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Abstract
CD1d molecules are major histocompatibility complex (MHC) class I-like molecules that present
lipid antigens to Natural Killer T (NKT) cells. Although we have previously shown that several
different cell signaling molecules can play a role in the control of antigen presentation by CD1d, a
defined mechanism by which a cell signaling pathway regulates CD1d function has been unclear.
In the current study, we have found that the Rho kinases, ROCK1 and ROCK2, negatively
regulate both human and mouse CD1d-mediated antigen presentation. Inhibition of ROCK
pharmacologically, through specific ROCK1 and ROCK2 shRNA, or by using dendritic cells
generated from ROCK1-deficient mice all resulted in enhanced CD1d-mediated antigen
presentation compared to controls. ROCK regulates the actin cytoskeleton by phosphorylating
LIM kinase which, in turn, phosphorylates cofilin, prohibiting actin fiber depolymerization.
Treatment of antigen presenting cells with the actin filament depolymerizing agent, cytochalasin
D, as well as knockdown of LIM kinase by shRNA, resulted in enhanced antigen presentation to
NKT cells by CD1d, consistent with our ROCK inhibition data. Therefore, our overall results
reveal a model whereby CD1d-mediated antigen presentation is negatively regulated by ROCK
via its effects on the actin cytoskeleton.
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Introduction
CD1d is a major histocopatibility complex (MHC) class-I like molecule. However, unlike
MHC class-I that presents peptide antigens, CD1d presents lipid antigens (1). CD1d presents
these lipids to a novel T lymphocyte subset called natural killer T (NKT) cells (2). These
NKT cells can be subdivided into two groups based on their T cell receptor (TCR) usage.
Type I NKT cells express a TCR with a specific α chain rearrangement and β chains of
limited diversity whereas type II NKT cells contain TCRs with diverse α and β chain
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rearrangements (3). Upon stimulation of NKT cells by lipid-loaded CD1d, the NKT cells
rapidly produce both Th1 and Th2 cytokines (1). CD1d-mediated antigen presentation has
been shown to be important for both antiviral and antitumor immunity (2, 4, 5). Thus, lipid
antigen presentation by CD1d molecules to NKT cells is an important arm of the host’s
innate immune response (1, 2, 6, 7).

Due to the importance of CD1d in the host’s immune response, it is critical to understand the
cellular signaling pathways that can modulate CD1d-mediated antigen presentation. We
have previously reported that individual cell signaling molecules such as ERK1/2 (5, 8), p38
(5), and protein kinase C δ (PKCδ) (9), are involved in the regulation of antigen presentation
by CD1d. However, the precise mechanism by which a signaling pathway controls antigen
presentation by CD1d is unknown.

Actin is an important structural component of cells that is involved in many cellular
functions such as proliferation and motility (10). One pathway that regulates actin dynamics
is the Rho kinase/LIM kinase/cofilin pathway. The serine/threonine kinase Rho kinase
(ROCK) can phosphorylate and activate the serine/threonine kinase LIM kinase (LIMK)
(10, 11). LIMK can phosphorylate and thereby inactivate the actin depolymerizing protein
cofilin (10, 11). Thus, the ROCK signaling pathway affects actin dynamics in the cell.

Here we show that ROCK is a negative regulator of CD1d-mediated antigen presentation
through its effects on the cytoskeleton. Specific knockdown of ROCK or its downstream
effector LIMK by short hairpin RNA, results in enhanced CD1d-mediated antigen
presentation. Disruption of the actin cytoskeleton results in a similar effect on antigen
presentation. Thus, these results reveal that the ROCK/LIMK/actin pathway plays a critical
role in the control of innate immunity vis-à-vis CD1d-mediated antigen presentation to NKT
cells, by dynamic regulation of the actin cytoskeleton in antigen presenting cells.

Materials and Methods
Cell lines, reagents and mice

Murine LMTK-CD1d1, LMTK-VC, L-CD1d-DR4, human HEK293-hCD1d, HEK293-VC,
murine 17.9 T cell hybridoma (kind gift of J. Blum, Indiana Univ.), and the murine NKT
cell hybridomas DN32.D3, N37-1A12 and N38-3C3 (kind gifts from K. Hayakawa, Fox
Chase Cancer Center) have all been previously described (4, 12–14). Anti-ROCK1 and anti-
ROCK2 antibodies were purchased from BD Biosciences (San Jose, CA). Anti-GAPDH
antibody was purchased from Cell Signaling Technology (Danvers, MA). Anti-hCD1d
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and
eBioscience (San Diego, CA). The peroxidase conjugated anti-mouse (Sigma-Aldrich, St.
Louis, MO) and anti-rabbit (Bio-Rad; Hercules, CA) IgG secondary antibodies were used
for Western blotting. For flow cytometry, anti-mouse CD1d (1H6), anti-mouse MHC class 1
(TIB126; ATCC, Manassas, VA), and isotype control for 1H6 [anti-vaccinia protein
(TW2.3)] were used. CD1d tetramers and CD1d tetramers loaded with α-galactosylceramide
(α-GalCer; PBS-57) were from the NIH Tetramer Core Facility (Atlanta, GA). PE-
conjugated anti-mouse (Dako, Carpenteria, CA) and anti-rat antibodies (Jackson
ImmunoResearch, West Grove, PA) were used as secondary antibodies. Purified and
biotinylated anti-mouse IL-2 (BD Biosciences), purified and biotinylated antihuman IL-4
and GM-CSF (BioLegend, San Diego, CA), and avidin-peroxidase (Sigma-Aldrich), were
used to measure cytokine production by ELISA. Recombinant murine IL-2, human IL-4 and
GM-CSF (Peprotech, Rocky Hill, NJ) were used as standards. ROCK1 knockout mice have
been previously described (15). Wild type littermates were used as controls. All animal
studies were performed in accordance with protocols approved by the Indiana University
School of Medicine’s IACUC.
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shRNA constructs and cell line generation
ROCK1, ROCK2, and negative control (NC) vectors were generated using the pLKO.1
vector (kindly provided by Dr. David Riese, Auburn University). Oligonucleotides for the
target sequences were purchased from Integrated DNA Technologies, Inc. (Coralville, IA),
annealed, phosphorylated and ligated into the pLKO.1 vector. shRNA (21-mer) constructs
targeting LIMK2 and mouse LIMK1 in the pLKO.1 vector were purchased from Sigma-
Aldrich. The shRNA sequences were: NC (negative control: 5’-
TCAGTCACGTTAATGGTCGTT-3’); ROCK1 (5’-GCTCGAATTACATCTTTACAA-3’);
ROCK2 (5’-GCCTTGCATATTGGTCTGGAT-3’); LIMK1 (5’-
GATGGTGATGAAGGAACTTAT-3’); LIMK2 (5’-
GATGCACATCAGTCCCAACAA-3’). LMTK-CD1d1 and HEK293-hCD1d cells were
transfected with these plasmids using polyethylenimine as previously described (14).
Transfected cells were selected in puromycin (Sigma-Aldrich; 2 µg/ml for HEK293-CD1d
cells and 10–25 µg/ml for LMTK-CD1d1 cells). Drug-resistant cells were pooled and used
as stable cell lines.

NKT co-culture assays
Mouse LMTK-CD1d1 cell co-culture assays have been previously described (12). All drug
treatments of cells were performed at 37°C at the indicated concentrations. Treatments were
for the following lengths of time: Y-27632 (Ascent Scientific, Princeton, NJ) for 2 h with
LMTK-CD1d1 cells or 16 h with L-CD1d-DR4 cells; cytochalasin D (Thermo Fisher
Scientific, Waltham, MA) for 2 h with LMTK-CD1d1 cells or 24 h with L-CD1d-DR4 cells.
L-CD1d-DR4 cells were also incubated with Human Serum Albumin (HSA; Sigma-Aldrich)
for the entire drug treatment unless otherwise indicated. Co-cultures of HEK293-hCD1d
cells with human NKT cells have been previously described (14). Generation of mouse
BMDCs for use as APCs was as described (16). APCs were washed and fixed in 0.05%
paraformaldehyde prior to co-culturing.

Mass spectroscopic analysis
A tandem affinity purification (TAP) tag protocol was adapted and used to purify proteins
bound to the 13 carboxy-terminal amino acids of hCD1d (17). Briefly, HEK293 cells were
transfected with a construct expressing the TAP tag sequence with the 13 AA tail of hCD1d
or the TAP tag sequence alone. Transfected cells were selected in G418 and GFP+ cells
were electronically sorted and adapted to growth in suspension media (Pro293s-CDM;
Lonza, Walkersville, MD). Suspension cultures were expanded and approximately 1.5×109

cells were lysed and the lysate treated as described (17). Protein bands were excised and
analyzed by the Purdue Proteomics Facility (West Lafayette, IN) via mass spectrometry.
Protein identification was performed by database searching with GPS Explorer software
(Applied Biosystems, Foster City, CA) utilizing the Mascot algorithm and the NCBI
database. Alternatively, human CD1d was immunoprecipitated and the eluates digested
using triethylphosphine and iodoethanol for cysteine modification using described methods
(18) and analyzed by mass spectrometry. Spectrum Mill software (Agilent Technologies,
Santa Clara, CA) using the NCBI database was utilized for protein search identification.

Western blotting
Cells were lysed in 2% CHAPS lysis buffer [10 mM Tris (pH 7.5), 150 mM NaCl, 0.5 mM
EDTA, 2% CHAPS, 0.02% sodium azide, and protease inhibitors; Roche, Indianapolis, IN].
Sodium fluoride and sodium orthovanadate (1 mM each) were included for phosphoprotein
blotting. Protein concentrations of lysates were determined using Coomassie Protein Assay
Reagent (Pierce, Rockfored, IL) and equal amounts (or amounts indicated) of protein lysate
were mixed with protein sample buffer, boiled, and resolved on an SDS-PAGE gel (16).
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Following transfer onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA),
blots were probed with the indicated antibodies and developed using chemiluminescence
and exposure on film. Images were quantified using ImageJ (1.37v, National Institutes of
Health, Bethesda, MD).

Liver mononuclear cells
The harvesting and preparation of mouse liver mononuclear cells, as well as their staining
and analysis by flow cytometry has been previously described (19).

Confocal microscopy
Analysis by confocal microscopy consisted of treatment of LMTK-CD1d1 cells with TGF-β
(20 ng/ml), the ROCK inhibitor Y-27632 (100 µM), cytochalasin D (2 µM), or mock
treatment (2 mg/ml BSA/PBS and DMSO) for 24 h in 35 mm collagen-coated glass bottom
dishes (MatTek, Ashland, MA). After treatment, cells were washed twice with PBS and
fixed for 20 min on ice with 4% paraformaldehyde. Cells were permeabilized and stained
with specific monoclonal antibodies as described (8). To evaluate the actin cytoskeleton,
mock- and TGF-β-treated cells were stained for 1 h with 0.14 µM Rhodamine-Phalloidin
(Cytoskeleton, Inc., Denver, CO), washed and placed in PBS for analysis at room
temperature with a Carl Zeiss 510-UV confocal microscope with the 63X water objective
and 78 µm aperature. LSM Image Browser acquisition software was used. Untreated NC and
shRNA cells were stained for CD1d using neat 1H6 antibody hybridoma (12) supernatant/
Alexa488 anti-mouse IgG antibody (Invitrogen, Carlsbad, CA) and for LAMP-1 using neat
1D4B antibody hybridoma (Developmental Studies Hybridoma Bank, Iowa City, IA)
supernatant/Texas Red anti-rat IgG antibody (Jackson ImmunoResearch). Colocalization of
CD1d and LAMP-1 from images collected from an Olympus 2 FV1000 confocal
microscope with the 60X water objective, 103 µm aperature, and Olympus Fluoview
FV1000 acquisition software, was measured using Metamorph (Molecular Devices,
Sunnyvale, CA). All images were collected as a series of slices into Z-stacks. Slice sizes for
images collected from the Carl Zeiss confocal microscope were 0.5 µm, whereas those from
the Olympus 2 were 0.2 µm.

CD1d internalization assay
HEK293-hCD1d cells were incubated with the 42.1 mAb (5 µg/ml) at 4°C for 30 min. After
washing in media, cells were incubated at 37°C for 0, 5, 10 and 30 min. All cells were then
incubated with a PE-anti-mouse antibody (1:100) at 4°C. The cells were then fixed for
analysis by flow cytometry.

Exogenous lipid treatment
LMTK-CD1d1 cells containing NC or ROCK1 shRNA were treated with α-GalCer (Enzo
Life Sciences, Farmingdale, NY) or galactose(α1→2)galactosylceramide (α-GalGalCer)
(kindly provided by Dr. Paul Savage, Brigham Young University) for three hours at 37°C.
Cells were washed, fixed and used in co-culture experiments with NKT cells as described
above.

In vitro kinase assays
ROCK1 and ROCK2 kinases were purchased from Cell Signaling Technology. Peptides
corresponding to the carboxy-terminal tail of CD1d1, hCD1b, hCD1c and hCD1d were
kindly provided by J. Hastie (Univ. of Dundee, UK). Control peptides (CREB and PLK)
were purchased from Cell Signaling Technology. A 40 µl kinase assay reaction was
performed [30 µl of 6 µM peptide, 4 µl of 10X kinase buffer (Cell Signaling), 1 µl of kinase
(100 µg/ml stock) and 5 µl of 0.16 µCi/µl [32P]-ATP (PerkinElmer, Waltham, MA) diluted
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in 250 µM ATP (Sigma-Aldrich)] for 15 min at 30°C. The entire 40 µl of the reaction was
spotted onto a circle of P81 paper (Whatman, Piscataway, NJ) and allowed to air dry. P81
papers were then washed 3 times for 5 min each with 75 mM phosphoric acid. P81 papers
were then washed once for 2 min with acetone then allowed to air dry. Each P81 paper was
transferred to a scintillation vial with 5 ml scintillation fluid and radioactivity was measured
using a Beckman LS 6000IC.

hCD1d mutants
HEK293-hCD1d cells in which the two putative sites of ROCK phosphorylation (T329/
S330) were mutated to alanines (T329A/S330A) were generated using previously described
methods (14). These cells were used in human NKT cell co-culture assays as previously
reported (14).

C3 treatment
LMTK-CD1d1 cells were treated +/− the cell permeable C3 toxin (2 µg/ml) (Cytoskeleton,
Inc.) for six hours at 37°C. The cells were used in a NKT co-culture assay as previously
described (12).

Statistics and data analysis
Graphs were generated and statistics calculated using GraphPad Prism 5 (GraphPad
Software, LaJolla, CA). The mean of triplicates of a representative assay is shown with error
bars representing the S.E.M. A one-way ANOVA with Bonferroni’s post-test or Student’s t-
test was used as appropriate. A P value less than 0.05 was considered significant.

Results
ROCK1 and ROCK2 negatively regulate CD1d-mediated antigen presentation

The mechanisms by which the functional expression of CD1d-mediated antigen presentation
is regulated by cell signaling pathways have not yet been clearly elucidated. As a starting
point to identify possible cell signaling pathways that might be important in the regulation of
antigen presentation by CD1d, we performed a tandem affinity (TAP-tag) purification (17)
of the human CD1d tail in HEK293 cells (Supplemental Fig. S1A, S1B). Using this
methodology, we identified the Rho GTPase effector and serine/threonine kinase, Rho
kinase 2 (ROCK2) (Supplemental Table I). Additionally, when we immunoprecipitated
CD1d and analyzed the bound proteins by mass spectrometry, we identified ROCK1
(Supplemental Table I). The Rho GTPase family of molecules consists of important cell
signaling pathways critical for actin cytoskeleton dynamics, cell trafficking, as well as the
intracellular transport of molecules playing key roles throughout the endocytic pathway (10,
20). As we and others have shown that CD1d traffics through compartments of the endocytic
pathway (2, 12, 21–25), this observation was clearly of potential importance. It was thus
important to then determine whether ROCK proteins affect CD1d-mediated Ag presentation.

Two different ROCK proteins are encoded by homologous, yet distinct genes, ROCK1 and
ROCK2 (10). Although we found that formed a complex with CD1d in the TAP-tag
experiments, this did not necessarily mean they. To address whether ROCK1 and ROCK2
play a role in CD1d-mediated Ag presentation, we pretreated murine LMTK-CD1d1 cells
(4) with the ROCK-specific inhibitor, Y-27632, and then cocultured these cells with a panel
of mouse NKT cell hybridomas. IL-2 production by the NKT cells was used as a readout for
antigen presentation by CD1d. Interestingly, in LMTK-CD1d1 cells treated with the ROCK
inhibitor, antigen presentation was increased over those cells treated with vehicle alone (Fig.
1A). This result suggested that ROCK serves as a negative regulator of antigen presentation
by CD1d.
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Because pharmacological inhibitors can have off-target effects, we employed two genetic
approaches to confirm the role of ROCK in CD1d-mediated antigen presentation. In the
first, ROCK-specific short hairpin RNA (shRNA) was used to knockdown ROCK1 or
ROCK2 expression in both murine LMTK-CD1d1 and human HEK293-hCD1d cells.
Control cells consisted of the appropriate CD1d+ cell lines transfected with a control shRNA
(NC shRNA) sequence. These cells were then cocultured with their respective NKT cells. In
both murine (Fig. 1B, 1C) and human (Fig. 1D) systems, reducing ROCK1 or ROCK2
protein expression resulted in an increase in antigen presentation by CD1d to NKT cells.
Thus, as was observed in the mouse, inhibition of ROCK also enhanced human CD1d-
mediated antigen presentation. A significant decrease in ROCK protein expression occurred
in those cells transfected with the ROCK-specific shRNA (Fig. 1E and data not shown).
Quantification of the bands and normalizing to GAPDH shows that there was a greater than
50% decrease in ROCK1 expression in the cells containing ROCK1-specific shRNA.

ROCK1 knock-out mice have increased CD1d-mediated antigen presentation and liver NKT
cells

As an alternative approach, we generated bone marrow-derived dendritic cells (BMDCs)
from ROCK1-deficient (15) and wildtype (WT) mice, and co-cultured them with murine
NKT cells as above. Dendritic cells are very efficient antigen presenting cells to NKT cells
(3, 26, 27). As expected, BMDCs from WT mice were able to stimulate NKT cells (Fig.
2A). However, DCs from ROCK1-deficient mice (ROCK1 KO) were actually better able at
stimulating NKT cells than those from wildtype mice (Fig. 2A). As detected by flow
cytometry, there were comparable levels of CD1d on the cell surface of the BMDCs of WT
and ROCK1 KO mice (Fig. 2B). This suggests that the mechanism by which inhibition of
ROCK results in increased CD1d-mediated antigen presentation is not merely due to an
increased number of cell surface CD1d molecules. Of additional note, ROCK1-deficient
mice had more liver NKT cells than WT mice (Fig. 2C), serving as an important in vivo
confirmation of our in vitro antigen presentation assays. ROCK1 KO mice also had more
NKT cells in the spleen, although the increase compared to WT mice was not as great as that
seen in the liver, yet the number of mononuclear cells were within the normal range (data
not shown). Therefore, these data strongly suggest that ROCK is a negative regulator of
CD1d-mediated antigen presentation.

Disrupting actin polymerization results in increased CD1d-mediated antigen presentation
ROCK plays an important role in the dynamic regulation of the actin cytoskeleton (10, 20).
In particular, ROCK is important in actin polymerizing into its filamentous form, F-actin. In
order to determine if ROCK is able to control antigen presentation by CD1d due to effects
on F-actin, we first disrupted the actin cytoskeleton in LMTK-CD1d1 cells using the actin
depolymerizing agent, cytochalasin D. If indeed the ROCK-mediated effects on CD1d were
through the regulation of actin, it would be expected that cytochalasin D treatment of CD1d+

cells would enhance antigen presentation to NKT cells. As predicted, cytochalasin D-treated
LMTK-CD1d1 cells were better able to stimulate NKT cells than vehicle-treated cells (Fig.
3A). No change in CD1d expression on the cell surface of LMTK-CD1d1 cells treated with
cytochalasin D was observed (Fig. 3B).

LIMK1 and LIMK2 also negatively regulate CD1d-mediated antigen presentation
With the observations that ROCK and F-actin serve as negative regulators of CD1d-
mediated antigen presentation, it was important to determine if these two results were
related. It is very well known that ROCK controls actin polymerization through a series of
steps (10). First, ROCK phosphorylates the LIM kinases (LIMK) 1 and LIMK2. These
LIMKs are serine/threonine kinases that regulate actin cytoskeleton rearrangement (11). In
order to determine if this pathway is important in the ability of ROCK to reduce CD1d-
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mediated antigen presentation, we used shRNA to knockdown LIMK1 and LIMK2 in
LMTK-CD1d1 cells. These CD1d+ cells with LIMK1, LIMK2 or control (NC) shRNA were
cocultured with murine NKT cells. It was found that knockdown of either LIMK1 or LIMK2
resulted in an increase in antigen presentation by CD1d to NKT cells (Fig. 4A). These
results suggest that, like ROCK, LIMK is a negative regulator of CD1d-mediated antigen
presentation. Expression of LIMK1 (Fig. 4B) and LIMK2 (Fig. 4C) was decreased by the
shRNAs targeting these genes. Quantification and normalization to GAPDH shows that each
were reduced by 50% as compared to the control shRNA.

Actin polymerization is impaired in ROCK and LIMK shRNA cells
To further connect ROCK and LIMK signaling to actin polymerization, we examined actin
stress fiber formation in our LMTK-CD1d1 cells containing the shRNAs described above.
Actin stress fibers were induced by treating the cells with TGFβ. Rhodamine-phalloidin was
used to stain the stress fibers. Confocal microscopic analyses confirmed alterations in the
actin cytoskeleton in the CD1d+ cells in which ROCK or LIMK was knocked down by
shRNA (Fig. 5A, 5B; Supplemental figures S2 and S3 contain larger versions of these
images to better visualize the stress fibers). Those images show TGFβ-induced stress fiber
formation (examples are indicated with white arrows) in control cells (NC shRNA).
However, under the same conditions, the cells expressing the ROCK- or LIMK-specific
shRNA did not readily form stress fibers. Therefore, these results lend further support to
indicate that ROCK is a negative regulator of CD1d-mediated antigen presentation, through
its effects on the actin cytoskeleton via the ROCK/LIMK pathway.

Inhibition of ROCK does not alter CD1d localization but does have a modest effect on its
internalization

As mentioned above, CD1d internalization and endocytic trafficking are critical to its ability
to present antigen. Thus, we examined whether ROCK was exerting its effect on CD1d
through altering these processes. Experiments aimed at understanding other consequences of
inhibiting ROCK showed that there were no obvious effects on the intracellular localization
of CD1d. For example, the amount of CD1d co-localized with LAMP-1 was not affected
when ROCK was inhibited with Y-27632 (Fig. 5C). The same results were observed when
CD1d and LAMP-1 co-localization was measured in control and ROCK1 shRNA cells (data
not shown). We also examined the rate at which CD1d internalizes from the cell surface. We
did find that human CD1d internalization was slightly faster in HEK293 cells with reduced
ROCK expression (Fig. 5D), consistent with the enhanced antigen presentation observed.
However, the rate of recycling of CD1d in these cells was not affected (data not shown).
Nonetheless, it seems likely that the ROCK pathway affects the loading (or perhaps
selection) of the CD1d ligand(s) presented to NKT cells (1). This would result in a
qualitative change which was apparent in our NKT cell assays, but not necessarily by
confocal microscopy analyses.

ROCK affects the processing of exogenous lipid antigens
Because there was not a large difference in CD1d recycling, internalization or LAMP-1 co-
localization observed, we examined the ability of ROCK inhibition to affect exogenous lipid
antigen processing and ultimate presentation by CD1d. LMTK-CD1d1 cells transfected with
control or ROCK1 shRNA were treated for three hours with either α-galactosylceramide (α-
GalCer) or galactose(α1→2)galactosylceramide (α-GalGalCer). These two molecules have
been shown to be presented to NKT cells as CD1d ligands, but α-GalGalCer differs from α-
GalCer in that the disaccharide requires processing to be able to stimulate NKT cells (23, 28,
29). As shown in Figure 5E, both control and ROCK1 shRNA cells treated with α-GalCer
stimulated similar levels of IL-2 secretion from NKT cells. However, ROCK1 shRNA cells
induced much more IL-2 secretion from NKT cells than control shRNA-expressing cells
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when α-GalGalCer was used as the exogenous ligand (Fig. 5F). These results strongly
suggest that the processing of CD1d-presented ligands is negatively regulated by ROCK1.

ROCK can phosphorylate CD1d, but it is not necessary for affecting antigen presentation
Because ROCK was observed by preliminary MS analysis to bind the CD1d cytoplasmic tail
which contains serine and threonine residues, we wanted to examine if CD1d could be a
substrate for ROCK. Interestingly, the cytoplasmic tails of human and mouse CD1d (as well
as human CD1b) contain the consensus motif for phosphorylation by ROCK [RXXS/T or
RXS/T; ref. (30)]. In fact, we found that both ROCK1 and ROCK2 can phosphorylate
synthetic peptides corresponding to the cytoplasmic tails of murine and human CD1d (and
human CD1b), but not human CD1c, which does not contain the ROCK phosphorylation
motif (Fig. 6A, 6B). Thus, it was possible ROCK-mediated phosphorylation of serine and/or
threonine residues in the cytoplasmic tail contributed to its control of antigen presentation.
We have previously reported that phosphorylation of the human CD1d T322 residue impairs
its functional expression (14); however, this threonine is not the one present in the ROCK
phosphorylation motif. Knocking down ROCK in HEK293-hCD1d cells expressing CD1d
with an altered ROCK phosphorylation motif, still resulted in enhanced recognition by
human NKT cells (Fig. 6C). Therefore, these data therefore suggest that ROCK does not
regulate antigen presentation by phosphorylating the CD1d cytoplasmic tail.

ROCK effects on CD1d are Rho independent
We showed above that, downstream of ROCK, LIMK and actin form part of an important
signaling pathway that regulates CD1d-mediated antigen presentation (Fig. 3 & 4). The
GTPase Rho is a major activator of ROCK (31). Therefore, we wanted to determine whether
ROCK is regulated by Rho GTPases in the modulation of CD1d-mediated antigen
presentation. We used the Rho GTPase-specific inhibitor C3 toxin (32) to measure the effect
on CD1d-mediated antigen presentation. Thus, LMTK-CD1d cells were treated with vehicle
or the C3 toxin and used as targets for mouse NKT cells. Interestingly, the effects of ROCK
on CD1d-mediated antigen presentation appear to be Rho GTPase-independent, as treatment
of CD1d+ cells with the Rho-specific C3 toxin actually resulted in a decrease in CD1d-
dependent NKT cell activation (Fig. 6D).

Inhibition of ROCK and actin polymerization differentially affects CD1d- and MHC class II-
mediated antigen presentation

CD1d traffics through the same intracellular compartments as MHC class II molecules (1, 2)
(e.g., endosomes, lysosomes). Moreover, similar cell signaling cascades have been shown to
be involved in the control of antigen presentation by both CD1d and MHC class II (5, 8, 9,
16, 33). Thus, to determine if ROCK also regulates antigen presentation by MHC class II
molecules, L-CD1d-DR4 cells [mouse L-CD1d cells transfected with the human HLA-DR4
cDNA; ref. (4)] were pulsed with the human serum albumin (HSA) protein in the presence
of various concentrations of the ROCK-specific inhibitor Y-27632 (or vehicle) as above. In
contrast to that observed with CD1d, inhibiting ROCK actually decreased MHC class II-
mediated antigen presentation (Fig. 7A). These data indicate that, although ROCK
negatively regulates antigen presentation by CD1d, it is a positive regulator of MHC class
II-mediated antigen presentation. This is the first system whereby these two antigen
presenting molecules can be functionally distinguished in terms of cell signaling pathway
requirements. Disrupting actin filaments with cytochalasin D did not significantly alter
antigen presentation by MHC class II molecules under the conditions used here, again in
contrast to CD1d (Fig. 7B). Therefore, this suggests that the ROCK/actin pathway that
negatively regulates CD1d-mediated antigen presentation (see Fig. 8 model) does not affect
all antigen presentation pathways in the same way.
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Discussion
Here we show that the serine/threonine kinase ROCK is a negative regulator of CD1d-
mediated antigen presentation using both pharmacological and genetic approaches.
Additionally, we identified the signaling pathway through which ROCK exerts its effects on
CD1d. By activating LIMK and thus affecting actin polymerization, ROCK is able to
negatively regulate Ag presentation by CD1d. Several bacteria and viruses affect this
pathway during infection [reviewed in (34)]. Although it is not the likely reason for these
pathogens to target this pathway, CD1d-mediated antigen presentation is consequently
affected in the process. Additionally, the ROCK/actin pathway has been shown to be
important in several types of cancer including hepatocellular carcinoma (35), lung cancer
(36) and glioblastoma (37). It is likely that CD1d-mediated antigen presentation is altered in
these tumors. Drugs that inhibit this pathway may have the added benefit of increasing
CD1d-mediated antigen presentation and thus potentially enhance immune recognition of
the tumor.

We used mass spectrometry screening methods to identify potentially relevant pathways that
affect CD1d. Although these screens identified ROCK proteins, this does not necessarily
demonstrate a confirmed interaction with CD1d. Subsequent co-immunoprecipitation and
Western blotting experiments were not able to clearly demonstrate a complex between
CD1d and ROCK. Nonetheless, the mass spectrometry analyses led us to determine the
functional role of ROCK proteins in the regulation of Ag presentation by CD1d. Using
pharmacological inhibitors, ROCK1-deficient mice, and shRNA methods, we were able to
definitively demonstrate that the ROCK pathway is a negative regulator of CD1d-mediated
Ag presentation.

We showed that ROCK, LIMK and actin all play a role in the regulation of CD1d-mediated
antigen presentation. As seen in the model presented in Figure 8, there is one additional
component to this pathway, cofilin. To further link the effects of the inhibition of ROCK and
LIMK to actin, we used shRNA to knock down expression of the LIMK target, cofilin.
Upon phosphorylation by LIMK, cofilin is inactivated, permitting the polymerization of F-
actin (11). Although we were able to decrease cofilin expression in cells by shRNA, this
resulted in cells with an abnormal morphology (data not shown). This is likely due to the
critical role of cofilin in normal actin dynamics. Thus, we could not directly test the role of
cofilin in CD1d-mediated antigen presentation. However, it is well-established that cofilin
links LIMK to actin dynamics (11), suggesting that it too is involved in the proposed
pathway for the regulation of CD1d-mediated antigen presentation by ROCK.

It is interesting that we did not see changes in CD1d localization or recycling and only
minor effects on internalization. Due to the importance of the actin cytoskeleton in
trafficking, one would predict that disrupting the ROCK/actin pathway would affect CD1d
localization and/or trafficking. It is possible that the effect on CD1d localization is altered in
another endocytic compartment other than those that are LAMP-1+. Another possibility is
that CD1d localization is not altered; rather, the ROCK/actin pathway is affecting other
molecules that are critical for CD1d antigen loading or processing in endosomes. Several
lipid-modulating enzymes have been shown to be important for CD1d lipid antigen
processing and presentation (38–43). It would be interesting to attempt to determine their
intracellular localization and activity under conditions that we have used here to study
CD1d. The slight difference in internalization observed when inhibiting ROCK suggests that
there is some effect on CD1d directly. It is possible that small changes are below the limit of
detection of the assays or do not affect steady-state levels. However, they can have profound
effects, as measured by the very sensitive biological assays of antigen presentation.
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Additional work is required to further dissect where this pathway is causing these changes in
CD1d-mediated antigen presentation.

It has been shown that membrane subdomains such as lipid rafts can affect CD1d-mediated
antigen presentation (44–46). Although we did not notice any differences in the surface
pattern of CD1d in confocal micrographs, it does not rule out the possibility that there are
changes that were not detectable in the assays used in this study. However, detailed
fractionation of membrane domains or use of additional reagents to study lipid raft
colocalization may reveal whether this plays a role in the ROCK/actin effects on the
functional expression of CD1d. Additionally, the localization of CD1d (46) as well as the
lipid presented (47–50) by it can induce a Th1 or Th2 cytokine bias in the NKT cells. The
ROCK/actin pathway may be able to affect CD1d function via altering the lipid presented,
resulting in a bias towards the production of Th1 or Th2 cytokines. This could have very
important implications for the role of ROCK/actin effects on CD1d-mediated antigen
presentation in the context of disease and infection. Additionally, it is possible that the
ROCK/actin pathway may play a role in NKT cells as well. Future studies could examine
the functionality of NKT cells from ROCK1 KO mice, that would allow us to determine if
the major effects of ROCK are only on the antigen presenting cell side, or also on NKT
cells.

We showed that mouse and human CD1d, as well as human CD1b, are capable of being
phosphorylated by both ROCK1 and ROCK2 kinases. As these sequences contain the
ROCK phosphorylation motif, it is not surprising that they are ROCK substrates. By using
mutants of the CD1d tail that cannot be phosphorylated, we found that inhibition of ROCK
still enhances CD1d-mediated antigen presentation. This suggests that ROCK does not need
to phosphorylate CD1d to exert its effects; rather, the mechanism whereby antigen
presentation by CD1d is controlled by ROCK is through regulating actin cytoskeleton
dynamics.

It was somewhat surprising that the effects of ROCK on CD1d-mediated antigen
presentation are Rho-independent. Rho is a canonical activator of ROCK (10). However,
there are several other activators and inhibitors of ROCK [reviewed in (51)]. One of these,
or some novel regulator, may be upstream of ROCK in this pathway. Nonetheless, there is
precedence for Rho-independent, ROCK-mediated effects on cells (52, 53). Most of the
known regulators of ROCK other than Rho are isoform-specific (i.e., affecting either
ROCK1 or ROCK2). Because we found that both ROCK1 and ROCK2 negatively control
CD1d-mediated antigen presentation, it may not be one of these. Rho also can regulate
proteins other than ROCK (31). Thus, it is possible that while ROCK negatively regulates
CD1d, another Rho effector is a positive regulator. For example, when Rho is inhibited, that
may be affecting multiple opposing pathways. The result one would observe would be the
net effect of inhibiting these multiple pathways simultaneously. Further studies are required
to identify why a reduction in CD1d-mediated antigen presentation is observed when Rho is
inhibited.

Recently, it has been reported that another small GTPase, Arl8b, affects CD1d-medited
antigen presentation (54). This was via effects on lysosomal trafficking, which is different
than what we see with the ROCK/actin pathway. However, this work further shows the
importance of these small GTPase signaling pathways in CD1d-mediated antigen
presentation.

It is interesting that ROCK and actin do not affect CD1d- and MHC class II-mediated
antigen presentation in the same way. We have previously shown that signaling molecules
that affect CD1d also affect MHC class II (8, 9, 16). Here, we identify a signaling pathway
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that distinguishes between the two. Additional work is required to elucidate how and why
these two antigen presenting molecules are regulated differently by the ROCK pathway.
This result is less surprising in light of the results of the α-GalCer and α-GalGalCer
experiments, as these data suggest it may be the antigen processing molecules that are being
affected by the ROCK/actin pathway; CD1d and MHC class II are distinct in the molecules
they require for antigen processing and presentation (38, 41, 55–57).

In summary, we have shown here that ROCK can have profound effects on antigen
presentation via CD1d, by modulating the ROCK-LIMK-actin signaling pathway, leading to
changes in the actin cytoskeleton (Fig. 8). A number of pathogens and disease states can
alter the actin cytoskeleton; such changes can have a substantial impact on CD1d-mediated
antigen presentation in terms of immune evasion as evident in our prior studies with viral
infections (5). Thus, this cell signaling pathway is of fundamental importance to a host in
controlling a critical component of the innate immune response.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
ROCK negatively regulates CD1d-mediated Ag presentation. A. Murine LMTK-CD1d1
cells were treated with the ROCK inhibitor Y-27632 or vehicle only and co-cultured with
the indicated NKT cell hybridomas. Antigen presentation was measured by an IL-2 ELISA;
*, P < 0.05 compared to mock. This experiment was repeated four times. B, LMTK-CD1d1
cells were transfected with a ROCK1-specific shRNA and CD1d-mediated Ag presentation
to NKT cells was measured as above. NC: control shRNA; *, P = 0.0003. This result is
representative of five independent experiments. C, LMTK-CD1d1 cells were transfected
with a ROCK2-specific shRNA and CD1d-mediated Ag presentation to the representative
N38-3C3 NKT cell hybridoma was measured as above; *, P < 0.001. This result is
representative of five independent experiments. D, HEK293-hCD1d cells were transfected
with a ROCK1-specific shRNA and CD1d-mediated Ag presentation to human NKT cells
was measured by an IL-4 ELISA; *, P = 0.0027. This result is representative of four
independent experiments. E, Western blot of lysates showing decreased ROCK1 expression
in HEK293-hCD1d cells expressing the ROCK1 shRNA. Three different amounts of protein
(indicated in µg per well) were loaded for each cell line. This result is representative of four
independent experiments.
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FIGURE 2.
Enhanced CD1d functional expression and NKT cell numbers in ROCK1 KO mice. A, Bone
marrow-derived dendritic cells (BMDCs) from control (WT) and ROCK1 KO mice were co-
cultured with the representative N37-1A12 NKT cell hybridoma; *, P = 0.0043. B, BMDCs
from WT and ROCK1 KO mice were stained for surface CD1d and analyzed by flow
cytometry. C, Liver mononuclear cells from WT and ROCK1 KO mice were harvested and
NKT cells were identified by flow cytometry [TCRβ+/α-GalCer (PBS-57)-loaded CD1d
tetramer+]. The percentage of NKT cells is shown in the upper right quadrant of the lower
two-color plots. The experiments shown are representative of two performed. Two mice per
group were analyzed in each experiment.
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FIGURE 3.
Modulation of the actin cytoskeleton alters CD1d-mediated Ag presentation. A, Disruption
of actin by cytochalasin D results in increased CD1d-mediated Ag presentation to the
representative DN32.D3 NKT cell hybridoma; *, P < 0.05 compared to vehicle control
(DMSO, V). This result is representative of two independent experiments. B, Treatment of
LMTK-CD1d1 cells with cytochalasin D does not affect surface levels of CD1d as measured
by flow cytometry. The experiment shown is representative of two performed.

Gallo et al. Page 17

J Immunol. Author manuscript; available in PMC 2013 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
LIMKs negatively regulate CD1d-mediated Ag presentation. A, shRNA against either
LIMK1 or LIMK2 results in increased CD1d-mediated Ag presentation to the representative
N38-3C3 NKT cell hybridoma; *, P < 0.001 as compared to control shRNA (NC). This
experiment is representative of five performed. B, LMTK-CD1d1 NC shRNA and LMTK-
CD1d1 LIMK1 shRNA cells were lysed, equal amounts of protein were resolved by SDS-
PAGE and LIMK1 expression was detected via Western blotting. The membrane was
stripped and reprobed for GAPDH to confirm equal loading. C, LMTK-CD1d1 NC shRNA
and LMTK-CD1d1 LIMK2 shRNA cells were lysed, equal amounts of protein were
resolved by SDS-PAGE and LIMK2 expression was detected via Western blotting. The
membrane was stripped and reprobed for GAPDH to confirm equal loading.
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FIGURE 5.
Inhibition of ROCK or LIMK affects actin polymerization, CD1d internalization, and CD1d
antigen processing, but not intracellular CD1d localization. A–B, LMTK-CD1d1 cells with
control (NC), ROCK1, LIMK1, or LIMK2 shRNA were treated +/– TGFβ (20 ng/ml for 24
h) and stained with Rhodamine-phalloidin to visualized stress fibers by confocal
microscopy. Cells with ROCK1, LIMK1, or LIMK2 shRNA do not form as many TGFβ-
induced stress fibers as compared to control shRNA (NC). Examples of stress fibers are
indicated by the white arrows. This result is representative of two independent experiments.
C, LMTK-CD1d1 cells were treated +/− with the ROCK inhibitor Y-27632. CD1d/LAMP-1
co-localization was determined by confocal microscopy and showed no difference in the
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drug-treated cells. Scale bars in (A–C) represent 20 µm. D, HEK293-hCD1d cells expressing
ROCK1 shRNA show increased internalization as compared to control shRNA (NC); *, P <
0.05. This result is representative of three independent experiments. E, LMTK-CD1d1 NC
shRNA and ROCK1 shRNA cells were pulsed with α-GalCer for 3 h, washed and fixed.
Antigen presentation was assayed by co-culture with the N38-3C3 NKT cell hybridoma and
measurement of IL-2 secretion by ELISA. This result is representative of two independent
experiments. F, LMTK-CD1d1 NC shRNA and ROCK1 shRNA cells were pulsed with α-
GalGalCer for 3 h, washed and fixed. Antigen presentation was assayed by co-culture with
the N38-3C3 NKT cell hybridoma and measurement of IL-2 secretion by ELISA. *, P <
0.0001. This result is representative of two independent experiments.
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FIGURE 6.
Potential roles for ROCK-mediated CD1d phosphorylation and RhoGTPases in CD1d-
mediated Ag presentation. A, Amino acid sequences of the intracellular, carboxy-terminal
tails of human CD1b, CD1c, CD1d and mouse CD1d1. B, ROCK1 and ROCK2 kinase were
used in in vitro kinase assays with the indicated CD1 peptides. CREB and PLK peptides
served as positive controls. Incorporation of radioactive phosphate into the peptides was
measured by scintillation counting and presented in cpm. This result is representative of two
independent experiments. C, HEK293-hCD1d cells in which T329 and S330 (part of the
ROCK phosphorylation motif) have been mutated to alanines were transfected with
ROCK1-specific or control (NC) shRNA, and used in a co-culture assay with human NKT
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cells. IL-4 and GM-CSF production by human NKT cells was measured by ELISA; *, P =
0.0125 for IL-4 and P = 0.0306 for GM-CSF. This result is representative of three
independent experiments. D, LMTK-CD1d1 cells were treated +/− the Rho-specific
inhibitor C3 toxin and co-cultured with the representative N37-1A12 NKT cell hybridoma.
NKT cell production of IL-2 was measured by ELISA; *, P = 0.0001. This result is
representative of two independent experiments.
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FIGURE 7.
ROCK and actin polymerization inhibition differentially affects Ag presentation by CD1d
and MHC class II. A, L-CD1-DR4 cells were pulsed with vehicle or HSA in the presence or
absence of the ROCK-specific inhibitor Y-27632. The cells were then fixed and co-cultured
with the HLA-DR4-specific 17.9 T cell hybridoma (left panel) for analysis of Ag
presentation by MHC class II, or with the NKT cell hybridoma N37-1A12 for measuring
CD1d-mediated Ag presentation (right panel); *, P < 0.05; **, P < 0.01 as compared to
mock-treated. This result is representative of two independent experiments. B, HSA was
added to L-CD1d-DR4 cells before, after, or simultaneously with cytochalasin D. The cells
were then fixed and co-cultured with the 17.9 T cell hybridoma. IL-2 production was
measured by ELISA. This result is representative of two independent experiments.
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FIGURE 8.
Proposed model of ROCK- and actin cytoskeleton-dependent regulation of Ag presentation
by CD1d. The activation of ROCK (in a RhoGTPase-independent manner) phosphorylates
LIMK which, in turn, inactivates cofilin. This results in actin polymerization and a
concomitant decrease in CD1d-mediated Ag presentation to NKT cells.
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