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¥0 T cells are an abundant T cell population at the mucosa and are important in pro-
viding immune surveillance as well as maintaining tissue homeostasis. However, despite
v8 T cells’ origin in the thymus, detailed mechanisms regulating ¥8 T cell development
remain poorly understood. M- methyladenosine (m°A) represents one of the most com-
mon posttranscnptlonal modifications of messenger RNA (mRNA) in mammalian cells,
but whether it plays a role in ¥ T cell blology is still unclear. Here, we show that
depletlon of the m°A demethylase ALKBH5 in lymphocytes spec1ﬁca.|ly induces an
expansion of y8 T cells, which confers enhanced protection against gastrointestinal
Salmonella typhimurium infection. Mechanlstlcally, loss of ALKBHS favors the devel-
opment of ¥8 T cell precursors by increasing the abundance of m°A RNA modification
in thymocytes, which further reduces the expression of several target genes including
Notch signaling components Jaggedl and Notch2. As a result, impairment of Jagged1/
Notch2 signaling contributes to enhanced proliferation and differentiation of y8 T cell
precursors, leading to an expanded mature y8 T cell repertoire. Taken together, our
results indicate a checkpoint role of ALKBH5 and m°A modification in the regulation
of 8 T cell early development.

RNA m®A modification | ALKBH5 | y8 T cell development | Jagged1/Notch2 signaling | developmental
checkpoint

Lymphocytes in the thymus are subdivided into two major populations based on their
surface markers of aff and y& T cell antigen receptors (TCRs) (1). Besides innate
immune biology, Y8 T cells also form adaptive immune subsets and represent a link
between innate and adaptive immunity (2). Similar to conventional aff T cells, Y8
T lymphocytes can produce different chemokines and various cytokines, such as
interferon-y (IFN-y), tumor necrosis factor-a (TNF-a), interleukin-4 (IL-4), 1L-17,
IL-21, IL-22, and so on, and differentiate into different effector profiles based on their
ability to produce either IFN-y (y8T1), IL-17 (y8T17), or both IL-4 and IFN-y
(YONKT) (3, 4). In addition, some Y8 T cells also produce particular cytokines, such as
keratinocyte growth factor, connective tissue growth factor, and macrophage colony-
stimulating factor, or antimicrobial peptides (5, 6). Accordingly, yd T cells show great
promise in the development of novel immunotherapies for mucocutaneous infections,
autoimmune diseases, and malignancies (6-8).

It has been shown that ap T and y8 T cells originate from a common thymic pro-
genitor, which is a CD4/CD8 double-negative (DN) lymphocyte (9). The decision
between aff T and y8 T cells occurs at the DN stage, when precommitment selection
and signal strength models can determine ap/yd lineage commitment (10). Different
from af T lymphocytes, y8 T cells are abundant during the embryonic stage, and the
functions of some Y3 T cells are programmed during thymic development (3, 11). The
development and function of y8 T cells do not only depend on the antigen recognition
mode, and they have the inherent ability to produce cytokines such as IFN-y and
IL-17. It is well-identified that development of these cytokine-producing y8 T subsets
is largely preprogrammed in the thymus. During the development of both the aff
T and y8 T lineages, the aff/yd selection is mainly dependent on Zap70/Syk—mediated
signaling, which is regulated by protein tyrosine kinase p56 (Lck) (12-15). TCR-yd
signaling strength exerts a critical role in thymic acquisition of y8 T cell effector fate
(16, 17). Strong TCR-y8 signaling induces a general IFN-y—producing y8 T pheno-
type (17-19), while weak or no TCR-y9 signaling promotes the development of the
y8T17 subset (19-22). Additionally, Notch signaling pathways play an important role
in T cell lineage commitment and function (23). It is now clear that thymocyte pro-
genitors that receive a strong Notch1 signal preferentially enter the aff T cell lineage at
the expense of Y8 T cells (24); however, which stage Notch signaling start to act, and
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the underlying developmental checkpoints that regulate murine
¥d T cell lineage commitment events in the thymus, are still
unresolved.

N°-methyladenosine (m®A) is the most prevalent and abun-
dant mammalian RNA modification. m°A can modulate almost
every aspect of messenger RNA (mRNA) metabolism, and its
comprehensive roles are mediated by specific RNA-binding
protein complexes including “writers” (mainly METTL3
and METTL14), “erasers” (ALKBHS5 and FTO), and “readers”
(25, 26). m°A RNA methylation is involved in a variety of
physiological and pathological processes, such as maintenance
of pluripotency in embryonic stem cells (27, 28), sex determi-
nation (29), energy metabolism (30), antiviral immunity (31),
DNA damage response (32), colon homeostasis (33), tumori-
genesis (34, 35), and antitumor immunity (36). Our previous
work demonstrated that m°A RNA methylation controls o
T cell homeostasis and differentiation (37), sustains regulatory
T cell suppressive functions (38), and regulates macrophage
activation and polarization (39). However, y0 T cells as another
important T cell subset are also critical in maintaining T cell
homeostasis and immunoregulation, and whether m°A RNA
modification governs the development and function of 9
T cells is unclear.

Lck kinase is expressed in the earliest thymic immigrants and
in all T cell subsets, but not in B and natural killer (NK) cells
(40, 41). Lck-Cre transgenic mice have been widely used to
study the involvement of different genes in T cell development
and function (42, 43). Here, using AlkbhS" Lek-Cre and
Alkbh5" CD4-Cre conditional knockout (KO) mice, we identi-
fied that loss of ALKBH5 specifically expands the y8 T cell
population in Lck-Cre mice, which confers enhanced immune
protection against Salmonella typhimurium infection but has lit-
tle impact on the af T cell compartment in either of the two
strains. We observed that loss of ALKBHS5 is a specific driver
for the development of Y8 T cell progenitors, and is responsible
for a significant expansion of yd T cells starting at the embry-
onic stage. Furthermore, we discovered that ALKBH5
deficiency-mediated m°A RNA hypermethylation induces the
suppression of the Jagged1/Notch2 signaling environment in
which y8 T precursors can acquire a strengthened capacity to
proliferate and differentiate. This study demonstrates that m®A
RNA modification plays a vital role in regulating the early
development of murine y8 T cells, serving as a potential devel-
opmental checkpoint in the decision between aff T and yd
T cells.

Results

ALKBHS5 Deficiency Leads to an Expanded 5 T Cell Population
and Enhanced Protection against S. typhimurium Infection.
Dynamic removal of the m°®A modification on mRNA is a
likely mode of regulation of T cell development but its contri-
bution is unknown. Further, ALKBHS5 is highly expressed
across different subsets of T lymphocytes (SI Appendix, Fig.
S1A), implying it plays important roles in regulating T cell
biology. We therefore crossed AlkbhS" mice with Lck-Cre
transgenic mice to assess the function of ALKBHS5 and m°A
RNA modification in developing T cell populations (S7
Appendix, Fig. S1 B-D). Interestingly, loss of ALKBHS5 resulted
in a significant expansion of Y8 T cells in both the thymus and
peripheral tissues including spleen, peripheral lymph nodes
(pLNs), mesenteric lymph nodes (mLNs), intestinal epithelial
lymphocytes (IELs), and lamina propria lymphocytes (LPLs) of
colons (Fig. 1 A and B and SI Appendix, Fig. S2). On the other
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hand, ap T cells were unchanged between Alkbh5” wild-type
(WT) and AlkbhS" Lekt mice. To further confirm this obser-
vation in aff T cells, we examined the frequencies and counts
of different aff T cell subsets in peripheral lymphoid tissues.
Although we observed a slight reduction of CD8 T cells and a
slightly skewed naive—memory balance in the spleen and pLNs
of Alkbh5" Lek™ mice (SI Appendix, Fig. S3), the total popula-
tions were comparable (S Appendix, Fig. S4). We further
crossed AlkbhS5/ mice with CD4-Cre transgenic mice to assess
and exclude the effects of ALKBH5 on aff T cells, and con-
firmed that ALKBHS5 deletion did not affect the proportion
and balance of op T cell subsets in Alkbh5”, CD4-Cre mice at
steady state (S/ Appendix, Fig. S5 A-C). y8 T cells have previ-
ously been categorized into three subpopulations based on
CD8 expression: CD8af™*, CD8aax™, and CD8™ cells (44). Of
note, loss of ALKBH5 did not alter the frequencies of these
three subpopulations (SI Appendix, Fig. S6 A and B), but the
numbers of all subsets were markedly increased due to expan-
sion of total Y& T cells in AlkbhS Lek™ mice (SI Appendix,
Fig. S60). These results suggest that loss of ALKBH5 selec-
tively expands y8 T cells.

It has been documented that y8 T cells have important roles
in controlling mucocutaneous infections (6, 7). We next per-
formed an S. gphimurium model of colonic infection to deter-
mine the functional consequences of the expanded y8 T cells in
Albbh5" Lekt mice. Strikingly, Albbh5" Lekt mice were better
protected from infection than their WT littermates, manifested
in significantly reduced weight loss and delayed fatality (Fig. 1
Cand D). Moreover, AlkbhS” Lek' mice had a lower bacterial
burden in their feces, cecum, spleen, and liver than WT licter-
mate mice (Fig. 1 £and F). To exclude the possibility that the
protective phenotype observed in AlkbhS” Lek™ mice during
infection might be mediated by CD4™ T lymphocytes, we per-
formed S. gyphimurium infection with Alkbh57 CD4-Cre mice.
We found that ALKBH5 deletion in af T cells did not con-
tribute better protection to AlkbhS” CD4-Cre than their litter-
mate controls (S8 Appendix, Fig. S5 E-G). To further confirm
that the protective phenotype observed in Alkbh5” Lek™ mice
during infection was mediated by yd T cells rather than other
lymphocyte populations, we crossed Alkbh5” and Alkbh5"
Lck™ mice onto TCRS-deficient (7CRS ') mice for targeted
deletion of ¥& T cells. Of note, Alkbh5S” TCRS™'~ Lck* mice
showed similar pathological outcomes compared with Alkbh5"
TCRS™~ mice upon S. typhimurium infection, including com-
parable weight loss, survival rate, and fecal bacterial burden
(Fig. 1 G-I). Taken together, these results indicate that
expanded v8 T cells in Alkbh5" Lek® mice lead to a more effi-

cient immune response against S. gyphimurium.

Loss of ALKBH5 Has No Impact on IFN-y and IL-17 Production,
Proliferation, and Apoptosis of Mature y8 T Cells. Similar to
af T cells, y8 T cells can exert their immune functions by secret-
ing proinflammatory cytokines such as IFN-y, IL-17A, and IL-4
(3, 4, 17-19). To further address the phenotype of S. #phimu-
rium infection as to whether it was only attributable to an
increased number of 8 T cells or also to their enhanced func-
tion, we next assayed the cytokine changes secreted by yd T cells
in WT and Alkbh5"” Lek™ mice. ¥8 T cell effector fate is largely
dependent on TCR-y8 signaling strength in the thymus (16, 17).
We confirm no big changes in the percentage of IFN-y— or
IL-17—producing ¥& T cells between Alkbh5” and Alkbh5f Lek*
mice in the thymus and peripheral immune tissues (SI Appendix;
Figs. S7 Aand Band S8 Cand D), suggesting that the quality of
¥d T cells and the strength of TCR-y8 signaling are not affected
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Fig. 1. ALKBHS5 deficiency leads to an expanded y8 T cell population and enhanced protection against S. typhimurium infection. (A) Representative dot plots
showing the balance of ap/ys T cells isolated from the indicated organs of Alkbh5” Lck* and Alkbh5™ mice. (B) Statistical analysis of cell numbers in A is
reported (WT, n = 7; KO, n = 6). Unpaired t test was used for statistical analysis. Each dot represents one mouse. Data represent one out of three indepen-
dent experiments (mean + SD). (C) Weight loss of Alkbh5” (n = 8) or Alkbh5™ Lck* (n = 9) mice infected with S. typhimurium. Unpaired t test was used for sta-
tistical analysis. Data represent one out of three independent experiments (mean + SEM). (D) Survival curve for S. typhimurium-infected Alkbh5™ (n = 12) or
Alkbh5™ Lck* (n = 8) mice. Log-rank test was used for analysis. Data represent one out of three independent experiments. (E and F) S. typhimurium colony-
forming units (CFUs) per gram of feces (E) and cecum, spleen, and liver (F) from Alkbh5” (n = 7) or Alkbh5™ Lck* (n = 7) mice, 4 d postinfection.
Mann-Whitney U test was used for statistical analysis. Each dot represents one mouse. Data represent one out of three independent experiments (mean + SD).
(G) Weight loss of Alkbh5” TCR6 ™"~ (n = 11) or Alkbh5”f TCRs™/~ Lck* (n = 9) mice infected with S. typhimurium. Unpaired t test was used for statistical analysis.
Data represent one out of three independent experiments (mean + SEM). (H) Survival curve for S. typhimurium-infected Alkbh5” TCRS ™'~ (n = 11) or Alkbh5™
TCRS™"~ Lck* (n = 9) mice. Log-rank test was used for analysis. Data represent one out of three independent experiments. (/) S. typhimurium CFU/g of
feces from Alkbh5” TCRs™~ (n = 11) or Alkbh5”f TCR5™'~ Lck™ (n = 9) mice, 4 d postinfection. Mann-Whitney U test was used for statistical analysis. Each dot
represents one mouse. Data represent one out of three independent experiments (mean + SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****p < 0.0001;
n.s., not significant.
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by ALKBHS5 deficiency. Furthermore, we also found that loss of
ALKBHS5 did not alter the proportion of IFN-y—, IL-17-, or
IL-4—producing aff T cells in both Lck-Cre and CD4-Cre mice
compared with their littermate control WT mice (SI Appendix,
Figs. S5D and S8 A and B). Thus, we conclude that the quality
of y8 T cells and the strength of TCR-y8 signaling are not
affected by ALKBH5 deficiency.

To better understand the quantitative increase of Y8 T cells in
AlkbhS” Lek* mice, we tested whether proliferation and apopto-
sis of mature y8 T cells had changed in those mice. Surprisingly,
we did not observe enhanced proliferation or impaired apoptosis
in mature 8 T cells isolated from the thymus of AlkbhSf Lck*
mice (S Appendix, Fig. S7 C-F). Together, these findings imply
that loss of ALKBHS5 neither changes the cytokine profile nor
alters proliferation or apoptosis of mature Y8 T cells.

Depletion of ALKBH5 in Thymocytes Promotes the Expansion
of v3 T Cell Precursors. To further explore mechanistically how
ALKBHS5 deficiency facilitates the expansion of y8 T cells, we
next investigated whether loss of ALKBHS5 affected the propor-
tion and number of y§ T progenitors at early developmental
stages. Since aff T cells and y8 T cells are both derived from
thymic DN cells, we first evaluated these cells isolated from
AlkbhS"” Lek* mice and WT littermates. Interestingly, Alkbh5"”
Lck* mice had significantly more DN lymphocytes than WT
mice in the thymus (Fig. 2 A-C). It is well-known that the
DN population can be further subdivided into four subsets
according to their expression of surface markers CD44 and
CD25: CD44*CD25~ (DN1) cells, CD44"CD25" (DN2)
cells, CD44 CD25% (DN3) cells, and CD44 CD25~ (DN4)
cells (45). In Lck-Cre transgenic mice, the ALKBHS5 deletion is
initiated at the DN2 stage and completed by the DN3 stage
(42, 46). In accordance with this, we observed that the fre-
quency of DN3 cells and the numbers of DN2 and DN3 cells
were markedly increased in AlkbhS" Lek™ mice (Fig. 2 D-F),
suggesting that ALKBHS5 is involved in the development of
early y8 T cell precursors. To exclude the effect of Lck-Cre tox-
icity, we used Lck-Cre—positive littermate controls to further
detect positive data in 8 T cells, and we also found markedly
increased numbers and frequencies of y8 T, DN, DN2, and
DN3 cells in the Alkbh5” Lek* group compared with the Lck™
WT group (SI Appendix, Fig. S9).

Until now, few surface markers have been identified on
developing y8 T cells, and most studies have used CD73*
TCRy8* DN lymphocytes as y8 T progenitors that are com-
mitted to the ¥ lineage (18, 47). Human y3 T cells are usually
characterized based on the features of their TCRS variable
region (V), while mouse y8 T cell subsets are distinguished by
the Vy chain they bear, most of which are either Vy1.1 or Vy2
(48-50). Therefore, we next analyzed whether loss of ALKBH5
affects CD73-expressing TCR&" Vyl.1* and TCR&" Vy2*
progenitors (Fig. 2G). We observed that ALKBHS5 deletion
slightly affected the frequency of TCR8" Vy1.1* and TCR&*
V27" cells at the DN stage, as well as their progenitor subsets
in thymus (87 Appendix, Fig. S10). Of note, compared with
Alkbh5" mice, AlkbhS" Lek mice had more immature TCR&
Vy1.1" cells, TCR8" Vy1.1" precursor cells, and ySNKT
Vy1.1* progenitors at the DN stage (Fig. 2/). Similarly,
increased numbers of immature TCR8" Vy2* cells, TCR&*
Vy2™" precursor cells, and YSNKT Vy2" progenitors at the DN
stage (Fig. 21) were found in Alkbh5” Lck* mice. Finally, we
further determined the number of mature y8 T cell subsets in
the thymus, and found highly increased counts in all these sub-
populations in Alkbh5” Lck™ mice compared with control
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AlkbhS5"” mice (SI Appendix, Fig. S11), indicating that the
increased number of mature Y8 T cells observed above is due to
the expansion of y8 T cell precursors.

Absence of ALKBH5 Promotes the Proliferation of y6 T Cell
Precursors and Expands the y5 T Cell Repertoire during the
Embryonic Stage. These above findings prompted us to
hypothesize that ALKBHS5 deficiency might increase the prolif-
eration rate of y8 T cell progenitors. Therefore, we labeled the
cells in vivo with bromodeoxyuridine (BrdU), a thymidine ana-
log used to identify proliferating cells. As expected, the fre-
quency of BrdU-positive y8 T cell progenitors was significantly
higher in Alkbh5” Lck* mice compared with WT littermates
(Fig. 3 A and B). On the other hand, no obvious changes were
observed regarding the apoptotic rate of these yd T cell progen-
itors (Fig. 3 C and D), suggesting that ¥y T cell precursors in
AlkbhSPf Lek* mice were expanded because of increased prolif-
eration rather than reduced cell death.

From a developmental point of view, it has been shown that
murine yd T cells begin to appear during the middle and late
period of embryonic development (embryonic day ~13.5;
~E13.5) (17). We then analyzed the quantity of yd T cells in
the thymus of Alkbh5"” Lck* mice at different fetal stages. Sur-
prisingly, the increased frequency of 8 T cells was observed in
Alkbh57f Lek™ mice as early as day E14.5 (Fig. 3 Eand F), sug-
gesting that ALKBHS5 affected the y8 T cell population during
midterm fetal development. Taken together, these data indicate
that loss of ALKBHS5 promotes the proliferation of y8 T cell
precursors and leads to an expanded y8 T cell repertoire during
embryonic development.

Loss of ALKBH5 Results in an Altered Jagged1/Notch2 Signaling
Pathway in y8 T Cell Precursors. To explore the molecular
mechanisms underlying the expanded y8 T cell progenitors in
the absence of ALKBHS5, we performed RNA sequencing
(RNA-seq) on y8 T cell precursors isolated from the thymus in
Alkbh5" "and Alkbh5?f Lck*  cohoused independent litter-
mates. Overall, about 698 genes (P < 0.05) were differentially
expressed in ALKBHS5-deficient y8 T cell progenitors, includ-
ing 339 down-regulated genes and 359 up-regulated genes (57
Appendix, Fig. S12A4). Since mC®A RNA modification is mainly
involved in mRNA decay, we reasoned that removing its eraser
ALKBHS5 likely would promote the degradation of certain
mRNA transcripts with increased m®A levels. Among those dif-
ferentially expressed genes identified from Alkbh5” Lek™ mice,
Jaggedl was the most markedly down-regulated gene (Fig. 4A).
Jagged1 is a key ligand for Notch, a pathway which is both nec-
essary and sufficient for T cell lineage commitment (23). Path-
way analysis revealed that Notch signaling was one of the most
substantially reduced signaling cascades in the y8 T cell progen-
itors isolated from AlkbhS5” Lokt mice (Fig. 4B). In-depth anal-
ysis further showed that Jagged/Notch signaling genes and their
target genes, such as Jaggedl, Notch2, Heyl, Hesl, Fabp7,
and Gzmb, were indeed down-regulated, suggesting that the
Jagged1/Notch2 signaling pathway was functionally suppressed
in ALKBH5-deficient y8 T cell precursors (Fig. 4 A and C and
SI Appendix, Table S1). In addition, pathway analysis implied
that most of the genes up-regulated in the absence of ALKBH5
are involved in regulating the cell cycle (ST Appendix, Fig. S12B
and Table S2), which is also consistent with our low cytomet-
ric analysis of y8 T cell progenitors mentioned above (Fig. 3 4
and B). Next, we validated by qPCR and flow analysis that the
expression of Jaggedl and Notch2 was down-regulated at both
mRNA and protein levels in the y8& T cell progenitors of
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Fig. 2. Depletion of ALKBH5 in thymocytes promotes the expansion of y8 T cell precursors. (A) Representative dot plots showing CD4*, CD8", double-
positive (DP), and DN populations isolated from the thymus of Alkbh5” Lck* and Alkbh5” mice. (B) Statistical analysis of frequencies for each population in
Ais reported (WT, n = 7; KO, n = 6). Unpaired t test was used for statistical analysis. Each dot represents one mouse. Data represent one out of three inde-
pendent experiments (mean + SD). (C) Statistical analysis of cell numbers for DN populations in A is reported (WT, n = 7; KO, n = 6). Unpaired t test was
used for statistical analysis. Each dot represents one mouse. Data represent one out of three independent experiments (mean + SD). (D) Representative dot
plots showing thymic lymphocytes at different DN stages. Cells were isolated from the thymus of either Alkbh5” Lck* or Alkbh5” mice. (E) Statistical analysis
of frequencies for each DN subpopulation in D is reported (WT, n = 7; KO, n = 6). Unpaired t test was used for statistical analysis. Each dot represents one
mouse. Data represent one out of three independent experiments (mean + SD). (F) Statistical analysis of cell number for cells at DN2 and DN3 stages in D is
reported (WT, n = 7; KO, n = 6). Unpaired t test was used for statistical analysis. Each dot represents one mouse. Data represent one out of three indepen-
dent experiments (mean + SD). (G) Gating strategies for flow cytometric analysis of different subsets of y8 T cell precursors in the thymus. Basically, imma-
ture TCRvy1.1* y8 T cells were identified as CD45*, CD4", CD8~, TCRy&", and TCRvy1.1* cells. TCRvy1.1* y8 T precursor cells were further identified as CD73",
TCRvy1.1* y8 T cells. NKTCRvy1.1 precursor cells were further identified as CD73*, CD247, NK1.1%, TCRvy1.1* 8 T cells. Similarly, immature TCRvy2* y5 T cells
(CD45*, CD47, CD8", TCRyd"*, TCRvy2™"), TCRvy2* y8 T precursor cells (CD73*, TCRvy2* y8 T cells), and NKTCRvy2 precursor cells (CD73*, CD24~, NK1.1%,
TCRvy2* y8 T cells) were identified. (H and /) Statistical analysis of cell numbers for immature TCRvy1.1" (H) and immature TCRvy2* (/) ¥ T cells at the DN
stage, as well as their precursor subsets, is reported (WT, n = 6; KO, n = 6). Unpaired t test was used for statistical analysis. Each dot represents one mouse.
Data represent one out of three independent experiments (mean + SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; n.s., not significant.

Alkbh5"” Lek™ mice (Fig. 4 D and E). Besides, downstream com- in the absence of ALKBH5 (Fig. 4 C and F). Taken together,
ponents of Notch signaling such as its effector genes Heyl and  this evidence suggests that ALKBH5 regulates the development
Hesl (23, 51) were also confirmed to be markedly decreased,  of y8 T cells through Jagged1/Notch2 signaling, thereby regulat-
while the cell-cycle factor Cdknla (52) was significantly increased ing the proliferation of Y8 T cell precursors.
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Fig. 3. Absence of ALKBH5 promotes the proliferation of yd T cell precursors and expands the y8 T cell repertoire during the embryonic stage. (A) Flow cyto-
metric analysis of thymic y8 T cell precursors after in vivo BrdU labeling from Alkbh5” Lck* and Alkbh5™ mice. (B) Frequency of BrdU* v T cell precursors in
Ais reported (WT, n = 6; KO, n = 7). Unpaired t test was used for statistical analysis. Each dot represents one mouse. Data represent one out of three inde-
pendent experiments (mean + SD). (C) Flow cytometric analysis of thymic y5 T cell precursors undergoing apoptosis from Alkbh5” Lck* and Alkbh5” mice.
(D) Frequency of apoptotic cells (Annexin V*) in C is reported (WT, n = 6; KO, n = 8). Unpaired t test was used for statistical analysis. Each dot represents one
mouse. Data represent one out of three independent experiments (mean + SD). (E) Flow cytometric analysis of thymic y8 T cells at different developmental
stages from Alkbh5” Lck* and Alkbh5™ mice. (F) Statistical analysis of the frequencies for thymic v8 T cells in E. Unpaired t test was used for statistical analy-
sis. Each dot represents one mouse (WT, n = 5; KO, n = 7 for E13.5, E14.5, and E15.5; WT, n = 3; KO, n = 4 for E18.5). Data represent two independent experi-
ments combined (mean + SD). ***P < 0.001, ****P < 0.0001; n.s., not significant.

We next sought to understand whether impaired Jagged1/
Notch2 signaling in the absence of ALKBHS5 occurs only in yd
T cell progenitors but not in mature yd T cells. Therefore, we
performed RNA-seq on mature ¥y T cells isolated from three
independent AlkbhS" Lek™ mice as well as WT littermates. We
found many fewer up- and down-regulated genes in ALKBH5
KO mature y8 T cells compared with precursor T cells. Surpris-
ingly, the dysregulation of Jagged1/Notch2 signaling and related
gene expression observed in y8 T cell progenitor cells was absent
in y8 T mature cells in Alkbh5” Lek™ mice (SI Appendix, Fig.
S13 Band D—F and Table S3). Of note, the level of JaggedI and
Notch2 mRNAs markedly decreased in WT mature y8 T cells
compared with WT y8 T progenitors (SI Appendix, Fig. S13C
and Tables S1 and S3), indicating that Jagged! expression in yd
T cells may have temporospatial characteristics. Taken together,
this evidence indicates that ALKBHS5 regulates the development
of y& T cells by influencing the expression of Jaggedl and
Notch2 mRNAs, and through these other Notch-related genes in
¥d T cell progenitors.

ALKBH5 Deficiency Enhances m®A RNA Modification on Jagged1
and Notch2 mRNAs to Decrease Their Stability and Expression.
To address mechanistically how ALKBHS5 affects Jaggedl and
Notch2 mRNA levels, we first confirmed by dot blot and mass

6 of 10 https://doi.org/10.1073/pnas.2203318119

spectrometry that the m°A levels in total mRNA of thymus lym-
phocytes increased in AlkbhS” Lck" mice compared with
Alkbh5" mice (Fig. 5 A and B). Based on our previous m°A
RNA immunoprecipitation (RIP)-seq data from T cells (37, 53),
we found highly enriched and specific m®A peaks on Jagged] and
Notch2 mRNAs (Fig. 5C). m®A RIP combined with qPCR
revealed that Jaggedl and Notch2 m°A enrichment was markedly
increased in Alkbh5" Lek* mice compared with WT littermates
(Fig. 5D). RNA mCA methylation is understood to mainly affect
RNA stability. To further prove that increased m°A led to more
rapid degradation of Jaggedl and Notch2 mRNAs, we performed
RNA decay analysis and identified that Jagged! transcription was
more rapidly degraded in AlkbhS” Lck™ mice than in WT licter-
mates (Fig. 5E). Although the degradation of Notch2 transcrip-
tion was slightly accelerated in the absence of ALKBHS5 (Fig.
5F), it could be enough to reduce the expression level of Nozch2
mRNA over time compared with WT littermates. These data
suggest that ALKBHS5 deletion enhances m®A modification on
Jaggedl and Notch2 mRNAs to decrease their stability and expres-
sion in ¥ T cells.

To further confirm that defective Jagged1 signaling contrib-
uted to the observed specific 8 T cell expansion in Alkbh5”
Lck-Cre mice, we crossed ]aggm’]ﬂf mice with Lck-Cre trans-
genic mice to assess the function of Jaggedl in developing
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Fig. 4. Loss of ALKBH5 results in an altered Jagged1/Notch2 signaling pathway in y8 T cell precursors. (A) Volcano plot of the differentially expressed genes
between y& T cell precursors isolated from Alkbh5” Lck* mice and Alkbh5” mice. The down-regulated genes, such as Jagged1, Hey1, Notch2, Fabp7, Gzmb,
Egfr, and Psen2, are highlighted. Data represent three independent experiments combined. (B) Gene Ontology enrichment analysis of biological processes
for down-regulated genes in ALKBH5-deficient y& T cell precursors. (C) Heatmap showing Jagged/Notch signaling-related genes across different samples.
Data represent three independent experiments combined. Paired t test was used for statistical analysis (WT1/KO1, WT2/KO2, and WT3/KO3). (D) qPCR analy-
sis of Jagged1, Notch1, and Notch2 mRNA expression in y8 T cell precursors isolated from Alkbh5” Lck* (n = 3) and Alkbh5™ (n = 3) mice. Unpaired t test
was used for statistical analysis. Data represent one out of three independent experiments (mean + SD). (E, Left) Flow cytometric analysis of Jagged1 and
Notch2 protein levels in y8 T cell precursors isolated from Alkbh5™ Lck* (n = 4) and Alkbh5” (n = 5) mice. (E, Right) Statistical analysis of mean fluorescence
intensity (MFI) of Jagged1 and Notch2 proteins. Unpaired t test was used for statistical analysis. Data represent one out of three independent experiments.
(F) gPCR analysis of Notch signaling downstream genes Hey1, Hes1, and CdknTa in y8 T cell precursors isolated from Alkbh5” Lck* (n = 3) and Alkbh5™f (n = 3)
mice. Unpaired t test was used for statistical analysis. Data represent one out of three independent experiments (mean + SD). *P < 0.05, **P < 0.01,

**%P < 0.001; n.s., not significant.

T cell populations. Although Jagged! KO in T lymphocytes did
not affect the early development of T cells (ST Appendix, Fig.
S14 A and B), the frequency of yd T cells was significantly
increased in the thymus and spleen from Jagged?” Lek™ mice
compared with the control littermates (S7 Appendix, Fig. S14 C
and D), suggesting the inactivation of Jagged] also contributes
to the expansion of the y8 T cell pool which phenocopies
Allebh5" Lek-Cre mice. Collectively, loss of ALKBHS5 promotes
the development of Y8 T cell progenitors through targeted sup-
pression of Jagged1/Notch2 signaling.

Discussion

In this study, we discovered that ALKBH5 in thymic lympho-
cytes plays a critical role in the cell-fate decision between af T
and yd T cell lineages by targeting the Jagged1/Notch2 signaling
pathway. We observed that loss of ALKBHS5 results in a marked

PNAS 2022 Vol.119 No.33 2203318119

expansion of y8 T cells, with a minor effect on aff T cells in
both the thymus and periphery. It is well-demonstrated that y8
T cells are required to combat invasive bacterial infection, and
may have great promise for the development of novel immuno-
therapies (6, 7). Surprisingly, expanded Y8 T cells led to a more
efficient immune response against S. #yphimurium infection,
while the depletion of y8 T cells eliminated this protective role
in AlkbhS” Lokt mice, together suggesting that loss of ALKBH5
specifically affects the expansion of y8 T cells. ALKBH5 deletion
had no impact on cytokine profiles, and affected neither prolifer-
ation nor apoptosis of mature Y8 T cells; it did, however, expand
the pool of developing y8 T cell progenitors and enhanced their
proliferative capacity during embryonic development. Previously,
the Notch signaling pathway was shown to be necessary and suf-
ficient for T cell lineage commitment (23). However, whether
specific Notch receptor-ligand interactions influence the later
cell-fate decision by early thymocyte progenitors to become 8
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Fig. 5. ALKBH5 deficiency enhances m®A RNA modification on Jagged and Notch2 mRNAs to decrease their stability and expression. (4) Western blot of
ALKBHS5 protein (Top) and dot blot of m°A levels (200 or 400 ng total RNA; Bottom) in the thymocytes isolated from Alkbh5” Lck* and Alkbh5” mice (n = 3 or
4 per group). Data represent one out of three independent experiments. () Liquid Chromatography/Mass Spectrometry (LC-MC) analysis of m®A RNA modi-
fication in the thymocytes isolated from Alkbh5” Lck* and Alkbh5” mice (n = 6 or 7 per group). Unpaired t test was used for statistical analysis. Data repre-
sent one out of three independent experiments (mean + SD). (C) m®A RIP-seq analysis of Jagged and Notch2 mRNA in CD4* T lymphocytes. The primers of
Jagged1 and Notch2 genes used in D targeting the transcripts are highlighted. (D) m°A RIP-gPCR analysis showing m®A enrichment of jagged? and Notch2
mMRNAs in total thymic y8 T cells from Alkbh5” Lck* and Alkbh5” cohoused three independent littermates. Results are presented relative to those obtained
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each group for a one-time independent experiment. Data represent three independent experiments combined (mean + SD). (E) RNA decay analysis showing
Jagged1 mRNA degradation in total thymic y& T cells treated with actinomycin D for 2 and 4 h from Alkbh5” Lck* and Alkbh5"” cohoused three independent
littermates. The residual RNAs (MRNA remaining) were normalized to O h. Paired t test was used for statistical analysis. n = 3 to 5 mice in each group for a
one-time independent experiment. Data represent three independent experiments combined (mean + SD). (F) RNA decay analysis showing Notch2 mRNA
degradation in total thymic y5 T cells treated with actinomycin D for 2 and 4 h from Alkbh5” Lck*™ and A/kbh5f/f cohoused three independent littermates. The
residual RNAs (mRNA remaining) were normalized to 0 h. Paired t test was used for statistical analysis. n = 3 to 5 mice in each group for a one-time indepen-

dent experiment. Data represent three independent experiments combined (mean + SD). *P < 0.05, **P < 0.01; n.s., not significant.

T cells in mice is still unknown (54, 55). Here, our data demon-
strate that loss of ALKBHS5-mediated RNA mC°A levels promotes
the proliferation and differentiation of y8 T precursors through
targeting the Notch signaling genes, and show which specific
Notch receptor-ligand interaction controls the development of
murine Y8 T cell progenitors in the thymus.

Our findings raise the intriguing question of how ALKBHS5
affects the proportion and number of y8 T cells in the thymus.
Although af and y8 T cells originate from a common thymic
lymphocyte progenitor (9), yd T cell precursors are believed to
branch off from the aff T cell development pathway before or
at the time of TCR-a rearrangement at the DN2 stage (42).
There is evidence that DN progenitors have the potential to
change the timing of the divergence of aff and y8 T cell line-
ages to the late DN2 to DN3 developmental stages (56). Our
previous work shows that m®A writer METTL3 deletion has
much greater impact and not opp051te roles over T cell func-
tion compared with that of m°A eraser ALKBH5 deletlon or
FTO deletion (37, 57), possibly due to unknown m°®A erasers
and a much more complicated regulatory network of m°A
function. In the present study, we observed that the frequency
of DN3 cells and the number of DN2 and DN3 cells are sig-
nificantly increased in the thymus in the absence of ALKBHS,
suggesting that ALKBHS5 deletion in thymic lymphocytes
enhances the Y8 T precursor pool at the DN2 to DN3 stages.
Furthermore, our data also show that ALKBH5 deficiency
results in a significant expansion of yd T cell progenitors in the
thymus, including TCR&" Vyl.1*, TCR8" Vy2*, and
YONKT subsets. However, the generation of y8 T cell subpo-
pulations is developmentally regulated during ontogeny, such
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that Vy5 cells develop during the fetal period, V6 cells around
birth, Vy4 cells in the neonatal period, and Vy1l and Vy7 cells
at the adult stage (41, 58). After their egress from the thymus,
several yO T cell subsets naturally establish residency in prede-
termined mucosal and epithelial locations, as exemplified by
the restricted location of the murine Vy5* subset to the intesti-
nal epithelium and epidermis, and loss of Vy5"V81™ cells due
to a failure of thymic selection (59-61). Vy57V81" cells com-
prise 90% of mouse epidermal Y8 T cells, and the intraepithe-
lial lymphocyte network of TCRVy5" plays a critical role in
the regulation of cutaneous inflammation (60, 61). Therefore,
we do not rule out other subsets of y8 T cell precursors that
may have changed during ontogeny in the absence of
ALKBHS5. Further studies will address which populations of
other y8 T cell precursors are differendally induced by the loss
of ALKBH5 during ontogeny.

Notch signaling is involved in the regulation of lymphocyte
development and function (23). In mammals, this pathway is
composed of four Notch receptors (Notchl to Notch4) and five
ligands: Jaggedl, Jagged2, Deltal, Delta3, and Delta4. Recent
evidence indicates that Notch receptor-ligand interactions have
been implicated in governing cell-fate decisions during T lym—
phocyte differentiation (24, 54, 62, 63). By RNA-seq and m°A
epigenomic analysis, we confirm that loss of ALKBH5-mediated

m®A RNA modification directly suppresses Jagged1/Notch2 sig-
naling in y8 T cell progenitors, which in turn promotes the
development of immature y8 T cells. However, we readily admit
that there might be other signaling pathways contributing to the
observed y8 T cell progenitor defects upon ALKBH5 deletion.
In humans, Jaggedl induces mainly aff lineage differentiation,
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whereas Jagged2-mediated Notch3 activation primarily results in
¥8 T cell development and represses af lineage differentiation
by inhibiting TCR-f formation (54). Interestingly, murine bone
marrow—derived stem cells do not respond to Jaggedl signals,
while Jaggedl signals can influence the differentiation of T cell
progenitors along y8 T cell lineages during a brief window of
their development between the DN1 and DN3 stages of thymic
development (55). These results suggest the different mecha-
nisms of y8 T cell development in mice and humans. Out of
curiosity, we compared the expression of Jaggedl and Notch2 in
mature and immature 8 T cells, and were surprised to find that
the level of Jaggedl and Notch2 expression in mature yd T cells
is very low and significantly decreased compared with Y8 T cell
precursors (SI Appendix, Fig. S13C), pointing to a potential role
of Jagged1/Notch2 in y8 T cell development. Recent studies
have shown critical roles of RNA m®A eraser ALKBHS5 in acute
myeloid leukemia stem cells by specifically regulating a limited
number of genes in leukemia cells (64, 65). Here, we observe
that loss of ALKBH5 only markedly reduces the expression of
Jaggedl and Notch2, without detectable changes in any other
receptors or ligands. Furthermore, Notch signaling downstream
effectors, such as Heyl and Hesl, are significantly decreased in
the absence of ALKBH5. Taken together, these data indicate
that RNA m°®A modification may serve as one checkpoint in the
development of murine y8 T cells, by at least controlling Notch
signaling strength.

Remarkably, Runx3 signaling is another top down-regulated
pathway in the ALKBH5 KO group (Fig. 5B), which reportedly
promotes the development of DN TCRy8" thymocytes (66, 67).
In addition, IL-1 signaling is important in the development and
activation of certain subgroups of Y8 T cells, such as dermal Vy4
and VY6T17 cells (68-70). Further analysis showed only Jagged1,
Spp1, and Rorc genes are differentially expressed in Runx3 signal-
ing and no significant difference in IL-1 signaling based on our
RNA-seq data, indicating Jagged1/Notch2 signaling plays the
dominant role in y8 T cell development in our study. Collec-
tively, we show that the RNA m®A modification eraser ALKBH5
regulates the development of murine y8 T cell precursors in the
thymus mainly through a specific interaction between Jaggedl
and Notch2. Further investigation is needed to characterize the
regulation of the m°A checkpoint and identify more downstream
“responders” that control the development of y6 T cell
precursors.

Materials and Methods

Alkbh5 conditional KO mice (Alkbh5™) were generated as previously described
with CRISPR-Cas9 technology by insertion of two loxp sites into Alkbh5 genome
loci (57). The guide RNA (gRNA) and donor oligonucleotides used in this study
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tion and conditionally deleted Alkbh5 in thymic lymphocytes by generating
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to get Alkbh5 and TCRS double-KO mice. Lck-Cre (B6.Cg strain; stock no.
003802), CD4-Cre (B6.Cg strain; stock no. 022071), TCRS ™~ (B6.129P2 strain;
stock no. 002120), and Jagged1” (B6.1295-Jag1tm2Grid/J; stock no. 010618)
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