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Type 1 T helper (Th1) cells play a critical role in host defense against intracellular pathogens and in autoimmune diseases by 
producing a key inflammatory cytokine interferon (IFN)–γ; some Th1 cells can also be antiinflammatory through producing 
IL-10. However, the molecular switch for regulating the differentiation of inflammatory and antiinflammatory Th1 cells is 
still elusive. Here, we show that Bhlhe40-deficient CD4 Th1 cells produced less IFN-γ but substantially more IL-10 than wild-
type Th1 cells both in vitro and in vivo. Bhlhe40-mediated IFN-γ production was independent of transcription factor T-bet 
regulation. Mice with conditional deletion of Bhlhe40 in T cells succumbed to Toxoplasma gondii infection, and blockade 
of IL-10 signaling during infection rescued these mice from death. Thus, our results demonstrate that transcription factor 
Bhlhe40 is a molecular switch for determining the fate of inflammatory and antiinflammatory Th1 cells.
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Introduction
Naive CD4 T cells differentiate into distinct subsets of T helper 
(Th) cells during immune responses (Zhu et al., 2010). Th sub-
sets play a critical role in protective immunity against a variety 
of infections and are involved in different forms of inflamma-
tory diseases. Type 1 Th (Th1) cells are indispensable for fighting 
against infections with intracellular pathogens. Th1 cells are also 
responsible for the pathogenesis of many autoimmune diseases. 
Transcription factor T-bet is the master transcriptional regula-
tor for the development and functions of Th1 cells (Szabo et al., 
2000; Lazarevic et al., 2013). T-bet directly regulates the expres-
sion of Th1 effector cytokine IFN-γ (Yagi et al., 2010; Zhu et al., 
2012). Besides T-bet, other Th1 lineage–specific transcription fac-
tors, such as Runx3 and Hlx, either directly or indirectly regulate 
IFN-γ expression (Mullen et al., 2002; Djuretic et al., 2007; Yagi 
et al., 2010). It is possible that other lineage-specific transcrip-
tion factors are also involved in this process (Hu et al., 2013).

IL-10 is an antiinflammatory cytokine. IL-10–producing CD4 
T cells that possess regulatory functions are designated as TR1 
cells (Roncarolo et al., 2006). However, Foxp3-expressing regu-
latory T (T reg) cells and GATA3-expressing Th2 cells also express 

IL-10 (Maynard et al., 2007; Wei et al., 2011). Furthermore, some 
Th1 cells are capable of expressing IL-10 during Leishmania 
major or Toxoplasma gondii infection, which elicits a very robust 
Th1 response (Anderson et al., 2007; Jankovic et al., 2007). The 
balance between the expression of inflammatory IFN-γ and anti-
inflammatory IL-10 by Th1 cells is critical for host mounting an 
appropriate immune response in controlling parasites. IFN-γ– or 
IL-10–deficient mice succumb to T. gondii infection as a result 
of either ineffective or excessive immune response, respectively 
(Hunter et al., 1994; Gazzinelli et al., 1996; Neyer et al., 1997). 
However, the molecular mechanism of regulating the balance 
between IFN-γ and IL-10 production in T cells is still elusive.

The transcription factor Bhlhe40, also known as Bhlhb2, Dec1, 
and Stra13, is up-regulated during T cell activation (Sun et al., 
2001). In fact, IRF4 and Bhlhe40 are the top two transcription 
factors whose expression is highly induced within 4 h of T cell 
activation (Hu et al., 2013). It has been reported that Bhlhe40 is 
critically important for inducing autoimmune diseases, such as 
experimental autoimmune encephalomyelitis (EAE), an animal 
model of multiple sclerosis (Martínez-Llordella et al., 2013; Lin 
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et al., 2014, 2016). However, the function of Bhlhe40 in type 1 
immune response, particularly in vivo, has not been investigated.

Here, we report that transcription factor Bhlhe40 is required 
for optimal production of IFN-γ by Th1 cells both in vitro and in 
vivo, and this effect is independent of T-bet induction. However, 
Bhlhe40 suppresses IL-10 production by Th1 cells. Bhlhe40-de-
ficient CD4 T cells, producing less IFN-γ but more IL-10, failed to 
induce colitis in mice in a transfer model. In addition, Bhlhe40 
conditional knockout (cKO) mice are susceptible to T. gondii 
infection. Blockade of IL-10 signaling in Bhlhe40 cKO mice during 
T. gondii infection prevented these mice from death. Therefore, 
Bhlhe40 serves as an important molecular switch for the devel-
opment of inflammatory and antiinflammatory Th1 cells.

Results and discussion
Characterization of Bhlhe40 cKO mice in the context of 
previous studies
Bhlhe40 is a transcription factor regulating circadian rhythms 
(Honma et al., 2002). Within the immune system, Bhlhe40 is not 
only expressed in activated T cells, but also expressed in eosino-
phils, macrophages, and dendritic cell subsets (Lin et al., 2016). 
To investigate the role of Bhlhe40 in T cells, we generated a cKO 
mouse strain, Bhlhe40fl/fl-CD4-Cre, in which the Bhlhe40 gene is 
deleted only in T cells (Fig. S1 A). Bhlhe40 cKO mice were born 
at the expected Mendelian ratio and appeared to be as healthy as 
their Bhlhe40fl/fl WT littermates and C57BL/6 WT mice.

Because it has been reported that Bhlhe40 germline KO 
(Bhlhe40−/−) mice are resistant to EAE induction, we first exam-
ined our Bhlhe40 cKO mice using this model. Consistent with the 
previous studies (Miyazaki et al., 2010; Martínez-Llordella et al., 
2013; Lin et al., 2014, 2016), Bhlhe40 cKO mice immunized with 
MOG35–55 peptide in CFA were also markedly resistant to EAE 
compared with WT mice (Fig. S1 B). Paradoxically, it has also been 
shown that Bhlhe40−/− mice develop late-onset of lymphoprolif-
erative disease associated with autoantibodies, which may be a 
result of a requirement for Bhlhe40 in T reg cell maintenance 
during aging (Sun et al., 2001; Miyazaki et al., 2010). Consistent 
with these studies, our Bhlhe40−/− mice also developed spleno-
megaly and lymphadenopathy starting at 4–5 mo of age (unpub-
lished data). However, our Bhlhe40fl/fl-Foxp3-Cre mice kept for 
>6 mo did not develop any obvious abnormality before they were 
euthanized (unpublished data). These results suggest that T 
cells in Bhlhe40−/− mice may have a developmental defect, and/
or Bhlhe40 expression in non-T cells may indirectly affect T cell 
activation in these mice. Therefore, our Bhlhe40 cKO mice offer 
a unique tool to study Bhlhe40 function in T cells.

To further assess whether the absence of Bhlhe40 could have 
functional consequences on the ability of T reg cells to control 
tissue inflammation, we used a well-described inflammatory 
bowel disease model induced by T cell transfer into Rag1−/− recip-
ient (Powrie et al., 1994). As expected, transferring naive CD4 T 
cells alone led to severe inflammation associated with significant 
weight loss (Fig. S1 C). Cotransferring T reg cells from either Bhl-
he40fl/+-Foxp3-Cre or Bhlhe40fl/fl-Foxp3-Cre mice with naive CD4 
T cells effectively prevented disease. These results indicate that 
Bhlhe40 deficiency in T reg cells does not result in an obvious loss 

of T reg cell functions. Therefore, our subsequent studies focused 
on the effect of Bhlhe40 in effector T cells.

Bhlhe40 is required for optimal IFN-γ production by Th1 cells
We first examined cytokine production by in vitro polarized Th 
cells. Although polarized Th cells of the Bhlhe40 cKO origin were 
able to produce signature cytokines of each lineage (Fig. S1 D), 
Bhlhe40 cKO cells showed an ∼50% reduction in IFN-γ produc-
tion (for Th1; Fig. 1 A), but an approximately threefold-increased 
in IL-17A production (for Th17; Fig. 1 A). However, inducible T reg 
cell differentiation indicated by Foxp3 induction was similar in 
the presence or absence of Bhlhe40 (Fig. S1 D).

It has been reported that Bhlhe40 promotes cell survival and 
proliferation induced by CD28-mediated signaling by using the 
Bhlhe40 germline KO (Martínez-Llordella et al., 2013). To test 
whether Bhlhe40 regulates cell proliferation, naive CD4 T cells 
from WT and Bhlhe40 cKO mice were labeled with CFSE before 
they were cultured under Th1, Th17, and neutral (Thneu) condi-
tions. A similar cell division profile of WT and cKO cells, indi-
cated by CFSE dilution, was observed, consistent with identical 
cell recovery by the end of the culture (Fig. S1, E and F). These 
results suggest that down-regulation of IFN-γ production in cKO 
Th1 cells is not a result of a defect in cell proliferation. In addition, 
we examined the expression of T-bet, the key transcription factor 
of Th1 cells, and found that T-bet expression in cKO Th1 cells was 
comparable to that in WT Th1 cells (Fig. S1 G).

To further test the function of Bhlhe40 during T cell differen-
tiation in an antigen-specific model, we generated Bhlhe40fl/fl- 
OTII (WT-OTII) and Bhlhe40fl/fl-CD4-Cre-OTII (cKO-OTII) mice 
in which CD4 T cells express T cell receptor specific for OVA323–339  
peptide. We found that cKO-OTII CD4 T cells stimulated with 
OVA323–339 peptide–loaded WT dendritic cells had a dramatic 
reduction in IFN-γ production under Thneu culture conditions 
(Fig. 1 B). Adding anti–IFN-γ antibody into the culture blocked 
the IFN-γ production in the WT-OTII group (Fig.  1 C), accom-
panied by a significant reduction in T-bet expression (Fig. 1 D), 
suggesting that the IFN-γ–/T-bet–/IFN-γ–positive feedback loop 
plays a major role in this culture system. Accordingly, cKO-OTII 
CD4 T cells cultured under Thneu conditions failed to up-reg-
ulate T-bet, possibly as a result of a defect in IFN-γ production 
(Fig. 1 D). Indeed, addition of exogenous IFN-γ restored T-bet 
expression in cKO-OTII cells to a level found in WT-OTII CD4 T 
cells (Fig. 1 D). However, despite of T-bet induction, IFN-γ pro-
duction by CKO-OTII CD4 T cells was still defective (Fig.  1 C), 
indicating that Bhlhe40 is required for IFN-γ production inde-
pendent of T-bet regulation.

We next performed differentially expressed gene analysis 
based on RNA-Seq data for WT and cKO Th1 cells to assess gene 
expression regulated by Bhlhe40. Consistent with intracellular 
staining results, RNA-Seq analysis showed a significant reduc-
tion of Ifng expression in cKO Th1 cells, whereas the expres-
sion of Tbx21 (encoding T-bet) and Runx3 was comparable 
between WT and cKO Th1 cells (Fig.  1  E). Collectively, these 
results indicate Bhlhe40 is required for optimal IFN-γ expres-
sion by Th1 cells in a T-bet regulation–independent manner. 
It has been reported that Bhlhe40 interacts with T-bet and 
thus serves as a cofactor to regulate IFN-γ expression in NKT 
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cells (Kanda et al., 2016); however, we failed to detect protein– 
protein interaction between Bhlhe40 and T-bet (unpublished 
data), suggesting that Bhlhe40 may work on the Ifng gene in a 
T-bet–independent manner.

Bhlhe40 cKO Th1 cells overproduce IL-10
Our RNA-Seq analysis revealed 245 genes that are regulated by 
Bhlhe40 in Th1 cells (Table S1; fold change > 2; false discovery 
rate < 0.01; reads per kilobase of exon model per million reads 
[RPKM] > 2). Strikingly, Il10 is the most up-regulated genes in 
cKO Th1 cells compared with WT Th1 cells (Fig. 2 A and Table S1). 
Interestingly, two IL-10–inducing transcription factors, c-Maf 
(Pot et al., 2009) and IKZF3 (Evans et al., 2014), were increased 
in Bhlhe40-deficient Th1 cells (Fig. 2 A and Table S1), suggest-
ing that Bhlhe40’s effect on IL-10 expression may be indirect. 
Whether up-regulation of c-Maf and/or IKZF3 is responsible 
for increased IL-10 expression in Bhlhe40-deficient Th1 cells 
requires further investigation. The increased IL-10 production 
in cKO Th1 cells was confirmed at the protein level by intracellu-
lar staining (Fig. 2 B). Interestingly, although IL-10 was produced 
by WT Th1 cells that also expressed IFN-γ as previously reported 
(Jankovic et al., 2007), both IFN-γ–expressing and nonexpressing 
cKO Th1 cells were capable of producing IL-10.

To test whether increased IL-10 production is responsi-
ble for reduced IFN-γ by Bhlhe40-deficient Th1 cells, we used 
anti–IL-10R to block IL-10 signaling during the culture. Even 
in the presence of anti–IL-10R, Bhlhe40-deficient Th1 cells still 
produced less IFN-γ but more IL-10 compared with WT Th1 
cells (Fig. 2 C), indicating that regulation of IFN-γ production 
by Bhlhe40 is largely independent of IL-10 up-regulation. The 
results from coculture of WT cells with Bhlhe40-deficient cells 
further confirm this conclusion (Fig. S2 A). Ifng mRNA was 
induced in both WT and Bhlhe40-deficient cells at 48 h of acti-
vation; however, Ifng transcription was transient in Bhlhe40- 
deficient cells (Fig. S2 B, upper panel). Il10 transcription kept 
rising over time in Bhlhe40-deficient Th1 cells, and WT Th1 cells 
expressed much less IL-10 (Fig. S2 B, lower panel). In addition, 
more IL-10 production was detected in Bhlhe40-deficient cells 
compared with WT cells when they were cultured in the pres-
ence of IL-27 or under Th2 conditions (Fig. 2 C). Overall, our data 
suggest that Bhlhe40 may serve as a molecular switch in deter-
mining Th1 cell fates for the expression of either inflammatory 
cytokine IFN-γ or antiinflammatory cytokine IL-10.

Bhlhe40-deficient CD4 T cells fail to induce colitis
To assess Bhlhe40 function in Th1 cells in vivo, we used the 
inflammatory bowel disease model induced by transferring naive 
CD4 T cells into Rag1−/− recipients. As expected, transferring WT 
naive CD4 T cells led to severe inflammation associated with 

Figure 1. Bhlhe40 regulates IFN-γ production by in vitro differentiated 
Th1 cells without affecting T-bet induction. (A) In vitro differentiation of 
Th1 and Th17 cells from sorted naive CD4 T cells with plate-bound anti-CD3/
CD28 for 4 d. Flow cytometric analysis of IFN-γ and IL-17A production by 
CD4+CD44hi Th1 and Th17 cells, respectively, from WT and cKO mice (left). 
Graphical representation of relative IFN-γ and IL-17A production of cKO mice 
is compared with WT set as 1 (right). A representative of five independent 
experiments is shown. In each experiment at least two mice were used in 
each group (mean ± SEM, n = 5). Statistical significance was determined by 
a two-tailed unpaired Student’s t test. (B–D) Sorted naive OTII-CD4 T cells 
were stimulated with 10 µm OVA323–339 peptide under Thneu conditions with 
CD11c+ dendritic cells for 4 d in the presence or absence of IFN-γ or anti–IFN-γ 
antibody as indicated and restimulated with PMA-ionomycin in the presence 
of monensin for 4 h. (B) Flow cytometric analysis of IFN-γ production by 
CD4+CD44hi cells from Bhlhe40fl/fl-OTII and Bhlhe40fl/fl-CD4-Cre-OTII trans-
genic mice. Right: Graphical representation of relative IFN-γ production of cKO 
is compared with WT set as 1 (mean ± SEM, n = 5; ≥2 mice per group in each 
experiment). (C) Flow cytometric analysis of IFN-γ production by CD4+CD44hi 
cells from Bhlhe40fl/fl-OTII and Bhlhe40fl/fl-CD4-Cre-OTII transgenic mice in 
the presence of OVA323–339 peptide with either IFN-γ or anti–IFN-γ antibody 
as indicated. (D) Histogram plots of T-bet expression from same cells treated 

with OVA323–339 peptide alone, together with IFN-γ, or anti–IFN-γ antibody as 
indicated. Gray solid, OVA peptide alone; red line, OVA+ IFN-γ; blue line, OVA+ 
anti–IFN-γ antibody. Data are representative of three independent experi-
ments, and in each experiment at least three mice in each group were used 
(C and D). (E) Gene expression values (RPKM) of Ifng, Tbx21, and Runx3 from 
RNA-Seq analysis of C57BL/6 WT and Bhlhe40 cKO Th1 cells (n = 2). ns, not 
significant; *, P < 0.05; **, P < 0.01; ****, P < 0.0001; Student’s t test.
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significant weight loss and colon thickening, whereas transfer-
ring cKO-naive CD4 T cells did not cause weight loss (Fig. 3 A). 
The failure of cKO CD4 T cells in inducing disease was not a result 
of a defect in cell expansion in vivo, because absolute cell num-
ber of CD4 T cells recovered from the recipients transferred with 
either WT or cKO naive cells was similar (Fig. 3 B).

Very few regulatory T cells were generated in this transfer 
model (<5%), and there was no difference between the WT and 
cKO groups (unpublished data). We also measured cytokine pro-
duction by CD4 T cells recovered from spleen and lymph nodes 
of recipients at the end of experiments. Consistent with the data 
from in vitro studies, cKO CD4 T cells showed decreased IFN-γ 
but increased IL-17A production compared with WT CD4 T cells 
(Fig. 3 C). We also assessed IFN-γ and IL-10 expression 2 wk after 
transfer. Consistent with in vitro findings, IL-10 expression by 
cKO Th1 cells generated in vivo was increased, whereas IFN-γ 
expression was reduced compared with WT Th1 cells both at the 
mRNA and protein level (Fig. 3, D and E).

Although more experiments are needed to determine the 
role of IL-10 overproduction by cKO cells in this model, our data 

strongly indicate that Bhlhe40 plays an important role in induc-
ing the expression of proinflammatory cytokine IFN-γ, but sup-
pressing the expression of antiinflammatory cytokine IL-10 in 
Th1 cells in vivo.

Altered balance between IFN-γ and IL-10 in Bhlhe40 cKO mice 
that are susceptible to T. gondii infection
Previous studies have shown that balance between the pro-
duction of inflammatory IFN-γ and antiinflammatory IL-10 is 
critical for mounting an appropriate immune response against 
T. gondii infection (Gazzinelli et al., 1996; Neyer et al., 1997; 
Jankovic et al., 2007). To test whether altered expression of 
IFN-γ and IL-10 in the absence of Bhlhe40 has any physiologi-
cal consequence, we infected WT and Bhlhe40 cKO mice with T. 
gondii. As a consequence of T. gondii exposure, serum levels of 
IL-12p40 were increased dramatically in both infected WT and 
cKO mice (Fig. S2 C). In contrast to WT mice, which survived for 
the entire period of the experiments, all the cKO mice infected 
with an avirulent strain of T. gondii succumbed to infection 
(Fig.  4 A). The mortality was observed in between acute and 
chronic phase of infection (between 2–4 wk after infection). 
Interestingly, treating cKO mice with anti–IL-10R–blocking 
mAb before and after infection rescued these mice from death 
(Fig. 4 B). As expected, Bhlhe40 cKO mice were less efficient 
than WT mice in clearing parasites; however, anti–IL-10R treat-
ment rescued this defect (Fig. 4 C). Furthermore, the levels of 
a liver enzyme aspartate transaminase (AST) in response to 
infection were identical between WT and Bhlhe40 cKO mice, 
indicating that Bhlhe40 cKO mice do not die of excessive 
immune responses (Fig. S2 D). We also found no defect in the 
generation of antigen-specific cells in the absence of Bhlhe40 
(Fig.  4  D, upper panel). However, IFN-γ production by cKO 
cells upon antigen stimulation was substantially lower than 
that detected in the similarly treated WT cells (Fig. 4 D, mid-
dle panel), whereas IL-10 production by cKO cells were higher 
than that of WT cells (Fig.4 D, lower panel). IFN-γ from cKO 
mice injected with anti–IL-10R were dramatically increased 
compared with that in control mAb–treated cKO mice, indicat-
ing IL-10 blockade enhances IFN-γ production (Fig. 4 D, middle 
panel). However, such levels were still significantly lower than 
that found in the infected WT mice, indicating that Bhlhe40 is 
required for optimal IFN-γ production by Th1 cells in response 
to T. gondii infection. Whether Bhlhe40 also regulates IFN-γ 
production in antigen-specific CD8 T cells and, if so, how this 
defect may add to the defect of Bhlhe40-deficient CD4 T cells in 
host defense requires further investigation. Nevertheless, par-
tial restoration of the balance between IFN-γ and IL-10 in cKO 
mice is sufficient to elicit protective immunity.

Collectively, our results indicate that Bhlhe40 serves as a 
molecular switch in determining the balance between the inflam-
matory cytokine IFN-γ and the antiinflammatory cytokine IL-10 
in Th1 cells both in vitro and in vivo. The regulation of IFN-γ by 
Bhlhe40 is independent of T-bet regulation. Future understand-
ing of pathways and/or molecules that regulate the expression 
of Bhlhe40 may offer new drug targets aiming to boost immune 
response or to limit inflammation.

Figure 2. Bhlhe40 suppresses IL-10 production by Th1 cells. (A) Gene 
expression values (RPKM) of Il10, Maf, and Ikzf3 from RNA-Seq analysis of 
C57BL/6 WT and Bhlhe40 cKO Th1 cells (n = 2). (B) Sorted naive CD4 T cells 
cultured under Th1-polarizing conditions with plate-bound anti-CD3/CD28 for 
4 d and restimulated with PMA-ionomycin for 4 h. Flow cytometric analysis of 
IFN-γ/IL-10 production (top) and IL-10 expression (bottom left) by CD4+CD44hi 
WT and cKO Th1 cells. Gray solid, WT; red line, cKO. Bottom right: IL-10 pro-
duction from three independent experiments (≥2 mice per group). *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; Student’s t test. (C) Sorted naive CD4 T cells 
cultured under indicated conditions with plate-bound anti-CD3/CD28 for 4 d 
and restimulated with PMA-ionomycin for 4 h. Flow cytometric analysis of 
IFN-γ/IL-10 production by CD4+CD44hi WT and Bhlhe40 cKO cells. Data are 
representative of two independent experiments (≥2 mice per group).
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Materials and methods
Mice
C57BL/6 mice and C57BL/6 Flpe (Taconic Line 7089) were pur-
chased from Taconic Farms. C57BL/6-CD45.1 mice (Taconic 
Line 7), C57BL/6 Rag1−/− mice (Taconic Line 146), C57BL/6-OT-II 
(Taconic Line 187), and C57BL/6 CD4-Cre (Taconic Line 4196) 
were obtained from the National Institute of Allergy and Infec-
tious Diseases (NIA​ID)–Taconic repository. To generate Bhl-
he40fl/fl-CD4-Cre mice, mouse embryonic stem cells containing 
the Bhlhe40tm1a(KOMP)Wtsi allele (clone EPD0208_6_A02) were 
obtained from the University of California, Davis, KOMP Repos-
itory. This allele has a trapping cassette, SA-βneo-pA (splice 
acceptor-β-neo-polyA), flanked by flippase recombinase (Flp) 
target FRT sites upstream of exon4, resulting in truncation of 
the endogenous transcript and thus creating a constitutive null 
mutation. The cassette also tags the gene with a lacZ reporter. 
The FRT flanked region can be removed by Flp, but exon4, a crit-
ical exon, remains intact. Exon4 can be further removed by the 
Cre recombinase to achieve a cKO. The embryonic stem cells were 
injected into C57BL/6 blastocysts. Chimeric mice were born and 
mice were genotyped by Southern blotting as per instructions of 
the IKMC project 24480. After successful germline transmission, 
Bhlhe40+/flox-frt-neo mice were crossed with Flpe mice to facilitate 
in vivo FRT-neo deletion. The Bhlhe40flox/flox (fl/fl will be used 

herein to indicate Bhlhe40flox/flox for simplicity) mice were further 
crossed with CD4-Cre transgenic mice to generate Bhlhe40fl/fl- 
CD4-Cre cKO mice in C57BL/6 background. To generate mice 
capable of Bhlhe40 inactivation in T reg cells, Bhlhe40fl/fl mice 
were crossed with Foxp3-IRES-YFP-Cre mice (Foxp3-Cre mice, 
gift from A. Rudensky, Sloan-Kettering Institute, New York, NY; 
Rubtsov et al., 2008) to generate Bhlhe40fl/fl–Foxp3-Cre mice. All 
mice were genotyped as instruction of IKMC project 24480 by 
PCR using primer pairs: 5′-GGG​GGA​GAT​GCT​CTT​CTG​AT-3′ and 
5′-GGG​GAA​GTC​TCC​CAT​AAC​CT-3′; 5′-CAC​TTG​CTG​ATG​CGG​TGC​
TGA​TTAC-3′ and 5′-GAC​ACC​AGA​CCA​ACT​GGT​AAT​GGT​AG-3′; 
5′-CTG​ACC​GTA​CAC​CAA​AAT​TTGC-3′ and 5′-GAT​CCT​GGC​AAT​
TTC​GGC​TAT​ACG-3′. Bhlhe40fl/fl and Bhlhe40fl/fl-CD4-Cre mice 
were maintained by genotyping using primer pairs: to check 
last exon4 deletion using 5′-GGG​GGA​GAT​GCT​CTT​CTG​AT-3′ and 
5′-GGG​GAA​GTC​TCC​CAT​AAC​CT-3′; to select CD4-Cre positive 
using 5′-CTG​ACC​GTA​CAC​CAA​AAT​TTGC-3′ and 5′-GAT​CCT​GGC​
AAT​TTC​GGC​TAT​ACG-3′. For Foxp3-Cre, primer pair-1: 5′-CCA​
GAT​GTT​GTG​GGT​GAG​TG-3′ and 5′-TGG​ACC​GTA​GAT​GAA​TTT​
GAG​TT-3′; and primer pair-2: 5′-AGG​ATG​TGA​GGG​ACT​ACC​TCC​
TGTA-3′ and 5′-TCC​TTC​ACT​CTG​ATT​CTG​GCA​ATTT-3′.

To generate Bhlhe40fl/fl-OT-II and Bhlhe40fl/fl-CD4-Cre-OT-II 
mice, Bhlhe40fl/fl and Bhlhe40fl/fl-CD4-Cre mice were crossed 
with C57BL/6-OT-II transgenic mice. OT-II transgene was 

Figure 3. Bhlhe40 expression in T cells is required 
for colitis induction. (A) Rag1−/− mice received 
sorted naive CD4+CD25−CD45RBhi T cells from either 
WT (red dots) or Bhlhe40 cKO (black squares) or 
injected i.v. with PBS (blue diamonds) as the con-
trol group. Mice were weighed weekly. Statistical 
significance of body weight of Bhlhe40 cKO versus 
WT (mean ± SEM, n = 5) at different time points was 
determined by a two-tailed unpaired Student’s t test. 
Data are representative of three independent exper-
iments. (B) Graphical representation of the absolute 
number of CD4 T cells harvested from spleen and 
mesenteric lymph node (MLN) of Rag1−/− mice, in 
which sorted naive CD4+CD25−CD45RBhi T cells from 
either WT (dots) or Bhlhe40 cKO mice (squares) were 
i.v. transferred for 4 wk (n = 3 per group) are shown. 
Data are representative of two independent exper-
iments. (C) Percentages of IFN-γ+ and IL-17A+ cells 
among the CD4+CD44hi T cells in spleen and MLN 
from Rag1−/− mice received WT (dots) or Bhlhe40 cKO 
transfer (squares) cells for 8 wk (mean ± SEM, n = 5, 
right). Data are representative of three independent 
experiments. (D) Sorted naive CD4 T cells from WT 
or Bhlhe40 cKO were transferred into Rag1−/− mice. 
2 wk after transfer, CD4 T cells were sorted from the 
spleens and RNAs were prepared from sorted cells. 
Real time PCR analysis of Ifng and Il10 mRNA was 
performed (mean ± SEM, n = 5). Data are represen-
tative of two independent experiments. (E) Sorted 
naive CD4 T cells from C57BL/6 or Bhlhe40 cKO 
were transferred into Rag1−/− mice. 2 wk after trans-
fer, cells from MLN were restimulated with PMA plus 
ionomycin, and then intracellular staining for IFN-γ 
and IL-10 was performed. Flow plots were gated on 
CD4+CD44hi cells. ns, not significant; *, P < 0.05;  
**, P < 0.01; ***, P < 0.001; Student’s t test. Data are 
representative of two independent experiments.
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genotyped by PCR using primer pairs: 5′-AAA​GGG​AGA​AAA​AGC​
TCT​CC-3′ and 5′-ACA​CAG​CAG​GTT​CTG​GGT​TC-3′; 5′-GCT​GCT​GCA​
CAG​ACC​TACT-3′ and 5′-CAG​CTC​ACC​TAA​CAC​GAG​GA-3′.

All the mice were bred and/or maintained in the NIA​ID-spe-
cific pathogen free animal facility, and the experiments were 
done when mice were 8- to 14-wk old under protocols approved 
by the NIA​ID Animal Care and Use Committee.

Cell Preparation and cell sorting
Total CD4 T cells were purified by using mouse CD4 (L3T4) 
microbeads (Miltenyi Biotec Inc.) according to the manufactur-
er’s instructions. Naive CD4 T cells were isolated from lymph 
nodes. Lymph node cells were stained with FITC-anti-CD4, PE-an-
ti-CD25, and APC-anti-CD45Rb and then sorted for CD4+CD25−

CD45Rbhi population using FAC​SAria (BD Biosciences). For some 
in vitro culture experiments, lymph node cells were stained 
with APC-anti-CD4, APC-Cy7-anti-CD44, PE-anti-CD25, and PB- 
anti-CD62L and then sorted for CD4+CD44loCD25−CD62Lhi naive 
CD4 population.

Cell culture and proliferation assay
Cell culture medium and conditions were described previously 
(Yu et al., 2015). CFSE (Invitrogen Corporation) was used to 
detect the proliferation of naive CD4 T cells according to the 
manufacturer’s instructions. Cells were harvested on day 4, and 
the intensity of CFSE staining of CD4 T cells was determined 
by using a flow cytometer LSR​II (BD Biosciences) and anal-
ysis was performed with FlowJo software (Tree Star). Equal 
numbers of sorted naive CD4 T cells were stimulated with 

plate-bound anti-CD3 (145-2C11) and anti-CD28 (37.51) in the 
absence or presence of IL-2 (50 U/ml) containing RPMI 1640 
media. The number of live cells was counted on day 4 after try-
pan blue staining.

In vitro T cell differentiation and staining
Sorted naive CD4 T were stimulated with plate-bound anti-CD3 
(145-2C11) and anti-CD28 (37.51) or with APC prepared from T 
cell–depleted splenocytes (Zhu et al., 2012). All cytokines used 
in cell culture were purchased from PeproTech. T cell–depleted 
splenocytes were prepared by incubation with anti-Thy1.2 mAb 
supernatant and rabbit complement (Cedarlane Laboratories 
Limited) at 37°C for 45 min followed by irradiation at 30 Gy 
(3,000 rad). Naive CD4 T cells were cultured with irradiated T 
cell–depleted splenocytes at a ratio of 1:5 in the presence of 1 µg/
ml of anti-CD3 and 3 µg/ml of anti-CD28 for 3–4 d with various 
combinations of antibodies and cytokines: for Th1 cell conditions, 
50 IU/ml of hIL-2, 10 ng/ml of IL-12, and 10 µg/ml anti-IL-4 (11B11; 
some Th1 cell cultures include 10 ng/ml IFN-γ or IL-27 10ng/ml 
as specified); for Th17 cell conditions, 5 ng/ml TGF-β, 10 ng/ml 
IL-6, 10 ng/ml IL-1β, 10 µg/ml anti-IL-4, 10 µg/ml anti-IL-12, and 
10 µg/ml anti-IFN-γ; for Th2 cell conditions, 50 IU/ml of hIL-2, 
10 ng/ml of IL-4, 10 µg/ml anti-IL-12, and 10 µg/ml anti–IFN-γ. 
For inducible T reg cell–polarizing condition, cells were cultured 
with plate-bound anti-CD3/CD28 in the presence of 100 IU/ml 
of hIL-2, 5 ng/ml TGF-β, 10 µg/ml anti–IL-4, 10 µg/ml anti–IL-12, 
and 10 µg/ml anti–IFN-γ for 4 d. For cells cultured in neutral 
conditions (Thneu), 50 IU/ml of hIL-2. In some Thneu cell cul-
tures, naive CD4 T cells from OTII mice with dendritic cells (DCs) 

Figure 4. Bhlhe40 cKO mice are susceptible to T. gondii 
infection. (A) Bhlhe40 WT and cKO mice were infected i.p. 
with a mean of 15–20 ME49 cysts of T. gondii. Survival of 
infected mice was monitored. The survival curves shown 
are one representative of two independent experiments 
preformed (n = 11 per group). (B) T. gondii–infected mice 
were treated i.p. with anti–IL-10R or control IgG1 at 2 d 
before and 2 d after infection. Survival of infected mice (WT 
with control IgG1, dots; cKO with control IgG1, squares; 
cKO with anti–IL-10R, diamonds) was monitored daily (n = 
7–8). The data shown are the pooled results from two inde-
pendent experiments. (C) T. gondii–infected mice were 
treated i.p. with anti–IL-10R or control IgG1 at 2 d before 
and 2 d after infection. Parasite burden was determined by 
counting infected cells in cytospin smears obtained from 
PECs on day 8 (mean ± SEM, n = 3–6). *, P < 0.05; Student’s 
t test.Data are representative of two independent experi-
ments, and similar results were obtained in a third experi-
ment analyzed on day 13. (D) PECs from 13-d infected mice 
were stained with tetramer to assess the frequency of T. 
gondii AS15 peptide-specific CD4 T cells. These PECs were 
also cultured with STAg for 3 d. IFN-γ and IL-10 production 
by T. gondii antigen-specific cells were measured by ELI​SA 
(mean ± SEM, n = 3–6). ns, not significant; **, P < 0.01; 
***, P < 0.001; ****, P < 0.0001; Student’s t test. Data are 
representative of two independent experiments.
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purified by CD11c microbeads (Miltenyi Biotec Inc.) were acti-
vated by OVA323–339 peptide (10 µM) in the absence or presence 
of either 10 ng/ml IFN-γ or 10 µg/ml anti–IFN-γ as indicated. All 
cytokines used in cell culture were purchased from PeproTech. 
All antibodies used in cell culture were purchased from Harlan. 
Cell surface molecules were stained in PBS with 2% FBS. Cells 
were stimulated with 10 ng/ml PMA and 500 nM ionomycin for 
4 h or stimulated with plate-bound anti-CD3/anti-CD28 for 5 h 
in the presence of 2 mM monensin during the last 2 h. Cells were 
stained with a cocktail of fixable viability dye (eBioscience) and 
antibodies to cell surface markers and then fixed with 4% para-
formaldehyde for 10 min at room temperature and permeabilized 
in PBS containing 0.5% Triton X-100 and 0.1% BSA. They were 
then stained intracellularly for cytokines. Staining for transcrip-
tion factors was performed with the Foxp3 Staining Buffer Set 
(eBioscience) according to the manufacturer’s instructions. Flow 
cytometry data were collected with an LSR II (BD Biosciences) 
and the results were analyzed by using FlowJo software (Tree 
Star). Antibodies specific for mouse CD4 (RM4-5), CD25 (PC61.5), 
CD44 (IM7), CD45.1 (A20), CD45Rb (C363.16A), IL-4 (11B11), IFN-γ 
(XMG1.2), IL-17A (TC11-18H10), Foxp3 (FJK-16s), T-bet (4B10), 
and Fixable Viability Dye eFluor 506 were purchased from eBio-
science; antibodies specific for mouse FCγII/III (2.4G2) were 
obtained from Harlan.

T cell transfer model of colitis
Sorted naive CD4+CD25−CD45RBhi T cells from either C57BL/6, 
Bhlhe40fl/fl, or Bhlhe40fl/fl-CD4-Cre mice were adoptively trans-
fer to Rag1−/− recipient mice (Line 146). Each mouse received 
2∼3 × 105 naive CD4 T cells intravenously. In some experi-
ments, CD4+CD25+ YFP+ T reg cell population were sorted from 
lymph nodes of Bhlhe40fl/+-Foxp3-Cre, Bhlhe40fl/fl-Foxp3-Cre 
mice stained with APC-anti-CD4 and PE-anti-CD25. They were 
cotransferred with sorted naive CD4+CD25−CD45RBhi T cells from 
CD45.1 congenic mice into Rag1−/− recipients at a 1:4 ratio. The 
body weight of mice was monitored weekly for all experiments.

Induction of EAE
For induction of active EAE, 8- to 10-wk-old female Bhlhe40fl/fl 
WT or Bhlhe40fl/fl-CD4-Cre mice were immunized at two sites 
subcutaneously with 150 µg MOG35–55 in complete Freund’s 
adjuvant (Sigma) containing Mycobacterium tuberculosis strain 
H37Ra (5 mg/ml; Difco). Mice were injected i.p. on days 0 and 2 
with 200 ng pertussis toxin (Difco) in PBS. EAE was clinically 
assessed by daily assignment of scores on a scale of 0–5 as fol-
lows: partially limp tail, 0.5; completely limp tail, 1; limp tail and 
waddling gait, 1.5; paralysis of one hind limb, 2; paralysis of one 
hind limb and partial paralysis of the other hind limb, 2.5; paral-
ysis of both hind limbs, 3; ascending paralysis, 3.5; paralysis of 
trunk, 4; moribund, 4.5; and death, 5.

T. gondii infection
Type II avirulent strain ME49 cysts were obtained from the 
brains of chronically infected C57BL/6 mice. To eliminate host 
cell contamination, the cyst preparations were treated with 
pepsin. Mice were inoculated i.p. with a mean of 15–20 cysts 
per animal. WT and Bhlhe40 CKO mice were injected i.p. with 

1 mg per animal of the anti–IL-10R (1B1.3a) or the IgG1 isotype 
control antibody (BioXCell) on days −2 and 2 of T. gondii infec-
tion. Parasite burden was determined by counting infected 
cells in cytospin smears obtained from peritoneal exudate cells 
(PECs) on day 8 and 13. PECs harvested 13 d after infection were 
stained at 37°C for 1 h with Tetramer I-Ab-AVE​IHR​PVP​GTA​PPS-
APC or -BV421 provided by the National Institutes of Health 
Tetramer Core Facility to assess AS15 peptide-specific CD4 T 
cells (Grover et al., 2012). Serum levels of AST were measured 
using a commercial kit (Roche Diagnostic) in an automatic ana-
lyzer (Cobas C501; Roche).

ELI​SA
Total PEC samples were cultured with T. gondii–soluble 
tachyzoite antigen (STAg, 5 µg/ml) in complete RPMI for 3 d. 
The samples were centrifuged and the supernatant was used to 
measure the levels of IFN-γ and IL-10 using mouse Quantikine 
ELI​SA kits for IFN-γ and IL-10 (R&D systems). Experiments were 
performed following the manufacturer’s instructions.

RNA Purification and Quantitative PCR
Total RNAs were isolated using a combination of TRIzol (Invit-
rogen) and RNeasy kit (QIA​GEN). cDNAs were prepared using 
SuperScript III Reverse transcription (Invitrogen). Quantitative 
PCR was performed on a 7900HT Sequence Detection System 
(Applied Biosystems) using the following predesigned primer/
probe sets: Ifng (Mm99999071_m1), Il10 (Mm00439616_m1), and 
Cd4 (Mm00442754_m1; all purchased from Thermo Fisher).

RNA-Seq
Naive CD4 T cells sorted from WT C57BL/6 or Bhlhe40fl/fl-CD4-
Cre mice were cultured with plate-bound anti-CD3 and anti-CD28 
under Th1-polarizing conditions for 3 d and then restimulated 
with PMA plus ionomycin for 2  h. Samples were prepared in 
duplicates. Total RNAs were isolated using Qiagen’s miRNeasy 
micro kit (217084; Qiagen). PolyA-tailed RNAs were purified 
from pure total RNA using Dynabeads mRNA DIR​ECT kit (61012; 
Ambion Life Technologies). Library constructions and RNA-
Seq follow the protocols described previously (Chepelev et al., 
2009). 50-bp reads were generated by the National Heart, Lung, 
and Blood Institute DNA Sequencing and Computational Biology 
Core. Sequence reads were mapped to mouse genome (mm9) by 
using bowtie 2 with default settings (Langmead and Salzberg, 
2012). Reads mapped to multiple positions (MAPQ < 10) were 
discarded. The mRNA expression level of a gene was quantified 
by RPKM (Mortazavi et al., 2008) with in-house script. Differen-
tially expressed genes were identified by edgeR 3 (Robinson et al., 
2010) with the following criteria: false discovery rate < 0.01, fold 
change log2 ≥ 1, and RPKM ≥ 2.

Statistics
Groups were compared using the Prism 6 software (GraphPad) 
using a two-tailed unpaired Student’s t test or an ordinary one-way 
ANO​VA. Data were presented as mean ± SEM. A p-value <0.05 was 
considered statistically significant and indicated as *; P < 0.01 was 
indicated as **; P < 0.001 was indicated as ***; and P < 0.0001 was 
indicated as ****. Not statistically significant was indicated as ns.
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Accession code
The RNA-Seq datasets are available in the Gene Expression 
Omnibus database under the accession no. GSE103173.

Online supplemental material
Fig. S1 shows schematic of  Bhlhe40fl/fl-CD4-Cre (Bhlhe40 
cKO) mouse construction; EAE induction in WT and Bhlhe40 
cKO mice; functions of Bhlhe40-deficient T reg cells in sup-
pressing colitis; in vitro differentiation of WT and Bhlhe40 
cKO cells under Th1, Th2, Th17, and inducible T reg cell–
polarizing conditions; cell proliferation and expansion of 
WT and Bhlhe40 cKO cells; and T-bet expression in WT and 
Bhlhe40 cKO Th1 cells. Fig. S2 shows WT and Bhlhe40 cKO 
cell coculture under Th1 conditions; RT-PCR analysis of Ifng 
and Il10 mRNAs in WT and Bhlhe40 cKO Th1 cells; serum IL-12 
and AST levels in WT and Bhlhe40 cKO mice after T. gondii 
infection. Table S1 is an Excel file of differentially expressed 
genes between in vitro–generated WT and Bhlhe40 cKO Th1 
cells with their RPKM values.
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