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Myeloid cells activate iNKT cells to produce IL-4

in the thymic medulla
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Interleukin-4 (IL-4) is produced by a unique subset of invariant
natural killer T (iNKT) cells (NKT2) in the thymus in the steady state,
where it conditions CD8" T cells to become “memory-like” among
other effects. However, the signals that cause NKT2 cells to consti-
tutively produce IL-4 remain poorly defined. Using histocytometry,
we observed IL-4-producing NKT2 cells localized to the thymic me-
dulla, suggesting that medullary signals might instruct NKT2 cells to
produce IL-4. Moreover, NKT2 cells receive and require T cell recep-
tor (TCR) stimulation for continuous IL-4 production in the steady
state, since NKT2 cells lost IL-4 production when intrathymically
transferred into CD1d-deficient recipients. In bone marrow chimeric
recipients, only hematopoietic, not stromal, antigen-presenting cells
(APCs), provided such stimulation. Furthermore, using different Cre-
recombinase transgenic mouse strains to specifically target CD1d
deficiency to various APCs, together with the use of diphtheria toxin
receptor (DTR) transgenic mouse strains to deplete various APCs, we
found that macrophages were the predominant cell to stimulate
NKT2 IL-4 production. Thus, NKT2 cells appear to encounter and
require different activating ligands for selection in the cortex and
activation in the medulla.
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he thymus is a primary lymphoid organ that supports T cell

development. Nonetheless, even in the steady state, cells of
the thymus produce effector cytokines typically associated with
acute immune responses, including type I IFN (IFN-a/f), type II
cytokines (IL-4/13), and IFN-y (1-9). These steady-state cytokines
shape the thymic microenvironment in myriad ways, which affects
T cell development and tolerance (2-8). In particular, steady-state
IL-4 in the thymus drives CD8" single positive thymocytes to
differentiate into a memory-like state through up-regulation of
eomesodermin (eomes) (3, 4, 7, 8). These IL-4—exposed CD8"
T cells display antigen receptor-independent survival and effector
functions due to up-regulation of CD122 and IL-12/18R (and thus
are often referred to as “innate” CD8* T cells) and have traf-
ficking properties similar to memory cells due to up-regulation of
chemokine receptors CXCR3 and CD44 (3, 4, 7, 8). Innate CD8"
T cells were shown to have superior function compared to naive T
cells (7, 8, 10-13) and are thought to play a critical role in defense
against infections (7, 8, 10-13). Thymic steady-state IL-4 also
promotes the development and function of regulatory T cells
(Tregs) particularly those that arise through the Foxp3'™ Ty,
progenitor pathway (14, 15). In addition, thymic dendritic cells
(DCs) are influenced, secreting chemokines CCL17 and CCL22 in
response to IL-4 signaling (3), which might further affect thymo-
cyte-DC interactions in the organ (16). Finally, IL-4 signaling in
medullary thymic epithelial cells (mTECs) has been shown to
promote the thymic emigration of mature T cells (5). Given all of
these effects, it is of interest to understand how IL-4 production is
driven in the thymus.

Previous reports showed that steady-state IL-4 in the thymus is
largely produced by lipid-specific invariant natural killer T (iNKT)
cells (3, 7). iINKT cells express a semi-invariant T cell receptor
(TCR) characterized by Val4-Jal8 chains paired to a limited set
of VB chains in mice (17). iNKT cells specifically recognize lipid
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antigens presented by the nonpolymorphic major histocompati-
bility complex (MHC)-I-like molecule CD1d, which contrasts with
conventional CD4" or CD8* T cells that recognize peptides pre-
sented by highly polymorphic MHC molecules (17). Recent re-
ports showed that mature iNKT cells comprise 3 major functionally
distinct subsets, termed NKT1, NKT2, and NKT17, according to
their expression of transcription factors and cytokine responses
upon activation, analogous to the CD4* T helper sublineages (3,
17). In general, NKT1 cells are positive for T-bet and produce IFN-
v; NKT17 cells are positive for ROR-yt and produce IL-17; while
NKT?2 cells express a high level of PLZF and produce IL-4. It is
these PLZF"8" NKT?2 cells that were shown to produce IL-4 in the
thymus in the steady state (3, 4). Although “self’-lipids are impli-
cated in the positive selection of iNKT precursors by CD1d*
double-positive (DP) thymocyte antigen-presenting cells (APCs) in
the thymic cortex (18-20), it is not known if iNKT cells continue to
recognize or respond to self-lipids as they differentiate.

In this study, we sought to explore the factors that drive
iNKT cells to produce IL-4 in the steady state. Secretion of
cytokines by T cells is usually a result of activation by cytokine and/
or TCR signaling, and steady-state IL-4 production by iNKT cells
in the thymus might very well fall into this scenario. Indeed, recent
findings identified a specialized subset of medullary thymic epi-
thelial cells (called thymic tuft cells) with striking similarity to pe-
ripheral mucosal tuft cells, which produce IL-25 to further stimulate
the differentiation of NKT2 cells (21, 22). Here we show that NKT2
cells predominantly reside in the thymic medulla, where they re-
ceive and require TCR stimulation for their IL-4 production in the
steady state. Moreover, this TCR stimulation in NKT2 cells is
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solely mediated by CD1d expressed by hematopoietic APCs,
and macrophages are the predominant cells that trigger steady-
state IL-4 production by NKT2 cells. Collectively, our findings
show that NKT2 cells integrate TCR and cytokine signals for
IL-4 production in the thymic medulla in the steady state.

Results

NKT2 Cells Produce IL-4 in the Steady State and Are Predominantly
Located in the Thymic Medulla. To directly investigate the thymic
cells that secrete IL-4 in the steady state, we used an IL-4 reporter
mouse strain, KN2 (wherein a human CD2 reporter gene is in-
troduced into the endogenous II-4 locus). In these mice, IL-4
protein—secreting cells can be faithfully detected through the ex-
pression of human CD2 (huCD2) on the cell surface (23). In
comparison to wild-type (Wt) BALB/c mice, a distinct population
of thymocytes expresses huCD2 in BALB/c KN2 mice (Fig. 14).
Combined with CDI1d tetramer staining to specifically detect
iNKT cells (S Appendix, Fig. S14), we observed that the majority
of the IL-4—producing cells were iNKT cells (Fig. 14). We also
used transcription factor staining to distinguish different iNKT
subsets (SI Appendix, Fig. S1B), which showed that NKT2 cells
were the only cells to express huCD2 highly (Fig. 1 B and C),
suggesting that they are the major source of steady-state IL-4 in
the thymus, consistent with previous studies (3, 5, 24). To track the
localization of IL-4—producing NKT2 cells, we performed in situ
CD1d tetramer incubation followed by immunofluorescent stain-
ing for huCD?2 in thymic sections (SI Appendix, Fig. S24) (4). The
majority of IL-4—producing NKT2 cells (huCD2*" CD1d tet™) were
found in the UEA-I* thymic medulla (Fig. 1D). We then employed
quantitative histocytometry (Fig. 1E), which showed more than
80% of IL-4—producing NKT2 cells (huCD2* CD1d tet") localized
in the UEA-I* thymic medulla (Fig. 1 F and G). These results
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demonstrated that NKT2 cells were the major source of steady-
state IL-4 in the thymus and predominantly localized to the
thymic medulla.

NKT2 Cells Require TCR Signals for Their Production of IL-4 in the
Steady State. T cells can be activated via stimulation of cytokine
and/or TCR signals to produce cytokines (25). A recent report
indicated that thymic tuft cell-derived IL-25 promotes the differ-
entiation of NKT2 cells (21). To understand whether NKT?2 cells
might also receive TCR signals in the steady state, we crossed
BALB/c Nur77°™ mice with BALB/c KN2 mice to obtain BALB/c
Nur77°FF KN2 mice. In Nur77°FF mice, the level of green fluo-
rescent protein (GFP) reflects TCR signal strength in T cells and is
independent of cytokine or inflammatory signals (20, 26). In-
terestingly, IL-4—producing NKT?2 cells had significantly elevated
GFP expression compared to NKT1 and NKT17 cells, albeit lower
than “stage 0” iNKT cells (Fig. 2 A and B), suggesting that IL-4—
producing NKT2 cells indeed receive TCR stimulation in the
steady state. This is consistent with the high level of Egr2 observed
in PLZF™€" iNKT cells (27). The level was also higher than that on
the previously identified CCR7* iNKT precursor (NKTp) cells
(Fig. 2 4 and B) (6), which represent an intermediate stage in
iNKT cell differentiation that is after stage 0 but prior to devel-
opment of the NKT1/2/17 stage (6). This finding suggests that
iNKT cells are stimulated both in the cortex when undergoing
positive selection at stage 0 and in the medulla at the mature
NKT?2 cell stage.

We next tested whether steady-state IL-4 production is de-
pendent on TCR stimulation by transferring iNKT-enriched
thymocytes intrathymically into Wt or Cd1d~'~ hosts (Fig. 2C).
huCD2* NKT2 cells were dramatically reduced 9 d after
intrathymic transfer into Cdld~~ hosts compared to Wt hosts

Fig. 1. NKT2 cells produce IL-4 in the thymic me-

dulla in the steady state. (A) Staining of PBS57-CD1d
« tetramer and huCD2 in total thymocytes from BALB/c
Wt and KN2 mice. Data are representative of 4
experiments. n = 19. (B) Expression of huCD2 in
NKT2, NKT17, and NKT1 cells from BALB/c KN2 or
total iNKT cells from BALB/c Wt mice. Data are rep-
resentative of 2 experiments. n = 10. (C) Percentage
of iNKT cells of huCD2* thymocytes from BALB/c KN2
mice. Data are pooled from 4 experiments. n = 19.
(D) Immunofluorescence image of thymus of BALB/c
KN2 mice (Middle) stained with DAPI, UEA-I, PBS57-
CD1d tetramer (CD1dt), and huCD2 to identify IL-
4-producing iNKT cells (huCD2*, CD1dt*). White
dashed lines outline the medullary region. Data
are representative of 3 experiments. n = 10. (E) Each
thymic lobe from BALB/c Cd1d™"~, Wt, or KN2 mice
was subjected to histocytometry or flow cytometry
analysis. Data are representative of 3 experiments. n =
10. (F) Histocytometric analysis of IL-4-producing iNKT
cells (huCD2*, CD1dt"). Data are representative of 3
experiments. n = 10. (G) Percentage of huCD2* iNKT
cells localized in the thymic medulla. Data are
pooled from 3 experiments. n = 10. Each dot repre-

'® . sents an individual mouse, and horizontal bars in-
f:;’ 100~ E 50 R - é % 35 dicate mean values unless otherwise indicated. (H)
. B ) ;

-3 80 % &3 40 E (ﬁ_) - Percentage of huCD2 ceI.Is I9callzed adjacent +(dls—
o £ 8 & — T3 g0 tance less than 10 uM) to indicated APCs, B220", or
%E 60 29230 E § k<] o= F4/80" cells. Data are pooled from 2 experiments. n =4
£ 5 = Ev254 © (B220%), n = 3 (F4/80%). Each dot represents an in-
§Z 40 g 2 20 8_8 g 8 dividual mouse, and horizontal bars indicate mean
& ED\I 20- _g £ 10 &EQ“ 20 & values. Unpaired t test, **P = 0.0068. (/) Average
O 2 o 0 O 15 minimum distance of huCD2" cells to the nearest
2 0 3 y . 22 . APCs, B220™, or F4/80" cells. Data are pooled from 2

= qu,Q b}‘bc <% ‘_{}9 &Q experiments. n = 4 (B220%), n = 3 (F4/80"). Unpaired

« Q@ < t test, ***P = 0.0007.

Wang et al.

PNAS | October 29,2019 | vol. 116 | no.44 | 22263

IMMUNOLOGY AND
INFLAMMATION


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental

(Fig. 2 D and E), while NKT1 and NKT17 cell numbers were not
affected (SI Appendix, Fig. S34). Although PLZF"e" iNKT cell
numbers were decreased after intrathymic transfer into Cdld ™'~
hosts, the degree of this reduction was less profound than that of
huCD2* NKT2 cells (2.08-fold reduction in PLZF"€" iNKT cells
compared to 6.37-fold reduction in huCD2* PLZF"¢" iNKT cells)
(Fig. 2E and SI Appendix, Fig. S34), indicating that PLZF"€" NKT2
cells lost IL-4 gene expression when intrathymically transferred
into the Cdld~'~ hosts. Altogether, this strongly suggests that
NKT?2 cells receive and require TCR signals for steady-state IL.-4
production, consistent with an earlier study (3). Considering that
the majority of IL-4—producing NKT2 cells are localized in the
thymic medulla, it implicates medullary APCs in CD1d-dependent
stimulation of NKT2 cells.

NKT2 Cells Require CD1d in Hematopoietic APCs to Produce IL-4 in the
Steady State. There are multiple lineages of APCs found in the
thymic medulla, including stroma-derived APCs (thymic epithelial
cells) as well as hematopoietic-origin APCs (B cells, classical
dendritic cells, plasmacytoid dendritic cells, and macrophages)
(28), all of which express CD1d (SI Appendix, Figs. S4B; also see
S6A4, and S6C) (29, 30). Therefore, we decided to first distinguish
the role of stromal and hematopoietic APCs in supporting NKT2
IL-4 production. For this purpose, we created bone marrow chi-
meras in which CdId was selectively deficient in either stromal or
hematopoietic APCs (Fig. 34). The bone marrow chimeras were
used as hosts for intrathymic transfer of iNKT-enriched thymo-
cytes similar to that described above (Figs. 34 and 2C). Strik-
ingly, steady-state IL-4 production in NKT2 cells was dramatically
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Fig. 2. NKT2 cells require TCR signals for steady-state production of IL-4. (A)
Representative histogram of Nur775 expression on subsets of thymic iNKT cells
from BALB/c Nur77° or BALB/c Wt mice. Data are representative of 2 exper-
iments. n = 10. (B) Normalized Nur77°™ geometric mean fluorescence intensity
(gMFI) (to DP) of thymic stage 0 iNKT, CCR7* iNKT precursor (NKTp), NKT1,
NKT17, and IL-4* NKT2 cells from BALB/c Nur77S mice. Data are pooled from 2
experiments. n = 10. Ordinary 1-way ANOVA, ****P < 0.0001. (C) Experimental
scheme showing iNKT-enriched thymocytes from CD45.1*/CD45.2* BALB/c KN2
mice intrathymically transferred into BALB/c Wt (CD45.2*/CD45.2* or CD45.1*/
CD45.1") or BALB/c Cd1d KO (CD45.2*/CD45.2%) mice; 9 d later transferred
donor iNKT cells were isolated by magnetic enrichment. (D) IL-4 (huCD2) and
PLZF in donor iNKT cells 9 d after intrathymic transfer into BALB/c Wt or BALB/c
Cd1d KO host mice. Data are representative of 5 experiments. n = 16 (E) Per-
centage and cell number of huCD2* cells in transferred donor iNKT cells 9
d after intrathymic transfer. Data are pooled from 5 experiments. n = 16. Un-
paired t test, ***P = 0.0002, ****P < 0.0001.

22264 | www.pnas.org/cgi/doi/10.1073/pnas.1910412116

decreased upon intrathymic transfer into chimeras where Cd1d was
selectively deficient in hematopoietic cells (Cdld knockout [KO]
bone marrow to Wt) but maintained in chimeras where Cdld was
selectively deficient in stromal cells (Wt bone marrow to Cdld KO)
(Fig. 3 B and C). These results suggest that only hematopoietic
APCs stimulate NKT2 cells to produce IL-4 in the steady state.
To confirm this result, we sought to target Cdld deficiency
specifically in TECs using FoxN1Cre. However, because NKT2
and NKT17 cells are scarce in B6 mice (3), it was desirable to
do this and additional tissue-specific gene deletion experiments
in BALB/c mice, but CdId"™ mice and Cre-recombinase trans-
genic mice are most readily available on the B6 background.
Interestingly, the thymic iNKT cell-subset composition in B6 X
BALB/c F1 mice resembled that in BALB/c mice (SI Appendix,
Fig. S5 A-C). Thus, we developed a strategy to achieve condi-
tional Cdld deficiency in B6 x BALB/c F1 mice. Briefly, we
backcrossed B6 Cd1d™™ to BALB/c KN2 for at least 10 gener-
ations to obtain BALB/c Cd1d"™"-KN2 (SI Appendix, Fig. S5 A-C).
B6 Cre-recombinase transgenic mice were first crossed to B6
Cd1d™" mice to obtain B6 Cre*-Cdld™" mice. Then the B6
Cre™-Cd1d™™ mice were crossed with BALB/c Cdld™"-KN2
mice to generate F1 Cre-Cdld""-KN2 mice (ST Appendix, Fig.
S44). Using this experimental strategy, we generated F1
FoxN1Cre*-Cd1d""-KN2 to efficiently target Cdld deficiency in
TECs (SI Appendix, Fig. S4 B and C). huCD2 expression in
iNKT cells and the cell number of PLZF"" iNKT cells were
comparable between F1 FoxN1Cre*-Cdl1d™%-KN2 and litter-
mate controls (Fig. 3 D and E). This was consistent with the
results we showed in intrathymic transfer of bone marrow chi-
meras (Fig. 3 4-C), suggesting that CD1d in TEC:s is dispensable
for stimulating NKT2 cells to produce IL-4 in the steady state.

CD11c* APCs Support Steady-State IL-4 Production in NKT2 Cells in a
CD1d-Dependent Manner. To define hematopoietic APCs in the
thymus that are required to stimulate NKT2 cells to /Eroduce IL-4
in the steady state, we expanded our F1 Cre™-CdId™ strategy (SI
Appendix, Fig. S44). CD1d expression was specifically abrogated in
different APCs using animals expressing Cre under various tissue-
specific promoters. Effective depletion of CD1d was observed in
thymic B cells in F1 MB1Cre*-Cd1d™" mice (SI Appendix, Fig. S6
A and B). However, the frequeng:{ and cell number of huCD2*
iNKT and cell number of PLZF"€" iNKT cells were not affected
by Cdld deficiency in B cells (Fig. 4 A and B). Nevertheless, in
F1 CD11cCre*-Cd1d™ mice we observed a substantial decrease
in huCD2 expression in iNKT cells and a reduction in PLZF"e"
iNKT cell number (Fig. 4 C and D), indicating an essential role
for CD11c"™ APCs in the induction of steady-state IL-4.

Although CDl1l1c is an important marker for dendritic cells, it
was previously shown, and confirmed here, that CD11cCre targets
multiple lineages of myeloid cells, including classical dendritic cells
(cDGs), plasmacytoid dendritic cells (pDCs), and macrophages (S
Appendix, Fig. S6 C and D) (31-33). So, although this result
strongly suggests that CD11c* APCs are essential for steady-state
NKT?2 IL-4 production, either cDCs, pDCs, or macrophages
(F4/80* Mertk™ cells) might be involved.

F4/80" Mertk* Macrophages Are Essential for Steady-State IL-4
Production in NKT2 Cells. We sought to further distinguish the
role of cDCs, pDCs, and macrophages in the CD1d-mediated in-
duction of IL-4 bt?/ NKT2 cells. For this purpose, we generated F1
Zbtb46Cre-Cd1d™”™ mice and observed a specific loss of CD1d in
cDCs (SI Appendix, Fig. ST A and B) (31). Nonetheless, the fre-
quency and number of huCD2* NKT2 cells in the thymus were not
affected upon the depletion of Cdld in cDCs (Fig. 5 A and B),
suggesting that the CD1d-mediated interaction between cDCs and
iNKT cells is not required for NKT2 steady-state IL-4 production.
To evaluate the impact of pDCs on steady-state IL-4, pDCs were
effectively depleted using the F1 BDCA2-DTR mice with repeated

Wang et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1910412116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1910412116

[/

pa

1\

=y

Cd1d KO BM to Cd1d KO host
Wt BM to Cd7d KO host
Cd1d KO BM to Wt host

A B Wt BM Cd1d KO BM Wt BM
to to to
BM Donor Host Cd1d deficiency Wt Cd1dKO Cd1d KO
wt wt Total Cd1d sufficient :
cd1dk0 | cd1dKO | Total Cdid deficient 1 i 048 !
wt Cd1d KO Stromal APC 1 1 .. [ J R o
€d1dKO wt Hematopaietic APC b 1 1 & ] 3 i
e ] L
1 SN I
huCD2)
ns
C ns ns
ns s
ED\. — 50 s 10% - o g Wit BM to Wi host
v auas [ 5] Al
QZ 40 o A 0Ox 9°
2= @ . Qz o T a
5L 3H @ o 08 ° r | v
o =
g% 20 %0 A g2 00 vv
t s Zc - g
g E 10 Co % E g OO v
2 o % 10
Littermate FoxN1Cre* E &
Control Cd1dg"t 8 L 50 5 10 -
ns
o
{ 285 1 67 g é 40- .'-. @0 ) 7 4 g
| g | o € a0{ & £= ﬁ‘?
] - | B SE & 8B 3 o 908 ©
T ] i Eg20{ @ 08 SE e o°
s Y =
g ! ! 8-E 10 Zs
I @ ©
S L & 0 o 10*

IL-4 (huCD2)

© Littermate control
O FoxN1Cre* Cd1d™

injection of diphtheria toxin (DT) every other day (SI Appendix,
Fig. S8 A-C). After 9 d of DT administration, we observed a mild
decrease in huCD2* iNKT cells in the pDC-depleted F1 BDCA2-
DTR mice compared to the F1 littermate control mice (Fig. 5 C
and D). This indicates that pDCs may play a supportive role in
steady-state IL-4 production.

Finally, we examined the role of macrophages by generat-
ing LysMCre-CsfIr*~"PT® mice (34) on an F1 background. We
effectively ablated F4/80* Mertk™ macrophages with a 9-d course
of DT administration every other day in these mice (S Appendix,
Fig. S8 D and E). Moreover, flow cytometric analysis of various
myeloid cells and lymphocytes in the thymus (SI Appendix, Fig.
S94) showed that cells of other lineages were not affected (S/
Appendix, Fig. S8F). Ablation of macrophages under these con-
ditions also did not disrupt the overall structure of the thymus
(medulla-to-cortex ratio) or the medullary localization of thymic
iNKT cells (SI Appendix, Fig. S10 A-C). Strikingly, however, de-
pletion of the relatively small population of F4/80* Mertk™ mac-
rophages in the thymus led to a substantial decrease in the cell
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Fig. 3. Steady-state IL-4 production in NKT2 requires
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pression of IL-4 (huCD2) and PD-1 in transferred donor
iNKT cells 9 d after intrathymic transfer into the in-
dicated bone marrow chimeras. Data are representa-
tive of 4 experiments. n =5, n = 7. (C) Percentage and
cell number of huCD2* cells in transferred donor
iNKT cells 9 d after intrathymic transfer. Data are
representative of 4 experiments. n =5, n = 7. Ordinary
1-way ANOVA; ™P > 0.8 (not significant), **P < 0.003,
***P < 0.001, ****P < 0.0001. (D) Expression of IL-4
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(Left), 0.9180 (Middle), or 0.4132 (Right).

number of PLZF"€" iNKT cells and of IL-4 production by NKT2
cells (Fig. 5 E and F). NKT2-derived IL-4 was previously shown to
condition CD8* T cells to become memory phenotype, charac-
terized by the expression of the transcription factor eomes (3, 7).
Consistent with a loss of NKT2-derived IL-4, we observed a
marked decrease in eomes* CD8" T cells in the thymus after
depletion of macrophages (Fig. 5 G and H). In addition, the
abundance of IL-4—producing NKT?2 cells was tightly correlated
with the cell number of thymic macrophages (Fig. 5I). We further
tracked the localization of IL-4-producing cells (huCD2") to-
gether with B220" (B cells and pDCs) or F4/80* cells (macro-
phages) (SI Appendix, Fig. S11 A and B). There were many more
IL-4-producing cells localized adjacent to F4/80™ cells (37.2%)
compared to the B220™ cells (16.6%) (Fig. 1H). Moreover, IL-4—
producing cells, on average, were localized closer to F4/80" cells
than to B220" cells (Fig. 11 and SI Appendix, Fig. S11C). To-
gether, these results show that thymic macrophages (F4/80%
Mertk™ cells) are critical for stimulating thymic NKT2 cells to
produce IL-4 in the steady state.
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Fig. 5. Macrophages/phagocytes are essential for steady-state IL-4 production in NKT2 cells. Expression of IL-4 (huCD2) and PD-1 in thymic iNKT cells from F1
littermate controls and Zbtb46Cre* Cd1d™ mice (A) or the following F1 littermate controls and DTR strains after a 9-d course of DT treatment: BDCA2-DTR*~ (C)
and LysMCre* Csf1r-PTR+= (), Expression of eomes in CD8SP thymocytes (G); representative data are shown. Percentage and cell number of huCD2* cells, cell
number of PLZF9" cells in thymic iNKT cells, or percentage and number of eomes* CD8SP thymocytes from the indicated mice are shown in B, D, F, and H. Data are
representative of 7 experiments with n = 20, n = 9 (A and B); 3 experiments with n = 14, n = 12 for C and D; 7 experiments with n = 20, n = 25 (E and F); and 6
experiments with n = 27, n = 22 (G and H). Unpaired t test, "P > 0.5 (not significant), *P < 0.025, ***P = 0.0002, ****P < 0.0001. (/) Correlation of percentage or cell
number of huCD2* cells in thymic iNKT cells with the cell number of F4/80* Mertk* thymic macrophages in F1 littermate controls and F1 LysMCre* Csf1r-s-PTR+—
treated mice. Linear regression was used to calculate goodness of fit (R?).
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Discussion

This study and previous studies show that NKT2 cells are the
major source of IL-4 in the thymus in the steady state (3, 5, 7, 35).
This type II cytokine—enriched environment strongly influences
thymocyte development through the induction of large numbers of
innate CD8* T cells (3, 7), although the biological rationale for
this is not yet clear. It may enhance neonatal immunity, as thymic
IL-4 is more abundant early in life (3). Alternatively, thymic IL-4
may enhance tolerance of conventional T cells to self-antigens that
are uniquely produced during type II immune responses, especially
those derived from IL-4-induced genes.

In this study, we further demonstrated that IL-4-producing
NKT2 cells reside in the thymic medulla and require continuous
TCR signaling for their steady-state production of IL-4, suggesting
a cognate interaction between NKT2 cells and thymic APCs in the
medulla in the steady state. Our data also suggest that both the
function of NKT2 cells (IL-4 production and PD-1 expression) and,
to a lesser extent, their differentiation, survival, or maintenance
(high expression of PLZF) require TCR stimulation. Both the se-
lective activation of a subset of iNKT cells and their medullary
location are surprising findings that raise additional questions.

The Medulla Is an Important Site of iNKT Cell Differentiation.
iNKT cells are initially selected in the most immature, stage 0,
state through interactions among DP thymocytes in the thymic
cortex (18, 36, 37). Nonetheless, the thymic medulla has been
suggested to be crucial for the continued development of iNKT
cells, as mature thymic iNKT cells (CD44") were greatly reduced
in Relb™~ TEC kidney capsule grafts, which specifically lack
mTECs (38). In line with this, we recently showed that CCR7*
iNKT cells represent a multipotent precursor for all 3 iNKT ef-
fector subsets (NKT1, NKT2, and NKT17) and that CCR7 facili-
tates migration of this precursor from the cortex to the medulla
(6). Collectively, these findings put forward the notion that initial
selection happens in the cortex while further differentiation into
thymic effector subsets is reinforced in the medulla. Indeed, IL-15
produced by medullary thymic epithelial cells was essential for the
generation of T-bet™ NKTT1 cells (38, 39) and medullary thymic
tuft cells were shown to influence the differentiation of thymic
NKT?2 cells, possibly through production of IL-25 (21).

Medullary Macrophages Activate iNKT Cells. In addition to pro-
viding cytokines that impact the differentiation or retention of
iNKT cells, we showed here that NKT?2 cells in particular are
activated by CDl1d-expressing APCs in the medulla. This is
consistent with an earlier study that showed CD1d is required for
maturation of thymic iNKT cells beyond the positive selection of
stage 0 iNKT cells (40), albeit not for their retention. We further
demonstrated that thymic macrophages are the predominant
APCs required for NKT2 cells to produce IL-4 through a CD1d-
mediated interaction. Thymic macrophages are distributed
throughout the cortex and medulla (41, 42), and are believed to
serve as scavengers that play an essential role in clearing apo-
ptotic thymocytes. However, previous reports also showed that
thymic macrophages express both MHC-I and MHC-II and may
possess antigen-presenting activity (41-44). Interestingly, mac-
rophages are enriched in genes involved in lipid metabolism (45).
Moreover, recent studies showed that macrophages are required
to stimulate iNKT cells to produce IL-4 in the context of sterile
liver injury (46) and influenza infection (47). Those CD1d-
dependent interactions facilitate recovery from injury and op-
timal B cell immunity, respectively. Collectively, these data
indicate that macrophages can serve as important APCs to
present lipid antigens to iNKT cells under certain circum-
stances. However, the nature of these lipid antigens, and whether
they are distinct from the lipid antigens that mediate positive
selection of iNKT cells in the thymic cortex, remains to be
elucidated.

Wang et al.

NKT2 Cells Are Selectively Activated in the Thymus. Not only do
NKT2 cells produce the highest levels of IL-4 among mature
thymic iNKT cells, they also express the highest level of Nur77°FF,
indicating that they are perceiving stronger TCR signaling. This is
consistent with the elevated Egr2 level in PLZF™&" iNKT cells
(27). This TCR signal is essential for IL-4 production, as it ceased
after adoptive transfer in the Cdld KO hosts. High TCR signal
strength also favors the differentiation of thymic NKT2 cells
(PLZF"&" iNKT); as such, cells were substantially decreased in
mice with weakened TCR signaling (SKG, YYAA mice) (27, 48).
How do NKT2 cells perceive CD1d/self-lipid ligands differently
from NKT1 and NKT17 when they all utilize a “semi-invariant”
TCR? One possibility is that VB usage alters the fine specificity
of the iNKT cells. Indeed, the 3 iNKT subsets have distinct and
stable VB repertoires (3, 27, 49), with NKT2 cells (PLZF"¢"
iNKT) showing higher TCR density and preferential usage of
VB7 (3, 27, 50). In a model system where retrogenic mice
expressed various iNKT TCR f chains, it was demonstrated that
the frequency of different iNKT subsets was governed by the
half-life of TCR-Ag-CD1d interaction (51). Similarly, another
study using somatic nuclear transfer to generate mouse strains
bearing different monoclonal iNKT TCRs showed higher TCR
avidity correlated with higher frequency of PLZF"" iNKT cells
(49). An earlier study suggested VB7* iNKT cells might have a
higher avidity for CD1d/self-lipid ligands than iNKT cells
bearing other Vfs (52). Thus, it is possible that biased TCR Vf
gene usage leads to differential TCR signaling events that
further impact the differentiation of iNKT subsets. Another
possibility is that the TCR level dictates the perceived stimulus.
NKT?2 cells express the highest level of surface TCR, followed
by NKT17 cells, and NKT1 cells have quite low levels. Indeed,
TCR density was directly shown to influence the differentiation
of iNKT subsets (53). It was also recently suggested that SLAM
family receptors (SFRs) facilitate iNKT development by re-
ducing TCR strength after position selection, and that SFR
deficiency skews the subset distribution, most strongly affecting
NKT1 cells (54).

In conclusion, we showed that IL-4—producing NKT2 cells
residing in the thymic medulla are the major source of steady-
state IL-4 in the thymus. The steady-state production of IL-4
in NKT2 cells depends on continuous TCR signaling mediated
by hematopoietic APCs, predominantly thymic macrophages.
Moreover, considering the previous reports discussed above, all
these data suggest a model for the differentiation steps of thymic
iNKT cells wherein 1) the initial positive selection among DP
thymocytes generates the most immature, stage 0, iNKT cells in
the thymic cortex; 2) upon the up-regulation of PLZF and
CCRY7, the iNKT multipotent precursors migrate from the cortex
to the medulla; and 3) the differentiation of iNKT precursors
into effector subsets (NKT1, NKT2, and NKT17) is influenced
by various factors in the thymic medulla.

Materials and Methods

Mice. The cell-type specificities of various Cre and DTR transgenic mouse
strains used in this study are shown in the S/ Appendix, Table S1. All an-
imal work was conducted in compliance with the protocols approved by
the Institutional Animal Care and Use Committee of the University of
Minnesota.

Statistical Analysis. Unpaired 2-tailed t tests and 1-way ANOVA were used for
data analysis and calculation of P values in Prism software (GraphPad).
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