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A Designed 𝜶-GalCer Analog Promotes Considerable Th1
Cytokine Response by Activating the CD1d-iNKT Axis and
CD11b-Positive Monocytes/Macrophages

Juan Ma, Peng He, Chuanfang Zhao, Quanzhong Ren, Zheng Dong, Jiahuang Qiu,
Yang Jing, Sijin Liu,* and Yuguo Du*

Selective helper T cell 1 (Th1) priming agonists are a promising area of
investigation for immunotherapeutic treatment of various diseases.
𝜶-galactosylceramide (𝜶-GalCer, KRN7000), a well-studied Th1-polarizer,
simultaneously induces helper T cell 2 (Th2)-type responses, which is a major
drawback for its clinical applications. Based on surflex-docking computation,
𝜶-GalCer-diol, with added hydroxyl groups in the acyl chain, is designed and
synthesized. Structural analyses reveal stronger affinity between 𝜶-GalCer-diol
and cluster of differentiation 1d (CD1d), leading to enhanced antigen
presentation by dendritic cells (DCs) and self-activation, as reflected by tight
binding of the T-cell receptor (TCR)/KRN7000/CD1d ternary complex and
elevated production of interleukin 12 (IL-12) and interferon-𝜸 (IFN-𝜸).
Consequently, invariant natural killer T cells (iNKTs) are activated and exhibit
an improved Th1-type cytokine profile ex vivo and in vivo. Different from
KRN7000, 𝜶-GalCer-diol markedly boosts the expansion of the CD11b+

subpopulation and enhances IFN-𝜸 content in CD11b+ cells. These reinforced
Th1-type responses collectively endow 𝜶-GalCer-diol more robust antitumor
activity in a xenograft animal model using B16-F10 melanoma cells. Together,
the data demonstrate a new mechanism through which 𝜶-GalCer-diol induces
stronger Th1-type responses by stimulating CD11b+ leukocyte expansion and
DC-conducted CD1d-restricted and TCR-mediated iNKT activation. Hence,
this study may facilitate the development of novel Th1 priming agonists.
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1. Introduction

Helper T cell 1 (Th1)-polarizers have the
potential to be applied as vaccine adjuvants
to treat a large array of diseases that present
with immunological disorders, including
cancers and infections. KRN7000, well-
studied 𝛼-galactosylceramide (𝛼-GalCer)
glycolipid, is a promising Th1-polarizer;
however, its development as an agonist
to boost immunity is undermined by its
simultaneous induction of both Th1- and
helper T cell 2 (Th2)-type cytokines with
little selectivity.[1,2] This has led to efforts to
identify additional KRN7000 analogs that
are able to selectively activate either the
Th1 or Th2 response. Specifically, many
KRN7000 analogs have been designed and
synthesized in recent years due to their
potent ability to drive Th1- or Th2-type
cytokine production,[3–8] but few candidates
have proven to be therapeutically feasible
for controlling cytokine profiles. To this
end, there is a strong need for additional
potent and selective Th1-priming agonists.

The mode of action of 𝛼-GalCer is largely
attributed to its strong binding to cluster of

Prof. J. Ma, Q. Ren, Z. Dong, Dr. J. Qiu, Prof. S. Liu
School of Environmental Sciences
University of Chinese Academy of Sciences
Beijing 100049, P. R. China
Dr. P. He, Dr. C. Zhao, Prof. Y. Du
School of Chemical Sciences
University of Chinese Academy of Sciences
Beijing 100049, P. R. China
Y. Jing
National Engineering Research Center for Carbohydrate Synthesis
Jiangxi Normal University
Nanchang, Jiangxi 330022, China

Adv. Sci. 2020, 7, 2000609 2000609 (1 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.advancedscience.com

differentiation 1d (CD1d), a member of the CD1 fam-
ily of glycoproteins expressed on the plasma membrane
of antigen-presenting cells (APCs), such as dendritic cells
(DCs).[9] When the 𝛼-GalCer-CD1d complex is presented to
the semi-invariant T-cell receptor (TCR) on invariant natural
killer T cells (iNKTs), a ternary complex is formed, leading to
the secretion of various cytokines.[10] As a major feature of
activated iNKT cells, these cells are able to secrete different
sets of cytokines under differential priming states, such as Th1,
Th2, and helper T cell 17 (Th17) subtype priming.[11] Mounting
evidence has revealed that structural modifications of KRN7000
could greatly influence the Th1 versus Th2 responses (Table S1,
Supporting Information). However, no fundamental principles
underlying the skew of cytokine production toward either the
Th1 or Th2 type have been identified. Nonetheless, enhanced
interaction between CD1d and glycolipids, though a stabilized
trimolecular complex, has been found to lead to a Th1-biased
polarization.[12–14] Under this premise, diverse modifications of
KRN7000 have been proposed to enhance the binding affinity
between CD1d and glycolipids, or between CD1d/glycolipid
and TCR. For example, changes in the acyl chain, sphingosine
chain, glycosidic bond, or the hydroxyl groups on the pyranose
ring, could alter the stability of the CD1d/glycolipid binary
or the association between the binary and TCR to favor the
production of interferon-𝛾 (IFN-𝛾) (indicative of Th1 response)
over that of interleukin 4 (IL-4) (representative of Th2 response).
[6–8,10,12,13,15,16–19] A selection of observations regarding Th1-
biased modifications are shown in Scheme S1 (Supporting
Information). However, paradoxical results and the low stability
and reactivity of 𝛼-GalCer analogs have limited their use as ther-
apeutics for cancer, infection, or autoimmune diseases.[4,12,20–23]

As such, it remains a challenge to design 𝛼-GalCer analogs able
to induce Th1- or Th2-biased cytokine production.

As the predominant type of APCs, DCs have been extensively
studied in the CD1d-restricted and TCR-mediated activation of
iNKT cells, triggered by 𝛼-GalCer analogs. In contrast, much less
is known about the contribution of other types of APCs in pro-
moting iNKT cell activation. In addition, as a distinct population
of CD1d-restricted T-lymphocytes, iNKT cells are able to polar-
ize the immune response and interact with other types of im-
mune cells, providing iNKT cells with outstanding properties for
immunotherapies. Currently, the source of Th1-type cytokines,
such as IFN-𝛾 , is exclusively attributed to iNKT activation. How-
ever, the direct/indirect effects of 𝛼-GalCer analogs on various
types of immune cells (even CD1d-independent mechanisms)
and the outcomes downstream of iNKT activation should also be
taken into account when assessing the molecular basis of vari-
ant analog function. In the current study, we designed a new
𝛼-GalCer analog, 𝛼-GalCer-diol, by introducing hydroxyl groups
to the proper sites of acyl chain based on computational mod-
eling, which were expected to form hydrogen bonds with polar
residues in the A’ pocket of CD1d. Our results revealed that 𝛼-
GalCer-diol had a higher affinity for CD1d and ultimately elicited
a greater IFN-𝛾-biased immune response ex vivo and in vivo than
KRN7000. Importantly, we also uncovered a new mechanism un-
derlying the 𝛼-GalCer-diol-induced Th1-type response, different
from that of KRN7000. The current study opens a new avenue
for identifying selective 𝛼-GalCer analogs to enable customized
therapeutics.

2. Results and Discussion

2.1. Molecular Design

The CD1d/glycolipid interaction has been reported to bias cy-
tokine secretion in favor of Th1-type cytokines.[12,13] Structural
analysis revealed that there are primarily polar residues (CYS-12,
GLN-14, SER-28, TYR-73, and CYS-168, as shown in Scheme S2,
Supporting Information) in the A’ pocket of CD1d, with the ex-
ception of previously reported hydrophobic and aryl residues.[4,12]

Thus, new glycolipids were formed by introducing polar hydroxyl
groups at the proper positions of the acyl chain, and the bind-
ing interaction between the designed compounds and CD1d was
modeled with Surflex-Dock in SYBYL software (Tripos Inc., St.
Louis, MO).

Based on structural analyses of the CD1d/glycolipid binary
complex, hydroxyl groups were introduced on the 9–14th and 22–
24th positions of the acyl chain (Scheme S3, Supporting Informa-
tion) to identify sites with steady affinity toward the polar residues
GLN-14, SER-28, TYR-73, or CYS-168. Docking calculations indi-
cated that introducing hydroxyls on the 12th and 13th positions of
the acyl chain (Scheme S3, Supporting Information) resulted in a
higher TotalScore than that of KRN7000. Compared to KRN7000,
additional hydrogen bond interactions were observed between
GLN-14, SER-28, or TYR-73 and the added hydroxyl groups of
the designed glycolipids (Scheme 1), supporting a stronger CD1d
binding ability for the designed glycolipids. In addition, the four
designed diastereomers (Scheme S4, Supporting Information)
had comparable TotalScores and binding patterns with CD1d,
suggesting that it would be reasonable to use racemic 𝛼-GalCer-
diol in subsequent experiments. To verify our predictions, 𝛼-
GalCer-diol was synthesized and its activity was evaluated. The
total synthesis of 𝛼-GalCer-diol (1, Scheme S6, Supporting In-
formation) was accomplished in nine chemical reaction steps,
achieving an overall yield of 14.3% using commercially avail-
able methyl 12-hydroxydodecanoate (2, Scheme S5, Supporting
Information), phytosphingosine (7, Scheme S6, Supporting In-
formation), and benzylated isopropyl-𝛽-D-thiogalactopyranoside
(IPTG) (10, Scheme S6, Supporting Information) as starting ma-
terials. The key reactions applied in this strategy were Dess–
Martin oxidation, olefination, Sharpless dihydroxylation, and
stereoselective glycosylation. Detailed synthetic procedures were
presented in the Supporting Information.

2.2. Enhanced Interaction between 𝜶-GalCer-diol and CD1d

CD1d, a Type II CD1 molecule that is predominantly expressed
by APCs,[24,25] adopts an MHC class I-like structure with a hy-
drophobic antigen-binding cleft that harbors deep pockets well-
suited for the binding of lipid antigens. Thus, diverse APCs
have been demonstrated to present lipid antigens to iNKT cells,
and DCs represent the major APCs presenting glycolipids.[26,27]

To verify the above simulation data on the interaction between
𝛼-GalCer-diol and CD1d (Scheme S3, Supporting Information;
and Scheme 2), the presentation of 𝛼-GalCer-diol and subse-
quent interaction with CD1d were assayed in primary cultured
bone marrow-derived dendritic cells (BMDCs) in comparison to
KRN7000 using L363 monoclonal antibody (mAb) staining, an

Adv. Sci. 2020, 7, 2000609 2000609 (2 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.advancedscience.com

Scheme 1. Structure of a new glycolipid, 𝛼-GalCer-diol.

Scheme 2. Structures of the binary complex formed by CD1d and four diastereomers of 𝛼-GalCer-diol. For CD1d, the carbon of the acyl chain and key
residues are colored white and green, respectively. 𝛼-GalCer-diol is denoted by cyan, and the hydrogen bonds formed between CD1d and 𝛼-GalCer-diol
are shown in red.

established method to specifically identify the complex formed
between glycolipids and CD1d.[28,29] As shown in Figure 1A,
fluorescence-activated cell sorting (FACS) analysis identified pos-
itive L363 staining in CD11c+MHCII+ BMDCs, and much more
L363-positive cells were observed in BMDCs upon the addition
of 𝛼-GalCer-diol compared to KRN7000 over the time course. As
reflected by the mean fluorescence intensity (MFI), the forma-
tion of the binary 𝛼-GalCer-diol-CD1d complex was observed to
be much greater than that of KRN7000 over time (Figure 1B,
P < 0.001); an obvious peak was only found for KRN7000 at 12
h (Figure 1B). In support of these data, similar results were also
observed in DC2.4 cells, an immortalized line of DCs (Figure S1,
Supporting Information, P < 0.001). Furthermore, pulse-chase
analysis was performed to assess the dynamic change in CD1d-
glycolipid complexes. After preincubation with 𝛼-GalCer-diol or
KRN7000 for 12 h, BMDCs were recultured for 3 and 6 h in the
absence of glycolipid treatment. As shown in Figure 1C, com-
pared to the rather low level of L363 staining for the KRN7000-
CD1d complex, the MFI value was much greater for the 𝛼-GalCer-
diol-CD1d complex, even after a decrease at 6 h (P < 0.001). This

suggested a more tight and steady formation of the 𝛼-GalCer-diol-
CD1d complex on the cell membrane than that of KRN7000.

DCs are also activated by glycolipid presentation, characterized
by induction of the surrogate cytokine IL-12.[30–32] In this con-
text, IL-12 content was measured in the supernatant collected
from BMDCs upon 𝛼-GalCer-diol or KRN7000 treatment. Re-
markably, 𝛼-GalCer-diol increased IL-12 production in BMDCs
by ≈7 fold relative to the untreated control, whereas KRN7000-
treated cells exhibited only a 2-fold increase in IL-12 levels (Fig-
ure 1D, P < 0.001), indicating that more DCs were activated upon
𝛼-GalCer-diol treatment. As a crucial organ for antigen presenta-
tion, spleen cells are commonly employed as an ex vivo model to
test the efficacy of antigen presentation and the interaction be-
tween different types of cells.[33] Thus, glycolipid-laden BMDCs
were cocultured with spleen cells from mice challenged by corre-
sponding 𝛼-GalCer-diol or KRN7000, respectively, following an
established method.[33,34] To determine the efficacy of antigen
presentation, the intracellular expression of IFN-𝛾 and IL-4 in
CD4+ cells was analyzed by FACS (Figure 1E, the left panel). Af-
ter calculating the ratio of intracellular IFN-𝛾 to IL-4, the ratio
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Figure 1. Enhanced interaction of 𝛼-GalCer-diol with CD1d. A) BMDCs were incubated with 300 × 10−9 m 𝛼-GalCer-diol or KRN7000 for different time
periods. Thereafter, 2 × 104 CD11c+MHC II+ BMDCs in each sample (the left panel) were gated to assess the MFI of the mCD1d/a-GalCer complex using
mAb L363. Histogram illustrations show L363 staining of cells upon treatment with 𝛼-GalCer-diol (red) and KRN7000 (blue). B) The MFI of PE-mAb
L363 staining in BMDCs following 𝛼-GalCer-diol or KRN7000 treatment after 3, 6, 9, 12, 18, 36, and 48 h relative to the untreated control group. C) The
relative MFI of L363 staining in BMDCs at each chase time (3 and 6 h) after pretreatment with 𝛼-GalCer-diol or KRN7000 for 12 h. D) Levels of IL-12
protein in the supernatants collected from BMDCs (1 × 106/well) treated with 1.26 × 10−9 m 𝛼-GalCer-diol or KRN7000 for 24 h. E) Determination of
intracellular IFN-𝛾 and IL-4 levels in CD4+ T cells. BMDCs were collected after treatment with 1.26 × 10−9 m 𝛼-GalCer-diol or KRN7000 for 24 h. Spleen
cells were isolated from mice pretreated with 4 nmol 𝛼-GalCer-diol or KRN7000 for 72 h. Thereafter, spleen cells (1 × 106/well) were coincubated with
BMDCs (1 × 105/well) for 6 h, and the levels of intracellular IFN-𝛾 and IL-4 in gated lymphocytes (5 × 104 cells, in the red circle, in the left panel) were
analyzed by FACS. The ratio of IFN-𝛾+ to IL-4+ cells in CD4+ T cells is shown in the right panel. F) IL-12 protein content in the supernatants was assayed
after 48 h of coincubation. Asterisk (*) indicates P < 0.05, and the pound sign (#) denotes P < 0.001, compared to the control group (n = 5).
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was found to be increased by 37% in the CD4+ subpopulation
of KRN7000-exposed cocultured cells, and increased by 117% in
the CD4+ subpopulation of 𝛼-GalCer-diol-exposed cells, relative
to the untreated control (Figure 1E, P < 0.05, the right panel).
This suggested a greater Th1-biased polarization of CD4+ cells in
BMDCs following 𝛼-GalCer-diol treatment than KRN7000 treat-
ment. Moreover, as shown in Figure 1F, IL-12 content was in-
creased by 2.54-fold in the coculture medium upon KRN7000
treatment, and was increased by 4.69-fold upon 𝛼-GalCer-diol
treatment relative to the untreated control (Figure 1F, P < 0.001).
This indicated a reinforced activation of DCs following antigen
presentation of 𝛼-GalCer-diol. Collectively, these data revealed
that 𝛼-GalCer-diol exhibited a strong ability to bind CD1d and
was relatively more potent to activate DCs than KRN7000.

2.3. Potent Th1 Cytokine Response Induced by 𝜶-GalCer-diol

Motivated by the above findings, we further addressed our pre-
diction that increasing the CD1d affinity of glycolipids would pro-
mote a Th1-type cytokine response. To assess this, IFN-𝛾 and IL-4
concentrations were assayed in the sera of mice following the ad-
ministration of 𝛼-GalCer-diol and KRN7000, respectively, based
on a previously established approach.[24,29] Figure S2A (Support-
ing Information) showed a significant time-dependent induc-
tion of IFN-𝛾 production with a pronounced peak around 12 h
for both glycolipids (P < 0.05). Similar to previous reports,[35–37]

KRN7000 provoked a rapid burst of IL-4 production around 3 h
(Figure S2B, Supporting Information, P < 0.05). Analogously,
𝛼-GalCer-diol evoked a similar pattern of IL-4 secretion (Figure
S2B, Supporting Information, P < 0.05). Furthermore, the pro-
duction (as determined by the area under curve, AUC, as es-
tablished previously)[18] of Th1-type cytokines (IFN-𝛾 , IL-2, IL-
12, tumor necrosis factor-𝛼, and granulocyte-macrophage colony-
stimulating factor (GM-CSF)) and Th2-type cytokines (IL-4, IL-5,
and IL-10) were assessed in mice upon KNR7000 and 𝛼-GalCer-
diol administration. As shown in Figure S2C (Supporting Infor-
mation), 𝛼-GalCer-diol greatly stimulated the Th1-type cytokine
response, similar to KRN7000, as evidenced by the much greater
value of AUC corresponding to Th1-type cytokines than that of
Th2 cytokines. Therefore, these results confirmed the marked
capability of 𝛼-GalCer-diol to stimulate Th1-biased immune
responses.

2.4. Greater Efficacy of 𝜶-GalCer-diol in Stimulating iNKT
Activation

With respect to the Th1-type cytokine response, IFN-𝛾 induc-
tion is an outstanding feature.[24,38] Because the spleen is the
primary site of NKT localization,[39–41] the direct interaction be-
tween glycolipids and spleen cells was assessed ex vivo. First,
we specifically identified iNKT cells using a phycoerythrin (PE)-
conjugated CD1d tetramer,[27,29] which enables identification of
iNKT cells in response to antigen presentation characterized by
IFN-𝛾 production (Figure 2A). As shown in Figure 2B, iNKT
lymphocytes (distinguished as CD3+NK1.1+mCD1d+ tetramer+)
were highly activated upon 𝛼-GalCer-diol treatment, as demon-
strated by a 93% increase in IFN-𝛾+ iNKT cells versus a 57%

increase upon KRN7000 treatment, compared to the untreated
control (P < 0.05). Meanwhile, intracellular staining of IFN-𝛾 in
total spleen cells after incubation with 𝛼-GalCer-diol or KRN7000
showed that the percentage of overall IFN-𝛾+ cells was increased,
especially in the 𝛼-GalCer-diol-treated group, which had a 1.7-fold
increase (P < 0.001), compared to that in the control group (Fig-
ure 2C). Upon assessing the intracellular levels of IFN-𝛾 and IL-4
among CD4+ T cells, a significant increase in the ratio of IFN-𝛾 to
IL-4 was observed following 𝛼-GalCer-diol treatment, with a 30%
increase relative to the untreated control (P < 0.05), while only a
very slight increase in KRN7000-treated cells (Figure 2D).

To verify the differentially activated priming states of CD4+ T
cells, a surrogate cytokine, IL-2, was assessed in the spleen cells
of mice following different treatments. As previously reported,
IL-2 is crucial for the maintenance of functional T cells in an au-
tocrine manner,[42] and is also important in modulating other cell
types, such as NK cells and innate lymphoid cells.[43,44] Consis-
tent with the increase of IFN-𝛾+ cells observed in whole spleen
cells (Figure 2B–D), the intracellular concentration of IL-2 was
greatly elevated in response to KRN7000 and 𝛼-GalCer-diol treat-
ment, especially the latter, as evidenced by the increased percent-
age of IL-2+ cells in the NKT and even the NK subpopulations
(Figure 2E,F, P < 0.05). These data indicated a higher level of
IFN-𝛾+ iNKT cell activation upon the administration of 𝛼-GalCer-
diol than KRN7000. Our findings thereby signified a greater Th1-
biased response induced by 𝛼-GalCer-diol through DC-conducted
CD1d-restricted and TCR-mediated activation of iNKT cells, and
implicated other types of immune cells in promoting Th1 re-
sponses either downstream of DC and iNKT activation or by a
direct effect on those cells.

2.5. Greater Activation of CD45+CD11b+ Leukocytes toward the
Th1 Type Response Upon 𝜶-GalCer-diol Treatment

Inspired by previous reports, cytokine levels in the sera of mice
following inducer treatment are able to largely characterize
the overall pool of cytokines produced by a variety of cell types
through direct or indirect mechanisms.[45,46] However, there
are currently few known sources of IFN-𝛾 production following
glycolipid treatment, such as iNKT cells. Therefore, we inves-
tigated the molecular mechanisms underlying the stimulation
of Th1-type cytokine production by 𝛼-GalCer-diol. This may
be dependent on or independent of the CD1d-restricted and
TCR-mediated activation of iNKT cells. Additionally, we at-
tempted to scrutinize potential sources contributing cells to Th1
responses that were differentially induced by 𝛼-GalCer-diol and
KRN7000. FACS analysis revealed the expansion of leukocytes,
as demonstrated by increased proportions of CD45+CD54+ cells
(a marker to identify leukocytes),[47] in the spleens of treated mice
compared to those of untreated mice (Figure S3, Supporting
Information). Furthermore, we interrogated the individual sub-
populations within CD45+ leukocytes. Intriguingly, the CD11b+

subpopulation was greatly enriched in the spleens of mice
treated with KRN7000 and 𝛼-GalCer-diol, especially the latter,
as determined by the graded gating of CD45+ leukocytes using
FACS (Figure 3A). As shown in Figure 3B, quantitative analysis
of the CD45+CD11b+ subpopulation revealed that the numbers
of CD11c+ cells and F4/80+ cells were increased upon glycolipid
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Figure 2. Higher efficacy of 𝛼-GalCer-diol in stimulating iNKT activation. A) Isolated spleen cells were subjected to subpopulation sorting dependent
on CD3, mCD1d/𝛼-GalCer Dextramer, and NK1.1 staining to identify activated iNKT cells by FACS. B) The percentage of IFN-𝛾+ iNKT cells in spleen
cells under different treatments. C) The percentage of IFN-𝛾+ cells in mouse splenocytes following glycolipid stimulation for 6 h ex vivo. D) The ratio of
intracellular IFN-𝛾 to IL-4 in CD4+ T cells in splenocytes isolated from mice challenged with glycolipids for 6 h. E) The percentage of IL-2+ cells in NKT
cells and F) NK cells in isolated splenocytes after glycolipid stimulation for 6 h ex vivo. Asterisk (*) indicates P < 0.05, and the pound sign (#) denotes
P < 0.001, compared to the control group (n = 5).

treatment compared to those in the control group, with a 32.8%
increase in CD11c+ cells and 45.5% increase in F4/80+ cells fol-
lowing 𝛼-GalCer-diol treatment (P< 0.001), in contrast to a 14.6%
increase in CD11c+ cells and 18.6% increase in F4/80+ cells
following KRN7000 treatment (P < 0.05). For CD11b+Ly6C+ and
CD11b+Ly6G+ cells, 𝛼-GalCer-diol treatment led to an ≈39.6%
and 28.2% increase (P < 0.001), respectively, relative to the
control group, showing stronger ability than KRN7000 (Fig-
ure 3B, P < 0.05). Similarly, Ly6C+Ly6G− cells were increased
by 62.8% (P < 0.001) and 31.8% (P < 0.05) upon 𝛼-GalCer-diol
and KRN7000 treatment, respectively, compared to the control
group.

Next, we aimed to determine if increased CD11b+ cells also
contributed to the reinforced Th1 responses induced by glycol-
ipids. For this purpose, we investigated the Th1-priming polar-
ization of CD11b+ cells by measuring the intracellular IFN-𝛾
level. As shown in Figure 3C, elevated IFN-𝛾 levels were found
in CD11b+ cells in the spleens of treated mice, particularly with
𝛼-GalCer-diol treatment, demonstrating reinforced polarization
of the Th1-type response of CD11b+ cells upon exposure to 𝛼-
GalCer-diol. Moreover, increased IFN-𝛾 levels were found in all
subpopulations of CD11b+ cells, including CD11c, F4/80, Ly6C,
Ly6G, and NK1.1 (Figure 3C). Given that CD1d is expressed
by many hematopoietic cells,[39,48] it would be of great interest
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Figure 3. Greater activation of CD45+CD11b+ leukocytes toward the Th1-type response upon 𝛼-GalCer-diol treatment. Following intravenous (I.V.)
administration for 24 h, the spleens of glycolipid treated mice were dissected for the preparation of single cell suspensions and FACS analysis. A)
Graded analysis of various subpopulations from total gated cells (5 × 105 cells) as follows: CD3+ T cells, CD3+NK1.1+ subpopulation representative
of NKT cells, CD11b+NK1.1+ subpopulation suggestive of NK cells, CD11b+CD11c+ subpopulation representative of dendritic cells, CD11b+F4/80+

denoting macrophages, CD11b+Ly6G+ subpopulation indicative of neutrophils, CD11b+Ly6C+ subpopulation marking mononuclear macrophages, and
CD11b+Ly6G−Ly6C+ subpopulation representative of mononuclear leukocytes. B) Quantification of diverse subpopulations of CD45+ CD11b+ cells. C)
Count of IFN-𝛾+ cells in each CD11b+ subtype splenocytes isolated from mice following glycolipid treatment for 6 h. Asterisk (*) indicates P < 0.05, and
the pound sign (#) denotes P < 0.001, compared to the control group (n = 5).

to clarify whether the increase in IFN-𝛾 levels was due to al-
tered CD1d expression in CD11b+ cells following 𝛼-GalCer-diol
treatment. Thus, we assessed CD1d expression in each cell
subpopulation in more details. Although the content of CD1d
in each CD45+CD11b+ subpopulation varied, KRN7000 and 𝛼-
GalCer-diol treatment did not alter CD1d expression (Figure
S4, Supporting Information). Collectively, these data indicated
that 𝛼-GalCer-diol stimulated the expansion and Th1-priming
state of CD11b+ leukocytes through some currently unknown
mechanisms, which may be dependent on or independent of
DC-conducted CD1d-restricted and TCR-mediated iNKT cell
activation.

2.6. 𝜶-GalCer-diol Promoted IFN-𝜸 Production in
Monocytes/Macrophages Independent of DC-Mediated
CD1d-Restricted Activation of iNKT Cells

To determine the mechanisms underlying the cellular source
of IFN-𝛾 production by CD11b+ cells, an anti-CD11b anti-
body was used to deplete CD11b+ cells by neutralizing CD11b
in mice treated with 𝛼-GalCer-diol, following an established
protocol.[49] As shown in Figure S5A,B (Supporting Informa-
tion), CD11b antibody treatment was found to be fairly efficient
in neutralizing and depleting endogenous CD11b+ cells, in-
cluding DCs (CD45+CD11b+CD11c+), monocytes/macrophages
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Figure 4. IFN-𝛾 and IL-6 production in CD11b+ leukocytes in response to 𝛼-GalCer-diol treatment. Following intraperitoneally (I.P.) administration of
5 mg kg−1 body weight anti-CD11b antibody or anti-CSF-1R antibody for 24 h, mice were further challenged by 4 nmol 𝛼-GalCer-diol for another 24 h,
followed by serum and spleen collection. A) Quantitative analysis of the percentage of IFN-𝛾+ iNKT cells in splenocytes from mice following anti-CD11b
antibody or anti-CSF-1R antibody treatment relative to the untreated control. B) IFN-𝛾 protein levels in each group. C) Serum concentrations of IL-6
in each group. D) Following I.V. administration of 5 mg kg−1 body weight clodronate liposomes for 48 h, mice were further challenged with 4 nmol
𝛼-GalCer-diol for an additional 24 h, followed by the detection of serum IFN-𝛾 in each group. Asterisk (*) indicates P < 0.05, and the pound sign (#)
denotes P < 0.001, compared to the control group (n = 5).

(CD45+CD11b+F4/80+), NK (CD45+CD11b+NK1.1+), neu-
trophils (CD45+CD11b+Ly6G+), mononuclear macrophages
(CD45+CD11b+Ly6C+), and mononuclear leukocytes
(CD45+CD11b+Ly6G−Ly6C+), as determined by FACS anal-
ysis. As a result, the IFN-𝛾+ subpopulation of iNKT cells was
reduced by 31% in the spleens of 𝛼-GalCer-diol-treated mice
relative to the untreated control (Figure 4A, P < 0.05), leading
to an 80% reduction in serum IFN-𝛾 concentration (Figure 4B,
P < 0.001). This finding suggested that CD11b+ cells primarily
account for 𝛼-GalCer-diol presentation and subsequent iNKT cell
activation, and also implied the possibility of IFN-𝛾 production
from CD11b+ cells independent of iNKT cells.

As previously established,[50] the largest proportion of CD11b+

cells consisted of monocytes/macrophages, DCs, and other mi-
nor immune cells, as shown in Figure 3B,C. In this context,
to isolate the contribution of monocytes/macrophages in acti-
vating iNKT cells and inducing the overall serum IFN-𝛾 lev-
els, a neutralization/depletion experiment was performed us-
ing an antibody against colony stimulating factor 1 receptor
(CSF-1R) (Figure S5A,B, Supporting Information). As previ-
ously described,[51,52] CSF-1R, also known as macrophage colony-
stimulating factor receptor, is predominantly expressed in mono-
cytes/macrophages and plays a crucial role in regulating the sur-
vival, growth, and differentiation of myeloid lineage cells. Sur-

prisingly, depletion of monocytes/macrophages did not reduce
the proportion of the IFN-𝛾+ subpopulation among iNKT cells
(Figure 4A); however, the overall serum IFN-𝛾 concentration was
reduced by 70%, compared to the untreated control (Figure 4B,
P < 0.001). In support of this observation, similar data were
demonstrated for another pro-inflammatory cytokine, IL-6 (Fig-
ure 4C, P < 0.001). To confirm this discovery, clodronate lipo-
somes were pre-administered to 𝛼-GalCer-diol-treated mice to de-
plete endogenous macrophages.[53] Considerable depletion of en-
dogenous monocytes/macrophages, including CD11b+F4/80+,
CD11b+CD169+, and CD11b+CD169+F4/80+ subtypes, was ver-
ified in the spleens of 𝛼-GalCer-diol-treated mice upon clo-
dronate liposome administration (Figure S6, Supporting Infor-
mation, P < 0.001). As a consequence, IFN-𝛾 content in sera
was decreased by 52% relative to the untreated group (Fig-
ure 4D, P < 0.001). Together, these results suggested that mono-
cytes/macrophages were an important source of 𝛼-GalCer-diol-
induced IFN-𝛾 production independent of iNKT cells.

2.7. 𝜶-GalCer-diol Showed Higher Antitumor Activity

Downstream of elevated Th1-biased responses, one would
expect to see a reinforced capability to combat intruding

Adv. Sci. 2020, 7, 2000609 2000609 (8 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.advancedscience.com

Figure 5. 𝛼-GalCer-diol showed higher antitumor activity than KRN7000.
A) Representative image of lungs with tumor nodules (in dark color) from
mice following KRN7000 or 𝛼-GalCer-diol treatment (n = 6). B) Quantifica-
tion of the number of tumor nodules in each group. Asterisk (*) indicates
P < 0.05, and the pound sign (#) denotes P < 0.001, compared to the
control group (n = 8–9).

parasites and cancer cells.[54,55] As described above, our data re-
vealed that 𝛼-GalCer-diol triggered greater Th1-biased responses
than KRN7000 by stimulating DC-mediated CD1d-restricted ac-
tivation of iNKT cells and activating monocytes/macrophages
through either a direct or indirect mechanism due to iNKT
and DC activation. These changes would certainly endow 𝛼-
GalCer-diol enhanced anticancer activities. In this context, the
anticancer capability of 𝛼-GalCer-diol was assessed using an es-
tablished B16-F10 melanoma model.[56] Compared to untreated
mice, metastatic nodules in the lung were noticeably repressed
by both 𝛼-GalCer-diol and KRN7000 treatment, and 𝛼-GalCer-
diol exhibited a much stronger antitumor activity with ≈70%
reduction in nodule numbers in the lung compared to those
of KRN7000-treated mice (Figure 5A,B, P < 0.001). Therefore,
these antitumor data signified that the remarkable Th1-biased
response induced by 𝛼-GalCer-diol was capably of restraining tu-
mor progression.

3. Conclusions

Although immunotherapy is a promising strategy to combat a
diverse array of disorders, including cancers and viral infections,
nonselective production of Th2-type cytokine profiles limits the
application of most Th1-biased agonists. In the current study, we
utilized machine learning to predict the interactions between gly-
colipids, CD1d, and TCR, leading to the addition of two hydroxyl
groups to the acyl chain of KRN7000 to produce a new type of ag-
onist, 𝛼-GalCer-diol. Ex vivo and in vivo results revealed a greater

potency of 𝛼-GalCer-diol in promoting a Th1-type cytokine pro-
file than the most widely studied agonist, KRN7000. Regarding
the molecular mechanisms, similar to KRN700, 𝛼-GalCer-diol
boosted Th1-biased responses through CD1d-restricted and TCR-
mediated activation of iNKT cells. However, unlike KRN7000,
𝛼-GalCer-diol was able to target CD11b+ cells to drive their ex-
pansion and Th1-biased polarization. These pronounced features
conferred 𝛼-GalCer-diol with an enhanced capability to inhibit tu-
mor progression. This study represents a new strategy to design
Th1-biased 𝛼-GalCer analogs for antitumor immunotherapy.

4. Experimental Section
Molecular Docking: Surflex-Dock was employed to model the interac-

tion of the designed 𝛼-GalCer-diol and CD1d using SYBYL 8.0 software (Tri-
pos Inc., St. Louis, MO). The crystal structure of CD1d was obtained from
the Protein Data Bank (PDB code: 3HE6; www.rcsb.org). A chain of 3HE6
was used to study the interaction between glycolipids and CD1d. The ini-
tial structure of KRN7000 was extracted from 3HE6, and the structures of
the designed glycolipids were derived from KRN7000. Water was removed
from the PDB file before docking, and all hydrogen atoms were added.
Meanwhile, Gasteiger–Hückel atomic charge was added to the ligands and
proteins. To limit the effect of initial ligand conformation on docking re-
sults, three starting conformations of each ligand, obtained from ligand
energy minimization with Max Iterations set to 0, 100, or 1000, were ap-
plied, respectively. Prior to docking, Protomol was generated with Thresh-
old 0.5 and Bloat 10.0 Å. Parameters of Surflex-Docking were set to the
default values, except for the use of the extracted ligand of KRN7000 as
a reference molecule. To verify the feasibility of the parameters, KRN7000
was first docked onto the binding site. The root-mean-square deviation
of KRN7000 was 1.59 Å, indicating that the parameters were reasonable.
The TotalScore of each ligand was used to determine its binding ability to-
ward CD1d, followed by a computational structure analysis using PyMol
software (https://pymol.org/2/).

Chemical Synthesis of 𝛼-GalCer-diol: All chemicals used in this study were
purchased from commercial suppliers. All moisture-sensitive reactions
were carried out under a nitrogen atmosphere using flame-dried glass-
ware. Anhydrous solvents were obtained by standard procedures. 1H NMR
and 13C NMR spectra were recorded with a Bruker AVANCE-III 400 MHz
spectrometer (100 MHz for 13C NMR). Chemical shifts were reported in
ppm with respect to internal tetramethylsilane. Mass spectra data were ac-
quired with electrospray ionization on a Bruker micro- time-of-flight (TOF)
Q II mass spectrometer or matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectra on a Kratos MALDI II spec-
trometer. Thin-layer chromatography was performed on silica gel HF254
through detection by charring with 20% v/v H2SO4 in methanol. Column
chromatography was performed on a column of silica gel (100–200 mesh).
Solutions were concentrated at low temperatures (below 50 °C).

The detailed procedure for the synthesis of 𝛼-GalCer-diol and the cor-
responding NMR assessments are described in the Supporting Informa-
tion. The target compound, 𝛼-GalCer-diol, and the reference compound,
KRN7000, were diluted in dimethyl sulfoxide (in vitro pure, Solarbio Inc.,
Beijing, China) and warmed in a water bath at ≈40 °C to ensure full disso-
lution prior to experimentation.

Animal Use: All animal care and experimental procedures were ap-
proved by the Animal Ethics Committee at the Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences (CAS). C57BL/6
wild-type male mice (7 weeks old and with body weights ≈22–25 g) were
purchased from the Vital River Laboratory Animal Technology Co. Ltd, Bei-
jing, China. All animals were housed under standard specific pathogen-
free conditions and randomly divided into experimental groups.

Systemic Cytokine Profile Assay: For cytokine profile analysis, mice
were administered 4 nmol (in 100 µL phosphate buffered saline (PBS))
𝛼-GalCer-diol or KRN7000 through tail vein I.V. injection. At each time
point, blood was collected and the concentrations of IL-4 and IFN-𝛾 were
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quantified using commercial ELISA kits (NeoBioscience, Shenzhen,
China). Other cytokine profiles were determined using the Bio-Plex Pro
Mouse Cytokine Th1/Th2 Assay package (Biorad, M6000003J7) with a Lu-
minex 200 platform and XPONET 3.1 software.

Cell Lines and Primary Cell Culture: B6-derived DC line DC2.4 was pur-
chased from the Shanghai Cell Bank of the Type Culture Collection of the
Chinese Academy of Sciences. The B16-F10 mouse melanoma cell line
was generously provided by Dr. Min Fang (Institute of Microbiology, CAS,
Beijing, China). Single cell suspension of mouse spleen cells was pre-
pared as previously described.[57] Recombinant murine IL-2 was added
to the splenocyte culture medium to maintain T-cell proliferation (≥5 ×
106 units mg−1, Pepro Tech, Inc. USA) at 20 U mL−1. BMDCs were pre-
pared and cultured as follows. Briefly, bone marrow cells were flushed from
the tibia and femurs with PBS through a 70 µm cell strainer. Cells were col-
lected and suspended in RPMI 1640 medium (Gibco, USA) supplemented
with 10% fetal bovine serum ( Gibco), 5% penicillin/streptomycin, 5% l-
glutamine plus 20 ng mL−1 GM-CSF, and 10 ng mL−1 IL-4.

Analysis of 𝛼-GalCer-diol Presentation by BMDCs: After 9 days of cultur-
ing, BMDCs were collected and seeded in 12-well plates for glycolipid treat-
ment for 24 h. BMDCs were then recollected and cocultured with spleno-
cytes from corresponding glycolipid-treated mice. After incubation for the
designated time period, the intracellular level of IFN-𝛾 in CD4+ cells was
determined by FACS. The supernatants were harvested to assay IL-12/IL-
23/P40 concentration (NeoBioscience).

For the kinetics of 𝛼-GalCer-diol presentation, BMDCs were first seeded
at a density of 5 × 105cells per well in 1 mL culture medium in flat-
bottom 12-well plates. After incubation with 300 × 10−9 m 𝛼-GalCer-diol or
KRN7000 for different time periods, cells were collected and stained with
PE-conjugated antialpha-GalCer:CD1d complex antibody (L363) (Thermo
Fisher Scientific Inc., USA), allophycocyanin (APC)/Fire750-conjugated
antimouse CD11c antibody (N418), and fluorescein isothiocyanate (FITC)-
conjugated antimouse MHCII antibody (M5/114.15.2) (Biolegend Inc.,
San Diego, USA). The MFI of PE-positive cells in gated CD11c+MHC II+

cells were analyzed using a FACS analyzer LSRII (BD Biosciences). To de-
tect changes of the 𝛼-GalCer-CD1d complex, BMDCs were first pulsed with
𝛼-GalCer-diol or KRN7000 for 12 h, and were then washed and recultured
at 37 °C. When harvested, cells were further stained with mAb L363 for
FACS analysis. This experiment was also performed using DC2.4 cells.

Detection of Cell Subpopulations in the Spleen: Splenocytes were col-
lected from glycolipid-treated mice and diluted with staining solution (PBS
(pH= 7.4) containing 0.1% bovine serum albumin). For further analysis of
cell subpopulations, an array of antibodies was used for surface staining.
All fluorescence-conjugated antibodies were obtained from BioLegend
as follows: FITC-conjugated CD45 (30-F11), PE-conjugated antimouse
CD54 (YN1/1.7.4), APC-conjugated CD3 (145-2C11), APC/Fire750-
conjugated CD8 (53–6.7), FITC-conjugated CD4 (GK1.5), Brilliant Violet
(BV) 421-conjugated F4/80 (BM8123137), BV605-conjugated CD11b
(M1/70), APC/Fire750-conjugated CD11c, PE-conjugated NK1.1 (PK136),
BV510-conjugated Ly-6C (HK1.4), and BV785-conjugated Ly-6G (1A8).
After blocking with TruStain fcX (antimouse CD16/32) at 4 °C for 15 min,
2 × 106 cells were stained with antibodies at 4 °C for 30 min, using 0.2 µg
antibody per sample in 50 µL staining solution.

Analogously, isotypes were also applied in FACS analysis, in-
cluding APC-conjugated Armenian Hamster IgG, FITC-conjugated rat
IgG2b, APC/Fire750-conjugated rat IgG2a, PE-conjugated rat IgG1,
PE-conjugated rat Ig2b, PE-conjugated mouse IgG2a, APC/Fire750-
conjugated Armenian Hamster IgG, FITC-conjugated rat IgG2b, APC-
conjugated rat IgG2b, PE-conjugated rat IgG2a, and PE/cy7-conjugated
rat IgG2b.k (Biolegend).

Detection of Intracellular IFN-𝛾 , IL-4, and IL-2: Splenocytes were first
stained with cell surface markers, then washed, fixed, and permeabilized
with BD Cytofix/Cytoperm solution according to the manufacturer’s pro-
tocol. Fixed cells were then washed with BD Perm/Wash buffer and further
stained with the indicated antibodies for cytokines. Peridinin-chlorophyll-
protein complex-cyanine 5.5 (Percp-cy5.5)-conjugated antimouse IFN-𝛾
Ab (XMG1.2), PE-conjugated antimouse IL-4 Ab (11B11), and BV 421-
conjugated antimouse Il-2 Ab (JES6-5H4) (BioLegend) were used for in-
tracellular staining in different panels. BV 421-conjugated rat IgG2b, PE-

conjugated rat IgG1, and Percp-cy5.5-conjugated Rat IgG1 (BioLegend)
were used as isotype controls.

Analysis of Spleen iNKT Cell Activation: Splenocytes (2 × 106/well
in 12-well plate) were stimulated with glycolipids at a concentration of
1.26 × 10−9 m for 16 h. Brefeldin A (eBioscience, Thermo Fisher), at
10 µg mL−1, was added for the last 2 h of incubation.[36] After washing
with cold PBS, cells were collected and incubated with 10 µL mCD1d/𝛼-
GalCer Dextrame conjugated with R-PE (PBS44 variant, YD8002-PE, Im-
mudex Fruebjergvej 3, Denmark) in 50 µL staining solution at room tem-
perature for 20 min. The following antibodies (BioLegend) were further
added to gate CD3+NK1.1+CD1d tetramer+ NKT cells: APC-conjugated
antimouse CD3 antibody and FITC-conjugated antimouse NK1.1 antibody.
Intracellular staining was performed using Percp-cy5.5-conjugated anti-
IFN-𝛾 mAb.

CD11b Neutralization and Monocyte/Macrophage Depletion: Mice
were injected by I.P. injection with anti-CSF-1R (CD115) antibody (AFS98,
Bio X Cell, West Lebanon, NH) or anti-CD11b antibody (M1/70, Bio X Cell,)
at a dose of 5 mg kg−1 body weight (in 300 µL dilution buffer, in vitro pure,
pH = 7.4) 24 h before glycolipid administration. For the control group,
the same amount of rat IgG2b (Bio X Cell) was administered. To charac-
terize the efficacy of monocyte/macrophage depletion in vivo, mice were
I.V. injected with clodronate liposomes (from Vrije University Amsterdam)
at 5 mg kg−1 body weight in 200 µL PBS 48 h before glycolipid adminis-
tration. For the control group, an equal amount of control PBS-laden li-
posomes was administered. All liposomes were purchased from YEASEN
Inc., Shanghai, China.

Examination of B16-F10 Melanoma Lung Metastasis: To analyze the
antitumor activity of glycolipids, the B16-F10 melanoma lung metastasis
model was established, as reported previously.[56] Mice were administered
4 nmol (in 200 µL PBS) 𝛼-GalCer-diol or KRN7000 3 days prior to I.V. injec-
tion of 2 × 105 B16-F10 cells. Booster injections were performed 48 h later.
The control group mice received vehicle solution only. Three weeks after
tumor cell inoculation, mice were sacrificed and metastatic tumor nodules
in the lung were examined.

Statistical Analysis: An independent t-test was used to analyze the ex-
perimental data. All quantitative data were shown as the means ± stan-
dard error). Experimental data were analyzed by SPSS software. Statistical
significance was defined as a P value of less than 0.05 (*) or 0.001 (#).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
J.M., P.H., and C.Z. contributed equally to this work. This work was
supported by grants from the National Natural Science Foundation of
China (Grant Nos. 21707161, 21672255, 21637004, and 21920102007),
the National Key Research and Development Program of China (Nos.
2018YFA0901101 and 2019YFC1605802), an International Collabora-
tion Key Grant from the Chinese Academy of Sciences (Grant No.
121311KYSB20190010), and the Natural Science Foundation of Beijing
Municipality (No. 8191002). The authors thank Dr. Dongfang Wang and
Prof. Xuefeng Duan for guiding the experiments. They also thank all the
laboratory members for their assistance with experiments and reagents.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
antitumor activity, CD11b monocytes, CD1d, Th1-biased immune
responses, 𝛼-GalCer analogs

Adv. Sci. 2020, 7, 2000609 2000609 (10 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.advancedscience.com

Received: February 18, 2020
Revised: May 18, 2020

Published online: June 8, 2020

[1] M. Morita, K. Motoki, K. Akimoto, T. Natori, T. Sakai, E. Sawa, K.
Yamaji, Y. Koezuka, E. Kobayashi, H. Fukushima, J. Med. Chem. 1995,
38, 2176.

[2] L. Brossay, M. Chioda, N. Burdin, Y. Koezuka, G. Casorati, P.
Dellabona, M. Kronenberg, J. Exp. Med. 1998, 188, 1521.

[3] S. Aspeslagh, Y. Li, E. D. Yu, N. Pauwels, M. Trappeniers, E. Girardi, T.
Decruy, K. Van Beneden, K. Venken, M. Drennan, L. Leybaert, J. Wang,
R. W. Franck, S. Van Calenbergh, D. M. Zajonc, D. Elewaut, EMBO J.
2011, 30, 2294.

[4] T. N. Wu, K. H. Lin, Y. J. Chang, J. R. Huang, J. Y. Cheng, A. L. Yu, C.
H. Wong, Proc. Natl. Acad. Sci. USA 2011, 108, 17275.

[5] S. Aspeslagh, M. Nemcovic, N. Pauwels, K. Venken, J. Wang, S.
V. Calenbergh, D. M. Zajonc, D. Elewaut, J. Immunol. 2013, 191,
2916.

[6] X. Laurent, B. Bertin, N. Renault, A. Farce, S. Speca, O. Milhomme,
R. Millet, P. Desreumaux, E. Henon, P. Chavatte, J. Med. Chem. 2014,
57, 5489.

[7] B. L. Anderson, L. Teyton, A. Bendelac, P. B. Savage, Molecules 2013,
18, 15662.

[8] A. Banchet-Cadeddu, E. Henon, M. Dauchez, J. H. Renault, F.
Monneaux, A. Haudrechy, Org. Biomol. Chem. 2011, 9, 3080.

[9] A. Bradbury, F. Calabi, C. Milstein, Eur. J. Immunol. 1990, 20,
1831.

[10] R. W. Franck, M. Tsuji, Acc. Chem. Res. 2006, 39, 692.
[11] P. J. Brennan, M. Brigl, M. B. Brenner, Nat. Rev. Immunol. 2013, 13,

101.
[12] X. Li, M. Fujio, M. Imamura, D. Wu, S. Vasan, C. H. Wong, D. D. Ho,

M. Tsuji, Proc. Natl. Acad. Sci. USA 2010, 107, 13010.
[13] P. H. Liang, M. Imamura, X. Li, D. Wu, M. Fujio, R. T. Guy, B. C. Wu,

M. Tsuji, C. H. Wong, J. Am. Chem. Soc. 2008, 130, 12348.
[14] B. A. Sullivan, N. A. Nagarajan, G. Wingender, J. Wang, I. Scott, M.

Tsuji, R. W. Franck, S. A. Porcelli, D. M. Zajonc, M. Kronenberg, J.
Immunol. 2010, 184, 141.

[15] C. C. Duwaerts, S. H. Gregory, Expert Opin. Ther. Targets 2011, 15,
973.

[16] D. Wu, M. Fujio, C. H. Wong, Bioorg. Med. Chem. 2008, 16, 1073.
[17] J. Janssens, A. Bitra, J. Wang, T. Decruy, K. Venken, J. van der Eycken,

D. Elewaut, D. M. Zajonc, S. van Calenbergh, ChemMedChem 2019,
14, 147.

[18] L. Hu, C. Zhao, J. Ma, Y. Jing, Y. Du, Bioorg. Med. Chem. Lett. 2019,
29, 1357.

[19] T. Tashiro, N. Hongo, R. Nakagawa, K. Seino, H. Watarai, Y. Ishii, M.
Taniguchi, K. Mori, Bioorg. Med. Chem. 2008, 16, 8896.

[20] D. Wu, D. M. Zajonc, M. Fujio, B. A. Sullivan, Y. Kinjo, M.
Kronenberg, I. A. Wilson, C. H. Wong, Proc. Natl. Acad. Sci. USA 2006,
103, 3972.

[21] Z. Zeng, A. R. Castano, B. W. Segelke, E. A. Stura, P. A. Peterson, I. A.
Wilson, Science 1997, 277, 339.

[22] S. Inuki, T. Aiba, N. Hirata, O. Ichihara, D. Yoshidome, S. Kita,
K. Maenaka, K. Fukase, Y. Fujimoto, ACS Chem. Biol. 2016, 11,
3132.

[23] C. Lim, J. H. Kim, D. J. Baek, J. Y. Lee, M. Cho, Y. S. Lee, C. Y. Kang,
D. H. Chung, W. J. Cho, S. Kim, ACS Med. Chem. Lett. 2014, 5,
331.

[24] J. Rossjohn, D. G. Pellicci, O. Patel, L. Gapin, D. I. Godfrey, Nat. Rev.
Immunol. 2012, 12, 845.

[25] J. Schmieg, G. Yang, R. W. Franck, N. Van Rooijen, M. Tsuji, Proc. Natl.
Acad. Sci. USA 2005, 102, 1127.

[26] L. Bai, M. G. Constantinides, S. Y. Thomas, R. Reboulet, F. Meng, F.
Koentgen, L. Teyton, P. B. Savage, A. Bendelac, J. Immunol. 2012, 188,
3053.

[27] R. J. Anderson, B. J. Compton, C.-W. Tang, A. Authier-Hall, C. M.
Hayman, G. W. Swinerd, R. Kowalczyk, P. Harris, M. A. Brimble, D. S.
Larsen, O. Gasser, R. Weinkove, I. F. Hermans, G. F. Painter, Chem.
Sci. 2015, 6, 5120.

[28] J. S. Im, P. Arora, G. Bricard, A. Molano, M. M. Venkataswamy, I.
Baine, E. S. Jerud, M. F. Goldberg, A. Baena, K. O. A. Yu, R. M. Ndonye,
A. R. Howell, W. Yuan, P. Cresswell, Y.-T. Chang, P. A. Illarionov, G. S.
Besra, S. A. Porcelli, Immunity 2009, 30, 888.

[29] D. Chennamadhavuni, N. A. Saavedra-Avila, L. J. Carreno, M. J.
Guberman-Pfeffer, P. Arora, T. Yongqing, R. Pryce, H. F. Koay, D. I.
Godfrey, S. Keshipeddy, S. K. Richardson, S. Sundararaj, J. H. Lo, X.
Wen, J. A. Gascon, W. Yuan, J. Rossjohn, J. Le Nours, S. A. Porcelli, A.
R. Howell, Cell Chem. Biol. 2018, 25, 925.

[30] C. Borg, A. Jalil, D. Laderach, K. Maruyama, H. Wakasugi, S. Charrier,
B. Ryffel, A. Cambi, C. Figdor, W. Vainchenker, A. Galy, A. Caignard,
L. Zitvogel, Blood 2004, 104, 3267.

[31] S. Tanaka, S.-i. Koizumi, K. Masuko, N. Makiuchi, Y. Aoyagi, E. Quivy,
R. Mitamura, T. Kano, T. Ohkuri, D. Wakita, K. Chamoto, H. Kitamura,
T. Nishimura, Int. Immunopharmacol. 2011, 11, 226.

[32] L. Song, G. Dong, L. Guo, D. T. Graves, Mol. Oral Microbiol. 2018, 33,
13.

[33] T. Kawano, J. Cui, Y. Koezuka, I. Toura, Y. Kaneko, K. Motoki, H. Ueno,
R. Nakagawa, H. Sato, E. Kondo, H. Koseki, M. Taniguchi, Science
1997, 278, 1626.

[34] V. V. Parekh, A. K. Singh, M. T. Wilson, D. Olivares-Villagómez, J. S.
Bezbradica, H. Inazawa, H. Ehara, T. Sakai, I. Serizawa, L. Wu, C.-R.
Wang, S. Joyce, L. Van Kaer, J. Immunol. 2004, 173, 3693.

[35] T. Tashiro, T. Shigeura, H. Watarai, M. Taniguchi, K. Mori, Bioorg. Med.
Chem. 2012, 20, 4540.

[36] J. Bi, J. Wang, K. Zhou, Y. Wang, M. Fang, Y. Du, ACS Med. Chem. Lett.
2015, 6, 476.

[37] T. Tashiro, R. Nakagawa, T. Shigeura, H. Watarai, M. Taniguchi, K.
Mori, Bioorg. Med. Chem. 2013, 21, 3066.

[38] G. P. Dunn, C. M. Koebel, R. D. Schreiber, Nat. Rev. Immunol. 2006,
6, 836.

[39] S. C. Shissler, T. J. Webb, Mol. Immunol. 2019, 105, 116.
[40] D. I. Godfrey, A. P. Uldrich, J. McCluskey, J. Rossjohn, D. B. Moody,

Nat. Immunol. 2015, 16, 1114.
[41] I. L. King, E. Amiel, M. Tighe, K. Mohrs, N. Veerapen, G. Besra, M.

Mohrs, E. A. Leadbetter, J. Immunol. 2013, 191, 572.
[42] A. K. Abbas, E. Trotta, D. R. Simeonov, A. Marson, J. A. Bluestone,

Sci. Immunol. 2018, 3, eaat1482.
[43] B. Roediger, R. Kyle, K. H. Yip, N. Sumaria, T. V. Guy, B. S. Kim, A. J.

Mitchell, S. S. Tay, R. Jain, E. Forbes-Blom, X. Chen, P. L. Tong, H. A.
Bolton, D. Artis, W. E. Paul, B. Fazekas de St Groth, M. A. Grimbalde-
ston, G. Le Gros, W. Weninger, Nat. Immunol. 2013, 14, 564.

[44] E. M. Shevach, Trends Immunol. 2012, 33, 626.
[45] G. Schett, D. Elewaut, I. B. McInnes, J.-M. Dayer, M. F. Neurath, Nat.

Med. 2013, 19, 822.
[46] L. L. Munn, Wiley Interdiscip. Rev.: Syst. Biol. Med. e1370, 2017, 9.
[47] J. Ma, R. Liu, X. Wang, Q. Liu, Y. Chen, R. P. Valle, Y. Y. Zuo, T. Xia, S.

Liu, ACS Nano 2015, 9, 10498.
[48] L. Brossay, D. Jullien, S. Cardell, B. C. Sydora, N. Burdin, R. L. Modlin,

M. Kronenberg, J. Immunol. 1997, 159, 1216.
[49] G. O. Ahn, D. Tseng, C.-H. Liao, M. J. Dorie, A. Czechowicz, J. M.

Brown, Proc. Natl. Acad. Sci. USA 2010, 107, 8363.
[50] M. A. Arnaout, Blood 1990, 75, 1037.
[51] H. Haegel, C. Thioudellet, R. Hallet, M. Geist, T. Menguy, F. Le

Pogam, J.-B. Marchand, M.-L. Toh, V. Duong, A. Calcei, N. Settelen, X.
Preville, M. Hennequi, B. Grellier, P. Ancian, J. Rissanen, P. Clayette,
C. Guillen, R. Rooke, J.-Y. Bonnefoy, mAbs 2013, 5, 736.

Adv. Sci. 2020, 7, 2000609 2000609 (11 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.advancedscience.com

[52] S. Becker, M. K. Warren, S. Haskill, J. Immunol. 1987, 139,
3703.

[53] S. G. Moreno, in Macrophages: Methods and Protocols (Ed: G.
Rousselet), Springer, New York 2018, p. 259.

[54] L. A. King, R. Lameris, T. D. de Gruijl, H. J. van der Vliet, Front. Im-
munol. 2018, 9, 1519.

[55] C. J. H. Davitt, E. A. McNeela, S. Longet, J. Tobias, V. Aversa, C. P.
McEntee, M. Rosa, I. S. Coulter, J. Holmgren, E. C. Lavelle, J. Con-
trolled Release 2016, 233, 162.

[56] M. Gao, M. Chen, C. Li, M. Xu, Y. Liu, M. Cong, N. Sang, S. Liu, Cell
Discovery 2018, 4, 5.

[57] J. Lu, X. Duan, W. Zhao, J. Wang, H. Wang, K. Zhou, M. Fang, Aging
Dis. 2018, 9, 358.

Adv. Sci. 2020, 7, 2000609 2000609 (12 of 12) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


