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MHC-Independent Thymic Selection of CD4 and CDS8

Coreceptor Negative a3 T Cells

Roxanne Collin,*"! Félix Lombard-Vadnais,** Erin E. Hillhouse,* Marie-Eve Lebel,*
Geneviéve Chabot-Roy,* Heather J. Melichar,*® and Sylvie Lesage®

It is becoming increasingly clear that unconventional T cell subsets, such as NKT, v T, mucosal-associated invariant T, and CD8ao
T cells, each play distinct roles in the immune response. Subsets of these cell types can lack both CD4 and CDS8 coreceptor
expression. Beyond these known subsets, we identify CD4~ CD8 TCRaf*, double-negative (DN) T cells, in mouse secondary
lymphoid organs. DN T cells are a unique unconventional thymic-derived T cell subset. In contrast to CD5"€" DN thymocytes that
preferentially yield TCRapf* CD8ac intestinal lymphocytes, we find that mature CD5'" DN thymocytes are precursors to
peripheral DN T cells. Using reporter mouse strains, we show that DN T cells transit through the immature CD4*CD8" (double-
positive) thymocyte stage. Moreover, we provide evidence that DN T cells can differentiate in MHC-deficient mice. Our study
demonstrates that MHC-independent thymic selection can yield DN T cells that are distinct from NKT, v& T, mucosal-associated
invariant T, and CD8aa T cells. The Journal of Immunology, 2020, 205: 133-142.

cells play a central role in the immune response. Their
specificity is conferred by their TCR repertoire, which is
selected following a series of complex molecular and
cellular events (1-4). Specifically, hematopoietic progenitor cells
migrate from the fetal liver or bone marrow to the thymus,
where they differentiate into mature T cells (5, 6). For con-
ventional T cells, progression through a series of maturation
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stages is primarily identified based on the differential ex-
pression of the CD4 and CD8 coreceptors and the TCR (7).
The earliest T cell progenitors do not express a TCR or the
CD4 or CD8 coreceptors and are called triple-negative (TN) thy-
mocytes. TN thymocytes that successfully generate a functional
TCRB-chain proliferate, progress to the CD4*CD8" (double-positive
[DP]) thymocyte stage, and, subsequently, rearrange the TCRa-chain.
DP thymocytes that express an a3 TCR are subjected to positive and
negative selection dependent on TCR interactions with self-peptide/
MHC complexes, giving rise to conventional CD4" or CD8" TCR,
T cells that exit the thymus to populate peripheral tissues (7).

In addition to conventional T cells, a number of unconventional
T cell subsets such as yd T, NKT, and mucosal-associated invariant
T (MAIT) cells as well as TCR,g" CD8aa™ intraepithelial
lymphocytes (IELs) are also found in peripheral tissues (8-10).
The thymic differentiation process of these unconventional T cell
subsets has been at least partly resolved. y8 T cells deviate from
the conventional T cell differentiation pathway at the TN thymocyte
stage, and their maturation into functional T cells is thought to
result from the induction of a strong TCR signal (11-13). In con-
trast to vy T cells, the thymic differentiation pathway of NKT cells,
MAIT cells, and TCR,g" CD8aa™ IELs proceeds through the DP
thymocyte stage (14-16). However, their thymic selection differs
from conventional T cells, which are selected on classical MHC
molecules, in that NKT and MAIT cell differentiation strictly
depend on nonclassical MHC class I (MHC I) molecules, whereas
TCR,g" CD8aa™ IELs can be selected on both nonclassical and
classical MHC molecules (15, 17-24). Because of the nonpolymorphic
nature of nonclassical MHC I molecules, the TCR repertoire of
both NKT and MAIT cells is more restricted. Therefore, the dif-
ferentiation of unconventional T cell subsets proceeds via unique
thymic selection processes (10).

TCR signal strength influences T cell positive selection, which is
reflected by the level of expression of both CD5 and Nur77. Ac-
cordingly, positive selection of conventional T cells leads to a
relatively low expression of CD5 and Nur77 when compared with
that of unconventional T cells, which are subjected to stronger TCR
signals associated with agonist selection (10, 23-29). Using TCR
transgenic mice, we have previously identified a subset of un-
conventional T cells that lack CD4 and CD8 coreceptor expression
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and that express low levels of CD5 (30). We now demonstrate
that this subset is also present in non-TCR transgenic mice and
that it is distinct from y8 T cells, NKT cells, MAIT cells, and
TCR,g" CD8ao* IELs. These dual coreceptor negative TCRyg"
T cells (double-negative [DN] T cells) differentiate from a
CD5"" thymic precursor. DN T cells transit through a DP thymocyte
stage and are present in MHC-deficient mice. Altogether, our data
suggest that TCR," DN T cells can differentiate in the thymus in an
MHC-independent manner.

Materials and Methods
Mice

C57BL/6 (B6) (no. 000664), CD1d ™~ (no. 008881), B6.SIL (no. 002014),
CD4-Cre (no. 022071), dLck-Cre (no. 012837), ROSA-fl-STOP-fl-YFP
(RosaYFP, no. 007903), Raglfl* (no. 002216), Bmel* (no. 002087),
MHC class II (MHC II)™/~ (no. 003584), and Nur77°" (no. 016617)
mice were originally purchased from Jackson Laboratories. The B6.Rag2%™
(31) and K°D® /™ (32) mice were generous gifts from M. Rafei and C. Shatz,
respectively. The E8I-Cre (no. 008766; Jackson Laboratories) and ESIII-Cre
(33) strains were generously provided by N. Labrecque and A. Singer.
B6.SJL, B6.Rag2%"* CD4-Cre, dLck-Cre, E8I-Cre, E8III-Cre, RosaYFP,
Kthf/f, MHC 11/ ~, and Nur77°" were crossed onto the CD1d ™/~
background. The B2m '"MHC Il ’~ were generated by intercrossing
B2m '~ and MHC 11"/~ mice. For timed pregnancies, the presence of
a vaginal plug was defined as day 0.5. Data for both female and male
mice are combined for all experiments because no phenotypic differ-
ences were observed. All of the mouse strains were maintained at the
Maisonneuve-Rosemont Hospital animal facility (Montreal, Canada).
The Maisonneuve-Rosemont Hospital ethics committee, overseen by the
Canadian Council for Animal Protection, approved the experimental
procedures.

Flow cytometry

Thymi and spleen were pressed through a 70-pm cell strainer (Thermo Fisher
Scientific). Spleen cell suspensions were treated with NH,4CI to lyse RBCs.
IELs were isolated from 1-cm pieces of the small intestine that were agitated
for 20 min at 37°C in RPMI 1640 medium supplemented with 3% FBS,
5 mM EDTA, and 0.145 mg/ml DL-Dithiotreitol (Sigma-Aldrich), and
subsequently shaken in RPMI 1640 containing 2 mM EDTA followed by a
30% Percoll (GE Healthcare) gradient. For all tissues, live cells were counted
using trypan blue exclusion, and single-cell suspensions were stained ex-
tracellularly with combinations of the following Abs, listed as “target (clone;
dyes).” CD3 (17A2; Brilliant Violet [BV]711), CD4 (RM5-5; BV786), CD4
(GKL1.5; PE-Cy7), CD5 (53-7.3; FITC, PerCP), CD8a (53-6.7; PerCP,
Allophycocyanin-Cy7, BV510), CD19 (6D5; FITC, BV605), CD25 (PC61;
Pacific Blue), CD45.1 (A20.1; FITC), CD45.2 (104; Pacific Blue), TCRB
(H57-597; FITC, PE, Allophycocyanin), TCRy8 (GL3; PerCP-Cy5.5) were
all purchased from BioLegend. The CD4 (GKI1.5; eFluor 450) and CD8p
(eBioH35-17.2; PE-Cy7) Abs, as well as the viability dyes (eFluor 780 and
eFluor 506), were purchased from eBioscience. The PE- and BV421-coupled
PBS-57 mCD1d-tetramers as well as the PE-conjugated MRI1 tetramer was
provided by the National Institutes of Health tetramer core facility. All Abs
were titrated for optimal use. Fluorescence minus one stainings were per-
formed to determine background noise. Cells were incubated with the tet-
ramer reagents at 4°C for 15 min before adding the Ab mixtures. Cells were
incubated with Abs at 4°C for an additional 30 min and washed twice prior to
data acquisition on flow cytometers. Staining for Ki-67 (B56; FITC; from
Becton Dickinson) and for PLZF (9E12; PE; BioLegend) was performed
using the eBioscience intracellular staining kit. The TCR V@ repertoire was
analyzed by flow cytometry with an anti-mouse TCR V@ screening panel
(BD Bioscience) according to the manufacturer’s instructions. Unless
otherwise stated, DN T cells are defined as TCRg*CD4 CD8a~, CD4*
T cells are defined as TCRB+CD4+CDSOF, and CD8™ T cells are defined as
TCRg"CD4~ CD8B". In some experiments, CD19 or a viability dye were
also used as additional negative markers before gating on TCRg" cells. In
CD1d-sufficient mice, type 1 NKT were excluded from CD4* T, CD8* T,
and DN T cells by the use of PBS-57 CD1d-tetramer. Data were collected
using Becton Dickinson instruments, namely an LSRFortessa X20, an LSR
II, or a FacsCanto and analyzed using Flow-Jo software (FlowJo LLC).

Thymic graft under the kidney capsule

Embryonic thymi from embryonic day (E)15.5 or E16.5 CDId™/~
(CD45.1 or CD45.2) mice were harvested in cold sterile PBS. Six- to
eight-week-old CD1d™/~ (reciprocally CD45.2 or CD45.1) mice were

anesthetized by isoflurane inhalation. The left flanks of the mice were
shaved, and an incision was made to expose the left kidney. One em-
bryonic thymus was grafted per mouse. Anafen (Merial) was injected at
5 mg/kg per mouse immediately after surgery and every day for three
additional days.

In vivo transfer of CD5' and CD5"¢" DN thymocytes

Thymocytes from B6.SJL.CDI1d ™'~ mice were stained with Abs against
TCRB, CD4, CD8a, and CD5. Thymic DN T cells (TCRB*CD4 ™ CD8a ")
were sorted based on their cell surface levels of CDS5. Between 25,000 and
350,000 cells were injected in the tail vein of Ragl '~ mice. Six weeks
after injection, the Ragl ™'~ recipients were sacrificed, and organs were
collected for flow cytometry analysis.

In vitro DN T cell activation

Total spleen cells from B6.CD1d™'~ mice were incubated in vitro for 18 h
in the presence of plate bound anti-CD3 (1 pg/ml, 145-2C11; BioLegend)
and anti-CD28 (10 pg/ml, 37.51; BioLegend) Abs. Cells were stained and
analyzed by flow cytometry. Cells incubated in the absence of Abs were
used as unstimulated controls.

Statistics

Significance was tested using IBM SPSS software by one-way ANOVA with
Games—Howell post hoc test for comparisons between more than two
groups. Paired or unpaired ¢ tests or Mann—Whitney tests were used for
comparisons between two groups, where appropriate.

Results
DN T cells are distinct from other T cell subsets

Many unconventional T cell subsets lack CD4 and/or CD8
coreceptors (8, 24, 34, 35). We thus aimed to determine the
proportion of DN T cells that were distinct from other defined
unconventional T cells, namely NKT cells, yd T cells, IELs, and
MAIT cells. First, although type I NKT cells, which express an
invariant Vo-chain (Val4), are readily identified using an
a-GalCer/CD1d tetramer (36, 37) or the PBS57 analogue of
a-GalCer (38), there are currently no means to identify all type
II polyclonal NKT cells (39, 40). Moreover, CD49b and NK1.1,
which are commonly used to identify NKT cells, are neither
expressed by all NKT cells nor are they exclusive to NKT cells
(41-43). Nevertheless, all NKT cells express a TCR restricted to
CD1d molecules, such that both type I and type II NKT cells are
absent in CD1d /™ mice (17, 18). Therefore, we performed our
studies in CD1d™/~ mice, in which all NKT cell subsets are
absent (Fig. 1A) (17, 18). Importantly, apart from NKT cells,
the absence of CD1d did not affect the proportion and absolute
numbers of other T cell subsets, including conventional CD4*
and CD8™ T cells, as well as unconventional yd T cells, CD8aa™*
IELs, and MAIT cells (Fig. 1A, 1B, Supplemental Fig. 1). To
quantify the proportion and absolute numbers of TCR,g" DN
T cells in the spleen, in addition to excluding all NKT cells, we
also exclude y3 T cells by specifically selecting for TCRB" cells
and exclude TCR,g" CD8aa™ IELs based on CD8a expression
(Fig. 1A middle panel and Supplemental Fig. 1). MAIT cells
were not excluded but composed a negligible proportion of the
CD4 CD8 TCR,g" cells (Fig. 1A). This is not surprising
considering that MAIT cells are most abundant in nonlymphoid
tissues (14). After genetic exclusion of NKT cells in cDld™’~
mice and selective exclusion of ¥3 T cells and TCR,g" CD8aa*
IELs by flow cytometry, we find that mature TCR,z" DN T cells
are present in comparable numbers to type 1 NKT cells, com-
posing <1% of total splenocytes (Fig. 1B). We also find that DN
T cells differ from other unconventional T cell subsets such as
some yd T cells, NKT, and MAIT cells, as they lack expression of
the PLZF transcription factor (Fig. 1C) (15, 44-49). Together,
these data show that TCR,g" DN T cells in the spleen are a dis-
tinct unconventional T cell subset.
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FIGURE 1. Mature DN T cells are distinct from other T cell subsets. (A) The spleen was harvested from 8- to 12-wk-old B6 and CD1d™"~ mice and
analyzed by flow cytometry to determine the proportion and absolute number of T cell subsets. The complete gating strategy for the various cell subsets is
detailed in Supplemental Fig. 1. Specifically, type 1 NKT cells, MAIT cells, CD8aa* T cells, and DN T cells were identified as PBS-57 CD1d-tetramer™,
MR1-tetramer”, CD4~ CD8B CD8a", and CD4 CD8B CD8«a ™ cells, respectively. (B) A compilation of the percentages and absolute numbers are plotted
(n = 4 mice per group). Mean *+ SD are shown. (C) T cell subsets from the spleens of B6 and CD1d™’~ mice were analyzed by flow cytometry for the

expression of PLZF (n = 3 per genotype).

Mature DN T cells are of thymic origin

T cells typically complete their maturation in the thymus before
exiting to the periphery. We thus examined embryonic thymi from
CD1d ™'~ mice for the presence of mature TCR,g" DN thymocytes.
Thymi from 14.5- to 19.5-d-0ld CD1d ™/~ embryos harbored mature
TCR,g" DN thymocytes that develop in the thymus with similar
kinetics to both conventional CD4" and CD8" single positive thy-
mocytes (Fig. 2A). Embryos lack peripheral T cells such that the
presence of mature TCR,g* DN thymocytes cannot be attributed to
recirculation of mature T cells back to the thymus. As mature
TCR,p" DN thymocytes are present in fetal thymi, we next grafted
thymic lobes from CD1d ™"~ embryos under the kidney capsule of
adult CD1d™’~ mice expressing a different CD45 allele to track
thymus-derived cells in the peripheral organs of the host. A sizeable
number of mature DN T cells derived from the grafted thymus were
detected in the host spleens at 2, 3, and 4 wk postgraft (Fig. 2B).
Together, these experiments demonstrate that mature TCR,g" DN
thymocytes can be found in the thymus and suggest that they may
be precursors to the mature DN T cells found in the spleen.

Thymic CD5"" and CD5"¢" DN T cells exhibit
distinct properties

We next sought to test whether mature TCR " DN thymocytes were
indeed precursors to mature TCR,g" DN T cells in the spleen. In
the thymus, the mature TCR,g" DN thymocyte pool includes pre-
cursors to TCR,g" CD8aa™ IELs (23, 27-29, 50). Several studies
suggest that the CD5"e" fraction of the TCR.s" DN thymocyte
subset are precursors to TCR,g" CD8aa™ IELs (23, 27-29, 51).
Interestingly, we find that mature DN T cells in the spleen express
rather low levels of CDS5 relative to conventional T cells (Fig. 3A).

Therefore, we segregated the TCR,g* DN thymocytes based on CD5
expression (Fig. 3B, top). Specifically, we analyzed both Cps5high
and CD5'™ TCR,g" DN thymocytes from B6.CD1d ™'~ .Rag2®™
reporter mice, where GFP expression coincides with time since TCR
rearrangement (52). Both CD5"#" and CD5'" TCR,g" DN thy-
mocyte subsets expressed GFP, suggesting that they had recently
undergone TCR rearrangement, yet the proportion of GFP* cells
was lower in the CD5™" relative to the CD5"#" TCR,g* DN
thymocytes (Fig. 3B, 3C). Of note, GFP expression is rapidly lost
upon cell cycling. Indeed, NKT cells are GFP™ even prior to their
exit from the thymus [McCaughtry et al. (53) and data not shown],
likely due to both proliferation post-TCR rearrangement and their
long-term residency in the thymus (54, 55). To test whether cell
proliferation may explain the loss of GFP expression in CD5""
TCR,g" DN thymocytes, we quantified Ki-67 expression, a protein
expressed during cell proliferation (56). We found that a higher
proportion of thymic CD5'Y TCR,g" DN thymocytes were Ki-67"
in comparison with the CD5"€" subset (Fig. 3B). Interestingly, the
proportion of GFP* CD5'" TCR,z* DN thymocytes was highest in
younger mice and declined with age (Fig. 3C), suggesting that the
thymic residency time of CD5'% TCR,g" DN thymocytes may be
greater than that of the CD5"" subset. Altogether, these results
suggest that CD5 expression can discriminate two TCR,g" DN
thymocyte subsets, where CD5'® TCR,g* DN thymocytes are
more actively cycling.

Thymic CD5™" DN T cells are precursors to peripheral DN
T cells

Although CD5"eh TCRqg" DN thymocytes are precursors to
TCR,s+ CD8aa™ IELSs, the ability of CD5'™ TCR,z* DN thymocytes

2202 ‘9 UoRe|Al uo 159nB Ag /610" jounuuu 1 :mmm/:dny Wouy papeo Jumod


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2000156/-/DCSupplemental
http://www.jimmunol.org/

136

MHC-INDEPENDENT SELECTION OF CORECEPTOR NEGATIVE T CELLS

A CD4* T cells CD8* T cells DN T cells
25 - . 0.1 1 g 016 1
® 27 0.08 1 o 012 1 o
8 15 0.06 1 oB
3 o °© 008
e 14 g 0.04 - gd’
Z H : 0.04
£ 05 - i 0024 o© éﬁ :
0 io-eeti— 0 o@—v— 0
14 16 18 20 14 16 18 20 14 16 18 20
Age Age Age
(embryonic days) (embryonic days) (embryonic days)
2 108, 108 108+
g
= e » 05 1051
B 1041 104 1 g@ 1041
& 3
g 10°7 -4 103 g% 103 g
> 2 2 ] 24
g 10 .‘ 10 g 10 S
£ 10 a? 1011 @ 1011
o+ 1o — 10—
14 16 18 2 14 16 18 20 14 16 18 2
Age Age Age
(embryonic days) (embryonic days) (embryonic days)
Total live cells CD45.2* cells CD45.2* TCRB* cells
5 5 758 |
10 1.8% 10 a3 o71% 109 75.8%
o 104 4] | & . | | asaes
© e G ¥ 1054 “\g‘&i 22.4%
g 10° &5 100 100 %
0 P oo AR g
| 0.58%l |___
0 10° 104 10° 0 10° 104 105 0 10° 10% 10°
CD45.1 Empty channel CD8a
1 1 20000 -
o
0.8 1 _ 16 000 - °
= 3 2
R 06 o = 8 2 12000 1
- S o & o
b ] - | - -
Z 04 " 5 8 8 000
[m] 8 O 6
0.2 1 o 4000 -
0 &—7T——r 0 4}—1—?—|—|
01 2 3 4 01 2 3 4

Weeks post-graft

FIGURE 2. Peripheral mature DN T cells are of thymic origin. (A) T
cell populations were quantified in CD1d™’~ embryonic thymi from E14.5
to E19.5 d. The proportion and absolute number of thymocyte subsets are
shown among total thymocytes. Each dot represents data from one embryo
(n = the number of mice for each embryonic day; 14.5: n=6; 15.5: n = 16;
16.5: n=14; 17.5: n = 18; 18.5: n = 15; 19.5: n = 12; for at least 2 litters
per time point). (B) Thymi from E15.5 or E16.5 CD1d™/~ embryos
(CD45.2%) were grafted under the kidney capsule of CD1d™/~ mice
(CD45.1%), where CD45 allotypic markers allow for cell tracking. DN
T cells derived from the grafted thymus were quantified in the recipient
spleen 2 (n = 3), 3 (n = 3) or 4 (n = 4) wk postgraft. Top, Representative
profile of graft-derived cells (CD45.2%) 14 d postgraft. Bottom, The pro-
portion of DN T cells among graft-derived cells and the total number of
graft-derived DN T cells are shown. Each dot represents data from one
mouse.

Weeks post-graft

to generate T cells in the periphery is not known. To test the
lineage fate of these different precursors, we sorted TCR,g* DN
thymocytes from CD1d '~ mice based on CD5"¥ and CD5"e"
expression and transferred them into Ragl ™'~ mice, where the

donor and recipient mice expressed different CD45 alleles
(Supplemental Fig. 2). As expected, CD5"e" TCR,p" DN thy-
mocytes homed to both the spleen and intestine (Fig. 4A) (23, 28,
50). In contrast, CD5'"" TCR,g" DN thymocytes preferentially
homed to the spleen (Fig. 4A). Consistent with previous reports,
most CD5"#" TCR,* DN thymocytes acquired a CD8" T cell
phenotype in the spleen and differentiated into TCRgg"
CD8aa™ IELSs in the intestine (Fig. 4B, 4C) (9, 29). Conversely,
the CD5'Y TCR,g" DN thymocytes primarily maintained a
CD4 CDS8™ TCR(,B+ phenotype in the spleen (Fig. 4B, 4D). These
in vivo transfer studies confirm that CD5"2" TCR,g" DN thymocytes
preferentially yield TCR,g" CD8ac* IELs and demonstrate
that CD5'"Y TCR,p" DN thymocytes are precursors to mature
DN T cells in the spleen.

Thymic differentiation of DN T cells proceeds through the
DP stage

We next sought to define the differentiation steps that precede the
generation of mature DN T cells. As such, we took advantage of
transgenic reporter mice that allow for cell-fate tracking. Specif-
ically, we used three Cre transgenic mouse models, namely CD4-
Cre (57), dLck-Cre (58), and E8I-Cre (59), where the Cre enzyme
is first expressed in DP, late DP, and CD4~ CD8" thymocytes,
respectively. These Cre-transgenic mice were crossed to RosaYFP
mice (60). In this model, activation of the promoter induces Cre
expression leading to permanent expression of YFP in the cell and
all its daughter cells. For all reporter systems, thymocytes from
both CD1d-sufficient and -deficient mice were studied, and no
notable differences were observed other a lack of NKT cells in
all CD1d™’"~ reporter mice (Fig. 5). As expected, we found that
all DP thymocytes are YFP* in CD4-Cre reporter mice, a subset of
DP thymocytes expressed YFP in dLck-Cre reporter mice, and all
DP thymocytes were YFP  in E8I-Cre reporter mice (Fig. SA-C).
Moreover, as yd T cells do not transition through the DP thy-
mocyte stage (61), yd T cells were mostly negative for YFP ex-
pression in the three reporter strains (Fig. 5A—C). When analyzing
TCR,p" DN thymocytes, we found that almost all mature TCR,p*
DN thymocytes were positive for YFP expression in the CD4-Cre
reporter mice (Fig. 5A), demonstrating that mature TCR,g" DN
thymocytes transit through the DP thymocyte stage. Similar re-
sults were obtained using the E8III-Cre mice, which also drives
Cre expression in early DP thymocytes (data not shown). How-
ever, in dLck-Cre reporter mice, ~20% of the mature TCRaB+ DN
thymocytes were positive for YFP expression (Fig. 5B). Because
only a fraction of the TCR,g" DN thymocytes expressed YFP in
the dLck-Cre reporter mice, we further segregated these cells
based on CD5 expression. A similar proportion of both CD5"&"
and CD5'Y TCR,g* DN thymocytes were YFP* (Fig. 5D). This
suggests that both TCR,s” DN thymocyte subsets primarily do not
transit through the late DP stage and thus differentiate earlier than
most conventional CD4* and CD8" single positive thymocytes.
Finally, in E8I-Cre reporter mice, almost none of the mature
TCR,g" DN thymocytes were positive for YFP expression
(Fig. 5C), showing that mature CD8" single-positive thymocytes
are not the main precursors to mature TCR,s* DN thymocytes.
Altogether, these findings demonstrate that, as for NKT and
MAIT cells, mature TCR,z" DN thymocytes transit through the
DP thymocyte stage.

Low CD5 and Nur77 levels on mature TCR,g" DN thymocytes
reflect low TCR signal strength for their differentiation

CDS5 levels can serve as surrogate markers for TCR signaling
during the thymic selection process (10, 26), suggesting that CD5'*%
TCR.s" DN thymocytes are selected by weak TCR signals. In
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CD5"&" and CDS"™ TCR,g" DN thymocytes. Bottom, Representative
GFP expression in both CD5™" (line) and CD5'" (shaded) TCR,p" DN
thymocytes from B6.Rag2**.CD1d ™"~ mice (left) and Ki-67 expression
(right) from CD1d™"" mice (Rag2®™: n = 14; Ki-67: n = 2). (C) GFP
expression in CD5"2" (triangles) and CD5'" (circles) TCR,g" DN thy-
mocytes from 1- to 13-wk-old B6.Rag2%"*.CD1d ™/~ mice. Each dot rep-
resents data from one mouse for age in weeks as follows: 0: n=20; l: n=7;
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addition to CDS5 levels, Nur77 represents a robust marker for the
relative TCR signal strength that occurs during thymocyte differ-
entiation (25). Therefore, we quantified Nur77 expression in thy-
mocyte subsets from Nur77°"*.CD1d ™/~ reporter mice (Fig. 6). As
expected, among the single positive thymocytes, the expression
levels of CD5 and Nur77°" are highest in thymic CD4*CD25*
regulatory T cells, followed by conventional CD4* and CDS8*
single-positive thymocytes (Fig. 6), in line with their reported
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relative affinity for self-peptide MHC (10). CD5"" TCR,z* DN
thymocytes, which are selected on very high affinity ligands,
expressed the highest level of Nur77° (Fig. 6) (10). In contrast,
CD5'"% TCR,g" DN thymocytes expressed very low levels of
Nur77FF well below the levels observed for CD4* and CD8*
thymocytes that have undergone positive selection (Fig. 6).
These results suggest that mature DN T cells are selected by
weak TCR-Ag interactions.

DN T cells differentiate in the absence of MHC expression

We have shown that DN T cells can differentiate in the thymus,
transit through a DP thymocyte stage, and receive weak TCR
signals relative to other T cell subsets. During thymocyte positive
selection, both CD4 and CD8 coreceptor expression at the DP
thymocyte stage participates in stabilizing TCR to self-peptide/
MHC interactions. As mature TCR,g" DN thymocyte transit
through the DP thymocyte stage, we next sought to define their
MHC restriction. We assessed the proportion and number of
CD5"Y TCRg" DN thymocytes of five different mouse strains,
each lacking different combinations of MHC molecules and all
precluding NKT cell differentiation. Specifically, we quantified
thymocyte subsets in MHC-sufficient mice (B6.CD1d /"), clas-
sical MHC I-deficient (K°D®~/~.CD1d™/7), both classical and
nonclassical MHC I-deficient (B2-microglobulin [B2m] ™),
MHC Il-deficient (MHC II™/~CD1d /"), and total MHC-deficient
(B2m™/"MHC II"'") mice. Of note, B2m is an essential com-
ponent both of classical and of most nonclassical MHC I mole-
cules, including CD1d and MR1; therefore, these mice lack NKT
and MAIT cells (data not shown) (62—-64). As anticipated, mice
lacking MHC I or II molecules contained a paucity of CD8 and
CD4 single-positive thymocytes, respectively (Fig. 7). The CD5™¢"
TCR,g" DN thymocytes, which are precursors to TCR,g" CD8ao*
IELs, are largely dependent on MHC I expression (Fig. 7), as pre-
viously reported (23, 27, 65). Notably, the percentage and absolute
number of CD5'Y TCR,z* DN thymocytes, precursors to peripheral
DN T cells, was similar in all strains (Fig. 7). Taken together, we
provide evidence that unconventional mature DN T cells can develop
in the absence of MHC.

Polyclonal DN T cells can be maintained in periphery in the
absence of MHC

As T cells are typically selected on MHC molecules, we wanted to
determine if the absence of MHC influenced the pool of peripheral
DN T cells. We thus quantified the proportion and absolute number
of DN T cells in the spleen of the five different mouse strains, each
lacking different combinations of MHC molecules, as detailed
above. Although we observed some variations, DN T cells were
present in the spleen of all five strains. Specifically, the proportion
and absolute numbers of DN T cells in mice lacking either MHC I
(K°D"”7.CD1d™’~ and B2m™"") or MHC II (MHC II/~CD1d "),
were decreased or increased relative to CD1d ™/~ mice, respectively
(Fig. 8A). This suggests that MHC may influence peripheral
survival and/or expansion of DN T cells. In contrast, we found
that both the proportion and absolute number of DN T cells are
similar in CD1d™/~ and B2m~/"MHC 11"/~ mice (Fig. 8A).
Therefore, DN T cell that differentiate in the absence of MHC
(i.e., B2m~/"MHC I/~ mice) are able to survive in an MHC-
deficient setting.

MHC restriction in the thymus can influence the TCR reper-
toire (66). Therefore, we examined the TCR V@ repertoire of DN
T cells from CD1d™’~, B2m™’~, and MHC II"'"CD1d""~ mice.
In contrast to unconventional T cells for which the TCR repertoire
is typically rather narrow (8), DN T cells from these three mouse
strains all expressed a polyclonal TCR VB repertoire (Fig. 8B).
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FIGURE 4. Thymic precursors to DN T cells express low levels of CD5.
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the spleen of mice described in (A). (C) Phenotype of the transferred
CD5Meh TCR,g" DN thymocytes in the intestine of mice described in (A).
(D) Compilation of the proportion of splenic DN T cells that originate

However, differences in the proportion of select Vs were ob-
served among the different strains of mice, suggesting that MHC
may influence the DN T cell TCR repertoire. Of note, the TCR V3
repertoire remains polyclonal in B2m’/"MHC I/~ mice that
lack MHC I and MHC II expression (Supplemental Fig. 3). Al-
together, these results suggest that although the presence or ab-
sence of MHC influences the TCR repertoire, DN T cells selected
in the thymus in the absence of MHC express a polyclonal TCR
repertoire and can survive in the periphery.

TCR-MHC interactions are typically needed for T cell differ-
entiation and survival. However, our data show that at least some
DN T cells can differentiate and survive in the periphery in the
absence of MHC. We thus wondered whether DN T cells could
respond to TCR stimulation. In vitro stimulation with anti-CD3
increased the proportion of CD69* DN T cells, albeit to a lesser
extent than for conventional T cells (Fig. 8C). It thus appears that
the TCR signal is functional in these cells.

Discussion
Each T cell subset plays a unique role in the immune response. In
addition to conventional CD4* and CD8"* T cells, many uncon-
ventional T cell subsets have been described, including NKT cells,
MAIT cells, and yd T cells, among others (8). These unconven-
tional T cells differ from conventional CD4* and CD8" T cells, in
that they are typically selected on nonclassical MHC molecules
and express a limited TCR repertoire. They also express a
memory-like signature in secondary lymphoid organs and, as for
memory T cells, respond more quickly upon antigenic challenge
(8). Another characteristic of unconventional T cells that distin-
guishes them from conventional T cells is that subsets of these
cells lack both CD4 and CDS8 coreceptor expression. T cells
expressing a CD4~ CD8 CD3* phenotype include NKT cells,
MAIT cells, and yd T cells, in addition to DN T cells defined in
this study. There are no unique markers to define DN T cells,
posing a considerable challenge for characterizing the phenotype
and function of these cells. To address this challenge we exploit
CD1d~’~ mice to completely exclude all NKT cells (17, 18), and,
by flow cytometry, we also carefully exclude ¥ T and CD8aa
T cells. This approach has allowed us to specifically study DN
T cells and demonstrate that they are a distinct T cell subset with a
polyclonal TCR repertoire. Using thymic grafts, we unequivocally
demonstrate that DN T cells can originate in the thymus. In
complementary cell-fate mapping experiments, we also show that
DN T cells transit through an early DP thymocyte stage. This
contrasts with yd T cells, which directly differentiate from im-
mature DN thymocytes. The thymic selection of DN T cells is
distinct from NKT and MAIT cells, as DN T cells differentiate in
B2m '~ mice, whereas both NKT and MAIT cells require B2m
for selection on CD1d and MRI, respectively (62, 63). We also
demonstrate that DN T cells and TCR,g* CD8ao™ IELs arise
from distinct TCR,g" DN thymic precursors, based on the relative
expression of CDS5. Indeed, CD5'Y and CD5"#" TCR,z* DN
thymocytes preferentially yield mature DN T and TCR,p*
CD8aa* IELs, respectively. Altogether, we find that thymic dif-
ferentiation of DN T cells can proceed in an MHC-independent
setting.

It could be argued that DN T cells in the spleen are derived from
peripheral CD4* or CD8" T cells that have lost coreceptor

from either CD3"&" or CD5'"Y TCR,g" DN thymocytes, upon transfer.
CD5"EM: ;= 6; CD5"Y: 1 = 3. *p < 0.05 according to the paired Student
1 test.
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expression. We provide different lines of evidence that peripheral
DN T cells do not arise from conventional T cells that have lost
coreceptor expression. First, <5% of thymic DN T cells are YFP*
in ES8I reporter mice, suggesting that DN T cells do not arise from
CD8™" T cells. Second, we find that transfer of CD4~CD8 CD5"*Y
TCR.g" thymocytes effectively yield mature DN T cells, but
not conventional T cells, upon in vivo transfer, demonstrating
that DN T cells and conventional T cells differentiate from
distinct thymic pathways. Third, DN T cells can differentiate in
the absence of MHC. Still, in some inflammatory contexts,
conventional T cells may lose coreceptor expression and pro-
vide additional heterogeneity in the pool of CD4~ CD8 CD3*
cells (67-71). Experimental settings with adoptive transfers of
allogeneically marked CD4* or CD8* T cells into CD1d ™/~
mice subjected to various inflammatory or infectious insults
could help resolve this issue.

One of the most striking features of the thymic selection process
for DN T cells is the observation that they can differentiate in the
absence of MHC. This finding is somewhat reminiscent of the
Quad-ko mice, which are genetically deficient for CD4, CDS8, B2m,
and MHC II and where T cells can be found in secondary lymphoid
organs (72). Because of the genetic deletion of CD4 and CDS, all
of these T cells also lack coreceptor expression. In the absence of
coreceptors and MHC, the CD4~CD8™ TCR,g" T cells from the
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surrogate markers of TCR signal strength. CD5 and Nur77°" o 6000
expression profiles on the indicated thymocyte subsets from 8
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Quad-ko mice were shown to recognize antigenic structures in an
Ab-like manner (72-74). In CD1d™’~ mice, the mode of Ag
recognition for DN T cells remains to be defined, but it is tempting
to speculate that some DN T cell may recognize non-MHC anti-
genic structures, similar to what has been observed in Quad-ko
mice (72-74).

We had previously shown that TCR transgenic DN T cells
could prevent autoimmune diabetes (30). Others have also
reported that CD4~ CD8 CD3" T cells exhibit broad immu-
noregulatory functions (75-78). In contrast, there are some
reports of pathogenic activity and of antitumor activity medi-
ated by CD4 CD8 CD3* T cells (70, 79-82). However, as
CD4 CD8 CD3* T cells represent a heterogeneous cell pop-
ulation, which includes NKT cells, MAIT cells, vd T cells, and
TCR,g" CD8a™ IELSs, in addition to TCR,g" DN T cells, the
functional and phenotypic data from these studies is not directly
comparable to the phenotype and function of TCR,z" DN
T cells described in this study (75, 78). In future work, it will be
important to determine if TCR,g" DN T cells confer Ag-
specific or broad immunoregulatory activity.

In summary, we revealed key properties of DN T cells that
identify them as a unique T cell subset, distinct from both con-
ventional CD4* and CD8"* T cells as well as from other uncon-
ventional T cell subsets. To our knowledge, this study points to the
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FIGURE 7. DN T cells differentiate in the absence of MHC expression. (A) Representative flow cytometry profiles of CD4 and CD8a expression
(top), TCRB expression on CD4~ CD8a~ thymocytes (middle), and CD5 expression on TCRB*CD4 CD8«~ thymocytes (bottom) for the indicated
mouse strains. (B) Proportion and absolute number of CD4* (TCRB*CD4*CD8a”), CD8* (TCRB*CD4 CD8a*), CD5"E"TCR,z* DN
(CD5"E"TCRB*CD4~CD8a "), and CD5'TCR,* DN (CD5""TCRB*CD4 CD8a ") thymocytes for the indicated mouse strains (CD1d™"": n = 12;
K°D*/~.CD1d™":n=6;B2m "/ ":n=12; MHCII/"CD1d™"": n=11; B2m " "MHC II """ n = 7). *p < 0.05, **p < 0.01, ***p < 0.001 according to
one-way ANOVA with Games—Howell post hoc.

first T cell subset that can differentiate in the thymus in the ab- of the spectrum to agonist selection. As we have now described
sence of MHC. Based on the TCR signal strength model required that thymic CD5'% TCR.g" DN T cells are precursor to TCR,g"
for differentiation, our data position DN T cells at the opposite end DN T cells in the spleen, this will facilitate the investigation of
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Data are graphed as mean + SD. (C€) CD69 expression on CD4*, CD8*, and
DN T cells from the spleen of a CD1d ™'~ mouse following stimulation
with plate-bound anti-CD3 and anti-CD28 (gray histograms). Profiles in
black are from unstimulated cells. Histograms are representative of three
experiments. *p = 0.05, **p =< 0.01, ***p = 0.001 according to one-way
ANOVA with Games—Howell post hoc (A) or two-way ANOVA with
Bonferroni post hoc (B).

Count
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this rare cell type and will help define its biological function in
various contexts.
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