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ABSTRACT
Background CD1d is a monomorphic major 
histocompatibility complex class I- like molecule that 
presents lipid antigens to distinct T- cell subsets and can 
be expressed by various malignancies. Antibody- mediated 
targeting of CD1d on multiple myeloma cells was reported 
to induce apoptosis and could therefore constitute a novel 
therapeutic approach.
Methods To determine how a CD1d- specific single- 
domain antibody (VHH) enhances binding of the early 
apoptosis marker annexin V to CD1d+ tumor cells we use 
in vitro cell- based assays and CRISPR- Cas9- mediated 
gene editing, and to determine the structure of the 
VHH1D17- CD1d(endogenous lipid) complex we use X- ray 
crystallography.
Results Anti- CD1d VHH1D17 strongly enhances annexin 
V binding to CD1d+ tumor cells but this does not reflect 
induction of apoptosis. Instead, we show that VHH1D17 
enhances presentation of phosphatidylserine (PS) in CD1d 
and that this is saposin dependent. The crystal structure 
of the VHH1D17- CD1d(endogenous lipid) complex 
demonstrates that VHH1D17 binds the A′-pocket of CD1d, 
leaving the lipid headgroup solvent exposed, and has an 
electro- negatively charged patch which could be involved 
in the enhanced PS presentation by CD1d. Presentation 
of PS in CD1d does not trigger phagocytosis but leads to 
greatly enhanced binding of T- cell immunoglobulin and 
mucin domain containing molecules (TIM)- 1 to TIM- 3, TIM- 
4 and induces TIM- 3 signaling.
Conclusion Our findings reveal the existence of an 
immune modulatory CD1d(PS)- TIM axis with potentially 
unexpected implications for immune regulation in both 
physiological and pathological conditions.

INTRODUCTION
CD1 molecules are major histocompati-
bility complex (MHC) class I- like mole-
cules that, in contrast to MHC class I and II 
molecules, are monomorphic and present 
lipid- based antigens in their hydrophobic 
antigen- binding cleft.1 2 Based on sequence 
homology, membrane CD1 molecules are 
divided in group 1 (CD1a, CD1b and CD1c) 

and group 2 (CD1d).1 CD1d is preferen-
tially expressed on both healthy and malig-
nant cells of (myelo)monocytic origin (eg, 
monocytes, macrophages, dendritic cells and 
acute myeloid leukemia) and of the B cell 
lineage (eg, B cells, multiple myeloma (MM), 
chronic lymphocytic leukemia) but can also 
be found on several epithelial cell types and 
tumors (eg, intestinal epithelial cells, extravil-
lous trophoblast, renal cell carcinoma).3–7 On 
biosynthesis in the endoplasmic reticulum 
(ER), CD1d molecules travel the secretory 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Antibody- mediated targeting of CD1d on multiple 
myeloma cells was reported to induce annexin V 
binding, suggestive of apoptosis.

 ⇒ Externalization of phosphatidylserine (PS) in cells 
undergoing apoptosis has been recognized for its 
role in (cancer) immune tolerance via interaction 
with TIM- molecules.

WHAT THIS STUDY ADDS
 ⇒ We show that CD1d- antibody ligation does not in-
duce cell death but instead enhances CD1d- PS 
presentation.

 ⇒ CD1d- PS can interact with TIM- 1, TIM- 3, TIM- 4, and 
enhances TIM- 3 signaling, revealing the existence 
of an immune modulatory CD1d(PS)- TIM axis.

 ⇒ Our findings suggest that the role of CD1d goes 
beyond providing direct lipid antigen- dependent T 
cell receptor (TCR) stimulation but can also provide 
co- stimulatory/inhibitory signals via ligation of TIM- 
molecules expressed on various immune cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Considering the role of TIM- 3 as an immune check-
point in autoimmunity and cancer, targeting the 
CD1d(PS)- TIM axis could have implications for im-
mune regulation in both physiological and patholog-
ical conditions.
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pathway to the plasma membrane for subsequent recy-
cling between the plasma membrane and endosomal 
network which is mediated via their cytoplasmic tail.2 
Traveling these distinct cellular compartments, endoge-
nous (eg, sphingolipids and phospholipids) and exoge-
nous lipid antigens are continuously exchanged by help 
of lipid transfer proteins (LTP) for presentation to T cells 
on the cell surface.8 These CD1d restricted T cells can be 
divided in two groups; type 1 natural killer T (NKT) cells 
which express a semi- invariant TCR and strongly react to 
the lipid antigen α-galactosylceramide (α-GalCer), and 
diverse type NKT cells which express a broad TCR reper-
toire and respond to various (partly unknown) lipid anti-
gens.3 9 Whereas the former has been extensively studied 
and recognized for its strong inherent antitumor activity, 
the latter likely represents a more sizeable population in 
human and appears to have a more immunoregulatory 
role.3 10

Besides affecting CD1d- TCR interactions, it was 
reported that CD1d- antibody ligation, similar to CD1b- 
antibody and CD1c- antibody (but not CD1a- antibody) 
ligation, could trigger downstream receptor signaling and 
activation.11–13 Antibody ligation of CD1d induced mono-
cyte differentiation and triggered apoptosis (reflected by 
enhanced annexin V binding) of MM cells.11 12 Induction 
of apoptosis was caspase independent but required the 
cytoplasmic tail of CD1d.12 From a generated panel of 
CD1d- specific single- domain antibodies (VHH) we previ-
ously identified one specific clone (VHH1D17) that simi-
larly enhanced annexin V binding,14 suggestive of early 
apoptosis, on binding to CD1d+ malignant hematologic 
cells. Since induction of early apoptosis could synergize 
with established anti- MM therapies and sensitize MM 
cells for macrophage phagocytosis, we here set out to 
explore the mechanism of action of VHH1D17 and how 
this could be exploited in CD1d- expressing malignancies. 
By using a structural and functional approach, we found 
that the VHH1D17- induced enhancement of annexin V 
binding does not reflect cell- death induction but rather 
increased presentation of anionic phospholipid antigens 
in the antigen- binding groove of CD1d, and that presen-
tation of these anionic phospholipids allowed for interac-
tion with immunomodulatory TIM- molecules.

METHODS
Flow cytometry and antibodies, cells lines, generation 
and binding of CD1d- specific VHHs, stimulation of TCR- 
expressing SKW- 3 cells, crystallization and structure 
determination, monocyte- derived macrophages and stim-
ulation of CD16- expressing NK- 92 cells are described in 
the online supplemental methods.

Annexin V binding and viability assessment
The effect of VHH1D17 on annexin V binding and cell 
viability was assessed by flow cytometry. 1×105 C1R.WT, 
C1R.CD1d cells, MM.1s.WT, MM.1s.CD1d cells or Hela.
CD1d cells were incubated with indicated concentrations 

of anti- CD1d VHH (VHH1D17 (wild- type (WT) or 
mutant), VHH1D5, VHH1D control) or monoclonal anti-
body (mAb) anti- CD1d 51.1 (5 µg ml−1, BioLegend cat# 
350304) for up to 72 hours. After incubation cells were 
washed in annexin V binding buffer and briefly incu-
bated with annexin V- fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) or 7- aminoactinomycin D 
(7- AAD), for subsequent flow cytometry analysis. Relative 
viability was calculated by dividing the percentage living 
(PI/7- AAD−) (condition) by percentage living (control) 
cells multiplied by 100. Alternatively, living cells (7- AAD−) 
were quantified using flow cytometric counting beads, 
and the relative percentage of living cells (7- AAD−) was 
calculated by dividing the absolute cell number (condi-
tion) by absolute cell number (control) multiplied by 100. 
Cell expansion was determined after 96 hours culture by 
manual counting (trypan blue exclusion). Median fluo-
rescence index (MFI) was calculated by dividing median 
fluorescence (MF) (condition) by MF (control).

To determine whether annexin V was bound to lipids 
loaded in CD1d, the type 1 NKT cell blocking anti- CD1d 
VHH1D2214 15 (500 nM) was added to the cell culture 
during or after 24 hours incubation with VHH1D17. In 
conditions where VHH1D22 was added after incubation, 
it was done so at 4°C and 1 hour prior to analyses.

Inhibition of CD1d lipid loading
Lipid loading of CD1d in the ER was inhibited by the 
microsomal triglyceride transfer protein (MTP) inhibitor 
lomitapide (Sigma cat #SML1385). 1×105 C1R.CD1d cells 
were incubated with 1 nM lomitapide (higher concen-
trations induced significant cell death) or dimethyl sulf-
oxide (DMSO) control (0.005%) ± VHH1D17 (100 nM) 
for 24 hours after which cells were analyzed as described 
above.

To inhibit saposin- mediated lipid loading of CD1d in 
the endosomal compartment, the prosaposin (PSAP) 
gene was knocked down using short hairpin RNA 
(shRNA) plasmids (sureSilencing, Qiagen cat #336312). 
2×105 C1R.CD1d cells were transfected with PSAP shRNA- 
plasmid and control shRNA- plasmid (ie, scrambled arti-
ficial sequence) using Attractene transfection reagent 
(Qiagen cat #301005) according to the manufacturer’s 
instructions, followed by positive selection with hygro-
mycin B (200 µg mL−1). Knockdown was confirmed by 
intracellular staining for PSAP and subsequent flow 
cytometry analysis. The effect of VHH1D17 on annexin V 
binding was analyzed as described above.

By using CRISPR- mediated genome editing, a PSAP KO 
C1R.CD1d cell line (C1R.CD1d. KO/PSAP) was estab-
lished essentially as described16 and online supplemental 
methods. The effect of VHH1D17 on annexin V binding 
was analyzed as described above.

Bavituximab and TIM binding
The effect of VHH1D17 on rhTIM- 1, rhTIM- 3 and 
rhTIM- 4, and bavituximab binding was assessed by flow 
cytometry. 1×105 C1R.CD1d cells and C1R.CD1d.PSAP/
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KO cells were incubated±anti- CD1d VHH1D17 for 
24 hours. rhTIM- 1, rhTIM- 3 to rhTIM- 4- Fc and bavitux-
imab were pre- incubated with anti- Fc- PE for 20 min at 
room temperature, blocked with normal human serum 
(Merck Millipore cat# S1) for 20 min and subsequently 
used to stain C1R.CD1d cells suspended in annexin V 
buffer, for subsequent flow cytometry analysis. MFI was 
calculated by dividing MF (condition) by MF (control).

TIM-3 reporter cell assay
The effect of VHH1D17 on TIM- 3 signaling was assessed 
using the TIM- 3 bioassay (Thaw and Use kit, Promega cat 
#JA2211). 5×104 C1R.CD1d cells and C1R.CD1d.PSAP/
KO cells were incubated±anti- CD1d control or anti- CD1d 
VHH1D17 for 24 hours prior to co- culture with TIM- 3 
effector cells (that express human TIM- 3 and TCR acti-
vation driven NanoLuc luciferase reporter), for an addi-
tional 20 hours followed by the addition of Bio- Glo- NL 
luciferase assay reagent. Bioluminescence was quanti-
tated with a luminometer, according to the manufactur-
er’s instructions.

Statistical analysis
For in vitro experiments each n represents an inde-
pendent experiment. No statistical method was used to 
predetermine sample size for the in vitro experiments. 
No data were excluded from the analyses. The experi-
ments were not randomized and the investigators were 
not blinded to allocation during the experiments and 
outcome assessment. For data with one variable and 
two groups, a two- tailed paired/unpaired t- test was used 
to calculate the p value. For data with one variable and 
multiple groups, a mixed effect analysis or a one- way anal-
ysis of variance (ANOVA) with Tukey’s multiple compar-
isons test to calculate the multiplicity- adjusted p value 
was used. For data with two variables, a two- way ANOVA 
with either Tukey’s or Šídák’s multiple comparisons test 
to calculate the multiplicity- adjusted p value was used. 
Dose–response curves, half maximal effective concen-
tration (EC50) was calculated using non- linear regression 
(agonist vs response). Statistical details can be found in 
the figure legend. Statistical analysis was performed using 
Prism V.9.1.0 (GraphPad Software).

RESULTS
VHH1D17 enhances annexin V binding to CD1d expressing 
tumor cells but does not induce apoptosis
A panel of CD1d- specific VHHs was generated via immu-
nization of Lama glama, phage library construction, 
and selection of specific clones.14 Functional evalua-
tion of these CD1d- specific VHHs identified anti- CD1d 
VHH1D17 to have the ability, like the anti- CD1d mAb 
clones 42.1 and 51.1,12 to enhance annexin V binding to 
CD1d+ tumor cells.14 Annexin V specifically binds anionic 
phospholipids (eg, phosphatidylserine (PS)) in the pres-
ence of Ca2+ and can be used to measure PS on the outer 
leaflet of the plasma membrane as a marker of (early) 

apoptosis.17 VHH1D17 consistently enhanced annexin 
V binding to the whole population of CD1d transfected 
lymphoblastic C1R cells and MM MM.1s cells (figure 1A, 
B, online supplemental figure S1A). In contrast, 
enhanced annexin V binding induced by an anti- CD1d 
monoclonal antibody (clone 51.1) was only observed for 
a minor population of CD1d transfected C1R cells and 
not for the CD1d transfected MM.1s cells (figure 1A). 
Neither VHH1D17 nor CD1d mAb 51.1 were able to 
enhance annexin V binding to CD1d transfected HeLa 
adenocarcinoma cells (figure 1A, online supplemental 
figure S1A), known to differ in trafficking of CD1d.18 19 
We next explored the effect of VHH1D17 dose and dura-
tion of exposure on the induction of annexin V binding 
on CD1d transfected and WT C1R and MM.1s cells. 
Annexin V binding on exposure to VHH1D17 was CD1d 
and dose dependent (EC50 of 2.8 nM) and plateaued once 
established (figure 1B, online supplemental figure S1B).

As increased annexin V binding can be a sign of early 
apoptosis, we evaluated the viability of CD1d+ C1R and 
MM.1s cells during culture and while we found exposure 
to VHH1D17 to result in a significantly lower (~10%) 
percentage of viable (PI−) cells in CD1d+ MM.1s cells, 
C1R.CD1d or HeLa.CD1d viability was not affected 
(figure 1C, online supplemental figure S1C). Of note, 
also in CD1d+ MM.1s cells this minor reduction in viability 
did not increase beyond 24 hours and was not accompa-
nied by an actual reduction in the absolute number of 
living cells (figure 1C, D, online supplemental figure 
S1D). Anti- CD1d mAb clone 51.1 had no effect on rela-
tive viability or absolute number of living cells (online 
supplemental figure S1C, D). Of interest, the enhance-
ment in annexin V binding induced by VHH1D17 was 
clearly of lower intensity compared with that observed 
in dead cells (ie, cells double positive for annexin V and 
a nuclear dye (PI, 7- AAD) (online supplemental figure 
S1E, F)). Collectively, these data showed that VHH1D17 
enhanced annexin V binding to CD1d+ C1R and MM cells 
but that this does not reflect (early) cell death.

VHH1D17 enhances saposin-dependent presentation of 
anionic phospholipids in CD1d
In healthy cells, lipid transporters shuttle PS to the inner 
leaflet of the plasma membrane and thereby maintain a 
highly asymmetrical distribution which is lost on (early) 
apoptosis. PS externalization can however also occur 
in conditions not related to cell death, for example, in 
stressed and activated immune cells.20 21 Moreover, it has 
also been shown that a range of (anionic) phospholipids, 
which includes PS, can be presented by CD1d.22 There-
fore, we evaluated whether the VHH1D17 enhanced 
annexin V binding to CD1d+ tumor cells could be due 
to increased anionic phospholipid antigen presentation 
in CD1d. First we investigated if binding of annexin V 
could be blocked by the CD1d specific VHH1D22 that 
binds over the side of the F′-pocket of CD1d and thereby 
abrogates type 1 NKT- cell activation.15 VHH1D22, when 
added 1 hour prior to the addition of annexin V during 
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analysis (at 4°C), resulted in a clear reduction in the 
capacity of annexin V to bind to CD1d+ C1R cells that 
had been cultured in the presence of VHH1D17. Further-
more, the increase in annexin V binding to CD1d+ C1R 
cells induced by VHH1D17 was completely lost when 
VHH1D22 was added at the start of the 24 hours culture 
(figure 2A, online supplemental figure S1G), suggesting 
that the observed increase in annexin V binding resulted 
from an increased interaction with CD1d- anionic phos-
pholipid complexes. To determine whether VHH1D17 
indeed enhanced the presentation of anionic phospho-
lipids in CD1d, we interfered with two different LTPs 
known to be involved in lipid loading of CD1d. Inhibi-
tion of microsomal triglyceride transfer protein (MTP), 
an ER located LTP,8 using lomitapide did not impact 
the VHH1D17 induced increase in annexin V binding 
(figure 2B). In contrast, shRNA- mediated knockdown 
(KD) of PSAP, the precursor of saposins A–D which facil-
itate loading of endogenous and exogenous lipids in 
the endosomal/lysosomal compartment after recycling 
of CD1d from the cell membrane,8 clearly reduced and 
delayed the effect of VHH1D17 on annexin V binding to 
CD1d+ C1R cells (figure 2C, online supplemental figure 
S1H) shows that PSAP KD as expected reduced PSAP 
levels but did not affect CD1d expression). To further 
confirm saposin dependence of this process, we generated 

CRISPR- Cas9- mediated PSAP knockout (KO) CD1d+ C1R 
cells (C1R.CD1d KO/PSAP). As shown, KO/PSAP cells 
were completely deficient of PSAP protein while CD1d 
expression was not affected (figure 2D, online supple-
mental figure S1I, J), and resulted in a complete abla-
tion of the capacity of VHH1D17 to increase annexin V 
binding (figure 2E, online supplemental figure S1K).

These data thus demonstrated that the enhanced 
binding of annexin V to CD1d+ tumor cells exposed to 
VHH1D17 resulted from increased, saposin dependent, 
anionic phospholipid antigen loading of CD1d in the 
endosomal/lysosomal compartment.

Molecular basis of the VHH1D17-CD1d interaction
To analyze the molecular basis of the interaction 
between VHH1D17 and CD1d and how this could 
impact lipid loading, we determined the crystal 
structure of the VHH1D17- CD1d(endogenous lipid) 
complex at 2.3 Å and compared it to the VHH1D5- 
CD1d(α-GalCer) crystal structure (Protein Data Bank 
(PDB) code 6V7Y)15 as this VHH has a high sequence 
homology to VHH1D17 but does not enhance annexin 
V binding (figure 3A, online supplemental figure 
S2A, online supplemental tables S1 and S2). The elec-
tron density for the endogenous lipid bound in CD1d 
matched a sphingomyelin C24:1. The crystal structure 

Figure 1 CD1d- specific VHH1D17 enhances non- apoptotic annexin V binding. (A) Histograms depicting binding of annexin V 
to C1R.CD1d cells after 24 hours culture plus negative control (black), anti- CD1d mAb (clone 51.1, ~33 nM, gray) or VHH1D17 
(100 nM, blue). Data are representative of three independent experiments. (B) Fold change in annexin V binding to WT or 
CD1d transduced C1R or MM.1s cells after 24 hours (WT) or 0, 2, 24, 48 or 72 hours culture plus negative control or VHH1D17 
(100 nM) (n=3 independent experiments). (C) Relative viability of WT or CD1d transduced C1R or MM.1s cells after 24 hours 
(WT) or 0, 2, 24, 48 or 72 hours culture plus negative control or VHH1D17 (100 nM) (n=3 independent experiments). (D) Growth 
of C1R.CD1d and MM.1s.CD1d cells after 4 days culture with negative control, anti- CD1d mAb (clone 51.1, ~33 nM) or 
VHH1D17 (100 nM) (n=3 independent experiments). The bars indicate the mean±SD. (B,C) Two- way ANOVA with Tukey multiple 
comparisons test. (D,) One- way ANOVA with Tukey multiple comparisons test. ANOVA, analysis of variance; mAb, monoclonal 
antibody; MF, median fluorescence; WT, wild- type.
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of VHH1D17- CD1d(sphingomyelin) showed binding 
of VHH1D17 to the A′-pocket of CD1d by a network 
of van der Waals and hydrogen bond interactions that 
were highly similar to binding of VHH1D5 to CD1d 
(figure 3A). On ligation of VHH1D17 to CD1d the 
total buried surface area (BSA) was 1790 Å2, with the 
CDR3 loop mediating the predominant interactions 
with both α-helices of CD1d (71% BSA) relative to the 
interaction provided by the CDR1 and CDR2 loops 
(11% and 18% BSA, respectively), which both bound 
the α1- helix of CD1d (figure 3B, online supplemental 
table S3). In comparison, on CD1d ligation VHH1D5 
had a total BSA of 1850 Å2, with the CDR3 loop 
spanning both α-helices of CD1d and mediating the 
predominant interaction (74% BSA) relative to the 
interaction provided by the CDR1 and CDR2 loops 
(13% BSA each).15

Alanine- substitution mutant C1R.GFP.CD1d cell 
lines confirmed the prominent role of the CDR3 loop 
of VHH1D17 by showing that substitution of the CD1d 
residue W160, which extensively interacts with the 
CDR3 loop, abolished binding of VHH1D17 (online 
supplemental figure S2B). While the CDR3 loop of 
VHH1D17 extended toward the F′-portal and formed 

a hydrogen bond (R115) with the phosphate moiety 
(present in all phospholipids) of the presented sphin-
gomyelin, the headgroup remained solvent exposed 
(figure 3A, B, online supplemental table S3). This 
indicates that VHH1D17 is not expected to block 
the lipid headgroup of (phospho)lipids from inter-
acting with annexin V. In support, VHH1D17 also did 
not interfere with type 1 NKT cell activation when 
α-GalCer was loaded in CD1d suggesting that the 
glycosyl head group, which is important for specific 
recognition by the type 1 NKT TCR,23 remained 
exposed (online supplemental figure S2C).

When further comparing the VHH1D5 and 
VHH1D17 structures, we observed a tight overlay 
with a core root mean square deviation of 0.7 Å, indi-
cating highly similar folding (online supplemental 
figure S2D). A minor difference was observed in the 
CDR2 loop positions, whereby the D55- G55 substi-
tution in VHH1D17 decreased CDR2- CD1d interac-
tions compared with VHH1D5 (online supplemental 
tables S1 and S3). A likely more important difference 
between VHH1D5 and VHH1D17 is related to confor-
mational differences in CDR3 positioning; specifi-
cally remodeling of R109. For VHH1D17, the bulky 

Figure 2 VHH1D17 enhances saposin dependent presentation of anionic phospholipids by CD1d. (A) Histograms depicting 
the binding of annexin V to C1R.CD1d cells after 24 hours culture plus negative control (black), anti- CD1d VHH1D22 (100 nM) 
(red), VHH1D17 (100 nM) (blue) or a combination thereof. VHH1D17>VHH1D22; VHH1D22 (500 nM) was added 1 hour before 
readout at 4°C. Data are representative of three independent experiments. (B) Fold change in annexin V binding to CD1d 
transduced C1R cells after 24 hours culture plus negative control, DMSO control (0.005%), lomitapide (1 nM), VHH1D17 (100 nM) 
or a combination thereof (n=3 independent experiments) (C) Fold change in annexin V binding to shRNA control or shRNA 
prosaposine (PSAP) transfected C1R.CD1d cells after 7 or 24 hours culture plus negative control or VHH1D17 (100 nM) (n=6 
(7 hours), n=4 (24 hours) independent experiments). (D) Western blot analyses of PSAP in whole cell lysates of C1R.CD1d and 
C1R.CD1d KO for PSAP (KO/PSAP). (E) Histograms depicting binding of annexin V to C1R.CD1d and C1R.CD1d.KO/PSAP 
after 24 hours culture plus negative control or VHH1D17 (100 nM). Data are representative of three independent experiments. 
The bars indicate the mean±SD. (B, C) Two- way ANOVA with Tukey (B) or Šídák (C) multiple comparisons test. ANOVA, analysis 
of variance; DMSO, dimethyl sulfoxide; MF, median fluorescence; shRNA, short hairpin RNA.
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side chain of Y59 caused a conformational change in 
the CDR3 region, pushing R109 towards the solvent 
(facing, but not contacting CD1d) (figure 3C). 
Whereas for VHH1D5, the smaller I59 residue and 
the P108, which likely prevented α-helical forma-
tion due to steric hindrance, allowed R109 to flip 
towards the core of the VHH and form a hydrogen 
bond with the backbone of Y60 allowing the CDR3 
region to curl upwards (figure 3C). This difference 
altered the surface architecture and electrostatics of 
the VHHs; where VHH1D5 had an electrostatically 

positive surface, VHH1D17 had a (larger) slightly 
electrostatically negative surface (figure 3D), which 
is likely maintained (based on calculated electrostatic 
surface potentials using the PDB2PQR web server24) 
at a pH of 5 (online supplemental figure S2E) that 
is commonly encountered within the endosomal/
lysosomal compartment.25 Furthermore, binding of 
VHH1D17 to CD1d was not affected at this pH and 
was only reduced at pH 4.0, possibly due to heavily 
compromised cell viability (online supplemental 
figure S2F). Single alanine substitution mutations of 

Figure 3 VHH1D17 docks over the A′-pocket of CD1d. (A) Crystal structures of VHH1D5–CD1d(α-GalCer) (PDB accession 
code 6V7Y)15 and VHH1D17–CD1d(sphingomyelin). Top: overview of each structure. Bottom: footprint of the VHH CDR regions 
on the CD1d(lipid) molecular surface. CD1d (gray), β2M (black), VHH1D5 (green) and VHH1D17 (blue) are represented as 
ribbons (top) or CDR1 (red), CDR2 (orange), CDR3 (yellow) and framework (FW, blue) of VHH1D5 and VHH1D17 as molecular 
surface (bottom), with lipids (pink) represented as spheres. (B) Enlarged view of VHH1D17 CDR1, CDR2, CDR3 loop and 
FW interactions with CD1d(sphingomyelin). The residues involved in contacts are represented as sticks, with the hydrogen 
bonds and salt bridges represented as black and green dashed lines, respectively. Nitrogen, oxygen and sulfate are colored in 
blue, red and yellow, respectively. VHH1D17 residues are labeled in blue and CD1d residues in black. (C) Position of R109 on 
VHH1D5 compared with VHH1D17. VHH1D5 residues are labeled green, other residues and bonds are colored and depicted as 
stated previously. (D) Electrostatic surface potential of VHH1D5 and VHH1D17 bound to CD1d(lipid). The potential contours are 
shown on a scale from +5.0 (positive charge, blue) to −5.0 kBT e−1 (negative charge, red); white indicates a value close to 0 kBT 
e−1 (neutral charge). (E) Fold change in annexin V binding to C1R.CD1d cells after 24 hours culture plus negative control or anti- 
CD1d VHH1D17 (100 nM, WT or single amino acid mutants) (n=3 independent experiments). The bars indicate the mean±SD. 
WT, wild- type; α-GalCer, α-galactosylceramide.
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the amino- acids discordant between VHH1D5 and 
VHH1D17 as well as the Y59I substitution (presumed 
to be involved in positioning of the CDR3 region) in 
VHH1D17 did not reduce the ability of VHH1D17 to 
enhance annexin V binding (figure 3E, online supple-
mental figure S2G), suggesting that multiple dissim-
ilar amino acids (likely Y59 and E108) are involved 
and required for allowing VHH1D17 to enhance 
annexin V binding to CD1d.

Collectively, these data demonstrate that VHH1D17 
binds to the A′-pocket of CD1d and that VHH1D17 has 
an electro- negatively charged patch that is not present 
in VHH1D5, which could be involved in its ability to 
enhance anionic lipid presentation by CD1d.

VHH1D17-enhanced CD1d-anionic phospholipid antigen 
presentation does not enhance efferocytosis but enhances 
binding to bavituximab and facilitates CD1d+ tumor cells to 
interact with immunoregulatory TIM-molecules
Exposure of the anionic phospholipid PS on the outer 
membrane leaflet can have a strong immune modu-
latory function via multiple receptors, including TIM- 
molecules, and serve as an “eat- me” signal for efferocytosis 
by macrophages.20 26 By using monocyte- derived (mo)
Macrophages we showed that the VHH1D17- mediated 

enhancement of anionic phospholipid presentation by 
CD1d does not result in increased efferocytosis whereas 
CD1d+ MM cells pretreated with bortezomib, that triggers 
actual cell death (ie, an increase in 7- AAD+ cells, (online 
supplemental figure S3A), were engulfed (figure 4A, 
online supplemental figure S3B). No such effect of borte-
zomib was observed at 4°C (online supplemental figure 
S3C), indicating efferocytosis and not simple binding 
interaction which would also occur at low temperatures.

Since PS exposure on tumor cells serves as an immu-
nosuppressive signal, PS blocking antibodies may restore 
antitumor immunity.20 One such antibody is bavituximab 
which binds to PS in complex with β2- glycoprotein 1 
(GP1) and can trigger Fcγ-receptor medicated antibody- 
dependent cellular cytotoxicity (ADCC).27 We therefore 
assessed whether VHH1D17 could impact bavituximab 
binding to tumor cells and thereby enhance bavituximab 
induced ADCC. Binding of bavituximab to CD1d+ C1R 
cells was indeed significantly enhanced following culture 
with VHH1D17 (figure 4B, online supplemental figure 
S3D). However, VHH1D17 did not increase bavituximab- 
mediated degranulation by the NK cell line NK- 92 trans-
fected with Fcγ receptor III (CD16) co- cultured with 
CD1d+ C1R cells (online supplemental figure S3E). 

Figure 4 VHH1D17 enhanced presentation of anionic phospholipids by CD1d results in increased binding to bavituximab and 
TIM- molecules and triggering of TIM- 3 but not phagocytosis. (A) Phagocytosis (%) of CFSE labeled MM.1s.CD1d cells, pre- 
incubated for 24 hours with negative control, control VHH1D (100 nM), VHH1D17 (100 nM) or bortezomib (3 nM), by monocyte 
derived (mo)Macrophages after 4 hours coculture at 37°C (n=3 independent experiments). (B) Histograms depicting binding 
of bavituximab to C1R.CD1d cells after 24 hours culture plus negative control (black) or VHH1D17 (50 nM, blue), detected 
by anti- Fc- PE. Data are representative of three independent experiments. (C) Histograms depicting binding of recombinant 
human T- cell immunoglobulin and mucin domain containing protein (rhTIM)- 1 to rhTIM- 3 and rhTIM- 4 to C1R.CD1d (WT or KO/
PSAP) cells after 24 hours culture plus negative control (black) or VHH1D17 (100 nM, blue), detected by anti- Fc- PE. Data are 
representative of three independent experiments. (D) Relative bioluminescence of Tim- 3 reporter cells after 20 hours co- culture 
with C1R.CD1d (WT or KO/PSAP) cells, pre- incubated for 24 hours with negative control, control VHH1D (100 nM) or VHH1D17 
(100 nM), and ±anti TIM mAb (10 µg ml−1) (a triplicate is shown). The bars indicate the mean±SD. (A, D) One- way ANOVA with 
Tukey multiple comparisons test. ANOVA, analysis of variance; CFSE, carboxyfluorescein succinimidyl ester; KO, knockout; 
PSAP, prosaposin; WT, wild- type.
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Bavituximab- induced degranulation of CD16 transfected 
NK- 92 cells was already high in the absence of VHH1D17 
and equivalent to that triggered by the anti- CD20 ther-
apeutic antibody rituximab. Therefore, it is likely that 
(baseline) levels of PS exposed by C1R.CD1d cells co- cul-
tured with NK92.CD16 cells were already sufficient to 
maximize degranulation.

We then studied whether VHH1D17 could enhance 
TIM- 1, TIM- 3, TIM- 4 interactions. Analogous to 
enhanced annexin V binding, we observed a clear 
enhancement of binding of recombinant human 
(rh)TIM- 1, TIM- 3, TIM- 4 to CD1d expressing C1R 
cells (figure 4C, online supplemental figure S3F) 
but not to the KO/PSAP CD1d expressing C1R cells 
(figure 4C, online supplemental figure S3F). Using a 
TIM- 3 bioluminescence reporter cell- based assay we 
then investigated whether the VHH1D17- enhanced 
PS presentation by CD1d could promote TIM- 3 
signaling. Indeed, a clear increase in bioluminescence 
was observed on co- culture of TIM- 3 reporter cells 
and VHH1D17 (but not control CD1d VHH) exposed 
C1R.CD1d cells, and this effect could be blocked by a 
neutralizing anti- TIM- 3 mAb (figure 4D). Importantly, 
the capacity of VHH1D17 to increase TIM- 3 signaling 
was completely abolished when using the KO/PSAP 
CD1d expressing C1R cells.

Overall, these data demonstrate that the VHH1D17- 
enhanced PS presentation by CD1d does not facilitate 
efferocytosis of CD1d+ tumor cells, but does allow 
enhanced binding of PS- specific therapeutic anti-
bodies to CD1d+ tumor cells and interactions between 
CD1d+ tumor cells and immunomodulatory TIM- 
molecules, including the widely expressed immune 
checkpoint TIM- 3.

DISCUSSION
In this study, we demonstrate that ligation of CD1d 
by anti- CD1d VHH1D17 enhances saposin- dependent 
presentation of anionic phospholipids by CD1d which 
can subsequently trigger TIM- 3 signaling on immune 
effector cells. VHH1D17 bound over the A′-pocket of 
CD1d allowing the anionic phospholipid head- group 
present in CD1d to interact with annexin V as well as 
the PS-β2- GP1 complex specific therapeutic antibody 
bavituximab, and the immune modulatory molecules 
TIM- 1, TIM- 3 and TIM- 4.

In contrast to a previous report, that described caspase- 
activation- independent cell death on CD1d ligation by 
mAbs (clone 42.1 and 51.1),12 our study demonstrated 
that enhanced annexin V binding by VHH1D17 and 
anti- CD1d mAb (clone 51.1) was not due to cell death. 
Observed discrepancies may be due to differences in 
the definition of cell death. Specifically, in the paper of 
Spanoudakis et al,12 cell death was defined as an increase 
in annexin V binding or mitochondrial membrane poten-
tial loss, which are indeed associated with early apop-
tosis but also occur in viable cells and are therefore not 

necessarily indicative of induction of cell death.28 Impor-
tantly, though we did observe a time- dependent increase 
in annexin V binding, which was more pronounced for 
VHH1D17 than for the anti- CD1d mAb, this did not 
progress to actual cell death as the absolute number of 
living cells (ie, nuclear viability dye negative cells) was 
not affected. The intermediate annexin V binding levels 
on CD1d+ tumor cells after VHH1D17 exposure further 
support absence of cell death as dying cells stained much 
brighter due to the massive PS externalization as a result 
of the collapsing cell membrane asymmetry. Indeed, it was 
suggested that both a critical concentration and topology 
of PS, as occurs in dying cells, is required for recognition 
as an “eat- me” signal for efferocytosis by macrophages.20 
The lack of engulfment of VHH1D17 exposed CD1d+ 
tumor cells by moMacrophages thus underscores the 
absence of cell death induction.

Using anti- CD1d VHH1D22, which binds over the side 
of the F′-pocket of CD1d15 (in contrast to VHH1D17 
which binds over the A′-pocket of CD1d and leaves the 
lipid headgroup solvent exposed) and saposin KO cell 
lines, we demonstrated that the increase in annexin 
V binding to CD1d+ tumor cells could be blocked by 
VHH1D22 and was critically dependent on saposins. 
These findings demonstrate saposin- mediated presenta-
tion of anionic phospholipid antigens by CD1d. Indeed, 
it has been shown that CD1d can present various anionic 
phospholipids known to bind annexin V.22 It is known that 
annexin V can bind a range of anionic phospholipids17 
and we did not formally demonstrate which of these 
anionic phospholipid(s) were preferentially presented in 
CD1d as a result of VHH1D17 binding. Nevertheless, the 
subsequent ability of different TIM- molecules and bavi-
tuximab to bind, which have a reported specificity for PS 
and the PS-β2- GP1 complex, respectively,27 29 30 indicates 
that the most likely anionic phospholipid to be presented 
in CD1d is PS. Of note, since anti- CD1d mAbs block 
α-GalCer- CD1d mediated type 1 NKT cell activation,14 
the less pronounced increase in annexin V binding by 
the anti- CD1d mAb compared with VHH1D17 might be 
due to less effective saposin mediated PS- loading or steric 
hindrance of annexin V binding.

Despite highly similar folding of the VHH as well as 
docking to CD1d, VHH1D5 and VHH1D17 differ in their 
ability to enhance saposin- mediated PS loading in CD1d. 
This difference is likely explained by VHH1D17 Y59 and 
E108 that allowed for a conformational change in the 
CDR3 region that was specific to VHH1D17 and that 
led to the formation of an electrostatic negative patch at 
the VHH. As positively charged residues on the surface 
of saposins are considered important for their interac-
tion with negatively charged membranes,31 VHH1D17 
could potentially facilitate CD1d- saposin interactions via 
this electrostatic negative patch and thereby affect lipid 
loading. If so, VHH1D17 would be another example of a 
CD1d- specific VHH that has intrinsic bispecificity (here 
by interacting with CD1d as well as saposins), as previ-
ously shown for anti- CD1d VHH1D12 that was found to 
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stabilize CD1d- type 1 NKT TCR interactions via intrinsic 
bispecificity.15 Such preferential (saposin- mediated) 
loading of PS into CD1d might be further facilitated by 
the likely proximity of the CD1d- VHH1D17 complex 
and PS as it is known that CD1d localizes to caveolin- 1 
containing plasma membrane lipid rafts which can 
undergo caveolae- mediated endocytosis in a process that 
requires PS which is highly enriched in these vesicles.32–34 
Alternatively, though VHH1D17 did not appear to inter-
fere with processing and presentation of α-GalCer to type 
1 NKT cells, the enhanced loading of PS could also result 
from interference of VHH1D17 with loading of other 
lipids.

In humans, the three different TIM family members 
(TIM- 1, TIM- 3 and TIM- 4) that are known have all 
been recognized for their ability to bind PS and exert 
immunomodulatory functions.20 35 TIM- 3 in partic-
ular appears to play an important role as an immune 
checkpoint in autoimmunity and cancer and seems of 
particular importance for induction of antigen- specific 
tolerance.36 Indeed, TIM- 3 blockade is known to worsen 
disease in multiple preclinical autoimmune models, and 
patients harboring TIM- 3 loss- of- function mutations 
exhibit a severe autoinflammatory and autoimmune 
phenotype.36 We show that CD1d(PS) can interact with 
different human TIM- molecules and can induce TIM- 3 
signaling in a TIM- 3 reporter cell assay, suggesting 
a functional CD1d(PS)- TIM- 3- molecule axis. To the 
best of our knowledge, no such axis has been demon-
strated to date. Earlier reports may have hinted in this 
direction as, for example, PS- loaded trophoblast CD1d 
might play a role in fetal tolerance,6 37 and interleukin- 
10- producing regulatory B (B10) cells, a part of which 
expresses high levels of CD1d,38 were significantly more 
often annexin V+ than other B cells,39 possibly reflecting 
PS- surface expression by CD1d. Although speculative, 
in light of these observations and our current results, 
it seems that the role of CD1d goes beyond providing 
direct lipid antigen- dependent TCR stimulation to CD1d- 
restricted T cells and can also provide co- stimulatory/
inhibitory signals via ligation of TIM- molecules expressed 
on various immune cells. Future research is required to 
determine whether such CD1d(PS)- TIM interactions can 
indeed modulate immune responses and whether treat-
ment with VHH1D17 could impact this. As PS binding 
proteins extend beyond annexin V, β2- GP1, and TIM- 
molecules,40 and lipids other than PS can be presented by 
CD1d,22 future studies should explore whether other PS 
binding proteins are similarly impacted by VHH1D17 and 
whether other lipids presented by CD1d can modulate 
engagement of lipid binding proteins. Specifically, due to 
the ‘public’ conserved (monomorphic) nature of CD1d, 
it is likely that the effect of VHH1D17 would occur across 
the human population, and immune modulation might 
therefore be broadly applicable.

Collectively our data provide evidence that antibody 
targeting of CD1d using VHH1D17 (or anti- CD1d mAb 

51.1) does not trigger cell death but enhances presenta-
tion of PS in CD1d which is accessible for (functional) 
interaction with therapeutic antibodies and immune 
regulatory TIM- molecules.
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