1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2022 January 01.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2021 January 01; 206(1): 132-140. doi:10.4049/jimmunol.2000870.

The INKT cell response has differential signaling requirements
during Ag-dependent and Ag-independent activation

Courtney K. Anderson”, Shanelle P. Reilly", Laurent Brossay™'

*Department of Molecular Microbiology & Immunology, Division of Biology and Medicine, Brown
University, Providence, Rl 02906, USA

Abstract

Invariant natural killer T (iNKT) cells are an innate-like population characterized by their
recognition of glycolipid antigens and rapid cytokine production upon activation. Unlike
conventional T cells, which require TCR ligation, iNKT cells can also be stimulated independently
of their TCR. This feature allows iNKT cells to respond even in the absence of glycolipid antigens,
for example during viral infections. Although the TCR-dependent and -independent activation of
iNKT cells have been relatively well established, the exact contributions of IL-12, IL-18, and toll-
like receptors (TLRs) remain unclear for these two activation pathways. To definitively investigate
how these components affect the direct and indirect stimulation of iINKT cells, we used mice
deficient for either MyD88 or the IL-12RB2 in the T cell lineage. Using these tools, we
demonstrate that IL-12, 1L-18, and TLRs are completely dispensable for the TCR activation
pathway, when a strong agonist is used. In contrast, during murine cytomegalovirus (MCMV)
infection when the TCR is not engaged, 1L-12 signaling is essential and TLR signaling is
expendable. Importantly, we discovered an intrinsic requirement for 1L-18 signaling by splenic
iNKT cells, but not liver iINKT cells, suggesting that there might be diversity even within the
NKT1 population.

INTRODUCTION

CDA1d-restricted T cells are a unique family of innate-like T cells, found in a number of
species (including humans and rodents), which are activated by glycolipid antigens rather
than traditional peptides (1). Owing to their expression of NK cell markers and a TCR, they
are referred to as natural killer T (NKT) cells. iNKT cells, or type I NKT cells, express a
semi-invariant TCR repertoire, where a single a.-chain pairs to a limited number of B-chains.
iNKT cells are further characterized by their ability to undergo rapid activation and cytokine
production upon TCR ligation with a strong agonist, such as the glycolipid a-
galactosylceramide (a-GalCer) (2, 3); this rapid activation is in part due to the expression of
preformed mRNAs for IFN-y and IL-4 (4, 5). Early work originally indicated that TCR
engagement was not sufficient for this response to a-GalCer (6, 7). INKT cells can also be
uniquely activated independently of their TCR by external signals, either exclusively by
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inflammatory cytokines (e.g. IFN-a/p, 1L-12, and IL-18) or in tandem with weaker antigens
(8, 9). This requires the activation of dendritic cells, for example following TLR engagement
(10-12). There is also work suggesting that iINKT cells can become activated through direct
TLR engagement (13-15). Access to TCR-independent mechanisms of activation allows for
iNKT cells to participate during viral infections (16, 17), even in the absence of virally-
derived lipid antigens.

Murine cytomegalovirus (MCMV) is a B-herpesvirus, and well-characterized model of viral
infection for human CMV infections. The acute cytotoxic response is spearheaded by natural
killer (NK) cells, which are robust producers of IFN-y, perforin, and granzymes (18, 19).
iNKT cells also make large amounts of IFN-y during the acute response. We previously
found that IL-12, and to a lesser extent IFN-a/B, was necessary for iNKT cell activation and
cytokine production, but that CD1d was dispensable (16). Others have shown that only IL-12
is required for /n vivo iINKT cell activation during MCMV (17). However, this previous
work from our lab and others has largely relied on global knockout mouse lines and /n vitro
studies (16, 17). More recently, the iNKT cell field has also shifted away from a linear
model of development/maturation towards a lineage model. This categorization more
accurately, and definitively, classifies INKT cells into different subsets that parallel CD4 T
helper cell nomenclature; these are based on iNKT cell transcription factor requirements
(e.9. RORt, T-bet, GATA3, and PLZF) and cytokine responses (e.g. IFN-vy, IL-4, and
IL-17), and include NKT1, NKT2, and NKT17 cells, as well as specialized subsets such as
NKT10 and NKT# cells (9, 20). It is also interesting to note that different strains of mice
can be enriched for certain iINKT cell lineages; for example C57BL/6 mice primarily have
NKT1 cells in the thymus, spleen, and liver, while BALB/c mice have robust populations of
NKT1, NKT2, and NKT17 cells (20).

Taking into account the changing iNKT cell field, including their previously unappreciated
heterogeneity, and the lack of T cell lineage-specific mouse models, we revisited the
response of iINKT cells during both TCR-dependent (a-Galcer) and TCR-independent
(MCMV) stimulation. To elucidate this, and more accurately establish the signaling
requirements for the contribution of iNKT cells, we began by generating mice conditionally
deficient for either IL-12RB2 or MyD88 signaling in the T cell lineage. MyD88 not only
acts down-stream of all the TLRs, except TLR3, but is also a component of the IL-1R/
IL-18R superfamily. Using these new mice, we first demonstrated that IL-12RB2 and
MyD88 signaling are dispensable for iINKT cell development and peripheral localization.
We also determined that IL-12, IL-18, and TLR engagement are expendable when a strong
agonist is used. Additionally, we confirmed that IL-12 is necessary for the activation of
iNKT cells during MCMYV infection and ruled out a role for TLRs. Somewhat unexpectedly,
we found that iNKT cells have an intrinsic requirement for MyD88 during infection; splenic
iNKT cells become hyporesponsive in the absence of MyD88 signaling, yet hepatic iNKT
cells are unaffected. This is not because of an inability to appropriately produce IFN-y upon
activation, or a diminished population of cells capable of producing IFN-y (NKT1 cells).
Rather, we determined that this defect remains even after MyD88-deficient iINKT cells are
adoptively transferred into a wild-type environment. We also ascertained that the specific
component of MyD88 signaling important for splenic iNKT cells is the IL-18R. Together,
these data illustrate a previously unappreciated outcome when iNKT cells are stimulated via
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their IL-18R; this is indicated by the requirement of IL-18 signaling of splenic iINKT cells
during MCMV infection, but not hepatic iNKT cells.

MATERIALS & METHODS

Mice.

IL-12RB2 mice were generated at the Brown Transgenic Facility, as previously described
(21). B6.129P2(SJL)-MyD88&m1Defr/] (MyD8sf/fl Cat #: 008888), B6.129X1-
GH(ROSA)26SorfMI(EYFF)C0s1) (eYFP, Cat #: 006148), I1L-187/~ (Cat #: 004130), and
C57BL/6 (B6, Cat #: 000664) mice were purchased from Jackson Laboratory. B6.Cg-
Tg(CD4-cre)1Cwi N9 (CD4cre, Cat #: 4196), Balb/c (Cat #: BALB-F), and B6.SJL (Cat #:
002014) mice were purchased from Taconic. IL-12RB2/T CD4cre*’~ and MyD88f/fl eYFP
*I= CD4cre*!~ mice were generated and maintained in-house, along with littermate controls
(IL-12RB2* CDA4cre*~ and MyD88/* eYFP*/~ CD4cre*/~, respectively). Both age- and
sex-matched female and male mice (6-26 weeks) were used for these studies; littermates
were used as controls for MyD88 cKO and IL-12BR2 cKO mice. All experiments were
performed in accordance to the Guide for the Care of Use of Laboratory Animals, as defined
by the NIH (PHS Assurance #A3284-01). The Institutional Animal Care and Use
Committee (IACUC) of Brown University reviewed, and approved, the animal protocols
performed in this study. Animals were housed in an AAALAC-accredited and centralized
research facility.

Virus and infection protocol.

MCMV-RVG102 (referred to throughout as MCMV) expresses recombinant EGFP under the
immediate early-1 promoter (22), and was a gift from Dr. John Hamilton (Duke University).
MCMV stocks were prepared from salivary gland homogenate and their viral titers were
determined via standard plaque assay using mouse embryonic fibroblast cells (18).
Infections were performed with 5 x 104 or 1 x 10° PFU i.p. All infections examining the
iNKT cell response were for 36 hours, and all infections for CD8* T cells were for 7 days.

a-GalCer treatment.

Mice were treated with 2 pg of a-GalCer (KRN7000, Avanti Polar Lipids, Inc.) in 0.5%
PBS-Tween i.p. for two hours, and compared to a 0.5% PBS-Tween vehicle control.

Lymphocyte isolation.

Spleens were dissociated in 1% PBS-serum, filtered, and underlayed with lympholyte-M
(Cedarlane Laboratories) or dissociated in 150 mM NH4CI for 10 minutes, filtered, and
washed twice with 1% PBS-serum. Livers were perfused with 1% PBS-serum prior to
harvesting, dissociated using the GentleMACS program EO.1 (Miltenyi Biotech), and
filtered; samples were washed three times in 1% PBS-serum, overlayed onto a two-step
discontinuous Percoll gradient (GE Healthcare Bio-Sciences), and centrifuged at room
temperature for 20 minutes at 2500 RPM. Thymi were dissociated in 1% PBS-serum and
filtered. Live cell counts were obtained using trypan blue to exclude dead cells with a
hemocytometer or propidium iodide to exclude dead cells on a MACSQuant (Miltenyi).
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Adoptive transfer.

Splenic iINKT cells from MyD88 control or cKO animals were enriched using magnetic
depletion on an AutoMACS or OctoMACS (Miltenyi) with CD19 and CD8 MicroBeads
(Miltenyi). Samples were then i.v. injected into B6.SJL recipients and 3 hours post-injection
recipients were infected with MCMV. At 36 hours post-infection, recipients were sacrificed
and splenic iINKT cells were enriched using magnetic depletion on an AutoMACS or
OctoMACS (Miltenyi) with CD19 and CD8 MicroBeads (Miltenyi). The entire splenic
negative fraction and liver samples were then stained to determine IFN-y production.

Antibodies and flow cytometry.

Staining was performed in 1% PBS-serum containing CD1d-, M45-, or M57-loaded tetramer
(NIH Tetramer Facility), extracellular antibodies, and Fc block (2.4G2) in the dark for 15
minutes at room temperature followed by 15 minutes on ice. Intracellular staining was
performed by fixing samples for 30 minutes with Cytofix/Cytoperm (BD Biosciences),
followed by staining in Perm/Wash Buffer (BD Biosciences) for 30 minutes. Intranuclear
staining was performed by fixing samples for 30 minutes with Fixation/Permeabilization
Solution (eBioscience), followed by staining in Permeabilization Buffer (eBioscience) for 30
minutes. To maintain eYFP expression during intranuclear staining, samples were prefixed
with fresh 4% PFA (Electron Microscopy Science) for 15 minutes, fixed using Fixation/
Permeabilization Solution 2 (Miltenyi) for 40 minutes, incubated with 1% Triton X-100 for
15 minutes, and then stained for 30 minutes in PBS. Samples were run on a FACSAria lll
(BD Biosciences) or MACSQuant (Miltenyi) and analyzed using FlowJo (Tree Star Inc.).
The antibodies listed below were used for flow cytometry and purchased from BD,
BiolLegend, eBioscience, or Thermo Fisher Scientific: CD4-APC, CD4-BV570, CD8a-
BV605, CD19-BV785, CD19-PE, CD45-APC-eF780, CD45-BV570, CD45.1-APC,
CD45.2-PerCP-Cy5.5, CD69-FITC, CD69-PE, CD69-PerCP-Cy5.5, CD127-PerCP-eF710,
IFN-y-APC, IFN-y-PE, IL-4-PE-Cy7, KLRG1-PE-Cy7, NK1.1-BV785, NK1.1-PE-Cy7,
PLZF-PE, RORyt-PerCP-eF710, RORyt-APC, T-bet-PE-Cy7, TCRB-BV510, TCRB-FITC,
TCRB-PerCP-Cy5.5.

Western blot.

Protein lysate was run on a 4-20% Mini-Protean TGX gel (BioRad) and transferred onto a
nitrocellulose membrane (BioRad). Membranes were incubated overnight at 4 °C with
purified anti-MyD88 antibody (ProSci) followed by peroxidase-conjugated donkey anti-
rabbit (Jackson ImmunoReseach) and Precision Protein StrepTactin-HRP Conjugate
(BioRad). SuperSignal West Pico Chemiluminescent Substrate was used for imaging
(Thermo Scientific). Membranes were stripped and incubated overnight at 4 °C with purified
anti-p-actin (Invitrogen) followed by peroxidase-conjugated donkey anti-mouse (Jackson
ImmunoResearch) and Precision Protein StrepTactin-HRP Conjugate (BioRad).

Statistical analysis.

Statistical analyses were performed with Prism 7.0 or 8.0 (Graph-Pad Software, Inc.).
Unpaired two-tailed Student’s t-tests were used to compare two individual groups. Error bars
indicate SEM and *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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IL-12RB2 and MyD88 signaling are dispensable for iNKT cell development and peripheral

localization

To characterize the roles of IL-12, IL-18, and TLRs on iNKT cell activation during MCMV
infection, we generated two conditionally deficient mouse lines. We utilized MyD88 as a
means to broadly begin looking at the importance of IL-18 and TLRs in tandem, because it
is an adaptor protein that signals downstream of all TLRs (except TLR3) and the IL-1R/
IL-18R superfamily (23). MyD88 conditional knockouts (cKOs) were generated by crossing
MyD88/fl mice with CD4Cre recombinase expressing animals and a line expressing
enhanced yellow fluorescent protein (eYFP) in the Rosalocus. Cre recombinase driven by
the CD4 promoter allows for deletion at the DN4/DP stage of T cell development (24, 25),
and Rosa-e YFPis surrounded by /oxP-flanked stop sequences, acting as a reporter of Cre
recombinase activity (26). Western blot confirms T cell-specific loss of MyD88 protein
expression from MyD88M/fl eYFP*/~ CD4cre*~ mice (referred to as MyD88 cKO),
compared to littermate controls (MyD88f/* eYFP*/~ CD4cre*/~, referred to as MyD88
control) (Fig. S1A). eYFP expression also effectively labels almost the entirety of cells in
the T cell lineage, including iNKT cells (Fig. S1B). To investigate the role of IL-12,
IL-12RB2 cKO were made by crossing IL-12Rp21/f mice our lab recently generated (21)
with CD4cre expressing mice; however, /L12rb2and Rosa-e YFP are both on Chromosome
6, which prohibited the use of this tool.

We first wanted to establish that iNKT cells from naive animals were not affected by loss of
IL-12RB2 or MyD88. IL-12Rp2M/fl CD4cre*/~ mice (referred to as IL-12RB2 cKO) have
comparable T cell development and peripheral iNKT cell populations to littermate controls
(IL-12RB2M/* CDA4cre*!~, referred to as IL-12RB2 control) (Fig. 1A, B). IL-15 and IL-7 are
known to be important for differentiation into NKT1 and NKT17, respectively (27-30), thus
we also investigated the ratio of NKT1, NKT2, and NKT17 populations in the absence of
IL-12; using PLZF, RORvt, and T-bet expression allows for the differentiation of these three
subsets. The majority of thymic iINKT cells from mice on the C57BL/6 background are
NKT1 cells (20). Since NKT2 and NKT17 cells are scarce, a BALB/c control was used to
establish the gating for these experiments, however even in this strain there can be variation
(Fig. S1C, D). As expected, IL-12RB2 control mice are predominantly populated by NKT1
cells, and loss of 1L-12 signaling has no observable effects on the proportion of thymic
NKT1, NKT2, and NKT17 cells (Fig. 1C, S1C). Similarly to what we find for IL-12R32
cKO mice, T cell development and iNKT cell populations in the thymus and periphery are
similar between MyD88 cKO mice and littermate controls (Fig. 1D-F, S1D). These data
illustrate that IL-12, IL-18, and TLRs are dispensable for the development of iNKT cells and
their peripheral localization.

IL-12 and IL-18 are dispensable during agonistic stimulation of iNKT cells

To determine whether IL-12 or IL-18 have any roles during iNKT cell TCR-mediated
activation, we utilized a-GalCer (KRN7000). a-GalCer is a potent synthetic iNKT cell
agonist, and results in both rapid and robust IFN-y and IL-4 production (2, 3). Mice were
stimulated with a-GalCer and iNKT cells were assessed 2 hours post-stimulation, and
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vehicle alone was used as a control. We found that neither IL-12Rp2 (Fig. 1G) or MyD88
(Fig. 1H) affect the IFN-y and IL-4 response of iNKT cells to a-GalCer treatment. Previous
studies have suggested a role for co-stimulation and IL-12 produced by activated dendritic
cells (6, 7), however the data presented here indisputably demonstrate that when iNKT cells
are activated via their TCR using a strong agonist, other signals from IL-12, IL-18 or TLRs
are dispensable.

Loss of IL-12Rp2 signaling has major effects on iNKT cell activation following MCMV
infection, and MyD88 signaling has organ-specific effects

We next wanted to investigate the iINKT cell-specific response to MCMV, where they are
activated independently of TCR engagement, in the absence of the IL-12R and MyD88. Our
lab, and others, have previously shown that IL-12 in particular, but also IFN-a./p and IL-18,
are important for an optimal iNKT cell response (16, 17). The peak of the INKT cell
response is 36 hours post-infection, and is characterized by robust IFN-y production in the
spleen and liver, but not IL-4 (16). At day 1.5 post-infection, IL-12RB2 cKO mice and
littermate controls have comparable frequencies and numbers of INKT cells in the spleen
and liver (Fig. 2A, B), however the IFN-y response is completely abolished in the absence
of IL-12 signaling (Fig. 2C, D). In contrast, the NK cell response is unaffected, since they
retain their ability to respond to IL-12 (Fig. 2E & Fig. S2A).

Loss of MyD88 signaling in iNKT cells also does not affect their frequency or number in the
spleen and liver at 36 hours post-infection with MCMV (Fig. 3A, B). Surprisingly however,
splenic iINKT cells appear to be hyporesponsive compared to littermate controls (Fig. 3C,
D), with approximately half the amount of IFN-y* iNKT cells. This impairment does not
coincide with decreased CD69 expression (Fig. 3E). In contrast, the frequency of iINKT cells
producing IFN-y in the liver is unaffected in the absence of MyD88 (Fig. 3C, D), indicating
there may be organ specific requirements. This hyporesponsiveness is not a global defect, as
indicated by the normal NK cell response (Fig. 3F & Fig. S2B). Notably, these diminished
responses are not the result of an intrinsic defect in these cell’s ability to produce IFN-y
upon stimulation, since they are fully capable of responding to other stimuli, including a-
GalCer (Fig. 1H).

The CD8* T cell response does not require MyD88 during MCMV infection

To determine whether the hyporesponsive phenotype of MyD88-deficient iINKT cells was
unique, or a potential issue for other T cells during MCMYV infection as well, we next
considered the adaptive response. It is well known that there is a robust non-inflationary
CD8™ T cell response, whose expansion and activation both peak on day 7 post-infection; in
C57BL/6 mice, this population recognizes a number of MCMV-derived antigens, including
M45 and M57 (31, 32). Following MCMYV infection, we find a comparable frequency and
number of CD8* T cells from MyD88 c¢KO and littermate controls in the spleen and liver on
day 7 (Fig. 4A, B). We then examined the quality of the CD8* T cell response by staining
with MCMV-specific MHC class | tetramers loaded with either the M45 or M57 epitopes. In
the absence of MyD88 signaling, these antigen-specific CD8* T cells are also unaffected in
MyD88 cKO mice, compared to littermate controls (Fig. 4C, D). Finally, we looked at the
proportion of responding cells that differentiated into T effector cells (Tgrr,
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KLRG1*CD1277) on day 7 post-infection. However, loss of MyD88 also had no effect on
the formation of this effector population (Fig. 4E). Together, these data indicate that MyD88
signaling does not influence all T cell populations during MCMYV infection, rather that
splenic iINKT cells are uniquely sensitive to its absence.

NKT1 cells are not detrimentally affected by loss of MyD88 signaling

We next wanted to establish whether splenic iNKT cell hyporesponsiveness was due to a
difference in the subsets of iINKT cells during acute MCMYV infection. To answer this
question, we assessed whether the proportion of NKT1, NKT2, and NKT17 cells in the
spleen was altered in the absence of MyD88 by looking at PLZF, RORvyt, and T-bet
expression; similarly to CD4* T helper subsets, NKT1 cells predominantly produce IFN-y.
While MyD88 cKO mice have a slight increase in the frequency of NKT1 cells in the spleen
and liver at 36 hours post-infection, there is no difference in absolute number (Fig. 5A, B &
Fig. S3A). Conversely, there is also a modest decrease in NKT17 cell frequency (spleen and
liver) and absolute number (liver), compared to littermate controls (Fig. 5A, B & Fig. S3A).
These minor alterations are not observed in naive animals (data not shown). While it is
difficult to make conclusions about NKT2 and NKT17 cells given their scarcity, the
hyporesponsiveness of MyD88-deficient splenic iINKT cells is likely not due to a loss of
IFN-y-producing cells during MCMYV infection.

Loss of IL-18 signaling phenocopies the response of iNKT cells in MyD88 cKO mice

Since MyD88 is an adaptor protein that is downstream of a number of important signaling
pathways, we wanted to determine which of its functions are responsible for the phenotype
we are observing. IL-18 has been shown to be critical for iINKT cell activation in some
studies (33), but dispensable in others (17). We therefore began by comparing the iNKT cell
response in IL-18/~ mice and C57BL/6 wild-type controls. At 36 hours post-MCMV
infection, there is no difference in the frequency or absolute number of splenic or hepatic
iNKT cells (Fig. 6A, B). Surprisingly however, when we looked at the frequency of cells
producing IFN-vy, the iNKT cells in the spleen of IL-18~ mice were hyporesponsive, while
unaffected in the liver (Fig. 6C, D). Similarly to our findings in MyD88 cKO animals, there
was no difference in CD69 expression accompanying the defect in IFN-y* splenic iNKT
cells (Fig. 6E). As previously observed, NK cells are also affected by the absence of 1L-18
signaling in the spleen and have a decreased frequency of IFN-y producing cells, compared
to wild-type animals (Fig. 6F). Together, these data illustrate that loss of IL-18 signaling by
iNKT cells phenocopies the results we observed in MyD88 cKO animals. In addition, it
demonstrates that the effects observed are likely exclusively mediated by 1L-18, with
minimal direct roles for TLR ligands on iNKT cells, if any.

Splenic iNKT cells are intrinsically affected by loss of MyD88 signaling

We next wanted to determine whether the defect in MyD88-deficient splenic iNKT cells was
due to an extrinsic result of their environment, or an intrinsic consequence on the cells
themselves. To tease these two circumstances apart, we took an adoptive transfer approach.
Bulk splenocytes from MyD88 cKO mice or littermate controls (CD45.2*) were enriched for
iNKT cells and i.v. injected into B6.SJL congenic recipients (CD45.1%). Three hours post-
transfer, recipients were infected with MCMYV, which allowed us to examine the donor cell
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response in a wild-type environment. When we look at the donor cells that trafficked back to
the spleen, surprisingly MyD88 cKO iNKT cells remain hyporesponsive compared to
MyD88 control cells (Fig. 7A, C). We also see a similar trend for the donor cells that
trafficked to the liver, however it was not statistically significant (Fig. 7A, C). To illustrate
that we are not detrimentally affecting the cells during adoptive transfer, we also examined
the IFN-y production of donor NK cells from both groups, and found a comparable response
in the spleen and liver (Fig. 7B). Thus, splenic iNKT cell IFN-y production is intrinsically
affected in the absence of MyD88 signaling under these conditions. Since these cells were
only given three hours to acclimate to their new environment, it remains possible that if they
were allowed to reconstitute for a longer time period before infection, MyD88 signaling may
have different requirements.

DISCUSSION

The goal of these studies was to determine the importance of different signaling pathways on
the INKT cell response. We expanded upon earlier studies using a genetic approach in which
iNKT cells were impaired in their ability to respond to inflammatory cytokines and TLR
ligands. iNKT cells can be activated directly via their TCR, a mix of TCR signaling and
cytokine receptor signaling, and through inflammatory cytokines only (8, 9). Brigl and
colleagues initially postulated that IL-12 and CD1d recognition were the major pathways
responsible for the rapid activation of NKT cells during different microbial infections (34).
However, upon revisiting these findings they proposed that cytokine-driven signals
overwhelmingly dictate iINKT cell activation during microbial infections, rather than
microbial antigens (35). These conclusions, supported by data previously obtained by us and
others using viral infections, demonstrate that iNKT cells can be exclusively activated via
inflammatory cytokines (12, 16, 17, 36). In this study, we therefore focused on the two main
stimulation pathways that have been ascribed to iINKT cells, and used a-GalCer and MCMV
infection for direct and indirect stimulation, respectively.

Regarding direct TCR stimulation, it has been proposed that blockade of CD28-CD80/CD86
and CD40-CD154 pathways inhibit the a-GalCer-induced IFN-y production by splenic
iNKT cells due to reduced 1L-12 production by DC cells (7). Our results demonstrate that
IL-12, IL-18, and TLRs are completely dispensable when a strong agonist is used, which is
supported by the presence of preformed mRNA for IL-4 and IFN-y in resting iNKT cells
(5). However, although compounds likely closely related to a-GalCer have been reported as
endogenous and physiological ligand (37), it is nevertheless an extremely strong stimulus,
which does raise the question of how comparable the response we observe is to a more
relevant infection model. For example, iNKT cells are known to become activated in a
CD1d-dependent mechanism during Streptococcus pneumoniae infection in mice (38, 39).
Regarding cytokine receptor signaling, we and others have previously shown an essential
requirement of IL-12 for IFN-y production by iNKT cells during MCMYV infection, however
these were performed using global knockout mice (16, 17). Our results using the new
IL-12RB2 cKO mice presented here are congruent with these previous findings (Fig. 2), that
IL-12 signaling is essential for iINKT cell activation during MCMYV infection.
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Importantly, our data also clarify the role of TLR engagement (with the exception of TLR3)
directly on iNKT cells, particularly when the infection is known to involve several TLR
ligands. MCMV is primarily recognized in a TLR9-dependent manner by conventional and
plasmacytoid DCs, but also through TLR7 and TLRS3, resulting in the production of
inflammatory cytokines, e.g. IL-12, IL-15, 1L-18, IL-33, and IFN-a/B (40, 41). As a result,
global loss of MyD88 signaling results in the severe impairment of both NK and iNKT cell
activation following MCMV infection (40, 41). Whether or not iNKT cells actually express
TLRs themselves, or are directly stimulated by their ligands, remains controversial. Human
iNKT cells express all TLRs, except TLR8, but are not activated in the presence of TLR
ligands (42). Others find that murine iINKT cells express TLR2 and TLR4, and are capable
of activation through their ligands (13, 14). The expression of TLRs by murine iNKT cells is
also upregulated following TCR-activation, which enhances stimulation (15). Using MyD88
cKO mice allowed us to avoid affecting the inflammatory cytokine response from other
innate immune cells. Since the data obtained with IL-187/~ mice phenocopies MyD88 cKO
mice, this rules out a role for MyD88-dependent TLRs expressed by iNKT cells during
MCMYV infection. Rather, these results imply that TLR engagement on non-iNKT cells leads
to INKT cell activation indirectly.

Somewhat unexpectedly, we find that iINKT cell IFN-y production is differentially affected
in MyD88 cKO mice, compared to control animals — splenic iNKT cells are hyporesponsive,
while hepatic iINKT cells have a normal response. These data illustrate that hepatic INKT
cells do not require TLR engagement, but also do not require IL-18R engagement for
appropriate levels of IFN-vy. In contrast, a component of the MyD88 signaling pathway is
necessary for a robust cytokine response in the spleen during MCMV infection. Even though
splenic INKT cells in MyD88 cKO mice maintain their ability to respond to IL-12, in
conjunction with other pro-inflammatory cytokines, this is not sufficient (Fig. 3C, D). We
determined this hyporesponsive phenotype is due to an absence of IL-18 (Fig. 6), illustrating
a previously unappreciated role on the splenic iINKT cell response during MCMYV infection.

Whether IL-18 is playing a role during co-stimulation or in the priming of splenic INKT
cells during MCMV infection is unclear. NK cells are hyporesponsive in IL-187/~ animals
when stimulated with IL-12 ex vivo, however NK cells with previous access to IL-18 can
later adequately respond to IL-12 in the absence of 1L-18 co-stimulation (43). Thus, it is
possible that loss of IL-18 priming and loss of IL-18 co-stimulation will have different
effects on the iNKT cell response during MCMV infection. However unlike NK cells, when
wild-type iNKT cells are stimulated ex vivo with either 1L-12, IL-18, or IFN-B alone, no
single cytokine successfully provokes iNKT cells to produce IFN-y (17). A coordinated
requirement for IL-12 and either IL-18 or IFN-P was necessary for activation in vitro,
whereas IL-18 and IFN-p together were insufficient (17). Why access to IL-12 and IL-18 by
splenic iNKT cells is required for optimal IFN-y production, versus IL-12 and co-
stimulation with another pro-inflammatory cytokine (such as type | IFNSs) is sufficient in the
liver remains unclear. It could also be that in the absence of IL-18, other cytokines are
present in an adequate concentration for co-stimulation within the liver, but this threshold is
not reached in the spleen. Whether this is the case, and which cytokine(s) are involved,
requires further elucidation. Nevertheless, because splenic iNKT cells are intrinsically
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affected by loss of MyD88 signaling, these data suggest that there may be diversity even
within the NKT1 population.

There also remains the possibility that the loss of MyD88 signaling pathways in iNKT cells
could have a multifactorial effect, and not necessarily an additive defect. It will be important
to continue investigating the roles of additional MyD88-dependent cytokines such as IL-33
(44, 45), especially since our data clearly show that the INKT cell response during MCMV
infection has different requirements based on anatomic location. Furthermore, our work is
consistent with findings demonstrating that the localization of iINKT cells governs their
cytokine response, both at steady state and upon activation (46).

We also looked at whether loss of IL-12 or IL-18 signaling affected the proportion of iINKT
cell subsets during thymic development and acute MCMYV infection. In both instances, we
observed no major differences between cKO animals and littermate controls, and that the
majority of the INKT cells present were NKT1 cells. However, given the rarity of NKT2 and
NKT217 cells in mice on the C57BL/6 background, it would be interesting to examine how T
cell-specific loss of IL-12 and IL-18 signaling on the Balb/c background would influence the
ratio of these subsets.

To summarize, the findings presented here greatly improve our understanding of the
signaling requirements for iNKT cell activation. For a strong agonist like a-GalCer, that
directly engages with the iINKT cell TCR, no secondary signal from IL-12, IL-18, or TLRs
are required. In contrast, during viral infections like MCMYV, which lack glycolipid antigens,
external signals are essential for an appropriate iNKT cell response. We discovered a unique
requirement for IL-18 by splenic iNKT cells during MCMV infection. This intrinsic
requirement of MyD88 by splenic iINKT cells begs the question of what distinguishes iINKT
cells in different localizations to have distinct responses and signaling requirements, when
they are characterized as the same lineage.
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Key Points

IL-12, IL-18, and TLRs are dispensable for TCR-dependent activation of
iNKT cells

During TCR-independent activation, IL-12 is necessary, but not sufficient

Splenic, but not hepatic, INKT cells need IL-18 during TCR-independent
activation
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Figure 1.
IL-12RB2 and MyD88 signaling are dispensable for iNKT cell development, peripheral

localization, and their response to a strong agonist. (A) The CD4~CD8~ double negative
(DN), CD4*CD8* double positive (DP), and CD4" or CD8 * single positive (SP) stages of T
cell development in the thymus of IL-12RB2 control (black) and cKO (open) mice (n=18-
20). (B) Frequency of iNKT cells (TCRB*CD1dtet") in indicated organs from IL-12Rp2
control (black) and cKO (open) mice (n=13-20). (C) Frequency of NKT1, NKT2, and
NKT17 lineages from the thymus of IL-12Rp2 control (black) and cKO (open) mice (n=13).
NKT cell lineages (TCRB*CD1dtet*) were differentiated using PLZF and RORyt
expression. (D) The DN, DP, and CD4* or CD8" SP stages of T cell development in the
thymus of MyD88 control (black) and cKO (open) mice (n=17). (E) Frequency of iINKT
cells (CD45*TCRB*CD1dtet*) in indicated organs from MyD88 control (black) and cKO
(open) mice (n=5-7). (F) Frequency of NKT1, NKT2, and NKT17 lineages from the thymus
of MyD88 control (black) and cKO (open) mice (n=17-19). NKT cell lineages (TCRp
*CD1dtet™) were differentiated using PLZF and RORvyt expression. (G) Frequency of IFN-y
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*and IL-4* iNKT cells (TCRB*CD1dtet*) from the spleen and liver of 1L-12RB2 control
(black) and IL-12Rp2 cKO (open) mice 2 hours post-stimulation with a-Galcer (n=5-6).
(H) Frequency of IFN-y* and IL-4* iNKT cells (TCRB*CD1dtet*e YFP*) from the spleen
and liver of MyD88 control (black) and MyD88 cKO (open) mice 2 hours post-stimulation
with a-Galcer (n=6). Data are pooled from two (E, G, H) or at least three (A-D, F)
independent experiments and error bars indicate SEM.
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Figure 2.

Loss of IL-12RB2 signaling has major effects on iNKT cell activation during acute MCMV
infection. (A) Frequency and (B) absolute number of iNKT cells (TCRB*CD1dtet*) from the
spleen and liver of IL-12RB2 control (black) and IL-12Rp2 cKO (open) mice at 36 hours
post-infection with MCMV. (C) Frequency and (D) representative flow cytometry of IFN-y*
iNKT cells (TCRB*CD1dtet™) and (E) frequency of IFN-y* NK cells (TCRB™NK1.1*) from
the spleen and liver of indicated mice at 36 hours post-MCMV. Data are pooled from or
representative of two (A-E, n=6-8) independent experiments and error bars indicate SEM.
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Figure 3.
Splenic iINKT cells are hyporesponsive during MCMYV infection in the absence of MyD88

signaling. (A) Frequency and (B) absolute number of iNKT cells (TCRB*CD1dtet™) from
the spleen and liver of MyD88 control (black) and MyD88 cKO (open) mice at 36 hours
post-infection with MCMV. (C) Frequency and (D) representative flow cytometry of IFN-y*
iNKT cells (TCRB*CD1dtet*eYFP*) and (E) frequency of CD69" iNKT cells (TCRB
*CD1dtet*eYFP™) from the spleen and liver of indicated mice at 36 hours post-MCMV. (F)
Frequency of IFN-y* NK cells (TCRB~NK1.1%) from the spleen and liver of indicated mice
at 36 hours post-MCMV. Data are pooled from two (B, n=8) or three (A, C-F, n=11-12)
independent experiments and error bars indicate SEM.

J Immunol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Anderson et al.

(A

o’

Page 19

Spleen Liver (B) Spleen Liver
15+ 50 e~ 10 3-
[ ] (o] 2 . 000
000 40; ) g 8 s
] oo o 1 o
R LR I I
:. Ooo 000 8 [ ] ) %
Oo 20" Y o |_ 4 ®
5 ; {_ o 14 4 ©%50
10+ © 2 —E—o o
0 8 0 %0 8000
\ \ N O \
C L E©L CL E©L
& ¢ & 2° & & & 2
O & ¢ o‘b ¢ o‘b ¢ o‘b

15 15- 80
. 00 = 60
10{ o 02,80 X 10 * - ) %
o0 'I]? C o + ° . L L4 %
’1& _i_ 0% I~ -F @; F40{ o, O o*
o0 L. ° g 0 -‘3.‘:% B
51 ®e¢ = 51 i_ o] a A o
e ° o*e @] 8 =
- 0 - 0 -
Spleen Liver Spleen Liver Spleen Liver
e Control
o MyD88 cKO
Figure 4.

CD8* T cells do not require MyD88 signaling during MCMV infection. (A) Frequency and
(B) absolute number of CD8* T cells (TCRB*CD8*) from the spleen and liver of MyD88
control (black) and MyD88 cKO (open) mice on day 7 post-infection with MCMV.
Frequency of antigen-specific CD8* T cells (TCRB*CD8%eYFP*) in the spleen and liver of
indicated mice on day 7 post-MCMV using (C) M45-loaded and (D) M57-loaded MHC
class I tetramers. (E) Frequency of CD8* Tgrg cells (TCRB*CD8*eYFP*KLRG1*CD1277)
from the spleen and liver of indicated mice on day 7 post-MCMV. Data are pooled from
three independent experiments (n=9-12) and error bars indicate SEM.
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NKT1 cells are not detrimentally affected by loss of MyD88 signaling during acute MCMV
infection. (A) Frequency and (B) absolute number of NKT1, NKT2, and NKT17 cells
(CD45*CD1dtet* TCRB™) in the spleen and liver of MyD88 control (black) and MyD88 cKO
(open) animals at 36 hours post-infection with MCMV. NKT cell lineages were
differentiated using PLZF, ROR+yt, and T-bet expression. Data are pooled from two

independent experiments (n=9-10) and error bars indicate SEM.
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Figure 6.
Loss of IL-18 signaling results in hyporesponsive splenic iNKT cells, however hepatic iNKT

cells respond normally. (A) Frequency and (B) absolute number of iNKT cells
(CD45*TCRpB*CD1dtet*) from the spleen and liver of C57BL/6 (black) or IL-187/~ (open)
mice at 36 hours post-infection with MCMV. (C) Frequency and (D) representative flow
cytometry of IFN-y* iNKT cells (CD45*TCRB*CD1dtet*) and (E) frequency of CD69*
iNKT cells (CD45*TCRB*CD1dtet™) from the spleen and liver of indicated mice at 36 hours
post-MCMV. (F) Frequency of IFN-y* NK cells (CD45*TCRB™NK1.1%) from the spleen
and liver of indicated mice at 36 hours post-MCMV. Data are pooled from or representative
of two independent experiments (n=8) and error bars indicate SEM.
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Figure 7.
Splenic iINKT cells are intrinsically affected by loss of MyD88 signaling during acute

MCMYV infection. Frequency of IFN-y* donor (A) iINKT cells (CD45*TCRB*CD1dtet
*CD45.1"CD45.2*eYFP*) and (B) NK cells (CD45*TCRB™NK1.1*CD45.1"CD45.2*) from
the spleen and liver of B6.SJL recipients at 36 hours post-infection with MCMV. Donor cells
were isolated from either MyD88 control (black) or MyD88 cKO (open) animals and
enriched for iNKT cells prior to adoptive transfer. (C) Representative flow cytometry of
IFN-+y production by indicated donor iNKT cells from the spleen and liver of B6.SJL
recipients. Data are pooled from or representative of two independent experiments (n=6-7)
and error bars indicate SEM.
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