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Activated Foxp3™ regulatory T (Treg) cells differentiate into effector Treg (eTreg) cells
to maintain peripheral immune homeostasis and tolerance. T cell receptor (TCR)-
mediated induction and regulation of store-operated Ca”* entry (SOCE) is essential for
eTreg cell differentiation and function. However, SOCE regulation in Treg cells
remains unclear. Here, we show that inositol polyphosphate multikinase (IPMK),
which generates inositol tetrakisphosphate and inositol pentakisphosphate, is a pivotal
regulator of Treg cell differentiation downstream of TCR signaling. IPMK is highly
expressed in TCR-stimulated Treg cells and promotes a TCR-induced Treg cell pro-
gram. IPMK-deficient Treg cells display aberrant T cell activation and impaired differ-
entiation into RORyt" Treg cells and tissue-resident Treg cells. Mechanistically,
IPMK controls the generation of higher-order inositol phosphates, thereby promoting
Ca®* mobilization and Treg cell effector functions. Our findings identify IPMK as a
critical regulator of TCR-mediated Ca®* influx and highlight the importance of IPMK

in Treg cell-mediated immune homeostasis.

regulatory T cells | T cell receptor signaling | inositol polyphosphate multikinase | inositol phosphate |
Ca** influx

Regulatory T (Treg) cells, a subset of CD4™ T cells, are indispensable for maintaining
immune homeostasis and preventing autoimmune disorders (1, 2). The transcription
factor forkhead box P3 (Foxp3) is essential for the development of Treg cells and for
specifying their functions (2). In addition to Foxp3, Treg cells require several other fac-
tors for their transcriptional signatures and functions (3, 4). However, many such addi-
tional factors remain unknown.

Mature thymus-derived Treg (tTreg) cells migrate into peripheral tissues from the
thymus and are essential for the suppression of undesired immune responses elicited by
self-reactive T cells. In the periphery, CD4*Foxp3™ T cells can acquire Foxp3 expres-
sion and differentiate into peripherally induced Treg (pTreg) cells upon T cell receptor
(TCR) stimulation under appropriate environmental cues, such as transforming growth
factor beta (TGF-P) and costimulatory signals (2). Moreover, exposure to commensal
bacteria and food antigens in the intestine is crucial for the generation of pTreg cells
(5, 6). Additionally, tTreg cells that reside in secondary lymphoid tissues as central
Treg (cTreg) cells circulate in the periphery and differentiate into effector Treg (eTreg)
cells, depending on TCR stimulation. During differentiation, these cells down-regulate
molecules such as CD62L and CCR7 and up-regulate CD44, chemokine receptors,
and integrins to facilitate trafficking to nonlymphoid tissues (7, 8). These eTreg cells
co-opt tissue-specific transcription factors, such as T-bet, Gata3, and RORyt, to
acquire specialized regulatory functions, thereby being tissue-resident Treg cells that
maintain immune homeostasis in parenchymal tissues (9—12).

Signal transduction through TCR plays a central role in the maintenance, differentia-
tion, and function of Treg cells (13, 14). During TCR signaling, activated phospholipase
Cy1 generates inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol by hydrolyzing phos-
phatidylinositol 4,5-bisphosphate (15). InsP; triggers a transient increase in intracellular
Ca* levels through Ca** depletion from the endoplasmic reticulum, which leads to the
activation of stromal interaction molecule (STIM) and ORAI protein. This activation
results in extracellular Ca?* influx, called store-operated Ca** entry (SOCE), which
then activates several downstream signaling effectors, including nuclear factor of activated
T cells (NFAT), nuclear factor-kB (NF-kB), and other factors (16, 17).

Defects in SOCE in human patients are associated with immunodeficiency and auto-
immunity, such as severe combined immunodeficiency-like disease and autoimmune
hemolytic anemia (18). This emphasizes the need for SOCE in peripheral immunological
tolerance. Moreover, ablation of Stiml and Stim2 in mature Treg cells results in impaired
SOCE, leading to reduced accumulation of tissue-resident Treg cells. This eventually results
in autoantibody production and multiorgan inflammation (19). Despite the importance of
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SOCE in Treg cell biology, the mechanism(s) underlying SOCE
regulation is not fully understood.

Inositol polyphosphate multikinase (IPMK) is a highly con-
served inositol phosphate kinase that is essential for the pro-
duction of higher-order inositol phosphates. Among them,
inositol tetrakisphosphate [Ins(1,3,4,5)P4 and Ins(1,4,5,6)P4]
and inositol 1,3,4,5,6-pentakisphosphate [Ins(1,3,4,5,6)Ps]
are produced by successive phosphorylation of InsP; through
3-kinase and 6-kinase activity of IPMK (20, 21). The impor-
tance of IPMK and higher-order inositol phosphates in
immune cells has been demonstrated in a series of recent stud-
ies. InsP¢ regulates B cell receptor signaling by modulating
Btk activity, thereby controlling B cell-mediated immune
responses (22). Ins(1,3,4,5)Py is required for appropriate thy-
mocyte development, B cell differentiation, and neutrophil
function (23-25). Interestingly, a genome-wide association
study of patients with inflammatory bowel disease identified
four SNPs located near the pm#k locus (26). Furthermore, the
expression of [pmk is substantially higher in colonic Treg cells
than in other T cell subsets (Immunological Genome Project;
ImmGen) (11). These findings suggest that IPMK is involved
in the differentiation and function of Treg cells. In this study,
we aimed to determine if IPMK is crucial for the SOCE-
dependent transcriptional program of Treg cells and their dif-
ferentiation into eTreg cells and tissue residency.

Results

IPMK Promotes Accumulation and Differentiation of Treg Cells.
Treg cells reside within various parenchymal tissues, including
the lung, small and large intestine, adipose tissues, skin, and
secondary lymphoid tissues. These tissue-resident Treg cells reg-
ulate immune homeostasis and tissue regeneration (27-29). To
investigate the physiological function of IPMK in Treg cells,
we generated Foxp3Cre-YF P]pm/eﬂ/ﬂ mice (]pm/eATreg) by crossing
mice bearing loxP-flanked Ipmk alleles ([pm/eﬂ/ﬂ) with mice
expressing the Foxp3-Cre recombinase/YFP fusion protein
(Ipmk¥'T). The ablation of Ipmk was confirmed by quantitative
reverse transcription—polymerase chain reaction (qQRT-PCR)
and Western blot analysis using isolated Foxp3-YFP™ Treg
cells from [pm/eWT and [pm/eATreg mice (SI Appendix, Fig. S1 A
and B). Ipmk*"™¢ mice displayed normal Treg cell numbers in
the thymus compared with Ipmk™ " mice (SI Appendix, Fig.
S10), suggesting that deletion of IPMK in mature Treg cells
does not affect the development of Treg cells in the thymus.
Next, we examined the abundance of Treg cells in various
tissues of Ipmk* "¢ mice. The frequency of Foxp3™ Treg
cells was significantly reduced (by ~twofold) in the large intes-
tine lamina propria (LILP) and skin (but not in the lung) of
[pm/eAT'eg mice compared to that in [pm/eWT mice (Fig. 14).
However, the frequencies of Treg cells, including cTreg and
¢Treg cells, in the spleen were similar between Zpmk* ™€ mice
and [pm/eWT counterparts (Fig. 1 A and B). These results suggest
that IPMK is required for the accumulation of tissue-resident
Treg cells, particularly in the LILP and skin; however, we cannot
fully exclude the possibility that reduced Treg cells in these tissues
could be secondary to an increase in conventional T (Tconv) cells
due to the loss of Treg cell function in the absence of IPMK.

To further examine the role of IPMK in the generation of large
intestinal Treg cell subsets, we analyzed tTreg and pTreg cell pop-
ulations in the LILP. We observed that RORyt" pTreg cells were
markedly reduced (\!?/Yr ~twofold) in the LILP of [pmkAng mice
than that of Ipmk"  mice, whereas the frequency of Helios™
tTreg cells was similar between the two mice (Fig. 10). In
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addition, consistent with a previous report stating that RORyt*
Treg cells are primary producers of interleukin (IL)-10 (12),
IPMK-deficient Treg cells showed decreased expression of IL-10
than normal Treg cells did (Fig. 1.D). This suggests the necessity
of IPMK for the generation and maintenance of RORyt" pTreg
cells and their regulatory functions.

Since eTreg cells co-opt specific transcription factors for their
effector functions (9-12), we investigated which eTreg cell subset
is regulated by IPMK. The freglluency of RORyt" eTreg cells was
significantly reduced in Ipm#* "¢ mice, particularly in the LILP.
However, the frequencies of T-bet" and Gata3"* eTreg cell subsets
did not change significandy (Fig. 1£). Thus, these results support
the critical role of IPMK in the differentiation and maintenance of
tissue-resident Treg cells, particularly those of RORyt" Treg cells.

IPMK Is Required for Treg Cell-Mediated Suppressive Activity.
Next, we examined whether IPMK deficiency affects Treg cell-
mediated regulatory functions in vivo. The numbers of spleno-
cytes and infiltrated leukocytes in the lung and LILP were slighdy
increased in [pmkATreg mice than those in [pmkWT mice (S/
Appendix, Fig. S2A). While [pmkwr and Jpm/ T8 mice had sim-
ilar frequencies of CD4" and CD8" T cells in the spleen (S7
Appendix, Fig. S2B), the numbers of CD4+ and CD8" T cells
and the frequencies of CD62L°CD44™ effector T cells were
increased in the spleen and lung of [pm/eATreg mice (Fig. 2 A and
B and SI Appendix, Fig. S2C). Additionally, we observed that
CD4* T cells in the spleen and lung of [pmkATreg mice produced
higher levels of interferon gamma (IFN-y) than those of [pmkWT
mice; however, they produced similar amounts of cytokines such
as IL-4, IL-13, and IL-17A. CD8" T cells in the spleen and lung
of [pmkATreg mice also produced higher levels of IFN-y and gran-
zyme B (GzmB) (Fig. 2C and SI Appendix, Fig. S2D). Further-
more, 8-mo-old Ipmk* "™ mice displayed weight loss (S7
Appendix, Fig. S2E) and elevated immune cell infiltradion in vari-
ous nonlymphoid tissues compared to that in age-matched
[pm/eWT mice (SI Appendix, Fig. S2F). Although the abundance
of Treg cells appeared normal in the spleen and lung of Zpmk* ™8
mice, these observations suggest that IPMK ablation in Treg cells
contributes to their functional defects.

To directly evaluate the requirement for IPMK in Treg cell-
mediated suppressive activity, we conducted an in vivo suppres-
sion assay. When RﬂgZ_/_ mice were adoptively transferred to
induce colitis with CD45.1*CD4*CD45RB™ congenic naive
T cells alone or with Treg cells isolated from the Jpmk”"™8 and
IpmkY" mice, the IPMK-deficient Treg cells showed markedly
reduced suppressive capacity, as indicated by the progressive
body weight loss, increased intestinal pathology, higher fre-
quency of IFN-y—producing CD4™ T cells (Fig. 2 D-F), short-
ening of colon length, and reduced ratio of Treg cells to Tconv
cells in recipient mice (SI Appendix, Fig. S2 G and H).

The functional consequences of IPMK deficiency in Treg cells
were further investigated using a dextran sodium sulfate (DSS)-
induced acute intestinal inflammation model (30), in which Treg
cells control inflammation in an IL-10-dependent manner (31).
Ipmk* "8 mice displayed exacerbated weight loss, colon shorten-
ing, and colon tissue destruction (SI Appendix, Fig. S3 A-O),
indicating impaired protection due to defective Treg cell func-
tion. Flow cytometric analysis revealed that the overall cellularity
of LILP, T cells, and neutrophils was increased (S7 Appendix, Fig.
S3D). In contrast, the frequency of Treg cells in LILP was
reduced, and IL-10 expression in Treg cells was impaired in
[pmkATreg mice (S Appendix, Fig. S3 E and F). Collectively,
these data further support that IPMK is essential for Treg cell-

mediated immunosuppression in peripheral tissues.
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Fig. 1. Treg cells require IPMK for their differentiation and accumulation in nonlymphoid tissues. (A) Flow cytometry analysis of Foxp3 in CD4* T cells in the

spleen, lung, LILP, and skin of jomk™™ and /pmk“T"®8 mice. Graphs show percentages of CD4*Foxp3* Treg cells (n = 6-13). (B) Flow cytometry analysis of
CD62L and CD44 in CD4*Foxp3* Treg cells isolated from the spleen of lpmk"™ and Ipmk“T"®& mice. Graphs show percentages of CD62L"CD44"° cTreg cells
and CD62L'°CD44" eTreg cells among CD4*Foxp3* Treg cells (n = 7). (C) Flow cytometry analysis of RORyt and Helios in CD4*Foxp3™* Treg cells isolated from
the LILP of jpmk™™ and jomk®T"®8 mice. Graphs show percentages of RORyt™ Treg cells and Helios* Treg cells among CD4*Foxp3* Treg cells in LILP (n = 9).
(D) Flow cytometry analysis of intracellular IL-10 in CD4*Foxp3* Treg cells isolated from the LILP of /pmk™" and Ipmk“™"& mice and stimulated with phorbol
myristate acetate (PMA, 50 ng/mL) and ionomycin (500 ng/mL) for 4 h. The graph shows percentages of IL-10-producing cells among CD4*Foxp3* Treg cells
(n = 7). (E) Flow cytometry analysis of expression of RORyt, Gata3, and T-bet in CD4*Foxp3+CD62L' Treg cells isolated from the LILP of jpmk"T and JjpmkATre&
mice. Graphs show percentages of cells expressing RORyt, Gata3, and T-bet among CD4*Foxp3*CD62L'"° Treg cells from indicated organs (n = 7-13). Multiple
unpaired t tests with Holm-Sidak multiple comparison correction were used for statistical analyses (E). Otherwise, unpaired Student’s ¢ test was used for
statistical analyses. Error bars represent the mean + SEM values. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Treg Cells Require IPMK to Inhibit Anti-Tumor Immune
Responses. Treg cells are recruited and accumulated in various
tumor tissues and suppress effector T cell-mediated immune
responses against tumor-associated antigens (32, 33). Thus, we
examined whether targeting IPMK activity in Treg cells
increases T cell-mediated anti-tumor immunity. When we
inoculated B16-F10 melanoma cells, tumor growth was signifi-
cantly inhibited in Ipmk*T™® mice compared to that in
Ipmk¥T mice (Fig. 34). Flow cytometric analysis of tumor-
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infiltrating lymphocytes (TILs) revealed that the numbers of
both CD4" and CD8" T cells were increased (Fig. 3B), and
the ratio of CD4" to CD8" T cells was reduced in Ipmk*'"8
mice (Fig. 3C). In addition, the frequency of tumor-infiltrating
Treg cells was markedly reduced in pm#*'™8 mice (Fig. 3D),
which was accompanied by an increased ratio of CD4" or
CD8" T cells to Treg cells (Fig. 3E), supporting the aug-
mented anti-tumor immune responses. Furthermore, IPMK
ablation in Treg cells resulted in enhanced IFN-y and GzmB
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Fig. 2. IPMK-deficient Treg cells show impaired suppressive function. (4) Graphs show numbers of CD4* and CD8* T cells in the spleen of jomk"™ and Ipmk“T"e&
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cant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

expression in CD4" and CD8" T cells, respectively (Fig. 3F).
These findings indicate that IPMK modulates the regulatory
activity of Treg cells to inhibit anti-tumor immune responses;
therefore, targeting IPMK in Treg cells would be an innovative
approach for improving tumor therapy.

IPMK Is Indispensable for eTreg Cell Generation and Homeostasis.
We have shown that IPMK is essential for the differentiation
and function of Treg cells. To examine the Treg cell-intrinsic
properties of IPMK under noninflammatory conditions, we
employed two approaches. First, we generated mixed bone mar-
row (BM) chimeric mice by reconstituting BM-depleted
Rag27/7 mice with BM cells from CD45.1% wild-type (WT)

https://doi.org/10.1073/pnas.2121520119

mice with BM cells from CD45.2* [pm/e:WT or IpmkATreg mice
(Fig. 4A4). Second, we generated Foxp3cremj" I'I[pm/eﬂ/ﬂ female
mice having both IPMK-deficient Treg cells (Cre-expressing
cells) and IPMK-sufficient Treg cells (Thyl.1-expressing cells).
These mice still contain WT Treg cells and thus, are protected
from tissue inflammation. In both situations, the ratio of
IPMK-deficient Treg cells to IPMK-sufficient Treg cells in the
spleen was reduced, and this was more obvious in the BM and
nonlymphoid tissues (Fig. 4 B and (), suggesting that IPMK
regulates the competitive fitness of Treg cells and accumulation
of tissue-resident Treg cells in a cell-intrinsic manner.
Consistent with the finding that the absence of IPMK led
to preferential reduction of Treg cells in nonlymphoid tissues
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Fig. 3. Treg cell-specific ablation of IPMK results in enhanced anti-tumor immunity. jomk"" and /pmk®T"®& mice were inoculated subcutaneously with
B16F10 melanoma cells. (4) The graph shows tumor growth during tumor progression, expressed as mean tumor volume (mm?3) (n = 7-10). (B) Graphs show
numbers of CD4* and CD8" T cells among 10° live cells in TILs (n = 7-8). (C) Flow cytometry analysis of CD4 and CD8 in TCRB* cells isolated from the tumor
of Iomk"T and Ipmk“T"& mice. The graph shows ratios of CD4* to CD8* T cells among TCR* T cells in TILs (n = 7-8). (D) Flow cytometry analysis of Foxp3
in TCRETCD4* T cells isolated from the tumor of Jomk"’T and [pmk“T"€ mice. The graph shows percentages of Foxp3* Treg cells among CD4* T cells in TILs
(n = 7-8). (F) Graphs show ratios of CD4* to CD4*Foxp3* Treg cells and CD8" to CD4*"Foxp3™ Treg cells among TCRB* T cells in TILs (n = 7-8). (F) Flow cytom-
etry analysis of intracellular IFN-y and GzmB in CD4" and CD8" T cells in the tumor of jomk"'" and [pmk“T"®& mice after cultured for 4 h in the presence of
PMA (50 ng/mL) and ionomycin (500 ng/mL). Graphs show percentages of IFN-y* and GzmB* CD4* T cells and IFN-y* and GzmB* CD8* T cells among TCRg"
T cells in TILs (n = 6-7). Two-way ANOVA was used for statistical analysis in (A). Otherwise, unpaired Student's t test was used for statistical analyses. Error
bars represent the mean + SEM values. ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001.

such as LILP and the skin, which consist mainly of eTreg
cells (Figs. 14 and 4 B and C), IPMK-deficient Treg cells, in
Foxp3° ™11 [y mice, displayed a significant reduction in
CD62L°CD44M Treg cells than in IPMK-sufficient Treg cells
(Fig. 4D and SI Appendix, Fig. S4A). This reduction of eTreg
cells was more pronounced in the BM, LILP, and skin (87
Appendix, Fig. S4B). This was also represented by the decreased
expression of ICOS, PD-1, CTLA4, and GITR, which are typi-
cally expressed in eTreg cells (7) (Fig. 4 and SI Appendix,
Fig. S40). Since differentiation of cTreg cells into eTreg cells is
accompanied by cell proliferation (7), we assessed the prolifera-
tion capacity of Treg cells and found that IPMK-deficient
Treg cells expressed Ki-67 at a reduced level (Fig. 4F). These
results suggest that IPMK intrinsically promotes eTreg cell
differentiation.

To further establish the importance of IPMK in eTreg
cell differentiation, we performed activation-induced eTreg
cell differentiation experiments. When CDG62LMCD44"
cTreg cells isolated from the [pm/eATreg and [pmkWT mice
were activated in vitro, the differentiation of IPMK-
deficient cTreg cells into CD62L°CD44" eTreg-like cells
was less efficient (Fig. 4G). In addition, the differentiation
of IPMK-deficient Treg cells into RORyt" Treg cells was
inefficient when cells were cultured in the presence of IL-6
and IL-23 (Fig. 4H) (34). Collectively, these results suggest
that IPMK is essential for eTreg and tissue-resident Treg
cell differentiation.

PNAS 2022 Vol. 119 No.27 2121520119

IPMK Globally Regulates the Transcriptional Program of Treg
Cells. When the transcriptional profiles of CD4"YFP*" Thyl.1~
Treg cells isolated from Foxp3C7e/Thy1-1 and Foxp3<re/Thyl-1 ]pm/eﬂ/ﬂ
female mice were analyzed (Fig. 5A4), 432 genes were differentially
expressed between the groups; 279 genes were down-regulated
and 153 genes were up-regulated in IPMK-deficient cells (>1.5-
fold, P value <0.05) (Fig. 5B). Gene set enrichment analysis
(GSEA) revealed that common Treg signature genes (35) were
underrepresented in IPMK-deficient Treg cells (Fig. 5C). The
expression of transcription factors such as Abr, Batf, Maf, and
Prdml, which facilitate Treg cell differentiation and function,
was down-regulated in the IPMK-deficient Treg cells, whereas
T¢f7 and Sathl, mostly associated with the naive state, were
up-regulated. In addition, the IPMK-deficient Treg cells dis-
played reduced expression of genes for cell surface molecules
indicative of activated or eTreg cells (e.g., Lag3, Icos Il17l1,
Pdcd1, and Klrgl), regulatory molecules associated with immune
suppression (e.g., Gzmb, NtSe, Fgl2, and 1/18), and integrins and
chemokine receptors that control the migration of Treg cells
(Fig. 5D).

GSEA with hallmark gene sets from the MSigDB (36)
revealed that the IL-2/STATS5 signaling pathway was sup-
pressed in IPMK-deficient cells (Fig. 5F). Furthermore, gene
sets associated with fatty acid metabolism and E2F targets
related to the active cell cycle and target genes of the NF-kB
signaling pathway were underrepresented in IPMK-deficient

cells (Fig. 5 Fand G and ST Appendix, Fig. S5). By qRT-PCR,
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Fig. 4. IPMK controls eTreg cell generation and homeostasis in a cell-intrinsic manner. (A) Schematic representation of the generation of mixed bone mar-
row (BM) chimeric mice. (B) Flow cytometry analysis of CD45.1 and CD45.2 in CD4*Foxp3* Treg cells isolated from the spleen, lung, liver, LILP, and skin of
mixed BM chimeric mice. The graph shows ratios of CD45.2* to CD45.1" cells among CD4*Foxp3* Treg cells from indicated organs (n = 4). (C) Flow cytome-
try analysis of Thy1.1 in CD4*Foxp3* Treg cells isolated from the spleen, lung, BM, LILP, and skin of Foxp3®™"" and Foxp3<¥™"!jomk™" mice. The graph
shows ratios of Thy1.1~ to Thy1.1" cells among CD4*Foxp3* Treg cells from indicated organs (n = 5-8). (D) Flow cytometry analysis of CD62L and CD44 in
CD4*Foxp3*Thy1.1~ and CD4*Foxp3*Thy1.1* Treg cells isolated from the spleen of Foxp3“¥™"" and Foxp3<*™"!jpmk™" mice. Graphs show ratios of
Thy1.1~ to Thy1.1* cells in CD62L"'CD44' cTreg cells and CD62L'°CD44" eTreg cells among CD4*Foxp3* Treg cells (n = 8). (F) Flow cytometry analysis of
ICOS, PD-1, CTLA4, and GITR in CD4*Foxp3*Thy1.1~ and CD4*Foxp3*Thy1.1* Treg cells isolated from the spleen of Foxp3®™ ! and Foxp3<™"-! jpmk™f
mice. Graphs show ratios of MFI of indicated molecules in Thy1.1~ cells to that in Thy1.1* cells among CD4*Foxp3™ Treg cells (n = 7-8). (F) Flow cytometry
analysis of Ki-67 in CD4*Foxp3*Thy1.1~ Treg cells isolated from the spleen of Foxp3<®™"! and Foxp3<®™"1jpmk™™" mice. The graph shows percentages of
Ki-67* Treg cells among CD4*Foxp3* Treg cells (n = 7-8). (G) Flow cytometry analysis of CD62L and CD44 in cTreg cells purified from spleen of Ipmk™™
and IpmkATree mice and stimulated with anti-CD3/CD28 and IL-2 for 3 d. Graphs show percentages of CD62L™ Treg cells and CD62L'°CD44" Treg cells
(n = 5). (H) Flow cytometry analysis of RORyt expression in Treg cells purified from spleen of [pmk'"T and Jomk“"®& mice and stimulated with anti-CD3/CD28
in the presence of IL-2, IL-6, and IL-23 for 3 d. The graph shows percentages of RORyt* Treg cells (n = 7). Unpaired Student's t test was used for statistical
analyses. Error bars represent the mean + SEM values. **P < 0.01; ***P < 0.001; ****P < 0.0001.
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we further validated the expression of representative genes in
control and IPMK-deficient Treg cells (Fig. 5H). This pattern
of deregulated gene sets in the absence of IPMK is similar to
that of Treg cells defective in Ca** signaling (19). Therefore,
these results suggest that IPMK might function via the TCR-
induced Ca®* signaling pathway in Treg cells.

IPMK Is Required for TCR-Induced Ca?* Mobilization in Treg
Cells. IPMK is highly expressed in Treg cells isolated from non-
lymphoid tissues, especially the LILP and skin, compared to
those isolated from lymphoid tissues such as the spleen and
mesenteric lymph nodes (mLN) (Fig. 64). The intestine and
skin are continuously exposed to antigenic challenges, such as
commensal microorganisms and nutrients; this provides a con-
sistent stimulation of TCR in Treg cells. Consistent with this
notion, the expression of activation markers, such as CD69 and
CD44, and eTreg cell markers including CD103, GITR, and
KLRG1 (28) was highly elevated in Treg cells from nonlym-
phoid dssues, particularly in the LILP and skin, compared to
those in the spleen (Fig. 6B and SI Appendix, Fig. S6). TCR
stimulation of splenic Treg cells resulted in a substantial
increase in Ipmk mRNA expression (Fig. 6C). Moreover, it
induces the expression of [rf4 and c-myc via activation of the
NF-«B pathway (37-39) and the immunosuppressive cytokine-
encoding gene //10 (40). However, IPMK-deficient Treg cells
displayed reduced mRNA expression of [rf4, c-myc, and 1/10
upon TCR stimulation (Fig. 6 D and E), strongly suggesting
that IPMK regulates TCR signaling and the expression of
downstream target genes in Treg cells.

High-performance liquid chromatography revealed reduced
higher-order InsPs, such as InsPs, InsPg, and InsP; in the extract
of IPMK-deficient Treg cells (Fig. 6F). Synthesis of InsP4
was also significantly reduced in these cells, even though the pro-
cess is mediated by both ITPKB and IPMK. IPMK generates
both types of InsPy, Ins(1,3,4,5)P4 and Ins(1,4,5,6)P4 from
InsPs. Ins(1,3,4,5)Py, unlike Ins(1,4,5,6)P4, has been shown to
hinder InsP; 5-phosphatase- medlated InsP; metabolism, thereby
facilitating receptor -mediated Ca®" mobilization by sensitizing
InsP;-mediated Ca®* influx (41). Consistent with this finding,
IPMK-deficient Treg cells indeed exhibited reduced InsP;
levels compared to that in control Treg cells (Fig. 6F). When
Ca”*-sensitive dye-loaded CD4*CD25" T cells, which are
mostly Foxp3™ Treg cells (Fig. 6G), were stimulated with anti-
CD3, SOCE was noticeably impaired in IPMK-deficient
CD4"CD25" T cells (Fig. 6H). Reduced SOCE could have
resulted from the TCR-independent pathway or direct regula-
tion of CRAC channel machinery expression by IPMK. How-
ever, treatment of CD4*CD25" T cells with thapsigargin,
which activates SOCE in a TCR-independent manner, resulted
in a similar level of SOCE between IPMK-deficient and control
cells (Fig. 6)). The expression of STIM1 and STIM2 proteins
(i.e., critical regulators of CRAC channel activation) was not
altered in IPMK-deficient cells (87 Appendix, Fig. S7). In addi-
tion, cell-permeable Ins(1,3,4,5)P4 supplementation during stlm-
ulation of IPMK-deficient cells restored the impaired Ca**
response (Fig. 6)). However, the enantiomer Ins(1,4,5,6)P4
failed to rescue the Ca** response of IPMK-deficient cells (Fig.
6K). Furthermore, when IPMK-deficient Treg cells were treated
with calcium ionophore, defects in TCR-mediated gene expres-
sion were restored (Fig. 6 L and M), further confirming that
they were Ca —dependent These results suggest that IPMK reg-
ulates Ca®* mobilization in a TCR- and Ins(1,3,4,5)P4-depen-
dent manner without directly altering the expression of the
CRAC channel machinery. Thus, we argue that IPMK is crucial

PNAS 2022 Vol. 119 No.27 2121520119

in Treg cells for proper TCR signal transduction and effector
outcomes via the regulation of intracellular Ins(1,3,4,5)Py.

Discussion

Our results show that IPMK is essential for the regulatory func-
tion and differentiation of Treg cells into eTreg subsets and
their accumulation in nonlymphoid tissues and that IPMK
fine-tunes Treg cell function and identity, which are main-
tained by TCR-dependent Ca** influx.

We observed that ablation of IPMK in Treg cells resulted in
the reduction of Treg cells in a context- dependent manner.
The accumulatlon of Treg cells was similar in the spleen and
lung of Ipmk™ " and Ipmk* "¢ mice. However, the accumula-
tion of IPMK-deficient Treg cells was significantly impaired in
the presence of WT Treg cells. In addition, tissue-resident Treg
cells in the LILP and skin, mostly eTreg cells, were 51gn1ﬁcantly
reduced in Ipmk*""8 mice, which was further enhanced in
competitive environments, suggesting that IPMK might control
the competitive fitness of Treg cells in addition to their differ-
entiation capacity. Given that Treg and Tconv cells utilize the
same homeostatic mediators such as costimulatory molecules
and cytokines for their proliferation and differentiation, there
appears to be a competition between eTreg and effector Tconv
cells, in addition to that among Treg cells (42). The notion
that IPMK-deficient eTreg cells possess an impaired ability to
compete with effector Tconv cells might partly explain the
inflammatory phenotype in the spleen of Ipmk®Tres mice
despite the normal eTreg cell frequency among splenic Treg
cells. Although observed elsewhere (34, 43, 44), it is not clear
why defective Treg cells accumulate normally in lymphoid tis-
sues under inflammatory conditions despite the reduced tissue-
resident Treg cells. Nevertheless, our results support that IPMK
is essential for maintaining Treg cell homeostasis in a competi-
tive environment.

IPMK-deficient Treg cells displayed impaired Ca** influx
and accumulation of tissue-resident Treg cells. It has been
shown that mature Treg cell-specific abolishment of SOCE
hinders the differentiation of Treg cells into tissue-resident
Treg cells and their effector functions, whereas the number of
tTreg cells remains unaltered (19). Our results show that
IPMK positively regulates the expression of genes associated
with €Treg cell identity (e.g., Abr, Prdm1, Batf, and Maf), func-
tion (e.g., Gzmb and Nt5¢), and localization (e.g., Jtgae, Itgh8,
Cer2, and Ccr10), which are also regulated by SOCE (19). In
addition, our GSEA results showed that the IL-2/STATS sig-
naling pathway and fatty acid metabolism were deregulated in
the absence of IPMK. IL-2 signaling is required for prolifera-
tion and function of Treg cells by controlling fatty acid oxida-
tion (FAO), on which Treg cells are generally dependent for
their metabolic requirements (45). The fact that intracellular
Ca®* links TCR and IL-2 signaling with FAO suggests that
IPMK might orchestrate the transcrlpnonal network, at least in
part, by regulating TCR-mediated Ca** 51gnallng

Ca®" signals regulate the activity of NF-«xB in T cells (46),
1mply1ng that IPMK might functlon as a regulator of NF-xB
in Treg cells by controlling Ca** signaling. In addition to
impaired TCR-induced expression of /rf4 and c-myc, multiple
genes that were down-regulated in Treg cells with defective
NF-«B signaling (e.g., Prdml, Batf, IlIrl1, Icos, Tigit, Kirgl,
Nt5e, and Gzmb) (34, 47, 48) were also down-regulated in
IPMK-deficient Treg cells. p65 might have a key role in the
differentiation of eTreg cells in competitive environments (47).
Treg cell-specific ablation of c-Rel confers enhanced anti-tumor
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Fig. 5.

IPMK regulates transcriptional networks in Treg cells. RNA-sequencing analysis of CD4*YFP* Treg cells isolated from the spleen of Foxp3<¥™"-" and

Foxp3<e ™1 pmk™™ mice. (A) Flow cytometry analysis of expression of YFP and Thy1.1 in CD4* T cells isolated from the spleen of Foxp3<®™"! and
Foxp3<e ™1 jpmk™" mice. (B) Gene expression profile of YFP* Treg cells isolated from Foxp3<¢™"jpmk™f mice versus those from Foxp3<¢™"-" mice.

(C) Gene set enrichment analysis (GSEA) comparing the relative expression of common Treg signature genes in WT versus IPMK-deficient Treg cells. (D) Heat-
map analysis of Treg cell-related genes expression in WT versus IPMK-deficient Treg cells, shown in groups based on their function. (E-G) GSEA comparing
the relative expression of genes involved in IL-2/STAT5 signaling (), fatty acid metabolism (F), and that of E2F target genes (G). (H) Validation of gene expres-
sion changes in control and IPMK-deficient Treg cells using quantitative RT-PCR (n = 3). Multiple unpaired t tests with Holm-Sidak multiple comparison cor-
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rection were used for statistical analysis. Error bars represent the mean + SEM values. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

immune responses, resulting from their impaired regulatory
activity against CD8* T cells (48). In line with these results,
IPMK-deficient mice showed impaired Treg cell infiltration
in the tumor microenvironment that resulted in augmented
T cell-mediated anti-tumor responses, thereby reducing the
growth of implanted melanoma. This phenotypic similarity
exhibited by the defects in NF-kB and IPMK signaling is
further supported by the underrepresentation of NF-«B tar-
get genes in IPMK-deficient Treg cells, as determined by
GSEA. Thus, specific inhibition of IPMK activity in Treg
cells could be an effective therapeutic strategy for cancer
immunotherapy.

https://doi.org/10.1073/pnas.2121520119

IPMK generates InsP, and InsPs through sequential phosphor-
ylation of InsP;. Although these inositol-derived metabolites are
produced in large amounts upon TCR stimulation, their physio-
logical functions as second messengers have not been revealed,
particularly in Treg cells. Among these higher-order InsPs,
Ins(1,3,4,5)P4 has recently been identified as a regulator of the
development and function of T cells, B cells, and neutrophils
(23, 24, 49). In this study, we showed that IPMK-deficient Treg
cells dlsplay reduced production of InsP4 and subsequent reduc-
tion in InsP; along with defects in Ca”* mobilization. This defect
was restored by exogenous Ins(1,3,4,5)Py4, suggesting that IPMK
is essential for Ins(1,3,4,5)P4mediated regulation of TCR-
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Fig. 6. IPMK controls TCR-induced SOCE by regulating the production of Ins(1,3,4,5)P4 in Treg cells. (A) Quantitative RT-PCR analysis of indicated genes in Treg
cells isolated from the spleen, mLN, lung, LILP, and skin (n = 3). (B) Flow cytometry analysis of CD69 expression in Treg cells in the spleen, lung, LILP, and skin. The
graph shows percentages of CD69" Treg cells among CD4*Foxp3* Treg cells (n = 4). (C-F) Quantitative RT-PCR analysis of lpmk (C), Irf4, c-myc (D), and 110 (£) in
Treg cells activated with anti-CD3 and anti-CD28 for 4 h (n = 4-6). (F) The graph shows the relative counts per minute (C.P.M.) of soluble InsPs extracted from Treg
cells radiolabeled with [*H]myo-inositol in the presence of anti-CD3 and anti-CD28 (n = 3). (G) Flow cytometry analysis of Foxp3-YFP expression in CD4*CD25*
T cells isolated from the spleen. (H-K) Analysis of Ca* influx with the Ca®*-sensitive dye Fluo-4 NW. (H and /) Analysis of Ca* influx in CD4*CD25* T cells stimu-
lated with anti-CD3 (H) or thapsigargin (TG) (/) in the absence of exogenous Ca®*, followed by the addition of 1 mM Ca®*. The graphs show the relative MFI of
peaks of Ca®* influx (n = 6-8). (/ and K) Analysis of Ca®* influx in CD4*CD25" T cells after the addition of cell-permeable Ins(1,3,4,5)P4 (5 uM) () or Ins(1,4,5,6)P,
(5 pM) (K), then anti-CD3, followed by the addition of 1 mM Ca**. The graphs show the relative MFI of peaks of Ca®* influx (n = 3-4). (L and M) Quantitative RT-PCR
analysis of Irf4, c-myc (L), and /110 (M) in Treg cells activated with anti-CD3 and anti-CD28 for 4 h in the absence or presence of calcium ionophore (50 ng/mL)
(n = 3-4). One-way ANOVA with the Tukey’'s multiple comparison test was used for statistical analyses (B-£, J and K). Otherwise, unpaired Student's t test was used
for statistical analyses. Error bars represent the mean + SEM values. ns, not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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induced SOCE in Treg cells. This is further supported by the
results that thapsigargin-stimulated Treg cells, in which InsP; is
barely produced, show unaltered SOCE activity in the absence of
IPMK.

InsP; is converted to Ins(1,3,4,5)P4 by InsP; 3-kinases, such
as ITPKA, ITPKB, ITPKC, and IPMK. Among these, ITPKB
and IPMK are abundant and have an essential function in the
immune system (22-24). Previous reports showed that ITPKB
regulates thymocyte development by controlling the production
of Ins(1,3,4,5)P4 (23); thus, it is possible that ITPKB might
mask the function of IPMK in Treg cells, which is not the case.
Interestingly, the expression patterns of IPMK and ITPKB are
different in thymocytes and Treg cells. Public RNA-sequencing
data (ImmGen) show that ITPKB is highly expressed in DP
thymocytes, suggesting its exclusive function for Ins(1,3,4,5)P4
production in thymocytes. Our expression analysis of inositol
phosphates- and phosphoinositide-metabolizing enzymes in
Treg cells from various tissues revealed that IPMK was mark-
edly expressed in tissue-resident Treg cells than in Treg cells
from lymphoid tissues, whereas no substantial changes were
observed in the expression of the other InsP3 3-kinases (Fig.
6A). Thus, it is very likely that IPMK critically regulates the
differentiation of €Treg and tissue-resident Treg cells as a major
regulator of Ins(1,3,4,5)P4 in Treg cells.

In summary, we identified IPMK as a key regulator of the
transcriptional program, differentiation, regulatory function,
and competitive ability of e¢Treg and tissue-resident Treg cells.
IPMK finely modulates Ins(1,3,4,5)P4 production and thereby
regulates InsP3-mediated SOCE in Treg cells. Therefore, these
features of inositol polyphosphates tunable by IPMK in Treg
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cells may offer therapeutic strategies for curing autoimmune
diseases, allergies, and cancer.

Materials and Methods

Mice. Strateqy for the generation of jpmk™™ mice was previously described (50).

Foxp3"™E Y7 and Foxp3™ " mice were kindly provided by Alexander Ruden-
sky. Rag2~'~ (stock #008449), B6SIL (stock #002014), and Cd4“® (stock
#017336) mice were purchased from The Jackson Laboratory. All animals were
maintained on a C57BL/6 background and bred in specific pathogen-free barrier
facilities at Seoul National University and Institute of Molecular Biology and
Genetics, and were used in accordance with protocols approved by the Institu-
tional Animal Care and Use Committees of Seoul National University.

A detailed description of all materials and methods is available in S/
Appendix, SI Materials and Methods.

Data Availability. All study data are included in the article and/or S/ Appendix.
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