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Abstract

TLR-mediated recognition of microbial danger induces substantial changes in macrophage
migration, adherence and phagocytosis. Recently, we described the LPS-regulated
phosphorylation of many cytoskeleton-associated proteins by phosphoproteomics. The functional
role of these cytoskeletal and motor proteins in innate immune cell responses is largely
unexplored. Here, we first identified both long-tailed class | myosins Myole and Myolf as
important contributors to LPS-triggered macrophage spreading. Mouse bone marrow-derived
macrophages and dendritic cells (DCs) deficient in Myole selectively secreted increased amounts
of the chemokine CCL2. In addition, the cell surface expression of MHC class Il (MHC-I1I) on
both cell types was reduced in the absence of MyoZle. However, transcriptional changes in CCL2
and MHC-I1 were not observed in the absence of Myole, indicating that Myole regulates specific
intracellular transport processes. The capacity of macrophages and DCs lacking Myole to
stimulate antigen-specific CD4" T-cell proliferation was impaired, consistent with the reduced
MHC-1I surface protein levels. Surprisingly, in Myole-deficient DCs, the proteolytic cleavage of
endocytosed antigen was also increased. Together, our results provide evidence for a non-
redundant function of the motor protein MyoZle in the regulation of TLR4-controlled,
cytoskeleton-associated functional properties of macrophages and DCs, and in induction of a full
MHC-II-restricted adaptive immune response.
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Introduction

The capacity to migrate in response to chemoattractants and to phagocytose dead cells and
invading bacteria are two key functions of macrophages. Migration and phagocytosis require
the remodeling of the cytoskeleton to generate the mechanical forces required for changes in
cellular morphology. The dynamic polymerization and depolymerization of actin filaments
is an essential process controlled by a large group of associated proteins. More than 150
proteins containing actin binding domains have already been identified [1] and thus might be
important in microfilament organization. The rearrangement process is regulated by actin
nucleation factors such as the Arp2/3 complex and formins, nucleation promoting factors
like WASP and WAVE, and proteins responsible for filament depolymerization.
Collectively, these proteins form an actin regulatory network, which can be rapidly
modulated in response to extracellular stimuli [2, 3].

An important aspect of cell shape regulation is the mechanical linkage between the plasma
membrane and the underlying actin filaments, which may be mediated by the class |
myosins, members of the myosin superfamily of molecular motors. Class | myosins are
single-headed molecular motors, composed of a single heavy chain containing the motor
domain with an actin-binding site followed by a light chain-binding neck region and a C-
terminal tail domain that includes membrane-binding and protein interaction domains. This
specific structure allows a simultaneous interaction with actin filaments and membranes or
other proteins necessary for active membrane deformation or intracellular vesicle
trafficking. The mechanical forces required for these mechanisms are produced through
hydrolysis of ATP [4]. In B lymphocytes, Myolc and Myolg are both highly expressed [5],
localize to plasma membrane compartments, regulate actin reorganization and contribute to
antigen presentation [6, 7]. In macrophages, Myolg is recruited to the phagocytic cup during
FcR-mediated phagocytosis [8]. Myolf is highly expressed in granulocytes and regulates
adhesion to fibronectin, likely through limiting the cell surface expression of the integrin
CD18 by controlling granule exocytosis [9]. Myole, closely related to Myo1f, is a long-
tailed myosin containing a C-terminal region with three tail homology (TH) domains that is
more widely expressed than Myolf and is involved in clathrin-mediated endocytosis [10,
11]. Myole also plays an important role in renal filtration as shown by Myole mutations in
human patients with glomerular dysfunction [12] and the phenotype of podocyte-specific
knockout mice [13, 14].

Sensing of infectious danger by macrophages through ligation of TLRs triggers rapid and
robust cytoskeletal changes, including an integrin-mediated spreading response in cell
culture that is dependent on actin polymerization [15], and p38 MAPK-dependent increases
in phagocytosis and phagosome maturation [16]. Recently, we described the global changes
in the macrophage phosphoproteome following stimulation of TLR4 using the LPS of
Gram-negative bacteria, and observed a strong enrichment of cytoskeleton-associated
proteins among the LPS-regulated phosphopeptides [17]. Among these more than 40
proteins with regulated phosphorylation are well-established actin polymerization factors
like Arp3, but also several class | myosins and many cytoskeleton-associated proteins with
yet unknown function in macrophage biology. The elucidation of the functional role of the
TLR4-regulated cytoskeletal phosphoproteins requires the availability of suitable readout
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systems for phagocytosis, macrophage spreading and other cytoskeleton-associated cell
function. To facilitate this endeavor, we have recently developed an automated image
analysis algorithm to quantitatively measure macrophage spreading [15].

Here, we used siRNA knockdown of selected cytoskeletal proteins identified previously as
strongly phosphorylated in response to LPS to determine the effects on spreading. We
identified a contribution of Myole and Myolf to the spreading response. Myole-deficient
mice were used to study its role in the macrophage and dendritic cell (DC) response to TLR
stimulation and in antigen presentation. Our data show a selective involvement in the control
of CCL2 secretion and antigen presentation via regulation of MHC class Il (MHC-II)
surface expression.

Cytoskeleton-associated proteins are enriched among the LPS-regulated
phosphoproteome

In a recent phosphoproteome analysis of macrophages we observed a strong enrichment of
cytoskeleton-associated proteins among the TLR4-regulated proteome [17]. Among the 41
LPS-regulated phosphoproteins annotated with the Gene Ontology term “cytoskeletal
protein binding”, several actin polymerization factors (e.g. Actr3 (Arp3), Fhod1), capping
proteins (Capzb), and motor proteins (Myole, Myo9b, Myo18a) showed strong and fast
phosphorylation at one or multiple sites (Table 1). While some of these cytoskeleton-
associated phosphoproteins have well-described functions in phagocytosis or maotility of
macrophages, others have not yet been associated with cytoskeleton-based macrophage
responses.

siRNA knockdown of cytoskeletal phosphoproteins regulates LPS-induced macrophage

spreading

Triggering of TLR4 on macrophages by LPS induces a rapid spreading response (Fig. 1),
which is dependent on actin polymerization [15]. We have recently described an automated
image analysis algorithm to quantitatively measure the spreading response of macrophages
[15]. Here, we used siRNA knockdown (KD) in primary bone marrow-derived macrophages
[17, 18] to determine whether some of the cytoskeleton-associated phosphoproteins
identified by us previously are involved in the TLR4-driven spreading response. Eight genes
were selected for KD based on the strength and reproducibility of regulation by LPS.
Efficiency of the KD on mRNA level was measured by qRT-PCR and was between 50%
and 90% (Fig. 1B-1). Actr3 (encoding Arp3) is part of the essential actin polymerization
factor Arp2/3, which is composed of seven subunits including Arp2 and ARPC1-5 [19].
Actr3 KD strongly reduced the basal and LPS-induced macrophage contact area (Fig. 1B).
In contrast, KD of the formin-family actin polymerization factors Fmnl1 and FhodZl, shown
previously to be involved in stress fiber formation [20, 21], did not alter the TLR4-induced
spreading (Fig. 1 C, D). Coroninlb has been described to antagonize Arp2/3-mediated actin
polymerization [22, 23]. Knockdown of Corolb led to a biphasic alteration in spreading,
with increased contact size at the late 24 h time-point (Fig. 1E). KD of Mtss1, Lspl and
Eps8 caused only minor changes in spreading (Fig. 1F—H). In contrast, knockdown of Myo1f
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caused a significant and robust reduction in basal and LPS-induced macrophage spreading
(Fig. 11).

The class | myosins Myole and Myo1f are required for efficient macrophage spreading

Myole and Myolf belong to myosin class I, which includes myosins that are able to interact
with actin filaments and lipid membranes [24]. Myole and Myolf are so-called long-tailed
class I myosins based on the presence of three tail homology regions (TH1, TH2 and a SH3
domain termed TH3, see Fig. 2A). Both Myole and Myolf were strongly phosphorylated in
the tail domain after triggering of TLR4, with several phosphosites located in the TH2
domain (required for binding to microtubules and microfilaments [25, 26]) and one
threonine in the pleckstrin homology domain with the TH1 region (Fig. 2A).

We used bone marrow-derived macrophages from Myole—/— mice [14] and observed a
moderately reduced spreading response to LPS after 2h and 8h (Fig. 2B). Given the high
homology of Myole and Myo1lf at the protein level and the similarity of LPS-induced
phosphorylation between both long-tailed myosins, we reasoned that they may be
functionally redundant in macrophage spreading. Therefore, we performed siRNA
knockdown of Myo1f in Myole—/— macrophages. qRT-PCR of Myole and Myolf mMRNA
expression indicated that no compensatory increase of one isoform occurred when the other
was genetically deleted or knocked down by siRNA. The transcription of both myosins was
down-regulated in response to 24h LPS stimulation (Fig. 2C). While MyoZle-deficiency
alone caused a moderate decrease in basal and early LPS-induced spreading, the additional
knockdown of Myo1f led to significantly reduced contact area of macrophages at all time-
points, indicating that both long-tailed class | myosins cooperate in macrophage spreading
(Fig. 2D).

Myole selectively regulates the release of the chemokine CCL2 from macrophages and

DCs

Triggering of TLR4 by LPS induces a rapid and massive induction of pro-inflammatory
gene expression and secretion of cytokines and chemokines, which may induce a spreading
response in leukocytes [27]. We therefore asked whether the reduced spreading observed in
Myole-deficient macrophages was related to altered secretion of cytokines in response to
LPS (Fig. 3A). The kinetics and levels of TNF, IL-10, IL-6 and IL-12p40 were unaltered in
Myole—/- macrophages (except for slight but significant increase in 1L-12p40 after 24h).
However, the chemokine CCL2/MCP-1 was significantly elevated in the supernatants of
LPS-stimulated Myole—/— macrophages compared to WT controls at the 8h and 24h time
point. This effect was specific for CCL2, as it was not observed for CCL3 and CCL4, which
were secreted in equal amounts or at transiently higher levels by WT macrophages (Fig.
3B). Increased secretion of CCL2 was also observed when Myole-/- bone marrow-derived
dendritic cells were stimulated with LPS (Fig. 3C). Thus, Myole, which is expressed in
macrophages and DC, regulated CCL2 production in both cell types comparably. We next
asked whether increased CCL2 release was due to enhanced TLR signaling leading to
stronger transcription in response to LPS. However, activating MAPK signaling as measured
by phosphorylation of p38 and ERK1/2 MAPK was unaltered in Myole—/— macrophages
(Fig. 3D). In addition, the mRNA expression of CCL2 was comparably induced to high
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levels in WT and Myole—/— macrophages (Fig. 3E). In addition, intracellular staining and
FACS analysis showed that CCL2 protein levels were comparable after LPS stimulation in
WT and Myole—/— macrophages (Fig. 3F). Therefore, Myole appears to regulate not the
expression but rather the transport and secretion of CCL2 from macrophages and DC.

Myole is required for optimal MHC-Il surface expression on macrophages

Integrins are important mediators of macrophage spreading in response to TLR stimulation
[28]. Of interest, Myolf-deficient neutrophils were shown to have higher cell surface levels
of CD18, which has been linked to an increased adherence phenotype [9]. We therefore
considered that impaired spreading in macrophages deficient in Myole may be related to
altered cell surface expression of integrins. Analysis of macrophage surface protein levels of
1 integrin CD18, 2 integrin CD29 and the (33 integrin CD61 by flow cytometry did not
reveal any difference under basal or LPS-stimulated conditions (data not shown). In
addition, the integrin subunits CD11a, CD11b and CD11c were comparably expressed on
WT and Myole—/— macrophages (data not shown).

We also measured the expression of the MHC-11 molecule 1A, and observed a moderate but
highly significant reduction of 20-25% on macrophages under resting conditions and 8h
after LPS stimulation (Fig. 4A). In contrast, treatment with IFNvy induced substantial up-
regulation of MHC-I1 in WT and Myole—/— macrophages, overcoming the phenotype of
Myole-deficiency in resting macrophages (Fig. 4B). Expression levels of labl encoding the
MHC-I1I protein were not significantly different between WT and Myole—/— macrophages;
in addition, the mRNA for the transcription factor CIITA, a master regulator of MHC-II
expression, was expressed at equal levels in Myole—/— and WT macrophages (Fig. 4C).
Therefore, the reduced expression of cell surface MHC-II in Myole—/— macrophages is
more likely due to an intracellular transport defect rather than alterations in biosynthesis.

DC express much higher levels of MHC-I11 protein on the cell surface. The basal levels were
indistinguishable between WT and Myole—/— DC, but 24 h after LPS stimulation we
observed a reproducible and significant reduction of 20% in the absence of Myole (Fig.
4D). Thus, Myole regulates MHC-II surface protein in macrophages and DC.

The reduced expression of MHC-I1 on Myole—/— macrophages and DC pointed to possible
effects on antigen presentation and elicitation of T-cell responses. We therefore also
investigated the expression of the co-stimulatory surface proteins CD80, CD86 and CD40 on
macrophages by flow cytometry. Myole-deficiency did not alter the basal and LPS-induced
surface levels of CD40 and CD86; in the case of CD80 a weak but significant reduction in
the mean fluorescence intensity was found 24h after LPS stimulation in Myole—/—
macrophages (data not shown).

Myole-deficient antigen-presenting cells are impaired in eliciting T-cell activation

Reduced MHC-II expression in the absence of Myole raised the question whether Myole-
deficient antigen-presenting cells (APCs) are deficient in stimulating antigen-specific T-cell
activation. To address this issue, we employed purified CD4" T cells from OT-II transgenic
mice which carry a TCR specific for an MHC-I1-binding ovalbumin (OVA) peptide.
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Macrophages were fed ovalbumin overnight, washed and used for stimulation of OT-II
CD4* T cells whose antigen-specific proliferation was determined by 3H-thymidine
incorporation assay. While high numbers of Myole—/— macrophages induced T-cell
proliferation equally well as WT macrophages, a significant difference between the
macrophage genotypes was found when limiting numbers of macrophages were used (Fig.
5A). As expected, OT-II stimulation by OVA-fed DC induced much stronger T-cell
proliferation than that triggered by macrophages. At a low DC-OT-II ratio, differences
between WT and Myole—/— DC were not significant, but when high numbers of DC were
used a strong decrease in the 3H-thymidine incorporation elicited by Myole—/- DC was
observed (Fig. 5B). This difference was also found when T-cell divisions were measured by
the CFSE dilution assay (Fig. 5C), confirming that the proliferation of OT-II T cells is
indeed reduced when the OVA-presenting APC lack Myole. Together, the reduced
expression of MHC-11 on the surface of Myole—/— APC correlates with an impaired
capacity to elicit antigen-specific T-cell proliferation.

Proteolytic processing of exogenous antigen in Myole-deficient APC

Triggering of T cells by APC depends not only on high levels of MHC-I11 but also on the
amount of antigen that is available for loading onto MHC molecules. Proteolytic cleavage of
exogenous proteins in the endolysosome is required for generation of peptides to be loaded
onto MHC-II. However, to achieve an optimal level of antigenic peptides, the degradative
capacity of the APC has to be regulated [29]. We reasoned that Myole may also impact on
the processing of exogenous antigen taken up by macrophages and DC, and therefore
assessed the cleavage of endocytosed OVA using a FACS-based assay (Fig. 6). WT and
Myole—/- macrophages displayed a comparable, fast increase in the signal intensity of DQ-
OVA, indicating highly efficient cleavage (Fig. 6A). Only at the late 24h time point, Myole
—/- macrophages exhibited a higher DQ-OVA signal than their WT counterparts. DC
cleaved DQ-OVA more slowly than macrophages, and even after 24h had substantially
lower signal. Interestingly, Myole—/- DC displayed significantly higher DQ-OVA signals
than WT DC over the entire kinetic analysis, approaching the levels observed in WT
macrophages (Fig. 6B). Thus, in the absence of Myole, the proteolysis of exogenous antigen
in DC appears to proceed unchecked.

Discussion

The starting point for the study described in this manuscript was our previous identification
of multiple cytoskeleton-associated proteins as kinase targets in LPS-stimulated
macrophages. By combining siRNA knockdown with automated quantitation of the
macrophage spreading we aimed to start a functional investigation of the phosphoproteins
regulated by TLR4 activation. The results obtained with a limited set of eight candidate
genes provided a proof of concept validation of the actin polymerization factor subunit Arp3
as critical for macrophage spreading. The functional Arp2/3 complex is known to play a
central role in macrophage chemotaxis and receptor mediated phagocytosis [30]. In our
phosphoproteome studies of TLR4-activated macrophages a strong and consistent
phosphorylation of the Arp3 subunit was identified, still unknown in its function. However,
biochemical studies identified a crucial role for Arp3 in regulating the actin polymerization
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kinetic and linking the whole complex to the site of actin filaments [31]. Our results provide
evidence for an essential role of Arp3 in formation of a functional Arp2/3 complex, required
in TLR4-driven primary macrophage spreading. The utilized experimental strategy appears
therefore to be well suited to determine the possible role of the other 40 cytoskeleton-
associated phosphoproteins in macrophage spreading in future experiments. Here, the motor
protein Myo1f was identified as new component of the TLR4-induced spreading response in
macrophages.

Given the effect observed with Myo1f knockdown, we also turned to Myole which showed
considerably stronger phosphorylation after LPS (Fig. 2). Myole and Myolf collaborated
for efficient LPS-induced spreading in macrophages, as demonstrated by the combination of
Myolf siRNA knockdown in Myole—/— macrophages. While Myo1f is described to be
involved in integrin surface expression by regulation of granule exocytosis [9], Myole was
observed to contribute to actin rearrangement itself [32]. In recent studies, Myole was
identified to co-localize with Carmil, Fhod1, Arp3 and Bs-intergins in early adhesion sites,
suggested to transport the actin polymerization proteins to these structures and additionally
to be involved in their stabilization [32]. Furthermore, proteomic studies identified Myole
as a component of macrophage podosomes [33] and fibroblast integrin adhesome [34]. A
contribution of Myole in LPS-induced integrin expression on macrophages was not
observed in our experiments (data not shown). To our knowledge this is the first
demonstration of a role for class | myosins in macrophage spreading. However, in B
lymphocytes the class | myosins Myolc and Myolg have been shown to contribute to
spreading induced by triggering CD44 or LFA-1 [6, 7].

In macrophages, both Myole (formerly known as Myolc) and Myolg are recruited to the
phagocytic cup in Fc-receptor-triggered phagocytosis [8, 35]. Because of the involvement of
Myole in receptor-mediated endocytosis [10, 11], we tested Myole-deficient macrophages
in phagocytosis experiments using latex beads and heat-killed Escherichia (E.) coli bacteria,
but observed no difference to WT control macrophages. In gentamicin protection assay the
incubation with E. coli, Staphylococcus aureus or Salmonella revealed no difference in
pathogen killing dependent on the macrophage genotype. (JW, unpublished data). Thus,
although Myo1le is required for efficient LPS-induced spreading, it is not essential for
phagocytosis or pathogen killing in macrophages.

We have not addressed here the cell biological aspects of Myole intracellular localization
and interaction with other cytoskeletal proteins and the plasma membrane in macrophages.
In fibroblasts, Myole co-localizes with clathrin- und dynamin-containing puncta at the
plasma membrane [10], where it may coordinate actin assembly [11]. This localization of
Myole is dependent on its SH3 domain, which is not present in the short tailed class |
myosin isoforms. Recently published data from embryonic fibroblasts show that Myole
moves to active lamellipodia and actin-rich early adhesions, again dependent on the SH3
domain, where it promotes adhesion stabilization [32]. In renal podocytes, MyoZle
colocalizes with actin filaments at the site of newly established cell-cell contacts [36].
Together, these studies suggest a function of Myole in linking plasma membrane and actin
filaments early in the process of cytoskeletal rearrangements following adhesion and cell-
cell contact and identified the SH3 domain as a specific feature of the long-tailed myosins
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required for function. Whether MyoZle does localize to the same sites and interaction
partners in macrophages during spreading and phagocytosis will be the subject of future
work.

While most cytokines and chemokines analyzed here were secreted in equal amounts by
LPS-stimulated WT and Myole-deficient macrophages, CCL2/MCP-1 was released in
significantly higher concentrations by Myole-/- macrophages and DC. This selectively
increased secretion of CCL2 is likely caused by altered transport and/or release from the
cells, because the expression at the mMRNA level and the intracellular content of CCL2
protein was not altered in the absence of Myole. A regulatory role of Myole in the vesicular
trafficking of the chemokine CCL2 seems therefore likely. Interestingly, Myole is involved
in granule exocytosis in frog oocytes [37]. Another example of a regulatory function for a
long-tailed class | myosin is provided by the increased CD18 surface expression in Myo1f-
deficient granulocytes [9]. Recent studies showed that CCL2 causes cytoskeletal
rearrangements and morphological changes in human macrophages [38]. Whether the
altered CCL2 secretion of Myole—/— macrophages is related to their impaired spreading
response remains to be elucidated.

A surprising finding in Myole-deficient macrophages was the selective reduction in MHC-II
surface expression levels, while co-stimulatory molecules were not altered. The reduction in
MHC-I1I levels was moderate, but proved to be functionally relevant in experiments testing
antigen-specific proliferation of OT-II cells in response to MyoZle-deficient macrophages or
DC pulsed with OVA. Attempts to address the role of Myolf in MHC-II expression by
SiRNA KD in WT and Myole™~ macrophages were not informative, because transfection of
non-silencing control siRNA upregulated MHC-I1 levels (data not shown). Interestingly,
Myole was recently assigned a possible function in regulating the transport of MHC-I1 to
the plasma membrane in a systems biology investigation of pathways controlling antigen
presentation [39]. The GTPase ARF7 was identified by genome-wide sShRNA screening as
involved in MHC-I1 expression, followed by yeast-2-hybrid-based identification of its
putative effector protein ARF7EP. In GST-pulldown experiments MyoZle was found
associated with ARF7EP by mass spectrometry, and this association was confirmed in
human PBMC by co-immunoprecipitation [39]. Our data, showing a reduced MHC-II
surface expression in Myole-deficient macrophages and LPS-stimulated DC, thus provide
the first evidence from the murine system corroborating a role for Myole in regulation of
MHC-1I cell surface expression. The reduction of MHC-I11 surface levels in the absence of
Myole was functionally relevant in that it led to a significant reduction in the capacity of
macrophages and DC to elicit antigen-specific proliferation of Ovalbumin-specific CD4* T
cells. This effect is reminiscent of the phenotype observed for sSiRNA knockdown or
overexpression of a dominant-negative version of Myolc in B lymphocytes by Maravillas-
Montero et al. [6], which also leads to impaired antigen-specific CD4* T-cell stimulation. In
addition, the more efficient cleavage of DQ-OVA in Myole-deficient DC we observed here
may contribute to their reduced T-cell stimulatory capacity through a depletion of the MHC-
I1 compartment of antigenic peptide [40, 41].

The challenge for future experiments will be to determine the mechanisms by which Myole
controls macrophage spreading, chemokine secretion and MHC-11 antigen presentation. In
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addition to the analysis of the cell biology of Myole, the regulation of its localization and
interaction with binding partners by site-specific phosphorylation need to be studied in
detail. The involvement of Myole in several key functional aspects of macrophage biology
(such as cell spreading and motility, chemokine secretion and antigen presentation), shown
here in vitro, suggests that this motor protein may also play an important role in innate
immune cell recruitment and function during inflammatory and infectious disease processes
in vivo.

Materials and methods

Mice

Reagents

C57BL/6 and Myole —/— mice [14] were maintained at the Department of Laboratory
Animal Resources, SUNY Upstate Medical University (Syracuse, NY). All protocols for
animal studies and cell collection using these mice were approved by the SUNY Upstate
Medical University IACUC. Bone marrow of C57BL/6 and Myole —/- mice was controlled
deep-frozen in FCS containing 10% DMSO, shipped on dry ice from USA to Germany and
stored in liquid nitrogen until usage. C57BL/6 and OT-Il mice were maintained at the Franz
Penzoldt Center of the Medical Faculty at the University Erlangen-Nuremberg.

LPS (Escherichia coli 0111:B4) was purchased from Sigma-Aldrich. Murine IFN-y was
delivered from PeproTech. Antibodies to ERK1/2, phosphorylated (p)-ERK1/2, p38, p-p38,
were obtained from Cell Signaling Technology and to Grb2 from BD Biosciences. Myole
antibody was obtained from Proteintech. MHC-I11 (I-A/I-E) FACS antibody conjugated to
eFluor®450 (clone M5/114.15.2) was purchased from eBioscience. Antibodies against CD4/
FITC (clone GK1.5), CD11b/allophycocyanin (clone M1/70) and CCL2/PE (clone 2H5)
were delivered from BioLegend.

Macrophage and DC differentiation

SiRNA

Mouse bone marrow (BM) stored in liquid nitrogen was thawed in a water bath at 37°C and
immediately transferred into pre-warmed Dulbecco’s modified Eagle’s medium (DMEM).
BM was washed once in 30 ml DMEM to eliminate DMSO, required for deep-freezing.
Macrophage differentiation occurred in hydrophobic Teflon bags as described by Wiese M.
et al [18]. To obtain DC, BM cells were cultured on Petri dishes (Nunc) for 8 days in cRPMI
1640 containing 10% X63-cell conditioned medium as a source for GM-CSF. After 3 and 6
days 10 ml of cRPMI + 10% GM-CSF was added to the cell culture. Differentiated cells
were stimulated with 100 ng/ml LPS or 50 ng/ml IFN-v for respective experiments.

siRNA oligonucleotides directed against Actr3 (ID 74117), Fmn1 (ID 14260), Fhod1 (ID
234686), Corolb (ID 23789), Mtssl (ID 211401), Lspl (NM_019391), Eps8 (ID 13860),
Myo1lf (ID 17916) and non-silencing sSiRNA (nsRNA) were purchased from Dharmacon
(Thermo Fisher Scientific) using Dharmacon’s pre-validated siRNA database. Each specific
SiRNA set composed of a pool of four specifically directed sSiRNAs. Lyophilized sSiRNAs
samples were resuspend in 1-fold siRNA buffer from Dharmacon to a final concentration of
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20 UM, heated for 1 min to 90°C and incubate at 37°C for 60 min on a thermo shaker.
Dissolved samples were stored in aliquots at —80° C. Delivery of siRNA into primary M@
was done by electroporation as described [18]. In brief, 20 pl of the 20 uM siRNA stock
were transferred into 4-mm cuvette (Peglab, Germany) and filled up to a volume 50 pl with
Opti-MEM (Invitrogen). 50 pl of the cell suspension (containing 2x108 macrophages) were
added, incubated 5 min on ice and subsequently pulsed in a GenePulser Xcell (Bio-Rad,
Munchen, Germany). Pulse conditions were 400 V, 150 pF, and 100 2. Electroporated cells
were transferred into required well plates and incubated at 37°C. 1-2 h upon electroporation
pure RPMI 1640 was aspirated and exchanged by addition of cRPMI and incubated 48 h at
37° C, 5% COy, prior LPS to stimulation.

KD efficiency was measured by qRT-PCR. At least 2x10° electroporated cells were
transferred into 24-well cell culture plate (Nunc) 48 h upon stimulation. RNA was extracted
via RNeasy Mini Kit (Qiagen) and cDNA synthesis was subsequently performed by high-
capacity cDNA kit (Applied Biosystems). Samples were treated as described in the
manufacturer’s instructions. The gRT-PCR was done by using a 7900HT Fast Real-Time
PCR System from Applied Biosystem. Expression levels of the housekeeping gene Hprt as
well as Actr3, Fmn1, Fhod1, Corolb, Mtss1, Lspl, Eps8, Myolf and Myole were analyzed
using primer/probe combinations selected from the Roche Universal Probe Library. Fold
changes were calculated with the AACT method using calibrators as indicated.

Cell spreading

48 h or 24 h prior to LPS stimulation [100 ng/ml] 2,5x10% electroporated or KO cells,
respectively, were transferred to 8-well Permanox chamber slides (Nalge Nunc
International) respectively. Cells were fixed at indicated time points in pre-warmed 2%
PFA/PBS for 20 min, followed by CD11b/allophycocyanin surface staining and
subsequently samples were covered in DAPI containing mounting medium (Dianova).
Fluorescence images were obtained using a Zeiss AxioVert 200M (Germany) widefield
microscope. Contact areas of activated macrophages were automatically determined as
described [15].

Western Blot

ELISA

To determine protein content or MAPK activation, 10° cells/well were cultured in 1 ml
cDMEM in 12 well plates and lysed at indicated time points after LPS stimulation. 20 pl of
lysate were loaded on 10% PAA gel containing SDS. After blotting, the membrane was
blocked in TBS buffer containing 3% BSA and 0.01% Tween20, and proteins were detected
with the respective antibodies.

Supernatants of LPS-stimulated cells were collected from the respective conditions and
cytokine and chemokine concentration was measured by ELISA kits from R&D. CCL2
ELISA kit was obtained from BioLegend. Samples were treated as described in the
manufacturer’s instructions.
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FACS analysis

FACS staining was performed according to standard protocols with antibodies against
MHC-II (I-A/I-E) and CD4. Detailed informations listed in “Reagents”. Data were recorded
on a FACSCanto Il (BD Bioscience) and analyzed using FACSDiva Software VV6.12 and
FlowJo 7.6.5 software. Staining and washing procedures were performed directly in 96-well
plates used to stimulate the macrophages with LPS or IFNy. Cells were fixed with 1% PFA
in PBS overnight before a final washing step and taking up in PBS for flowcytometric
analysis. The vast majority of macrophages detached from the plate, making any special
further detachment treatment unnecessary. For detection of intracellular CCL2 protein,
macrophages were stimulated with LPS in the presence of Brefeldin A (5 pg/ml), fixed with
2% PFA for 20 minutes, washed and permeabilized with saponin before staining with anti-
CCL2-PE antibody.

OT-1l stimulation assay

Differentiated bone-marrow M@ or DC were cultured for 24 h in the presence or absence of
ovalbumin (Sigma-Aldrich). The APCs were washed at least 5 times with pure RPMI before
co-cultivation with purified CD4* cells from OT-11 mice. Numbers of APC were titrated as
indicated while constant numbers of 2-3x10° CD4* T cells were added to the suspension.
CD4* T cells were purified from spleen and lymph nodes of OT-1l mice by magnetic cell
sorting (Miltenyi Biotec) and their purity was determined by FACS to be >93%. To analyze
proliferation capacity, cells were pulsed after 72 h of culture with 3H-thymidine (1 uCi/well)
(PerkinElmer, Rodgau, Germany) for 20 h. Cells were harvested onto glassfiber filtermats
using an ICH-110 harvester (Inotech, Dottikon, Switzerland) and filters were counted in a
1450 microplate (Wallac, Turku, Finland).

CFSE dilution assay

APCs and CD4* T cells were prepared as described in “OT-II stimulation assay”. In advance
to co-cultivation the initial CD4* T cell population was stained with CFSE (#422701,
BioLegend) according to the standard protocol. After 72 h T-cell division was determined
by FACS analysis.

DQ-OVA Assay

4x10° bone-marrow derived macrophages or DC per well were incubated in 24-well plates
for the indicated time points in the presence of 20 pg/ml DQ-OVA (Invitrogen). To stop
DQ-OVA processing, cells were washed twice with PBS and fixed in 2% PFA/PBS for at
least 30 minutes. To determine antigen processing, the increased fluorescence of cleaved
DQ-OVA was analyzed by FACS. To prevent DQ-OVA endocytosis and processing, control
cells were incubated at 4° C under constant ovalbumin presence.

Statistical analysis

If not described otherwise in the Figure legends, results were expressed as mean + SEM.
Graphs were generated with Graph Pad Prism and statistical significance was determined
with Student t test for unpaired conditions (ns=not significant; * p <0.05; * * p <0.001, * * *
p <0.0001).
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Figure 1. siRNA KD of selected cytoskeletal-associated phosphoproteins
(A) For analysis of LPS-induced spreading of C57BL/6 macrophages, the cells were

stimulated or not in 8-well chamber slides for the indicated time points, followed by
fixation, staining for CD11b, and automatic image analysis for quantitative determination of
the contact area [15]. Representative fluorescence images from control and 24 h timepoint
are shown. CD11b/APC surface staining illustrated in yellow and nuclei DAPI in light blue.
Scale bar = 50 um. (B-I) Spreading phenotype of siRNA-treated macrophages.
Differentiated primary macrophages were electroporated with specific sSiRNA for selected
cytoskeletal proteins 48 h prior LPS stimulation (100 ng/ml). Contact area quantification of
(B) Actr3 (Arp3), (C) Fmn1, (D) Fhodl, (E) Corolb, (F) Mtssl, (G) Lspl, (H) Eps8 and (1)
Myolf siRNA-treated cells was measured by automatic segmentation software [15]. Shown
are mean + SEM of at least 300 cells per condition from a single experiment. Media control
(open symbols), LPS (closed symbols), non-silencing control RNA treated cells (circles),
specific sSiRNA treated cells (red squares). Knockdown efficiency was determined by qRT-
PCR shown as KD within the graphs. Statistical significance refers to nsSRNA-treated, LPS-
stimulated control cells compared to siRNA-treated, LPS-stimulated cells. " p <0.05, " * p
<0.001, " ** p <0.0001, ns=not significant; Student’s t test for unpaired conditions.
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Figure 2. Activation of Myole and Myolf is required for TLR4-driven macrophage spreading
(A) Schematic illustration of Myole and Myol1f with single protein domains. LPS-induced

phosphorylation of threonine (T) or serine (S) residues detected in the phosphoproteome
analysis are indicated [17]. The regulation of each phosphosite in response to 15 min and 4 h
LPS stimulation is shown in the tables below. (B) Western blot control for Myole KO (left).
Cell lysates taken at indicated time points after LPS stimulation. Grb2: loading control.
Spreading behavior of primary Myole KO macrophages in response to LPS (right). Data are
shown as mean + SEM of at least 300 cells per condition from one experiment
representative of two independent experiments with comparable results. (C) Generation of
“double-deficient” cells by Myolf siRNA KD in Myole KO macrophages. Expression of
mMRNA levels and KD efficiency was determined by gqRT-PCR. Fold changes were
calculated in relation to the unstimulated WT condition and, in the case of Myolf KD, in
relation to the nsRNA-treated unstimulated control cells. Data are shown as mean + SD of
duplicate samples from one experiment representative of two performed. (D) Impact of
combined Myole deletion and Myol1f knockdown on spreading of macrophages.
Representative immunofluorescence microscopy images (original magnification: 200-fold)
are shown (left). Quantitation of spreading for MyoZle single- (red) and MyoZle and 1f
double-deficient macrophages (green) (right). Shown are mean + SEM of at least 300 cells
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per condition from a single experiment representative of two independent experiments with
similar results. Statistical significance refers to WT or nsRNA-treated LPS-stimulated
control cells compared to KO or siRNA-treated LPS-stimulated cells. * p <0.05, * ™ p
<0.001, "™ p <0.0001, ns=not significant; Student’s t test for unpaired conditions.
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Figure 3. Selective chemokine secretion in LPS-activated Myole-deficient macrophages and DCs
(A, B) Supernatants of LPS-stimulated macrophages were analyzed by ELISA for the

presence of (A) cytokines and (B) chemokines. (C) CCL2 secretion of LPS-activated DCs
was measured by ELISA. (D) Western blot for ERK1/2 and p38 phosphorylation (left). Cell
lysates were taken at indicated time points (15 min to 24 h) after LPS stimulation. Grb2:
loading control. Band intensities of pERK1 and pp38 were normalized against those of total
ERKZ1 and p38 using Image J software. To normalize between experiments, the ratio of the
WT 15 min timepoint was set to 100 % and used as reference for all other samples (right).
Data are shown as mean and SD (n=3 samples) and are pooled from three independent
experiments. (E) CCL2 mRNA expression was determined by gRT-PCR in WT and Myole
KO macrophages. To normalize for differences between experiments in the absolute
amounts of cytokines, the 24 h time point of the LPS-treated control cells in the ELISA
experiments was set to 100% (shown as dashed line). Fold changes in CCL2 mRNA
expression were first calculated by normalization to the expression of the house-keeping
gene HPRT, subsequently the 24 h fold-change of LPS-treated WT cells was set to 100 %.
(A, B, C, E) Data are shown as mean + SEM of pooled samples from at least 6 independent
experiments, each with biological duplicates. (F) Intracellular staining for CCL2 in LPS-
treated macophages. Brefeldin A was added together with LPS to block protein secretion.
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Cells were fixed, permeabilized and stained for flow cytometry. Data are shown as mean
and SD of biological triplicates from one representative experiment of two performed (left)
and histogram overlays of CCL2-PE stainings from unstimulated and 8 h LPS samples
(right). * ™ p <0.001, ™ ™ p <0.0001, ns=not significant; Student’s t test for unpaired
conditions. Significant differences in CCL2 secretion were confirmed by the non-parametric
Mann-Whitney Rank Sum test.
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Figure 4. Reduced TLR4-driven MHC-11 surface expression in Myole KO macrophages and
DCs

(A, B) WT and Myole KO macrophages were stimulated with (A) LPS or (B) IFN-y (50
ng/ml) and MHC-I11 surface expression was determined by flow cytometry. A histogram
overlay of WT cells is shown (left). Quantified and normalized MFI of MHC-I11 expression
for different experiments is shown as mean + SEM of 23 (A) or 10 (B) samples, pooled from
13 (A) or 5 (B) experiments (right). (C) MHC-I1 and ClIITa mRNA expression of LPS-
treated macrophages was analyzed by qRT-PCR. Fold changes in MHC-II and CIITa mRNA
expression were first calculated by normalization to the expression of the house-keeping
gene Hprt, subsequently the maximum fold change of LPS-treated WT cells was set to
100% (shown as dashed line). Data shown as mean + SEM of biological duplicates pooled
from five experiments. (D) MHC-II surface expression on LPS-activated WT and Myole
KO DCs was determined by flow cytometry. A histogram overlay of WT cells is shown
(left). Quantified and normalized MFI of MHC-I1 expression for different experiments. MFI
were normalized for differences between experiments, the maximum MFI of treated WT
cells in each experiment was set to 100%. Data are shown as mean + SEM of biological
duplicates pooled from six experiments. ** p <0.001, * ** p <0.0001, ns=not significant;
Student’s t test for unpaired conditions. Significant differences were confirmed by the non-
parametric Mann-Whitney Rank Sum test.
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Figure 5. Impaired antigen-specific CD4™ T-cell activation by Myole KO APCs
(A) In vitro OT-11 assay to determine macrophage MHC-11-specific activation of CD4*™ T

cells. Macrophages were pre-incubated with 2 mg/ml OV A overnight and intensively
washed in cRPMI before addition of MACS-isolated CD4* T cells from the spleen and LN
of OT-11 mice. Macrophages numbers were titrated and added to 3 x10° T cells. T-cell
proliferation was measured by 3H-thymidine incorporation assay. (B) In vitro OT-I1 assay to
determine DC MHC-II-specific activation of CD4* T cells. (A, B) Data are shown as mean
+ SEM (n=6-9 samples) and are pooled from two to three experiments with biological
triplicates each. (C) CFSE dilution assay to determine antigen-specific CD4* T-cell division.
T cells were labeled with CFSE before co-incubation with 3x10% DCs. After 72 h samples
were analyzed by flow cytometry. Shown are representative histogram overlays from one
experiment with two biological replicates. * p <0.05, ** p <0.001, * ™ * p <0.0001, ns=not
significant; Student’s t test for unpaired conditions.
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Figure 6. Contribution of Myole to antigen processing by APCs

(A) Macrophages and (B) DCs were incubated with DQ-OVA (20 ug/ml) for the indicated
times at 37°C or 4°C as control. Cells were fixed with 2% PFA/PBS to stop processing and
subsequently analyzed by flow cytometry. Histogram overlays of WT and KO cells + DQ-
OVA. WT (blue line); Myole KO (red line) are shown (left). For quantification and
statistical analysis, the mean MFI values of WT macrophages after 24 h were set to 100 %
and used to calibrate the data points from all conditions, including the DC samples (right).
Data are shown as mean + SEM (n=6 samples) and are pooled from two independent
experiments. * p <0.05, * ™ p <0.001, ns=not significant; Student’s t test for unpaired
conditions.
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Table 1

LPS-induced phosphorylation of cytoskeleton-associated proteins.

Fold change in phosphorylationa) Time after LPS

Gene Symbol

15 min 4h
Actr3 (Arp3)P) 88C) 95
Add1 6 5
Capzb 10 8
Corolb 6 0
Dbnl 11 2
Epb4.1/1 5 5
Epb4.1/2 2 1
Eps8 6 5
Fhodl 55 10
Flna 2 8
Fmnl 19 0
Frmddb 1 2
Hdac6 3 1
Inppl1 13 0
Lcpl 10 9
Limal 17 10
Lspl 24 6
Marcks 6 5
Mib2 2 1
Mki1 17 7
MkI2 15 8
Msn 1 4
Mtssl 9 5
Myh9 1 2
Myol8a 13 1
Myole 10 8
Myolf 3 3
Myob5a 2 2
Myo9b 8 6
Palld 6 2
Phactr4 8 2
Plecl 1 2
Ppp1r9b 10 6
Pxn 3 5
Sntal 2 1
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Fold change in phosphorylationa) Time after LPS

Gene Symbol

15 min 4h
Svil 2 1
Tinl 2 2
Tmod3 6 9
Twfl 6 0
Vasp 8 4
Wipfl 6 3

a)

Shown are intensities of the most strongly regulated phosphorylation site of each detected protein in response to 15 min and 4 h LPS stimulation
(Data from Weintz et al. 2010. [17]). Intensities were calculated by the ratio of stimulated to unstimulated condition.

b)Listed are only proteins with the GO annotation “actin binding” or “cytoskeletal protein binding” and at least a 1.5-fold increase in any
phosphosite by LPS. Detailed information with respect to multiple phosphorylation sites is publicly accessible at www.phosida.com.

c - . . . .
)Numbers indicate the fold induction relative to unstimulated macrophages.
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