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Mucosal-associated invariant T (MAIT) cells, natural killer T (NKT) cells, and γδT cells are collectively referred to as ‘unconventional T
cells’ due to their recognition of non-peptide antigens and restriction to MHC-I-like molecules. However, the factors controlling
their widely variable frequencies between individuals and organs are poorly understood. We demonstrated that MAIT cells are
increased in NKT or γδT cell-deficient mice and highly expand in mice lacking both cell types. TCRα repertoire analysis of γδT cell-
deficient thymocytes revealed altered Trav segment usage relative to wild-type thymocytes, highlighting retention of the Tcra-Tcrd
locus from the 129 mouse strain used to generate Tcrd−/− mice. This resulted in a moderate increase in distal Trav segment usage,
including Trav1, potentially contributing to increased generation of Trav1-Traj33+ MAIT cells in the Tcrd−/− thymus. Importantly,
adoptively transferred MAIT cells underwent increased homeostatic proliferation within NKT/gdT cell-deficient tissues, with MAIT
cell subsets exhibiting tissue-specific homing patterns. Our data reveal a shared niche for unconventional T cells, where
competition for common factors may be exploited to collectively modulate these cells in the immune response. Lastly, our findings
emphasise careful assessment of studies using NKT or γδT cell-deficient mice when investigating the role of unconventional T cells
in disease.
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INTRODUCTION
Unconventional T cells comprise distinct T-cell lineages that rec-
ognize non-peptide antigens and are implicated in modulating
the immune response in a myriad of contexts, ranging from
infection, cancer, autoimmunity, and wound healing1,2. These
lineages comprise populations such as MR1-restricted mucosal-
associated invariant T (MAIT) cells and clusters of differentiation
(CD1d)-restricted type I ‘invariant’ natural killer T (NKT) cells,
both of which are characterized by their constrained αβTCR
repertoires. Briefly, the MAIT-TCRα chain, Trav1-Traj33 (Vα19-
Jα33), is used by nearly all mouse MAIT cells, while Trav11-Traj18
(Vα14-Jα18) forms the TCRα chain for most type I NKT cells. The
expression of a Trav1-Traj33+ or Trav11-Traj18+ TCR by MAIT and
NKT cells, respectively, imbues these cells with their unique anti-
gen specificity and function. MAIT cells recognize vitamin B
metabolite-derived antigens, such as 5-(2-
oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU), pre-
sented by MR13, whereas NKT cells recognize glycolipid anti-
gens, such as α-galactosylceramide (α-GalCer), presented in
the context of CD1d1. In addition, other unconventional T-cell
subsets which express more diverse αβ or γδTCR repertoires
include type II NKT cells, intraepithelial lymphocytes (IELs), and
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CD4-CD8- double negative (DN) T-cell subsets, and gamma delta
T (γδT) cells1,4–6. In some ways, γδT cells are the most distinct as
they express a γδTCR encoded by Trgv and Trdv gene segments
and exhibit a broad range of antigen specificities1,7,8.

Unconventional T-cell frequencies vary widely between
human individuals and in different mouse strains, however,
the mechanisms that control this variation and their develop-
ment, are not well-understood. Like conventional T cells, com-
mitment to the MAIT, NKT, or γδT-cell lineages occurs in the
thymus and is initiated after successful TCR rearrangement
and expression within developing thymocytes. TCRβ, TCRγ,
and TCRδ chain rearrangement occurs during the CD4-CD8-

DN thymocyte stage of development, whereby expression of a
productive γδTCR over a TCRβ chain, in addition to strong TCR
signaling through the γδTCR heterodimer, leads to commitment
to the γδT-cell lineage9. In contrast, successful rearrangement of
a TCRβ chain and weaker signaling through the pre-TCR on DN
thymocytes leads to αβT lineage commitment, transition to the
CD4+CD8+ double positive (DP) thymocyte stage, and eventual
TCRα chain rearrangement9. Importantly, expression of the
invariant Trav1-Traj33+ MAIT- or Trav11-Traj18+ NKT-TCR, endows
developing DP thymocytes with the ability to recognize their
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restricting elements, MR1 or CD1d, respectively, leading to pos-
itive selection and commitment to the MAIT or NKT-cell
lineages10–13.

The development of MAIT, NKT, and subsets of γδT cells is
regulated by a number of common mechanisms8, most notably,
the SLAM-SAP-FYN pathway14–17, and the transcription factor
promyelocytic leukemia zinc finger (PLZF)18–21. Additionally,
these cells polarize into distinct functional subsets later in devel-
opment as defined by the expression of key transcription factors.
Namely, RORγt-expressing MAIT, NKT, and γδT cells are charac-
terized by their production of IL-17A, while those that express
T-bet potently produce interferon (IFN)-γ. Likewise, the expres-
sion of GATA-3 by subsets of NKT and γδT cells governs their
production of IL-4. This functional diversification of developing
unconventional T cells occurs after expression of PLZF and is
also underpinned by the acquisition of common transcriptomic
signatures shared by mouse unconventional T cells, as revealed
by RNA sequencing22–26.

We previously reported that MAIT cells are increased in NKT
cell-deficient Cd1d−/− mouse models19 and recent studies have
described an increase in MAIT cells in γδT cell-deficient Tcrd−/−

mice23,27,28, suggesting a compensatory niche shared by these
cells. However, the mechanisms driving increased levels of MAIT
cells in Cd1d−/− and Tcrd−/− mice have not been clearly defined.
Interleukin (IL)-7 and IL-15, which are known for their role in con-
ventional T-cell homeostasis29, have been also strongly impli-
cated in the homeostatic regulation of unconventional T
cells30–34. It is also unclear whether competition for shared fac-
tors is the only contributing mechanism governing the expan-
sion of MAIT cells in Cd1d−/− and Tcrd−/− mice and whether
the absence of both NKT cells and γδT cells would further make
space in the unconventional T-cell niche, leading to a greater
abundance of MAIT cells.

Using Cd1d−/− and Tcrd−/− mouse models we show that MAIT
cells are increased in both thymic and peripheral tissues, and
most importantly, that these increases were markedly aug-
mented in Cd1d−/−Tcrd−/− double-deficient mice. We also report
an increase in MAIT-TCRα chain rearrangement within develop-
ing thymocytes from Tcrd−/− and Cd1d−/−Tcrd−/− mice and
demonstrate that in the absence of NKT and γδT cells, MAIT cells
have a greater proliferative capacity. Accordingly, our study
highlights a shared unconventional T-cell niche, which has
important implications for targeting multiple unconventional
T-cell lineages in disease settings.

RESULTS
MAIT cells expand in the absence of NKT cells
We have previously established that MAIT cells are expanded in
Cd1d−/− mice, most profoundly when on the BALB/c back-
ground19. To determine if this was due to the loss of NKT cells
in these mice, we sought to compare MAIT cells in Cd1d−/− mice
to those in Traj18-deficient mice (Traj18−/−) which lack type I
(Trav11-Traj18+) NKT cells but retain other CD1d-restricted (type
II) NKT cells as well as CD1d. As a previous Traj18−/− mouse strain
exhibited a severely constrained Traj gene segment usage35, we
generated a new BALB/c Traj18−/− mouse strain that, other than
the specific loss of Traj18, has a replete Traj repertoire (Supple-
mentary Fig. 1A). We confirmed that our BALB/c Traj18−/− mice
lack type I NKT cells, as expected (Supplementary Fig. 1B). MAIT
cells were examined in BALB/c wild-type (WT), Traj18 heterozy-
gous (+/−), Traj18−/−, and Cd1d−/− mice. The frequency of MAIT
cells was significantly increased in the thymus, spleen, inguinal
Mucosal Immunology (2023) 16:446–461
lymph nodes (iLNs), and liver of BALB/c Traj18−/− mice relative
to BALB/c WT controls, although MAIT cell numbers were only
significantly increased in the thymus of Traj18−/− mice
(Figs. 1A and 1C). No significant difference in MAIT cell fre-
quency or numbers was detected in BALB/c Traj18+/− mice in
any tissue. In contrast, the frequency and number of MAIT cells
was significantly increased in BALB/c Cd1d−/− mice in all organs
examined (Figs. 1A and 1C) and there was also an increase in the
frequency and number of liver MAIT cells when comparing
BALB/c Cd1d−/− to Traj18−/− mice. As we have previously pub-
lished19, an increase, albeit less dramatic, in MAIT cells was also
observed in C57BL/6 Cd1d−/− mice relative to C57BL/6 WT mice.
Within the C57BL/6 strains, we observed an increase in MAIT cell
frequency in the liver, and in total MAIT cell numbers in the thy-
mus and spleen of C57BL/6 Cd1d−/− compared to C57BL/6 WT
mice (Figs. 1B and 1D). Collectively, these data imply that
observed increases in MAIT cells in Cd1d−/− mice (Fig. 1) are likely
due to the loss of type I NKT cells as increases in MAIT cells were
observed in both Traj18−/− and Cd1d−/− mouse models. However,
as some of the increases were more profound in the Cd1d−/−

mice compared to the Traj18−/− mice, this suggests that type II
NKT cells may also occupy the same niche. Unfortunately, we
have no way to specifically deplete type II NKT cells to test this
hypothesis.

We next investigated whether the loss of NKT cells impacted
γδT cell numbers in a similar manner. The absolute number of
γδT cells was significantly increased in the thymus of Traj18−/−

mice compared to BALB/c WT controls (Supplementary
Figs. 1C, E). Interestingly, the frequency and number of γδT cells
were significantly higher in the thymus of BALB/c Cd1d−/− mice
but not in C57BL/6 Cd1d−/− mice compared to WT controls (Sup-
plementary Figs. 1C–F). The frequency of γδT cells was also sig-
nificantly increased in livers of both BALB/c and C57BL/6 Cd1d−/−

mice and in the iLNs of BALB/c but not C57BL/6 Cd1d−/− mice
relative to their corresponding WT controls. However, increases
in γδT cell frequency did not necessarily correspond with signif-
icant differences in total γδT cell numbers (Supplementary
Figs. 1C–F). These data suggest that both MAIT and, to a lesser
extent, γδT cell frequencies are suppressed in the presence of
NKT cells. Lastly, differences between NKT cell-deficient
C57BL/6 and BALB/c mouse models also highlight strain-
specific variation within unconventional T cell compartments
and associated niches.

Expansion of MAIT cells in γδT cell-deficient mice is
compounded by the loss of NKT cells
In line with emerging reports that show an increase in MAIT cell
frequencies in the skin27 and thymus23 of C57BL/6 Tcrd−/− mice,
we report that MAIT cells are significantly and systemically
increased in both frequency and number in the thymus, spleen,
liver, and iLNs of C57BL/6 Tcrd−/− mice relative to WT controls, as
well as in the gut, lungs, and mesenteric LNs (Figs. 2A and 2B
and Supplementary Fig. 2A). Furthermore, we also observed a
moderate increase in NKT cell frequencies in the thymus, spleen,
liver, and iLNs of C57BL/6 Tcrd−/− mice, however, total NKT cell
numbers did not reach statistical significance (Supplementary
Figs. 2C–D, 3A–B). In addition, there were no changes observed
in NKT and γδT cells in C57BL/6 Mr1−/− mouse organs, apart from
an increase in the proportion of γδT cells in Mr1−/− iLNs (Supple-
mentary Fig. 2E). Thus, these data suggest that MAIT cells are
expanded in mice that lack γδT cells, providing further evidence
for an interplay between MAIT and γδT cells.
www.elsevier.com
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Fig. 1 MAIT cell frequencies increase systemically in the absence of NKT cells. (A & B) Flow cytometry analysis of TCRβ+ MR1-5-OP-RU
tetramer+ MAIT cells from thymus, spleen, liver, and iLNs of WT, Traj18+/−, Traj18−/−, and Cd1d−/− mice of the BALB/c background (A) and of WT
and Cd1d−/− mice of the C57BL/6 background (B). Plots were pre-gated on B220- lymphocytes. Numbers within fluorescence activated cell
sorting (FACS) plots represent percentage of gated MAIT cells out of B220- lymphocytes. (C & D) Graphs depict MAIT cell frequency as a
percentage of all T cells (αβ and γδT cells) and absolute number from specified organs. Horizontal bars depict mean ± standard error of the
mean. Each symbol represents an individual mouse, a total of 9–14 mice in the BALB/c WT, Traj18+/−, Traj18−/−, and Cd1d−/− groups were
examined across five independent experiments (C), and a total of 14–18 mice for C57BL/6 WT and Cd1d−/− across six independent
experiments. (D) * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 for (C) using a Mann-Whitney U test with a Bonferroni correction for three
hypotheses and (D) using a Mann-Whitney U test. αβ = alpha-beta; APC = Allophycocyanin; CD = clusters of differentiation; γδT = gamma-delta
T; iLNs = inguinal lymph nodes; MAIT = mucosal-associated invariant T cell; NKT = natural killer T cells; PE= Phycoerythrin; TCR = T cell receptor;
WT = wild-type.
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We next generated C57BL/6 Cd1d−/−Tcrd−/− mice to investi-
gate whether the absence of both NKT and γδT cells would drive
a further expansion of MAIT cells. In all organs examined, Cd1d−/
www.elsevier.com
−Tcrd−/− mice displayed similar cellularity to that of WT mice in
terms of absolute number of lymphocytes and total T cells, with
the exception of the liver (Supplementary Figs. 3C, D). The
Mucosal Immunology (2023) 16:446–461
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Fig. 2 MAIT cells increase in the absence of γδT cells and dramatically expand in the absence of both γδT and NKT cells. (A) Flow cytometry
analysis of TCRβ+ MR1-5-OP-RU tetramer+ MAIT cells from thymus, spleen, liver, and iLNs of C57BL/6 WT, Tcrd−/− and Cd1d−/−Tcrd−/− mice. Plots
were pre-gated on B220- lymphocytes. Numbers within FACS plots represent frequency of gated MAIT cells out of B220- lymphocytes. (B) MAIT
cell frequency as a percentage of all T cells (αβ and γδT cells) and absolute number within indicated organs from WT, Cd1d−/−, Tcrd−/−, and
Cd1d−/−Tcrd−/− mice were analyzed on the same day and graphed. Horizontal bars represent mean ± standard error of the mean. Each symbol
represents an individual mouse, with a total of 9–23 mice in each group across 4–7 independent experiments. * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, **** p ≤ 0.0001 using a Mann-Whitney U test with a Bonferroni correction for five hypotheses. αβ = alpha-beta;
γδT = gamma-delta T; iLNs = inguinal lymph nodes; MAIT = mucosal-associated invariant T cell; NKT = natural killer T cells; TCR = T cell
receptor; WT = wild-type.
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decrease in T cell numbers in the Cd1d−/−Tcrd−/− liver (Supple-
mentary Figs. 3C, D), likely reflected the loss of both NKT and
γδT cells which collectively make up to 50% of T cells in the liver.
In addition, the frequency and numbers of non-MAIT/NKT/γδT
conventional CD4+ and CD8+ αβT cells were unchanged
between WT and Cd1d−/−Tcrd−/− mice at the steady state (Sup-
plementary Fig. 3D). CD4-CD8- DN αβT cells, which are poorly
characterized and may contain other unconventional T cell sub-
sets, were relatively rare and were only significantly increased in
both frequency and number within the iLNs of Cd1d−/−Tcrd−/−

mice (Supplementary Fig. 3D). Furthermore, the frequency of
PLZF+ non-MAIT/NKT/γδT αβT cells were not increased within
the thymus, spleen, liver, and iLNs of Cd1d−/−Tcrd−/− mice (Sup-
plementary Fig. 3E).

Simultaneous analysis of WT, Cd1d−/−, Tcrd−/−, and Cd1d−/
−Tcrd−/− mice revealed that MAIT cells levels are highly and sig-
nificantly increased in Cd1d−/−Tcrd−/− mice relative to C57BL/6
WT controls in all organs examined and that Cd1d−/−Tcrd−/− MAIT
cells levels often were higher than that in Cd1d−/− and Tcrd−/−

mice (Fig. 2B). In addition, the extent to which MAIT cells were
increased in Cd1d−/−Tcrd−/− mice varied between the tissues
examined, ranging from a 6 to 14-fold increase in frequency
and a 5 to 8-fold increase in number (Figs. 2A and 2B). Addition-
ally, the frequency of MAIT cells in the thymus, spleen, and liver
of Cd1d−/−Tcrd−/− mice was significantly increased relative to
Mucosal Immunology (2023) 16:446–461
corresponding Tcrd−/− organs, and though absolute MAIT cell
numbers trended higher in all organs, only increases in the
spleen reached statistical significance between Tcrd−/− and
Cd1d−/−Tcrd−/−mice. MAIT cell levels were also significantly
increased in frequency and number in Cd1d−/−Tcrd−/− mice
compared to Cd1d−/− mice (Figs. 2A and 2B). Accordingly, these
data imply that the combined loss of both NKT and γδT cells
leads to a large expansion of MAIT cells in Cd1d−/−Tcrd−/− mice.

Expanded MAIT cells are unaltered in phenotypic and
functional subset distribution
We next explored whether the expansion of MAIT cells was pref-
erentially skewed to a specific subpopulation, based on the
expression of surface markers and the transcription factors
RORγt, T-bet, and PLZF. We observed that the overall CD4/CD8
co-receptor expression of MAIT cells was similar between each
mouse strain examined, with some subtle but significant
changes. For example, the frequency of CD8+ MAIT cells was sig-
nificantly increased in the liver of Cd1d−/− mice relative to WT
controls (Fig. 3A, Supplementary Fig. 4A), while in contrast, the
frequency of CD8+ MAIT cells was significantly decreased within
the spleen, liver, and iLNs of Tcrd−/− mice, and the spleen of
Cd1d−/−Tcrd−/− mice, compared to corresponding WT organs
(Fig. 3A, Supplementary Fig. 4A). CD4-CD8- DN MAIT cells were
significantly increased in the spleens of Cd1d−/−Tcrd−/− mice
www.elsevier.com
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relative to WT controls. (Fig. 3A, Supplementary Fig. 4A). All MAIT
cells in these organs expressed similar levels of the effector
memory marker, CD44, and the transcription factor, PLZF
(Fig. 3B).

In the steady state, unconventional T cell populations can be
divided into mutually exclusive functional subsets defined by
expression of RORγt and T-bet19,23,25,36,37. Generally, RORγt-
expressing MAIT-17, NKT-17, and CD44hi γδT-17 cells, predomi-
www.elsevier.com
nate in the lymph nodes, in contrast to the liver in which T-
bet-expressing MAIT-1, NKT-1, and CD44hi γδT-1 cells, are
enriched. Regardless, these functionally distinct MAIT cell sub-
sets were present within thymus, spleen, liver, and iLNs of all
mouse strains examined (Fig. 3A, Supplementary Fig. 4A). More-
over, the tissue-specific distributions of T-bet+ MAIT-1 and
RORγt+ MAIT-17 cells were overall similar in Cd1d−/−, Tcrd−/−,
and Cd1d−/−Tcrd−/− mice compared to WT mice. Likewise, NKT
Mucosal Immunology (2023) 16:446–461
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and γδT cell functional and CD4/8 co-receptor subsets were sim-
ilar within Tcrd−/− and Cd1d−/− mice, respectively, relative to WT
controls (Supplementary Fig. 5). Interestingly, in all mouse
strains, ∼10-15% of liver MAIT cells co-expressed RORγt and T-
bet (Fig. 3A, Supplementary Fig. 4A), a subset previously unde-
tected at the steady state33. We previously reported that the
MAIT-1 and MAIT-17 functional subsets can be respectively dis-
tinguished via the surface markers CD319 and CD138 or ICOS17.
Analysis of these markers on other unconventional T cell popu-
lations from the thymus, spleen, liver, and iLNs showed that
CD319 was a marker of T-bet+ MAIT-1, NKT-1 and γδT-1 cells
(Fig. 3C). In contrast, though CD138 and ICOS reliably marked
MAIT-17 and NKT-17 cells17,38 across all tissues examined, they
were less reliable for identifying γδT-17 cells (Supplementary
Figs. 4B, C).

The similar distribution of MAIT cell functional subsets across
these mouse models was further reflected in the respective
capacities of MAIT-17 and MAIT-1 cells to produce IL-17A and
IFN-γ. After PMA and ionomycin stimulation, the proportions
of IL-17A- and IFN-γ-producing MAIT cells were similar in the
thymus, spleen, and liver of Cd1d−/−, Tcrd−/−, and Cd1d−/−Tcrd−/
− mice relative to WT controls, though the increase in IL-17A+

MAIT cells in the Cd1d−/− and Tcrd−/− spleens relative to the
WT spleen was significant (Figs. 3D and 3E). Despite the detec-
tion of RORγt+T-bet+ MAIT cells in the liver (Fig. 3A, Supplemen-
tary Fig. 4A), MAIT cells that produced both IFN-γ and IL-17A
were not detected (Figs. 3D and 3E). Moreover, the frequencies
of IL-17A and IFN-γ-producing NKT cells within Tcrd−/− mice and
CD44+ γδT cells in Cd1d−/− mice when compared to their coun-
terparts in WT mice were similar (Supplementary Fig. 4D). In
terms of TCRβ chains preferentially used by mouse MAIT cells36,
small differences in the frequency of Vβ8.1/2+ spleen MAIT cells
were observed between WT and Cd1d−/−Tcrd−/− mice, but the
overall preferential usage of Vβ8 over Vβ6 was similar
(Supplementary Fig. 4E). Furthermore, the expression of CD127
and CD122 by MAIT cells from Cd1d−/−Tcrd−/− mice was
similar to that of MAIT cells from WT mice (Supplementary
Fig. 4F). In addition, the levels of Il-7 and Il-15 mRNA
transcripts within the thymus, spleen, liver, and iLNs were
similar between WT and Cd1d−/−Tcrd−/− mice, as measured by
quantitative polymerase chain reaction (qPCR) (Supplementary
Fig. 5E). Overall, these results demonstrate that the expansion
of MAIT cells in the mouse models of interest, and to a lesser
extent, NKT and γδT cells in Tcrd−/− and Cd1d−/− mice, respec-
tively, was not confined to any phenotypic or functional subset.
Fig. 3 Phenotype of MAIT cells is unchanged in WT, Cd1d−/−, Tcrd−/−, an
MAIT cell subsets were graphed. Horizontal lines represent mean ± standa
2–5 independent experiments. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, ****
for three hypotheses. (B) Representative overlay histograms of PLZF (lef
indicated organs from WT (black), Cd1d−/− (red), Tcrd−/− (brown), Cd1d−/−

cells (gray, dotted line) and NKT cells (green, dotted line) were included
independent experiments. (C) Flow cytometry analysis of CD319 and T-b
indicated. (D) IL-17A and IFN-γ expression by CD44+ MAIT cells from spec
stimulation for 4 hours. Numbers within FACS plots represent frequency o
producing MAIT cells were graphed. Horizontal lines represent mean ±
mouse. A total of six mice were in each group and were analysed across
test with a Bonferroni correction for three hypotheses. CD = clusters of d
nodes; MAIT = mucosal-associated invariant T cell; NKT = natural killer T c
WT = wild-type.

◂
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MAIT-TCRα chain rearrangements are increased in Tcrd−/−

and Cd1d−/−Tcrd−/− mice
As thymic MAIT cells were increased in Cd1d−/−, Tcrd−/− and
Cd1d−/−Tcrd−/− mice, we examined the surface expression of
MR1 on DP thymocytes and found that MR1 levels were ubiqui-
tously low and similar on WT and Cd1d−/−Tcrd−/−, and WT and
Tcrd−/− thymocytes (Supplementary Figs. 5C, D). Thus, we
hypothesized that altered dynamics of TCRα rearrangement
within these strains may influence the rearrangement of the
Trav1-Traj33 MAIT-TCRα chain within developing thymocytes.
Notably, Tcrd−/− mice were generated via the genetic disruption
of the Trdc gene segment39 which is located within the Tcra-Tcrd
locus on chromosome 1440. Here, TCRδ gene segments are inter-
spersed among TCRα segments, where Trdc is situated between
the arrays of upstream Trav/Trdv and downstream Traj gene seg-
ments (Supplementary Fig. 6A40).

We first analyzed Trav1-Traj33 transcript levels within imma-
ture CD4+CD8+TCRβneg/int DP thymocytes by qPCR, removing
contamination by expanded thymic MAIT and NKT cells by sort-
ing on MR1-5-OP-RU-tetramer-negative and CD1d-α-GalCer-tet
ramer-negative thymocytes. The expression of Trav1-Traj33 tran-
scripts within DP thymocytes from Tcrd−/− and Cd1d−/−Tcrd−/−

mice relative to WT controls were, on average, increased
∼2-fold (Fig. 4A, left), regardless of additional standardization
to Trac transcripts (Fig. 4A, right). However, Trav1-Traj33 tran-
scripts were similar in Cd1d−/− thymocytes relative to WT con-
trols, and, as expected, the abundance of the Trav11-Traj18
NKT-TCRα chain, in DP thymocytes from Cd1d−/−, Tcrd−/− and
Cd1d−/−Tcrd−/− mice was unchanged compared to WT controls
(Fig. 4A). We also found that Trac transcript levels were similar
in Cd1d−/−, Tcrd−/− and Cd1d−/−Tcrd−/− thymocytes relative to
WT thymocytes, reinforcing that increases in Trav1-Traj33+

MAIT-TCRα chain transcripts were not due increases in overall
TCRα gene rearrangements (Fig. 4A). Thus, our data suggests a
potential bias toward usage of Trav gene segments most distal
to the Traj locus, such as Trav1 which is located at the 5’ end
of the Trav/Trdv array, but not of more 3’-located, Traj-
proximal gene segments, such as Trav11, during TCRα rearrange-
ment within DP thymocytes from Tcrd−/− but not Cd1d−/− mice.

TCRα chain usage and corresponding αβT cell repertoire are
altered in Tcrd−/− mice
To enable a more in-depth analysis and expand upon our previ-
ous findings (Fig. 4), we profiled the TCRα repertoire of C57BL/6
WT and Tcrd−/− mice using a 5’RACE-based deep sequencing
d Cd1d−/−Tcrd−/− mice. (A) Proportions of CD4/CD8 and RORγt/T-bet
rd error of the mean. A total of 5–16 mice were in each group across
p ≤ 0.0001 using a Mann-Whitney U test with a Bonferroni correction
t column) and CD44 (right column) expression of MAIT cells within
Tcrd−/− (blue) mice. PLZF and CD44 expression of WT conventional T
for comparison. A total of 6–9 mice were in each group across 2–3
et expression by MAIT, NKT, and CD44+ γδT cells in C57BL/6 mice as
ified organs in mouse strains as indicated, post-PMA and ionomycin
f gated cells out of all MAIT cells. (E) Proportions of IL-17A- and IFN-γ-
standard error of the mean. Each symbol represents an individual
two independent experiments. * p ≤ 0.05 using a Mann-Whitney U
ifferentiation; IFN= interferon; IL = interleukin; iLNs = inguinal lymph
ells; PLZF = promyelocytic leukemia zinc finger; TCR = T cell receptor;
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approach and analyzed TCRα transcripts from CD4+CD8+-
TCRβneg/int DP thymocytes isolated as above. As Tcrd−/− mice
were originally generated using 129 strain-derived embryonic
stem cell lines before backcrossing to the C57BL/6 background,
we aligned Trav gene segment sequences from our dataset to
allelic reference sequences derived from various mouse strains
(Supplementary Fig. 6B, IMGT,40–42). As a candidate proximal
Trav gene segment, we aligned Trav19 sequences obtained from
WT and Tcrd−/− thymocytes to functional reference Trav19 alle-
les, i.e., Trav19*01 and Trav19*03. Based on single nucleotide
polymorphisms (SNPs), WT and Tcrd−/− derived sequences differ-
entially aligned to the Trav19*03 and Trav19*01 alleles, respec-
tively (Supplementary Fig. 6B). Notably, Trav19*03 and
Trav19*01 are derived from the C57BL/6J and 129/SvJ mouse
strains, respectively42. The same was true for candidate distal
Trav1 and Trav6-1 gene segments. Tcrd−/− Trav1 and Trav6-1
sequences aligned with the Trav1*01 and Trav6-1*01 alleles
(129/SvJ strain), respectively, in contrast to C57BL/6 WT controls
which aligned to Trav1*02 and Trav6-1*02 (C57BL/6J strain) (Sup-
plementary Fig. 6B). These data suggest that Trav gene seg-
ments within the Tcra-Tcrd locus of Tcrd−/− mice are derived
from 129-strain mice, reflecting the use of 129-strain embryonic
stem cells to generate these mice39. Accordingly, analysis of DP
thymocytes from 129T2/Sv mice revealed higher expression of
Trav1-Traj33 transcripts, that matched the levels of those from
Tcrd−/− mice, relative to C57BL/6 WT mice but lower levels of
Trav11-Traj18 transcripts relative to both C57BL/6 WT and
Tcrd−/− mice (Fig. 4B).

In addition to allelic variation, the structure of the Tcra-Tcrd
locus itself varies between mouse strains40,41. C57BL/6, BALB/c,
and 129 mice all harbor a duplication of a region of Trav gene
segments (denoted ‘d’ e.g., Trav7d-4). However, C57BL/6 mice
uniquely exhibit an additional duplication of Trav gene seg-
ments (denoted ‘n’ e.g., Trav7n-4) found in the center of the
array of Trav/Trdv gene segments. This is referred to as the ‘cen-
tral repeat’ region40,41 (Supplementary Figs. 6A, B). Accordingly,
alignments to central repeat Trav gene segments were much
more frequent within C57BL/6-derived transcripts (∼27% of
total) relative to Tcrd−/−-derived transcripts (∼5.4%) (Fig. 4C),
suggesting that Tcrd−/− mice lack the central repeat Trav gene
segment region that is characteristic of C57BL/6 mice. Though
some Tcrd−/− sequences aligned to central repeat gene seg-
ments, this was most likely explained by alignment to Trav14n-
Fig. 4 Increased TCRα rearrangement in Tcrd−/− thymocytes facilitates
expression of Trav1-Traj33, Trav11-Traj18, and Trac transcripts (left) and T
levels of Trac expression (right) in thymocytes from indicated mouse str
show Trav1-Traj33 and Trav11-Traj18 expression levels standardized to th
and 129T2 WT mice (right) analyzed by quantitative polymerase chain re
change from the mean expression level (defined as 1) in WT mice (dotted
Each symbol represents an individual mouse. A total of 5–6 mice were e
using a Mann-Whitney U test with a Bonferroni correction for three hypo
TCRα transcripts within thymocytes from C57BL/6 and Tcrd−/− mice. Data
two independent experiments. Numbers above graphs represent collecti
regions. (D & E) Graphs depict the frequency of pairings of indicated T
percentage of all transcripts containing the indicated Trav or Traj gene se
mean ± SD with a total of three mice in each group, across two indepe
percentage of Trav gene segment usage within indicated Trav-dv region
receptor; WT = wild-type.
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1. However, as Trav14n-1 and Trav14d-1 have virtually identical
sequences, these alignments likely reflect high sequence homol-
ogy between Trav14n-1 and Trav14d-1 rather than true align-
ments to central repeat gene segments (Supplementary Fig. 6B).

To gain a broader view of the TCRα repertoire within CD4+-
CD8+TCRβneg/int DP thymocytes, we analyzed the frequency of
all Trav to Traj gene segment pairings within our dataset
(Figs. 4C–E, Supplementary Fig. 6C). Consistent with previous
reports, the rearrangement of Trav to Traj gene segments within
C57BL/6 WT thymocytes also appeared to be processive and
coordinated (Supplementary Fig. 6C)40,43. We additionally
showed that the TCRα repertoire of thymocytes from C57BL/6
Vav-Bcl2 transgenic (Bcl2Tg) mice44,45, in which Bcl2-
overexpression in DP thymocytes leads to an increased DP thy-
mocyte life span, was highly skewed toward rearrangements uti-
lizing distal Traj gene segments (Supplementary Fig. 6C), in line
with increased secondary TCRα rearrangements in these
mice44,45.

In Tcrd−/− thymocytes, the overall TCRα repertoire lacked pair-
ings to central repeat Trav gene segments despite these pairings
being present within C57BL/6 thymocytes (Figs. 4C–E, Supple-
mentary Fig. 6C). Outside of the central repeat region, distal
unique and proximal repeat Trav gene segment usage was
increased in Tcrd−/− thymocytes relative to WT thymocytes
(8.3% vs 5.4%, and 40.5% vs 23.2%, respectively) (Fig. 4C, Supple-
mentary Fig. 6C). We quantified pairing of candidate distal (e.g.
Trav1), central (e.g. Trav11), and proximal (e.g. Trav19) Trav gene
segments and candidate Traj gene segments (Traj18, Traj33, and
Traj57) to Traj and Trav segments, respectively (Figs. 4D and 4E).
Approximately 1.8% and 2.3% of Trav1+ transcripts from C57BL/6
and Tcrd−/− thymocytes, respectively, paired with Traj33,
whereas 2.6% and 4.8% of Traj33+ transcripts paired with Trav1
(Figs. 4D and 4E), in line with an increase in the pairing of Traj33
to distal unique gene segments overall (Fig. 4E). However, upon
analysis of total Traj18+ transcripts, though there was a decrease
in pairings to Trav11, there was a concomitant increase in pair-
ing to Trav11d in Tcrd−/− thymocytes relative to WT thymocytes.
The lack of discrimination between Trav11 and Trav11d poten-
tially explains an overall similar level of the Trav11-Traj18+

NKT-TCRα chain measured via qPCR (Fig. 4A). Accordingly, our
data strongly suggest that Tcrd−/− mice harbor the Tcra-Tcrd
locus derived from the 129-strain embryonic stem cells used
to generate these mice, despite backcrossing to the C57BL/6
increased generation of MAIT cells. (A) Graphs show the relative
rav1-Traj33 and Trav11-Traj18 expression levels standardized to the
ains analyzed by quantitative polymerase chain reaction. (B) Graphs
e levels of Trac expression in thymocytes from C57BL/6 WT, Tcrd−/−,
action as in (A). (A & B) Relative expression was calculated as a fold
line). Horizontal bars represent mean ± standard error of the mean.

xamined across two independent experiments. * p ≤0.05, ** p ≤0.01
theses. (C) Overall Trav gene segment usage as a percentage of total
points depict mean ± SD, with a total of three mice per group across
ve percentage of Trav gene segment usage within indicated Trav-dv
rav (D) and Traj (E) gene segments to Traj and Trav segments as a
gment in C57BL/6 and Tcrd−/− mouse thymocytes. Bar graphs depict
ndent experiments. (E) Numbers above graphs represent collective
s as in (C). MAIT = mucosal-associated invariant T cell; TCR = T cell
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background. Moreover, this has resulted in an increase in TCRα
chain rearrangements involving distal unique and proximal
repeat Trav gene segments, such as Trav1, within Tcrd−/− mice
relative to C57BL/6 WT controls (Fig. 4B–E). Consequently, the
increased rearrangement of Traj33 to Trav1, resulting in
increased Trav1-Traj33+ transcripts within developing Tcrd−/−

thymocytes, may facilitate an increase in MAIT cell generation
within and output from the Tcrd−/− thymus.

MAIT cells exhibit higher proliferative capacity in
Cd1d−/−Tcrd−/− mice
Despite increases in Trav1-Traj33 rearrangement (Fig. 4) and
MAIT cell levels in the thymus of Tcrd−/− mice relative to WT mice
(Fig. 2), increases in MAIT cell levels in the periphery of both
Tcrd−/− and Cd1d−/−Tcrd−/− mice generally exceeded the increase
observed in thymus, implying further expansion of MAIT cells in
the periphery of mice lacking both NKT and γδT cells. Accord-
ingly, we quantified homeostatic proliferation by MAIT cells by
adoptive transfer of these cells into WT or Cd1d−/−Tcrd−/− recip-
ients. To circumvent the rarity of MAIT cells sourced from WT
mice and to avoid TCR engagement by MR1-5-OP-RU-
tetramers, we enriched for MAIT and other CD62Llo T cell subsets
by depleting B220- and CD62L-expressing cells from spleen and
peripheral LNs (pLNs) of WT congenic Ly5.1 mouse donors prior
to labeling with the proliferation dye, Cell Trace Violet (CTV),
which resulted in an approximately 11-fold enrichment in MAIT
cells (Fig. 5A), as well as enriching for NKT and CD44hi γδT cells.

Eight days post-adoptive transfer, donor MAIT cells were
recovered from the liver, spleen, and pLNsof recipient WT and
Cd1d−/−Tcrd−/− mice. However, donor MAIT cells were neither
detected in, nor recovered from, the thymii of recipient mice
(data not shown). Notably, donor MAIT cells recovered from
Cd1d−/−Tcrd−/− mice had higher levels of CTV dilution than those
recovered from WT mice (Fig. 5B). This was exemplified in the
division index (DI), both raw and normalized to WT (relative
DI), of donor MAIT cells recovered from the liver, spleen, and
pLNs of Cd1d−/−Tcrd−/− mice being significantly higher than that
of MAIT cells recovered from WT mice (Figs. 5B and 5C, Supple-
mentary Fig. 7B). On average, the relative DIs of MAIT cells trans-
ferred into Cd1d−/−Tcrd−/− mice were 3.5, 2.5, and 2.4 in the liver,
spleen, and pLNs, respectively, implying that MAIT cells within
Fig. 5 MAIT cells exhibit higher proliferative capacity in Cd1d−/−Tcrd−/− m
and cervical lymph nodes, and spleens from Ly5.1 mice pre- and po
expressing cells (top). Cells were labeled with CTV after enrichment
percentages. The percentage of MAIT cells pre- and post-enrichment out
one independent experiment where 19–21 mice were pooled with a tot
CD45.1+ donor T cells isolated from liver, spleen, and pooled inguinal, axi
column) mice. Rectangle gates in plots are representative of CTV dilutio
generated by concatenation of two mice within the same group from the
CD8 subsets of non-MAIT/NKT αβ T cells was graphed as a fold change f
mean ± standard error of the mean. Each symbol represents an individua
experiments. p > 0.05 (not shown), * p ≤0.05, ** p ≤0.01 using a Mann-W
(top panel) and CD138 expression versus CD45.1 (bottom panel) of dono
donor/endogenous (bottom) MAIT cells recovered from indicated WT rec
subpopulations within MAIT cells. (E) Proportions of CD4/8 and CD138+/-

mean ± standard error of the mean. Each purple triangle represents one
total of three independent experiments were carried out. All other symb
across three independent experiments. ab =; CD = clusters of differentia
associated invariant T cell; NKT = natural killer T cells; pLN = peripheral
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Cd1d−/−Tcrd−/− tissues undergo more divisions than those within
WT tissues at the resting state (Figs. 5B and 5C). Similarly, a
greater proportion of MAIT cells that have undergone at least
one division (percent divided) were found in Cd1d−/−Tcrd−/−

tissues compared to WT tissues (Supplementary Figs. 7A, B),
particularly in the liver and spleen. Aligning with a report by
Matsuda et al.46, NKT cells can survive and proliferate in the
absence of CD1d which we confirm using our Cd1d−/−Tcrd−/−

mouse model. We report a similar observation with MAIT cells,
where proliferating donor MAIT cells were recovered from
Mr1−/− mice, indicating that MR1 is not necessary for the home-
ostatic survival of MAIT cells (Supplementary Fig. 7A). Interest-
ingly, donor NKT cells recovered from the liver and spleen,
and γδT cells recovered from the liver, spleen, and pLNs of recip-
ient Cd1d−/−Tcrd−/− mice, had significantly higher DIs relative to
those recovered from WT organs, where increases in percent
divided also reached significance (Supplementary Figs. 7B, C).
In addition, we observed increases in the proliferation of donor
non-MAIT/NKT/γδT αβT cells from Cd1d−/−Tcrd−/− mice (Fig. 5C,
Supplementary Fig. 7B, C). The relative DI of CD4+CD8- SP and
CD4-CD8+ SP αβT cells were only significantly increased within
the liver, while that of CD4-CD8- DN αβT cells was significantly
increased in both the spleen and liver. However, the relative
DI of non-MAIT/NKT/γδT αβT cells was on average lower than
that of MAIT cells examined within the same organ.

We additionally compared the phenotype of donor MAIT cells
recovered from spleen, liver, and pLNs post-adoptive transfer to
that of donor MAIT cells pre-transfer, and to that of endogenous
MAIT cells within WT and Cd1d−/−Tcrd−/− recipients. Prior to
transfer, ∼60% of donor MAIT cells were CD4-CD8- DN, with
the CD4+CD8- and CD4-CD8+ SP subsets representing less than
20% of MAIT cells (Figs. 5D and 5E). As previously reported,
the expression of CD4 and CD836, (Supplementary Fig. 4A),
and CD13817, (Supplementary Fig. 4B) by MAIT cells varies
between tissues. Notably, upon recovery of donor MAIT cells
from specific recipient mouse organs, the phenotypic distribu-
tion of donor MAIT cells was similar to that of endogenous MAIT
cells from the same organ. This was exemplified in the pLNs,
where the CD4/CD8 co-receptor distribution of donor MAIT cells
was heavily skewed toward the CD4+CD8- SP subset, with a con-
comitant decrease in CD4-CD8+ SP and CD4-CD8- DN subsets rel-
ice. (A) Flow cytometry analysis of pooled inguinal, axillary, brachial,
st-enrichment via magnetic bead-depletion of B220- and CD62L-
. Plots show B220- lymphocytes and numbers in plots represent
of total lymphocytes was graphed (bottom). Each symbol represents
al of three independent experiments. (B) Flow cytometry analysis of
llary, and brachial pLNs of WT (left column) and Cd1d−/−Tcrd−/− (right
n gating strategy on MR1-5-OP-RU tetramer+ MAIT cells. Plots were
same experiment (C). The relative DI of MAIT, NKT, γδT, and the CD4/
rom the average DI of cells from WT mice. Horizontal bars represent
l mouse, with a total of six mice per group across three independent
hitney U test. (D) Flow cytometry analysis of CD4 and CD8 expression
r MAIT cells pre-adoptive transfer, and donor CD45.1+ (top) and non-
ipient tissues 8 days later. Number in plots show percentage of gated
MAIT cell subsets [as in (D)] were graphed. Horizontal lines represent
independent experiment, where 19–21 mice were pooled, where a
ols represent an individual mouse for a total of six mice per group
tion; CTV = Cell Trace Violet; γδT = gamma-delta T; MAIT = mucosal-
lymph node; TCR = T cell receptor; WT = wild-type.
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ative to pre-transfer MAIT cells (Fig. 5D). In addition, we
observed a slight enrichment for donor CD4+CD8- and CD4-CD8+

SP and a slight decrease in CD4-CD8- DN MAIT cells in the liver of
recipient mice relative to MAIT cells pre-transfer (Fig. 5D). Fur-
thermore, donor MAIT cells recovered from pLNs were also pre-
dominantly CD138+, matching that of donor cells pre-transfer
and recipient endogenous pLN MAIT cells (Figs. 5D and 5E). In
the spleen, a lower proportion (∼40%) of donor MAIT cells were
CD138+ relative to cells pre-transfer (∼60%), aligning with a sim-
ilar proportion of endogenous CD138+ MAIT cells. Interestingly,
the frequency of CD138+ donor MAIT cells recovered from the
liver was lower than that of cells both pre-transfer (∼60%) and
endogenous MAIT cells (∼40-50%).

Lastly, we found that donor NKT and γδT cells recovered from
recipient mice also had a similar phenotype to endogenous NKT
and γδT cells from the same tissue, as exemplified in pLNs and,
to a lesser extent, liver (Supplementary Fig. 7D). For example,
despite the vast majority (∼93%) of donor γδT cells being CD4--
CD8- DN, only ∼50% of donor γδT cells recovered from the pLNs
were CD4-CD8- DN, in line with that of endogenous pLN γδT cells
and corresponding to a concomitant increase in recovered CD4+

cells (Supplementary Fig. 7D). As donor cells were sourced from
a mixture of spleen and pLN cells, it is possible that these find-
ings result from redistribution and homing of adoptively trans-
ferred pLN donor cells back to the LNs over other tissues.
However, it is also possible that splenic donor cells that enter
pLNs respond to the LN microenvironment and upregulate char-
acteristics of endogenous LN cells, such as high CD4 or CD138
expression on MAIT cells. Collectively, these data indicate that
MAIT cells compete with NKT and γδT cells in the periphery
within a common homeostatic niche and exhibit increased pro-
liferation likely in response to tissue-specific microenvironmental
signals in the absence of NKT and γδT cells.

Discussion
In this study, we provide evidence for a homeostatic niche
shared by the unconventional T cell lineages, MAIT, NKT, and
γδT cells. Though MAIT cells were increased in Cd1d−/− mice,
suggesting that NKT and MAIT cells compete for similar factors,
it was unknown whether this was due to the absence of compet-
ing type I and II NKT cells, or through an NKT cell-independent
role for Cd1d in regulating MAIT cell numbers. Although MAIT
cells were expanded in Traj18−/− mice, which retain type II NKT
cells and Cd1d, they were further expanded in Cd1d−/− mice
which lack both type I and type II NKT cells. Notwithstanding
the overall observation, there remained some overlap in the fre-
quency of MAIT cells between several Traj18−/−and Cd1d−/− mice
when compared to WT mice. MAIT cells are known to vary in fre-
quency in mice and humans36,47, which may explain this partial
overlap and suggests that there are other, as yet unknown, vari-
ables driving this phenotype. MAIT cells were also expanded in
Tcrd−/− mice23,27,28, and the most striking observation came from
Cd1d−/−Tcrd−/− mice, where the absence of both NKT cells and
γδT cells resulted in a large increase in MAIT cells. As γδT and
NKT cells within Cd1d−/− and Tcrd−/− mice, respectively, outnum-
ber MAIT cells within the same tissue sites, these two cell types
may outcompete MAIT cells for shared factors, explaining the
greater expansion of MAIT cells in the absence of both NKT
and γδT cells. Though it is tempting to speculate that redundan-
cies exist within the unconventional T cell compartment and
that MAIT cells compensate for a loss of NKT and γδT cells,
this compensation is only partial, as MAIT cell numbers in
www.elsevier.com
Cd1d−/−Tcrd−/− mice do not reach NKT and γδT cell levels seen
in WT mice, and furthermore, these cell types have distinct anti-
genic targets so their function is unlikely to be redundant.

While our study focused on unconventional T cells, and found
that non-MAIT/NKT CD4-CD8- DN αβT cells and PLZF+ αβT cells
do not appear to be increased in Cd1d−/−Tcrd−/− mice, further
studies should investigate whether other cells (T and non-T cells)
are also competing within this niche. Indeed, a population of
MHC-independent αβ dendritic epidermal T cells has been
described to compensate for the absence of skin-resident γδT
cells in Tcrd−/− mice48. Though we have demonstrated increases
in MAIT cells in our mouse models at steady state, it will be inter-
esting to determine the extent to which these expanded MAIT
cells can compensate for the loss of NKT and γδT cell-
mediated immune responses. Indeed, the concept of unconven-
tional T cells acting in concert as a functional unit has been
recently explored in type-1 and type-17 responses within the
lymph nodes49.

We further showed elevated homeostatic proliferation of
MAIT cells in the periphery of Cd1d−/−Tcrd−/− mice, supporting
the existence of a competitive niche between MAIT cells and
other unconventional T cells. Homeostatic cytokines likely repre-
sent factors for which unconventional T-cell populations com-
pete, as supported by existing reports and high expression of
cytokine receptors on unconventional T cells. For example, IL-
7R is highly expressed on NKT-1730, γδT-1731, and MAIT-1717

cells, also shown in our data. In line with this, IL-7 is required
for the survival and homeostasis of NKT-1730 and γδT-17
cells31,50,51, and in vivo administration of IL-7 leads to the expan-
sion of NKT-17, γδT-17, and MAIT-17 cells in the lungs34. In addi-
tion, NKT-17, γδT-17, and MAIT-17 cells also are responsive to IL-
1β and/or IL-2333,52,53. In contrast, T-bet+ unconventional T cells
express high levels of IL-2R, where IL-2 and IL-15 appear to
expand or regulate the homeostasis of NKT-1, γδT-1, and
MAIT-1 cells30–33. Furthermore, the presentation of IL-15 by thy-
mic epithelial cells or peripheral sources influences the develop-
ment of T-bet+ ‘type 1 innate T cells’54–56. Given that
unconventional T cells of similar functions share common differ-
entiation and transcriptomic programs, it is reasonable to
hypothesize that they respond to similar cues during develop-
ment, maturation, and functional polarization. However, here
we observed a global expansion of both MAIT-1 and MAIT-17
cells, suggesting that this is driven by reduced competition for
a factor that governs both cell types, or a combination of factors
that may include IL-7 and IL-15. Although analysis of whole tis-
sue Il-7 and Il-15 transcripts revealed no difference in WT and
Cd1d−/−Tcrd−/− mouse tissues, cellular subsets within the com-
petitive niche are likely shaped by distinct contexts and/or tissue
sites. For example, increased proliferation of non-MAIT/NKT αβT
cells was most prominent in the liver, likely reflecting the loss of
both NKT and γδT cells which collectively make up to 50% of T
cells in this organ57.

A limitation of this study is that we have not investigated
potential relationships between microbiota composition and
MAIT cell numbers within our mouse models. Unconventional
T cells often represent a sizable portion of cells in mucosal
and barrier tissues such as the gut and lungs, where they may
interact with microbiota36,58,59. Indeed, deficiencies in NKT
and/or γδT cells have been linked to altered microbiota compo-
sition, however, these studies lacked specific littermate-
controlled experiments to allow definite conclusions, as recently
discussed60. The influence of microbiota on unconventional
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T-cell populations is an important area of investigation, includ-
ing studies suggesting that the liver hosts distinct microbiota
that can modulate NKT cells61, and metabolites of microbial ori-
gin can traffic from the gut to other organs, including the thy-
mus, to modulate MAIT cell development62,63. Thus, increased
microbial burden (within NKT and/or γδT cell-deficient mice)
and subsequent translocation of microbial products across bar-
rier tissues to which MAIT cells can respond, may lead to an
increase in peripheral or organ-specific MAIT cell levels, or affect
the composition of the unconventional T-cell niche.

Our study also provides evidence for an additional mecha-
nism that may influence MAIT cell numbers in Tcrd−/− mice,
where increased distal Trav gene segment rearrangement led
to an increase in Trav1-Traj33 usage within Tcrd−/− thymocytes
due to strain-associated Tcra-Tcrd locus genetics. Several reports
have previously linked TCRα chain rearrangement dynamics to
MAIT cell development and frequency. In generating Traj18−/−

mice, the genetic deletion of Traj18 via PGK-neor cassette inser-
tion inadvertently disrupted TCR rearrangements using genes
encoding Traj gene segments upstream of Traj18, including Tra-
j3335. Thus, these Traj18−/− mice were deficient in Trav1-Traj33+

MAIT cells64,65. In addition, relative to the C57BL/6 and BALB/c
strains, the elevated MAIT cell numbers in the CAST/EiJ mouse
strain were linked to increased MAIT-TCRα rearrangements and
overall increased usage of distal Trav gene segments, including
Trav1 itself, a phenotype mapped to a single 20 Mb region
within the Tcra-Tcrd locus41. It is known that rearrangement of
Tcrd gene segments, i.e. Trdv, Trdd, and Trdj, to Trdc within DN
thymocytes, variably truncates the Tcra-Tcrd locus and increases
accessibility of distal Trav gene segments, such as Trav1, in pair-
ing with more proximally and centrally-located Traj segments,
such as Traj33, in primary TCRα chain gene rearrangements43.
In line with this, modifications of the TCR locus perturbs Tcrd
rearrangement in TCR transgenic (HYα) and INT1 and INT2
CCCTC-binding factor site-deleted (INT1-2-deficient) mouse
models, respectively, resulting in reduced Trav1-Traj33 rear-
rangements in the thymus and lower MAIT cell numbers in the
periphery of these mice43. Here, our findings indicate that the
Tcra-Tcrd locus within Tcrd−/− mice has been retained from the
original 129-derived embryonic stem cell strain used for their
generation, despite 12 backcrosses to the C57BL/6 back-
ground39. The increase in Traj to distal Trav pairing likely
accounts for increased Trav1-Traj33 rearrangements within
Tcrd−/− thymocytes relative to C57BL/6 thymocytes. This in turn
may contribute to the elevated generation of MAIT cells in the
Tcrd−/− thymus. However, as BALB/c mice also lack central repeat
Trav gene segments yet have fewer thymic MAIT cells compared
to C57BL/6 mice, differences in Trav rearrangements may not
fully explain the variability of MAIT cell numbers within distinct
mouse strains. Nevertheless, our study reinforces the unique
relationship between TCRα rearrangement kinetics and MAIT cell
development, which for example, may impact the interpretation
of studies using Tcrd−/− mice39 as a means to understand the
role of γδT cells, because these mice not only lack γδT cells,
but also have increased MAIT cells. This illustrates the need for
the generation of γδT cell-deficient mice using CRISPR-
mediated excision of Trdc or Trgc on the strain background of
choice for accurate comparisons between γδT cell-deficient mice
with WT controls.

Despite advances in the identification and characterization of
mouse MAIT cells36,66, the paucity of MAIT cells in most
laboratory mouse strains can impede the isolation of MAIT cells.
Mucosal Immunology (2023) 16:446–461
Importantly, Cd1d−/−Tcrd−/− mouse MAIT cells exhibit a similar
phenotype and function to WT MAIT cells, thus these mice could
be used as a source of these cells for studying the role of MAIT
cells in disease models. Furthermore, regardless of the strain we
examined, our analysis revealed a mouse hepatic RORγt+T-bet+

MAIT cell subset that resembles Salmonella- or Legionella-ex-
panded murine lung MAIT cells67,68, IL-1β and IL-23-treated
murine MAIT cells33, and steady-state human MAIT cells47,69,70.
However, we did not see a population of IL-17A+ cells that could
also produce IFN-γ, contrasting the predominant IFN-γ produc-
tion from circulatory or non-IL-7-licensed human RORγt+T-bet+

MAIT cells71,72. We also highlight the use of CD319 as a pan T-
bet+ unconventional T cell-surface surrogate marker, in addition
to previously described candidates such as CD122, NK1.1, and
CXCR316,17,73.

In contrast to mice, the composition of the human unconven-
tional T cell compartment is marked by a relative abundance of
MAIT and γδT cells, and paucity of NKT cells1,47, where an inter-
play between these cell types at homeostasis has been sug-
gested. Despite frequencies of MAIT, NKT, and γδT cells widely
varying between individuals, the frequencies of circulating MAIT
and Vδ2+ γδT cells, and of MAIT and NKT cells within healthy
human donors have been shown to positively correlate47,74.
Thus, it is tempting to speculate that human unconventional T
cells may also respond to an increased abundance of common
growth or survival factors within the circulation or within tissues.
Notably, a case study on an individual that had both a point
mutation in MR1 and a lack of circulating MAIT cells, possessed
a marked expansion of Vδ2+ γδT cells75. These studies, in addi-
tion to our own findings, strongly suggest an intertwined system
for complementary functions and redundancy within the uncon-
ventional T-cell compartment76.

In conclusion, we emphasize an interplay between uncon-
ventional T-cell populations at the steady state. As MAIT, NKT,
and γδT cells are attractive cellular targets that can bypass
donor-to-donor restrictions and differences in genetic back-
ground77, this study highlights the importance of considering
all subsets of unconventional T cells as complementary or con-
founding factors when targeted in immunotherapeutic applica-
tions. Finally, we highlight the fact that mouse models that lack
NKT cells, γδT cells, or both, have a compensatory increase in
MAIT cells. While this sheds light on how the numbers of these
cells may be regulated, this also represents a variable that may
complicate interpretation of data from studies using these mice.

METHODS
Mouse models
Colonies on a BALB/c background used were BALB/c wild-type
(WT), BALB/c Traj18-deficient (generated by Cas9-mediated
introduction of a null mutation into Traj1878) and BALB/c
Cd1d−/− (Cd1d1.Cd1d2-deficient, 11 backcrosses79). C57BL/6 colo-
nies used were C57BL/6 wild-type (B6 WT), C57BL/6 Ly5.1 wild-
type, Cd1d−/− (11 backcrosses80; originally obtained from Jack-
son Laboratories), Tcrd−/−, (12 backcrosses39; originally obtained
from Jackson Laboratories), Cd1d−/−Mr1−/− and Cd1d−/−Tcrd−/−

double knockout mice. Cd1d−/−Tcrd−/− mice were generated in-
house by breeding Cd1d−/− and Tcrd−/− mice to create heterozy-
gous F1 mice, which were then mated to generate homozygous
Cd1d−/−Tcrd−/− mice, phenotyped with flow cytometry analysis
to confirm the lack of γδTCR+ (clone GL3) and CD1d-α-GalCer
(PBS-44, a kind gift from Dr. Paul Savage, Brigham Young
University; Provo, UT) tetramer+ cells. Cd1d−/−Mr1−/− mice were
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generated in-house by breeding Cd1d−/− and Mr1−/− mice to cre-
ate heterozygous F1 mice, which were then mated to generate
homozygous Cd1d−/−Mr1−/− mice, phenotyped with flow cytom-
etry analysis to confirm the lack of CD1d-α-GalCer tetramer+ cells
and MR1-5-OP-RU tetramer+ cells. All mice were bred in-house at
the Department of Microbiology and Immunology Animal
House, University of Melbourne under specific pathogen-free
conditions. C57BL/6 Ly5.1 mice were purchased from Animal
Resource Centre (ARC, Western Australia). 129T2/Sv WT mice
were purchased from the Kew Bioservices facility, Walter and
Eliza Hall Institute of Medical Research. All male and female mice
used in experiments were between 6-12 weeks old and were all
age- and sex-matched. All procedures on mice were approved
by the University of Melbourne Animal Ethics Committee
(#1914739).

Preparation of cell suspensions
Single-cell suspensions of thymus, spleen, and lymph node tis-
sues were prepared by carefully grinding each organ through
a 30-µM nylon cell strainer into ice-cold FACS buffer (phosphate
buffered saline (PBS) with 2% FCS). Spleen suspensions were
also treated with red blood cell lysis buffer and subsequently
washed with FACS buffer. Splenic enrichments were achieved
by labeling B220high splenocytes with magnetic beads and col-
lecting unlabeled cells as per manufacturer’s instructions (Mil-
tenyi Biotec). Prior to organ harvest, the liver was perfused
with PBS after culling mice. Liver tissue was then dissociated
by grinding through a 70-µM nylon mesh filter into ice-cold
FACS buffer. Hepatic leukocytes were then isolated using a Per-
coll gradient (GE Healthcare) before being treated with red
blood cell lysis buffer and further washed with FACS buffer.
Lungs were perfused with PBS prior to harvest and minced into
a fine suspension before enzymatically digested in collagenase
type III (Worthington Biochemical Corporation: 3 mg/ml in
RMPI-1640 supplemented with 2% FCS and 5 µg/ml DNase I
(Roche)) for 40 minutes at 37°C. After digestion, the cell suspen-
sion was filtered through a 30-µM nylon cell strainer and then
treated with red blood cell lysis buffer for 5 minutes at room
temperature before washing with FACS buffer. Mouse gut tis-
sues were processed for IELs. IELs were isolated from the large
intestine by first removing associated fat and Peyers patches.
The large intestine was cut longitudinally to allow efficient
removal of fecal and mucosal contents. Subsequent cuts were
made to obtain ∼1 cm2 pieces, which were digested in Ca2+

and Mg2+ Free Hanks buffer containing 1 mM DTT and 10%
FCS. IELs were released from the epithelial fraction by vigorous
vortexing and passed through a 70-um strainer. IELs were resus-
pended in 44% Percoll and underlaid with 70% Percoll for den-
sity gradient centrifugation.

Tetramer production
Tetramers of mouse MR1-5-OP-RU were generated as previously
reported81 by refolding MR1 monomers in the presence of 5-A-
RU and methylglyoxal. Mouse MR1-Ac-6-FP tetramers were also
generated as previously described82. MR1-Ag monomers were
then enzymatically biotinylated with BirA enzyme followed by
purification by size exclusion chromatography. Biotinylated
MR1-5-OP-RU and MR1-Ac-6-FP monomers were tetramerized
using streptavidin conjugated to PE (SAv-PE; Invitrogen
Molecular Probes).

Soluble mouse CD1d/β2m protein was produced as previ-
ously described83. Purified CD1d-biotin was loaded with the
www.elsevier.com
α-GalCer analog, PBS-44, a gift of P. Savage (Brigham Young
University, Provo, UT) at room temperature overnight at a 6:1
(lipid:protein) molar ratio. CD1d loaded with PBS-44 hereby
referred to as CD1d-α-GalCer, or in the presence of the vehicle
in which PBS-44 was solubilized (CD1d-vehicle), was tetramerized
with streptavidin conjugated to Brilliant Violet 421 (SAv-BV421;
BioLegend) or Alexa-Fluor647 (SAv-AF647; BioLegend). SAv-PE,
SAv-BV421, or SAv-AF647 were added via four additions of
one-quarter of the required volume with an incubation of 10
minutes in the dark at 4 ̊C, and mixing between additions.

Flow cytometry
Cell-surface staining
Cells were first stained with PE-conjugated MR1-5-OP-RU or
MR1-Ac-6-FP tetramers alongside 7-aminoactinomycin D (7-
AAD; Sigma-Aldrich), and the cell-surface antibodies as listed
in Supplementary Table 1. For MR1 upregulation experiments,
cells were incubated with or without 100nM Ac-6-FP overnight
prior to labelling with anti-MR1 mAbs. For all flow cytometry
experiments, cells were incubated at 4 ̊C in the dark for 30 min-
utes, before being washed and labeled with CD1d-α-GalCer or
CD1d-vehicle tetramers conjugated to BV421, PE, or AF647 at
4 ̊C in the dark for 30 minutes. Cells were then analyzed using
a BD LSR Fortessa equipped with a 561-nm yellow-green laser.
Data were analyzed using FlowJo software (BD). After excluding
dead cells and doublets by electronic gating, B220- lymphocytes
were then gated on for further analysis.

Intracellular transcription factor staining
After surface staining, cells were fixed and permeabilized using
the Foxp3 transcription factor staining kit (eBioscience) for 35
minutes at 4 ̊C in the dark. Cells were then washed and stained
with anti-RORγt (APC; clone B2D; eBioscience, or BV786; clone
Q31-378; BD), anti-T-bet (PE-Cy7; clone eBio4B10, eBioscience,
or BV711; clone 4B10; BioLegend), and anti-PLZF (AF488; clone
Mags.21F7; eBioscience, or PE-Cy7; clone 9E12; eBioscience).

Intracellular cytokine staining
Thymus, spleen, and liver cell suspensions were stimulated with
PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (1 µg/ml; Sigma-
Aldrich) in the presence of both GolgiStop and GolgiPlug (BD
Biosciences) and 10 µM of the P2X7 inhibitor, A438079 (Santa
Cruz Biotechnology, sc-203788). After 4 hours of stimulation at
37 ̊C, cells were washed with FACS buffer and then underwent
cell-surface staining. Prior to staining for intracellular cytokines,
cells were then fixed and permeabilized using the BD Cytofix/
Cytoperm kit (BD Biosciences) in accordance with the manufac-
turer’s instructions. Cells were then stained for anti-IL-17A
(AF647; clone TC11-18H10; BD Biosciences) and anti-IFN-γ (FITC;
clone XMG12; BioLegend) for flow cytometric analysis.

RNA extraction and cDNA synthesis
3-4 x 106 CD4+CD8+ DP TCRβ-/low MR1-5-OP-RU-tetramer and
CD1d-α-GalCer-tetramer negative thymocytes were bulk sorted
into ice-cold FACS buffer. In some experiments, total RNA was
extracted from 4-5 x 106 cells from single-cell suspensions of
the thymus, spleen, iLNs, and liver processed as above. Total
RNA was extracted from each sample using the ISOLATE II
RNA Mini Kit (Bioline) as per manufacturer’s instructions. RNA
purity (260/280nm ratio) and concentration were measured
using the NanoDrop spectrophotometer LITE (Thermo Fisher Sci-
entific) in order to standardize the amount of input RNA for
Mucosal Immunology (2023) 16:446–461
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reverse transcription into cDNA using the SuperScript VILO kit
(Invitrogen).

Quantitative PCR
qPCR was performed on the QuantStudio7 Flex Real-Time PCR
System (Thermo Fisher Scientific) in triplicate and using the
Power SYBR Green Master Mix (Thermo Fisher Scientific). Rela-
tive expression (RE) was calculated as previously described84.
Briefly, the RE of each target gene, i.e, MAIT-TCRα chain (Trav1-
Traj33), NKT-TCRα chain (Traj11-Traj18), and Trac (Trac-5’-Trac-
3’), was calculated in all cDNA samples relative to the average
of WT samples and compared to the average of all reference
genes (Gapdh, Hprt, Ppid, Tubb) for each sample. For Il15 and
Il7 mRNA transcript analysis, RE was calculated in all cDNA sam-
ples using the 2-DDCq method relative to the average of WT sam-
ples. Gene expression was standardised to the Gapdh and Hprt
reference genes.

Oligonucleotides
The following mouse primers for qPCR were used as previously
published41,85,86,87,88: Trav1, CTTTCCTGAGCCGCTCGAA; Traj33,
CTTGGTCCCAGAGCCCC; Trav11 TGGGAGATACTCAG-
CAACTCTGG; Traj18, CCAGCTCCAAAATGCAGCC; Trac-5’,
CCTCTGCCTGTTCACCGACTT; Trac-3’, CGGTCAACGTGGCATCACA;
Gapdh-5’, TGTCCGTCGTGGATCTGAC. Gapdh-3’, CCTGCTTCAC-
CACCTTCTTG; Hprt-5’, TCCTCCTCAGACCGCTTTT; Hprt-3’,
CCTGGTTCATCATCGCTAATC; Ppid-5’, ATGGTGAAAAACCTGC-
CAAA; Ppid-3’, CATCCTCAGGGAAGTCTGGA; Tubb-5’, GCGCAT-
CAGCGTATACTACAA; Tubb-3’, TTCCAAGTCCACCAGAATGG;
Il15-5’, GTGACTTTCATCCCAGTTGC; Il15-3’, TTCCTTGCAGCCA-
GATTCTG; Il7-5’, CTGATGATCAGCATCGATGAATTGG;
Il7-3’, GCAGCACGATTTAGAAAAGCAGCTT.

TCR deep sequencing
RNA from 3-4 x 106 CD4+CD8+ DP TCRβ-/low MR1-5-OP-RU-
tetramer-negative and CD1d-α-GalCer-tetramer-negative thymo-
cytes was extracted as described above. Preparation of cDNA
libraries for TCRα chain sequencing was conducted using the
SMARTer Mouse TCR a/b Profiling Kit (Takara Bio). Sequencing
of cDNA libraries was performed using the 600-cycle MiSeq
Reagent Kit v3 (Illumina) with paired-end, 2 x 300 base-pair
reads.

TCR repertoire analysis
TCR deep sequencing data was analyzed using MiXCR (v.3.0.13)
with the standard immune repertoire analysis pipeline whereby
sequences were aligned to a reference library comprised of 129
and C57BL/6 Vα/δ (Trav/Trdv) sequences and DBA/J Jα (Traj)
sequences and clones identified and exported using the same
package. Representatives of each Trav sequence were sampled
and manually aligned against the reference library to ensure
alignment accuracy. Recombination frequencies were calculated
using custom Python scripts with corresponding heatmap plots
generated using seaborn89 and bar plots generated with Prism
software from GraphPad.

MAIT cell enrichment, adoptive transfer, and recovery
For enrichment of MAIT cells, cell suspensions of inguinal, axil-
lary, brachial, and cervical lymph nodes, and spleens from WT
Ly5.1 congenic mice were pooled before depletion of B220-
and CD62L-expressing cells using a mixture of CD45R (B220)
and CD62L microbeads in accordance with manufacturer guide-
Mucosal Immunology (2023) 16:446–461
lines (Miltenyi Biotec). Mice were injected intravenously with
50µg of the ARTC2.2 blocking nanobody (S+16a; T-reg Protector,
BioLegend) diluted in 200µL of sterile PBS 30 min prior to sacri-
fice and organ harvesting as previously described90. The
enriched fraction of cells was labeled with CTV in accordance
with manufacturer’s guidelines (Thermo Fisher Scientific).
Labeled cells were resuspended into sterile PBS and intra-
venously injected into the tail veins of recipient mice. Recipient
mice were culled 8 days later and the spleen, liver, thymus, and
inguinal, axillary, and brachial LNs were analyzed by flow cytom-
etry. To facilitate recovery of adoptively transferred MAIT cells,
B220-expressing cells were depleted from recipient mouse
spleens using B220 MicroBeads (Miltenyi Biotec), and recipient
mouse livers were not perfused with PBS prior to harvest.

Calculation of division index and percent divided
The division index (DI) is defined as the average number of divi-
sions a cell in the original population has undergone. This was
calculated using the following equation:

DI ¼
∑i

0i� Ni

2i

� �

∑i
0
Ni

2i

where i is the generation peak number (0 is defined as the right-
most peak, the undivided population) and Ni is the number of
cells in generation i.

The percent divided (%D) is defined as the percentage of
cells in the original, undivided population that have undergone
at least one division. This was calculated using the following
equation:

%D ¼
∑i

1
Ni

2i

∑i
0
Ni

2i

where i is the generation peak number (0 is defined as the right-
most peak, the undivided population) and Ni is the number of
cells in generation i. N1 is the number of cells in generation 1,
the first peak to the left of the rightmost (brightest) peak.
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