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Abstract

Mucosal-associated invariant T (MAIT) cells participate in both protective immunity and
pathogenesis of diseases. Most murine MAIT cells express an invariant TCRVa19-Ja33 (iVa19)
TCR, which triggers signals crucial for their development. However, signal pathways downstream
of the iVa19TCR and their regulation in MAIT cells are unknown. Diacylglycerol (DAG) is a
critical second messenger that relays the TCR signal to multiple downstream signal cascades.
DAG is terminated by DAG kinase (DGK)-mediated phosphorylation and conversion to
phosphatidic acid. We have demonstrated here that downregulation of DAG caused by enhanced
DGK activity impairs late stage MAIT cell maturation in both thymus and spleen. Moreover,
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deficiency of DGKC( but not DGKa by itself causes modest decreases in MAIT cells, and
deficiency of both DGKa and G results in severe reductions of MAIT cells in an autonomous
manner. Our studies have revealed that DAG signaling is not only critical but also must be tightly
regulated by DGKs for MAIT cell development and that both DGKa and, more prominently,
DGKG( contribute to the overall DGK activity for MAIT cell development.
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INTRODUCTION

Mucosal-associated invariant T (MAIT) cells are innate like T cells that participate in both
protective immunity and disease pathogenesis. Most MAIT cells express an invariant TCRa
chain with a restricted TCR repertoire. MAIT cells express the iVa19-Ja33 (iVa19) TCR in
mice and the iVa7.2-Ja33 TCR in humans [1, 2]. Unlike conventional apT (capT) cells,
MAIT cells do not respond to peptides presented by classic MHC molecules but instead
recognize microbe-derived riboflavin (vitamin B2) metabolites presented by the MHC-I-
related molecule MR1 [3, 4]. MAIT cells mature and differentiate into effector lineages in
the thymus and can rapidly respond to agonists and produce a variety of cytokines and other
effector molecules that shape both innate and adaptive immunity [5-8]. Recent evidence has
revealed that MAIT cells are not limited to mucosal tissues but also exist in peripheral
lymphoid organs such as the spleen, lymph nodes (LNs), and liver, suggesting broad roles
for these cells in immune responses. Abnormal MAIT cell numbers and/or functions are
associated with many diseases such as multiple sclerosis, cancer, chronic infections, and
autoimmune diseases [9-11].

In humans, MAIT cells are abundant, accounting for up to 30% of T cells depending on the
organ [8, 12]. In mice, MAIT cells are rare and account for a very small portion of the
overall T cell population. Very little is known about the mechanisms that regulate MAIT cell
development and function because of an historical inability to clearly detect them in mice.
Recently, MR1 tetramers for specific detection of MAIT cells in both mice and humans have
been developed [5, 13]. In mice, MAIT cell development in the thymus takes place in three
stages: CD24*CD44" stage 1, CD24~CD44" stage 2, and CD24-CD44" stage 3 [14]. An
absence of MAIT cells in MR1-deficient mice and an increase in MAIT cells in iVa19TCR
transgenic mice suggest that the TCR signal is crucial for MAIT cell development [4, 6, 15,
16]. However, the signal pathways downstream of the iVal19TCR and the regulation of these
pathways important for MAIT cell development remain unknown.

Following TCR engagement, diacylglycerol (DAG) is produced through the activation of
phospholipase C -y1. DAG recruits downstream effector molecules to the membrane and
allosterically activates effectors such as PKC6, RasGRP1, PKDs, Munc13s, and chimaerins
in T cells [17, 18]. PKCB leads to TCR-mediated NF-xB and mTORC1 activation [19, 20],
which affects key processes, including T cell activation and survival, T42 and T417, and
MNKT cell and Treg development [21-24]. RasGRP1 activates the Ras-RAF1-MEK1/2-
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ERK1/2 pathway, leading to mTORC1, mTORC2, and PI3K as well as AP1 activation [25—
27]. RasGRP1 plays essential roles in capT cell development, early iNKT cell development,
IL-17 expressing y6T17 differentiation, and y&8T cell activation [26, 28-31]. However,
whether the DAG-mediated signal also participates in MAIT cell development is unknown.

The diverse and important functions of DAG-mediated signaling suggest that its levels
require tight control. In mammals, ten DGK isoforms encoded by distinct genes catalyze the
phosphorylation of DAG to produce phosphatidic acid (PA). DGKa and DGKG, along with
DGKS, are the major isoforms expressed in T cells [32-35]. Both DGKa and ( regulate
multiple signaling pathways such as the RasGRP1-Ras-Erk1/2 pathway, the PKCO-1KK-
NFxB pathway, and mTOR signaling [27, 32, 36-38]. DGKa and/or ¢ control T cell
development, activation and anergy, survival, effector function, antimicrobial and antitumor
immunity, and iNKT cell development, as well as Treg generation [33, 34, 37-47].

In this report, we demonstrate that expression of a gain of mutant DGKG in thymocytes
causes severe decreases of terminally differentiated MAIT cells in mice, suggesting that
DAG plays a critical role in MAIT cell development. Using mice deficient in either DGKa.,
G, or both, we have further shown that DGK( but not DGKa deficiency causes modest
decreases in MAIT cells in mice and that DGKa and € double deficiency greatly decreases
MAIT cells via cell autonomous mechanisms. Our data suggest that DAG signaling is not
only essential but also must be tightly controlled by DGKSs for proper MAIT cell
development and that DGKa and C function synergistically or redundantly to promote
MAIT cell development, with DGK( playing a more prominent role than DGKa.

Enhanced DGK activity inhibits MAIT cell development

Following TCR engagement, PLCvy1 is activated and hydrolyzes phosphor inositol-4,5-bis-
phosphates to produce DAG and IP3; both are important second messengers in T cells. To
investigate whether DAG-mediated signals play a role in MAIT cell development, we
analyzed mice carrying either a wild-type (DDKCWT), nuclear localization mutant
(DGKCANLS), or kinase dead (DGKCKP) mutant DGK( transgene that had been knocked
into the Rosa26 locus. We fused DGK( transgenes to the carboxyl-terminus of EGFP, which
allowed us to examine their expression by fluorescence. The transgenes can be induced to
express starting at CD4*CD8* double positive (DP) thymocytes after CD4Cre-mediated
deletion of a floxed transcription STOP cassette located between the promoter and the GFP-
Dagkz transgene (Figure 1A). GFP levels were further upregulated in CD4* SP and CD8* SP
thymocytes. Interestingly, MAIT cells expressed higher levels of GFP-DGK( compared with
CD4* SP and CD8* SP thymocytes. Within MAIT cells, stage 1 expressed lower levels of
the transgene than stages 2 and 3 (Figure 1B). In a separate study, we have found that
DGK(ANLS s a gain-of-function mutation with enhanced ability to inhibit TCR-induced
DAG-mediated signaling in comparison with DGKCWT (manuscript submitted).

Because of the extremely low percentages of thymic MAIT cells in mice, we examined these
cells both before and after enrichment with 5-OP-RU loaded MR1-tetramers (MR1-Tet)
from total thymocytes. In addition to MR1-Tet and anti-TCRP, CD24, and CD44 antibodies,
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we included LIVE/DEAD® Fixable Dead Cell Stain and anti-CD11b, Grl, B220, CD11c,
Ter119, F4/80, and TCRy$6 antibodies to dump dead cells and non-aT cells lineages (Lin).
Due to their scarcity, MAIT cell numbers are also influenced by age and environmental
factors. We performed many experiments in a way that individual experiment examined a
pair of age- and sex-matched test and control mice with most pairs being littermates and
housed in the same cage. Each pair of mice in individual experiment was marked by a
connecting line between test and control mice. The gating of Lin"MR1-Tet*TCRB" cells as
MAIT cells was validated using TCRJa.187~ mice, which lack both iNKT cells and MAIT
cells [48].

Compared with littermate controls (GFP-Dgkz*"t or Cd4Cre), GFP-Dgkz"!-Cd4Cre (CWT)
thymus showed 60% decreases in Lin"TCRB*MR1-Tet" MAIT cells (Figures 1C,1D). We
did not observe such decreases in GFP-Dgkz¥?-Cd4Cre (CKD) mice (Figure 1E,1F), which
indicated that DGK kinase activity was responsible for the decreases in thymic MAIT cells
in GFP-Dgkz"'-Cd4Cre mice. MAIT cells in GFP-DgkzANES-Cd4Cre (CANLS) mice were
further reduced to 10% of those in WT mice (Figure 1G,1H). We confirmed such graded
decreases of MAIT cell percentages and numbers in GFP-Dgkz"!-Cd4Cre and GFP-
DgkZANLS_Cd4Cre mice by directly staining thymocytes without pre-enriching MAIT cells
(Figure 11-1K). Together, these results revealed that increased DGK( activity inhibits MAIT
cell generation, suggesting that DAG-mediated signaling plays a critical role during MAIT
cell development.

Enhanced DGK activity causes reduced MAIT cells in the peripheral organs

MAIT cells are localized in both mucosal tissues and peripheral lymphoid organs [14]. We
could detect very low percentages of MAIT cells in the spleen and peripheral lymph nodes
(pLNs) but relatively high percentages in the lung and liver in WT mice. In all these organs,
MAIT cell percentages and numbers were slightly or moderately decreased in GFP-Dgkz"!-
Ca4Cre (Figures 2A, 2C, 2D) and greatly decreased in GFP-DgkzANLS-Cd4Cre mice
(Figures 2B-2D) in comparison with control mice. Thus, enhanced DGK( function causes
severe decreases of MAIT cells in peripheral organs at least because generation of these
cells in the thymus is impaired.

DAG-mediated signaling is required for MAIT cell terminal maturation/maintenance

MAIT cells sequentially mature from CD24*CD44™ stage 1 to CD24~CD44" stage 2 and
finally to CD24-CD44* stage 3 in the thymus [14]. In WT thymus, both stages 1 and 2
account for less than 5% of MAIT cells, indicating efficient maturation of MAIT cells to
effector lineages. In GFP-DgkzANLS-Cd4Cre thymus stages 1 and 2, MAIT cell percentages
increased, but in stage 3 they decreased (Figure 3A, 3B). Because total thymic MAIT cell
numbers decreased severely in GFP-DgkZANLS-Cd4Cre mice, stages 1 and 2 MAIT cell
numbers in these mice were similar to control mice. However, stage 3 MAIT cell numbers in
GFP-Dgkz2NLS-Cd4Cre mice drastically decreased (Figure 3C). In the spleen, stage 1
MAIT cells were undetectable, and stage 2 MAIT cells accounted for about 10% of total
MAIT cells in WT mice (Figure 3A, 3B). In GFP-DgkzANLS-Cd4Cre spleen, stage 2
percentages increased, accompanying a 54% increase of stage 2 MAIT cell numbers;
however, in stage 3, both percentages and numbers decreased drastically (Figures 3A-3C).
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Thus, enhanced DGK( function results in a selective developmental blockage of MAIT cell
maturation from stage 2 to stage 3 in both thymus and spleen, suggesting that DAG-
mediated signaling promotes late stage MAIT cell maturation. Additionally, an increase in
stage 2 MAIT cells in the spleen in GFP-DgkzNLS-Cd4Cre mice suggests that MAIT cells
also complete stage 2 to stage 3 maturation in the peripheral organs and that such maturation
also requires DAG-mediated signaling, which DGK activity regulates.

DAG-mediated signaling intrinsically promotes late stage MAIT cell maturation

MAIT cells were positively selected by MR1 expressed on CD4*CD8* DP thymocytes [49].
Expression of DGKCANLS in GFP-DgkZANLS-Cd4Cre mice could affect DP thymocytes to
extrinsically influence affect MAIT cell development. To rule out this possibility, we
irradiated CD45.1* WT mice and reconstituted them with a mixture of bone marrow (BM)
cells from CD45.1*CD45.2* GFP-DGK(2NLS.CD4Cre mice and CD45.2* WT control mice
at a 1:1 ratio. Eight weeks after reconstitution, the GFP-DGKCANLS/WT ratios of donor-
derived CD4*CD8* DP thymocytes and B220™ splenic B cells were close to 1:1 (Figure
4A), suggesting equal reconstitution of hematopoietic stem cells from the donor mice.
However, GFP-DGK(ANLS_derived MAIT cells were greatly underrepresented in the
recipients’ thymus and peripheral organs (Figure 4B, 4C). In the thymus, the GFP-
DGKCANLS/WT ratios of stages 1 and 2 MAIT cells were close to 1:1; however, the ratio
was greatly reduced in stage 3 MAIT cells (Figure 4D, 4E). Thus, enhanced DGK( activity
intrinsically inhibits MAIT cell generation by triggering a blockade between stages 2 and 3.
The more severe decreases in GFP-DGKCANLS/WT ratios in the peripheral organs further
support that DAG-mediated signaling plays a role for late stage MAIT cell maturation in the
periphery.

Effects of DGK(C or DGKa deficiency on MAIT cell development

DGKa and DGKGC are the major isoforms of the DGK family expressed in T cells. To
further investigate the physiological functions of DGKs in MAIT cell development, we
examined DGKa- and C-deficient mice. Deficiency of either DGKa or ¢ does not obviously
affect total cellularity in the thymus, spleen, or LNs or total numbers of liver mononuclear
cells (MNCs) and total lung TCRap* T cell numbers (Supplemental Figure 1). As Figure 5
shows, MAIT cell percentages and numbers in Dgka™~ mice were similar to their Dgkat’~
littermate controls (Figures 5A, 5B). However, they decreased by 80% and 64%,
respectively, in Dgkz™~ mice compared with their Dgkz*/~ littermate controls (Figures 5C,
5D). Such decreases of MAIT cells in Dgkz™~ but not in Dgka™~ thymus were not caused
by the enrichment process, as we obtained similar results by directly staining and analyzing
MAIT cells from these mice without pre-enrichment (Figures 5E-5H). Thus, deficiency of
DGKC but not DGKa can impede MAIT cell development.

Severe decreases of MAIT cells in DGKa and ¢ double-deficient mice

To further determine if DGKa and € may perform overlapping functions during MAIT cell
development, we generated and analyzed Dgka™~z""-Cd4Cre (DKO) mice. Although total
thymic cellularity was not obviously altered in DKO mice, there were noticeable decreases
of CD4*CD8"TCRB* and CD4-CD8*TCRB* single positive (SP) mature T cells in these
mice compared with controls (manuscript in preparation), which is consistent with previous
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observations in Dgkaand Dgkz germline double-deficient mice [39]. Interestingly, DKO
mice displayed severe decreases of MAIT cells in both percentages and numbers in the
thymus examined without enrichment (Figures 6A, 6B) or after enrichment (Figures 6C,
6D).

Within DKO MAIT cells, the relative ratios of stage 1 and 3 MAIT cells appeared to have
increased and decreased, respectively. However, such differences were not statistically
significant (Figures 6E, 6F; p>0.05). The absolute number of DKO stage 1 MAIT cells did
not change, while stage 2 MAIT cells decreased slightly and stage 3 MAIT cells decreased
drastically in comparison with controls. Together, these observations reveal that DGKa also
plays an important role in promoting MAIT cell development in the thymus by functioning
redundantly or synergistically with DGKC and that the absence of both DGKa and € activity
may result in MAIT cell developmental defects at stages 2 and 3.

Because DGK activity also affects capT cell and iNKT cell development [39, 47], we
calculated thymic MAIT and iNKT to capT and ratios in individual mice to compare their
sensitivity to decreased DGK activity. MAIT to caBT ratios did not change in Dgka™~ mice
but decreased 40% in Dgkz~~ mice and 80% in DKO mice (Figure 6G). In contrast, iNKT
to capT ratios were not obviously different between these mice (Figure 6H). Thus, MAIT
cell development is most sensitive to dysregulation of DGK-controlled signaling.

Severe decreases of MAIT cells in the peripheral organs of DGKa and ¢ double- but not
single-deficient mice

In Dgka™" mice, MAIT cell percentages and numbers in the spleen, LNs, lung, and liver
were not obviously different from those of Dgka'/~ control mice (Supplemental Figure S2).
In Dgkz™~ mice, whereas MAIT cell percentages and numbers in those organs tended to
decline slightly, such decreases were not statistically significant (p>0.05, Supplemental
Figure 3). However, in DGKa.( DKO mice, both MAIT cell percentages and numbers in
those organs decreased severely (Figure 7). Thus, impaired MAIT cell development in DKO
mice resulted in a scarcity of MAIT cells in the peripheral organs.

DGKa and ¢ double deficiency intrinsically inhibits MAIT cell development

To determine if impaired MAIT cell development in DKO mice is cell autonomous, we
generated irradiation chimeric mice reconstituted with a mixture of WT and DKO BM cells.
Eight weeks after reconstitution, the ratios of CD45.2* DKO to CD45.1* WT CD4*CD8"*
DP thymocytes and splenic B220* B cells in the recipient mice were close to 2:1 (Figures
8A, 8B). However, MAIT cells were almost entirely generated from WT but not from DKO
BM hematopoietic stem cells (Figures 8C, 8D). These data indicated that DGKa and
intrinsically promote MAIT maturation.

DISCUSSION

MAIT cells can recognize and quickly respond to bacterial derived metabolites and may
play important roles in the homeostasis of the immune system, host defense, and
pathogenesis of many diseases. Although it has been suggested that the TCR signal is crucial
for MAIT cell development [4, 6, 15, 16], signal pathways downstream of the TCR and their

Eur J Immunol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pan et al.

Page 7

regulations in MAIT cells have not been identified. Using genetically manipulated mice with
either enhanced DGK( activity or absence of DGKa and/or  activities in T cells, we
demonstrated here that DAG-mediated signaling is not only critical but also must be tightly
regulated by DGKSs for proper MAIT cell maturation.

We have demonstrated that overexpression of WT DGKQC in developing thymocytes causes
modest decreases in MAIT cells dependent on its kinase activity, suggesting that either
decreased DAG or increased PA levels prevent MAIT cell maturation. DGK( contains an
NLS that can mediate its nuclear location; however, the functional importance of DGK(
nuclear translocation is unclear. By comparing GFP-DgkzANLS-Cd4Cre and GFP-Dgkz"!-
CDA4Cre mice, we have found that DGKC2NLS contains a superior capability to inhibit DAG-
mediated signaling in developing thymocytes, indicating that shuttling DGK( between the
cytoplasm and nucleus serves as a mechanism to control DGKC function and that
sequestration of DGK( in the nucleus may prevent it from accessing its substrate DAG after
TCR engagement (manuscript in submitted). Our data showing much severer decreases in
thymic MAIT cells in GFP-DgkzANLS-Cd4Cre mice than in GFP-Dgkz"!-CD4Cre mice
further support that DGKCANLS s a gain-of-function mutation and that DAG-mediated
signaling is critical for MAIT cell development.

DAG binds to and regulates the activities and cytoplasmic localizations of many effector
molecules with RasGRP1 and PKCB being demonstrated important for capT, iNKT, and
Treg development and/or function in mice and/or humans [17, 18]. Most recently, patients
with loss of function mutations in RASGRPI were found to have drastically decreased
peripheral blood MAIT cells as well as iNKT cells [50]. Together, the observations in
patients and in our mice suggest a crucial role of the DAG-RasGRP1 pathway for the
generation/maintenance of MAIT cells in both mice and humans. It is interesting to note that
DAG signal leads to mTOR activation via both the RasGRP1-Ras-Erk1/2 and PKC6-
CARMAL pathways [20, 27]. Reduced mTOR activation could also contribute to MAIT cell
defect in GFP-DgkzANLS-Cad4Cre mice as mTOR is crucial for late stage MAIT cell
development (manuscript submitted). Of note, DGKs convert DAG to PA, which itself can
serve as an important second messenger to control the activity of multiple signal molecules.
Although we favor the argument that impairment of MAIT cell generation with enhanced
DGKGC function results from reduced DAG signaling, that elevated PA in developing MAIT
cells inhibits their maturation may also be possible.

It has been proposed that MAIT cells egress from the thymus after complete maturation.
Although virtually all MAIT cells in the liver and lung are CD44* stage 3 cells, we can
consistently detect very low percentages of CD24~CD44~ stage 2 MAIT cells in the spleen
in WT mice. Because MAIT cells are very rare, and because and both stage 1 and 2 MAIT
cells account for less than 5% of MAIT cells in mice, distinguishing these cells from noise
has been difficult, as most thymocytes are CD24* and most splenic T cells are CD44~ that
can fall into stage 1 and 2 MAIT cells in the thymus and spleen, respectively. The relative
enrichment of CD24-CD44~ TCRB*MR1-Tet" cells in the spleen of GFP-DgkzANLS-
Cd4Cre mice suggests that these cells are true stage 2 MAIT cells and that a small portion of
stage 2 MAIT cells may complete maturation to stage 3 effector lineages in the periphery.
DGKCANLS may inhibit late stage MAIT cell maturation both in the thymus and periphery.
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Our data demonstrate that enhanced DGK( activity inhibits MAIT cell maturation from
stage 2 to 3 without grossly affecting maturation to stage 1 and 2. It is well known that the
DAG-mediated RasGRP1-Ras-Erk1/2 pathway is important for positive selection of capfT
cells and iNKT cells at the DP stage in the thymus [26, 30]. The relatively normal generation
of stage 1 and stage 2 MAIT cells in GFP-DgkzANLS-Cd4Cre thymus was surprising. One
possibility is that early and late MAIT cell maturation have differential DAG signal
requirements, with the late stage relying on more intensive DAG-mediated signaling than do
early stages. The other possibility is that GFP-DGKC2NLS protein is expressed at lower
levels in DP thymocytes, from which MAIT cells are generated, than in SP thymocytes and
MAIT cells, diminishing its negative impact on DAG levels and its downstream pathways.
Within MAIT cells, stage 1 expresses the lowest GFP-DGKG, which may also limit the
ability of GFP-DGKC to affect early MAIT cell development. Additionally, early and late
stage MAIT cells may have different abilities to adapt to reduced DAG signaling.
Developing MAIT cells from DP thymocytes may overcome reduced DAG signaling by
expressing iVa1l9TCRs with elevated affinity to the MR1 ligands. In contrast, the TCR
repertoire in late stage MAIT cells is fixed, which, coupled with increased GFP-DGK(ANLS
protein expression, may lead to obvious maturation defects.

We have showed that deficiency of DGK( but not DGKa causes moderate decreases of
MAIT cells in the thymus, indicating that DGKC plays a more important role in MAIT cell
development than does DGKa. However, DGKa also participates in MAIT cell
development as deficiency of both DGKa and C leads to a more severe reduction of MAIT
cells than of DGKG single-knockout mice. Functional redundancy of these two DGK
isoforms has also been observed in capT cell development [39]. Interestingly, in DGKa and
¢ DKO thymus, both stage 2 and stage 3 MAIT cell numbers are decreased, suggesting that
dysregulation of DAG signaling exerts broad effects on MAIT cell development/
homeostasis. Thus, our data reveal that DAG signal needs to be tightly fine-tuned to ensure
proper MAIT cell development as either reduced or excessive DAG signaling is detrimental
to MAIT cell maturation. While enhanced DGK( function could downregulate DAG and
downstream pathways such as RasGRP1 and mTOR to cause MAIT cell maturation defect,
deficiency of DGKa and € leads to dysregulation of multiple signal pathways such as
RasGRP1-Ras-Erk1/2, PKCO-IKKa/p/y-NFxB, and mTOR pathways [27, 39, 42].
Uncontrolled activation of the IKKpB, Ras, and mTORCL1 impairs early and late stage iNKT
cell maturation [47, 51], which could also impede MAIT cell development. Additional
studies are necessary to illustrate the mechanisms of defective MAIT cell maturation caused
by DGKa( deficiency.

DGKa express at the highest level of mMRNA among the DGK family in T cells
(Immgen.org). The lack of obvious defect in MAIT cell development in DGKa deficient but
not in DGK( deficient mice is intriguing. It is interesting to note that the weak effect of
DGKa deficiency is not limited to MAIT cells; it also applies to capT cells, regulatory T
cells, and B cells [43, 44, 52, 53]. These two enzymes contain different structural features
that may regulate their activities, limit their functions to specific signal pathways and
biological processes, and control their subcellular localizations. DGKa. contains EF-hand
motifs and its activity requires calcium signal, which may limit its ability to compensate the
loss of DGKC activity on MAIT and other cells in conditions that calcium signal is not
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triggered. In contrast, DGK( enzymatic activity is constitutively active, which may allow it
to participate in broader developmental processes and to compensate for the loss of DGKa
activity.

MATERIALS AND METHODS

Mice
Dgka™~ and Dgkz™~ mice were reported previously [33, 37]. Dgkz"f mice were generated
by the insertion of LoxP sites flanking exons 10-14 in the locus [42]. Cd4Cre mice were
acquired from Charles River Laboratory. Rosa26-DGK(X! mice were generated by knocking
the coding sequences for EGFP-DDKCWT, EGFP-DGK(ANLS, or EGFP-DGK(KP DGK(
into the RosaZ6 locus together with a chicken B-actin promoter and a floxed transcription
stop cassette 5’ of the EGFP-DGKG( fusion gene (manuscript submitted). All animal
experiments were performed according to protocols approved by the Institutional Animal
Care and Use Committee of Duke University. Single cell suspensions of the thymus, spleen,
LNs, and liver MNCs were prepared as previous described [30]. Single cell suspensions of
the lung were made after collagenase digestion as reported previously [54].

Antibodies and tetramers

Fluorochrome-conjugated anti-CD45.2 (clone 104), CD45.1 (A20), TCR-B (clone H57—
597), TCRvy$ (clone GL3), NK1.1 (clone PK136), CD44 (clone IM7), CD24 (clone M1/69),
Grl (clone RB6-8C5), CD11b (clone M170), CD11c (clone N418), F4/80 (clone BM8),
B220 (clone RA3-6B2), TER119/Erythroid Cells (clone TER-119), and CD3e (clone 145—
2C11) were purchased from Biolegend. PE- or APC-conjugated 5-OP-RU loaded MR1
tetramer was kindly provided by the NIH tetramer facility. Cell death was identified using
the Live/Dead Fixable Violet Dead Cell Stain (Invitrogen) or 7-AAD.

Staining MAIT cells and flow cytometry

Enrichment of MAIT cells from thymocytes and splenocytes was performed as previously
reported [48]. For MAIT cell analysis, single cell suspensions with or without MR1-Tet
enrichment were stained with anti-TCRp, CD24, CD44, and other antibodies, and for
unenriched cells, PE- or APC-conjugated 5-OP-RU loaded MR1-Tet at room temperature for
30 minutes. Lineage markers, including TCRy$6, CD11b, CD11c, F4/80, B220, Grl, Ter119,
and, in some experiments, PBS-57 loaded CD1d-tetramer were included to exclude other
cell lineages. MAIT cells were gated on live Lin™ TCRB*MR1-Tet" cells. Stained cells were
collected using a BD FACScanto Il or LSRFortessa™ and analyzed using the FlowJo
software. Flow cytometry analyses were adhered to the ‘Guidelines for the use of flow
cytometry and cell sorting in immunological studies’. Gating strategies are shown in
supplemental Figure S4.

Generation of chimeric mice

CD45.1* or CD45.1*CD45.2* WT mice in C57BL/6 background were irradiated with a
single dose of 800 rad X-Ray and intravenously injected with 10-15 million of a mixture of
BM cells from CD45.2* WT mice and Cd45.1*CD45.2* GFP-DGK(2ANLS-CDA4Cre mice at
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1:1 ratio or from CD45.1* WT and CD45.2* DKO mice at a 2:1 ratio, respectively.
Recipient mice were euthanized and analyzed 8 weeks later.

Statistical analysis

Data were presented as mean + SEM and analyzed for statistical differences using the Prism
5/GraphPad software. Comparisons were made using pairwise or unpaired two-tailed
Student #test. P-values less than 0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation list:

MAIT mucosal associated invariant T cells

DAG Diacylglycerol

DGK Diacylglycerol kinase

DP double positive

SP signal positive

LN lymph node

BM bone marrow

capT cell conventional apT cells

DKO DGKa and C double deficient
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Figure 1. Severe decreases of thymic MAIT cells in DgkzANLS-Cd4Cre mice.
A. Schematic structure of GFP-Dgkz knock-in (DgkzK! mice. B. GFP-DGKCKD levels in

CD4~CD8™ double negative (DN), DP, CD4 SP, and CD8 SP thymocytes and thymic MAIT
cells (top panel). GFP-DGKCKP levels in stage 1 — 3 thymic MAIT cells (bottom panel).
Data shown are representative of three experiments. C-K. Assessment of MAIT cells in
GFP-DGK(K!-CDA4Cre and control mice. Thymocytes from 8-10-week-old mice were
either enriched for MAIT cells with 5-OP-RU loaded MR1-Tet and then stained with anti-
TCRp and lineage antibodies (C-H) or directly stained with MR1-Tet and antibodies without
enrichment (I-K). C, D. DGKCWT-CD4Cre and control mice. Dot plots showing TCRp and
MR1-Tet straining in live gated Lin™ cells (C). Scatter plots represent mean = SEM of MAIT
cell percentages and numbers (D). Data shown are representative of (C) and pooled from (D)
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six experiments. N = 6 for both control and DGKCWT-CDA4Cre mice. E, F. DGK(KP-
CD4Cre and control mice. Dot plots showing TCRP and MR1-Tet straining in live gated Lin
~ cells (E). Scatter plots represent mean = SEM of MAIT cell percentages and numbers (F).
Data shown are representative of (E) and pooled from (F) three experiments. N = 4 for WT
and N = 3 for DGKCXP-CDA4Cre mice. G, H. DGK(ANLS.CDA4Cre and control mice. Dot
plots showing TCRP and MR1-Tet straining in live gated Lin~ cells (G). Scatter plots
represent mean = SEM of MAIT cell percentages and numbers (H). Data shown are
representative of (G) and pooled from (H) seven experiments. N = 7 for both control and
DGK(ANLS.CDA4Cre mice. 1. Dot plots show TCRP and MR1-Tet staining in live gated Lin~
cells from DGKCK!-CD4Cre and control mice without pre-enrichment of MAIT cells. Data
shown are representative of seven (top panels) and six (low panels) experiments. J, K.
MAIT cell percentages (J) and numbers (K) in Dgkz<!-Ca4Cre and control mice without
pre-enrichment of MAIT cells. Data shown are pooled from seven (J) and six (K)
experiments. Each circle or square represents one mouse of the indicated genotypes. Each
connection line represents one pair of sex and age matched test and control mice examined
in one experiment. *, p<0.05; **, p<0.01 determined by pairwise Student t-test except F. F
was analyzed by unpaired Student t-test.
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Figure 2. Severe reduction of MAIT cells in the peripheral organs in DGKQAN'-S-CD4Cre mice.
Single cell suspensions of the spleen, pLNs, lung, and mononuclear cells (MNCs) of the

liver from 8-10 week-old GFP-Dgkz"-Cd4Cre (A) or GFP-DgkzNLS-Cd4Cre mice, and

their control mice were directly stained with MR1-Tet, anti-TCRp, CD44, CD24, and

lineage antibodies. A, B. Dot plots show TCRp and MR1-Tet straining in live gated Lin~

cells. Data shown are representative of at least nine experiments (A) and at least four

experiments (B). C, D. MAIT cell percentages (C) and numbers (D). For both GFP-Dgkz"-
Cd4Cre and control mice shown in C and D, data are pooled from 9 — 11 experiments (N =
11 (spleen, Lung, liver); N = 9 (LN)); For both GFP-Dgkz2NLS-Cd4Cre and control mice
shown in C and D, data are pooled from 4 — 7 experiments (N = 5 (spleen and lung); N = 4

Eur J Immunol. Author manuscript; available in PMC 2021 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pan et al.

Page 17

(LN), N =7 (liver)). Each circle or square represents one mouse of the indicated genotypes.
*, P<0.05; **, P<0.01; ***, P<0.001 determined by pairwise Student #test.
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Figure 3. DAG-mediated signaling is important for MAIT cell maturation/maintenance.
Thymocytes and splenocytes from GFP-Dgkz2NL5-Ca4Cre and control mice were enriched

for and then were stained for MAIT cells as shown in Figure 1 with the addition of anti-
CD24 and -CD44 antibodies. A. Representative dot plots show CD24 and CD44 expression
in live gated Lin™ TCRB*MR1-Tet™ MAIT cells. Data shown are representative of at least
five experiments. B, C. Scatter plots show stage 1 (CD247CD44"), stage 2 (CD24-CD44"),
and stage 3 (CD24-CD44%) MAIT cell percentages (B) and numbers (C). Data shown are
pooled from seven experiments for thymus and five experiments for spleen. N = 7 for
thymus and N = 5 for spleen for both test and control mice. *, p<0.05; **, p<0.01; ***,
p<0.001; **** p<0.0001 determined by pairwise Student #test.
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Figure 4. Enhanced DGK( function intrinsically inhibits MAIT cell maturation.
Lethally irradiated CD45.1* WT recipient mice were reconstituted with a mixture of

CD45.2" WT and CD45.17CD45.2* GFP-DgkzANLS-Cd4Cre BM cells and were analyzed
6-8 weeks later. A. DGKCANLS to WT ratios of DP thymocytes and B220* splenic B cells.
B. Representative dot plots show MAIT cell staining of thymocytes (left panel) and CD45.1
and CD45.2 staining in thymic MAIT cells (right panel). C. DGK(C2NLS to WT ratios of
MAIT cells in the indicated organs. D. Representative dot plots show CD24 and CD44
staining of thymic MAIT cells (left panel) and CD45.1 and CD45.2 staining of stage 1-3
thymic MAIT cells. E. DGKCANLS to WT ratios of stage 1-3 thymic MAIT cells. Each
circle represents one recipient mouse. Data shown are presentative of (B, D) or are pooled
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from (A, C, E) three experiments with one recipient mouse examined in each experiment.
Horizontal bars represent mean + SEM (N = 3).
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Figure 5. Effects of DGKa or  deficiency on thymic MAIT cell numbers.
Thymocytes from 8-10-week-old mice enriched for MAIT cells with MR1-Tet (A-D) or

total thymocytes (E-H) were stained with fluorescently labeled anti-TCRp, MR1-Tet, and
other antibodies similar to Figure 1. A, C, E, H. Dot plots show TCRp and MR1-Tet
straining in live gated Lin~ cells from Dgka™~ and Dgka''~ control mice (A,E) or Dgkz™/~
and Dgkz*"~ control mice (C, G). B, D, F, H. Scatter plots represent mean + SEM of MAIT
cell percentages and numbers of Dgka™" (B,F) and Dgkz™~ (D,H) mice and control mice.
For A and B, data shown are representative of or pooled from five experiments (N = 5 for
DGKa*/~, N = 6 for DGKa ™). For C and D, data shown are representative of or pooled
from four experiments (N = 4 for DGK(*~, N = 5 for DGK( ™). For E and F, data shown
are representative of or pooled from six experiments (N = 6 for DGKa*/~, N = 9 for DGKa
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~I7). For G and H, data shown are representative of or pooled from five experiments (N = 7
for DGKC*'~, N = 5 for DGK(™"). Dgka*'~ and Dgkz*'~ mice had similar numbers of
MAIT cells to WT mice and were used as control. *, p<0.05; **, p<0.01 determined by
unpaired Student £test.
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Figure 6. Severe decreases of thymic MAIT cells in DGKa and € double-deficient mice.
Thymocytes from 8-10-week-old Dgka™~Dgkz"f-CD4Cre (DKO) mice and DGKa*/~ or

WT control mice were similarly stained and analyzed for MAIT cells without (A, B) or after
MR1-Tet enrichment (C, D) as in Figure 1 and Figure 2. A, C. Dot plots show TCRp and
MR1-Tet straining in live gated Lin™ cells without enrichment (A) or after enrichment (C).
B, D. Scatter plots show MAIT cell percentages and numbers without enrichment (B) and
after enrichment (D). E. Representative dot plots show CD24 and CD44 expression in live
gated Lin™ TCRB*MR1-Tet" MAIT cells. F. Scatter plots show stage 1-3 MAIT cell
percentages and numbers. G. MAIT to capT cell ratios in the thymus (horizontal bars
represent mean + SEM). H. iNKT to cafT cell ratios in the thymus (horizontal bars
represent mean = SEM). For A and B, data shown are representative of or pooled from seven
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experiments (N = 7 for both WT and DKO mice). For C - F, data shown are representative of
(C, E) or pooled from (D, F) eight experiments (N = 8 for both WT and DKO mice). For G,
data shown are pooled from at least six experiments (N = 17 for control, N = 8 for DGKa
-/~ N =8 for DGK(C™~, and N = 6 for DKO). For H, data shown are pooled from at least
five experiments (N = 15 for control, N = 8 for DGKa ™=, N = 5 for DGK( -, and N = 6 for
DKO). Each circle, square, or triangle represents one mouse of the indicated genotypes. *,
P<0.05; **, P<0.01; *** P<0.001; **** P<0.0001 determined by pairwise Student #test
(B, D, F) and unpaired Student #test (G, H).
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Figure 7. Severe decreases of MAIT cells in the peripheral organs in DGKa( DKO mice.
Single cell suspensions of the spleen, pLNs, lung, and MNCs of the liver from 8-10-week-

old Dgka™~Dgkz""-CD4Cre (DKO) and DGKa ™'~ or WT control mice were directly stained
with MR1-Tet, anti-TCRp, CD44, CD24, CD45, and lineage antibodies. A. Dot plots show
TCRp and MR1-Tet straining in live gated Lin~ cells. For lung and liver, only TCRB" cells
were gated and shown. B. MAIT cell percentages. C. MAIT cell numbers. Data shown are
representative or pooled from eight experiments (N = 8 for both control and DKO mice).
Each circle and square represents one control and DKO mouse respectively. *, P<0.05; **,
P<0.01; *** P<0.001 determined by pairwise Student #test.
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Figure 8. DGKa and ( intrinsically promote MAIT cell development.
Irradiated CD45.1*CD45.2" WT recipient mice were reconstituted with CD45.1* WT and

CD45.2* DKO BM cells and were analyzed 8 weeks later. A. Representative dot plots
showing CD45.1 and CD45.2 staining in live gated CD4*CD8* DP thymocytes and B220*
splenocytes. B. DKO to WT ratios of DP thymocytes and B220* splenic B cells. C.
Representative dot plots showing MAIT cell staining in live gated Lin™ cells (Thy, Spl, and
pLNs) or in Lin"TCRB™* cells (lung and liver) and CD45.1 and CD45.2 staining in MAIT
cells. D. DKO to WT ratios of MAIT cells. Data shown represent or are pooled from four
experiments with one recipient mouse examined in each experiment. Each circle represents
one recipient mouse. Horizontal bars represent mean = SEM (N = 4).
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