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iNKT cells are CD1d-restricted T cells that play a pro-inflammatory or regulatory role in
infectious and autoimmune diseases. Thymic precursors of iNKT cells eventually develop
into distinct iNKT1, iNKT2, and iNKT17 lineages in the periphery. It remains unclear
whether iNKT cells retain developmental potential after lineage commitment. iNKT cells
acquire a similar phenotype as tissue-resident memory T cells, suggesting that they also
differentiate along a trajectory that enables them to persist in peripheral tissues. Here,
we addressed whether lineage commitment and memory differentiation are parallel or
sequential developmental programs of iNKT cells. We defined three subsets of peripheral
iNKT cells using CD62L and CD69 expression that separate central, effector, and resident
memory phenotype cells. The majority of iNKT1 cells displayed a resident phenotype in
contrast to iNKT2 and iNKT17 cells. The transcription factor Hobit, which is upregulated in
iNKT cells, plays an essential role in their development together with its homolog Blimp-1.
Hobit and Blimp-1 instructed the differentiation of central memory iNKT cells into resi-
dent memory iNKT cells, but did not impact commitment into iNKT1, iNKT2, or iNKT17
lineages. Thus, we conclude that memory differentiation and the establishment of resi-
dency occur after lineage commitment through a Hobit and Blimp-1-driven transcriptional
program.

Keywords: Blimp-1 - Differentiation - Hobit - iNKT cells - Lineage commitment - Tissue
residency

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction presented by the non-polymorphic MHC molecule CD1d. iNKT

cells are situated in different locations of the body, with the high-
Invariant NK T (iNKT) cells are innate-like T cells that possess  est frequencies detected in liver, thymus, and spleen. At these
a semi-invariant T cell receptor (TCR) and recognize glycolipids  locations, iNKT cells contribute to tissue homeostasis by rapidly
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secreting cytokines and cytotoxic molecules upon activation via
cognate antigen, danger signals, or pro-inflammatory cytokines
such as IL-12 and type I IFN. iNKT cells mediate tumor surveil-
lance [1, 2] and can play a protective role in infection, but their
pro-inflammatory activity can also trigger immunopathology in
autoimmune diseases.

iNKT cells are generated in the thymus, where the selection
and specification of iNKT cells are driven by the recognition of
CD1d molecules on other thymocytes [3]. In contrast to con-
ventional T cells, which migrate as naive T cells from the thy-
mus, iNKT cells already acquire memory characteristics in the thy-
mus, as evidenced by the upregulation of the memory-associated
molecule CD44. Functional heterogeneity exists within the mature
iNKT cell population of the thymus and the periphery and three
major populations are recognized [4]. iNKT1 cells upregulate the
transcription factor T-bet and mainly produce IFN-y after stimula-
tion. iNKT2 and iNKT17 cells secrete IL-4 and IL-17, respectively,
instructed by the transcription factors GATA3 in iNKT2 and RORyt
in iNKT17 [4]. However, it is not clear whether lineage specifica-
tion instructed by these transcription factors also drives terminal
differentiation of the three iNKT lineages or whether additional
maturation steps occur after lineage commitment of iNKT cells.

iNKT cells are largely maintained as non-circulatory cells
that permanently reside in the thymus, spleen, or liver under
steady-state conditions [5-7]. We have previously demonstrated
that liver iNKT cells show a transcriptional signature of tissue-
residency, similar to tissue-resident memory CD8 T cells and other
resident innate lymphocytes [8]. Parabiosis experiments have
demonstrated that the vast majority of liver iNKT cells are not
exchanged between parabionts [9, 10]. In contrast, iNKT cells in
other organs such as in lymph nodes appear to display hetero-
geneity in respect to residency [7,9,11]. The expression of the
C-type lectin CD69 has been strongly associated with residency
in memory CD8 T cells [12]. Similarly, CD69* iNKT cells demon-
strate a higher degree of tissue residency compared to CD69" iNKT
cells [7, 11]. These findings suggest that iNKT cells with different
migration and homing potential can be identified through CD69
expression. Currently, it remains unclear whether lineage commit-
ment and memory differentiation resulting in the establishment
of tissue residency represent sequential or parallel transcriptional
programs in iNKT cells.

Here, we report that CD69 and CD62L delineate tissue-
resident memory T cell (TRM), effector memory T cell (TEM),
and central memory T cell (TCM) subsets in iNKT cells. The
prevalence of TRM-phenotype cells was substantially higher in
the iNKT1 lineage compared to the iNKT2 and iNKT17 lineages,
which were associated with higher expression of the transcription
factor Hobit. We have previously reported that the transcription
factors Hobit and its homolog Blimp-1 drive the tissue-residency
program of innate and adaptive immune cells including that of
iNKT cells [8]. Here, we observed that Hobit and Blimp instructed
the differentiation of TRM-phenotype cells at the expense of TEM
and TCM phenotype cells, but did not impact specification in
iNKT1, iNKT2, and iNKT17 lineages. Our findings show that Hobit
and Blimp-1 drive a transcriptional program of tissue residency
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after lineage commitment of iNKT cells. Thus, iNKT1, iNKT2, and
iNKT17 cells retain potential to branch out into iNKT subsets
resembling TRM, TEM, and TCM cells, which is under the con-
trol of Hobit and Blimp-1.

Results

CD69 and CD62L identify iNKT cell subsets with
resident and circulating phenotypes

iNKT cells are largely maintained as tissue-resident cells in the
liver and spleen [9,13]. Consistent with these observations, anal-
ysis of the expression of the residency-associated molecule CD69
and the lymph node homing receptor CD62L on iNKT cells showed
that the majority of iNKT cells in the thymus, spleen, and liver dis-
played a resident (CD69"CD62L") phenotype (Figure 1A and B;
Supporting Information Figure S1A). Minor populations of iNKT
cells with an effector memory (CD69°CD62L") phenotype and a
central memory (CD69CD62L") phenotype were present in the
thymus, spleen, and liver (Figure 1A and B). In contrast, iNKT
cells within the brachial and mesenteric lymph nodes contained a
large fraction of central memory phenotype cells (Figure 1A and
B). It should be noted that CD69 does not provide absolute demar-
cation between resident and effector memory phenotype iNKT
cells in these tissues. Below, we will designate the populations
of iNKT cells that were identified by CD69 and CD62L expression
as iNKTgry (CD69TCD62L), iNKTgy (CD69 CD62L"), and iNKTcy
(CD69 CD62L"). Residency-associated molecules such as CD39,
CD49a, CXCR6, and P2RX7 [14] were nearly uniformly expressed
in iNKTgy cells (Figure 1C and D). In contrast, these molecules
were nearly absent or low in iNKTgy and iNKT¢y cells (Figure 1C
and D). Furthermore, the transcription factor TCF7 and the lymph
node homing molecule CCR7 that strongly associate with circu-
lating T cells were nearly absent from iNKTgy, but expressed in
a substantial fraction of iNKTgy and iNKT¢y (Figure 1C and D).
These data demonstrate that CD62L and CD69 accurately identify
subsets of iNKT cells with a resident memory, effector memory,
and central memory phenotype.

Hobit is upregulated in iNKTgy cells

We previously found that Hobit expression identifies lymphocytes
with a resident phenotype such as tissue-resident memory CD8*
T cells (Try) and ILC1 [8]. Therefore, we investigated whether
Hobit expression is associated with iNKT cells displaying a
resident phenotype using our recently developed Hobit reporter
mice that contain tdTomato, Cre recombinase, and diphtheria
toxin under the control of the endogenous Hobit promotor [15].
To assess whether tdTomato faithfully reported Hobit expression
in iNKT cells, we analyzed the expression of tdTomato in iNKT
cells of WT and Hobit reporter mice. Expression of tdTomato was
observed in a large fraction of thymic iNKT cells of Hobit reporter
mice, but not in thymic iNKT cells of WT mice (Figure 2A and
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Figure 1. The majority of iNKT cells display a resident phenotype. The expression of CD69, CD62L, and TdTomato was analyzed in PBS57°CD1d
tetramer™ iNKT of Hobit reporter mice using flow cytometry. (A) Contour plots depict CD69 and CD62L expression on iNKT cells in the indicated
tissues to identify iNKTgry (CD697CD62L", red), iNKTgy (CD69” CD62L", blue) and iNKT¢y (CD69° CD62L T, orange). (B) The graph shows the percentage
of iNKTrm (red), iNKTgm (blue), and iNKTcy (orange) within the iNKT population of the indicated organs. (C) Histograms depict the expression
of TCF7, CCR7, CD39, CD49a, CXCR6, and P2RX7 in splenic iNKTgy (red), iNKTgy (blue), and iNKTgy (orange). (D) Graphs display the frequency
of TCF7, CCR7, CD39, CD49a, CXCR6, and P2RX7 expression in splenic iNKTgry (red), iNKTgy (blue), and iNKT¢y (orange). Plots in (A) and (C) are
representative of data shown in (B) and (D), respectively. The graph in B displays data from 3 mice per group and is representative for at least 3
independent experiments. The graphs in (D) display data from three to six mice and are representative of at least two independent experiments.
Symbols represent individual mice, error bars SEM. One-way ANOVA, **p < 0.0005.

B). We have previously reported that thymic Ly49C/I* iNKT
cells are dependent on Hobit in contrast to other thymic and
peripheral iNKT cells [16]. The formation of thymic iNKT cell
subsets including Ly49C/I™ iNKT cells was comparable between
WT and Hobit reporter mice, suggesting that the reporter insert
did not impact NKT cell differentiation (Supporting Information
Figure S1B and C). We observed that tdTomato expression was
upregulated during differentiation of iNKT cells at stage 2 and
maintained in mature thymic Ly49C/T" and Ly49C/I" iNKT cells
(Supporting Information Figure S1D and E). Peripheral iNKT cell
populations in the spleen and liver largely expressed tdTomato in
contrast to iNKT cells in lymph nodes including those in brachial
and mesenteric lymph nodes (Figure 2C and D). In contrast
to thymic CCR7" iNKT cells, Hobit was not present in thymic
CCR7" INKT cells, which have been shown to represent a late
precursor stage that emigrates from the thymus to seed peripheral
iNKT populations (Supporting Information Figure S2A and B)
[17]. These findings suggest that Hobit expression is separately
acquired during iNKT cell maturation in the thymus and in the
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periphery. Furthermore, tdTomato (Hobit) expression was not
present in DN, DB CD4* SB and CD8" SP thymocytes (Supporting
Information Figure S3A-C) and also not in mature splenic CD4™
T cell subsets including naive, central memory, and effector
memory CD4" T cells (Supporting Information Figure S3D-F).
Taken together, these results show that the Hobit reporter enables
visualization and characterization of iNKT cell differentiation.

To address whether Hobit identified subsets of circulating and
resident iNKT cells, we determined the expression of molecules
associated with tissue residency in Hobit™ and Hobit™ fractions of
iNKT cells. We observed that the Hobit™ fraction of iNKT cells
nearly uniformly expressed the residency-associated molecules
CD39, CD49a, CD69, CXCR6, and P2RX7 (Figure 2E and F).
These residency-associated molecules were only expressed in a
minor proportion of Hobit™ iNKT cells (Figure 2E and F). In con-
trast, expression of CD62L and CCR7, which associate with cen-
tral memory phenotype T cells, was present within the Hobit
fraction of iNKT cells, but was nearly absent from the Hobit*
fraction of iNKT cells (Figure 2E and F). Vice versa, Hobit
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Figure 2. Hobitis expressed in iNKT cells under steady-state conditions. The expression of Hobit (tdTomato) was analyzed in PBS57-CD1d tetramer™
specific iNKT cells using flow cytometry. (A) Histograms display tdTomato expression in thymic iNKT cells (red) and CD4 T cells (grey) in WT and
Hobit reporter mice. (B) The graph displays the frequency of tdTomato expression in thymic iNKT cells (red) and CD4 T cells (grey) of WT and Hobit
reporter mice. (C) Histograms depict tdTomato expression in iNKT cells (red) and CD4 T cells (grey) of brachial LN, mesenteric LN, spleen, and liver
of Hobit reporter mice. (D) The graph displays the frequency of tdTomato expression in iNKT cells (red) and CD4 T cells (grey) of Hobit reporter mice
within the indicated tissues. (E) Histograms display the expression of CD69, CD62L, CCR7, CD39, CD49a, CXCR6, and P2RX7 in splenic tdTomato
(grey) and tdTomato™ iNKT cells (red) of Hobit reporter mice. (F) Graphs display the frequency of CD69, CD62L, CCR7, CD39, CD49a, CXCR6, and
P2RX7 expression on splenic tdTomato™ (grey) and tdTomato* (red) iNKT cells of Hobit reporter mice. Plots in (A), (C), and (E) are representative
of data shown in (B), (D), and (F), respectively. The graph in (B) displays data from three mice per group and are representative for at least three
independent experiments. Graphs in (D) and (F) display data of three to six mice and are representative of at least two experiments. Symbols
represent individual mice, error bars SEM. One-way ANOVA, or paired T-Test, *p < 0.05, ***p < 0.0005.

expression was present in nearly the complete fraction of iNKTryy ~ GFP respectively. We observed strong co-expression of Blimp-1
cells and in a fraction of iNKTgy cells, but the transcription fac-  and Hobit in iNKTgry and in a fraction of iNKTgy (Supporting
tor was largely absent from iNKTcy cells (Supporting Information ~ Information Figure S5A and B). In contrast, Hobit and Blimp-1
Figure S4A and B). The Hobit-related transcription factor Blimp-1  expression were largely absent from iNKT¢y (Supporting Infor-
collaborates with Hobit in the regulation of tissue-resident lym-  mation Figure S5A and B). These data demonstrate that Hobit and
phocytes [8]. To investigate the co-expression of Hobit and Blimp- ~ Blimp-1 mainly characterize iNKT cells with a resident memory
1 in iNKT cells, we employed Hobit mice that simultaneously = phenotype in a similar fashion as other tissue residency-associated
reported Hobit and Blimp-1 expression through tdTomato and  molecules.
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Figure 3. Hobit expression is largely restricted to iNKT1 and iNKT2/17 cells with a resident phenotype. The expression of Hobit (tdTomato) in
PBS57-CD1d tetramert CD122" iNKT1 cells and CD122" iNKT2/17 cells was analyzed in Hobit reporter mice using flow cytometry. (A) The histogram
displays the expression of the transcription factors T-bet (left), RORyt (center), and GATA3 (right) in iNKT1 (red) and iNKT2/17 (grey) in the thymus.
(B) The histogram displays the expression of tdTomato in iNKT1 (red) and iNKT2/17 (grey) of the indicated organs. (C) The graph displays the
frequency of tdTomato expression in iNKT1 (red) and iNKT2/17 (grey) of the indicated organs. (D) Contour plots display the frequency of CD69 and
CD62L expression on splenic iNKT1 cells (left) and iNKT2/17 cells (right). (E) The graph displays the frequency of iNKTry (red), iNKTgy (blue), and
iNKTcym (orange) within the iNKT1 and iNKT2/17 subsets of the spleen. (F) Histograms depict the expression of tdTomato in splenic iNKTgry (red),
iNKTgym (blue), and iNKTqy (orange) fractions of iNKT1 (left) and iNKT2/17 (right). (G) The graph displays the frequency of tdTomato expression
in iNKTgum (red), iNKTgy (blue), and iNKTqy (orange) fractions of the iNKT1 and iNKT2/17 populations. Plots in (B), (D), and (F) are representative
of graphs shown in (C), (E), and (G), respectively. Graphs in (C), (E), and (G) display data from three mice and are representative of at least two
independent experiments. Symbols represent individual mice, error bars SEM. One-way ANOVA, *p < 0.05; *p < 0.005.

Hobit expression is restricted to resident memory
phenotype iNKT1 and iNKT2/17 cells

In parallel to the separation of conventional CD4 T cells in Thl,
Th2, and Th17 lineages, mature iNKT cells have been previously
classified into iNKT1, iNKT2, and iNKT17 subsets. [4]. To address
Hobit expression in these iNKT cell subsets, we analyzed for the
expression of tdTomato using Hobit reporter mice. To identify
iNKT1, we made use of the IL-15 receptor B (CD122), which is
specifically expressed on iNKT1 cells [4]. In line with previous
studies [4], we observed that the iNKT1-associated transcription
factor T-bet was exclusively expressed in CD122" iNKT cells,
whereas the iNKT2 associated transcription factor GATA3 and
the iNKT17-associated transcription factor RoryT were restricted
to CD122" iNKT cells (Figure 3A). We found that the major-
ity of CD122% INKT1 cells in the thymus, spleen, and liver

© 2022 Wiley-VCH GmbH

expressed Hobit in contrast to the CD122" iNKT2 and iNKT17
populations in these organs, which contained a minor fraction
of Hobit™ cells (Figure 3B and C). Analysis of CD69 and CD62L
expression on splenic iNKT cells indicated that the majority
of iNKT1 cells had a resident phenotype, whereas iNKT2 and
iNKT17 cells mainly consisted of cells with an effector memory
or central memory phenotype (Figure 3D and E). Strikingly,
Hobit expression was mainly observed in the iNKTgy and iNKTgy
fraction of the iNKT1 lineage and in the iNKTgy fraction of the
iNKT2 and iNKT17 lineage (Figure 3F and G). Thus, Hobit is
preferentially expressed in iNKT cells with a resident phenotype,
independent of their iNKT1, iNKT2, or iNKT17 classification.
The more dominant expression of Hobit in the iNKT1 lineage
compared to the iNKT2 and iNKT17 lineages appear to relate
to their elevated propensity to acquire a resident memory

phenotype.
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Hobit* iNKT cells repopulate under steady-state the maintenance of Hobitt iNKT cells, we made use of the
conditions Hobit-driven diphtheria toxin receptor (DTR), which enables

specific deletion of the Hobit™ fraction of iNKT cells. Peripheral
Previously, it has been shown that iNKT cell populations are iNKT cells were effectively deleted from the thymus, spleen, and
maintained independently of thymic output [18]. To address liver of Hobit reporter mice directly after treatment with DT

© 2022 Wiley-VCH GmbH www.eji-journal.eu
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(Figure 4A and B; Supporting Information Figure S6A and B). As
expected, the administration of DT resulted in the disappearance
of Hobit* iNKT cells, but not of Hobit iNKT cells (Supporting
Information Figures S6C and D, and S7A and B). Monitoring
of the recovery of iNKT cells over time revealed that iNKT cells
steadily repopulated in the thymus, spleen, and liver, but did not
fully re-establish the original population within 100 days after DT
treatment (Figure 4A and B; Supporting Information Figure S6A
and B). Repopulating iNKT cells in DT-treated mice re-expressed
Hobit to a similar extent as iNKT cells in control mice that did not
receive DT (Supporting Information Figures S6C and D, and S7A
and B). These findings suggest that the maintenance of Hobit"
iNKT cells requires local or thymic Hobit™ iNKT cells. However, it
remains possible that residual Hobit™ iNKT cells remaining after
DT treatment re-establish the population.

Given that Hobit" iNKT cells mainly consist of iNKT¢y and
iNKTgy and Hobit™ cells are largely iNKTgry, we addressed the
dynamics of these subsets after DT treatment. As expected,
iNKTgry cells in contrast to iNKT¢y and iNKTgy cells were largely
depleted in DT-treated Hobit reporter mice (Figure 4C). iNKTcy
and iNKTgy populations were stably maintained in the spleen
after DT depletion and splenic iNKTgy gradually repopulated over
time, but did not reach the size of the original iNKTgy population
within 100 days after DT treatment (Figure 4C). The repopulation
of iNKTry cells after DT-driven depletion suggests that iNKT¢y or
iNKTgy cells contribute to the maintenance of the iNKTgy pop-
ulation. In support, staining of iNKT cells for the proliferation-
associated molecule Ki67 showed that iNKTgy; contained a minor
fraction of Ki67" cells compared to iNKTgy and iNKTcy in the
thymus, spleen, and liver (Figure 4D and E; Supporting Informa-
tion Figure S8A and B). The DT treatment did not substantially
impact the expression of Ki67 in the iNKT subsets (Figure 4D
and E), suggesting that iNKTgy were not triggered to replenish
the population after DT-driven depletion. Thus, iNKTgy appear to
form an inert population of iNKT cells that requires replenishment
from other iNKT populations such as iNKT¢y and iNKTgy for their
long-term maintenance.

Hobit and Blimp-1 do not impact lineage specification
into iNKT1, iNKT2, or iNKT17 cells

To address the effect of Hobit and Blimp-1 on iNKT cell dif-
ferentiation, we made use of Hobit and Blimp-1 deficient mice
containing a Hobit reporter. These mice provide a unique oppor-
tunity to track the fate of tdTomato™ iNKT cells in the absence of
Hobit and Blimp-1. Hobit deficient mice were generated through
disruption of the Hobit gene with trapping construct on one allele
[16] and with the reporter insert on the other allele. Blimp-1
was specifically deleted using Hobit-driven CRE recombinase to
excise the floxed Blimp-1 gene. It is important to note that in this
experimental setup Blimp-1 is exclusively deleted in Hobit™ iNKT
cells, which does not permit the study of the potential impact of
Blimp-1 in early iNKT development prior to Hobit upregulation.
The efficiency of the Hobit-driven Cre to delete Blimp-1 in iNKT
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cells was determined using PCRs that distinguish the deleted
from the non-deleted Blimp-1 locus. The Blimp-1 gene was
largely deleted in tdTomato™ iNKT cells, but not in tdTomato™ NK
cells from the spleen (Supporting Information Figure S9A and C).
Thus, we have developed a mouse model that enables us to study
the specific role of Hobit and Blimp-1 in iNKT cell development.
To assess whether Hobit and Blimp-1 impacted iNKT cell polar-
ization, we analyzed the role of these transcription factors in the
differentiation of the iNKT1, iNKT2, and iNKT17 lineages. iNKT
cells largely expressed the iNKT1-associated molecule CD122 in
the spleen of both Hobit reporter (referred to as WT from here
on) and Hobit and Blimp-1 double deficient mice (Figure 5A). The
loss of Hobit and Blimp-1 did not affect the relative frequencies
of the minor CD122" iNKT2 and iNKT17 fractions and the major
iNKT1 fraction (Figure 5B). Furthermore, tdTomato expression
was not increased in CD122" iNKT cells of Hobit and Blimp-1
double-deficient mice compared to WT mice (Figure 5C and D),
suggesting that in the absence of Hobit and Blimp-1 expression,
iNKT1 were not redirected into iNKT2 or iNKT17 lineages.
These findings were supported using T-bet, RoryT, and GATA3 to
identify the iNKT1, iNKT2, and iNKT17 lineages, respectively, in
spleen and thymus (Figure 5E-H; Supporting Information Figure
S10A-D). We did not observe differences in the frequencies of T-
bet™ iNKT1 cells between WT and Hobit x Blimp-1 deficient mice
(Figure 5E and F; Supporting Information Figure S10A and B)
or of GATA3™" iNKT2 cells and RoryT" iNKT17 cells in the T-bet
fraction of iNKT cells (Figure 5G and H; Supporting Information
Figure S10C and D). We observed essentially similar results
using mixed bone marrow chimeras containing WT and Hobit x
Blimp-1 deficient compartments in a 1:1 ratio. CD122 expression
was similar between WT and Hobit x Blimp-1 deficient iNKT
cells, suggesting that Hobit and Blimp-1 did not impact the size of
the iNKT1, iNKT2, and iNKT17 fractions (Supporting Information
Figure S11A and B). Furthermore, tdTomato expression was not
increased in the CD122 iNKT cells of the Hobit and Blimp-1
deficient compartment relative to the WT compartment (Sup-
porting Information Figure S11C and D). These findings indicate
that Hobit and Blimp-1 are not involved in the regulation of the
branching of the iNKT1, iNKT2, and iNKT17 lineages.

Hobit and Blimp-1 control the branching of iNKTcy
and iNKTgy cells

Next, we addressed the impact of Hobit and Blimp-1 on the
differentiation of iNKT cells into iNKTcy, iNKTgy, and iNKTry
subsets. As previously observed [8], the combined loss of Hobit
and Blimp-1 reduced the frequency and numbers of iNKT cells
in the liver, but not the spleen (Figure 6A and B). Splenic and
liver iNKT cells of Hobit and Blimp-1 double deficient mice did
not acquire an iNKTgry phenotype as efficiently as their WT
counterparts (Figure 6C-E). In contrast, we observed an increase
in splenic, but not liver, iNKT¢y, and iNKTgy in Hobit x Blimp-1
double-deficient mice compared to WT mice (Figure 6C-E). We
also observed a decrease in thymic iNKTgy cells of Hobit and
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Figure 5. Hobit and Blimp-1 do not regulate differentiation into iNKT1, iNKT2, and iNKT17 lineages. The effect of Hobit and Blimp-1 on the phe-
notype of iNKT1 and iNKT2/17 cells under steady-state conditions was analyzed in Hobit reporter (WT) and in Hobit and Blimp-1 deficient (Hobit
x Blimp-1 KO) mice using flow cytometry. (A) Histograms depict the expression of CD122 on iNKT cells in the spleen of WT and Hobit x Blimp-1
KO mice. (B) The graph displays the frequency of CD122™ iNKT2/17 (grey) cells and CD122" iNKT1 cells (red) in WT and Hobit x Blimp-1 KO mice.
(C) Histograms show the expression of tdTomato in iNKT2/17 (grey) and iNKT1 cells (red) in the spleen of WT and Hobit x Blimp-1 KO mice. (D)
The graph displays the frequency of tdTomato expression in splenic iNKT2/17 (grey) and iNKT1 cells (red) of WT and Hobit x Blimp-1 KO mice. (E)
Histograms show the expression of T-bet in iNKT cells in the spleen of WT and Hobit x Blimp-1 KO mice. (F) The graph displays the frequency of
T-bet- INKT2/17 cells (grey) and T-bet™ iNKT1 cells (red) in the spleen of WT and Hobit x Blimp-1 KO mice. (G) Contour plots display the expression
of GATA3 and RoryT in splenic T-bet™ iNKT cells to identify iNKTpyx (GATA3", RORyt™; black), iNKT2 (GATA3*, RORyt™; dark grey), and iNKT17 cells
(GATA3*, RORyt™; light grey) of WT and Hobit x Blimp-1 KO mice. (H) The graph displays the frequency of iNKT17 (light grey), iNKT2 cells (grey), and
iNKTpy (black) in the T-bet- iNKT cell population of the spleen of WT and Hobit x Blimp-1 KO mice. Plots in (A), (C), (E), and (G) are representative of
graphs shown in (B), (D), (F), and (H). Graphs in (B) and (D) display data from two independent experiments with five to six mice per group. Graphs
in (F) and (H) display data from two independent experiments with three mice per group. Symbols depict individual mice and error bars depict
SEM.

Blimp-1 double deficient mice compared to WT mice (Supporting
Information Figure S12A-C). In contrast, thymic populations of
iNKTcy and iNKTgry cells were retained at WT levels in Hobit
and Blimp-1 double deficient mice (Supporting Information
Figure S12A-C). The combined impact of Hobit and Blimp-1 was
required to drive iNKTry formation at the expense of iNKT¢y
and iNKTgy formation, given that mice with single deficiencies
in Hobit or Blimp-1 only had marginal phenotypes (Supporting
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Information Figure S13A-E). Underlining the impact of Hobit and
Blimp-1 on the acquisition of a resident phenotype, we observed
that the expression of the residency-associated molecules CD39,
CD49a, CXCR6, and P2RX7 was decreased in the splenic iNKT
cells of Hobit and Blimp-1 deficient mice compared to WT mice
(Figure 6F and G). In contrast, the expression of TCF7 and CCR7
that associate with circulating T cells was increased in iNKT cells
in the absence of Hobit and Blimp-1 (Figure 6F and G). Hobit
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Figure 6. Hobit and Blimp-1 induce a resident phenotype in iNKT cells. The effect of Hobit and Blimp-1 on the phenotype of iNKT cells under
steady-state conditions was analyzed in Hobit Reporter (WT) and in Hobit and Blimp-1 double deficient Hobit reporter mice using flow cytometry
(Hobit x Blimp-1 KO). (A) Contour plots display the expression of TCR-p and the binding of PBS57-CD1d tetramers to identify iNKT cells in the
spleen (upper panels) and liver (lower panels) of WT (left) and Hobit x Blimp-1 KO mice (right). (B) Graphs show the absolute number of splenic
iNKT cells (left) and liver iNKT cells (right) in WT (grey) and Hobit x Blimp-1 KO mice (red). (C) Contour plots show the expression of CD69 and
CD62L to identify iNKTrum (red), iNKTgym (blue), and iNKT¢y (orange) in the spleen (upper panels) and liver (lower panels) of WT (left) and Hobit x
Blimp-1 KO mice (right). (D) Graphs show the absolute number of iNKTgy (red), iNKTgy (blue), and iNKTcy (orange) in the spleen. (E) Graphs indicate
the absolute number of iNKTry (red), iNKTgy (blue), and iNKTcy (orange) in the liver of WT and Hobit x Blimp-1 KO mice. (F) Histograms depict the
expression of CD44, TCF7, CCR7, CD39, CD49a, CXCR6, and P2RX7 in splenic iNKT cells of WT (grey) and Hobit x Blimp-1 KO mice (red). (G) Graphs
display the percentage of CD44, TCF7, CCR7, CD39, CD49a, CXCR6, and P2RX7 expression in splenic iNKT cells of WT (grey) and Hobit x Blimp-1 KO
mice (red). Plots in (A), (C), and (F) are representative of data shown in (B), (D), (E), and (G), respectively. Graphs in (B), (D), and (E) display data from
six mice per group from two independent experiments and are representative of at least four independent experiments. Graphs in (G) display data
from at least three to six mice per group and are representative of at least two independent experiments. Symbols represent individual mice, error
bars SEM. Unpaired T-test, One-way ANOVA, *p < 0.005, **p < 0.0005.

and Blimp-1 did not completely block memory differentiation To track the alternative differentiation path of the iNKTgy cells
of iNKT cells, as evidenced by the retained expression of the in the absence of Hobit and Blimp-1, we analyzed the expression
memory-associated molecule CD44 in Hobit x Blimp-1 deficient  of the tdTomato reporter in WT and Hobit x Blimp-1 deficient
mice compared to WT mice (Figure 6F and G). settings. Strikingly, iNKT¢y in the spleen of Hobit and Blimp-1
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error bars SEM. One-way ANOVA, *p < 0.005; **p < 0.0005.

double deficient mice expressed tdTomato in contrast to iNKTcy
of WT mice (Figure 7A and B). We did not observe differences
in expression of tdTomato in iNKTgy, and iNKTgy in the spleen
of WT and Hobit and/or Blimp-1 deficient mice (Figure 7A and
B). These findings indicate that iNKT cells that would have devel-
oped in iNKTry remained present in the absence of Hobit and
Blimp-1 and were redirected into the alternative iNKT¢y differ-
entiation path. Therefore, Hobit and Blimp-1 appear to act at
the branching point of iNKT¢y and iNKTgy to instruct the dif-
ferentiation of iNKT¢y into iNKTgy. To investigate whether the
Hobit and Blimp-1-driven effects on iNKT cell differentiation per-
sisted under competitive settings, we generated mixed bone mar-
row chimeras, containing WT and Hobit x Blimp-1 deficient com-
partments in a 1:1 ratio. WT and Hobit x Blimp-1 deficient iNKT
cells were similarly present in the spleen of chimeric mice (Sup-
porting Information Figure S14A and B). In contrast, Hobit x
Blimp-1 deficient iNKT cells were much less prevalent within the
liver compared to WT iNKT cells [Supplementary Figure S14A, B].
We observed the reduced formation of iNKTry and increased for-
mation of iNKTgy and iNKT¢y in the Hobit x Blimp-1 deficient
compartment compared to the WT compartment of the spleen
(Supporting Information Figure S14C and D]. The expression of
tdTomato was substantially elevated in the iNKTcy population of
the Hobit x Blimp-1 deficient compartment compared to the WT
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compartment (Supporting Information Figure S14E and F), but
WT and Hobit x Blimp-1 deficient iNKTgy and iNKTgy expressed
tdTomato to a similar extent (Supporting Information Figure S14E
and F). Thus, these findings support that the transcription factors
Hobit and Blimp-1 instruct the transition of iNKT¢y into iNKTry
cells.

We next questioned whether the impact of Hobit and Blimp-1
was observed in the separate iNKT1, iNKT2, and iNKT17 lineages.
Comparison of splenic iNKT2 and iNKT17 lineages between WT
and Hobit x Blimp-1 deficient mice did not reveal any impact
on the expression of CD62L and CD69 (Figure 8A and B; Sup-
porting Information Figure S15). In contrast, Hobit and Blimp-
1 deficient iNKT1 cells displayed reduced expression of CD69
and increased expression of CD62L compared to WT iNKT1 cells
in the spleen (Figure 8A and B; Supporting Information Figure
S15). Interestingly, uncommitted iNKT cells lacking T-bet, RoryT,
and GATAS3 expression largely expressed CD62L and lacked CD69
expression (Figure 8A and B). This phenotype of the uncommitted
iNKT cells was not impacted by Hobit and Blimp-1 (Figure 8A and
B; Supporting Information Figure S15). These findings show that
Hobit and Blimp-1 instruct the transition of iNKT¢y into iNKTry
after commitment to the iNKT1 lineage. Thus, sequential pro-
grams of lineage commitment and residency operate in develop-
ing iNKT cells resulting in the Hobit and Blimp-1 independent
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establishment of iNKT1, iNKT2, and iNKT17 lineages and
the Hobit and Blimp-1 dependent differentiation into iNKTcy,
iNKTgy, and iNKTgy cells.

Discussion

iNKT cells emerge from the thymus as fully developed memory
T cells with the immediate potential to exert effector functions

© 2022 Wiley-VCH GmbH

under steady-state conditions. The majority of iNKT cells even-
tually form resident memory populations that are permanently
retained at peripheral sites. This important quality of tissue
residency appears at odds with the early establishment during
the thymic development of iNKT cells. Here, we have reported
that thymic and peripheral iNKT cells largely identify as TRM-
phenotype cells. In addition, minor, but significant, subsets of
iNKT cells were identified that displayed TEM and TCM pheno-
types consistent with circulating potential in a fraction of iNKT
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cells. We have recently developed Hobit reporter/deleter mice
that have enabled us to substantially improve the resolution of
Hobit expression in iNKT cell subsets. Hobit was predominantly
expressed in the iNKTgry fraction of the iNKT1, iNKT2, and
iNKT17 lineages. Moreover, we found that Hobit together with
the related transcription factor Blimp-1 instructed the acquisi-
tion of residency-associated molecules, but did not impact on
lineage commitment of iNKT cells. These findings suggest that
Hobit and Blimp-1 control final maturation steps resulting in the
establishment of tissue-resident memory populations after the
commitment of iNKT1, iNKT2, and iNKT17 lineages.

We have found that CD62L and CD69 expression define
distinct subsets of peripheral iNKT cells that we have designated
iNKTcy, iNKTgy, and iNKTgry. The largely restricted expression
of other molecules associated with tissue-residency such as
CD39, CD49a, CXCR6, and P2RX7, and Hobit in iNKTgry and
circulation-associated molecules such as TCF7 and CCR7 in
iNKTcy and iNKTgy supports the classification into circulating
and resident-phenotype iNKT cells. The iNKTgy subset is present
within the iNKT1, iNKT2, and iNKT17 lineages, but appears much
more prevalent within iNKT1 than in iNKT2 and iNKT17 lineages.
These findings are consistent with earlier reports showing that
the expression of CD69 is much more limited on iNKT2 and
iNKT17 cells compared to iNKT1 cells [7,17]. CD69 directly
antagonizes the tissue exit receptor S1PR1 [19], suggesting
that CD69 may actively maintain the majority of iNKT1 cells as
a resident population. However, CD69 does not appear solely
responsible for the retention of iNKT1 in the spleen and thymus
[17]. Alternative pathways such as through LFA-1/ICAM1 inter-
actions likely contribute to the long-term persistence of iNKT1
in the tissues [7,9]. Despite the absence of CD69 expression
on the majority of iNKT17 cells, a large proportion of these
cells are maintained as tissue-resident cells [7]. The underlying
mechanisms of the regulation of tissue residency in iNKT17
cells remain unclear. Thus, iNKT1, iNKT2, and iNKT17 lineages
form heterogenic populations with respect to the regulation of
tissue residency with a CD69-dependent mechanism dominat-
ing in the iNKT1 lineage, but not in the iNKT2 and iNKT17
lineages.

The differentiation of mature iNKT cells is initiated in the
thymus and entails lineage specification into iNKT1, iNKT2,
or iNKT17 cells and the establishment of tissue residency. The
completion of these differentiation processes of splenic and liver
iNKT cells appears to occur at peripheral sites rather than in
the thymus. Although the thymus contains lineage-committed
populations of iNKT1, iNKT2, and iNKT17, these subsets do
not directly contribute to the seeding of the peripheral tissues.
iNKT cells that have recently emigrated from the thymus do not
yet express lineage-defining transcription factors such as T-bet
and RoryT, suggesting that lineage commitment of iNKT cells
is established in the periphery from uncommitted precursors
[17]. Recent thymic emigrants of iNKT cells have been described
within the CD44Mgh'NK1.1'% fraction [20] and more recently
within the CCR77 fraction of peripheral iNKT cells [17]. iNKT
cells employ the transcription factor KLF-2 and its downstream

© 2022 Wiley-VCH GmbH

Eur. J. Immunol. 2022. 52: 389-403

target S1IPR1 to exit the thymus [17, 21], suggesting that CCR7"
precursors emerge as CD69  iNKT cells. These recent thymic
emigrants appear to overlap with the CD69" iNKT¢y population
that partially expresses CCR7. Our findings suggest that the
establishment of tissue residency occurs downstream of lineage
specification. Thus, it appears that the CCR7" recent thymic
emigrants first diversify into iNKT1, iNKT2, and iNKT17 cells
before they acquire a tissue-resident phenotype.

The differentiation of iNKT cells appears to be under the
control of a hierarchical network of transcription factors. The
broad complex, tramtrack, bric-a-brac-zinc finger transcription
factor promyelocytic leukemia zinc finger (PLZF) acts as the
master regulator of iNKT cells that drives memory formation
of the lineage. In the absence of PLZF iNKT cells arrest in an
immature CD44'°“CD62L¢" naive-like stage and preferentially
accumulate in the lymph nodes similar to conventional T cells
[22,23]. In contrast, enforced expression of PLZF drives memory
formation in conventional T cells [23,24]. The lineage-driving
transcription factors Tbet and RoryT act downstream of PLZF to
establish the iNKT1 and iNKT17 lineages, respectively [4, 25].
We have previously shown that the transcription factors Hobit
and Blimp-1 collaborate to establish the transcriptional program
of tissue-residency in lymphocyte lineages that include iNKT cells
[8]. In this report, we have shown that Hobit and Blimp-1 did
not impact the differentiation into iNKT1, iNKT2, and iNKT17
cells. In contrast, Hobit and Blimp-1 instructed the acquisition of
the residency-associated molecules CD39, CD49a, CD69, CXCR®6,
and P2RX7 and impaired upregulation of molecules associated
with migratory potentials such as CD62L, CCR7, and TCF7.
These findings strongly support that Hobit and Blimp-1 drive
the development of iNKTgy after lineage commitment of iNKT
cells. The elevated expression of Hobit in the iNKT1 lineage com-
pared to the iNKT2 and iNKT17 lineages may enforce stronger
iNKTgy differentiation in this lineage. The inclusion of the Hobit
promoter-driven reporter in Hobit and Blimp-1 deficient mice
allowed us to visualize the alternative fate of iNKTgy in these
mice. Strikingly, the Hobit promoter-driven reporter marked
iNKT¢y in Hobit and Blimp-1 deficient mice in contrast to WT
mice. Therefore, our findings are consistent with an essential role
for Hobit and Blimp-1 in the transition of iNKT¢y into iNKTgry
cells. This impact of Hobit and Blimp-1 on iNKT differentiation
was not identical between the analyzed tissues. The requirement
for Hobit and Blimp-1 in the formation of iNKTgy, was more
notable for populations in the thymus and liver than for those
in the spleen. Potentially, the location of iNKTgy in the thymic
epithelium or the vascular beds of the liver makes them more
dependent on Hobit and Blimp-1. Despite the limited effect on
iNKTry numbers in the spleen, Hobit and Blimp-1 have a major
impact on splenic iNKT cell differentiation. Previously, we have
shown that splenic iNKT cells depend on Hobit and Blimp-1 to
locate to the red pulp rather than the white pulp [8]. Moreover,
in this report, we have shown that Hobit and Blimp-1 appeared
to impair iNKT¢y differentiation mostly in the spleen. In combi-
nation, these findings suggest that Hobit and Blimp-1 may enable
iNKT1 cells to persist in peripheral rather than in lymphoid
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tissues through the instruction of a Try phenotype instead of a
Tcm phenotype. Importantly, the Hobit and Blimp-1 driven sup-
pression of CD62L and CCR7 expression may limit access of iNKT1
cells to the spleen and lymph nodes. Thus, the differentiation of
iNKT1 cells appears to involve sequential developmental stages
of PLZF-driven memory formation, Tbet-driven lineage specifi-
cation, and finally Hobit and Blimp-1-driven regulation of tissue
residency.

Material and methods
Mice

C57BL/6JRj Ly5.2 and B6.SJL-Ptprc?Pepc®/BoyJ x C57BL6/JRj
(CD45.1 x CD45.2) wild-type mice were either purchased from
Janvier or bred in the animal facility of the Netherlands Cancer
Institute (NKI). Hobit reporter ((B6-Tg(Zfp683-tdTomato-P2A-
cre-P2A-DTR)) were generated as previously described [15].
Blimp-1 deficient, Hobit deficient [16], Hobit and Blimp-1
double-deficient mice, and Blimp-1 % [26] were crossed on
Hobit reporter mice to obtain lines of these mice with one Hobit
reporter allele. Experimental mice were strictly matched by age
(8-12 weeks) and gender. All of the mouse lines were maintained
under SPF conditions at the mouse facility of the Netherlands
Cancer Institute (NKI). Animal experiments were performed
according to national and institutional guidelines.

Mixed bone marrow chimeras

Mixed bone marrow (BM) chimeras were generated by lethal irra-
diation (2 x 5Gy) of wild-type CD45.1 x CD45.2 bone marrow
recipients, that were subsequently reconstituted with 2 x 107
bone marrow cells of donor mice. The recipient mice were intra-
venously injected with BM cells of Hobit Reporter (CD45.1%) and
Hobit and Blimp-1 double-deficient (CD45.27) mice in a 1:1 ratio.
Cells of host and donor origin were identified using the congenic
markers CD45.1 and CD45.2. Chimeric mice were analyzed 8-10
weeks after BM engraftment.

Cell preparation of murine tissues

Spleen, lymph nodes, thymus, and liver were isolated and ground
over 70 M nylon cell strainers (Corning) to obtain single-cell
suspensions of lymphocytes from these organs in PBS containing
0.5% BSA. Liver lymphocytes were separated from the other cell
fractions using 44% and 66% Percoll (GE Healthcare) density gra-
dient centrifugation. The liver lymphocyte fraction was obtained
from the interface of the 44% and 66% Percoll layers. Spleen
and liver cell suspensions were incubated with erylysis buffer
(155 mM NH4CI, 10 mM KHCO3, and 1 mM EDTA) to remove
contaminating red blood cells.

© 2022 Wiley-VCH GmbH
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Diptheria toxin treatment

tdTomato™ iNKT cells were deleted in vivo by injecting Hobit
reporter mice intraperitoneally with 400 ng of diphtheria toxin
(DT; Merck) in 200 pl PBS once a day for 4 consecutive days.

Antibodies and tetramers

The following anti-mouse monoclonal antibodies for flow cytome-
try were purchased from Thermo Fisher Scientific, BD Biosciences,
or Biolegend: anti-TCRB (H57-597, cat# 109224, 109206), anti-
CD62L (MEL-14, cat# 746726, 104441, 17-0621-83), anti-CD69
(H1.2F3, cat# 564684, 612793), anti-CD122 (TM-f1, cat#
123207, 123216), anti-CD4 (GK1.5, cat# 11-0041-85), anti-
CD8a (53-6.7, cat# 100712 anti-CD44 (IM7, cat# 11-0441-85,
103030, 56-0441-82), anti-NK1.1 (PK136, cat#564144), anti-
Ly49C/F/I/H (14B11, cat# 108209), (90 cat#56-0381-82), anti-
CD39 (24DM51, cat# 25-0391-82), anti-CD49a (Ha31/8, cat#
562113), anti-CXCR6 (SA051D1, cat# 151109), anti-P2 x 7
(1F11 cat# 94464), anti-CCR7 (4B12, cat# 562675) anti-TCF7
(833-966, cat# 564217), anti-KI67 (B56, cat# 561277), anti-
CD3€ (145-2C11; cat# 563565), anti-T-bet (eBio4B10, cat# 12-
5825-82), anti-RORyt (Q31-378, cat# 564722), GATA3 (L50-823,
cat# 560068), anti-CD45.1 (A20, cat# 110714), and anti-CD45.2
(104, cat# 109822). Dead cells were excluded from our analysis
using the LIVE/ DEAD Fixable Near-IR Dead Cell Stain kit (Invit-
rogen; L10119, cat# 2134021). To detect iNKT cells, tetramers
of CD1d containing the a-GalCer derivative PBS57 (cat# 44870)
were obtained from the Tetramer Core Facility of the US National
Institutes of Health.

Flow cytometry

Flow cytometry was performed according to the guidelines [27].
Cells were stained with fluorochrome-conjugated antibodies in
PBS supplemented with 0.5% FCS at 4°C for 30 min. For staining
of intracellular transcription factors, the Foxp3/Transcription Fac-
tor Staining Buffer Set (eBioscience; 00-552-00) was used accord-
ing to the instructions of the manufacturer. Labeling with CD1d-
PBS57 tetramers (NIH tetramer core facility) was performed at
4°C for 30 min. Unbound antibodies and tetramers were removed
by washing in PBS supplemented with 0.5% FCS. Samples were
measured using an LSR Fortessa (BD Biosciences) and expression
was analyzed using FlowJo V10 software (Tree Star).

Assessment of CRE recombinase activity at Blimp-1
locus

TCRB™ CD1d-PBS57" tdTomato~, tdTomato™ iNKT cells, and
TCRB™ CD4" CD44 CD62L*" Naive T cells were isolated from
the spleen by flow cytometry-assisted cell sorting. Cell lysates
of sorted naive CD4 T cells, tdTomato, and tdTomato®™ iNKT
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cells were obtained using lysis buffer (100 mM Tris-HCl, 5mM
EDTA pH 8.0, 0.2% SDS, 200 mM NacCl, 200 png/ml proteinase K
(03115879001; Sigma-Aldrich). Genomic DNA (gDNA) was iso-
lated from cell lysates using isopropanol extraction. The following
forward primers were used for amplification of germline Blimp-
1 (forward: 5- GGCAAGATCAAGTATGAGTGC -3’) and recom-
bined Blimp-1 (forward: 5- AGGTGTCTAGCCTTTGTATTTG-3"),
in combination with a common reverse primer (reverse: 5’-
TGAGTAGTCACAGAGTACCCA-3’). Amplification of gDNA was
performed on a Verity 96 wells Fast Thermo Cycler (Applied
Biosystems) using the DreamTaq Hot Start Green PCR Master-
mix (Thermo Scientific, K9022). Samples were loaded onto a 2%
agarose gel followed by gel electrophoresis at 100 V on a Mupid-
One Sub-Cell GT from Biorad.

Statistics

Values are expressed as mean + SEM as indicated. Differences
between the two groups were assessed by the Student’s t-test. Dif-
ferences between more than two groups were assessed using one-
way ANOVA followed by a Bonferroni post hoc test. A p-value of
less than 0.05 was considered statistically significant (*p < 0.05;
**p < 0.005; ***p < 0.0005).
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