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KEY PO INT S

l Clinically relevant
human iNKT cell
phenotypes with
distinct effector
functions were
identified.

l Dominant iNKT cell
heterogeneity in
allogeneic
hematopoietic stem
cell transplanted and
type 1 diabetic
patients were
elucidated.

Human invariant natural killer T (iNKT) cells are a rare innate-like lymphocyte population
that recognizes glycolipids presented on CD1d. Studies in mice have shown that these cells
are heterogeneous and are capable of enacting diverse functions, and the composition of
iNKT cell subsets can alter disease outcomes. In contrast, far less is known about how
heterogeneity in human iNKT cells relates to disease. To address this, we used a high-
dimensional, data-driven approach to devise a framework for parsing human iNKT het-
erogeneity. Our data revealed novel and previously described iNKT cell phenotypes with
distinct functions. In particular, we found 2 phenotypes of interest: (1) a population with
T helper 1 function that was increased with iNKT activation characterized by HLA-II1CD161–

expression, and (2) a populationwith enhanced cytotoxic function characterizedbyCD4–CD941

expression. These populations correlate with acute graft-versus-host disease after allo-
geneic hematopoietic stem cell transplantation and with new onset type 1 diabetes, re-
spectively. Our study identifies human iNKT cell phenotypes associated with human disease
that could aid in the development of biomarkers or therapeutics targeting iNKT cells. (Blood.
2020;135(11):814-825)

Introduction
Human invariant natural killer T (iNKT) cells are rare innate-like
lymphocytes that recognize lipids presented on CD1d cells with
their semi-invariant T-cell receptor (TCR) Va24-Ja18 and Vb11
chains.1,2 In comparison with other lymphocyte populations,
iNKT cells rapidly mount a potent response with broad effector
functions upon activation.3 Despite being present in low fre-
quencies, these cells have been shown to play a role in allo-
geneic hematopoietic stem cell transplantation (HSCT), cancer
immunity,4 and diabetes.

In mice, it has been established that iNKT cells are a hetero-
geneous population comprising of defined iNKT1, iNKT2, and
iNKT17 (following the T helper [Th]1/2/17 paradigm) subsets.5-7

Human iNKT cells, however, have not been studied to the same
extent as murine iNKT cells, and the framework for under-
standing human iNKT cell biology has largely been described by
CD4 and CD8 cell surface expression.5,8 For example, human
CD41 iNKT cells produce more interleukin-4 (IL-4) and IL-13
compared with CD4–CD8– (double-negative [DN]) and CD81

iNKT cells, whereas secretion of interferon-g (INF-g) and tumor
necrosis factor a (TNF-a) seem to be attributed to all iNKT cells.8

Despite the studies performed in murine disease models that
highlight the therapeutic potential of iNKT cells, comparing
these results to humans has been complicated. In clinical cohorts
of acute graft-versus-host disease (GVHD)9 and type 1 diabetes
(T1D),10-13 iNKT cells have so far been assessed with basic T-cell
surfacemarkers. Consequently, the data in diseasemodels are to
some extent conflicting, and they point to different mechanisms
of action.14-17 For example, in mouse models, CD41 iNKT cells
have been proposed to control GVHD by influencing immune
regulatory pathways through the production of IL-418; however,
in clinical data, CD4– iNKT cells have been shown to corre-
late with reduced incidence of GVHD through cytotoxic dele-
tion of antigen-presenting cells.19 Likewise, in 1 study, T1D
patients were associated with IFN-g–deficient or dysregulated
iNKT cells,13 whereas other studies showed T1D patients to be
associated with Th1-biased iNKT cells.10,12 These conflicting
results are a sample of clinical investigations of iNKT cells and
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suggests that a more comprehensive framework for under-
standing human iNKT cells is needed.

To better understand human iNKT cells, we compared iNKT cells
from the peripheral blood of patients with and without immune
disease by using a high-dimensional, data-driven approach for
exploring human iNKT heterogeneity in healthy individuals and
in a clinical setting. We then used our findings to associate
previously unidentified iNKT cell subsets with distinct and
disease-relevant effector functions.

Materials and methods
Patients and disease status
Forty-six HSCT patients and 11 T1D patients provided informed
consent in accordance with the Declaration of Helsinki and were
enrolled in research and biobanking protocols approved by the
Stanford University Institutional Review Board. Patients were
clinically scored by treating attending physicians for acute GVHD
using the Beardsman criteria.20 Patients were clinically evaluated
for T1D by attending physicians, and antibody reactivity was
assessed by clinical testing. For normal healthy controls, buffy
coats were purchased from Stanford Blood Center (SBC). Patient
characteristics are presented in supplemental Tables 1-3, avail-
able on the Blood Web site.

Isolation of iNKT cells
For single-cell sequencing, buffy coats from healthy individuals
were obtained from SBC, and 30 to 80mL of blood was obtained
by blood draw into heparinized collection tubes from HSCT
patients and were analyzed fresh. For bulk sequencing and flow
cytometric analysis of patient and healthy donor iNKT cells,
frozen peripheral blood mononuclear cells (PBMCs) from the
Stanford Blood & Marrow Transplantation Biobank and SBC,
respectively, were used. PBMCs were isolated by using a Ficoll
density gradient (GE Healthcare, Uppsala, Sweden) and were
stored in liquid nitrogen.

iNKT cells were isolated by enrichment from PBMCs usingMACS
columns and positive selection with anti-iNKTmicrobeads (Miltenyi
Biotec, San Diego, CA) and then purified with fluorescence-
activated cell sorting (FACS) (BD FACSAria/FACSAria Fusion; BD
Biosciences, San Jose, CA) using the following gates: lymphocytes,
single cells, live (aqua–), CD31CD19–, and iNKT1 (clone 6b11).

Single-cell and bulk RNA sequencing
Fresh iNKT cells were bead-enriched using anti-iNKT microbeads
(Miltenyi Biotec) and sorted to .98% purity by FACS (Figure 1A).
For single-cell RNA sequencing, the Chromium Single Cell 39
Library and Gel Bead Kit and Controller (10X Genomics Inc.,
Pleasanton, CA) were used for barcoding and library prepa-
ration (Stanford Functional Genomics Center [SFGF]). The li-
braries were sequenced on an Illumina HiSeq system (Illumina
Inc, San Diego, CA) at SFGF. CellRanger was used to convert
the Illumina basecall files (*.bcl) to a gene-barcode matrix with
the GRCh37 human genome as the reference, and Seurat21,22 in
R was used for analysis according to Seurat’s vignette.

Single-cell targeted RNA-seq (scRNA-seq) (genes listed in
supplemental Table 4) was performed using a BD Resolve
(now Rhapsody) system. The library was prepared according
to the manufacturer’s instructions (Stanford Human Immune

Monitoring Core) and was sequenced on an Illumina HiSeq
system. The BD Resolve Targeted Analysis Pipeline in Sev-
enbridges (Seven Bridges Genomics, San Francisco, CA) was
used for data alignment and quantification, and DataView
v1.0 (BD Genomics) in MatLab was used for analysis.

The RNA input for bulk sequencing library construction was
isolated from iNKT cells using RNeasy Mini Kit (Qiagen, Venlo,
TheNetherlands). The libraries were prepared using the SMARTer
Stranded Total RNA-seq Pico Input Kit (Takara Bio USA Inc,
Mountain View, CA) for samples from healthy individuals and
SMART-seq v4 Ultra Low Input RNA Kit (Takara Bio) for patient
samples. The libraries were sequenced with an Illumina HiSeq.
The Illumina basecall files (*.bcl) were converted to FASTQ files
using the Illumina Conversion Software. STAR23 and RSEM24 were
used for alignment and quantification of the data from healthy
individuals, and TopHat225 and HTSeq26 were used on the data
fromHSCTpatients. TheGRCh37 human genomewas used as the
reference.

Flow cytometry
Antibodies used are described in supplemental Table 5. Data
were collected on a BD Symphony, FACSAria, LSR-II, or Fortessa
flow cytometer. The Foxp3/Transcription Factor Staining Buffer
Set (eBioscience, Thermo Fisher Scientific, Waltham, MA) was
used for intracellular staining. Phorbol 12-myristate-13-acetate
(20 ng/mL) and ionomycin (1 mg/mL) (Thermo Fisher Scientific),
Golgistop (0.67 mL/mL), and Golgiplug (1 mL/mL) (BD Bio-
science) were used for cytokine staining assays. The cells were
cultured for 4 to 5 hours using RPMI 1640 supplemented with
100 U/mL penicillin, and 100 mg/mL streptomycin (all from
Thermo Fisher Scientific), and 5% heat-inactivated human an-
tibody serum (Merck, Darmstadt, Germany) (complete RPMI) in
an atmosphere of 5% CO2. Data were analyzed using FlowJo
software (FlowJo LLC, Ashland, OR) and Cytobank (Cytobank
Inc, Santa Clara, CA).

Cell culture, activation, suppression, and
cytotoxicity assays
Enriched iNKT cells from buffy coats (SBC) were stimulated for
24 hours to 14 days with CD3/CD28 Dynabeads (Thermo Fisher
Scientific) at a 1:1 ratio, or with autologous irradiated (40 Gy)
PBMCs at a 1:10 ratio and 1 mM a-galactosylceramide (aGalCer;
AdipoGen, Liestal, Switzerland), OCH (Cayman Chemical),
ganglioside GD3 (Avanti Polar Lipids, Inc), a-C-glycoside (National
Institutes of Health Tetramer Facility), or GSL-1 (National Institutes
of Health Tetramer Facility) together with 100 IU/mL recombinant
interleukin-2 (rIL-2) (Hoffman-La Roche, Nutley, NJ) in complete
RPMI. The cells were split when confluent, and fresh media was
added every 2 to 3 days. At day 10, iNKT cells were re-stimulated
with autologous irradiated (40Gy) PBMCs at a 1:1 ratio. For titration
experiments, iNKT cells were culturedwith orwithout IL-2 (0-500 IU/
mL) and with CD3/CD28 Dynabeads at defined ratios. For cytokine
stimulation, we used 50 ng/mL IL-4, 50 ng/mL IL-12, 100 ng/mL IL-
15, and 100 ng/mL IL-18 (Thermo Fisher Scientific). For culture of
specific iNKT cell populations, the cells were first sorted for purity by
using FACS.

For suppression assays, expanded iNKT cells were mixed with
CD31 microbead-enriched (Stemcell Technologies, Vancouver,
BC, Canada) T cells at defined ratios in complete RPMI. The cells
were stimulated with CD3/CD28 Dynabeads at a 1:1 ratio. T cells

iNKT CELL HETEROGENEITY IN ALLO- AND AUTOIMMUNITY blood® 12 MARCH 2020 | VOLUME 135, NUMBER 11 815

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/135/11/814/1718674/bloodbld2019001903.pdf by guest on 28 M

ay 2024



were labeled with CellTrace Violet (Thermo Fisher Scientific)
according to manufacturer’s instructions. The labeling media
contained 0.1% fetal calf serum (Thermo Fisher Scientific). For
CD94 depletion, iNKT cells were negatively enriched for CD94–

cells using CD94-phycoerythrin (BioLegend, San Diego, CA) and
anti-phycoerythrin microbeads (Miltenyi Biotec).

To determine cytotoxicity, iNKT cells were cultured with Cell-
Trace Violet-labeled CD1d1 Jurkat cells27 (Clone E6-1, American
Type Culture Collectio [ATCC]), CD1d– K562 cells (CCL-243;
ATCC), or with allogeneic human myeloid dendritic cells (DCs)
(SBC) obtained from a EasySep Human Myeloid DC Enrichment
Kit (Stemcell Technologies) at a 1:1 ratio in complete RPMI with
or without 1 mM aGalCer.

Statistical analysis
TheWilcoxon matched-pair signed-rank test was used for paired
samples. The Mann-Whitney U test was used for unpaired
groups of samples. For more than 2 paired samples, we used
Friedman test with Dunn’s multiple comparisons correction.

Tests were performed using GraphPad Prism 8 (GraphPad
Software, La Jolla, CA). Values of P , .05 were considered
statistically significant. Statistics for single-cell sequencing data
were collected from program functions in Seurat21 and BD
DataView 1.0. viSNE28 plots were generated using Cytobank. For
bulk RNA-seq, CIBERSORT was used to score likeness of the
iNKTs in our samples to known immune cell transcriptional
phenotypes.29

Results
Bulk and single-cell iNKT gene signatures
after HSCT
To assess iNKT transcriptional heterogeneity on the single-cell
level and potential changes with HSCT outcome, we used
scRNA-seq to sequence iNKT cells isolated from a normal
healthy individual, a patient who developed GVHD after HSCT,
and a patient with healthy reconstitution after HSCT. We used
the antibody clone 6b11 to identify iNKT cells8 (Figure 1A). The
scRNA-seq platform captured transcripts by their poly(A)-tail,
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Figure 1. Gene signatures in patients after allogeneic
HSCT with and without acute GVHD and in individuals
who did not receive a transplant. (A) Isolation of
iNKT cells. Representative plot showing the results of the
purification procedure for all sequencing experiments.
(B) Concatenated t-distributed stochastic neighbor em-
bedding (tSNE) plot of single-cell messenger RNA-
sequencing of iNKT cells from 1 healthy individual who
did not receive a transplant (green), 1 patient after HSCT
without GVHD (blue), and 1 patient after HSCT with onset
of gastrointestinal GVHD (dark red). A heatmap shows
selected differential gene expression (log10 scale of unique
molecular identifier [UMI] counts) across the 3 cell clusters
detected in the tSNE plots, and violin plots show the
normalized distribution of expression of genes between the
3 individuals (bottom right). APC, antigen-presenting cell;
FITC, fluorescein isothiocyanate.
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which provided an unbiased assessment of gene expression. By
using linear dimensional reduction followed by a graph-based
clustering approach, 3 clusters were identified on the basis of
differentially expressed genes (Figure 1B, top). One cluster was
identified by CXCR4, another cluster was identified based on
HLA-II, and the third cluster was identified by KLRD1, KLRB1,
and genes associated with cell-mediated cytotoxicity (Figure 1B,
bottom). The healthy individual had cells evenly distributed in all
3 clusters, whereas the patient samples showed a skewed dis-
tribution. The patient with healthy reconstitution (labeled as
HSCT) had few HLA-II1 cells compared with the aGVHD patient.
Independent analysis of each one of the individuals is presented
in supplemental Figure 1A-B.

Common immune genes associated with T-cell phenotype such
as CD4 and CD8 were not captured well using the scRNA-seq
platform (supplemental Figure 1C). Thus, to add a second
perspective on exploring single-cell transcriptional iNKT het-
erogeneity, we evaluated iNKT cells from 2 healthy individuals
with a targeted scRNA-seq platform using primers for 312 im-
mune genes (Figure 2A; supplemental Figure 2A-D; supple-
mental Tables 4 and 6). Interestingly, we found that resting
iNKTs seemed homogeneous; however, brief TCR activation
induced 2 distinct gene phenotypes based on predefined gene
sets for immune populations (Figure 2A): 1 type that is natural
killer (NK) cell–like (Figure 2B) and another that is memory
T-cell–like (Figure 2C). The NK cell-like cluster was enriched in

the chemokines CCL3 and CCL4 and cytotoxic factors GZMB,
PRF1, and GNLY, whereas the memory T-cell–like cluster was
enriched in IL2 and IL4 expression (Figure 2D). IFNg and TNFa
seemed to be equally expressed by the 2 activated populations.
Although we used a targeted approach, CD4 and CD8A were
not differentially expressed (supplemental Table 6).

Moreover, we used bulk messenger RNA (mRNA) sequencing for
iNKT cells from healthy donors and from day 130 post-HSCT
patients. Among the post-HSCT patients, some had normal
immune reconstitution and others would develop GVHD but
did not yet have it. Even though GVHD could not yet be de-
tected clinically at this130-day time point for these patients, the
patient groups showed different gene signatures based on
CIBERSORT analysis (supplemental Figure 2E).

iNKT cell protein expression in clinical disease
On the basis of our exploratory single-cell expression data and
current human iNKT classification, we established high-
parametric flow cytometry panels to evaluate iNKT cell phe-
notypes in healthy individuals in a cohort of post-HSCT patients
with and without GVHD and in a cohort of patients with new
onset T1D. The most frequently expressed markers in the
healthy individual are shown in supplemental Figure 3A.

For the cohort of healthy individuals and HSCT patients, we
manually gated on iNKT cell phenotypes and performed
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Figure 2. Short-term kinetic assessment of primary iNKT cells with a targeted scRNA-seq approach. (A) Sequencing of 4000 iNKT cells targeting RNA expression of
312 T-cell–associated genes from 2 healthy donors. The cells from each donor were experimentally divided into 2 fractions: primary cells that received no in vitro activation and
cells that were activated in vitro with CD3/CD28 Dynabeads overnight. The data have been dimensionally reduced and displayed as a tSNE plot. (B-D) Combined expression of
(B) genes associated with an NK-cell phenotype, (C) genes associated with memory T cells (Tcmem), and (D) distribution of gene expression of immunologically relevant effector
molecules across the clusters.
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principal component analysis (Figure 3A). The healthy individ-
uals distinctly clustered apart from the patients, and the post-
HSCT-without-GVHD cluster slightly overlapped with the GVHD
cluster. On the basis of driving parameters in the principal
component analysis, we focusedour analysis onCD94 (the protein
name ofKLRD1), KLRG1, CD161 (the protein name ofKLRB1), and
HLA-II expression (Figure 3B). Consistent with our scRNA-seq

data, HSCT patients had high proportions of KLRG11 and
CD941 iNKT cells compared with healthy individuals who had not
undergone HSCT (Figure 3C, left). Moreover, HSCT patients at
GVHD diagnosis had increased frequencies of HLA-II1 iNKT cells
and reduced frequencies of CD1611 iNKT cells (Figure 3C,
right). These significant signatures seem to be iNKT specific and
do not recapitulate in the CD31 T-cell compartment (supplemental
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Figure 3B). To determine whether these iNKT cell phenotypes can
be extended to other diseases, we investigated a cohort of patients
with new onset T1D (Figure 3D). These T1D patients showed an
increased frequency of CD941 and HLA-II1 iNKT cells and reduced
frequency of CD1611 iNKT cells compared with healthy individuals
(Figure 3E).

Corticosteroids are the first-line treatment for patients who
develop acute GVHD, and some patients are refractory to this
treatment. In our cohort of biopsy-confirmed acute GVHD pa-
tients at diagnosis who had yet to receive corticosteroids, we
examined whether we could delineate those patients who would
later be refractory from those who would be responsive to
corticosteroid treatment. We found a high proportion of HLA-II1

iNKT cells were associated with patients who would be re-
fractory compared with those who would be responsive to

corticosteroids (Figure 4A-B). In addition, in the CD161–HLA-
II1 iNKT cell population, patients who would be refrac-
tory had increased expression of CXCR3 compared with
patients who would respond to corticosteroid treatment
(Figure 4C).

We next asked whether these markers could classify HSCT
patients who do not have clinical features of acute GVHD but
would later on acquire acute GVHD and those who would
have healthy reconstitution. To address this, we identified a
cohort of day130 post-HSCT patients who had no symptoms
of acute GVHD, some of whom would later develop acute
GVHD. The patients who would later develop acute GVHD
showed a significantly higher frequency of HLA-II1 iNKT cells
compared with patients who did not develop acute GVHD
(Figure 4D).

HLA-II CXCR3 CD94 CD4 KLRG1 CD161

HSCT

GVHD (Dx)
- CS Refractory

GVHD (Dx)
- CS Responsive

C
ha

nn
el

 r
an

g
e

High

Low

tSNE1

tS
NE

2

A

MAC d30 Tx prior to
GVHD onset

HLA-II

KLRG1

CD161

CD94

ns

*

ns

ns

0 50

Frequency (%)
100

No GVHD onset
GVHD post d30 Tx

D

100

HL
A-

II+
 Fr

eq
ue

nc
y (

%
)

*

80

60

40

20

0

CS 
Ref

ra
ct

ory

CS 
Res

pons
ive

B

100 *

Fr
eq

ue
nc

y C
XC

R3
+

 in
CD

16
1- HL

A-
II+

(%
) 80

60

40

20

0

CS 
Ref

ra
ct

ory

CS 
Res

pons
ive

C

Figure 4. Assessment of iNKT phenotypes that distinguishes treatment responders from nonresponders in acute GVHD patients, and GVHD onset from healthy
immune reconstitution in allogeneic HSCTpatients. (A) Representative visualization of tSNE (viSNE) plot frompatients after HSCT (n5 11) and patients at GVHDdiagnosis that
later were corticosteroid (CS) responsive (n 5 1) or refractory (n 5 3). Each column shows the marker expression of a user-defined channel range. The cell number has been
normalized to include the same number of cells from each group. (B) Summary of HLA-II expression in iNKT cells (n5 18) at GVHD diagnosis. The patients were retrospectively
stratified by corticosteroid response after GVHD diagnosis. (C) Frequency of CXCR3 cells within the CD161HLA-II population in patients at GVHD diagnosis who were ret-
rospectively stratified by corticosteroid response. (D) Phenotypic expression of iNKT cells from 34 patients on day 30 after HSCT with myeloablative conditioning (MAC). The
patients analyzed did not display any clinical manifestations of GVHD. After day 30, 10 of the patients would develop GVHD (red) but 24 would not (blue). Tx, Transplantation.
Means 6 standard error of the mean (B,D). *P 5 .05-.01. ns, not significant.

iNKT CELL HETEROGENEITY IN ALLO- AND AUTOIMMUNITY blood® 12 MARCH 2020 | VOLUME 135, NUMBER 11 819

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/135/11/814/1718674/bloodbld2019001903.pdf by guest on 28 M

ay 2024



Primary iNKT cells
sorted day 0

105

104

103

-103

0

CD4+

0.093

Al
ex

a fl
uo

r 7
00

 - C
D4

PE/Cy7 - CD94
-103 103 104 1050

CD4-

16.9

105

104

103

-103

0

Al
ex

a fl
uo

r 7
00

 - C
D4

PE/Cy7 - CD94
-103 103 104 1050

CD3/CD28 + 200 IU/mL rIL-2 day 7

CD4+

1.32

105

104

103

-103

0

Al
ex

a fl
uo

r 7
00

 - C
D4

PE/Cy7 - CD94
-103 103 104 1050

CD4-

7.08

105

104

103

-103

0

Al
ex

a fl
uo

r 7
00

 - C
D4

PE/Cy7 - CD94
-103 103 104 1050

No stimulation day 7

105

104

103

0

-103

4.23 0.055

18.177.6

-103

Alexa fluor 700 - CD4

PE
/C

y7
 - C

D9
4

103 104 1050

A

32.2 0.97

9.2557.6

105

104

103

102

0Al
ex

a fl
uo

r 7
00

 - C
D4

PE/Cy7 - CD94
100 101 102 103 104 105

B

1.21 0.82

94.5 3.46

105

104

103

-103

0Aq
ua

 am
in

e

APC - Annexin V
-103 103 104 1050

Jurkat + αGC

77.6 19.2

1.861.32105

104

103

-103

0Aq
ua

 am
in

e

APC - Annexin V
-103 103 104 1050

+ iNKT

93.5 3.44

0.712.35105

104

103

-103

0Aq
ua

 am
in

e

APC - Annexin V
-103 103 104 1050

+ CD94- iNKT 50

40

30

20

10

0
iNKT CD94-

Fr
eq

ue
nc

y d
ea

d 
ju

rk
at

 ce
lls

af
te

r i
NK

T c
o-

cu
ltu

re
 (%

)

*C

0 10.9

42.746.4

105

104

103

-103

0

7A
AD

APC - Annexin V
-103 103 104 1050

mDC + αGC + CD4+iNKT

50.4 36.5

13.10105

104

103

-103

0

7A
AD

APC - Annexin V
-103 103 104 105

CD4-CD94- iNKT

46.9 34.6

18.50105

104

103

-103

0

7A
AD

APC - Annexin V
-103 103 104 1050

CD94+iNKT 80

60

40

20

0
CD94

CD4
-

- -
+

+
-

iN
KT

-m
ed

ia
te

d
al

lo
-m

DC
 ce

ll 
de

at
h 

(%
) * *

AnV+7AAD-

AnV+7AAD+

D

Pacific blue -celltrace violet
102 103 104 105

+CD94-

+iNKT

+CD3/28

CD3+

1.5

*

1.0

0.5

0.0
1:1 1:2 1:4

CD94- : CD3+ ratio

T c
el

l s
up

pr
es

sio
n 

by
CD

94
-d

ep
le

te
d 

iN
KT

(n
or

m
al

ize
d 

di
vis

io
n 

in
de

x)E

100
15
15

10

5

0

CD4+ CD4-

****

Fr
eq

ue
nc

y C
D9

4+

in
 iN

KT
 (%

)

Figure 5. Function of CD941 iNKT cells. (A) Representative plot of CD4 and CD94 expression in primary iNKT cells (n5 23). (B) Representative plots from experiment showing
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Distinction, cytotoxicity, and immunosuppressive
capacity of CD941 iNKT cells
Our scRNA-seq data suggest a cytotoxic cluster of cells. One gene
that defined this cluster was KLRD1 (supplemental Figure 1A-B).
KLRD1 (CD94) is a killer cell lectin–like receptor that is preferen-
tially expressed on NK cells and interacts with NKG2molecules.30

Flow cytometric data show that CD94 expression is nearly mu-
tually exclusive with CD4 expression (Figure 5A) but is present in
both CD81 and CD82 iNKT cells (supplemental Figure 3C). To
further explore the relationship between CD94 and CD4 ex-
pression, we expanded primary CD41 iNKT cells with IL-2 and
CD3/CD28 stimulation and showed that CD94 expression was
low, whereas stimulated CD4– iNKT cells upregulated CD94
(Figure 5B).

To functionally test whether CD941 iNKT cells promote cyto-
toxicity, we compared the ability of CD94-depleted vs bulk
iNKT cells to induce apoptosis in a leukemic cell line loaded with
aGalCer. CD94-depleted iNKT cells were less cytotoxic com-
pared with iNKT cells that contained CD941 cells (Figure 5C).

Recently, Coman and colleagues19 showed that CD4– iNKT cells
had increased cytotoxicity compared with CD41 iNKT cells.
Because CD94 expression in our data is found only in CD4–

iNKT cells and is equally distributed in CD81/2 iNKT cells, we
asked whether the cytotoxic function observed in CD4– iNKT
cells was due to the CD941 iNKT cells. In an additional killing assay,
we sorted CD4–CD941, CD41CD94–, and CD4–CD94– iNKT cells
and cultured them separately for 24 hours with human myeloid
DCs (mDCs) pulsed with 1 mM aGalCer. We observed that
CD4–CD941 iNKT cells promoted a higher mDC death com-
pared with the other 2 populations (Figure 5D). In addition, this
CD941 iNKT-mediated cytotoxicity seems to be CD1d and
aGalCer dependent (supplemental Figure 3D). Cytotoxic factors
granzyme B (GZMB), perforin, and granulysin were increased in
CD941 iNKT cells (supplemental Figure 3E-G).

The ability of iNKT cells to suppress T-cell proliferation in vitro15

was thought to occur by a balance of pro- and anti-inflammatory
subset phenotypes. To assess whether the CD941 phenotype is
more pro-inflammatory or anti-inflammatory, we set up a sup-
pression assay with iNKT cells plated at various ratios to T cells
to examine dose-dependent suppression of T-cell proliferation.
When we depleted CD941 iNKT cells from the population, we
found that iNKT-mediated suppression increased significantly
(Figure 5E).

Phenotype and function associated with primary
iNKT cells
We asked how the data-driven discovered markers and markers
in the conventional iNKT paradigm associate with function in
primary iNKT cells. Primary iNKT cells had low expression of
HLA-II (supplemental Figure 3A). iNKT cells had a high PLZF
expression compared with CD31 T cells (supplemental Figure 3B).

In line with previous studies,8 we show that CD41 iNKT cells are the
predominant IL-4 producer (supplemental Figure 3G), but they also
have a mixed IFN-g, TNF-a, and GZMB expression. CD41 iNKTs
also express GATA3 (supplemental Figure 3G). Although CD8 and
DN subsets hadmore IFN-g and TNF-a comparedwith CD41 cells,
high IFN-g and TNF-a and poor expression of IL-4 were signifi-
cantly associated with KLRG1 expression (supplemental Figure
3G-H). KLRG1 is an inhibitory molecule31 with high expression in
many lymphocytes. Interestingly, KLRG1 expression is present in
both CD41 and CD4– iNKTs (supplemental Figure 3A). KLRG11

iNKT cells also express TBET and RORC (supplemental Figure 3G).

The impact of activation on iNKT cell phenotype
and function
iNKT cell phenotypes detected in our clinical cohorts are either
rare or not seen in iNKT cells derived from normal healthy donors
(supplemental Figure 3A). We hypothesized that the iNKT cell
phenotype seen with clinical disease might be recapitulated by
in vitro activation of primary iNKT cells from normal healthy
donors.

HLA-II1 and CD161– iNKT cells did appear with prolonged TCR
stimulation in vitro (Figure 6A; supplemental Figure 4A-B).
Moreover, we show that the expression of HLA-II and CD161
varies significantly with iNKT ligand affinity (Figure 6A), but only
the HLA-II expression varied significantly with the ratio of
stimulating ligands (Figure 6B) and concentration of IL-2
(Figure 6C). Importantly, HLA-II1 iNKT cells were most abundant
in the setting of high TCR activation and IL-2 availability, an in vitro
representation of the high degree of inflammation found in the
GVHD environment. The expression of other markers showed
potential dependency on the stimulating ligand used, suggesting
how lipid presentation and cytokines may influence iNKT cell
phenotype and function (supplemental Figure 4A,J). In line with
the literature, our data associate KLRG1 with effector cells and
CXCR4 as naı̈ve or exhausted32 (supplemental Figure 4H).

In addition, we stimulated iNKT cells for 10 days in vitro and then
determined expression for IFN-g and IL-4. We found that HLA-II1

iNKT cells had significantly higher IFN-g and IL-4 expression
compared with HLA-II–/lo iNKTs (supplemental Figure 4I). Taking
into account CD161 expression, HLA-II1CD161– iNKTs have a
significantly higher ratio of IFN-g:IL-4 expression comparedwith the
other combinations of CD161- and HLA-II–expressing iNKT cells
(Figure 7A). Likewise, HLA-II1 iNKT cells had significantly higher
expression of cytotoxic markers, but HLA-II1CD161– iNKT cells
expressed less than HLA-II1CD1611 iNKT cells. In an evaluation of
exhaustion, we found that HLA-II1 iNKT cells showed increased
TIM-3 and PD-1 expression; however, NKG2D is preferentially el-
evatedwithCD1611 iNKT cells (Figure 7C; supplemental Figure 4K).

In summary, an in vitro FACS evaluation of primary iNKT cells is
consistent with what our scRNA-seq showed. HLA-II1CD161–

iNKT cells, which are also detected in GVHD and T1D, showed

Figure 5 (continued) CD4– population on day 7. (C) Cytotoxicity of iNKT cells. CD1d1 Jurkat cells were incubated with a-galactosylceramide (aGC) overnight (far left). Bulk
iNKT cells (left) or CD94-depleted iNKT cells (right) were then added in a 1:1 ratio. CD94-depleted iNKT cells induced significantly less apoptosis in target cells compared with
bulk iNKT cells (far right, n5 8). (D) Allogeneic cytotoxicity toward APCs. Allo-myeloid dendritic cells (mDCs) were pulsedwith aGCandmixed with iNKT cells sorted by FACS in a
1:1 ratio (n5 6). Cell death was measured using 7-aminoactinomycin D (7AAD) and Annexin V (AnV). The plot (far right) shows frequency of 7AAD1AnnexinV1 mDCs (blue) and
7AAD–AnnexinV1 mDCs (red). CD941CD4– iNKT cells induced significantly more mDC death than CD94–CD4– and CD94–CD41 iNKT cells. (E) Immune regulatory function of
CD941 iNKT cells. Purified CD31 T cells were stimulated with CD3/CD28Dynabeads for 72 hours. Addition of CD94-depleted iNKT cells in a dose-dependentmanner decreased
the proliferation of the T cells (n 5 6). Means 6 standard error of the mean (A,C-E).*P 5 .05-.01; ****P , .0001.
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aspects of exhaustion with the continued capability to produce
cytokines at a high IFN-g:IL-4 ratio, consistent with a Th1-skewed
cytokine profile.

Discussion
In this study, we present a high-parametric, data-driven explo-
ration of human iNKT heterogeneity in the clinical context of
allogeneic HSCT and in new-onset autoimmune T1D. Our data
suggest a phenotypic framework that expands understanding of
human iNKT biology. A major finding of this study is that there
is an increase in HLA-II1CD161– iNKT cells associated with the
development and increased severity of acute GVHD. An eval-
uation of this population ex vivo and in vitro shows that it is
capable of driving persistent Th1 inflammation. We also ex-
plored the same iNKT populations in T1D and observed a similar
increase in patients with new-onset disease.

Our data suggest that iNKT cells are better described as
T-cell–like and NK-like, and this pattern is more evident with
activation. Although CD4 correlates with the capacity to make
IL-4, KLRG1 and CD94 expression better defined Th1 and cy-
totoxic subsets, respectively, than the classically used CD8 and
DN. KLRG1 was expressed in both CD41 and CD4– cells and was
closely associated with the capacity for cells to make Th1 cyto-
kines although not to the exclusion of also making IL-4 if the
iNKT cells are CD41. CD94 was expressed only in CD4– cells and
was closely associated with enhanced cytotoxicity and a lack of
IL-4 production. In our study, CD94 does not seem to be expressed
by CD41 iNKT cells even after in vitro activation, suggesting that
CD94 expressionmay be developmentally fixed in CD4– iNKT cells.
Moreover, CD941 iNKT cells were associated with allogeneic HSCT

and T1D status in humans whereas evaluation of CD8 or DN status
showed no association (Figure 3E).

Identifying human iNKT cell phenotypes that better associate
with the capacity to make Th1 cytokines and exert cytotoxicity
is likely a helpful step forward in understanding how human
iNKT cells contribute to diseases such as GVHD. The production
of IL-4 has been associated with immunoregulatory functions
of mouse iNKT cells and suppressing GVHD after allogeneic
HSCT.18,33,34 We found that CD161 expression was increased on
iNKT cells in HSCT patients with normal immune reconstitution.
Even though CD161 was previously shown to be associated with
enhanced Th135 cytokine production, we found Th2 cytokines to
be augmented, suggesting how this phenotype could be as-
sociated with normal reconstitution after HSCT.

In contrast, the newly defined HLA-II1CD161– iNKT phenotype
associated with GVHD and T1D showed exhaustion and has
skewed IFN-g production and decreased expression of cytotoxic
factors. This population can be CD41 or CD4– and is not pre-
sent in healthy individuals. We found that with strong, chronic
in vitro activation, iNKT cells upregulate HLA-II and down-
regulate CD161 expression (Figure 6A-C). Interestingly, the use of
a weaker stimulating ligand (a-C-glycoside) resulted in an up-
regulation of CD161 even though we did not see any signifi-
cant differences in CD161 expression with respect to the ratio
of CD3/CD28 beads and IL-2 used to stimulate iNKT cells
(Figure 6A-C). Together, these results could potentially explain
why we see increased HLA-II and reduced CD161 expression
in our GVHD patients, because this disease is characterized
by a persistent inflammatory state and possibly even a dif-
ferent profile of glycolipids that strongly mediates an immune
response.
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Studies point toward 2 pathways of regulating acute GVHD: the
first in which IL-4 and peripheral tolerance pathways can control
expansion15 and the second in which CD4– iNKT cells attack and
destroy recipient antigen-presenting cells to control alloreactivity.19

Our data show that healthy immune reconstitution without GVHD
correlates with CD161, which maintains IL-4 production. However,
we also see that an enrichment for cytotoxic CD941 cells is present
with healthy reconstitution. Thus, our data would support both
potential mechanisms that could be working to regulate HSCT.
What is conceptually novel and important is that the appear-
ance of a more Th1 polarized but less cytotoxic iNKT phenotype
(HLA-II1CD161–) clearly associates with a dysregulated immune
state and that the proportion of these cells specifically corre-
lates with GVHD. This reveals a new immunologic state of
iNKT cells that provides a correlative science end point and
organizational framework for developing strategies to understand
how these cells arise, how they contribute to GVHD, and how
to avoid them.

In T1D, Th1 skewing of iNKT cells has been observed, but
studies to date show conflicting results.10-13,17 Our investigation
provides some insight on these discrepancies. In line with the
study by Wilson et al,10 we show that HLA-II1 iNKT cells with
elevated IFN-g expression are associated with T1D patients. In
addition, cytotoxic CD941 iNKT cells are increased during the

onset of T1D. Although it is unclear whether iNKTs contribute to
the pathophysiology of T1D, we have found biomarkers on
iNKT cells that are potentially sensitive for discriminating im-
mune activity in the disease.

Because our approach aimed toward elucidating dominant iNKT
cell functions in our patient groups, the low number of patients in
our study warrants further investigations to elucidate the role of
iNKT cells in clinical settings.Our exploratory sequencing approach
and low cell number in clinical samples did not provide enough
depth to identify rare iNKT gene signatures, including human
iNKT cells reported to produce IL-107 and IL-17.36

In summary, we provide information on clinically relevant
iNKT cell phenotypes and function, and we identify iNKT cell
phenotypes associated with allo- and autoimmunity. This sug-
gests that iNKT profiling could help clarify immune disease
status or severity and has implications for therapeutic strategies
targeting and/or using iNKT cells as cellular therapy in allogeneic
HSCT and other diseases such as T1D.
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