H and S1I Fig), this was likely a secondary effect due to the reduced number of cells.
We also examined the impact of IFNγ treatment on death among Th2 cells (Fig 1F). Cell death
was slightly increased in Th2 cells with IFNγ treatment; however, the frequency of dead cells
was less than 3% at all time points, suggesting that cell death is not major effect of IFNγ
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Fig 1. IFNγ inhibits Th2 cell proliferation. (A) Flow cytometry showing the mean fluorescence intensity (MFI) of CFSE
dilution on day 4 of IFNγ treatment. (B) The MFI of Th2 cells cultured in the presence or absence of IFNγ on the indicated
number of days. (C) The cell number was determined after 4 days of culture of IL-2 in either the presence or absence of IFNγ. (D)
A cell cycle analysis of Th2 cells after 4 days of culturing in the presence or absence of IFNγ. BrdU incorporation (final four
hours) was measured to determine the distribution of cells at each stage of the cell cycle. (E) The frequencies of cells in the S
phase (left) and G2/M phase (right) on the indicated number of days are shown. (F) Annexin V+ cells were determined on the
indicated days of IFNγ treatment. Data are representative of three independent experiments. Error bars represent the mean ± SD.
� ��
, , and ��� p < 0.05, p < 0.01, and p < 0.001, respectively (Student’s t-test).
https://doi.org/10.1371/journal.pone.0260204.g001
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treatment causing defects in Th2 cell proliferation. These results suggest that the IFNγ-mediated inhibition of cell proliferation likely occurred due to the blockade of G1/S progression.
Since Th cell proliferation is highly dependent on IL-2 signalling, one possible mechanism
by which IFNγ inhibits Th2 cell proliferation involves the suppression of IL-2 receptor expression by IFNγ treatment. However, this possibility is unlikely, as the expression levels of γC
(CD132) was comparable between IFNγ-treated and untreated cells, and the CD25 and CD122
expression was increased by IFNγ treatment (new S1J Fig).

T-bet is not involved in IFNγ-mediated inhibition of Th2 cell proliferation
To identify the molecules responsible for the IFNγ-mediated inhibition of Th2 cell proliferation, we first examined the possibility that the T-bet expression induced by IFNγ inhibited
Th2 cell proliferation, since T-bet is known to suppress Th2 cell differentiation (17, 18) and
might influence Th2 cell proliferation. To test this, in vitro-differentiated Th2 cells from
Tbx21–/–(CD45.2) and Tbx21+/+ (CD45.1) mice were mixed together, labelled with CFSE, and
cultured in the presence of IL-2 with or without IFNγ for the indicated number of days (S2A
Fig). We first confirmed that the expression of T-bet mRNA was induced upon IFNγ stimulation (S2B Fig), and that Th cells from Tbx21–/–mice showed a significant reduction in their
IFNγ production due to the lack of T-bet expression (new S2C Fig). However, contrary to our
expectation, IFNγ treatment efficiently inhibited the proliferation of Tbx21-deficient Th2 cells
(new S2D Fig). Furthermore, Th1 cells expressing high T-bet levels did not show any proliferative defects due to IFNγ treatment (new S2E Fig). These results indicate that the IFNγinduced T-bet expression is not responsible for the inhibition of Th2 cell proliferation.

GFI1 deficiency dampens Th2 cell proliferation
To identify the molecules involved in the IFNγ mediated inhibition of Th2 cell proliferation,
we examined the gene expressions in Th2 cells with and without IFNγ treatment. We focused
on 37 transcription factors reported to be involved in the growth, development, effector function, apoptosis, and survival of helper T cells as listed in S3A Fig. IFNγ-treated Th2 cells had
higher expressions of Tbx21, Irf1, Helios and Atf3 genes than IFNγ-untreated Th2 cells,
whereas the Foxp3, Gfi1 and Sox4 genes were downregulated in IFNγ-treated Th2 cells (S3B
Fig). Because Helios and Sox4 have been reported to not influence Th2 cell proliferation [27,
28], and Tbx21 was not involved in IFNγ-mediated inhibition of Th2 cell proliferation (S2
Fig), we decided to focus on the GFI1 molecule, which has been shown to be highly expressed
in Th2 cells [29] and play important roles in Th2 cell differentiation [30]. Importantly, we
found that the GFI1 mRNA was significantly decreased in IFNγ-treated Th2 cells (Fig 2A). In
addition, we found that mRNA expression of Cdkn1, a cell cycle inhibitor known to be a target
of GFI1 [31], was significantly increased by IFNγ treatment (new Fig 2B). Accordingly, we
hypothesized that the IFNγ-mediated downregulation of GFI1 might result in reduced Th2
cell proliferation.
To test this idea, we udrf Gfi1fl/fl CreERT2 mice, which allowed us to remove the Gfi1 gene
from fully differentiated Th2 cells by treating them with 4-hydroxytamoxifen (4-OHT) (new
S4A Fig), thereby avoiding any influence from defects of Th2 cell differentiation due to GFI1
deficiency. We confirmed the substantial deletion of GFI expression by 4-OHT treatment
using RT-PCR (new S4B Fig). Furthermore, we confirmed that the in vitro Th2 cell differentiation was comparable between Gfi1fl/fl CreERT2 and Gfi1+/+ CreERT2 mice, as they showed a
similar ability to produce IL-4, IL-5 and IL-13 (new S4C Fig). In vitro fully differentiated Th2
cells from either Gfi1fl/fl CreERT2 (CD45.2+) or Gfi1+/+ CreERT2 (CD45.2+) mice were mixed
together with wild-type Th2 cells (CD45.1+) as an internal control, labelled with CFSE and
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Fig 2. Loss of Gfi1 leads to impaired Th2 cell proliferation. (A) The Gfi1 mRNA expression relative to Hprt on Th2 cells after treatment with or without IFNγ for
2 days. Error bars represent the mean ± SD. Data are representative of three independent experiments. (B) The Cdkn1a mRNA expression relative to β-actin on
Th2 cells after treatment with or without IFNγ for 4 days. (C and D) Relative cell expansion of Gfi1fl/fl CreERT2 (KO, CD45.2) or Gfi1+/+ CreERT2 (WT, CD45.2)
Th2 cells in comparison to CD45.1 WT Th2 cells on day 4 of culturing in the presence of 4-OHT (C). The percentages of CD45.2 (WT or KO) or CD45.1 (WT)
Th2 cells were measured on the indicated days (D). (E and F) Histogram of the CFSE expression on Th2 cells on day 4 of culturing in the presence of IFNγ (E). The
MFI of CFSE on Th2 cells on the indicated days of culture in the presence of IFNγ was determined (F). ��� p <0.001 (Student’ s t-test).
https://doi.org/10.1371/journal.pone.0260204.g002

then cultured with IL-2 in the presence of 4-OHT for the indicated number of days (new S4A
Fig). We found that the frequency of Gfi1-deficient Th2 cells (CD45.2) was significantly
decreased after four days of culture with IL-2 (new Fig 2C right), whereas the frequency of
Gfi1-sufficient Th2 cells (CD45.2) was comparable to that of CD45.1 internal control Th2 cells
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(new Fig 2C left), demonstrating that GFI1 deficiency resulted in less marked proliferation of
Th2 cells in a cell-intrinsic manner.
A time course analysis showed that the impact of GFI1 deficiency on Th2 cell proliferation
was significant at later time points (new Fig 2D). Consistent with this result, the CFSE expression by Gfi1-deficient Th2 cells was significantly higher than by Gfi1-sufficient Th2 cells (new
Fig 2E and 2F). These results indicate that GFI1 deficiency results in less marked proliferation
of Th2 cells.

GFI1 deficiency results in the blockade of G1/S progression
We next examined whether Gfi1 deficiency had any impact on the progression of the cell
cycle. We found that the frequency of Gfi1-deficient Th2 cells in the S phase was significantly
decreased, while the frequency of Gfi1-sufficient Th2 cells in the S phase was similar to that of
CD45.1+ control Th2 cells (Fig 3A and 3B). Although the frequency of Gfi1-deficient Th2 cells
in the G2/M phase was significantly increased, we think that this was a secondary effect due to
the reduced number of Gfi1-deficient Th2 cells. In fact, we detected less cell recovery of Gfi1-deficient Th2 cells than of Gfi1-sufficient Th2 cells in the same culture (Fig 3A bottom left,
27.3% vs. 71.9%), and we noted no marked differences in the frequency of cells in the G2/M
phase when we calculated the frequency of cells in each phase within the same culture (Fig
3C). These results demonstrate that GFI1 deficiency results in the blockade of cell cycle progression, inhibiting cell proliferation. Notably, these phenotypes observed in GFI1-deficient
Th2 cells were very similar to those in IFNγ-treated Th2 cells (Fig 1), suggesting that the IFNγdependent inhibition of Th2 cell proliferation is mediated by the downregulation of the GFI1
expression.
Since IFNγ signaling activates STAT1, we next examined if the inhibition of STAT1 activation using a STAT1 inhibitor (Fludarabine) rescued the IFNγ-mediated inhibition of Th2 cell
proliferation. Interestingly, we noted no rescue of proliferation, since the MFI of CFSE on
IFNγ-treated Th2 cells did not change between the presence or absence of Fludarabine (new
Fig 3D left), whereas cell number of IFNγ-treated cells in the presence of Fludarabine (new Fig
3D right) was seemed to be slightly rescued although it was not significant. These data suggest
that the IFNγ-mediated inhibition of Th2 cell proliferation was not regulated by STAT1
activation.

The ectopic expression of GFI1 restores the IFNγ-dependent inhibition of
Th2 cell proliferation
To examine whether the IFNγ-dependent inhibition of Th2 cell proliferation was due to the
loss of GFI1 expression, we retrovirally introduced GFI1 into IFNγ-treated Th2 cells and
examined the effect of the introduction of GFI1 on the restoration of defective Th2 cell proliferation, including in the presence of IFNγ (new S4D Fig). The efficiency of retrovirus infection
with the GFI1-retrovirus and control Thy1.1-retrovirus was almost identical, regardless of
IFNγ treatment (new S4E Fig). Notably, the introduction of GFI1 substantially restored the
defective Th2 cell proliferation, even in the presence of IFNγ (new Fig 3E). These results demonstrate that IFNγ-mediated GFI1 downregulation is a key to dampening Th2 cell
proliferation.

Discussion
The present study reveals the molecular mechanism through which IFNγ inhibits Th2 cell proliferation. We found that IFNγ decreases the expression of transcription factor GFI1, and Gfi1deficient Th2 cells show defective proliferation due to the inhibition of G1/S progression.
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Fig 3. The loss of Gfi1 results in the blockade of G1/S, and the ectopic expression of GFI1 restores the IFNγ-mediated
inhibition of Th2 cell proliferation. (A-C) The relative cell expansion of Gfi1fl/fl CreERT2 (KO, CD45.2) or Gfi1+/+ CreERT2
(WT, CD45.2) Th2 cells in comparison to CD45.1 WT Th2 cells on day 4 of culturing in the presence of IFNγ was determined
(A, left). A cell cycle analysis was performed after gating of the indicated cell populations (A, right). The percentages of cells in
the S phase or G2/M phase after gating of the indicated cell populations are shown (B). The percentages of cells in S phase or G2/
M phase of the indicated cell populations without the gating of CD45.1 or CD45.2+ cells (i.e., % in the culture) on day 3 (C). (D)
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The MFI of CFSE on Th2 cells (left) and cell number (right) after the cultivation with or without IFNγ in the presence or absence
of Fludarabine (100μM) for 3 days was shown. (E) The MFI of CFSE on Th2 cells that were introduced to either GFI1-Thy1.1 RV
or Control-Thy1.1 RV after 4 days of culturing in the presence or absence of IFNγ (protocol in new S4D Fig). The % of MFI of
CFSE on Th2 cells relative to the MFI of CFSE on Th2 cells introduced control-Thy1.1-RV in the absence of IFNγ treatment.
Data are representative of three independent experiments. Error bars represent the mean ± SD. � , �� , and ��� p < 0.05, p < 0.01,
and p < 0.001, respectively (Student’s t-test).
https://doi.org/10.1371/journal.pone.0260204.g003

Furthermore, enforced GFI1 expression restored the IFNγ-mediated inhibition of Th2 cell
proliferation. These results demonstrate that IFNγ-mediated inhibition of the GFI1 expression
is key to the IFNγ mediated inhibition of Th2 cell proliferation.
IFNγ is a well-known Type I cytokine important for the promotion of Type I immune
responses. Our data suggest that IFNγ treatment inhibits the expression of GFI1, which is
important for suppressing Th2 cell expansion and promoting efficient Type-I immune
responses. While GFI1 is reported to be highly expressed in Th2 cells [29] and plays important
roles in Th2 cell differentiation [30], GFI1 works not only in Th2 cells but also in other types
of helper T cells, including Th1 and Th17 cells, despite the low GFI1 expression in these cells.
In fact, it has been reported that GFI1-deficient CD4T cells showed enhanced responses driven
by other types of cells, such as Th1 and Th17 cells [29, 32, 33]. Gfi1-deficient Th1 cells intrinsically enhance Th1 cytokines [33], and Gfi1-deficient Th17 cells increase the percentages of IL17A-producing cells to a greater extent than wild-type Th17 cells [29, 32]. IFNγ-dependent
GFI1 downregulation can occur in Th1 cells, which is expected to lead to efficient Type-I
immune responses. Indeed, we previously reported that GFI1 represses IFNγ gene activation,
suggesting that IFNγ represses the expression of GFI1, which further increases the production
of IFNγ to lead to efficient Type-I immune responses [34].
Our data showed that both IFNγ treatment and GFI1 deficiency dramatically decreased the
frequency of G1-S cells and increased the frequency of G2-M cells (Figs 1D, 1E, 3A and 3B),
suggesting that GFI1 deficiency either inhibits G1/S progression or specifically increases
G2-M cells. However, our cell count data (Fig 1C) and co-culture system seen in Fig 3C clearly
showed that the inhibition of G1-S progression was a primary effect, while the accumulation
of G2-M was a secondary effect induced by GFI1 deficiency. Indeed, the inhibition of G1/S
progression in Th2 cells by GFI1 deficiency is consistent with previous reports showing the
involvement of GFI1 in the progression of the cell cycle in myeloid and lymphoid cells [21].
Other reports also showed that enforced GFI1 expression increases the expression of CDK
family genes, such as Cdk2, Cdk4, Cdk5, Cdk7 and Cdk8, which are positive regulators of the
cell cycle, especially in relation to G1/S progression, whereas GFI1 suppressed the expression
of Cdkn1b, Cdkn1a and Cdkn2b, which are considered to be inhibitors of G1/S progression
[30, 31, 35]. Furthermore, we found that IFNγ treatment increased the Cdkn1a expression. We
therefore think that the molecular mechanism by which IFNγ mediates inhibition of Th2 cell
proliferation is due to a reduced GFI1 expression, which results in the inhibition of G1/S progression by increasing the Cdkn1a expression in Th2 cells.
In conclusion, we demonstrated that the mechanism underlying the IFNγ-mediated inhibition of Th2 cell proliferation involves IFNγ suppressing GFI expression, thereby inhibiting Th2
cell proliferation. This is the one mechanism through which an immune response is amplified
toward an appropriate type of response (e.g. Type I) by not only enhancing the specific type of
responses (e.g. Type I) but also by inhibiting other types of responses (e.g. Type II).

Supporting information
S1 Fig. (A) The cytokine production of Th2 cells that were in vitro-differentiated using polyclonal stimulations, as described in S1B Fig. (B) A schematic illustration of the experimental
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protocol using C57BL/6 mice. Naïve CD4 T cells were stimulated with soluble anti-CD3 and
anti-CD28 Abs together with T-depleted splenocytes in the presence of IL-4, IL-2 and antiIFNγ for 3 days, and further cultured with IL-2 for another 2 days to make fully differentiated
Th2 cells. Cells were then labelled with CFSE, and further cultured with the indicated cytokines for the indicated number of days. (C) The MFI of CFSE dilution on cells cultured with
the indicated concentration of IFNγ treatment for 4 days. (D) A schematic illustration of the
experimental protocol using OTII TCR Tg mice. Naïve CD4 T cells were stimulated with OVA
peptide (Loh15) together with T-depleted splenocytes in the presence of IL-4, IL-2 and antiIFNγ for 3 days, and then further cultured with IL-2 for another 2 days to make fully differentiated Th2 cells. Cells were then labelled with CFSE, and further cultured with the indicated
cytokines for the indicated number of days. (E) The cytokine production of Th2 cells that were
in vitro-generated using OVA peptide stimulations as described in S1C Fig (F and G) A histogram (F) and the MFI (G) of CFSE on antigen-specific OTII TCR Tg Th2 cells cultured with
IL-2 in the presence or absence of IFNγ for 4 days are shown. (H and I) A cell cycle analysis
was performed using antigen-specific OTII TCR Tg Th2 cells after cultivation with IL-2 in the
presence or absence of IFNγ for 4 days. (J) The MFI of CD25, CD122 and CD132 on Th2 cells
cultured with or without IFNγ for 4 days is shown. Iso, isotype control.
(PDF)
S2 Fig. (A) A schematic illustration of the experimental protocol using Tbx21-/- mice. Naïve
CD4 T cells were isolated from Tbx21-/- (CD45.2), Tbx21+/+ (CD45.2) and congenic C57BL/6
(CD45.1) mice and cultured under Th2 conditions. Tbx21-/- Th2 cells were mixed together
with CD45.1 Wt Th2 cells, labelled with CFSE and cultured with IL-2 in the presence of
4-OHT for the indicated number of days. (B) The Tbx21 mRNA expression relative to Hprt on
Th2 cells after treatment with or without IFNγ. Error bars represent the mean ± SD. Data are
representative of three independent experiments. (C) Intracellular staining of IL-4 and IFNγ
production of Tbx21+/+ or Tbx21–/–CD4 T cells cultured for 5 days under Th1-skewing or
Th2-skewing conditions is shown. (D) The MFI of CFSE on Th2 cells after cultivation for the
indicated number of days. Data are representative of two independent experiments. (E) A flow
cytometry analysis showing the MFI of CFSE dilution in Th1 cells after the cultivation with
IFNγ or anti-IFNγ Ab for the indicated days.
(PDF)
S3 Fig. (A) In vitro-differentiated Th2 cells were further cultured in the presence or absence
of IFNγ for 3 days. mRNA was prepared from these cells, and quantitative RT-PCR analysis of
the indicated genes was performed. These gene expression changes are shown after being normalized with Hprt. The ratio of the gene expressions of IFNγ-treated cells relative to IFNγuntreated cells) is shown. (B) A comparison of the relative expression (log2 values) of the
selected genes between IFNγ-treated and untreated Th2 cells in (A).
(PDF)
S4 Fig. (A) A schematic illustration of the experimental protocol. Naïve CD4 T cells were isolated from Gfi1fl/fl CreERT2 (CD45.2), Gfi1+/+ CreERT2 (CD45.2) and CD45.1 congenic mice
and cultured under Th2 conditions. Gfi1fl/fl CreERT2 (KO) or Gfi1+/+ CreERT2 (WT) Th2 cells
were mixed together with CD45.1 Wt Th2 cells, labelled with CFSE and further cultured with
indicated cytokines (i.e., IL-2 and IFNγ) in the presence of 4-OHT for the indicated number of
days. (B) GFI-1 mRNA expression relative to Hprt on cells after treatment of 4-OHT for 1 day.
(C) The cytokine production of Th2 cells generated from the indicated mice as described in
(A). Numbers indicate the percentage in each quadrant. Data are representative of three independent experiments. (D and E) A schematic illustration of the experimental protocol using
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retroviral infection. Naïve CD4 T cells were isolated from C57BL/6 mice and cultured under
Th2 conditions for 5 days. In vitro-differentiated Th2 cells were then labelled with CFSE,
infected with the GFI1-Thy1.1-retrovirus (RV) or empty-Thy1.1-RV and further cultured with
IL-2 in the presence or absence of IFNγ. The MFI of CFSE was measured on day 3 or 4 by flow
cytometry (D). The infection efficiency of Control-Thy1.1 RV and GFI1-Thy1.1 RV (E).
(PDF)
S1 Table. Primer sequence and probes for quantitative RT-PCR.
(XLS)

Acknowledgments
We thank K. Sugaya, S. Tetsuyoshi, and T. Nakajima for their excellent technical assistance.

Author Contributions
Conceptualization: Ryoji Yagi, Toshinori Nakayama.
Data curation: Murshed H. Sarkar, Ryoji Yagi.
Funding acquisition: Ryoji Yagi, Ilkka S. Junttila, Motoko Y. Kimura, Toshinori Nakayama.
Investigation: Murshed H. Sarkar, Ryoji Yagi, Yukihiro Endo, Ryo Koyama-Nasu, Yangsong
Wang, Ichita Hasegawa, Toshihiro Ito, Ilkka S. Junttila, Jinfang Zhu, Motoko Y. Kimura.
Project administration: Ryoji Yagi.
Supervision: Ryoji Yagi, Motoko Y. Kimura, Toshinori Nakayama.
Writing – original draft: Ryoji Yagi, Motoko Y. Kimura.
Writing – review & editing: Motoko Y. Kimura.

References
1.

Zhu J, Paul WE. CD4 T cells: fates, functions, and faults. Blood. 2008; 112(5):1557–1569. https://doi.
org/10.1182/blood-2008-05-078154 PMID: 18725574

2.

Moser M, Murphy KM. Dendritic cell regulation of TH1-TH2 development. Nat Immunol. 2000; 1
(3):199–205. https://doi.org/10.1038/79734 PMID: 10973276

3.

Murphy KM, Reiner SL. The lineage decisions of helper T cells. Nat Rev Immunol. 2002; 2(12):933–
944. https://doi.org/10.1038/nri954 PMID: 12461566

4.

Amsen D, Spilianakis CG, Flavell RA. How are T(H)1 and T(H)2 effector cells made? Curr Opin Immunol. 2009; 21(2):153–160. https://doi.org/10.1016/j.coi.2009.03.010 PMID: 19375293

5.

Nakayama T, Hirahara K, Onodera A, Endo Y, Hosokawa H, Shinoda K, et al. Th2 Cells in Health and
Disease. Annu Rev Immunol. 2017; 35:53–84. https://doi.org/10.1146/annurev-immunol-051116052350 PMID: 27912316

6.

Visperas A, Do J, Min B. Cellular factors targeting APCs to modulate adaptive T cell immunity. J Immunol Res. 2014; 2014:750374. https://doi.org/10.1155/2014/750374 PMID: 25126585

7.

Yagi R, Zhu J, Paul WE. An updated view on transcription factor GATA3-mediated regulation of Th1
and Th2 cell differentiation. Int Immunol. 2011; 23(7):415–420. https://doi.org/10.1093/intimm/dxr029
PMID: 21632975

8.

Paul WE, Zhu J. How are T(H)2-type immune responses initiated and amplified? Nat Rev Immunol.
2010; 10(4):225–235. https://doi.org/10.1038/nri2735 PMID: 20336151

9.

Lazarevic V, Glimcher LH. T-bet in disease. Nat Immunol. 2011; 12(7):597–606. https://doi.org/10.
1038/ni.2059 PMID: 21685955

10.

Avni O, Lee D, Macian F, Szabo SJ, Glimcher LH, Rao A. T(H) cell differentiation is accompanied by
dynamic changes in histone acetylation of cytokine genes. Nat Immunol. 2002; 3(7):643–651. https://
doi.org/10.1038/ni808 PMID: 12055628

PLOS ONE | https://doi.org/10.1371/journal.pone.0260204 November 22, 2021

12 / 14

PLOS ONE

IFNγ-mediated inhibition of Th2 cell proliferation

11.

Lazarevic V, Glimcher LH, Lord GM. T-bet: a bridge between innate and adaptive immunity. Nat Rev
Immunol. 2013; 13(11):777–789. https://doi.org/10.1038/nri3536 PMID: 24113868

12.

Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and implications for health and disease. Altern
Med Rev. 2003; 8(3):223–246. PMID: 12946237

13.

Wynn TA. Fibrotic disease and the T(H)1/T(H)2 paradigm. Nat Rev Immunol. 2004; 4(8):583–594.
https://doi.org/10.1038/nri1412 PMID: 15286725

14.

Gajewski TF, Fitch FW. Anti-proliferative effect of IFN-gamma in immune regulation. I. IFN-gamma
inhibits the proliferation of Th2 but not Th1 murine helper T lymphocyte clones. J Immunol. 1988; 140
(12):4245–4252. PMID: 2967332

15.

Fernandez-Botran R, Sanders VM, Mosmann TR, Vitetta ES. Lymphokine-mediated regulation of the
proliferative response of clones of T helper 1 and T helper 2 cells. J Exp Med. 1988; 168(2):543–558.
https://doi.org/10.1084/jem.168.2.543 PMID: 2970518

16.

Oriss TB, McCarthy SA, Morel BF, Campana MA, Morel PA. Crossregulation between T helper cell (Th)
1 and Th2: inhibition of Th2 proliferation by IFN-gamma involves interference with IL-1. J Immunol.
1997; 158(8):3666–3672. PMID: 9103429

17.

Zhu J, Jankovic D, Oler AJ, Wei G, Sharma S, Hu G, et al. The transcription factor T-bet is induced by
multiple pathways and prevents an endogenous Th2 cell program during Th1 cell responses. Immunity.
2012; 37(4):660–673. https://doi.org/10.1016/j.immuni.2012.09.007 PMID: 23041064

18.

Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’Shea JJ, et al. T-bet regulates Th1 responses
through essential effects on GATA-3 function rather than on IFNG gene acetylation and transcription. J
Exp Med. 2006; 203(3):755–766. https://doi.org/10.1084/jem.20052165 PMID: 16520391

19.

Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM, et al. Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat
Immunol. 2005; 6(11):1123–1132. https://doi.org/10.1038/ni1254 PMID: 16200070

20.

Lazarevic V, Chen X, Shim JH, Hwang ES, Jang E, Bolm AN, et al. T-bet represses T(H)17 differentiation by preventing Runx1-mediated activation of the gene encoding RORgammat. Nat Immunol. 2011;
12(1):96–104. https://doi.org/10.1038/ni.1969 PMID: 21151104

21.

van der Meer LT, Jansen JH, van der Reijden BA. Gfi1 and Gfi1b: key regulators of hematopoiesis. Leukemia. 2010; 24(11):1834–1843. https://doi.org/10.1038/leu.2010.195 PMID: 20861919

22.

Zhu J, Jankovic D, Grinberg A, Guo L, Paul WE. Gfi-1 plays an important role in IL-2-mediated Th2 cell
expansion. Proc Natl Acad Sci U S A. 2006; 103(48):18214–18219. https://doi.org/10.1073/pnas.
0608981103 PMID: 17116877

23.

Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH. Distinct effects of Tbet in TH1 lineage commitment and IFN-gamma production in CD4 and CD8 T cells. Science. 2002;
295(5553):338–342. PMID: 11786644

24.

Yagi R, Suzuki W, Seki N, Kohyama M, Inoue T, Arai T, et al. The IL-4 production capability of different
strains of naive CD4(+) T cells controls the direction of the T(h) cell response. Int Immunol. 2002; 14
(1):1–11. https://doi.org/10.1093/intimm/14.1.1 PMID: 11751746

25.

Yagi R, Junttila IS, Wei G, Urban JF Jr., Zhao K, Paul WE, et al. The transcription factor GATA3 actively
represses RUNX3 protein-regulated production of interferon-gamma. Immunity. 2010; 32(4):507–517.
https://doi.org/10.1016/j.immuni.2010.04.004 PMID: 20399120

26.

Yagi R, Zhong C, Northrup DL, Yu F, Bouladoux N, Spencer S, et al. The transcription factor GATA3 is
critical for the development of all IL-7Ralpha-expressing innate lymphoid cells. Immunity. 2014; 40
(3):378–388. https://doi.org/10.1016/j.immuni.2014.01.012 PMID: 24631153

27.

Kuwahara M, Yamashita M, Shinoda K, Tofukuji S, Onodera A, Shinnakasu R, et al. The transcription
factor Sox4 is a downstream target of signaling by the cytokine TGF-beta and suppresses T(H)2 differentiation. Nat Immunol. 2012; 13(8):778–786. https://doi.org/10.1038/ni.2362 PMID: 22751141

28.

Serre K, Benezech C, Desanti G, Bobat S, Toellner KM, Bird R, et al. Helios is associated with CD4 T
cells differentiating to T helper 2 and follicular helper T cells in vivo independently of Foxp3 expression.
PLoS One. 2011; 6(6):e20731. https://doi.org/10.1371/journal.pone.0020731 PMID: 21677778

29.

Ichiyama K, Hashimoto M, Sekiya T, Nakagawa R, Wakabayashi Y, Sugiyama Y, et al. Gfi1 negatively
regulates T(h)17 differentiation by inhibiting RORgammat activity. Int Immunol. 2009; 21(7):881–889.
https://doi.org/10.1093/intimm/dxp054 PMID: 19505891

30.

Zhu J, Guo L, Min B, Watson CJ, Hu-Li J, Young HA, et al. Growth factor independent-1 induced by IL-4
regulates Th2 cell proliferation. Immunity. 2002; 16(5):733–744. https://doi.org/10.1016/s1074-7613
(02)00317-5 PMID: 12049724

31.

Liu Q, Basu S, Qiu Y, Tang F, Dong F. A role of Miz-1 in Gfi-1-mediated transcriptional repression of
CDKN1A. Oncogene. 2010; 29(19):2843–2852. https://doi.org/10.1038/onc.2010.48 PMID: 20190815

PLOS ONE | https://doi.org/10.1371/journal.pone.0260204 November 22, 2021

13 / 14

PLOS ONE

IFNγ-mediated inhibition of Th2 cell proliferation

32.

Kurebayashi Y, Nagai S, Ikejiri A, Ohtani M, Ichiyama K, Baba Y, et al. PI3K-Akt-mTORC1-S6K1/2 axis
controls Th17 differentiation by regulating Gfi1 expression and nuclear translocation of RORgamma.
Cell Rep. 2012; 1(4):360–373. https://doi.org/10.1016/j.celrep.2012.02.007 PMID: 22832227

33.

Suzuki J, Maruyama S, Tamauchi H, Kuwahara M, Horiuchi M, Mizuki M, et al. Gfi1, a transcriptional
repressor, inhibits the induction of the T helper type 1 programme in activated CD4 T cells. Immunology.
2016; 147(4):476–487. https://doi.org/10.1111/imm.12580 PMID: 26749286

34.

Shinnakasu R, Yamashita M, Kuwahara M, Hosokawa H, Hasegawa A, Motohashi S, et al. Gfi1-mediated stabilization of GATA3 protein is required for Th2 cell differentiation. J Biol Chem. 2008; 283
(42):28216–28225. https://doi.org/10.1074/jbc.M804174200 PMID: 18701459

35.

Basu S, Liu Q, Qiu Y, Dong F. Gfi-1 represses CDKN2B encoding p15INK4B through interaction with
Miz-1. Proc Natl Acad Sci U S A. 2009; 106(5):1433–1438. https://doi.org/10.1073/pnas.0804863106
PMID: 19164764

PLOS ONE | https://doi.org/10.1371/journal.pone.0260204 November 22, 2021

14 / 14

