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I M M U N O L O G Y

m6A demethylase ALKBH5 controls CD4+ T cell 
pathogenicity and promotes autoimmunity
Jing Zhou1,2,3†, Xingli Zhang1,2†, Jiajia Hu4†, Rihao Qu5,6, Zhibin Yu1,2, Hao Xu3, Huifang Chen1,2, 
Lichong Yan3, Chenbo Ding1,2,3, Qiang Zou1, Youqiong Ye1, Zhengting Wang7,  
Richard A. Flavell3,8*, Hua-Bing Li1,2,3*

N6-methyladenosine (m6A) modification is dynamically regulated by “writer” and “eraser” enzymes. m6A “writers” 
have been shown to ensure the homeostasis of CD4+ T cells, but the “erasers” functioning in T cells is poorly un-
derstood. Here, we reported that m6A eraser AlkB homolog 5 (ALKBH5), but not FTO, maintains the ability of naïve 
CD4+ T cells to induce adoptive transfer colitis. In addition, T cell–specific ablation of ALKBH5 confers protection 
against experimental autoimmune encephalomyelitis. During the induced neuroinflammation, ALKBH5 deficiency 
increased m6A modification on interferon- and C-X-C motif chemokine ligand 2 messenger RNA (mRNA), thus 
decreasing their mRNA stability and protein expression in CD4+ T cells. These modifications resulted in attenuated 
CD4+ T cell responses and diminished recruitment of neutrophils into the central nervous system. Our findings 
reveal an unexpected specific role of ALKBH5 as an m6A eraser in controlling the pathogenicity of CD4+ T cells 
during autoimmunity.

INTRODUCTION
N6-methyladenosine (m6A) is one of the most abundant modifica-
tions in mRNA and primarily distributed in 3′ untranslated regions, 
long internal exons, and around the stop codons of mRNA (1, 2). 
This modification is mainly controlled by three types of proteins: 
methyltransferases as “writers,” demethylases as “erasers,” and spe-
cific m6A-binding proteins as “readers” (3). By affecting adenosine 
methylation, these proteins regulate mRNA metabolism, including 
decay, splicing, and translation (4–6). Although the presence of m6A 
is associated with numerous physiological and pathological pro-
cesses, the understanding of the impact of this modification on 
immune cell development and functionality remains limited.

The m6A “writer” complex consists of three core proteins: 
methyltransferase-like 3 (METTL3), METTL14, and Wilms tumor 
1–associated protein (3, 7). Our previous results demonstrated that 
METTL3 governs the homeostasis and differentiation of T cells by 
targeting the interleukin-17 (IL-7)/signal transducer and activator 
of transcription 5 (STAT5)/suppressor of cytokine signaling (SOCS) 
pathway (8) and controls the function and stability of regulatory 
T cells (Tregs) by targeting the IL-2/STAT5/ suppressor of cytokine 
signaling (SOCS) signaling pathway (9). A recent study indicated 
that METTL3-mediated mRNA m6A methylation promotes the 
function of dendritic cells (DCs), up-regulating the translation of 
target genes responsible for activating T cells and enhancing cytokine 

production induced by the Toll-like receptor 4/nuclear factor B sig-
naling (10). These results not only suggest that the writer proteins en-
hance the degradation of target mRNAs to exert physiological functions 
in immune cells (3, 11) but also raise the possibility that m6A “eraser” 
enzymes may be involved in regulating immune cell homeostasis.

To date, two m6A eraser enzymes have been identified: the fat 
mass and obesity-associated protein (FTO) (12) and the alkylated 
DNA repair protein AlkB homolog 5 (ALKBH5) (13). FTO modulates 
alternative splicing by removing m6A in the vicinity of splice sites 
and preventing the binding of serine- and arginine-rich splicing 
factor 2 (14). ALKBH5 regulates the stability of target mRNA (15) 
and decreases the export of mRNA to the cytoplasm (13). Previous 
research demonstrated that ALKBH5-deficient macrophages restrict 
viral infection more effectively than wild-type (WT) cells by in-
creasing mRNA decay and reducing the expression of -ketoglutarate 
dehydrogenase (OGDH) protein, thus conferring host resistance 
against viral infection (16). Given the importance of the writer pro-
teins in T cell function, it remains to be established whether, and, if 
so, to what extent, the m6A eraser proteins contribute to the regula-
tion of T cell homeostasis and function.

Here, we found that, in comparison with FTO, ALKBH5 mRNA 
expression was specifically up-regulated upon T cell activation. 
Therefore, we constructed lineage-specific deletion of ALKBH5 in 
T cells (Alkbh5flox/floxCd4Cre) and documented that the transfer of 
naïve ALKBH5-deficient CD4+ T cells into lymphopenic Rag2−/− 
recipients failed to induce colitis. In addition, Alkbh5flox/floxCd4Cre 
mice with experimental autoimmune encephalomyelitis (EAE) 
exhibited a less severe course of the disease than WT littermates. 
Moreover, the ablation of ALKBH5 increased m6A modification on 
interferon- (IFN-) and C-X-C motif chemokine ligand 2 (CXCL2) 
mRNA in CD4+ T cells, thereby reducing mRNA stability and cor-
responding protein expression. These modifications resulted in im-
paired responses of CD4+ T cells and a decreased recruitment of 
neutrophils into the central nervous system (CNS) during neuro
inflammation. These findings reveal that m6A eraser protein ALKBH5 
exerts an unexpected biological function during T cell–mediated 
inflammation and autoimmunity.
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RESULTS
The expression of ALKBH5 is up-regulated specifically upon 
T cell activation
Our previous results demonstrated that the deletion of m6A writer 
enzyme METTL3  in CD4+ T cells leads to the disruption of their 
homeostatic proliferation and differentiation into effector cells (8). 
Moreover, the lack of METTL3 in Tregs results in severe autoimmune 
disease because of the absence of suppressive activity of these cells 
(9). However, the effect of m6A eraser enzymes on the regulation of 
T cell development and function remains unclear. The analysis of 
the Immunological Genome Project database revealed that different 
T cell populations have an abundant expression of ALKBH5 and 
low expression of FTO (fig. S1A). We further validated that naïve 
CD4+ T cells predominately expressed ALKBH5 compared with 
FTO when activated with anti-CD3/CD28 for 0, 12, and 72 hours 
(fig. S1B). Given the significance of T helper (TH) cells in regulating 
immune responses (17), we cultured distinct TH cell subsets differ-
entiated from naïve CD4+ T cells in vitro and found an increased 
expression of ALKBH5 mRNA in TH1, TH2, TH17, and Treg cells 
compared with naïve CD4+ T cells (Fig. 1A). Also, ALKBH5 mRNA 
expression was up-regulated in naïve CD4+ T cells upon in  vitro 
activation with anti-CD3/CD28 antibodies at different time points 
(Fig. 1C). However, no evident change in the expression of FTO 
mRNA was observed in different subsets of TH cells or after activa-
tion of T cell receptor (TCR) signaling (Fig. 1, B and D). These find-
ings suggest that ALKBH5, as a major m6A eraser enzyme, may 
have a role in regulating T cell function.

To determine the function of the eraser proteins in T cells, we 
used the CRISPR-Cas9 method to construct Alkbh5flox/flox mice (fig. 
S1C) and crossed the mice with Cd4Cre mice to obtain Alkbh5flox/

floxCd4Cre offspring in which the expression of ALKBH5 mRNA and 
protein was specifically absent in CD4+ T cells (fig. S1, D and E). To 
further explore the role of ALKBH5  in the maintenance of T cell 
homeostasis in vivo, we compared the development of T cells in the 
thymus between WT littermates and Alkbh5flox/floxCd4Cre mice. The 
results demonstrated that the absence of ALKBH5 did not disrupt 
the late stages of T cell development in the thymus (fig. S2, A to C). 
After examining T cell homeostasis in peripheral lymphoid tissues, 
such as the spleen, inguinal lymph node (iLN), and mesenteric 
lymph node, we observed no differences between Alkbh5flox/floxCd4Cre 
and WT mice in T cell composition, activation, apoptosis, prolifer-
ation status, or cytokine secretion (figs. S2, A and D to G, S3, and S4). 
Moreover, there was no difference between these two genotypes in 
the composition of neutrophils, macrophages, DCs, and natural 
killer cells in the spleen and iLN during steady state (fig. S5), sug-
gesting a dispensable role for T cell–specific ALKBH5 ablation in 
the development of other cell lineages. Collectively, these results 
demonstrate that the absence of ALKBH5 does not disrupt T cell 
development in the steady state.

ALKBH5 controls CD4+ T cell ability to induce 
autoimmune colitis
To establish whether ALKBH5 might maintain naïve T cell homeo-
stasis in vivo, we isolated naïve CD4+ T cells from Alkbh5flox/floxCd4Cre 
mice and WT littermates, injected them separately into Rag2−/− 
mice to induce adoptive transfer colitis, and measured the body 
weight of recipient mice weekly. Adoptive transfer colitis is a 
well-established autoimmune colitis model to evaluate the homeo-
static expansion of naïve T cells (8). As expected, mice that had 

received WT naïve CD4+ T cells began to lose weight at 2 weeks after 
transfer (Fig. 1E). In contrast, mice that had received ALKBH5-
deficient naïve CD4+ T cells continued to gain weight, displayed 
milder colitis by endoscopy examination, and had a longer colon, a 
measure of colonic health and integrity, than recipients of WT 
CD4+ T cells (Fig. 1, E to I). These results imply that ALKBH5 controls 
the ability of naïve CD4+ T cells to induce adoptive transfer colitis.

We then analyzed the composition of donor CD4+ T cells at 
12 weeks after the induction of adoptive transfer colitis. The infil-
tration of CD4+ T cells derived from Alkbh5flox/floxCd4Cre mice in the 
recipient’s colon was lower in comparison with cells derived from 
WT mice (Fig. 2, A to C). Moreover, the in vivo activation state and 
proliferation ability of naïve CD4+ T cells derived from WT and 
Alkbh5flox/floxCd4Cre mice were comparable (Fig. 2, D to G). Together, 
these results indicate that the failure of ALKBH5-deficient naïve CD4+ 
T cells to infiltrate into colon tissue after the induction of adoptive 
transfer colitis results in their reduced ability to promote colitis.

T cell–specific deletion of ALKBH5 confers protection 
against EAE
To further identify the role of ALKBH5 in regulating T cell function 
in vivo, we generated an EAE model. EAE is a T cell–driven autoimmune 
disease and is the most commonly used experimental model of the 
human inflammatory demyelinating disease-multiple sclerosis (18, 19). 
During the development of EAE, CD4+ T cells specific for antigens 
expressed in the CNS myelin initiate a localized inflammation that 
leads to demyelination, axonal transection, and clinical deficits (18). 
We found that immunizing WT mice with a myelin-specific auto-
antigen, myelin oligodendrocyte glycoprotein (MOG) peptide MOG35–55, 
led to overt EAE clinical scores (Fig. 3A). However, Alkbh5flox/floxCd4Cre 
mice were resistant to EAE induction (Fig. 3A). Histological stain-
ing revealed reduced lymphocyte infiltration and demyelination in 
the spinal cord of Alkbh5flox/floxCd4Cre mice than in WT littermates 
(Fig. 3B). These results demonstrate that the deletion of ALKBH5 in 
T cells mediates protection against experimental neuroinflammation.

The analysis of T cell composition by flow cytometry documented 
that Alkbh5flox/floxCd4Cre mice had decreased infiltration of CD4+ T cells 
in the CNS but an increased CD4+ T cell number in the draining 
lymphoid nodes (dLNs) than WT mice (Figs. 3, C to E, and 4, A to D). 
Recently, CD8+ T cells were shown to be involved in EAE pathogenesis 
(20, 21); however, we did not found differences in the composition 
of CD8+ T cells in the CNS or dLN between WT and Alkbh5flox/floxCd4Cre 
mice (fig. S6, F and G). Considering the importance of pathogenic 
CD4+ T cells in triggering inflammatory cascades, we sought to 
measure the expression of critical proinflammatory cytokines derived 
from CD4+ T cells, such as IFN-, IL-17A, and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) in EAE (22, 23). We found that 
ALKBH5-deficient CD4+ T cells displayed less robust IFN- secre-
tion in the CNS than the cells from WT mice, but the expression of 
IL-17A and GM-CSF during neuroinflammation remained unaffected 
(Fig. 3, C and F). Given the decreased number of CD4+ T cells in the 
CNS of ALKBH5-deficient mice, the number of different effector 
T cell subsets was also lower than in WT mice (Fig. 3, E and G). 
However, despite the increased CD4+ T cell number in the dLN of 
Alkbh5flox/floxCd4Cre mice, the percentage of effector T cells express-
ing IFN-, IL-17A, or GM-CSF within the population of CD4+ T cells 
in the dLN of Alkbh5flox/floxCd4Cre mice was similar to that in WT 
littermates (Fig.  4,  B,  D  to  F). The comparison of the activation, 
proliferation, and apoptosis of CD4+ T cells from Alkbh5flox/floxCd4Cre 
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and WT mice did not reveal any differences between these mice in 
EAE (fig. S6, A to E). Collectively, these data demonstrate that ALK-
BH5 deficiency inhibits CD4+ T cell trafficking into the CNS during 
EAE and decreases the secretion of IFN- in the CNS.

Our previous work indicated that Tregs require the writer enzyme 
METTL3 to initiate its suppressive functions (9), whether the less 
EAE pathogenesis observed in Alkbh5flox/floxCd4Cre mice was due to 
the increased Tregs inhibitory abilities originating from eraser enzyme 
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Fig. 1. ALKBH5 maintains the ability of naïve CD4+ T cells to induce adoptive transfer colitis. (A and B) Naïve CD4+ T cells isolated from WT mice were differentiated 
into TH1, TH2, TH17, and Treg cell subsets. The expression of Alkbh5 and Fto mRNA was measured by quantitative reverse transcription polymerase chain reaction (RT-qPCR). 
Data represent one of three independent experiments. (C and D) Naïve CD4+ T cells were activated with anti-CD3/CD28 for 0, 12, and 72 hours, and the expression of 
Alkbh5 and Fto mRNA was measured by qPCR. Data represent one of three independent experiments. (E) Naïve CD4+ T cells (5 × 105) from Alkbh5flox/floxCd4Cre mice or WT 
littermates were isolated, labeled with CellTrace, and transferred into Rag2−/− mice. The body weights of recipient mice were measured weekly (n = 11 to 15) and analyzed by 
two-way analysis of variance (ANOVA). Data represent three independent experiments. (F and G) The colons of mice from (E) were obtained at 12 weeks after the adoptive 
transfer colitis model, and representative photographs are shown in (F). (G) The length of the colon in each group was measured between the caecum and proximal rectum (n = 8 
to 11) and analyzed by unpaired t test. Data represent three independent experiments. (H) Representative endoscopic views of the mouse colon after 10 weeks of adoptive 
transfer colitis are described under (E). (I) Colonoscopy severity score of mice in (E) after 10 weeks of adoptive transfer colitis (n = 8 to 11); results were analyzed by un-
paired t test. Data represent three independent experiments. Data are shown as the means ± SEM. ns, not significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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ALKBH5 remains unknown. Therefore, we bred Alkbh5flox/flox mice 
with Foxp3Cre mice to obtain Alkbh5flox/floxFoxp3Cre offspring in which 
the expression of ALKBH5 was specifically deleted in Tregs. However, 
the deficiency of ALKBH5 in Tregs did not affect EAE development 
(fig. S7), which rules out the possibility of Tregs in mediating the 
present phenotypes we observed in Alkbh5flox/floxCd4Cre mice.

Since T cells instruct myeloid cells to induce inflammation and 
trigger pathologic changes during experimental neuroinflam-
mation (24), we assessed the composition of different myeloid 
cells in the CNS, dLN, and spleen in Alkbh5flox/floxCd4Cre and WT 
mice during the course of EAE. There was less accumulation of 

neutrophils in the CNS and increased retention in the dLN and 
spleen in Alkbh5flox/floxCd4Cre mice (Fig. 5, A and D). However, both 
groups of mice displayed comparable composition of macrophages 
and DCs in different organs (Fig. 5, B, C, E, and F). Thus, the lack of 
ALKBH5 in T cells specifically inhibits the ability of T cells to re-
cruit neutrophils into the CNS during neuroinflammation.

Lack of ALKBH5 suppresses the IL-17 signaling pathway 
in CD4+ T cells during EAE
To investigate the mechanisms by which ALKBH5 regulates 
encephalitogenic CD4+ T cell function, we performed RNA sequencing 
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(RNA-seq) analysis of CD4+ T cells isolated from the CNS of 
Alkbh5flox/floxCd4Cre and WT control mice subjected to EAE. RNA-
seq analysis showed that 103 genes were up-regulated and 66 genes 
were down-regulated in Alkbh5flox/floxCd4Cre-derived CD4+ T cells 

compared to WT cells (Fig.  6A). On the basis of the enrichment 
pathway analysis of the RNA-seq data, IL-17 signaling was the most 
down-regulated pathway in Alkbh5flox/floxCd4Cre-derived CD4+ T cells 
compared with WT cells (Fig. 6, B and C). Cxcl2, Cxcl10, and Ifng, 
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which play important roles in IL-17 signaling pathways (25–27), 
showed the significant down-regulation in CD4+ T cells from 
Alkbh5flox/floxCd4Cre mice with EAE when compared with cells from 
WT mice (Fig. 6A). These genes were demonstrated to participate 
in pathogenic function and chemotaxis of T cells and myeloid cells 
during EAE (25). A previous study indicated that TH17 cells in the 
CNS lose the ability to secrete IL-17A and begin to produce IFN-, 
representing an almost exclusive source of this cytokine during EAE; 
they are usually called “ex-TH17 cells” (27). Consistent with these 
findings, we noticed that the lack of ALKBH5 decreased the ratio of 
IFN-+ IL-17A− CD4+ T cells but did not affect IFN-− IL-17A+ 
CD4+ T cells in the CNS (Fig. 6, D and E), indicating that the ab-
sence of IFN- in ALKBH5-deficient ex-TH17 cells might partially 
explain the less pronounced pathologic changes induced by EAE in 
Alkbh5flox/floxCd4Cre mice than in WT littermates.

IFN- not only promotes the pathogenic potential of CD4+ T cells 
(23) but also disrupts the blood-brain barrier and enhances their 
transendothelial migration into the brain (28). These findings are 
consistent with the lower infiltration of CD4+ T cells into the CNS 
in Alkbh5flox/floxCd4Cre mice subjected to EAE than in WT littermates 
(Fig. 3, C to E). Moreover, both Cxcl2 and Cxcl10 can be induced by 
IL-17 during EAE (25), raising the possibility that these genes are 

involved in the IL-17 signaling pathway and may be modulated by 
ALKBH5. Therefore, we validated the potential m6A target genes by 
real-time polymerase chain reaction (PCR) and confirmed that the 
expression of Cxcl2, Cxcl10, and Ifng mRNA was indeed reduced in 
ALKBH5-deficient CD4+ T cells relative to WT cells during neuro
inflammation (Fig. 6F). These findings show that Cxcl2, Cxcl10, and 
Ifng involved in the IL-17 signaling pathway represent potential 
m6A targets.

ALKBH5 ablation decreases IFN- and CXCL2 mRNA stability
On the basis of our previous m6A RNA immunoprecipitation 
(RIP)–sequencing (RIP-seq) data obtained from WT CD4+ T cells 
(8), m6A peaks were enriched on Cxcl2, Cxcl10, and Ifng mRNAs 
(Fig. 7A), we hypothesized that these mRNAs are m6A targets di-
rectly modulated by ALKBH5. To explore how the loss of ALKBH5 
affects the expression of Cxcl2, Cxcl10, and Ifng mRNA during neu-
roinflammation, we evaluated the m6A modification on these genes 
using m6A RIP-quantitative reverse transcription PCR (RT-qPCR). 
This approach was based on the essential function of ALKBH5 as an 
m6A eraser (13). In comparison with WT CD4+ T cells, only Cxcl2 
and Ifng m6A enrichment was found to be specifically increased in 
ALKBH5-deficient CD4+ T cells (Fig. 7B). However, the m6A level 
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of Cxcl10 mRNA remained unchanged (Fig. 7B), implying that 
Cxcl10 mRNA is not the target of m6A modification by ALKBH5 in 
CD4+ T cells during EAE. The m6A methylation of mRNA primarily 
affects its stability by promoting RNA decay (4, 5). To further vali-
date whether the degradation of Cxcl2 and Ifng mRNA was modu-
lated by m6A, we performed RNA decay assays and found that the 
levels of both Cxcl2 and Ifng mRNA decreased faster in ALKBH5-
deficient CD4+ T cells than in WT CD4+ T cells after actinomycin-D 
treatment for different hours (Fig. 7, C and D). These results suggest 
that ALKBH5 ablation specifically increases m6A modification on 
Cxcl2 and Ifng mRNA, decreasing their stability in CD4+ T cells 
during EAE.

Since we have demonstrated that the expression of IFN- pro-
tein in ALKBH5-deficient CD4+ T cells in the CNS during EAE was 
lower than in WT CD4+ T cells (Fig. 3, C and F), we measured the 
expression of CXCL2 protein in the CNS CD4+ T cells during the 
experimental neuroinflammation by flow cytometry. We found that 
the expression of CXCL2 protein was lower in ALKBH5-deficient 

CD4+ T cells than in WT CD4+ T cells (Fig. 7, E and F). CXCL2 is a 
potent chemokine that can recruit different myeloid cells, particu-
larly neutrophils, to promote robust inflammation in the meninges 
in EAE (29, 30). We also observed that the deficiency of ALKBH5 in 
CD4+ T cells specifically inhibited neutrophil recruitment into the 
CNS during EAE (Fig. 5). Thus, these data indicate that the en-
hancement of m6A modification in ALKBH5-deficient CD4+ T cells 
leads to a decreased stability of Cxcl2 and Ifng mRNA and protein, 
suppressing CD4+ T cell function and neutrophil recruitment 
during the CNS autoimmunity (Fig. 7G).

DISCUSSION
m6A modification regulates many aspects of mRNA metabolism, 
including the splicing, stability, and translation of mRNA (31, 32). 
Several identified m6A machines, such as the writers, erasers, and 
readers, participate in the control of numerous fundamental biological 
processes, such as cell differentiation (33, 34), tumorigenesis (35, 36), 
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DNA damage repair (37), and immune responses (10, 16, 38, 39). 
Our previous work also suggested that T cell homeostasis can be 
regulated by m6A writer proteins METTL3 and METTL14 (8, 9). 
However, whether m6A eraser proteins contribute to T cell develop-
ment and function remains unknown. In the present study, we in-
vestigated the involvement of the eraser protein ALKBH5 in CD4+ 
T cell–mediated pathogenesis and identified target mRNAs regulated 
by ALKBH5 during autoimmunity.

ALKBH5, the second identified demethylase, has been reported 
to control immune responses in some recent studies. For example, 
the synthesis of type I IFN (IFN-I), initiated by double-stranded 

DNA or human cytomegalovirus, is regulated by ALKBH5 (40). 
RNA helicase DEAD-box 46 recruits ALKBH5 to restrain antiviral 
innate immune responses by erasing m6A modification of antiviral 
transcripts entrapped in the nucleus (41). Moreover, ALKBH5-
deficient macrophages display IFN-I–independent resistance to 
viral exposure by increasing mRNA decay and reducing the expres-
sion of OGDH protein (16). However, whether ALKBH5 is involved 
in governing T cell immune responses has not been demonstrated. 
By using lineage-specific deletion of ALKBH5 in T cells, we docu-
mented that ALKBH5 does not affect the development and function 
of T cell in vivo at a steady state, but it controls the ability of CD4+ 
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T cells to induce adoptive transfer colitis and EAE pathogenesis. 
These results imply the potential and importance of ALKBH5 in 
promoting CD4+ T cell function during pathologic processes and 
indicate the functional similarity between ALKBH5 and m6A writer 
enzyme METTL3 in directing CD4+ T cell function (8). Besides, al-
though our previous research demonstrated that METTL3 controls 
the global suppressive functions of Tregs (9), the lack of ALKBH5 in 
Tregs does not affect their inhibitory roles against EAE develop-
ment in our current work, which further indicates the selectivity 
and asymmetry in the actions of the m6A writers and erasers in con-
trolling CD4+ T cells function. These results depict the complexity 
of this epigenetic regulation and raise the possibility that other un-
identified erasers may play opposite roles in modulating CD4+ T cell 
function compared with the writers.

To fully understand how ALKBH5 regulates CD4+ T cell responses 
in vivo, we used the EAE model in which CD4+ T cells are critical to 
initiate a localized inflammatory process (18). We documented that 
ALKBH5 deficiency in CD4+ T cells renders mice resistant to 
EAE. During the onset of the disease, myelin-specific CD4+ T cells 
are activated, migrate through the blood-CNS barrier, and home to 
the CNS where they secrete a large amount of proinflammatory 
cytokines and chemokines. As a result, more pathogenic cells are 
attracted, initiating an inflammatory cascade (18). The analysis of 
the immune cells from ALKBH5-deficient mice after the EAE chal-
lenge identified a reduction in the infiltration of CD4+ T cells into 
the CNS, with more retention in the dLN. This finding indicated 
that ALKBH5 is essential for the recruitment of CD4+ T cells into 
target organs. Mechanistically, although our previous published 
CD4+ T cell m6A RIP-seq database (8) suggested that m6A peaks are 
enriched on Cxcl2, Cxcl10, and Ifng mRNAs, the m6A RIP-qPCR 
results further demonstrated that only the m6A levels on Cxcl2 and 
Ifng mRNAs were substantially increased in ALKBH5-deficient 
CD4+ T cells, without affecting m6A enrichments on Cxcl10 mRNA.  
These data jointly reveal that Cxcl2 and Ifng are m6A targets specif-
ically regulated by ALKBH5 and showed the selectivity of writers 
and erasers in choosing the m6A sites. However, we still cannot ex-
clude the presence of other potential m6A targets that may be modu-
lated by ALKBH5, for we have limited access to obtain enough 
CD4+ T cells from the CNS during EAE to carry out the m6A RIP-
seq. The combination of m6A RIP-seq and RNA-seq with the T cells 
isolated from the CNS before and during EAE could further illumi-
nate additional drivers that may contribute to the observed pheno-
types in our study, which will depend on the future technological 
advances in m6A RIP-seq.

We demonstrated that ALKBH5 controls CD4+ T cell function 
during EAE by erasing the m6A modification on CXCL2 and IFN- 
mRNA, both of the genes involved in the IL-17 signaling pathway. 
Considering the selectively decreased IFN- secretion by ALKBH5-
deficient CD4+ T cells in the CNS demonstrated in our current 
study, the IL-17 signaling pathway indicates that a specific T cell 
subset, i.e., ex-TH17 cells, which are unstable and cease to express 
IL-17A but begin to produce IFN- in EAE (27), may represent the 
target cells regulated by ALKBH5. Besides, IFN- can enhance the 
pathogenicity and transendothelial migration of CD4+ T cells during 
EAE (23, 28), this is consistent with the observation that the defi-
ciency of ALKBH5 dampened the infiltration of CD4+ T cells into 
the CNS. But whether the more retention of ALKBH5-deficient 
CD4+ T cells in the dLN is due to attenuated CNS inflammation or 
a cell-intrinsic deficiency remains to be further determined. Moreover, 

tissue damage in the CNS requires neutrophil infiltration in which 
CXCL2 activated by IL-17A plays a major promoting role (29, 42). 
The present study also provided evidence that ALKBH5 enhances 
the expression of CXCL2 protein in CD4+ T cells, which can explain the 
increased migration of neutrophils into the CNS during EAE in WT 
littermates in comparison with Alkbh5flox/floxCd4Cre mice. Collectively, 
these data document the previously unrecognized role of ALKBH5 in 
regulating CD4+ T cell function in autoimmune reactions.

Although both ALKBH5 and FTO are important eraser proteins, 
only the expression of ALKBH5 mRNA increased upon T cell acti-
vation in our study. To exclude entirely the potential of FTO in 
regulating T cell homeostasis or pathology in autoimmunity, we 
also constructed T cell–specific FTO knockout mice. Unexpectedly, 
we found that the ablation of FTO in T cells does not impair T cell 
development or EAE pathogenesis (fig. S8), which contrasts with 
the ability of ALKBH5 to regulate CD4+ T cell function during neuro
inflammation. It will be interesting to elucidate different functions 
between these two erasers in T cells. One possibility can be ad-
vanced that different cell types or pathology processes can be regu-
lated by distinct erasers. Besides, unlike the specificity of ALKBH5 
toward m6A methylation, FTO also functions as the demethylase 
for other RNA modification, including N6-2’-O-dimethyladenosine 
(m6Am) and N1-methyladenosine (m1A) (43). The complex cross-
talk among different epigenetic regulations resulting from the lack 
of FTO in CD4+ T cells may lead to genetic compensation response. 
Thus, our study shows that, generally, the regulation of RNA methyl
ation and, specifically, the removal of m6A from key mRNAs are 
important regulatory steps in controlling the differentiation of T cells 
into effector cells and the pathogenicity of CD4+ T cells during auto
immunity. Given that ALKBH5 is critical in controlling the pathologic 
effects of CD4+ T cells in vivo, whether ALKBH5 may also govern 
CD8+ T cell function upon confrontation with internal or external 
stimuli needs to be further studied.

Together, our work reveals an important role of ALKBH5 in 
modulating CD4+ T cell function during EAE. Specifically, ALKBH5 
decreases m6A modification in CXCL2 and IFN- mRNA, increasing 
transcript stability and protein expression, thus leading to enhanced 
responses of CD4+ T cells and more infiltration of neutrophils into 
the CNS during neuroinflammation. Considering the importance 
of m6A modification as a critical regulator on CD4+ T cell function, 
blocking or inhibiting ALKBH5 may provide previously unidentified 
strategies for therapeutic interventions in autoimmune diseases.

MATERIALS AND METHODS
Mice
Alkbh5 flox/flox mice were constructed using the CRISPR-Cas9–based 
genome-editing system by inserting two loxP sites into the loci 
flanking the first exon, as previously described (44). The guide RNA 
(gRNA) and donor oligos used for the Alkbh5 left side loxP were 
caggctcagcagccacttaa ggg and tt*g*c*ccgaattttcgggttgacatacacctctag
ctctctcctgctcaggctcagcagccacttaa ataacttcgtataatgtatgctatacgaagttat 
gggaatcgtctctgagtggttggagacctgagaggactgtattcacactccacttgtttgctc* 
a*t*t and for the Alkbh5 right side loxP ttgtgtctgaaactcatagc agg 
and gg*t*t*ctgactcgccttttttctttttgcgtgcaaaccataggaagcttgt-
gtctgaaactcatagc ataacttcgtataatgtatgctatacgaagttat aggataagacta-
atgtggaattgtgtacctgcaggcaggtttgaagtggccatagtagcttat*c*t*g. The 
correct integration of the lox sequences into the genome loci was verified 
by genotyping the offspring and sequencing the PCR products.
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Fto flox/flox mice were also constructed using the CRISPR-Cas9–
based genome-editing system as previously described (44). The gRNA 
and donor oligos used for the Fto left side loxP were gcgctcactgga-
gagtgtct ggg and tt*t*g*tttgtgttgaagattattagtagttagagcttcaacctga-
cagcgctcactggagagtgtct ataacttcgtataatgtatgctatacgaagttat gggcgttggtt 
ttgtataaggtttgttttttagactggcaaggtaagaaccctgctggggaaa*a*g*t and for 
the Fto right side loxP ggctccgaagagtacttgat tgg and ct*t*a*actgaatgt-
ggcagaggtcgttgggtggacagtttattgtagggctccgaagagtacttgat ataacttcg-
tataatgtatgctatacgaagttat tggaaactaacttgtatctaattcgactttacaccttatata
cttatatttttggctctgggt*t*g*t. The correct integration of the lox sequenc-
es into the genome loci was verified by genotyping the offspring and 
sequencing the PCR products.

Cd4Cre mice were purchased from the Jackson laboratory, and 
Foxp3Cre mice were constructed before in R.A.F.’s laboratory (45) 
and have been fully backcrossed with C57BL/6 mice for more than 
10 generations. We crossed Alkbh5flox/flox mice with Cd4Cre mice to 
obtain Alkbh5flox/floxCd4Cre offspring in which the expression of 
ALKBH5 is specifically absent in CD4+ T cells; the Alkbh5flox/flox off-
springs were considered as WT littermate controls in our experiments. 
Besides, Alkbh5flox/flox mice were bred with Foxp3Cre mice to obtain 
Alkbh5flox/floxFoxp3Cre offspring in which the expression of ALKBH5 
is specifically absent in Tregs. Because the Foxp3Cre transgene is on 
the X chromosome, we only used male mice to carry out experi-
ments in our study in comparison to WT littermate controls. We 
also crossed Ftoflox/flox mice with Cd4Cre mice to obtain Ftoflox/floxCd4Cre 
offspring in which the expression of FTO is specifically absent in 
CD4+ T cells.

All mice were bred and maintained under specific pathogen–
free conditions at the animal facility of Yale University School of 
Medicine. Mice were used at 8 to 12 weeks of age to carry out exper-
iments. Animals were randomly divided into experimental groups, 
and each cage housed mice from different experimental groups. 
Animal procedures were approved by the Institutional Animal Care 
and Use Committee of Yale University.

Cell isolation
The spleen, thymus, and lymphoid node were pressed through a 
200-gauge mesh. Splenic single-cell leukocyte suspensions were 
prepared by lysing the erythrocytes with red cell lysis buffer (Thermo 
Fisher Scientific). The CNS including the brain and spinal cord 
were removed and pressed through a 200-gauge mesh, and CNS 
mononuclear cells were then collected following 40% Percoll (GE 
Healthcare, no. 17089101) density gradient centrifugation.

For isolation of colon lymphocytes, the colon was cut and 
flushed with ice-cold phosphate-buffered saline (PBS) and then cut 
into 1-cm-long piece and incubated in extraction buffer (2% fetal 
bovine serum, 2 mM EDTA, and 1 mM dithiothreitol in PBS) with 
shaking (200 rpm) at 37°p for 30 min. After extensive washing to 
remove intraepithelial lymphocytes, the lamina propria was minced 
and incubated at 37° with shaking (200 rpm) for 60 min in digestion 
buffer [RPMI with 2% fetal bovine serum, type II collagenase (1 mg/ml), 
and dispase (0.5 mg/ml)]. The supernatant was collected, and 
lymphocytes were purified by Percoll gradient centrifugation.

Antibody staining and flow cytometry
Monoclonal antibodies (mAbs) against CD3 (145-2C11), CD4 (RM4-5), 
CD8 (53-6.7), CD11b (M1/70), CD11c (N418), CD44 (IM7), CD62L 
(MEL-14), CD45 (30-F11), CD45RB (C363-16A), F4/80 (BM8), 
GM-CSF (MP1-22E9), IFN- (XMG1.2), IL-17A (TC11-18H10.1), 

Ly6G (1A8), TCR- (H57-597), and tumor necrosis factor–ɑ (MP6-
XT22) were purchased from BioLegend (San Diego, CA, USA). The 
isolated cells were incubated with rat serum to block Fc receptors 
followed by labeling with fluorescently labeled antibodies. For intra-
cellular cytokines and CXCL2 detection, cells were stimulated with 
phorbol 12-myristate 13-acetate (50 ng/ml; Sigma-Aldrich, St. Louis, 
MO, USA) and ionomycin (1 g/ml; Sigma-Aldrich) in the pres-
ence of GolgiPlug (1 l/ml; BD Biosciences, San Jose, CA, USA) for 
4 hours. After surface staining, cells were fixed, permeabilized using 
a FoxP3/Transcription Factor Buffer Set (eBioscience), and then 
stained with mAbs against the intracellular molecules. For intracel-
lular CXCL2 staining, cells were incubated with goat anti-mouse 
CXCL2 antibody (Invitrogen, no. PA5-47015) followed by Alexa 
Fluor 488–conjugated anti-goat immunoglobulin G (IgG) second-
ary antibody (Invitrogen, no. A-11055). All data were collected with 
BD LSR II and analyzed with FlowJo software (Tree Star, Ashland,  
OR, USA).

Adoptive transfer colitis
Naïve CD4+ T cells were purified from spleens by using the EasySep 
Mouse Naïve CD4+ T Cell Isolation Kit (STEMCELL) and labeled with 
CellTrace Violet (Thermo Fisher Scientific). A total of 5 × 105 naïve 
CD4+ T cells from Alkbh5flox/floxCd4Cre and WT littermate control 
mice were transferred into Rag2−/− mice respectively, and recipient 
mice were measured body weight weekly.

Endoscopic procedures
Colonoscopy was performed in a blinded fashion for colitis scoring 
using a high-resolution mouse video Coloview system (Karl Storz, 
Germany). Colitis scoring was based on stool consistency, vascu-
larity, the granularity of mucosal surface, and translucency of the 
colon (46–48).

Induction and assessment of EAE
EAE was induced by subcutaneous injection with 200 g of mouse 
MOG35–55 peptide (Prespec) emulsified in complete Freund’s adjuvant 
containing heat-killed Mycobacterium tuberculosis H37RA (BD Difco) 
on day 0. Pertussis toxin (200 ng; List Biological Laboratories) was 
intravenously injected on the day of immunization and 2 days after 
immunization. Mice were then monitored and scored every day using 
the following clinical score assessment standard: 0, no clinical signs; 
1, limp tail; 2, paraparesis (weakness, incomplete paralysis of one or 
two hind limbs); 3, paraplegia (complete paralysis of two hind limbs); 
4, paraplegia with forelimb weakness or paralysis; and 5, moribund 
or death, as described previously (49).

Apoptosis assay
7-amino-actinomycin D (7-AAD) was adopted to detect the apoptotic 
state of the cells, and annexin V+ or annexin V/7-AAD double-positive 
cells are apoptotic cells, the double-negative cells are viable.

RNA library preparation, sequencing, and differentially 
expressed genes analysis
Alkbh5flox/floxCd4Cre and Alkbh5flox/flox mice were induced with EAE 
and monitored until the Alkbh5flox/flox mice reached the EAE score 
2-3. CD4+ T cells were sorted from the CNS of Alkbh5flox/floxCd4Cre 
and Alkbh5flox/flox mice. Total RNA was extracted using the TRIzol 
reagent (Invitrogen) according to the manufacturer’s protocol. 
RNA purity and quantification were assessed using the NanoDrop 
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2000 spectrophotometer (Thermo Fisher Scientific, USA), and 
RNA integrity was evaluated using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA). RNA libraries were 
prepared with the NEBNext Ultra II Directional RNA Library Prep 
Kit for Illumina (NEB) according to the manufacturer’s instructions.

The libraries were sequenced on an Illumina HiSeq X Ten 
platform (150–base pair paired-end reads) by OE Biotech Co. Ltd. 
(Shanghai, China). About 50 million raw reads for each sample 
were generated. Raw reads were processed using Trimmomatic (50) 
to get high-quality clean reads. The clean reads were mapped to the 
mouse genome (GRCm38.p6) using HISAT2 (51). FPKM (52) of 
each gene was calculated using Cufflinks (53), and the read counts 
of each gene were obtained by HTSeq-count (54). The DESeq2 (55) 
was used to normalize the raw counts and identify differentially ex-
pressed genes (DEGs; |fold change| > 2; P < 0.05). Volcano plots and 
bar plots were performed using the R package. Kyoto Encyclopedia 
of Genes and Genomes pathway enrichment analysis of DEGs was 
performed using phyper function form R package “stats” based on 
the hypergeometric distribution. Two independent biological repli-
cates were performed for RNA-seq.

Reverse transcription qPCR
Total RNA was isolated from CD4+ T cells with TRIzol reagent 
(Invitrogen) as described in the manufacturer’s instructions and 
reverse-transcribed using the Maxima H Minus Reverse Tran-
scriptase Kit (Thermo Fisher Scientific, no. EP0753). All qPCRs 
were run on Bio-Rad CFX96 real-time system using iTaq Univer-
sal SYBR Green Supermix (Bio-Rad, no. 1725124), and -actin 
was used as an internal control to normalize the data across dif-
ferent samples.

Primer sequences used for qPCR are as follows: Actb (forward, 
5′-AGTGTGACGTTGACATCCGT-3′; reverse, 5′-GCAGCTCAGTAA
CAGTCCGC-3′), Alkbh5 (forward, 5′-CGCGGTCATCAACGAC-
TACC-3′; reverse, 5′- ATGGGCTTGAACTGGAACTTG-3′), Fto 
(forward, 5′-GCCTCGGTTTAGTTCCACTCAC-3′; reverse, 5′-GTC
GCCATCGTCTGAGTCATTG-3′), Ifng (forward, 5′-CAGCAA-
CAGCAAGGCGAAA-3′; reverse, 5′-CTGGACCTGTGGGTTGTTGAC-3′), 
Cxcl2 (forward, 5′-CCCTGCCAAGGGTTGACTTC-3′; reverse, 
5′-GCAAACTTTTTGACCGCCCT-3′), Cxcl10 (forward, 5′-CCTATGGC
CCTCATTCTCAC-3′; reverse, 5′-CTCATCCTGCTGGGTCT-
GAG-3′), and Myc peak (forward, 5′-GCTTCGAAACTCTGGTGCAT-3′; 
reverse, 5′-AATTCCAGCGCATCAGTTCT-3′).

RNA degradation assay
RNA degradation assay was conducted as previously described (8, 56). 
CD4+ T cells were purified by the EasySep Mouse CD4+ T Cell Iso-
lation Kit (STEMCELL Technologies) and plated on a 96-well plate 
with 5  ×  105 cells per well. Actinomycin D (Sigma-Aldrich) was 
added in each well at a final concentration of 5 M. CD4+ T cells 
were harvested at 0, 2, and 4 hours after adding actinomycin D.  
The cells were processed as described in the “Reverse transcrip-
tion qPCR” section, and the data were normalized to the t  =  0 
time point.

m6A RIP-qPCR
m6A RIP-qPCR assay was performed as described previously (16). 
In brief, CD4+ T cells were purified by the EasySep Mouse CD4+ 
T Cell Isolation Kit (STEMCELL Technologies). Total RNA ex-
tracted from CD4+ T cells was purified with the Dynabeads mRNA 

Purification Kit (Invitrogen) according to the manufacturer’s 
instructions. The purified polyadenylated mRNA was incubated 
with anti-m6A antibody (Synaptic Systems) or rabbit IgG in immuno
precipitating (IP) wash buffer (10 mM tris-HCL, 0.1% NP-40, and 
150 mM NaCl supplemented with ribonuclease inhibitor (pH 7.4) 
for 2 hours at 4°C. Protein A beads (Thermo Fisher Scientific, no. 
21348) were added and incubated at 4°C for 2 hours. After incuba-
tion, the immunoprecipitated beads-m6A antibody-mRNA complex 
was extensively washed with IP wash buffer. TRIzol reagent (Invitrogen) 
was added to elute m6A nucleotide. The Maxima H Minus Reverse 
Transcriptase Kit (Thermo Fisher Scientific, no. EP0753) was used 
for cDNA synthesis. All qPCRs were run on Bio-Rad CFX96 real-time 
system using iTaq Universal SYBR Green Supermix (Bio-Rad, no. 
1725124). Actb was used as m6A negative control, and Myc peak was 
set as m6A-positive control.

m6A-RIP-seq analysis
m6A RIP-seq results from our published database (accession num-
ber GSE100048) (8) were obtained from CD4+ T cells isolated from 
WT mice, and peaks were then visualized using IGV (57).

Western blot
CD4+ T cells from lymphoid nodes were purified by the EasySep 
Mouse CD4+ T Cell Isolation Kit (STEMCELL Technologies), and 
total protein from CD4+ T cells was extracted with radioimmuno-
precipitation assay lysis buffer (Beyotime, no. P0013E) supplemented 
with protease inhibitors (Thermo Fisher Scientific, no. 78443). 
Antibodies against ALKBH5 (Sigma-Aldrich, no. HPA007196) were 
diluted in 5% nonfat milk buffer at the concentration of 1:1000 and 
incubated at 4°C overnight. After extensively washing the membrane 
with 0.1% PBST buffer three times, the horseradish peroxidase–
conjugated secondary antibody (Cell Signaling Technology, no. 7074) 
was added to the membrane and incubated at room temperature for 
1 hour. The final signal was detected by enhanced chemiluminescence 
(ECL) with pico ECL using ChemiDoc MP (Bio-Rad), and glyceral-
dehyde-3-phosphate dehydrogenase (Cell Signaling Technology, 
no. 2118S) was used as the internal control.

T cell ex vivo differentiation
Naïve CD4+ T cells were purified from the spleens by using the 
EasySep Mouse Naïve CD4+ T Cell Isolation Kit (STEMCELL Tech-
nologies) and cultured with anti-CD3 mAb (10 g/ml; 145-2C11) 
and anti-CD28 mAb (2 g/ml; PV-1) in the presence of defined 
mouse recombinant cytokines and blocking antibodies. In brief, 
TH1 was induced with IL-12 (10 ng/ml) and anti–IL-4 mAb (10 g/ml; 
11B11); TH2 was induced with IL-4 (10 ng/ml) and anti–IFN- mAb 
(10 g/ml; XMG1.2); TH17 was induced with IL-6 (20 ng/ml), IL-23 
(20 ng/ml), anti–IL-4 mAb (10 g/ml; 11B11) and anti–IFN- 
mAb (10 g/ml; XMG1.2); Treg was induced with IL-2 (50 U/ml), 
IL-23 (20 ng/ml), transforming growth factor– (2 ng/ml), anti–
IL-4 mAb (10 g/ml; 11B11), and anti–IFN- mAb (10 g/ml; 
XMG1.2). All cytokines were purchased from R&D Systems. After 
culturing for 4 days, the cells were used for RT-qPCR.

Histology
At 30 days after the EAE model, mice were sacrificed and their spinal 
cords were fixed in 10% neutral-buffered formalin and embedded 
in paraffin. Serial paraffin sections (4 m) were cut and stained with 
hematoxylin and eosin staining and luxol fast blue.
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Statistics
Unpaired Student’s t tests and two-way analysis of variance (ANOVA) 
were used to compare pairs of groups, and all data are presented as 
the means ± SEM. P values of < 0.05 were considered statistically 
significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/25/eabg0470/DC1

View/request a protocol for this paper from Bio-protocol.
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