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Key Points

• A new subset of human and
murine type II NKT-TFH cells
against Gaucher lipids that
regulate B-cell immunity.

• A novel pathway for B-cell
help providing a mechanism
underlying chronic B-cell
activation and gammopathy
in metabolic lipid disorders.

Chronic inflammation includingB-cell activation is commonly observed in both inherited

(Gaucher disease [GD]) and acquired disorders of lipidmetabolism. However, the cellular

mechanisms underlying B-cell activation in these settings remain to be elucidated. Here,

we report that b-glucosylceramide 22:0 (bGL1-22) and glucosylsphingosine (LGL1),

2 major sphingolipids accumulated in GD, can be recognized by a distinct subset of

CD1d-restrictedhumanandmurine type IInaturalkillerT (NKT)cells.HumanbGL1-22–and

LGL1-reactive CD1d tetramer–positive T cells have a distinct T-cell receptor usage and

genomic and cytokine profiles comparedwith the classical type I NKT cells. In contrast to

type I NKT cells,bGL1-22– and LGL1-specific NKT cells constitutively express T-follicular

helper (TFH) phenotype. Injection of these lipids leads to an increase in respective lipid-

specific type II NKT cells in vivo and downstream induction of germinal center B cells,

hypergammaglobulinemia, and production of antilipid antibodies. Human bGL1-22– and

LGL1-specificNKTcells canprovide efficient cognate help toB cells in vitro. Frequency of

LGL1-specific T cells inGDmousemodels and patients correlateswith disease activity and therapeutic response.Our studies identify

a novel type II NKT-mediated pathway for glucosphingolipid-mediated dysregulation of humoral immunity and increased risk of B-cell

malignancy observed in metabolic lipid disorders. (Blood. 2015;125(8):1256-1271)

Introduction

Natural killer T (NKT) cells are distinct innate lymphocytes that
recognize lipid/glycolipid antigens in the context of the major his-
tocompatibility complex (MHC)-like molecule CD1d.1 NKT cells are
currently classified into 2major subsets: type I or invariantNKT (iNKT)
cells that express a semi-invariant T-cell receptor (TCR) and recognize
the prototypic antigen a-galactosylceramide (a-GalCer), and type II or
diverse NKT cells that use diverse TCR a and b chains and do not
recognize a-GalCer (reviewed in Godfrey et al2). The widely studied
type I NKT cells are more prevalent than type II NKT cells in mice
as compared with humans, whereas type II NKT cells comprise the
dominant subset of humanCD1d-restrictedTcells.3Recent studies have
begun to implicate a distinct regulatory role for type II NKT cells (or the
type I/type II NKT balance) in several settings including autoimmunity,
inflammation, obesity, and protection against tumors and pathogens.4-15

Sulfatidewas the first antigen recognized as a target formurine type
IINKTcells, and sulfatide-reactiveTcells are currently the best-studied
subset of murine type II NKT cells.4,6 Studies with murine transgenic
or sulfatide-reactive NKT cells have suggested that these cells have
a diverse but oligoclonal TCR repertoire and distinct genomic profile
and mode of TCR binding compared with type I NKT cells.16-19 The
spectrumof putativemurine type IINKT ligands has nowwidened, and

some of these ligands can be recognized by both type I and type II
NKTcells.20-27 Importantly, there are some species-specific differences
in ligand recognition between human and murine NKT cells.23,28

Understanding the diversity and functional properties of human type II
NKT cells against defined lipids is therefore of great interest in view of
their potential immunoregulatory role in several disease states.4,5

Dysregulation of glucosphingolipids (GSLs) has been demon-
strated in severalmetabolic disorders, includingGaucher disease (GD)
andobesity.29,30GD is an inborn error ofmetabolismdue todeficiency
of the lysosomal enzyme glucocerebrosidase (acid-b-glucosidase
[GBA]).30,31 GBA deficiency leads to progressive lysosomal storage
of b-glucosylceramide (b-GlcCer; GL1) and its deacylated product,
glucosylsphingosine (Lyso-GL1; LGL1), most conspicuously in the
mononuclear phagocytes.32,33 Elevated levels of these lipids can also
be detected in circulation, leading to modest elevation in GL1 and
a marked increase in LGL1 levels.34 Analysis of fatty acid acyl com-
positions of spleen from GD patients reveals that b-glucosylceramide
22:0 (bGL1-22) and GL1-24:0 are the most abundant b-GlcCer
species.35,36 The accumulation of lipids in GD patients is associ-
ated with a chronic progressive inflammatory state with an increase
in inflammatory cytokines, activation of macrophages, and high
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incidence of B-cell activation, manifest as polyclonal and monoclonal
gammopathy.32,37-40 Interestingly, chronic inflammation has been
observed in glucocerebrosidase-deficient mice with minimal sub-
strate accumulation lacking classically engorged macrophages,37

suggesting involvement of immune cells other than just macro-
phages in stimulating inflammation and B-cell activation. Here, we
have analyzed the host response to GD lipids to gain insights into
mechanisms underlying lipid-associated inflammation.

Materials and methods

Mouse and human subjects

Six- to 9-week-oldmice on aC57BL/6 backgroundwere used. CD1d2/2mice41

and Ja 182/2 on a C57BL/6 background were kindly provided by Dr Peter
Cresswell (Yale University, New Haven, CT). The generation of conditional
GBA knockout mice has been previously described.42 All mice were bred and
maintained in compliance with Yale University’s institutional animal care
guidelines. Peripheral bloodmononuclear cells (PBMCs) fromhealthy donors
were isolated frombuffy coats purchased fromNewYorkBloodCenter or from
patients with GD, following informed consents approved by the institutional
review board in accordance with the Declaration of Helsinki.

Isolation of human and mice mononuclear cells (MNCs)

CD141 monocytes were separated from PBMCs with CD14 magnetic beads
(Miltenyi Biotec) using themanufacturer’s protocol.MNCs from thymus, spleen,
and liver were isolated following a protocol described earlier.43

Antibodies and flow cytometry

Data were acquired with the LSRII system (BD Biosciences) and FACSCalibur
(BD Biosciences) and analyzed with FlowJo (Tree Star). Doublets were ex-
cluded with FSC1-FSC-H linearity. Mouse antibodies (clones) were as follows:
anti-CD3e(145-2C11), anti-CD4(RM4-5), anti-CD8(53-6.7), anti-CD19(1D3),
anti-B220(RA3-6B2), anti-F4/80(45-4801), anti-IgM(eB121-15F9), anti-IgD
(11-26c), anti-CD279/PD1(J43), anti-CD185/CXCR5(SPRCL5), anti-MHC II
(M5/114.15.2) (from eBioscience), anti-BCl-6(K112-91), anti-foxp3(MF23), anti-
ICOS(15F9), and anti-IL-21(FFA21). The human antibodies anti-CD3e (SK7),
anti-CD4(RPA-T4), anti-CD8(SK1), anti-CD45 RA(H100), anti-CD45RO
(UCHL1), anti-CD56(MY31), anti-IFN-g(B27), isotype control (MOPC-
21), anti-CD19(SJ25C1), anti-CD27 (M-T271), and anti-IL-21(3A3-N2.1)
were from BD Pharmingen; anti-TCR Va24(C15) and anti-TCR Vb11 (C21)
were fromBeckmanCoulter; and anti-CD62L(FN50), anti-PLZF(Mags.21F7),
anti- CD279/PD1(J105), anti-CD185/CXCR5(MU5UBEE), anti-CD38(HB7),
anti-FAS(15A7), and anti-GL7(GL7) were from eBioscience.

Lipids and CD1d tetramer loading

NKT ligand a-galactosyl-ceramide (a-GalCer) was kindly provided by
Kirin Breweries (Tokyo, Japan). b-D-GlcCer d18:1-C24:1(15Z),C12:0 was
from Avanti Polar Lipids. b-D-GlcCer d18:1-C22:0 (thin-layer chromatog-
raphy purity.98%) and lysoglucocerebroside (thin-layer chromatography
purity.98%) were fromMatreya.Mouse and human empty CD1d tetramer
were obtained from the National Institutes of Health (NIH) tetramer facility
(Atlanta, GA). A molar loading ratio (lipid to CD1d) of 200:1 was used for
tetramerization studies for bothmouse and human tetramers as used in other
studies.21,25 The unloaded multimer control was prepared by mixing CD1d
tetramer with the carrier only.

Stimulation of NKT cells in culture

For stimulation with anti-CD3/CD28 beads (Miltenyi Biotec), sorted
tetramer-positive cells were stimulated with anti-CD3/CD28 beads in a 96-
well U-bottom plate. For some experiments, sorted bGL1-22/LGL1/
a-GalCer tetramer-positive cells were cultured with CD1d-expressing cell
line (C1rd cells; kindly provided by Dr Mark Exley, Boston) or mock-
transfected control cells at a T-cell: antigen-presenting cell (APC) ratio of
1: 0, as described previously,22,44 with or without lipid pulsing.

TCR sequencing

Genomic DNA was isolated from CD1d tetramer flow-sorted bGL1-22/
LGL1–specific T cells or type I NKT cells, and the diversity of TCRwas profiled
using high-throughput sequencing of rearranged TCR b loci from genomic
DNA byAdaptive Biotechnologies (Seattle,WA) as previously described.45,46

Injection of lipids

C57BL/6, CD1d2/2, or Ja182/2 mice were injected intraperitoneally with
phosphate-buffered saline, a-GalCer (4 mg/mouse), or bGL1-22 or LGL1
(200 mg/mouse) each week for 6 weeks in a volume of 100 mL. The mice
were sacrificed 7 days after the last injection.

Microarray analysis

RNAfromCD1d tetramer-sortedb-GL122/LGL1–specificTcells or iNKTcells
was amplified, labeled, and hybridized on theAffymetrixHumanGenomeU133
Plus 2.0 microarray chips. The data were analyzed with GeneSpring GX 12.5
(Agilent Technologies) and Partek Genomice Suite (6.6) software, as described
previously.47,48

Statistics

The Student t test was used to compare data between 2 groups. Significance was
set atP, .05.Correlation coefficient between2variableswas calculatedwith the
Pearson correlation test.

Results

Detection of human CD1d-restricted T cells specific for bGL1-22

and LGL-1

In order to detect human CD1d-restricted T cells specific for the
GSLsbGL1-22 and its deacylated product, LGL1 (Figure 1A),bGL1-
22– and LGL1-loaded human CD1d tetramers were used to stain
freshly isolated human PBMCs from healthy blood donors.bGL1-22/
LGL1–loaded CD1d tetramer-positive cells consisted predominantly
of Va242Vb112CD3e1 T cells (Figure 1B), whereas a-GalCer–
loaded tetramer-positive cells were primarily Va241Vb111

T cells. These reagents specifically stained only CD3e1 T cells,
and there was no staining of CD3e2 cells (data not shown). Frequency
of bGL1-22–specific T cells was higher than LGL1-specific T cells in
PBMCs from healthy donors (Figure 1C). bGL1-22/LGL1 tetramer-
positiveT cellswere predominantlyCD41orCD81Tcells, as opposed
toa-GalCer tetramer-positiveT cells, which consistedmainly ofCD41

anddouble-negative (DN) cells (Figure 1D).bGL1-22/LGL1 tetramer-
positive cells displayed naive phenotype (CD45RAhi, CD62Lhi,
CD69neg/lo) andhad lowexpression of natural killer (NK)-cellmarkers
like CD56 and CD161. In contrast, a-GalCer tetramer-positive
T cells revealed an effector/memory phenotype (CD45ROhi,
CD62Llo, CD69hi) and displayed classical NK-cell markers like
CD56 and CD161 (Figure 1E). BothbGL1-22 and LGL1 tetramer-
positive T cells were found to express NKT-associated transcrip-
tion factor PLZF49 similar to type I NKT cells, but at lower levels
(Figure 1F). To gain additional insight into the overall spectrum of
TCR use by bGL1-22/LGL1 tetramer-positive T cells, we analyzed
Vb chain usage of sorted bGL1-22/LGL1–specific T cells by TCR
sequencing, which revealed diverse Vb receptor usage among
bGL1-22/LGL1–reactive T cells. Together, these data demonstrate
that bGL1-22– and LGL1-specific CD1d-restricted human T cells
can be detected in human PBMCs, use diverse TCRs, express PLZF,
and are phenotypically distinct from a-GalCer–reactive type I
NKT cells.
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Antigen specificity of bGL1-22– and LGL1-specific type II

NKT cells

In order to further validate the ligand-specificity of tetramer-positive
cells, we analyzed the capacity of tetramer-positive cells to respond to
specific lipids in culture. Freshly isolated human PBMCs were cultured
with a-GalCer, bGL1-22, or LGL1, and interferon-g (IFN-g) pro-
duction in response to the glycolipids was measured by intracellular
staining. We found that bGL1-22/LGL1 was able to stimulate IFN-g
production, and this effect was completely blocked by mAb specific
to CD1d (Figure 2A-B). Compared with type I NKT cells, bGL1-22/
LGL1 type II NKT cells secreted lower levels of IFN-g (see MFI in

Figure 2B), suggesting a lower stimulatory capacity of these ligands.
Coculture of purified tetramer-positive cells with CD1d-expressing
C1R cells confirmed that bGL1-22/LGL1 tetramer-positive T-cell
responses to bGL1-22/LGL1 pulsed APCs were CD1d dependent,
as the CD1d-negative parental cell line pulsed with eitherbGL1-22
or LGL1 did not stimulate cytokine secretion (Figure 2C). In order
to further confirm antigen specificity, bGL1-22/LGL1–specific
CD1d-restricted T cells were expanded in culture using respec-
tive lipid-loaded human monocyte–derived dendritic cells (DCs).
bGL1-22/LGL1–loaded DCs led to expansion of lipid-specific
T cells without concurrent expansion of invariant TCR (iTCR)-
positive (Va241Vb111) cells (including in tetramer-negative

Figure 1. Detection and characterization of surface phenotype and TCR repertoire of bGL1-22– and LGL1-reactive T cells. (A) The chemical structure of glucosylceramide

(top panel) and glucosylsphingosine (bottom panel) used in this study. (B) Panel showing staining of human PBMCs with CD1d tetramers loaded with a-GalCer, bGL1-22, or

LGL1. Invariant TCR usage was monitored using anti-Va24 and anti-Vb11 antibodies. Numbers in the contour plots show percentages of cells in CD31 tetrameter-negative (Tet2)

and CD31 tetrameter-positive (Tet1) gates, respectively. (C) Plot summarizing percentages of lymphocytes staining in freshly isolated PBMCs from healthy donors for CD1d

tetramer loaded with bGL1-22, LGL1, or a-GalCer. Data are presented as mean 6 standard error of the mean (SEM), with each dot indicating 1 donor (n 5 20). (D) Compiled

results from analyses of 5 different human PBMCs showing the mean percentages of CD41, CD81, and CD42CD82 (DN) expressing bGL1-22, LGL1, or a-GalCer tetramer-

positive T cells. Error is presented as SEM among donors (***P, .0001; **P, .001). (E) Compiled results from analyses of 5 different human PBMCs showing mean percentages

of CD45RA, CD45RO, CD62L, CD69, CD56, and CD161 expression by human bGL1-22, LGL1, or a-GalCer CD1d tetramer-positive T cells. Error is presented as SEM among

donors (***P, .0001). (F) Intracellular flow cytometry with anti-PLZF monoclonal antibody (mAb) of a-GalCer tetramer-positive (gray shaded), bGL1-22 tetramer-positive (dashed

line), or LGL1 tetramer-positive (solid line) and conventional T cells CD31Tet2 (black shaded) from freshly isolated human PBMCs as indicated. The isotype control is the dotted

line histogram. Data are representative of 4 experiments. (G) TCR sequencing analysis of in vitro expanded and sorted CD1d-a-GalCer, bGL1-22, or LGL1 tetramer-positive

T cells. Pie charts representing the TCRVb repertoire usage by a-GalCer–, bGL122–, and LGL1-specific T cells. Data are representative of 3 separate experiments.
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fraction), unlikea-GalCer–loadedDCs,which led to clear expansion
of Va241Vb111 T cells (Figure 2D). The diverse TCR-V-b reper-
toire of expanded T cells was also confirmed with the use of a flow
cytometry–based V-b repertoire assay (supplemental Figure 1, avail-
able on theBloodWeb site). Together, these data demonstrate that
bGL1-22/LGL1–loaded CD1d tetramers detect T cells that respond
functionally to the specific lipid in a CD1d-dependent manner.

bGL1-22/LGL1–specific type II human NKT cells have different

genomic and cytokine profile compared with type I NKT cells

Theability to detect and isolatebGL1-22/LGL1–specifichuman type II
NKT cells allowed us to compare the global gene expression profiles of
these cells with type I NKT cells using microarray analysis. Principal
component analysis revealed that the gene expression profile signature
for bGL1-22 and LGL1-specific T cells both before and after activa-
tion with anti-CD3/CD28 beads is distinct from that of type I NKT
cells (Figure 2E and supplemental Table 1). Selected genes that are
differentially expressed by bGL1-22/LGL1–specific type II NKT
(relative to type I NKT) are shown in Figure 2F. Metacore analysis
revealed that the top differentially expressed pathways involved
DAP12 and Th17 pathways (supplemental Table 2). To further
confirm the differences observed with respect to cytokines, we com-
pared the cytokine secretion of sorted bGL1-22/LGL1 tetramer-
positive cells with type I NKT cells in response to anti-CD3
stimulation. Comparedwith type I NKT cells,bGL1-22– and LGL1-
specific T cells secreted higher levels of interleukin-5 (IL-5), IL-6,
IL-10, IL-13, IL-17, granulocyte macrophage colony-stimulating fac-
tor, macrophage-derived chemokine, and macrophage inflammatory
protein 1b (Figure 2G). This responsewasCD1ddependent, as it was
not observed in cocultures with CD1d-deficient APCs (Figure 2H),

corroborating the antigen specificity of bGL1-22/LGL1–specific
type II NKT cells. Together, these data demonstrate that the human
type II NKT cells identified here have a distinct genomic and
cytokine profile compared with type I NKT cells, alluding to their
potential for distinct roles in regulating human immune response.

Detection and phenotypic characterization of murine

bGL1-22– and LGL1-specific CD1d-restricted T cells

Murine bGL1-22 and LGL1 tetramer-positive T cells are composed of
both CD41 (;60% and 62%) and CD81 T cells (;35.1% and 29.6%),
respectively, in contrast to a-GalCer tetramer-positive type I NKT
cells, which are predominantly composed of CD41 T cells (;82%)
(Figure 3A).bGL1-22 tetramer-positive and LGL1 tetramer-positive
cells constitute;0.9%and0.06%of lymphocytes in spleenand;4%and
1.5% of lymphocytes in liver, respectively, whereas a-GalCer tetramer-
positive type INKTsrepresent;2%of lymphocytes inspleenand;30%
of lymphocytes in liver (Figure 3B). Frequency of bGL1-22–specific
Tcellswashigher thanLGL1-specificTcells inboth splenocytesand liver
MNCs (Figure 3B). To determine whether murine bGL1-22/LGL1–
reactiveTcells are a type IINKTpopulation similar tohumanPBMCs,
splenic as well as liver MNCs were simultaneously stained with
a-GalCer and bGL1-22/LGL1–loaded CD1d tetramers conjugated to
different fluorochromes. Both bGL1-22– and LGL1-specific T cells
had a nonoverlapping profilewith type INKT cells (Figure 3C). This
observation is further validated by the detection of bGL1-22/LGL1
tetramer-positive, but nota-GalCer tetramer-positive, cells in Ja182/2

mice, which completely lack type I NKT cells. Both bGL1-22– and
LGL1-specific T cells were deficient in splenocytes from CD1d2/2

mice, consistent with their CD1d-dependent nature (Figure 3D).

Figure 1. (Continued).
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Figure 2. Antigen specificity, gene expression, and cytokine profile of bGL1-22– and LGL1-specific type II NKT cells. (A) IFN-g production by intracellular staining of

freshly isolated PBMCs cultured with a-GalCer (1 mg/mL) or bGL1-22 and LGL1 (20 mg/mL) for 12 hours is shown. Live and dead staining was performed using the live/dead

fixable dead cell stain kit. IFN-g expression is represented in terms of mean fluorescence intensity (MFI) following stimulation in tetramer-positive cells vs tetramer-negative

cells as a control. (B) Bar graphs depict the IFN-g production by CD31 a-GalCer, bGL1-22, or LGL1 tetramer-positive T cells in human PBMCs stimulated with a-GalCer

(1 mg/mL) or bGL1-22 and LGL1 (20 mg/mL) in the presence of either CD1d blocking (CD1d42) or isotype control mAb. Data are representative of 3 experiments. (C) Bar graphs

showing IFN-g production by sorted bGL1-22, LGL1, or a-GalCer tetramer-positive T-cell cultures in response to CD1d-transfected (C1rD-CD1d) or untransfected (C1rD-Mock)

APCs with indicated antigens. Vehicle-pulsed CD1d-transfected APCs served as control. IFN-g secretion from the culture supernatants collected after 48 hours was monitored by

Luminex. Data are representative of 3 experiments (* indicates saturating IFN-g levels). (D) Representative fluorescence-activated cell sorter (FACS) analysis showing expansion

of bGL1-22, LGL1, or a-GalCer tetramer-positive T-cell cultures in response to monocyte-derived DCs pulsed with either vehicle or bGL1-22, LGL1, and a-GalCer. Expansion of

iTCR was monitored using anti-Va24 and anti-Vb11 antibodies. Numbers in the contour plots show percentages of cells in CD31 tetramer-positive and CD31 tetramer-negative
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bGL1-22/LGL1 type II NKT cells show constitutive expression of

TFH phenotype

Transcriptional profiling data of bGL1-22– and LGL1-specific T cells
revealed expression of genes associated with TFH phenotype.
Therefore, we examined if bGL1-22– or LGL1-specific type II
NKT cells acquire the typical CXCR5hi PD-1hi ICOShi Bcl-6hi TFH

phenotype upon immunization with bGL1-22 or LGL1. Phenotypic
analysis revealed that bGL1-22– and LGL1-specific T cells showed
constitutive expression of TFH phenotype (defined as CXCR5

hi PD-1hi

ICOS hi Bcl-6hi foxp3neg IL-211) inwild-type (WT) (Figure 4A) aswell
as Ja182/2mice (Figure 4B). Interestingly, a-GalCer CD1d tetramer-
positive T cells showed TFH phenotype in only 3% of iNKT cells at

Figure 2 (continued) gates, respectively. (E) Principal component (PC) analysis of global gene expression profiles of sorted bGL1-22/LGL1–specific type II NKT and

a-GalCer–specific type I NKT cells, either before or after anti-CD3/28 stimulation. Each data point/shape represents a microarray, with all 6 arrays presented on PC analysis plot

either before or after stimulation. The a-GalCer array shows some separation from bGL1-22/LGL1 arrays in both stimulated and unstimulated conditions. Given PC1 describes

the largest amount of data variance (40.0%), the aggregation of the arrays is mostly accounted for by the sample location. The percentage values in parentheses indicate the

proportion of the total variance described in each PC: PC1 (x-axis), PC2 (y-axis), and PC3 (z-axis). (F) Differentially expressed genes in sorted bGL1-22/LGL1–specific type II

NKT compared with a-GalCer–specific type I NKT. Bar graphs showing fold change in expression levels of selected genes related to transcription, differentiation, and cytokine

and chemokine signaling compared with type I NKT cells. (G-H) Cytokine expression by flow-sorted CD1d-bGL1-221, CD1d-LGL11, or a-GalCer1 T-cell populations in

response to stimulation (G) stimulation with anti-CD3/CD28 beads and (H) stimulation with CD1d or mock-transfected lipid-loaded APCs. Culture supernatants collected after

48 hours were analyzed for 39 different analytes by Luminex. Analytes that showed significant levels when compared with unstimulated control are shown. Data are shown as

mean (6SEM) of 3 similar experiments. DMSO, dimethylsulfoxide; MDC; macrophage-derived chemokine; MIP-1b, macrophage inflammatory protein 1b.

Figure 2. (Continued).
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steady-state level (Figure 4A). Injection ofbGL1-22 or LGL1 increased
the frequency of antigen-specific T cells in vivo in the spleen of WT
as well as Ja182/2mice (Figure 4C and supplemental Figures 2 and 3)
exhibiting a sustained upregulation of TFH markers CXCR5hi

PD-1hi (Figure 4D), ICOS (supplemental Figure 4), and IL-21
(supplemental Figure 5). Contrary to thefindings at steady-state level,
TFH phenotype was also induced in type I NKT cells following
activation by a-GalCer in a Ja18-dependent manner, as expected

Figure 2. (Continued).
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(Figure 4D). Injection of the lipids in CD1d2/2mice did not result in
the induction of either lipid-specific T cells or TFH markers (data not
shown). Injection of lipids did not lead to changes inCD81Tcells (data
not shown).Notably, injectionofbGL1-22 inWTmice led to reduction
in a-GalCer CD1d tetramer-positive cells (Figure 4C) concurrent with
activation of ICOS and IL-21 expression (supplemental Figures 4 and
5), underscoring apossible crosstalk betweenbGL1-22–specific type II
NKT cells and type I NKT cells.5,7,50 Together, these data show that
murine bGL1-22– and LGL1-specific type II murine NKT cells
respond to ligand-specific stimulation in vivo and constitutively ex-
press TFH phenotype, in contrast to type I NKT cells, wherein TFH

phenotype requires stimulation by a-GalCer.

Murine bGL1-22/LGL1 type II NKT cells can provide help to

B cells in vivo

Injection with bGL1-22 or LGL1 in mice led to the induction of FAS1

GL-71 splenic germinal center (GC) B cells in WT and Ja182/2mice,

but not in CD1d2/2mice (Figure 4E and 4F). Increase in TFH and GC
B cells was also associated with an increase in total immunoglobulin
G1 (IgG1), IgG2b, and IgM in WT and Ja182/2 mice injected
with respective lipids, but not in CD1d2/2mice, confirming CD1d-
restricted help provided by bGL1-22– and LGL1-specific type II
NKTcells toB cells (Figure 4G). In order to evaluate the effect of these
lipids on the induction of lipid-specific antibodies, we analyzed the
sera from these mice for lipid-specific antibodies by enzyme-linked
immunosorbent assay (ELISA). Injection of bGL1-22 and LGL1 led
to the induction of corresponding lipid-specific antibodies inWTand
Ja182/2mice, but not inCD1d-deficient mice (Figure 4H). Injection
of a-GalCer also led to some increase in bGL1-22-specific antibodies,
albeit less than following the injection of specific ligands. Together,
these data indicate that lipid-mediated activation of bGL1-22/LGL1–
specific type II NKT cells is associated with the induction of
GC B cells and lipid-specific antibodies in vivo in a CD1d-dependent
manner.

Figure 2. (Continued).
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Human type II NKT-mediated help to B cells

Cocultureof humanbGL1-22andLGL1-specific type IINKTcells and
autologous B cells induced expansion of CD27hiCD38hi plasmablasts
in thepresenceof respective lipids fromcoculturedBcells (Figure5A-B).
B cells pulsed with vehicle or cultured with tetrameter-negative
cells did not show any significant effect on the frequency of
CD27hiCD38hi cells (Figure 5B). Coculture of bGL1-22 and LGL1-

specific type II NKT cells with autologous B cells induced greater
immunoglobulin secretion relative to B cells cultured alone or with
non-NKT cells (Figure 5C). Parallel to B-cell differentiation into
plasmablasts in the coculture, bGL1-22– and LGL1-specific type II
NKTcellswere found to expressTFHmarkers (CXCR5hiPD1hi ICOShi

Bcl-6hi, IL-211) (Figure 5D). Interestinglya-GalCer tetramer-positive
Tcells did lead to some inductionof plasmablasts and immunoglobulin,

Figure 3. Detection and phenotypical characterization of bGL1-22– and LGL1-specific type II NKT cells in mice. (A) a-GalCer, bGL1-22, or LGL1 tetrameter-

positive cells in the spleen of C57BL/6 mice were analyzed for the expression CD4 and CD8 expression. (B) Frequency of CD1d-bGL1-22, LGL1, or a-GalCer tetrameter-

positive T cells in spleen and liver of C57BL/6 mice (n 5 5). (C) Representative FACS analysis of CD3e1 T cells costained with a-GalCer-CD1d tetramer and unloaded

tetramer or bGL1-22/LGL1 tetramer from C57BL/6 mice splenocytes and liver MNCs. Results are representative of 3 experiments. (D) Flow cytometric analysis

representing staining of splenocytes from WT (C57BL/6), CD1d2/2, or Ja182/2 mice with CD1d tetramers loaded with bGL1-22 or LGL1 or a-GalCer. Representative

data from at least 3 experiments are shown.
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Figure 4. bGL1-22/LGL1–specific type II murine NKT cells display NKTFH phenotype and provide B-cell help with the induction of GC B cells and IgG and lipid-

reactive antibodies in C57BL/6 and Ja182/2 mice. (A-B) Spleen cells from WT (A, C57BL/6) mice or (B, Ja182/2 mice) obtained 7 days after immunization with a-GalCer,

bGL1-22, LGL1, or vehicle alone were stained to assess CXCR5, PD-1, ICOS, Bcl-6, and IL-21 expression among CD41 tetrameter-positive NKT cells. Numbers in plots

indicate percentage of the cells included in the gates. The histogram on the right shows differences in Bcl-6, Foxp3, and ICOS expression as reflected by MFI between

follicular helper (PD-11CXCR51) T cells and nonfollicular helper (PD-12CXCR52) cells (top) as control. Panel on extreme right shows staining for IL-21. Data for MFI on

isotype controls are on pooled cells. (C-D) Percentages of CD41 CD1d tetrameter-positive cells (C) and CXCR5hi PD-1hi NKT-TFH cells (D) in spleens of WT and Ja182/2

mice after immunizations with vehicle or a-GalCer, bGL1-22, or LGL1. The results represent 1 of 3 comparable experiments, each performed with at least 3 mice per group is

shown. § represents comparison of a-GalCer tetrameter-positive cells between WT mice injected with vehicle and bGL1-22 (P, .0001); ‘ represents comparison of bGL1-22

BLOOD, 19 FEBRUARY 2015 x VOLUME 125, NUMBER 8 TYPE II NKT T-FOLLICULAR CELLS 1265

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/125/8/1256/1388235/1256.pdf by guest on 08 June 2024



albeit less thanwith type IINKTcells (Figure 5A,C), despite not having
TFH phenotype (Figure 5D) in these cultures. Together, these results
demonstrate that human bGL1-22– and LGL1-specific type II NKT
cells can provide efficient help to B cells.

Alteration in GL1/LGL1-specific T cells in a murine model of GD

In order to test if these NKT cells are altered in vivo in the context of
a disease state associated with alteration of corresponding lipids, we

analyzed mouse models and patients with GD. Mistry et al recently
developed a murine model that faithfully recapitulates the clinical
phenotype of type I human GD.42 Therefore, we analyzed T cells
from the spleen and lymph nodes of these mice for the presence
of bGL1-22– and LGL1-reactive T cells using CD1d tetramers
(Figure 6A). Compared with WT control mice, GBA2/2 mice
exhibited a.20-fold increase of LGL1-specific T cells (Figure 6B).
In contrast, compared with the WT control mice, the proportion of

Figure 4 (continued) tetrameter-positive cells between vehicle and bGL1-22 immunized mice (WT and Ja182/2); # represents comparison of LGL1 tetrameter-positive cells

between vehicle and LGL1-immunized mice (WT and Ja182/2); { represents comparison of a-GalCer tetrameter-positive cells between WT mice injected with vehicle and

a-GalCer. ***P , .0001; **P , .001; *P , .01. (E) Representative contour plots showing the percentage of FAS1GL-71 GC B cells among total B cells (CD191B2201) in WT,

CD1d2/2, and Ja182/2 mice splenocytes 7 days after a-GalCer, bGL1-22, or LGL1 immunization. (F) Complied results showing the frequency of GC B cells in WT, CD1d2/2,

and Ja182/2 mice splenocytes 7 days after a-GalCer, bGL1-22, or LGL1 immunization. Data are presented as mean $ SEM (n 5 6). (G) Serum from WT, CD1d2/2, and

Ja182/2 mice immunized with a-GalCer, bGL1-22, or LGL1 was collected, and total immunoglobulin of the indicated isotypes and IgM were measured by ELISA. Data are

presented as mean 6 SEM (n 5 4). (H) Stacked bar graph showing the presence of anti- bGL1-22 or LGL1 antibodies in the sera of WT, CD1d2/2, and Ja182/2 mice

immunized with a-GalCer, bGL1-22, or LGL1. ***P , .0001; **P , .001; *P , .01. ns, nonsignificant; PBS, phosphate-buffered saline.

Figure 4. (Continued).
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type INKTcellswas strikingly reduced inGBA2/2mice (Figure 6B).
Therefore, lysosomal GSL accumulation in GBA2/2 mice was
associated with an altered balance of type I vs type II NKT cells.

Concomitant to increase in LGL1-specific T cells in GBA2 /2

mice, upregulation of TFH markers in these cells was also observed
(Figure 6C).

Figure 5. bGL1-22/LGL1–specific type II human NKT cells provides more efficient B-cell help than type I NKT cells. Sorted human a-GalCer, bGL1-22, or LGL1

tetrameter-positive cells were incubated with purified autologous CD191 B cells in the presence of vehicle or respective lipids. After 5 to 6 days of culture, cells and

supernatants were harvested. The frequency of B cells with CD27hi CD38hi phenotype was determined by flow cytometry (A-B) and the levels of secreted IgM and IgG were

measured by ELISA (C). (A) Representative contour plot showing the frequency of CD27hi CD38hi cells. (B) Compiled results from analyses of 3 different experiments showing

the percentages of CD27hi CD38hi cells. (C) Levels of secreted immunoglobulin measured by ELISA. (D) FACS plot showing the presence of TFH (PD11CXCR51) and non-

TFH (PD12CXCR52) phenotype in a-GalCer, bGL1-22, or LGL1 tetrameter-positive T cells or bulk T cells. Panel on the right shows fold change (relative to non-TFH cells) of

percent positive cells for ICOS, Bcl6, and IL-21. **P , .001; *P , .01. DMSO, dimethylsulfoxide.
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Alteration of LGL1-specific T cells in type 1 GD patients and its

correlation with clinical disease

To extend the findings from GD mice to patients, we examined the
presence of bGL1-22– and LGL1-specific T cells as well as type I
NKT cells in PBMCs from GD patients (n 5 20) and compared the
findings to healthy donors. Clinical features of the type 1 GD patient
cohort are shown in supplementalTable3. In contrast to healthydonors,
the majority ofbGL1-22– and LGL1-specific T cells had a CD45RO1

memory and TFH phenotype, consistent with ligand-mediated acti-
vation in vivo (supplemental Figures 6 and 7). The proportion of
circulating LGL1-specific T cells was significantly increased in GD
patients (percent mean 6 SEM: 0.16 6 0.06 vs 1.263 6 0.25,
P , .001), whereas the proportion of type I NKT cells was not

significantly different (Figure 7A). The percentage of LGL1-
specific, but not bGL1-22–specific, T cells or type 1 NKT cells
correlated with the serum level of chitotriosidase, an established
biomarker of clinical disease activity in GD (R 5 0.70; P , .001)
(Figure 7B). The increase in LGL1-specific T cellswasmost noticeable
inuntreatedpatients (n55), and the levels of theseTcells declinedafter
enzyme-replacement therapy (Figure 7C). Analysis of cytokine profile
in the serum of GD patients revealed an increase in several cytokines
(IL-17, IL-6, macrophage inflammatory protein 1b, fms-related ty-
rosine kinase 3 ligand, IL-8, and soluble IL-2 receptor) (Figure 7D),
which correlated with the cytokine profile of LGL1-reactive T cells.
Together, these data show that as with GD mice, GSL accumula-
tion in GD patients is associated with an altered balance of type I
and II NKT cells and, importantly, that disease severity in the GD
patients correlates with circulating LGL1-specific NKT cells.

Discussion

Polyclonal type II NKT cells were initially discovered in the context of
MHCII2/2mice and are currently identified as CD1d-restricted T cells
lacking iTCR.51,52 In contrast to type I NKT cells, information on
functional properties of human type II NKT cells and their dysregula-
tion in the context of human disease is extremely limited. We focused
our studies on 2 distinct GSLs, bGL1-22 and LGL1, which are known
to be dysregulated in several humanmetabolic disorders.We show that
in contrast to type I NKT cells,53bGL1-22– and LGL1-specific type II
NKT cells constitutively express TFH phenotype. We also show that
these cells have a distinct cytokine profile and provide robust help to
B cells. This study therefore identifies a novel pathway mediated by
type II NKT-TFH cells for B-cell immunity and inflammation.

b-Glucosylceramide with acyl chains (12:0 and 24:1) was initially
identified as a ligand for type I NKT cells.21 However, recent studies
using sulfatide-reactive type II NKT cell hybridoma XV19 and Ja18-
deficient IL-4 reporter mice report recognition of b-GlcCer (12:0 and
24:1) by murine type II NKT cells.24,26 In contrast to initial findings
from Brennan et al, our data pointed to b-glucosylceramide as a ligand
for type II asopposed to type INKTcells.Recent studieshave attributed
Brennan’s initial findings to a contaminating minor lipid species,
consistent with endogenousa-linked glucosylceramide.54-56 These
new studies therefore provide further support to our conclusion that
b-GlcCer isprimarily a type II ligand. Interestingly, in a smallminority
of donors/experiments (supplemental Figure 8), we did observe an
increase in human iNKT cells following stimulation with b-GlcCer.
This was not specific for individual lipid preparations but rather in-
dividual donors and tracked with higher baseline iNKT cells. In light
of new studies, underlying reasons may include contaminating lipids
or variations in endogenous a-anomeric lipid antigens in humans,
which need further study.

In contrast tobGL1-22,LGL1-specificTcellswere found to belong
exclusively to the polyclonal human type II NKT subset. Phenotypic
characterization, TCR sequencing, and transcriptional and cytokine
profiling provided additional confirmation that human bGL1-22/
LGL1–specific T cells are distinct from type INKT cells. Notably, these
cells express the NKT-lineage factor PLZF, albeit at lower level than
in type I NKT cells. In addition to its well-documented role in type
I NKT cells, PLZF was recently implicated in the differentiation of
type II NKT cells as well.26,57 Crosstalk between type I and II NKT
cells is increasingly implicated in the regulation of immunity to patho-
gens, tumors, and autoimmunity.5,7,50,58 Themechanism underlying the
crosstalk between NKT subsets requires further study andmay bemore

Figure 6. Changes in bGL1-22– and LGL1-reactive T cells in a murine model of

GD. (A) Bar graphs summarizing the percentage of CD1d-bGL1-22/LGL1 tetrameter-

positive T cells in spleen and lymph node (LN) of GBA2/2 mice. (B) Comparison of

frequency of CD1d-bGL1-22, LGL1, and a-GalCer tetrameter-positive T cells between

WT C57BL/6 (WT) and GBA1-deficient (GBA2/2) mice splenocytes. Data are presented

as mean 6 SEM from 3 different mice. (C) Compiled results comparing the percentage

of CXCR5hi PD-1hi tetrameter-positive T cells between WT and GBA2/2 mice. Data are

presented as mean 6 SEM from 3 different mice. *P , .01.
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prominentwith specific ligands. For example, in our studies, injection of
bGL1-22 (but not LGL1) led to reduction in type I NKT cells in vivo.
Similar findings have been made in other studies wherein activation of
type II NKT cells led to decline in type I NKT cells in vivo.50 Although
human T cells specific for both bGL1-22 and LGL1 can be detected
using lipid-loaded CD1d tetramers, the broad pattern of staining that we

observed suggests a range of binding affinities. Further studies are
needed tobetter understand the biological significance of this variation.
Thismay be particularly important in the context of TCRusage, as it is
possible that there may be some oligoclonality, particularly with
higher-affinity type II NKT cells. Oligoclonality has also been
observed with sulfatide-reactive type II NKT cells.16

Figure 7. Changes in bGL1-22/LGL1–specific T cells in GD patients correlates with disease severity. (A) Percentages of CD1d2 bGL1-22–, LGL1-, or a-GalCer–specific

T cells were compared between healthy controls and GD patients. (B) Graph shows the correlation between percentage of CD1d-bGL1-22 tetrameter-positive cells, LGL1

tetrameter-positive cells, or type I NKT cells and chitotriosidase activity in type 1 GD patients. (C) Representative dot plot representing the changes in the percentage of LGL1-

specific T cells in GD patients before and after treatment (top). Lower panel shows graph summarizing changes in the percentage of LGL1-specific T cells in GD patients before

and after treatment (n 5 4) (bottom). (D) Multiplex cytokine analysis of sera from GD patients (n 5 29) and healthy subjects (n 5 15). Analytes with significant differences

compared with healthy control sera are shown. Data are shown as mean1 SEM. ***P , .0001; **P , .001; *P , .01. MIP-1b, macrophage inflammatory protein 1b; sIL-2Ra,

soluble IL-2 receptor a.
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An important and novel aspect of these studies is the potential role
of type II NKT-TFH cells in providing help to B cells and regulating
antibody responses. Several studies have demonstrated that type I
NKT cells can express BCL6 upon stimulation and co-opt the TFH
pathway to provide direct or indirect help to B-cell responses against
model antigens and pathogens.53,59-65 Initial studies suggested that type
I NKT-induced antibody responses were rapid but transient, although
a recent study challenged this view by showing that type I NKT cells
can promote prolonged antibody responses to pneumococcal capsular
polysaccharides by extrafollicular B-cell responses.53,59-61,66 Intrigu-
ingly, bGL1-22/LGL1–specific T cells were found to constitutively
express TFH phenotype (CXCR5hi PD1hi ICOShi BCL61IL-211) in
nearly 40% to 50% of lipid-reactive CD1d tetramer-positive T cells
at steady state as opposed to type I NKT cells, which differentiated
into TFH cells only after activation by a-GalCer. A specific expansion
of CD1d-restricted lipid-reactive tetramer-positive cell numbers was
observed following injection of either bGL1-22 or LGL1 in WT/
Ja182/2mice, but not inCD1d2/2mice.Differences inTFHphenotype
and B-cell help between type I and II NKT cells are particularly
prominent with human NKT cells, wherein type I NKT have only
a weak TFH phenotype.67 Therefore, type II (as opposed to type I)
NKT cells may be the major contributors to NKT-mediated B-cell
help in humans, particularly as the relative proportions of type I vs II
NKT cells are reversed between mice and humans.3

In order to study changes in bGL1-22/LGL1–specific T cells in
a disease setting,34 we analyzed patients and mouse models with GD. It
is of interest that bGL1-22/LGL1–specific T cells in GD patients have
a memory phenotype consistent with their in vivo activation due to
dysregulation of these lipids. Analysis of the phenotype of these cells in
cord blood would also be of interest. Although a causative link between
the increase in LGL1-specific T cells and clinical phenotype of GD
remains to be established, the observed correlation between levels of
LGL1-specific T cells and disease activity and the reduction in the level
of these T cells in vivo upon clinical improvement following therapy
suggest that host immune response to lipids may contribute to the
pathogenesis of chronic inflammation in GD. The finding that LGL1-
specific T cells (including in GD patients) are enriched for a TFH
phenotype and lead to GC B-cell activation with production of anti-
bodies suggests potential role of these cells in providing help for B-cell
activation and increased risk of B-cell malignancy, such as myeloma
observed inGD.68-70Further studiesareneeded toevaluate thispossibility.

As the GSL ligands studied here, particularly LGL1, are commonly
altered in several inflammatory states, our findings should prompt an
evaluationof humanLGL1-specific type IINKTcells in several clinical

settings.29 One clinical setting of particular interest is obesity, wherein
an increase in theseGSL ligands and changes in type II NKT cells have
been previously implicated, although antigenic specificity of these
T cells was not examined.14,15,29,71 Further studies of subsets of human
type II NKT cells described herein may have broad implications in
metabolic disorders associated with inflammation.
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