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Editorial on the Research Topic
Adaptor Protein Regulation in Immune Signalling

Adaptor proteins are essential cellular components that govern signaling cross-talks in time and
space with precise specificity. They contain multiple protein-binding modules that bring cellular
enzymes and effector molecules into close proximity to their targets, controlling their activities.
These proteins add another layer to the specificity of signaling by the type of protein-binding
modules they engage in and their subcellular localization. Several adaptor proteins have been
identified that coordinate signal transduction cascades in immune cells for their effector functions,
including motility, activation, proliferation, and differentiation.

This Research Topic is a collection of work that aims to provide an overview of emerging roles of
adaptor proteins in immune functions. We invited several immunologists and scientists to update
the knowledge about adaptor proteins in immune signaling. A total of six original research papers
and three insightful reviews in this collection provide meaningful insights toward the roles of
adaptor proteins in the functioning of various immune cell types, including T cells, B cells, natural
killer (NK) cells, mast cells, and monocytes.

The topic starts with a primary article by Boning et al. in which authors demonstrate a
crucial role of the adhesion and degranulation-promoting adapter protein (ADAP) in NK cell
priming, cytokine production, and cytotoxicity in an in vivo setting. Using an intracellular pathogen
Listeria monocytogenes, they show that infection-primed NK cells lacking ADAP produce inefficient
amounts of perforin and have impaired cytotoxic capacity. In another original article, Rudolph et al.
demonstrate that T cell-specific conditional ADAP knockout mice display less severe experimental
autoimmune encephalomyelitis (EAE). They propose that ADAP-expressing NK cells and myeloid
cells might synergistically contribute to the observed mild EAE. These datasets expand the
knowledge about roles of the cytosolic adapter protein ADAP in immune cell functions.

The review by Verma et al. summarizes the role of CG-NAP/kinase interactions in T cell
homeostasis and functions. Due to its ability to dynamically and spatial-temporally interact
with multiple kinases, CG-NAP appears central to the functional regulation of T cell activation,
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Adaptor Proteins in Immune Signaling

proliferation, differentiation, and migration. They suggest
exploiting CG-NAP/kinase interactions as tunable therapeutic
targets for T cell-mediated diseases.

In the next very informative review, Yablonski describes
the biological and functional roles of the Grb2-related adaptor
downstream of Shc (Gads) in regulating allergy and T cell-
mediated immunity. She expounds that linker for activation
of T cells (LAT), Gads, and Src homology 2 (SH2) domain-
containing leukocyte phosphoprotein of 76 kDa (SLP-76) form
heterotrimeric microclusters that mediate signal transduction
via the T cell receptor (TCR) and the mast cell high-affinity
IgE receptor FceRI. The review sheds light on additional Gads-
binding molecules, including co-stimulatory proteins CD28
and CD6, adaptor protein Shc, deubiquitinating enzymes

USP8 and AMSH, the serine/threonine hematopoietic
progenitor kinase 1 (HPK1) and the tyrosine kinase
BCR-ABL.

Natural killer T (NKT) cells are a distinct subset of T cells
sharing phenotypic and functional characteristics common to
both conventional T cells and NK cells. They can recognize
lipid antigens presented by the major histocompatibility complex
(MHC) class I-like CD1d molecules (1). The review by Gerth
and Mattner drives the reader into the intracellular processes
mediated by adaptor proteins, in particular the adaptor protein
SLP-76, in the unique biology of NKT cells, such as selection,
differentiation, and activation.

The toll-like receptor (TLR) eight is a known endosomal
sensor of degraded RNA in human phagocytes and is involved
in the recognition of viruses, bacteria, and mitochondria
(2, 3). Using a TLR8 antagonist in their original article,
Moen et al. demonstrate an important role of TLR8 in
human monocytes challenged with Staphylococcus aureus,
Streptococcus agalactiae, Streptococcus pneumonia, Pseudomonas
aeruginosa, and Escherichia coli. They propose a novel
signaling model where TLRs rapidly recruit and modify the
interleukin-1 receptor-associated kinase 1 (IRAK-1) pool in
monocytes, which may also sequester the adaptor protein
MyD88 and/or IRAK-4, attenuating the interferon regulatory
factor 5 (IRF5)-dependent cytokine induction and TLRS8
/IRF5 signaling.

The next original article by Zhou et al. demonstrates a vital
role of the mitochondrial serine/threonine kinase phosphatase
and tensin homolog (PTEN)-induced putative kinase 1 (PINK1)
in innate antiviral immunity. The authors highlight that PINK1
positively regulates the retinoic acid-inducible gene I (RIG-
I) triggered antiviral immunity by preventing the degradation
of TNF receptor-associated factor 3 (TRAF3) and reducing
the inhibition of the cellular responses mediated via the yes-
associated protein (YAP).

Studies indicate that large antigen-containing particles,
such as vaccinia virus, bacteria, and multicellular parasites,
induce T cell-dependent B cell high-affinity antibody
responses (4). Such responses require the internalization
of large particulate antigens after the recognition by the B
cell receptor (BCR). Using high-throughput quantitative

image analysis and a panel of small molecule inhibitors,
Verstegen et al. show that human B cells require IgM-BCR
signaling via PI3K to efficiently engulf large anti-IgM-coated
particles. This signaling cascade involves the cytoplasmic
adaptor protein NCK in addition to the co-receptor
CD19. They further demonstrate that the IgM-BCR/NCK
signaling facilitates the activation of Rho family GTP-binding
protein RAC1 to promote actin cytoskeleton remodeling
necessary for particle internalization. They propose the
NCK/PI3K/RAC1 signaling axis as an attractive target for
biological intervention to prevent undesired antibody response
to large particulate antigens.

The Skpl/Cull/F-box ubiquitin ligase, p transducin
repeat-containing protein (B-TrCP), regulates a diverse
range of intracellular signaling pathways (5, 6). In this

collection, Liu et al. demonstrate how B-TrCP restricts
signal  transduction via the TNF receptor-associated
factor 6/IkB kinase (TRAF6/IKK) upstream of IkBa

signaling induced by bacterial lipopolysaccharide, which
is implicated in the regulation of inflammatory signaling
by TLRs.

In conclusion, the collection of original articles and reviews
provide new and valuable insight about the complex roles
of adaptor proteins in immune regulation and also illustrate
the important roles that these molecules play in immune
function. We hope that this collection would inspire future
research employing advance molecular and genetic tools to
further dissect the interplay between adaptor proteins and their
interacting partners in immune cells. In the near future, we
anticipate much progress in this area of research, a greater
appreciation of adaptor protein regulation of immune cells and
the emergence of adaptor proteins as potential new targets
for therapy.
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B-TrCP Restricts Lipopolysaccharide
(LPS)-Induced Activation of
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IkBo Signaling
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B transducin repeat-containing protein (B-TrCP) is a Skp1-Cul1-F-box ubiquitin
ligase, which plays important roles in controlling numerous signaling pathways.
Notably, B-TrCP induces ubiquitination and degradation of inhibitor of NF-kB (IkBaw),
thus triggering activation of NF-kB signaling. Here, we unexpectedly find that
B-TrCP restricts TRAF6-IKK signaling upstream of IkBa induced by lipopolysaccharide
(LPS). In LPS-Toll-like receptor 4 (TLR4) pathway, protein kinase D1 (PKD1) is
essential for activation of TRAF6-IKK-IkBa signaling including TRAFE ubiquitination, IKK
phosphorylation and subsequent IkBa degradation. We found that LPS promotes binding
of B-TrCP to PKD1, and results in downregulation of PKD1 and recovery of IkBa protein
level. Knockdown of B-TrCP blocks LPS-induced downregulation of PKD1. Supplement
of enough PKD1 in cells inhibits recovery of IkBa protein levels during LPS stimulation.
Furthermore, we demonstrate that B-TrCP inhibits LPS-induced TRAF6 ubiquitination
and IKK phosphorylation. Taken together, our findings identify B-TrCP as an important
negative regulator for upstream signaling of IkBa in LPS pathway, and therefore renew
the understanding of the roles of B-TrCP in regulating TLRs inflammatory signaling.

Keywords: ubiquitination, E3 ligase, p-TrCP, protein kinase D1, LPS

INTRODUCTION

The protein kinase D (PKD) family is a group of serine/threonine protein kinases that are
comprised of three members (PKD1/PKCp, PKD2, and PKD3/PKCv) (1). PKD family members
have been shown to be essential for various cellular signaling pathways including activation of
NF-kB and MAPKs, cell motility and adhesion, gene expression, and ROS (Reactive oxygen
species) generation (2-5). PKD family is also involved in regulation of immune and inflammatory
responses. It has been reported that PKD2 promotes phosphorylation and degradation of interferon
alpha receptor 1 (IFNARI1), thus restricting interferon-mediated antiviral immunity (6). In
addition, increasing evidence demonstrates that PKD family plays important roles in regulating
Toll-like receptor (TLR)-mediated inflammatory signaling (7, 8). Recent studies found that a
PKC/PKD inhibitor is able to inhibit lipopolysaccharide (LPS)-TLR4-mediated p38 activation
and TNF-a secretion (9). PKD1, but not PKD2 and PKD3, is essential for MyD88-dependent
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B-TrCP Inhibits LPS-Activated TRAF6-IKK Pathway

ubiquitination of TNF-a receptor-associated factor 6 (TRAF6),
phosphorylation of IKK, and subsequent activation of NF-
kB and MAPKs in TLRs signaling (7). However, in spite of
many important effects of PKD family on numerous signaling
pathways, how cellular PKD protein levels are regulated remains
largely unexplored.

Ubiquitin-mediated proteolysis is indispensable in regulating
cellular levels and stabilities of diverse proteins, and therefore
plays crucial roles in controlling cell signaling and human
disease progression (10). There are three types of enzymes
which catalyze the conjugation of ubiquitin to its substrates:
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligases (E3). To date, more than 600 human
ubiquitin E3 ligases have been identified. The ubiquitin E3
ligases are the key determiners for the substrate specificity.
Among these ubiquitin E3 ligases, f transducin repeat-containing
protein (B-TrCP) has been clearly described, and regulates many
important signaling proteins (11-16). Notably, B-TrCP induces
ubiquitination and degradation of inhibitor of NF-kB (IxBa),
which results in NF-«B release from the IkBa-NF-kB complex,
and finally triggers activation of NF-kB signaling (11, 12). Thus,
B-TrCP is recognized as a positive regulator for NF-kB-related
inflammatory signaling pathway.

In the present study, we unexpectedly found that p-TrCP
negatively regulates TRAF6-IKK signaling upstream of IxBa
induced by LPS. LPS is a kind of endotoxin secreted by Gram-
negative bacteria. As an activation model of inflammation,
LPS is widely used for studying the regulation mechanisms of
inflammatory signaling pathways. LPS activates TLR4 signaling
by recruiting MyD88 to form the TLR4/MyD88/IRAK receptor
complex, which promotes PKD1 activation and subsequent
TRAF6 ubiquitination (8). Ubiquitinated TRAF6 then leads to
phosphorylation and activation of TAK1 and IKK. Activated IKK
induces IkB phosphorylation, which recruits p-TrCP to target
IkB for ubiquitination and degradation. Finally, NF-kB is released
from the IkB-NF-kB complex and translocates into the nucleus in
an activated status.

Here, we revealed that B-TrCP can also target PKDI1, a
signaling molecule upstream of IkBa in LPS signaling, and
promotes PKDI1 ubiquitination and degradation. We found
that LPS promoted interaction between PB-TrCP and PKDI,
and results in downregulation of PKD1 and recovery of
IkBa protein level. Knockdown of B-TrCP blocks LPS-induced
downregulation of PKDI. Consistently, B-TrCP attenuates
LPS-induced TRAF6 ubiquitination and IKK phosphorylation.
Collectively, our findings uncover that B-TrCP acts as an
important negative regulator for upstream signaling of IkBa in
LPS signaling.

MATERIALS AND METHODS

Cell Culture

Human embryonic kidney cells (HEK293T) and RAW264.7 cell
lines were obtained from ATCC. All cells were cultured at
37°C under 5% CO; in Dulbecco’s modified Eagle’s medium
(DMEM; Hyclone) supplemented with 10% FBS (GIBCO,
Life Technologies), 100 units/mL penicillin, and 100 pg/mL

streptomycin. According to the manufacturer’s reccommendation,
plasmids were transfected into cells by using Longtrans (Ucallm).

Expression Constructs and Reagents
Plasmids encoding B-TrCP and HA-B-TrCP were gifts from Dr.
Serge Y. Fuchs (University of Pennsylvania). Expression plasmids
HA- or GST-tagged PKD1, PKD2 and PKD3 were generated
using PCR amplified from a HEK293T c¢DNA library. HA-
Ub, HA-Ub-R48K, and HA-Ub-R63K were described previously
(17). Myc-His-PKD1(1-444) and Myc-His-PKD1(445-912) were
generated using PCR amplified from HA-PKD1. Myc-PKDI1-
A(172-312) and Myc-PKD1-A(311-444) were generated using
PCR amplified from Myc-His-PKD1(1-444). Sh-TrCP were
purchased from GENECHEM (Shanghai, China). All mutations
were generated by QuickChange site-Directed Mutagenesis
Kit (Stratagene). All the plasmids were confirmed by DNA
sequencing. Cycloheximide, MG132 and LPS were purchased
from Sigma.

RNA Isolation and Real-Time PCR

Total RNAs were extracted from HEK293T cells using TRIzol
reagent (Invitrogen). The c¢cDNA was produced by reverse
transcription using oligo (dT) and analyzed by quantitative
real-time PCR (qPCR) with PKDI, B-actin primers using SYBR
Green Supermix (Bio-Rad Laboratories). The primer sequences
were as follows: PKD1, 5-GCCAACAGAACCATCAGTCC-
3 and 5-CTCCAATAGTGCCGTTTCCG-3;  PB-actin,
5'-ACCAACTGGGACGACATGGAGAAA-3 and 5
ATAGCACAGCCTGGATAGCAACG-3'. The relative
expression of the target genes mRNA was normalized to B-
actin mRNA. The results were analyzed from three independent
experiments and are shown as the average mean =+ SD.

Immunoblotting and Immunoprecipitation
Immunoblotting and immunoprecipitation were performed as
described previously (17, 18). Briefly, all cells were harvested
on ice using lysis buffer. N-ethylmaleimide (10 mM) was added
to the lysis buffer when protein ubiquitination was detected.
Immunoprecipitation was performed using specific antibodies
overnight on a rotor at 4°C. Equivalent quantity of proteins
were subjected to SDS-PAGE followed by transferring to
PVDF membranes (Millipore). Then membranes were blocked
with 5% non-fat milk or 5% BSA, and incubated with the
corresponding primary antibodies, followed by the respective
HRP-conjugated Goat anti-mouse or Goat anti-rabbit (Bioworld)
secondary antibodies. Immunoreactive bands were depicted
using SuperSignal West Dura Extended kits (Thermo Scientific).
The following antibodies specific for GST (1:2000, HaiGene,
MO0301), PKD1 (1:500, Santa Cruz, sc-639), B-TrCP (1:1000, Cell
signaling, #4394), HA (1:2000, abcam, ab9110), K63Ub (1:500,
Cell signaling, D7A11), tubulin (1:5000, Proteintech, 66031-
1-Ig), P-actin (1:5000, Proteintech, 66009-1-Ig), Myc (1:1000,
abmart, #284566), IkBa (1:2000, Cell signaling, #4814), TRAF6
(1:500, Santa Cruz, sc-8409), Ubiquitin (1:1000, Santa Cruz, sc-
8017), IKK (1:1000, Cell signaling, #2682), and pS176/18-IKK
(1:1000, Cell signaling, #2697) have been used.
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Cycloheximide Chase Assay

The half-life of proteins was determined by cycloheximide (CHX)
chase assay. HEK293T cells were transfected with GST-PKD1,
with or without shB-TrCP in 6-well culture plates. Seventy two
hours after transfection, cells were treated with DMSO or CHX
(50 mg/mL) for 0, 6, 12 h. Furthermore, cells were harvested on
ice and subjected to analysis by western blotting.

LPS Stimulation

RAW264.7 cells were treated with LPS (2.5 g/mL) for different
times. Cells were then harvested on ice using lysis buffer
containing 150 mM NaCl, 20 mM Tris-HCI (pH 7.4), 1% Nonidet
P-40, 0.5mM EDTA, PMSF (50 pg/ml), and protease inhibitor
mixtures (Sigma) and subjected to analysis by immunoblotting
or immunoprecipitation.

CRISPR-Cas9-Mediated Genome Editing
Small guide RNAs targeting mus PKDI: 1 (5-
GCCCAGTCCGCTGCTGCCCG-3) and 2* (5'-
GCCGCACTGGTCCCAGGGTC-3') were cloned into the
lentiCRISPRv2 vector and were transfected into HEK293T cells.
Forty eight hours after transfection, the supernatant was used to
infect RAW264.7 cells. Then the RAW264.7 cells were cultured
under puromycin selection until further experiments.

In vivo Ubiquitination Assay

To analyze ubiquitination of TRAF6 in LPS signaling, RAW264.7
cells were treated with LPS (2.5pg/mL) for 0, 15, 30 min.
Cells were harvested in lysis buffer containing 150 mM NaCl,
20mM Tris-HCI (PH 7.4), 1% NonidetP-40, 0.5 mM EDTA,
PMSF (50 pg/ml), N-ethylmaleimide (10mM) and protease
inhibitors mixtures (Sigma). Endogenous TRAF6 proteins were
immunoprecipitated using a specific TRAF6 antibody and then
subjected to ubiquitination analysis using a specific ubiquitin
(Ub) antibody by western blotting.

Statistical Analysis

Comparison between different groups was analyzed by using a
two-tailed Student’s T-test. All differences were considered that p
< 0.05 represent statistically significant.

RESULTS

B-TrCP Negatively Regulates Protein
Levels of PKD1, but Not PKD2 and PKD3

To explore the ubiquitin-mediated regulation of PKD family, we
firstly analyzed the amino acid sequences of PKD family. We
noted that PKD family members possess a putative DSG(X)24,S
motif, which has been demonstrated to be a characteristic of
substrates for ubiquitin E3 ligase B-TrCP. Thus, we hypothesized
that PKD family members could be potential substrates of -
TrCP. To determine the possible effect of B-TrCP on PKD
family, we firstly analyzed the effects of B-TrCP overexpression
on exogenous PKD family members. The results showed that
overexpression of B-TrCP significantly downregulated protein
levels of exogenous GST-PKD1 (Figure 1A), but not GST-PKD2
(Figure 1B) and GST-PKD3 (Figure 1C). To confirm the effect

of B-TrCP on endogenous PKDI1, we transfected cells with
increasing amount of B-TrCP. We found that overexpression
of B-TrCP gradually lowered protein levels of endogenous
PKD1 (Figure 1D). Furthermore, endogenous B-TrCP was
knocked down by shRNAs against B-TrCP (shp-TrCP). We
found that knockdown of B-TrCP upregulated protein levels of
endogenous PKDI in cells (Figure 1E). In addition, we found
that overexpression of B-TrCP did not decrease PKD1 mRNA
levels (Figure 1F), suggesting that B-TrCP regulates PKDI at
protein level. Taken together, our results suggest that B-TrCP is
a negative regulator of cellular PKD1 protein.

B-TrCP Promotes PKD1 Ubiquitination and
Accelerates PKD1 Degradation

To explore the mechanisms of PKD1 downregulation mediated
by B-TrCP, we firstly took advantage of a proteasomal inhibitor
MGI132. Our results showed that MG132 inhibited B-TrCP-
mediated PKD1 downregulation (Figure 2A), suggesting that
B-TrCP promotes PKD1 downregulation via the proteasome
pathway. Thus, we next analyzed whether B-TrCP is capable
of regulating ubiquitination levels of PKD1. We found that
overexpression of B-TrCP obviously promoted ubiquitination
of GST-PKDI, but not GST-PKD2 and GST-PKD3 (Figure 2B),
suggesting that B-TrCP specifically targets PKD1 member of
PKD family. Furthermore, knockdown of B-TrCP upregulated
PKDI1 protein levels (Figure 2C, left panel) and significantly
downregulated ubiquitination levels of PKD1 (Figure 2C, right
panel). Next, we tried to determine whether B-TrCP induces K48-
linked or K63-linked ubiquitination of PKD1. To this end, Ub-
R48K (all lysines in Ub are mutated to arginines except lysine
48 residue) and Ub-R63K (all lysines in Ub are mutated to
arginines except lysine 63 residue) were used to analyze the types
of PKDI ubiquitination. Our data showed that overexpression
of B-TrCP significantly increased K48-linked polyubiquitination
of PKD1 (Figure 2D). However, B-TrCP did not obviously affect
K63-linked ubiquitination of PKD1 (Figure 2E).

Given that p-TrCP induces K48-linked ubiquitination of
PKDI, we speculated that the protein stability of PKD1 could
be regulated by B-TrCP. To address this hypothesis, we carried
out cycloheximide (CHX) pulse chase analysis of PKD1 protein.
Cells transfected with control vector (shCON) or shf3-TrCP were
treated with protein synthesis inhibitor CHX. We found that
knockdown of B-TrCP in cells substantially inhibited PKDI1
degradation (Figure 2F), suggesting that B-TrCP knockdown
enhances PKD1 protein stability. Furthermore, overexpression of
B-TrCP accelerated the degradation of endogenous PKD1 protein
(Figure 2G). In conjunction with the above observation showing
that B-TrCP induces PKD1 K48-linked polyubiquitination, we
think that B-TrCP can specifically promote PKD1 ubiquitination
and degradation.

NS354G Motif of PKD1 Is Required for
B-TrCP Binding and Degradation of PKD1

Previous studies have demonstrated that the conserved
DSG(X)24nS motif is an important characteristic of protein
substrates for -TrCP binding and subsequent protein substrates
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FIGURE 1 | B8-TrCP specifically promotes downregulation of PKD1. (A-C) HEK293T cells were transfected with either an empty vector or increasing doses of B-TrCP,
together with GST-PKD1 (A) or GST-PKD2 (B) or GST-PKDS (C). Protein levels of GST-PKD1/2/3, B-TrCP and Tubulin were analyzed by immunoblotting as indicated.
(D) HEK293T cells were transfected with increasing doses of B-TrCP. Protein levels of PKD1, B-TrCP, and Tubulin were analyzed by immunoblotting as indicated. (E)
HEK293T cells were transfected with control shRNAs (shCON) or shRNAs against B-TrCP (shp-TrCP). Protein levels of PKD1, g-TrCP and Tubulin were analyzed by
immunoblotting as indicated. (F) HEK293T cells were transfected with empty vector or increasing doses of B-TrCP. The mRNA levels of endogenous PKD1 were
measured by gRT-PCR. B-TrCP was analyzed by immunoblotting.

degradation. And mutation of the first serine (S) in this
DSG(X)2-nS motif of a protein substrate will result in its inability
to bind with B-TrCP. By analyzing the amino acid sequences
of PKD1, we found that PKD1 does possess this DSG(X)24nS
motif. Therefore, we firstly determined the interaction between
B-TrCP and PKDI. By co-immunoprecipitation assays, we
found that B-TrCP is able to interact with PKD1 (Figure 3A).
To our surprise, mutation of this serine 380 in DSG(X)245S
motif of PKD1 did not obviously affect the binding of B-TrCP to
PKD1-S330A (Figure 3B), indicating that B-TrCP interacts with
PKD1 in an non-canonical manner.

We noticed that recent studies have reported several “atypical”
substrates of B-TrCP, including STAT1 (19), Weel (20), GHR
(21), ELAVL1/huR, CDC25B, and TP53 (22), which do not
contain the classic DSG(X)245,S motif. Instead, most of these
atypical substrates have the XSG(X)24,S motif. Therefore, we
analyzed the potential XSG(X)24,S motif in various species

of PKDI including Homo Sapiens, Mus Musculus, Rattus
norvegicus, Desmodus rotundus, Pongoabelii, Chrysemys picta
bellii (Figure 3C). To determine which XSG(X)24,S motif of
PKD1 is pivotal for binding with -TrCP, we firstly constructed
two PKDI1 deletion mutants, PKD1 (1-444) and PKD1 (445~
912) (Figure 3D). The ability of B-TrCP to downregulate two
PKDI1 mutants was analyzed. Our results showed that PKD1
(1-444), but not PKD1 (445-912), can be downregulated by f-
TrCP overexpression (Figure 3E), indicating that the potential
XSG(X)24nS motif locates in PKD1 (1-444). PKD1 (1-444)
possesses three conserved XSG(X),4nS motifs (Figure 3D).
Thus, we constructed another two PKD1 mutants, PKDI-
A(172-312) and PKDI1-A(311-444) (Figure 3D). We found
that deletion of the 311-444 motif, but not the 172-
312 motif, abolished p-TrCP-mediated downregulation of
PKD1 (Figure 3F). These results suggested that the key
XSG(X),+,S motif locates in PKD1-A(311-444), which has two
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or without MG132 (10 uM) for 12 h. Endogenous PKD1 levels were analyzed by immunoblotting as indicated. (B) HEK293T cells were transfected as indicated.
GST-PKD1, GST-PKD2, and GST-PKDS3 proteins were immunoprecipitated by a GST antibody. Ubiquitination and protein levels were analyzed using indicated
antibodies. (C) HEK293T cells were transfected with shCON or shi-TrCP, together with HA-Ub and GST-PKD1. Cells then were treated with MG132 (10 M) for 4 h.
Immunoprecipitation (IP) and immunoblotting (IB) were performed as indicated. (D,E) 293T cells were transfected with B-TrCP, together with HA-ub-K48 (R48K) (D) or
HA-ub-K63 (R63K) (E) as indicated. PKD1 proteins were immunoprecipitated and then PKD1 ubiquitination was analyzed by indicated antibodies. (F) HEK293T cells
were transfected with either shCON or shp-TrCP, together with GST-PKD1. Seventy two hours after transfection, cells were treated with CHX (50 wg/mL) for O, 6, and
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and 12 h. Whole cell extracts were analyzed by immunoblotting using indicated antibodies.

XSG(X)24nS motifs, NS354G and DS330G. Our previous data
have demonstrated that the DS330G motif of PKD1 is not
essential for interaction between B-TrCP and PKD1 (Figure 3B).
Therefore, we made a new PKD mutant, PKD1-S354A. Our
data showed that mutation of serine 354 of PKDI1 abolished

the binding of B-TrCP to PKD1 (Figure 3G). Consistently, f-
TrCP cannot downregulate PKD1-S354A protein, as compared
with PKD1-wild type (WT) (Figure 3H). Taken together, we
demonstrate that the NS354G motif of PKDI is required for
B-TrCP binding and PKD1degradation.
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FIGURE 3 | NSG motif of PKD1 is required for B-TrCP binding and degradation of PKD1. (A) HEK293T cells were transfected with GST-PKD1, together with or
without B-TrCP. GST-PKD1 proteins were immunoprecipitated by a GST antibody, and protein levels of GST-PKD1, g-TrCP, and Tubulin were analyzed using indicated
antibodies. (B) HEK293T cells were transfected with B-TrCP, together with GST-PKD1-WT or GST-PKD1-S380A. Whole cell lysates were subjected to IP-IB analysis
as indicated. (C) XSG motifs in various species of PKD1. (D) Mapping of PKD1 full length and different mutants. (E) HEK293T cells were transfected with B-TrCP,
together with either Myc-PKD1(1-444) or Myc-PKD1(445-912). Protein levels of Myc-PKDs mutants, p-TrCP and Tubulin were measured by immunoblotting with
indicated antibodies. (F) HEK293T cells were transfected with either an empty vector or increasing doses of -TrCP, together with Myc-PKD1-A(172-312) or
Myc-PKD1-A(311-444). Immunoblotting was performed using indicated antibodies. (G) HEK293T cells were transfected with B-TrCP, together with HA-PKD1 (WT or
S354A). Immunoprecipitation (IP) and immunoblotting were performed using indicated antibodies. (H) HEK293T cells were transfected with or without g-TrCP,
together with HA-PKD1 (WT or S354A). Protein levels of HA-PKD1, B-TrCP, and Tubulin were analyzed by immunoblotting as indicated.
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LPS Promotes Binding of g-TrCP to PKD1

and Downregulates PKD1 Protein Levels
Our above findings reveal that -TrCP interacts with PKD1, and
promotes PKD1 ubiquitination and degradation. Interestingly,
we noticed that both B-TrCP and PKD1 are involved in LPS
induced inflammatory signaling pathway (Figure 4A). Thus,
we sought to determine whether the regulation of B-TrCP on
PKD1 occurs in LPS inflammatory signaling. To this end, the
interaction between B-TrCP and PKDI1 in LPS signaling was
analyzed. We found that LPS significantly promoted binding of
B-TrCP to PKD1 (Figure 4B), and simultaneously upregulated
PKD1 ubiquitination (Figure 4B). These data suggest that -
TrCP could interact with and regulate PKD1 during LPS
stimulation.

To further study the possible regulation of LPS stimulation
on PKDI1, we analyzed protein levels of PKD1 in RAW264.7
cells under the conditions of LPS treatment for various
times. Using a specific antibody against PKD1, we found that
PKD1 protein levels were significantly reduced at 90 min and
180 min stimulation by LPS, whereas IkBa levels gradually
increased simultaneously (Figure 4C). Importantly, when p-
TrCP was knocked down, LPS-induced downregulation of
PKD1 was markedly inhibited (Figure4D), suggesting that
B-TrCP is responsible for PKD1 downregulation in LPS
signaling. Collectively, we demonstrate that LPS stimulation can
promote binding of B-TrCP to PKDI1, and results in PKD1
downregulation.

Supplement of PKD1 in Cells Inhibits
Recovery of IkBa Protein Levels in LPS
Signaling

Interestingly, from the above results we observed a negative
correlation between PKD1 and IkBa protein levels in LPS
signaling (Figure 4C). It is actually not difficult to understand.
It has been clearly demonstrated that LPS stimulation can
activate TLR4 signaling and lead to IkBa protein degradation
very rapidly. In conjunction with our findings here showing that
the upstream signaling molecule PKD1 can be downregulated
after LPS stimulation, we speculate that the LPS-TLR4 signaling
could be inhibited during the PKD1 downregulation stage, which
could result in decrease of IkBo phosphorylation and recovery
of IkBa protein levels. That is, PKD1 downregulation during
LPS stimulation could contribute to recovery of IkBa protein
levels. Next, we try to provide more evidence for this speculation.
Given that manipulation of B-TrCP could directly affect IxBa,
which impedes the observation of the dynamic changes of
IkBa protein levels during LPS stimulation, we took advantage
of PKD1 overexpression to supplement PKDI levels in cells.
Firstly, RAW264.7 cells were transfected with increasing dose
of PKD1. Cells were then treated with LPS for 90 min. Our
data showed that PKD1 overexpression continuously lowered
IkBa protein levels in a dose-dependent manner (Figure 5A).
Conversely, knockout of PKD1 in RAW264.7 cells by CRISPR-
Cas9 genome editing substantially upregulated IxBa protein
levels in LPS signaling (Figure 5B). Furthermore, we analyzed
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FIGURE 4 | LPS promotes binding of B-TrCP to PKD1 and downregulates PKD1 protein levels. (A) The model for LPS-induced inflammatory signaling. (B) RAW264.7
cells were treated with LPS (2.5 pg/mL) for 0, 30, 90 min. PKD1 were immunoprecipitated and then immunoblotting was performed using indicated antibodies. (C)
RAW264.7 cells were stimulated with LPS (2.5 wg/mL) for 0, 30, 90, 180, 240 min. The protein levels of PKD1, IkBa and Tubulin were analyzed by immunoblotting as
indicated. (D) RAW264.7 cells were transfected with either sShCON or shp-TrCP. Seventy two hours after transfection, cells were stimulated with LPS (2.5 pg/mL) for O,
90, 180 min. The protein levels of PKD1, B-TrCP and Tubulin were analyzed by immunoblotting as indicated.
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FIGURE 5 | Supplement of PKD1 in cells inhibits recovery of IkBa protein levels in LPS signaling. (A) RAW264.7 cells were transfected with increasing does of
GST-PKD1. 48 h after transfection, cells were stimulated with LPS (2.5 pg/mL) for 90 min. Protein levels of GST-PKD1, IkBa, and Tubulin were analyzed by
immunoblotting as indicated. (B) PKD1 in RAW264.7 cells was knocked out by CRISPR-Cas9 genome editing. Two guide RNAs were designed to target PKD1 (1#
and 2#). RAW264.7PKD1-Cas9 cells were stimulated with LPS (2.5 g/mL) for 90 min. Protein levels of PKD1, I«Ba, and Tubulin were analyzed by immunoblotting as
indicated. (C) RAW264.7 cells were transfected with either empty vector or GST-PKD1. Forty eight hours after transfection, cells were stimulated with LPS (2.5 pg/mL)
for 0, 30, 60, 90, 120 min. Protein levels of GST-PKD1, IkBa, and Tubulin were analyzed by immunoblotting as indicated.

the dynamic changes of IkBa protein levels in LPS signaling.
The result showed that during LPS stimulation, IkBa protein
levels significantly decreased at 30 min time point. After that,
IkBa protein levels were gradually recovered (Figure 5C, left
panel). When cells were supplemented with PKD1, the recovery
of IkBa protein levels was dramatically delayed (Figure 5C, right
panel). Collectively, we believe that PKD1 downregulation could
contribute to recovery of IkBa protein levels in LPS signaling.

B-TrCP Negatively Regulates LPS-Induced
TRAF6 Ubiquitination and IKK Activation

Given that we have demonstrated that B-TrCP promotes
PKD1 downregulation in LPS signaling, we further study
whether B-TrCP can regulate the signaling pathway downstream
of PKDI and upstream of IkBa. In LPS signaling, PKDI
activation leads to TRAF6 polyubiquitination and subsequent
IKK phosphorylation and activation. Therefore, we analyzed
the roles of B-TrCP in regulating TRAF6 ubiquitination and
IKK phosphorylation in LPS signaling. Our data showed that
B-TrCP overexpression significantly inhibited LPS-stimulated
ubiquitination of TRAF6 (Figure 6A). Conversely, knockdown
of B-TrCP remarkably promoted TRAF6 ubiquitination induced
by LPS (Figure 6B). Furthermore, we found that overexpression
of B-TrCP reduced K63-linked polyubiquitination of TRAF6
(Figure 6C), but had no obvious effect on TRAF6 protein

levels (Figure 6D), suggesting that P-TrCP inhibits TRAF6
signaling activation. Next, we studied whether B-TrCP could
regulate IKK phosphorylation. Using a specific antibody against
activated IKK at Ser176/180 site, we found that 3-TrCP obviously
inhibited LPS-stimulated IKK phosphorylation (Figure 6E).
Taken together, our findings demonstrate that 3-TrCP negatively
regulates LPS-induced TRAF6 Ké63-linked ubiquitination and
IKK activation.

DISCUSSION

PKDI, as a ubiquitous serine-threonine protein kinase, plays
crucial roles in multiple biological processes, including cell
growth, adhesion, motility, and angiogenesis (2-5). Stable
PKD1 levels in cells are extremely important for normal
physiology functions of cells. Dysregulated PKD1 expression
could result in the pathogenesis of some cancers. PKD1 could
be activated by various stimuli including growth factor (23),
oxidative stress (24), and apoptotic signaling (25). Thus far,
the regulation of PKD1 expression remains largely unexplored.
It has been reported that PKD1 expression is gradually
reduced during breast cancer progression, which could be
directly associated with hypermethylation of PKD1 promoter
(26). Recent studies demonstrated that there is a correlation
between the expression of PKD1 and ERa in breast cancer
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cells (27). However, ubiquitination-mediated regulation of
PKDI1 remains unknown so far. In this study, we for the
first time reveal that ubiquitin E3 ligase B-TrCP regulates
PKDI1 protein levels in cells. We clearly demonstrated that
in LPS signaling B-TrCP can interact with PKDI, which

leads to PKD1 downregulation. Furthermore, B-TrCP-mediated
downregulation of PKDI1 restricts LPS-induced TRAF6 K63-
linked polyubiquitination and IKK phosphorylation. Thus,
our findings uncover the novel regulation mediated by the
B-TrCP-PKD1 axis in LPS inflammatory signaling. In addition,
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it has been reported that PKD1 can be activated by TLR-
mediated MyD88 signaling pathway. Thus, it could be interesting
to observe the effects of B-TrCP on PKDI levels in different TLR
ligands-activated signaling pathways in the future.

It has been well-characterized that B-TrCP’s substrates
contain a consensus DSG(X)24,S degron. The serine residues
in this degron could be phosphorylated by certain protein
kinases, which results in B-TrCP recognition and subsequent
ubiquitination of the substrates (28-30). In this study, we
found that PKD1 does possess a potential DSG(X)245S
motif. However, this DSG(X);4,S motif of PKDI is not
important for B-TrCP binding and PKD1 degradation.
Through analyzing all conserved XSG(X)24nS motif in
various species of PKD1, we finally found the NSG(X)24nS
motif of PKD1 is essential for B-TrCP binding and subsequent
degradation of PKDI1. As a matter of fact, some studies have
reported several “atypical” substrates of B-TrCP, including
STAT1 (19), Weel (20), and GHR (21), which do not have
the classic DSG(X)24nS motif. Here, our study uncovers
a new “atypical” degron in PKD1 for B-TrCP-mediated
degradation.

Prevailing thought holds that B-TrCP is a positive regulator
for TLRs-NF-kB inflammatory signaling, because B-TrCP
induces IkBa degradation and NF-kB release. In this study,
we demonstrate that B-TrCP could be a negative regulator for
upstream signaling of TLRs-NF-kB pathway. LPS stimulation
activates TLR4-PKD1-TRAF6-IKK-IkBa signaling, which leads
to B-TrCP-mediated ubiquitination and degradation of IkBa
rapidly. Unexpectedly, we find that during LPS stimulation f-
TrCP also binds to PKD1, which results in PKD1 ubiquitination
and degradation. PKD1 downregulation inhibits further
activation of LPS-PKD1-TRAF6-IKK signaling (Figure 6F). As
observed in this study, p-TrCP-mediated PKD1 downregulation
inhibits TRAF6 K63-linked polyubiquitination and subsequent
IKK phosphorylation. Also, we observed that PKDI1 protein

levels are negatively correlated with IkBa levels in LPS signaling,
and supplement of PKD1 in cells significantly delays recovery of
IkBa protein levels. Taken together, we think that B-TrCP plays
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Growing evidence indicate that large antigen-containing particles induce potent T
cell-dependent high-affinity antibody responses. These responses require large particle
internalization after recognition by the B cell receptor (BCR) on B cells. However,
the molecular mechanisms governing BCR-mediated internalization remain unclear.
Here we use a high-throughput quantitative image analysis approach to discriminate
between B cell particle binding and internalization. We systematically show, using
small molecule inhibitors, that human B cells require a SYK-dependent IgM-BCR
signaling transduction via PI3K to efficiently internalize large anti-lgM-coated particles.
IgM-BCR-mediated activation of PI3K involves both the adaptor protein NCK and the
co-receptor CD19. Interestingly, we here reveal a strong NCK-dependence without
profound requirement of the co-receptor CD19 in B cell responses to large particles.
Furthermore, we demonstrate that the IgM-BCR/NCK signaling event facilitates RAC1
activation to promote actin cytoskeleton remodeling necessary for particle engulfment.
Thus, we establish NCK/PI3K/RAC1 as an attractive IgM-BCR signaling axis for biological
intervention to prevent undesired antibody responses to large particles.

Keywords: B cell, CRISPR, internalization, signaling pathway, large antigen-containing particle

INTRODUCTION

The first step in induction of antibody production is binding of external antigen to the B cell
receptor (BCR) on naive B cells. BCR ligation by antigen results in BCR-mediated transmembrane
signaling and antigen internalization, followed by proteolytic degradation and presentation of
antigen-derived peptides through major histocompatibility complex class IT (MHCII) molecules on
the B cell plasma membrane (1-3). MHCII/antigen complexes are recognized by antigen-specific T
cell receptors expressed by CD4™ T cells (4). After formation of a stable antigen-specific interaction,
B cells receive help from CD4™ T cells via co-stimulatory molecules and soluble cytokines to
promote B cell differentiation into high-affinity antibody-producing plasma cells during germinal
center (GC) reactions in secondary lymphoid organs.

The BCR consists of a membrane-bound immunoglobulin associated with a CD79a and CD79b
heterodimer containing intracellular immunoreceptor tyrosine activation motifs (ITAMs) (5).
Upon cognate antigen recognition, phosphorylation of the ITAMs is initiated by the SRC family

Frontiers in Immunology | www.frontiersin.org 18

March 2019 | Volume 10 | Article 415


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00415
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00415&domain=pdf&date_stamp=2019-03-13
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:m.vanham@sanquin.nl
https://doi.org/10.3389/fimmu.2019.00415
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00415/full
http://loop.frontiersin.org/people/629171/overview
http://loop.frontiersin.org/people/558754/overview
http://loop.frontiersin.org/people/654142/overview
http://loop.frontiersin.org/people/621851/overview
http://loop.frontiersin.org/people/348214/overview
http://loop.frontiersin.org/people/69052/overview
http://loop.frontiersin.org/people/163004/overview
http://loop.frontiersin.org/people/177433/overview

Verstegen et al.

B Cell Large Particle Internalization

kinase LYN and spleen tyrosine kinase (SYK) (6-8). These
phosphorylated motifs recruit several adaptor and effector
proteins that make up the signalosome, containing SYK, B cell
linker (BLNK), bruton’s tyrosine kinase (BTK), phospholipase
C-y2 (PLCy2), and the co-receptor CDI19. The signalosome
drives activation of multiple downstream effector pathways to
amplify the signal from the BCR that results in changes in
cell metabolism, gene expression, and cytoskeletal organization.
Many of proteins required for transmembrane signaling are
also involved in antigen internalization and the subsequent
intracellular trafficking of the antigen-BCR complex (9).
Most studies describing signaling components and molecular
mechanisms that control BCR-mediated antigen internalization
use small soluble antigens or antigen tethered to planer lipid
bilayer surfaces or plasma membrane sheets that is extracted
though force-dependent extraction or enzymatic liberation (10-
13). B cells are, however, also able to internalize large particles.
This ability has long been disregarded, but in recent years,
multiple groups, including our own, have demonstrated the
existence of this cell biological process for internalization of
large particles including anti-IgM-coated bacteria and beads
(14-17). The physiological importance of this pathway was
recently demonstrated by showing that internalization of large
particles by follicular B cells resulted in a strong GC response
and the generation of high-affinity class-switched antibodies in
mice (16). Of added importance in large particle uptake is the
process of epitope spreading. Epitope spreading is a process in
which antigens distinct from the antigen that was recognized by
the antigen-specific BCR are presented on the B cells plasma
membrane (18-20). As such, B cells and CD4" T cells with
different specificity can interact to drive the ongoing immune
response. This process is highly desirable if it targets foreign
antigens during infection to broadening the B cell response.
In contrast, in cases of self-reactivity in autoimmune reactions
or alloimmunization against transfused blood products, epitope
spreading is a clinical problem in much need of targeted therapy.

Here we investigated the molecular mechanisms that mediate
internalization and antigen presentation of large particles in
human B cells. A high-throughput quantitative image analysis
approach was employed using inactivated anti-IgM-coated
Salmonella typhimurium as a model particle to quantify IgM-
BCR-mediated internalization. We show that phosphoinositide-3
kinase (PI3K) is the main driver of actin-dependent large particle
acquisition by human B cells. IgM-BCR-mediated activation of
PI3K involves both the adaptor protein NCK and the co-receptor
CD19 (21-24). We demonstrate that the IgM-BCR/NCK axis
is required for internalization of large particles in human B
cells. This axis drives internalization via activation of the actin
cytoskeleton modulator RAC1. Collectively, our data reveal that
the NCK-PI3K-RAC1 axis is essential to mount a humoral
immune response to large particles.

MATERIALS AND METHODS
Purification of CD19* B and CD4* T Cells

Human buffy coats were obtained from healthy blood donors
after informed consent, in accordance with the protocol of the

local institutional review board, the Medical Ethics Committee
of Sanquin Blood Supply, and conforms to the principles of
the Declaration of Helsinki. Peripheral blood mononuclear cells
(PBMCs) were isolated through standard gradient centrifugation
using Ficoll-lymphoprep (Axis-Shield). CD19™" B cells and CD4™
T cells were purified from PBMCs with anti-CD19 and anti-
CD4 Dynabeads, respectively, and DETACHaBEAD (Invitrogen)
following the manufacturer’s instructions. Purity was typically >
98% as assessed by flow cytometry.

Cell Cultures

HEK293T cells were grown in IMDM (Lonza) supplemented
with 10% fetal calf serum (FCS; Bodinco), 100 U/ml penicillin
and 100 pg/ml streptomycin (Thermo Fisher Scientific). Ramos
B cells were grown in B cell medium that consists of RPMI 1640
medium (Life Technologies) supplemented with 5% FCS, 100
U/ml penicillin and 100 pg/ml streptomycin, 2 mM L-glutamine
(Invitrogen), 50 uM P-mercaptoethanol (Sigma) and 20 pug/ml
human apotransferrin [Sigma; depleted for human IgG with
protein G Sepharose (Amersham Biosciences)]. The HLA-DOB-
GFP Ramos cell line has been described before (17) and was
cultured in B cell medium in the presence of 2 mg/ml G418
(Life Technologies).

dgRNA Design and Plasmids

Guide  sequences with homology to CDI9 (5-
AAGCGGGGACTCCCGAGACC-3), NCK1 (5’
GGTCATAGAGACGTTCCCCT-3") and NCK2 (5'-CGGTAC
ATAGCCCGTCCTGT-3") were designed using CRISPR design,
and subsequently cloned into the lentiCRISPRv2 backbone
containing puromycin resistance gene (25). The Lifeact-GFP and
DORA RACI-sensor constructs in a lentiviral backbone have
been described before (26, 27).

Lentiviral Vector Construction

Lentiviral vectors were produced by co-transfecting HEK293T
cells with the lentiviral transfer plasmids gRNA/Cas9-expressing
lentiCRISPRv2, Lifeact-GFP, or DORA RACl-sensor, and the
packaging plasmids pVSVg, psPAX2, and pAdv (28, 29)
using polyethylenimine (PEI, Polysciences). Virus-containing
supernatant was harvested 48 and 72h after transfection, then
frozen and stored in —80°C.

Cell Lines and Transduction

Transduction of lentiviral vector into Ramos B cells was
performed with 8 ug/ml protamine sulfate (Sigma). CRISPR-
mediated knockout cells were enriched by culturing in B cell
medium supplemented with 1-2 pg/ml puromycin (Invitrogen).
CD19 knockout Ramos B cells were purified using a FACSAria
II (BD Bioscience). For this, cells were washed and then
stained with anti-CD19 APC (clone SJ25-C1; BD Bioscience) in
phosphate buffered saline (PBS; Fresenius Kabi) supplemented
with 0.1% bovine serum albumin (BSA; Sigma). The NCK1/2
double-knockout cell line was obtained by single cell sorting
using a FACSAria II (BD Bioscience). After clonal expansion,
cells were screened for complete knockout using an immunoblot
assay (as described below). Ramos B cells that stably expressed
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Lifeact-GFP or RACI biosensor were sorted by flow cytometry-
based sorting using a FACSAria II (BD Bioscience).

Serum Preparation

Blood samples were drawn from healthy volunteers after
informed consent (Sanquin). Serum was obtained by collecting
blood, allowing it to clot for 1h at room temperature (RT) and
collecting the supernatant after centrifugation at 3,000 rpm for
15 min. Serum of sixteen healthy donors was mixed and stored in
small aliquots at —80°C to avoid repetitive freeze/thawing.

Labeling of Antibodies and Beads

Mouse monoclonal anti-human IgG (MH16-1; Sanquin
Reagents), mouse monoclonal anti-human C3d (C3-19; Sanquin
Reagents) and mouse monoclonal anti-human IgM (MH15-1,
Sanquin Reagents) were labeled with DyLight 650, DyLight
488 or DyLight 405, respectively, according to manufacturer’s
instructions (Thermo Fisher Scientific). To get rid of excess dye,
the antibodies were washed extensively using an Amicon Ultra
centrifugal filter (10K; Merck Milipore). The labeling rate was
around 7 fluorochromes per antibody, as determined by UV-VIS
spectroscopy on a Nanodrop NDI1000 spectrophotometer
(Thermo Scientific).

Goat-anti-mouse I1gG (Fc) polystyrene beads (3 pm,
Spherotech) were washed twice with PBS containing 0.1%
BSA and labeled overnight with anti-human IgM-DyLight405.
The beads were stored at 4°C until further use. Before use,
the beads were washed twice with PBS supplemented with
0.1% normal mouse serum (in house), and once with PBS
supplemented with 0.1% BSA.

Bacterial Strains
Salmonella typhimurium SL1344 has been described before
(30). S. typhimurium SL1344 that constitutively express the
dsRed protein were generated by electroporating bacteria with
a pMW211 plasmid. Bacteria were grown overnight shaking
at 37°C in Luria-Bertani (LB) medium broth with 50 pg/ml
carbenicillin (Invitrogen). To reach mid-log growth phase, the
overnight grown bacteria were diluted 1/33 in fresh LB medium
and incubated at 37°C for 3h while shaking. Subsequently,
bacteria were washed twice with PBS and inactivated through
incubation at 65°C for 15min, or through incubation with
4% paraformaldehyde (PFA; Sigma) in PBS for 20 min. To
block the free aldehyde groups of PFA, bacteria were incubated
with 0.02M glycine (Merck). Mouse monoclonal anti-human
IgM (Fc) (clone MHI15-1; Sanquin) or mouse monoclonal
anti-human CDI19 (clone LT19; Miltenyi Biotec) was mixed
with mouse monoclonal anti-S. typhimurium LPS (clone 1E6;
Biodesign International) and rat anti-mouse IgG1 (clone RM161-
1; Sanquin) to generate anti-LPS/IgM (17, 31-33) or anti-
LPS/CD19 antibody complexes. Inactivated bacteria were coated
with these antibody complexes in the dark for 30 min, while
rotating. Subsequently, the bacteria were washed with PBS and
kept at 4°C until further use.

For complement/antibody opsonization, S. typhimurium was
incubated with 10% freshly thawed or heat-inactivated serum
in PBS supplemented with 10 mM CaCl, and 2mM MgCl, at

37°C for 30 min. Heat-inactivation of the serum was performed
by incubation at 56°C for 30 min. After incubation, bacteria
were washed thoroughly with PBS to wash away all non-
bound serum components. To asses S. typhimurium-reactive
antibody and complement opsonization, bacteria were washed
and stained with anti-human IgG-DyLight650 and anti-human
C3d-DyLight488 in PBS supplemented with 0.1% BSA for
20min in the dark at RT and measured on a FACSCanto II
(BD Bioscience). The acquired data was analyzed using Flow]Jo
Software version 10 (Tree Star).

Soluble Anti-IgM or Large Particle
Challenge

Primary human B cells or Ramos B cells were left untreated
or incubated with vehicle (DMSO) or small molecule inhibitors
(Supplementary Table 1) in B cell medium without antibiotics
for 15min at 37°C. Subsequently, cells were incubated with
soluble anti-IgM (5 pwg/mL), uncoated or antibody complex-
coated PFA-inactivated S. typhimurium, or anti-IgM-coated
3um polystyrene beads for 30min at 37°C. Ice cold PBS
was added to halt internalization. Alternatively, B cells were
incubated with anti-IgM-coated PFA-inactivated S. typhimurium
for 30 min in B cell medium without antibiotics on ice to allow
particle binding but not internalization (Figures 3E,G, 5G,H).
Subsequently, the B cells were washed extensively to remove
unbound particles, then incubated at 37°C for the time indicated,
after which ice cold PBS was added to halt internalization.

ImageStreamX Analysis

Cells were stained with anti-HLA-DR APC (clone L243; BD
Bioscience) in PBS supplemented with 0.1% BSA for 30 min
in the dark on ice and fixed for 20 min in PBS with 4% PFA.
Primary human B cells or Ramos B cells were washed and
4',6/-diamidino-2-phenylindole (DAPI; Sigma) was added to
stain the cell nucleus. Large particle internalization by human
B cells was evaluated on an ImageStream® mark II imaging
flow cytometer (Merck). The acquired data was analyzed using
IDEAS V6.2 Software (Merck) and Flow]Jo Software version 10
(Supplementary Figures 1A, 4).

CD4* T Cell Proliferation Assay

Primary human B cells were incubated with vehicle (DMSO) or
small molecule inhibitors (Supplementary Table 1) for 15 min
at 37°C before being challenged with uncoated (control) or anti-
IgM-coated heat-inactivated S. typhimurium. Heat-inactivated
S. typhimurium was used instead of PFA-inactivated S.
typhimurium to allow antigenic peptide presentation. B cells were
primed with S. typhimurium for 30 min at 37°C and then washed
in medium containing 100 pg/ml gentamicin (Invitrogen) to
eliminate non-internalized bacteria (17). To allow antigenic
peptide presentation, cells were cultured in B cell medium
with 10 pg/ml gentamicin, supplemented with small molecule
inhibitors (Supplementary Table 1) for 20h at 37°C/5% CO,.
Subsequently, S. typhimurium-primed B cells were washed
extensively and irradiated with 60 Gy to halt antigen processing
before incubation with autologous CD4™" T cells that were labeled
with Cell Trace CFSE according to manufacturer’s instructions
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(Invitrogen). 10 X 10* B cells and 5 x 10* CD4T T cells were
cocultured in 200 l B cell medium at 37°C/5% CO; in 96-well
round-bottom plates (Greiner Bio-One) for 6 days. Cells were
then stained with anti-CD4 APC (clone SK3; BD Bioscience) to
separate CD4™ T cells from the remaining CD19" B cells and
CD4™" T cell proliferation was measured on a FACSLSRIIT (BD
Bioscience). DAPI was added to exclude dead cells. The acquired
data was analyzed using Flow]Jo Software version 10.

Lifeact-Imaging

For confocal laser scanning microscopy analysis, Lab-Tec 8-well
chamber slides (Thermo Fisher Scientific) were coated with
1 mg/ml poly-L-lysine (Sigma) for 1h, washed thoroughly
with Aquadest and air-dried. Ramos B cells expressing
Lifeact-GFP were allowed to bind to the coated slides for
15min at 37°C before being challenged with anti-human
IgM-coated polystyrene beads (3 wm). For real-time imaging
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FIGURE 1 | IgM-BCR stimulation specifically promotes large particle internalization. (A) Proportion of primary human B cells interacting with control or
anti-lgM-coated S. typhimurium (n = 9). (B) Schematics of a B cell:S. typhimurium interaction. Internalization was assessed using a high-throughput quantitative
image analysis approach for S. typhimurium located in the same focal plane as the human B cell only. (C) To discriminate between bound and internalized

S. typhimurium, analysis masks were generated to determine the center of both the B cell and S. typhimurium. Internalization was defined as the distance between
the two centroids (left) after correction for the B cell radius as a measure for the cell size (middle). Internalization was plotted against the event count (right). The
red/blue shadings behind the plot indicate the portion of cells that bound (blue) or internalized (red) large particles. Events that had a calculated value similar to or >2
were defined as being internalized. (D) Representative images of primary human B cells containing bound (left) or internalized (right) S. typhimurium. Bar, 7 wm.

(E) Proportion of internalization of control or anti-lgM-coated S. typhimurium within Salmonella® primary human B cells (n = 9). (F) Representative plots (left) and
images (right) of S. typhimurium opsonized with antibodies (IgG) or together with complement (C3d) derived from human serum. Bar, 7 um. (G=H) Proportion of
primary human B cells that interacted with (G) and internalized (H) serum-opsonized S. typhimurium (n = 9). Bars depict mean values and error bars are SEM. **P <
0.001; ***P < 0.0001; n.s., not significantly different by paired t-test (A,E) or repeated-measures one-way ANOVA with Sidak post-test (G,H).
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a LEICA TCS SP8 confocal microscope system equipped
with a 63 x 1.4 NA oil objective and 405nm diode, 488 nm
argon, 594nm HeNe, and 633nm HeNe laser, was used.
Images were processed using Image] software (National
Institutes of Health).

Fluorescence Resonance Energy Transfer
(FRET)-Based Biosensor Analysis

RACI activity was measured in Ramos B cells after stimulation
with anti-IgM-coated S. typhimurium by monitoring yellow
fluorescent protein (YFP) FRET over donor cyan fluorescent
protein (CFP) intensities as described before (27). Lab-Tec
8-well chamber slides were prepared as described above. A
Zeiss Observer Z1 microscope equipped with a 63x NA1.3 oil
immersion objective, an HXP 120-V excitation light source,
a Chroma 510 DCSP dichroic splitter, and two Hamamatsu
ORCA-R2 digital charge-coupled device cameras was used for
simultaneous monitoring Cerulean3 and Venus emission. Zeiss
Zen 2012 microscope software was used to control the system.
Offline ratio analyses between Cerulean3 and Venus images
were processed using the ImageJ software. Image stacks were
background corrected, stacks were aligned, and a smooth filter
was applied to both image stacks to improve image quality by
reducing noise. FRET ratios were bleed-through corrected (62%)
for the CFP leakage into the YFP channel. An image threshold
was applied exclusively to the Venus image stack, converting
background pixels to “not a number” (NaN) allowing elimination
of artifacts in ratio image stemming from the background noise.
Finally, the Venus/Cerulean3 ratio was calculated and the Parrot-
2 look-up table (created by dr. J. Goedhart) was applied to
generate a heatmap.

Immunoblot Analysis

Ramos B cells (10 x 10°) were lysed in 50 mM Tris, pH 7.6,
20 mM MgCl,, 150 mM NaCl, 1% (v/v) Triton X-100, 0.5% (w/v)
deoxycholic acid (DOC) and 0.1% (w/v) SDS supplemented with
a phosphatase inhibitor cocktail (Sigma) and fresh protease-
inhibitor-mixture tablets (Roche Applied Science). Cell lysates
were then centrifuged at 14,000 rpm for 15min at 4°C, and
supernatants were recovered and boiled in SDS sample buffer
containing 4% B-mercaptoethanol. Samples were analyzed using
12.5% SDS-Page. Proteins were transferred onto a 0.2 um
nitrocellulose membrane (Whatman), subsequently membranes
were blocked with 5% (w/v) BSA (Figures 2E, 3K) or 5% (w/v)
milk powder (Figures 3B, 5G) in Tris-buffered saline with Tween
20 (TBST). The nitrocellulose membrane was incubated for
1h at RT with mouse monoclonal anti-NCK (clone 108; BD
Bioscience), rabbit polyclonal anti-cofilin (cat #ab42823; Abcam),
rabbit polyclonal anti-pAKT (Ser473) (cat #9271; Cell Signaling
Technology) or rabbit monoclonal anti-AKT (pan) (clone C67E7;
Cell Signaling Technology), followed by incubation for 1 h at RT
with HRP-conjugated rat monoclonal anti-mouse kappa (RM-
19; Sanquin Reagents) or HRP-conjugated goat anti-rabbit 1gG
(cat #ab205718; Abcam) in TBST. Between the incubation steps,
the membranes were washed with TBST. Antibody staining
was visualized with the Pierce enhanced chemiluminescence
(ECL) 2 Western Blotting substrate kit (Thermo Fisher Scientific)

according to manufacturers instructions and analyzed using
ChemiDoc MP System (BioRad). Brightness/contrast parameters
were adjusted globally across the entire image using Image Lab
software (BioRad).

RacGTP Pulldown Assay

Cells were lysed in 50 mM Tris, pH 7.6, 20 mM MgCl,, 150 mM
NaCl, 1% (v/v) Triton X-100, 0.5% (w/v) DOC and 0.1% (w/v)
SDS supplemented with protease inhibitors. Cell lysates were
then centrifuged at 14,000 rpm for 15 min at 4°C. Supernatants
were recovered and GTP-bound RAC1 was isolated by rotating
supernatants at 4°C for 30 min with 5 pg biotinylated PAK-CRIB
peptide coupled to streptavidin agarose as described before (27).
Beads were centrifuged at 5,000 rpm for 20's at 4°C, washed five
times in 50 mM Tris, pH 7.6, 10 mM MgCl,, 150 mM NaCl, 1%
(v/v) Triton X-100 and boiled in SDS-sample buffer containing
4% B-mercaptoethanol. Samples were then analyzed by 12.5%
SDS-Page as described in the immunoblot section above using
mouse monoclonal anti-RAC1 (clone 102; BD Transduction
Laboratories) and HRP-conjugated rat monoclonal anti-mouse
kappa (RM-19; Sanquin Reagents).

Statistical Analyses

Statistical analyses were performed using Prism 7 (Graphpad).
The statistical tests used are indicated in the figure
descriptions. Differences were considered statistically significant
when p < 0.05.

RESULTS

Internalization of Large Particles by
Primary Human B Cells Is Mediated via the
IgM-B Cell Receptor (BCR) and Not by

Antibody and Complement Receptors

To evaluate internalization of large particles by primary human
B cells, a high-throughput quantitative image analyses approach
was established using ImageStream®, as this combines visual
analysis with the statistical power of flow cytometry. Inactivated
S. typhimurium was used as a model particle. Primary human
B cells isolated from blood displayed a low proportion of B
cells associating with our model particle (Figure 1A), in line
with the low numbers of primary human B cells expressing
a BCR that specifically binds S. typhimurium, as observed
before (17). S. typhimurium was coated with a monoclonal
antibody specific for immunoglobulin M (anti-IgM) allowing
association irrespective of the B cells antigen specificity.
Indeed, anti-IgM coating markedly enhanced particle binding
as compared with uncoated control (Figure 1A). Subsequently,
a custom feature was generated to quantify the relative particle
internalization distance into B cells, only taking cells into account
in which both particle and B cell were imaged in the same
focal plane (Figures 1B,C; Supplementary Figures 1A,B). This
allowed us to distinguish between B cells having membrane-
bound particles from B cells that completely internalized the
particles (Figures 1C,D). Using this approach, we demonstrated
that IgM-BCR-mediated internalization of large antigen-coated
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FIGURE 2 | IgM-BCR-mediated signaling through SYK and PI3K facilitate large particle internalization. (A=C) Proportion of internalization within S. typhimurium™
primary human B cells after treatment with inhibitors of LYN [(A); n = 4], SYK [(B); n = 6] or PIBK [(C); n = 7]. (D) Heatmap of the mean proportion of internalization
within S. typhimurium™ or 3um polystyrene bead™ primary human B cells and Ramos B cells after treatment with inhibitors of LYN, SYK, PI3K, BTK, or AKT. Heatmap
colors indicate effect on internalization. (E) Immunoblot of whole cell extracts from Ramos B cells that were unstimulated (—) or stimulated (+) with S. typhimurium
after incubation with inhibitors of SYK (Piceatannol) or PI3K (LY294002). The blots were probed with specific antibodies for pAKT at S473 and AKT. (F,G) Proportion of
internalization within S. typhimurium™ primary human B cells after treatment with inhibitors of AKT [(F); n = 4 and 9] or BTK [(G); n = 8 and 5]. (H) Representative
images of Ramos B cells expressing GFP-tagged HLA-DOB having internalized S. typhimurium. S. typhimurium-containing phagosomes localize to the
HLA-DOB-containing MHC class ll-antigen loading compartments. Bar, 7ium. (I) Representative plots (top) and quantification (bottom) of the proportion of proliferated
CD4+ T cells after co-culture with S. typhimurium-primed autologous primary human B cells that were treated with inhibitors (n = 7). All data points represent the
mean of an individual experiment with duplicate measurements. Error bars indicate SEM. *P < 0.05; **P < 0.01; n.s., not significantly different by paired t test (A-C, F,
G) or repeated-measures one-way ANOVA with Dunnett’s post-test (I).

particles occurred within 30 min of incubation with primary
human B cells (Figure 1E), confirming earlier observations
(17, 31). To validate this property of the IgM-BCR in large

particle internalization, particles were opsonized with serum
derived complement and/or antibodies to bind complement-
and Fcy receptors expressed by primary human B cells,
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FIGURE 3 | The adaptor protein NCK is required for PI3K activity to facilitate IgM-BCR-induced internalization of large particles. (A) Representative histogram of
CD19 expression in wild type and CD19 KO Ramos B cells. (B) Immunoblot of whole cell extracts from wild type and NCK KO Ramos B cells probed with NCK- or
cofilin-specific (loading control) antibodies. (C) Representative histogram of surface IgM expression in wild type, CD19 KO and NCK KO Ramos B cells. (D,E)
Proportion of internalization within S. typhimurium® CD19 KO (D) and NCK KO (E) Ramos B cells compared with wild type (n = 4). (F,G) Representative histograms
(F) and quantification [(G); left] of the proportion of internalization within S. typhimurium™ wild type, CD19 KO and NCK KO Ramos B cells in time (n = 3). The area
under the curve was obtained to quantify internalization in time [(G); right]. (H-J) Proportion of internalization within S. typhimurium™ wild type (H), CD19 KO (I) and
NCK KO (J) Ramos B cells after treatment with a PI3K inhibitor (n = 4). (K) Immunoblot of whole cell extracts from wild type, CD19 KO and NCK KO Ramos B cells
that were unstimulated (—) or stimulated (+) with S. typhimurium. The blots were probed with specific antibodies against pAKT at S473 and AKT. (L,M) Proportion of
internalization within S. typhimurium™ (L), 3um polystyrene bead™ (N) and soluble anti-lgM+ (M) wild type, CD19 KO and NCK KO Ramos B cells (1 = 2). Each data
point represents the mean of an individual experiment with duplicate measurements. Error bars indicate SEM. *P < 0.05; **P < 0.01; **P < 0.001; n.s., not
significantly different by paired t-test (B, D, G-l) or repeated-measures one-way ANOVA with Dunnett’s post-test (F).

respectively (Figure 1F; Supplementary Figure 2). Interestingly,  (Figure 1H). Together, these data demonstrate that large particle
complement and antibody opsonization both mediate particle internalization by human B cells is specifically induced after
binding (Figure 1G), but did not facilitate internalization IgM-BCR-mediated particle binding.
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SYK and PI3K Are Important Signaling
Components to Mediate
IgM-BCR-Mediated Particle Internalization

To understand the mechanism by which human B cells facilitate
IgM-BCR-mediated internalization of large particles, small
molecule inhibitors that decrease activity of signaling proteins
downstream of the IgM-BCR were used. Two major players
in the signaling cascade downstream of the IgM-BCR include
SRC-family protein tyrosine kinase LYN and SYK, which both
mediate phosphorylation of conserved ITAMs contained within
the cytoplasmic domains of CD79a and CD79b associated with
the IgM-BCR (34, 35). The LYN inhibitor SU6656 did not
affect internalization by primary human B cells (Figure 2A),
whereas the SYK inhibitor piceatannol significantly reduced
internalization (Figure 2B), suggesting that large particle uptake
is SYK-dependent. A well-known signaling protein that becomes
activated after SYK recruitment to the IgM-BCR is PI3K
(36). The PI3K inhibitors PI103 and LY294002 significantly
reduced internalization of large anti-IgM-coated particles in both
primary and Ramos B cells (Figures 2C,D). In line with the
fact that PI3K drives AKT phosphorylation (37), inhibition of
SYK or PI3K abrogated phosphorylation of AKT at S473 after
stimulation with anti-IgM-coated S. typhimurium (Figure 2E).
In contrast, inhibition of AKT did not affect large particle
internalization, indicating that although being activated AKT
is not essential for internalization (Figures 2D,F). In addition,
inhibition of BTK known to amplify the signal from the
IgM-BCR also did not affect large particle internalization,
both in primary B cells and in the Ramos B cell line
(Figures 2D,G). To assess potential involvement of bacterial
virulence factors or pathogen associated molecular patterns
(PAMPs) that may engage additional receptors to affect IgM-BCR
signaling pathways, inert polystyrene beads were coated with
anti-IgM. Anti-IgM-coated polystyrene beads were internalized
by Ramos B cells similar to anti-IgM-coated S. typhimurium
(Figure 2D). Additionally, internalization of polystyrene beads
was equally dependent on SYK and PI3K as compared to anti-
IgM-coated S. typhimurium indicative of a shared mechanism
underlying large particle internalization (Figure 2D). Together,
these data systematically show that IgM-BCR-mediated uptake of
large particles by human B cells is initiated by SYK and requires
activation of PI3K irrespective of downstream signaling through
AKT or BTK.

Inhibition of Large Particle Uptake Impairs
Presentation to CD4* T Cells

Visualization of internalization of large particles by Ramos B cells
revealed that after uptake the particle-containing phagosomes
colocalized with HLA-DOB-containing MHC class II antigen-
loading compartments (Figure 2H). To establish whether large
particle internalization by primary human B cells led to MHC
class II antigen-derived peptide loading and presentation, we
assessed their capacity to stimulate autologous CD41 T cells.
Particle-primed, but not control primary human B cells induced
CD4" T cell proliferation (Figure 2I). Consistent with the
effects on large particle internalization, inhibition of SYK and

PI3K, in contrast to LYN and AKT in primary human B cells
diminished the ability of particle-primed B cells to activate
CD4% T cells (Figure2I). Of note, while BTK inhibition
did not affect antigenic particle internalization (Figure 2G), it
did significantly abolish CD4" T cells activation (Figure 2I),
suggesting that BTK is involved in antigen presentation after
large particle internalization.

Large Particle Induced IgM-BCR Activation
of PI3K Strongly Depends on the Adaptor

Protein NCK

PI3K can be activated through two pathways after IgM-BCR-
mediated recognition of antigen. Direct signaling downstream
of the IgM-BCR is propagated by the adaptor protein NCK
via B cell adaptor for PI3K (BCAP) bound to PI3K (21).
Alternatively, the activation of PI3K has been shown to
be mediated by CD19 as part of the IgM-BCR co-receptor
complex (22-24). To determine which pathway is involved
in PI3K-driven uptake of large anti-IgM-coated particles by
B cells, CD19 and NCK knockout (KO) Ramos B cells
were generated using CRISPR-Cas9 (Figures 3A,B). Plasma
membrane IgM expression was not affected upon CDI19
or NCK KO (Figure3C). Targeting of the large particle
to the co-receptor CD19 did not induce internalization
(Supplementary Figures 3A,B). Remarkably, deletion of NCK
and not CD19 significantly decreased IgM-BCR-mediated uptake
of large anti-IgM-coated particles as compared to wild type
control Ramos B cells (Figures 3D,E). To further assess the
role of CD19 and NCK in the dynamics of large particle
internalization, internalization of IgM-BCR-bound particles was
analyzed in time. In confirmation, absence of NCK strongly
and significantly reduced internalization of large anti-IgM-
coated particles in Ramos B cells at different time points after
particle binding, whereas absence of CD19 did not significantly
affect internalization efficiency, although an inhibitory trend
was visible (Figures 3F,G). In line with the efficient uptake of
large anti-IgM-coated particles in absence of CD19, inhibition
of PI3K still significantly decreased internalization in the CD19
KO Ramos B cells, demonstrating a continued dependence on
PI3K in the absence of CD19 similar to wild type control
(Figures 3H,I). In contrast, inhibition of PI3K along with NCK
KO had no significant effect on large anti-IgM-coated particle
internalization, suggesting that the adaptor protein NCK is
responsible for the recruitment of PI3K into the signalosome
to drive large particle internalization (Figure 3J). Indeed, NCK
KO, but not CD19 KO Ramos B cells exhibit a lack of
phosphorylation of AKT at S473 following stimulation with
large particles, which is indicative of diminished PI3K activity
(Figure 3K). To determine whether the adaptor protein NCK
is required for internalization of large particle in general, the
internalization efficiency of anti-IgM-coated S. typhimurium,
inert anti-IgM-coated polystyrene beads and soluble anti-
IgM were compared. Interestingly, absence of NCK strongly
reduced internalization of both anti-IgM-coated particles,
whereas internalization of soluble anti-IgM was unaffected
(Figures 3L-N; Supplementary Figure 4). Altogether, these data
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FIGURE 4 | IgM-BCR-mediated large particle internalization is an actin-dependent process. (A=C) Proportion of internalization within S. typhimurium® (A,B) or
polystyrene bead™ (C) primary human B cells [(A); n = 9], and Ramos B cells [(B); n =16, (C); n = 5] after treatment with cytochalisin (B). (D) Representative confocal
still-images at different time points imaging internalization of anti-lgM-coated polystyrene beads by Ramos B cells expressing Lifeact-GFP. Arrowhead, clusters of actin
driving internalization. Bar, 10 um. The boxed region at the upper panels is enlarged at the lower panels. Each data point represents the mean of an individual
experiment with duplicate measurements. “*P < 0.01; ***P < 0.0001 by paired t-test.

demonstrate that uptake of large anti-IgM-coated particles, and  actin cytoskeleton organization in mammalian cells, and its
not soluble anti-IgM, by the IgM-BCR requires the adaptor  activity is modulated by various guanine nucleotide exchange

protein NCK. factors (GEFs) and GTPase-activating proteins (GAPs) that
are recruited to phosphorylated lipids produces by PI3K (43—

Actin Polymerization Drives 45). Internalization of large anti-IgM-coated particles was
_ _ . significantly affected in both primary and Ramos B cells
lgM _BCR Medla_ted_Large upon inhibition of RACI activity (Figures 5A,B). To further
Particle Internalization elucidate the role of RAC1 in internalization, a DORA-

We then asked how PI3K induces internalization of large anti-
IgM-coated particles. PI3K is a modulator of actin cytoskeleton
rearrangement, which is important for BCR mobility and
micro cluster formation (12, 38-42). Although disruption
of the actin cytoskeleton by cytochalasin B did not alter
membrane IgM expression (Supplementary Figures 5A-C), it
did significantly decreased internalization of large anti-IgM-
coated particles in primary human B cells and in the Ramos B
cell line (Figures 4A-C). To further assess the role of the actin

based RACI biosensor was used to visualize RACI activity
during internalization (Figure5C). This revealed enhanced
RACI activity near the particle binding site during particle
engulfment, which faded once the particle was fully internalized
(Figures 5D-F). In contrast, RACI activity in the cytosol
was largely unaffected (Figures 5D-F). To establish further
a mechanistic link between upstream NCK-dependent PI3K
recruitment and downstream RACI activity to modulate
actin organization, we performed a pull-down assay with the
cytoskeleton, Ramos B cells expressing Lifeact-GFP were used to biotinylated CDC42/RACI-interactive binding (CRIB) domain

effectively visualize actin cytoskeleton remodeling during large  f pAK1 that binds activated RACI from stimulated cells.
particle internalization. Formation of F-actin containing pod-

like structure that extends the plasma membrane and surrounds
the particle immediately upon contact were visualized using
anti-IgM-coated polystyrene beads. F-actin further accumulated
during uptake and encircled the particle-containing phagosome
long after antigen uptake, which suggests that actin mediates
intracellular antigen trafficking (Figure 4D). These data show
that BCR-induced internalization of large particles is dependent
on actin polymerization.

This analysis validated upregulation of RAC1 activity upon
stimulation with large anti-IgM-coated particles in wild type
Ramos B cells (Figures 5G,H). In contrast, RAC1 activity
was markedly decreased after stimulation of NCK KO Ramos
B cells (Figures 5G,H). Together, these data demonstrate a
requirement for NCK-mediated signaling in BCR-induced
activation of RAC1 during large particle engulfment by
human B cells.

NCK Facilitates RAC1 Activity During DISCUSSION
Internalization of Large Anti-lgM-Coated BCR engagement with antigen initiates two critical cellular

Particles processes in B cells. On the one hand, triggering of the signaling
We established that NCK/PI3K signaling is required for IgM-  receptor induces B cell activation. On the other hand, antigen
BCR-mediated internalization of large particles, which is further ~ encounter promotes internalization and efficient antigen-derived
propagated irrespective of BTK and AKT. How does PI3K  peptide presentation to facilitate an interaction with CD4" T cell
then promote downstream signaling transduction to facilitate  help. Over the past decades it has become evident that CD4™
actin-dependent internalization? The potential involvement of T cell help is essential to the development of high affinity, class
RACI was investigated as RAC1 is a key regulator of the  switched IgG antibody responses (46-52).
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FIGURE 5 | NCK facilitates IgM-BCR-mediated activation of RAC1 subsequent large particle binding. (A,B) Proportion of internalization within S. typhimurium™*
primary human B cells (A) and Ramos B cells (B) after treatment with a RAC1 inhibitor (0 = 5). (C) Schematic illustration of the Cerulean3-CRIB-Venus-RAC1 FRET
sensor. Inactive GDP-bound RAC1 results in a large distance between the two fluorescent proteins without a FRET signal. Active GTP-bound RAC1 binds the
CDC42/RAC T -interactive binding (CRIB) motif of PAK1, which brings the two fluorescent proteins into close proximity resulting in high FRET efficiency. (D) Time-lapse
Venus/Cerulean3 ratio images of the RAC1 DORA biosensor showing spatiotemporal RAC1 activation upon stimulation with anti-lgM-coated S. typhimurium
expressing dsRed (magenta). Bar, 5 um. The boxed region at the upper panel is enlarged at the middle panels. Lower panels show RACT1 biosensor FRET ratio
images with dashed lines marking S. typhimurium localization. Time indicated in minutes. Calibration bar shows RAC1 activation (red) relative to basal RAC1 activity
(blue). (E,F) Representative activation ratio (E) and quantification (F) of the RAC1 biosensor in time. The activation ratio was assessed at the membrane as compared
to the cytoplasm in close proximity to the particle contact area before, during and after S. typhimurium internalization (n = 3 independent experiments). (G,H)
Immunoblot and quantification of GTP-bound RAC1 precipitated from whole cell extracts of wild type and NCK KO Ramos B cells that were unstimulated (—) or
stimulated with anti-lgM-coated S. typhimurium for 5, 10, 20, and 30 min. Total Rac1 levels from whole cell extracts were determined to control precipitation input
(representative of n = 2 independent experiments). Bars depict mean values and error bars are SEM. Each data point represents the mean of an individual experiment
with duplicate measurements. *P < 0.05; ***P < 0.001 by paired t-test.
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In the current study, we aimed to identify the molecular
mechanisms that govern internalization of large particles and
bacteria by human B cells, as this process enables B cells that
recognize one antigen to attract broad T cell help directed
against other antigens in the particle, and yields broad undesired
antibody responses in autoimmunity and blood transfusion. We
present data that demonstrate that human B cells take up large
particles via the IgM-BCR-induced NCK/PI3K/RAC1 axis to
drive actin cytoskeleton modulation, without a requirement for
the co-receptor CD19 (Figure 6). Using our high-throughput
quantitative image analysis approach, we established that
complement and antibodies opsonization both induce large
particle binding, whereas particle internalization was exclusively
achieved when the IgM-BCR is engaged. The ability to
bind complement and/or antibody-opsonized particles is likely
used for antigen transfer. Indeed, non-cognate B cells carry
complement-opsonized antigen on their plasma membrane in a
CR2-dependent manner to transfer and deposit these antigens
onto follicular dendritic cells (FDC) (53). In confirmation
with previous observations, we here demonstrate that IgM-
BCR-mediated large particle internalization is highly dependent
on active transmembrane signaling, which reflects a need
for functional intracellular immunoreceptor tyrosine activation
motifs (ITAMs) (16, 54). By using small molecule inhibitors,
we demonstrate that the signaling protein SYK, and not LYN,
is required for large particle internalization. The observation
that LYN is not essential in IgM-BCR signaling has been made
previously in B cells from lyn~/~ mice that were found to
be hyperresponsive to BCR ligation (55). As strength of the
initial BCR signaling correlates with the stability of clustered
antigenic receptor molecules, our data suggest that upon proper
cross-linking of the IgM-BCR by large particles, signaling can
be transmitted independent of LYN, whereas SYK, the protein
required for the initiation of the multimolecular signalosome that
activates distinct and inter-related signaling pathways, cannot be
bypassed (42). BTK inhibition did not affect internalization of
large particles, whereas it greatly inhibited particle-dependent
CD4™" T cell proliferation. This suggests that BTK regulates
other intracellular processes that are necessary to mount a
proper CD4™ T cell response. Indeed, BTK was found to
promote the rate of BCR internalization and the movement of
the internalized antigen-BCR complex to late endosomes and
peptide presentation in splenic mouse B cells (56). This suggests
that small soluble antigen and large particles require distinct
molecular pathways downstream of the BCR to be internalized,
but once internalized similar molecular events are activated,
that are dependent on BTK and regulate antigen processing
and presentation.

The involvement of the co-receptor CD19 in PI3K
recruitment and its central role in BCR signaling are well-
known (57, 58). Since PI3K activity was key in the internalization
process, the finding that PI3K activity was not profoundly
dependent on CD19 was unexpected. It has been observed
before that CD19 does not fully account for PI3K translocation
to the BCR since PI3K activity is still present in B cells from
CD19~/~ mice after BCR stimulation (59), as also determined
in the current study. Previously, it was shown that BCR

Large particle

Actin
polymerization

FIGURE 6 | Schematic of IgM-BCR-induced PI3K-driven internalization of
large particles. Human B cells internalize large particles though IgM-BCR
activation of PI3K via NCK without profound requirement of the co-receptor
CD19 (dotted arrow). PI3K facilitates internalization though the conversion of
phosphatidylinositol 4,5-biphosphate (PIP») to phosphatidylinositol
3,4,5-triphosphate (PIP3) to recruit guanine nucleotide exchange factors
(GEFs) that modulate RAC1-dependent activation of the actin cytoskeleton.

signaling in response to small soluble antigen is independent
of the co-receptor, whereas CD19 is essential in potentiation
BCR-mediated signaling transduction in response to membrane-
bound antigen stimulation (42). This may suggest that the
co-receptor CD19 is only required for antigen internalization
when the antigen is linked to a membrane. Here we demonstrate
that PI3K-dependent internalization of large anti-IgM-coated
particles is strongly promoted by the adaptor protein NCK,
in line with the recent finding that NCK can also propagate
BCR-mediated activation of PI3K (21). Although, NCK can be
recruited to participate in BCR signaling through the BLNK
complex in B cells (60), Castello and colleagues demonstrate that
NCK is recruited to a non-ITAM phosphorylated tyrosine on the
BCR-associated Iga to participate in BCR signaling in a BTK-
and SYK-independent manner. As large particle internalization
is dependent on SYK, this may suggest that NCK recruitment is
facilitated by the SYK-dependent BLNK route.

It has been described previously that actin cytoskeleton
rearrangements are required for internalization of soluble
antigen (56). We have extended on this observation by showing
that internalization of large particles by human B cells is mediated
by the actin cytoskeleton, as also observed for murine follicular
B cells (16). Furthermore, we show that actin cytoskeleton
rearrangements are modulated by IgM-BCR-induced NCK-PI3K
axis via the small GTPase RACI. PI3K facilitates RAC1 activation
through the generation of lipids that can bind and recruit PH-
domain-containing guanine nucleotide exchange factors (GEFs)
that control RAC1 activation (61). A well-known GEF that might
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be the bridge between PI3K and RACI is VAV, which was shown
to activate RAC1 and regulate cytoskeletal structures after BCR
activation (34, 62). VAV would be of particular interest since
it is the predominant RAC1 GEF expressed in B cells (63) In
addition, other PI3K dependent adaptors such as Bam32 have
been shown to be an important regulator for RAC1 activation and
actin remodeling, warranting future research (64).

In conclusion, we provide evidence for the first time that
internalization of large anti-IgM-coated particles by human B
cells occurs via the SYK/NCK/PI3K/RACI -actin axis, which may
be susceptible to regulation. SYK and PI3K are both targets of
clinically-approved inhibitors that are currently used in clinical
trials against autoimmune thrombocytopenia (ITP), leukemia
and lymphomas (65, 66). It is important to realize that these
patients may be more susceptible to microbial infections due to
reduced B cell humoral immune response against microbes as a
result of the affected ability to internalize large particles and to
attract the CD4™ T cell help required for class switching, somatic
hypermutation, and plasma cell differentiation.
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The serine/threonine kinase phosphatase and tensin homolog (PTEN)-induced putative
kinase 1(PINK1) controls mitochondrial quality and plays a vital role in the pathogenesis
of early-onset Parkinson’s disease. However, whether PINK1 has functions in innate
antiviral immunity is largely unknown. Here, we report that viral infection down regulates
PINK1 expression in macrophages. PINK1 knockdown results in decreased cytokine
production and attenuated IRF3 and NF-kB activation upon viral infection. PINK1
promotes the retinoic-acid-inducible gene | (RIG-I)-like receptors (RLR)-triggered immune
responses in a kinase domain-dependent manner. Furthermore, PINK1 associates
with TRAF3 via the kinase domain and inhibits Parkin-mediated TRAF3 K48-linked
proteasomal degradation. In addition, PINK1 interacts with Yes-associated protein 1
(YAP1) upon viral infection and impairs YAP1/IRF3 complex formation. Collectively,
our results demonstrate that PINK1 positively regulates RIG-| triggered innate immune
responses by inhibiting TRAF3 degradation and relieving YAP-mediated inhibition of the
cellular antiviral response.

Keywords: PINK, RLR, TRAF3, ubiquitination, YAP1, antiviral immune response, macrophages, IRF3

INTRODUCTION

As the host’s first line of defense, innate immunity detects, and fights against pathogen invasion.
The recognition of viral infection by the innate immune system depends on germline-encoded
pattern-recognition receptors, including TLRs (Toll-like receptors), RLRs (retinoic-acid-inducible
gene I (RIG-I)-like receptors), Nod-like receptors, and DNA sensors (1, 2). TLRs (TLR3, TLR7/8,
and TLR9) recognize virus-derived RNA and DNA in the endosome. The RLR members RIG-I
and MDA5 (melanoma differentiation-associated gene 5) sense viral RNAs in the cytoplasm,
whereas cGAS (cyclic GMP-AMP synthase) is responsible for the recognition of viral DNA in the
cytoplasm (3, 4).

RIG-I, the most important RLR family member, recognizes viral RNA such as vesicular
stomatitis virus (VSV), respiratory syncytial virus (RSV), and Sendai virus (SeV) and induces IFN-f
production (5). After recognition of invading viruses, RIG-I recruits adaptors, including MAVS,
TRAF3, and results in TRAF3 ubiquitination, which provides docking sites for the formation of
the TBK1/IKKe complex. The activated complex subsequently phosphorylates the transcription
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factors IRF3/IRF7 and induces the nuclear translocation of
IRF3/IRF7 dimers to trigger type I IFNs and proinflammatory
cytokine production (6). Aberrant RLR signaling is associated
with autoimmune and/or inflammatory diseases such as
systemic lupus erythematosus (3), chronic obstructive
pulmonary disease (COPD) (7); hence, moderate activation
of RLRs signaling is critical for efficient viral clearance without
harmful immunopathology.

PINKI1 [phosphatase and tensin homolog (PTEN)-induced
putative kinase 1] is a serine/threonine kinase that is responsible
for the pathogenesis of early-onset Parkinson’s disease (PD)
(8). PINK1 can act upstream of Parkin to remove damaged
mitochondria via mitophagy (9). Aside from its role in
neurodegeneration and mitophagy, PINK1 has multiple distinct
functions in regulating cell metabolism, cancer development and
inflammation (10). PINK1 can promote hepatic insulin resistance
(IR) via JNK and ERK signaling in palmitate (PA)-treated
HepG2 cells (11). PINKI suppresses MDV (mitochondrial-
derived vesicles) formation and MitAP (mitochondrial antigen
presentation) provoked by inflammation (12). PINKI1 has also
been implicated in liver inflammation due to hepatitis B (HBV) or
C virus (HCV) infection (13-15). In addition, a review discussed
the neurological sequelae of infection by viruses known to induce
parkinsonism, including influenza virus, Coxsackie, Japanese
encephalitis B, and HIV viruses (16). Recent epidemiologic
studies have revealed that patients with HCV infection might be
at an increased risk of PD (17, 18). These data suggest that virus
infection might be involved in the pathogenesis of PD. However,
the role of PINKI in antiviral immunity has not been reported.

Here, we report that viral infection downregulates PINK1
expression in macrophages. PINKI1 enhances RLR-triggered
type I interferon and proinflammatory cytokine production
in a kinase domain dependent manner. PINKI1 associates
with TRAF3, inhibiting TRAF3 proteasomal degradation after
conjugation to K48-linked ubiquitin by Parkin. Furthermore,
PINKI inhibits the interaction between Yes-associated protein 1
(YAP1) and IRF3, leading to increased IRF3 activation. Our data
demonstrate that PINK1 functions as a positive regulator of the
antiviral immune response by regulating TRAF3 degradation and
YAP1/IRF3 complex formation.

MATERIALS AND METHODS

Cells and Virus Infection

RAW264.7 macrophages and HEK293T cells were obtained
from the American Type Culture Collection (ATCC, Rockville,
MD, USA) and maintained in DMEM supplemented with 10%
fetal bovine serum (FBS). For stable cell lines, RAW264.7
macrophages were transfected with jetPRIME reagent (Polyplus)
according to manufacturer’s instructions, and then were selected
with puromycin (8 Lg/ml) and pooled for further experiments.
For mouse peritoneal macrophages, C57BL/6 mice (6-8 weeks
old) were intraperitoneally injected with thioglycollate (Sigma).
Three days later, abdominal cells were collected and cultured
in RPMI-1640 medium with 10% FBS, then adhered peritoneal
macrophages were subjected for successive experiments. Mice
were housed in pathogen-free conditions. All animal experiments

were approved by the Animal Review Committee of Zhejiang
University School of Medicine and were in compliance with
institutional guidelines.

Primary macrophages were infected with RSV (kindly
provided by Dr. Qingqing Wang, Zhejiang University School
of Medicine, MOI = 10), VSV (MOI = 1), and herpes simplex
virus (HSV) (MOI = 10) (kindly provided by Dr. Xiaojian Wang,
Zhejiang University School of Medicine). HEK293T cells were
infected with VSV (MOI = 0.1). MOIs were selected as described
previously (19). The cells or supernatants were harvested for
immunoblotting assays or ELISA. All experiments using viruses
were conducted in a biosecurity level 2 laboratory approved by
School of Basic Medical Sciences, Zhejiang University.

Plasmids, Transfection, and RNA

Interference

Plasmids expressing PINK1 (RC206970), Parkin (RC221147),
and TRAF3 (RC201106) were purchased from Origene
Technologies (Rockville, MD, USA). The vector of these
plasmids is pCMV6 Entry with C-terminal Myc/DDK (Flag)
tags. Mutants PINK1AKD and PINK1 L347P were amplified
by PCR from full-length PINKI cDNA using a MutanBest
kit (TaKaRa). Plasmids expressing HA-IRF3, GFP-TRAF3,
HA-Ub and Flag-YAP1 were provided by Dr. Huazhang An
(Second Military Medical University, Shanghai). The plasmids
were transfected into RAW264.7 and HEK293T cells using
jetPEI (Polyplus, Illkirch, France). PINKI1- specific siRNA was
transfected into primary macrophages using Lipofectamine
RNAIMAX (Thermo Fisher Scientific, Waltham, MA, USA)
according to the standard protocol. PINK1 siRNA (5'- CCA
GGC GGU AAU UGA CUA TT-3/, 5'- UAG UCA AUU ACC
GCA CUG GTT-3') was from GenePharma (Shanghai, China).

Generation of PINK1 Knockout Cells
CRISP/Cas9 guide RNA targeting sequence for mouse Pinkl
was designed using the MIT online tool (http://crisp.mit.
edu). The CRISPR plasmid pEP-330x (kindly provided by Dr.
Xiaojian Wang, Zhejiang University School of Medicine)
contains expression cassettes of Cas9 and puromycin
resistant gene. gRNA targeting the exons of PINKI was
GAGGTCACTGCTCCAGCGAG and inserted into the pEP-
330x vector, and then co-transfected into RAW264.7 cells using
jetPEI for 48 h. Then puromycin (8 pg/ml) (Sigma-Aldrich) was
used for selection in RAW264.7 cells. Individual clones were
isolated by limiting dilution cloning, and knockout of PINK1
was confirmed via western blotting.

Antibodies

Antibodies against phosphorylated and total IRF3, IKKe,
TBK1, NF-kB p65, ERK, JNK, and p38 were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-TRAF3,
anti-B-actin, and HRP-conjugated secondary antibodies were
from Santa Cruz. Anti-Myc, anti-Flag, anti-HA, and anti-
GFP were from Origene. Anti-PINKI1, anti-Parkin, and anti-
YAP1 were from Abcam Biotechnology (Cambridge, UK).
Anti-K48-ubiquitin and anti-K63-ubiquitin were from Millipore
(Kenilworth, USA).

Frontiers in Immunology | www.frontiersin.org

May 2019 | Volume 10 | Article 1069


http://crisp.mit.edu
http://crisp.mit.edu
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhou et al.

PINK1 Positively Modulates RLR Signaling

RNA Isolation and Real-Time Quantitative
PCR (Q-PCR)

Total RNA was isolated from cells with TRIzol reagent (Takara)
following the manufacturer’s directions. cDNA was generated
from total RNA using reverse transcriptase (Takara). SYBR
RT-PCR kits (Takara) were used for quantitative real-time
PCR analysis as described (20). The primers used for mRNA
analysis are listed in Table 1. Gapdh and B-actin were used as
housekeeping genes for human and mouse samples, respectively.
Quantitative normalization of target mRNA expression was
performed for each sample using housekeeping gene expression
as an internal control.

ELISA

Cell supernatants were collected and mouse II-6 (eBioscience,
Thermo Fisher Scientific) and IFN-B (Biolegend, San Diego, CA)
levels were determined according to manufacturer’s instructions.
The ELISA plates were read on a microplate reader. The
results were calculated as the difference between the absorbance
at 570nm and the absorbance at 450 nm. Quantification was
performed according to the standard curve as described in the
manufacturer’s instructions.

Immunoblotting and Immunoprecipitation
Cells were lysed using cell lysis buffer containing protease
inhibitor “cocktail” (Cell Signaling Technology). The protein
concentrations in the extracts were measured using the BCA
assay (Thermo Fisher Scientific). For immunoblotting, equal
amounts of extracts were separated by SDS-PAGE, transferred
onto polyvinylidene fluoride membranes (Millipore), and then
probed with the indicated antibodies. For immunoprecipitation,
the supernatants were incubated overnight with specific
antibodies at 4°C overnight, then incubated with protein A/G
Sepharose (sc-2003, Santa Cruz) for another 2 h. The beads were
washed four times with cold PBS containing 0.05% Tween-20,
and immunoprecipitates were eluted with loading buffer. p-
actin levels in total cell lysates were measured to show equal
protein loading.

TABLE 1 | Primers for Real-time quantitative PCR.

5'- CAAGAGAGGTCCCAAGCAAC—3
5'- GGCAGCACATCAGGGTAGTC—-3
5/-ATTCCACCCATGGCAAATTC-3
5/-GGATCTCGCTCCTGCAAGATG-3'
5'- GAGCAGACTCCCAGTTCTCG—-3
5/-GTCCCACTCCACAAGGATGT-3
5'- AGTGTGACGTTGACATCCGT-3'
5'-GCAGCTCAGTAACAGTCCGC-3
5/-TAGTCCTTCCTACCCCAATTTCC-3/
5'-TTGGTCCTTAGCCACTCCTTC-3
5'- ATGAGTGGTGGTTGCAGGC—3
5'- TGACCTTTCAAATGCAGTAGATTCA-3
5'- ACGGCGTACTTCCAGATGG-3/

5/- CTCGGTTCAAGATCCAGGT-3

Human pink1 forward primer
Human pink1 reverse primer
Human gapdh forward primer
Human gapdh reverse primer
Mouse pink1 forward primer
Mouse pink1 reverse primer
Mouse actin forward primer
Mouse actin reverse primer
Mouse il-6 forward primer
Mouse il-6 reverse primer
Mouse IFN-g forward primer
Mouse IFN-B reverse primer
VSV-G forward primer
VSV-G reverse primer

Immunofluorescence Staining

HEK293T cells grown on coverslips were infected or uninfected
with VSV at 4 h. To label mitochondria, 100 nM MitoTracker™
Red CMXRos (Invitrogen) was added to the medium for
25min at 37°C. Cells were washed with PBS and fixed with
2% paraformaldehyde, permeabilized with 0.1% Triton X-100,
blocked with 5% BSA, and stained with mouse anti-PINK1
and rabbit anti-TRAF3, anti-YAP1 antibody, followed stained
with Alexa Fluor 488 anti-mouse and Alexa Fluor 594 anti-
rabbit secondary antibody, to detect co-localization of PINK1
with TRAF3, YAP1, or Mitochondria. The co-localization was
detected with Zeiss LSM 880 with AiryScan.

Human Peripheral Blood Samples

A total of 38 peripheral blood samples of bronchiolitis with
RSV infection were collected from Children’s Hospital, Zhejiang
University School of Medicine, China. An additional 21 control
blood samples were obtained from healthy children. RSV
infection was confirmed by RSV antigen tests of nasopharyngeal
aspirates. Other antigens (influenza virus, parainfluenza virus,
metapneumovirus, and adenovirus antigens) or microbiological
tests, including blood cultures, protein-purified derivative
test, and serology for Chlamydia pneumonia, Mycoplasma
pneumonia, and Legionella pneumophila, were performed
to exclude other common respiratory tract infection and
tuberculosis. Detailed patient information is shown in Tables 2,
3. The ethics committee of Children’s Hospital, Zhejiang
University School of Medicine approved the study. Written
informed consent was obtained from at least one guardian for
each patient before enrollment.

Peripheral blood mononuclear cells (PBMCs) were isolated
by Ficoll density gradient centrifugation (Sigma) following
the manufacturers instructions, stored at —80°C as cell
pellets until RNA isolation was performed. The data were
analyzed anonymously.

Statistical Analysis

Statistical significance between groups was determined using
two-tailed Students t-test and two-way ANOVA. P-values of
<0.05 were considered statistically significant.

TABLE 2 | Basic information of human peripheral blood samples about healthy
control and pediatric patients with RSV infection from Children’s Hospital.

Normal RSV patients
control n = 21 n =38
AGE(MONTHS)
<3 10 26
3-6 6
>6 5
GENDER
Male 14 28
Female 7 10

Twenty-one control blood samples were obtained from healthy children. A total of
38 peripheral blood samples of bronchiolitis with RSV infection were collected from
Children’s Hospital.
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TABLE 3 | The detailed information of RSV-infected patients.

Number Gender Age Grade of infection RSV antigen test Clinical symptom
Cough Short of breath Fever

1 Male 1M24D Mild + + + -
2 Female 2M10D Mild + + + -
3 Female 6M13D Mild + + + -
4 Female 2M26D Mild + + + -
5 Female 3M19D Mild + + + -
6 Male 6M8D Mild + + + +
7 Female 3M5D Mild + + - _
8 Male 1M11D Mild + + + -
9 Male 4M18D Mild + + + -
10 Male 3M3D Mild + + + -
11 Male 2M3D Mild + + + -
12 Male 8M17D Mild + + + .
13 Male 9M9D Mild + + + .
14 Male 2M11D Mild + + + -
15 Male om8D Mild + + + -
16 Male 2M8D Mild + + + -
17 Male 2M21D Mild + + + -
18 Male 1M4D Mild + + + -
19 Female 1M8D Mild + + - -
20 Male 4M2D Mild + + + -
21 Female 1M28D Moderate + + + -
22 Male 2M20D Moderate + + + -
23 Male 2M2D Moderate + + + +
24 Male 2M5D Moderate + + + -
25 Male 2M7D Moderate + + + -
26 Male 2M29D Moderate + + 4 _
27 Male 1M4D Moderate + + + -
28 Male 4M4D Moderate + + + -
29 Female 4M21D Moderate + + + -
30 Male 2M29D Moderate + + + -
31 Male TM10D Moderate + + + -
32 Male 1M20D Moderate + + + -
33 Female 1M23D Moderate + + + -
34 Male 1M14D Moderate + + + -
35 Male 1M14D Moderate + + + -
36 Male 1M4D Severe + + + -
37 Male 2M24D Severe + + + +
38 Female 1M21D Severe + + + +

Additional information for all patients:
In the age group, “Y” is year, “M” is month, “D” is day.

The tests for other viral antigens are negative, including influenza virus, parainfluenza virus, metapneumovirus, and adenovirus.
The tests for other respiratory tract infection, including tuberculosis, Chlamydia pneumoniae, Mycoplasma pneumonia, and Legionella pneumophila are negative.

RESULTS

RNA and DNA Viral Infection Down
Regulates PINK1 Expression in

Macrophages

To investigate whether PINKI is involved in host antiviral innate
immune response, we detected PINKI1 expression in primary
mouse peritoneal macrophages (PMs) infected with RNA viruses,

including VSV and RSV, and DNA virus, HSV. As shown in
Figure 1A, PINKI mRNA expression was down-regulated after
VSV, RSV, or HSV infection in PMs. Consistent with the mRNA
result, Western blotting showed that PINK1 protein expression
was attenuated upon VSV infection (Figure 1B). Moreover,
PINK1 expression was decreased in RAW264.7 macrophage cell
line (Figure 1C). We further recruited a cohort of peripheral
blood samples from 38 pediatric patients with RSV infection and
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FIGURE 1 | Virus infection down regulates PINK1 expression in macrophages. (A) Q-PCR analysis of PINK1 mRNA expression in mouse peritoneal macrophages
(PMs) (8 x 105) infected with VSV (MOI = 1), RSV (MOI = 10), or HSV (MOI = 10), respectively, for indicated hours. (B) Immunoblot analysis of PINK1 protein
expression in mouse peritoneal macrophages (3 x 106) infected with VSV for indicated hours. Numbers below lanes (top) indicate densitometry of the presented
protein relative to B-Actin expression in that same lane (below). (C) Q-PCR analysis of PINK1 mRNA expression in RAW264.7 cells (1 x 105) infected with VSV for
indicated hours. (D) Q-PCR analysis of PINK1 mRNA expression in peripheral blood mononuclear cells (PBMCs) of 38 pediatric patients with RSV infection and 21
healthy children. Data are mean + SD. Similar results were obtained in three independent experiments.”p < 0.05, *p < 0.01, compared with control.

21 healthy control children from Children’s Hospital of Zhejiang
University School of Medicine. Downregulated PINK1 mRNA
expression was also observed in peripheral blood mononuclear
cells (PBMCs) from patients compared with that in the healthy
group (Figure 1D). Taken together, these data indicated that
PINKI expression might be correlated with the host antiviral
immune response.

PINK1 Knockdown Inhibits Virus-Triggered

Cytokines Production in Macrophages

To investigate the role and functional significance of PINK1
in the host antiviral innate immune response, we silenced
PINKI expression with small interfering RNA in mouse
peritoneal macrophages, followed by infecting with different
viruses. Western blotting confirmed that PINK1 expression was
significantly downregulated in macrophages transfected with
PINK1-specific siRNA (Figure 2A). QPCR and ELISA analysis
revealed that IFN-f expression was significantly decreased
after VSV infection. Proinflammatory cytokine IL-6 expression
was also downregulated in PINK1-knockdown macrophages
infected with VSV (Figure 2B). Infection with different VSV
(MOI) doses in macrophages induced similar decreases in
IEN-B expression (Figure 2C). In addition, downregulation of
IFN-f and IL-6 expression in PINKI-silenced macrophages
was validated by QPCR and ELISA analysis in macrophages
infected with another RNA virus, RSV, and a DNA virus, HSV

(Figures 2D,E). Furthermore, infection with VSV in PINKI1
knockout macrophages showed similar statistically significant
decreases in IFN-$ and IL-6 expression (Figure 2F). These data
demonstrated that PINK1 knockdown suppressed virus-induced
type I interferon and proinflammatory cytokine production. We
therefore focused on the regulatory role of PINK1 in RNA virus-
induced innate immune response.

PINK1 Promotes RLR-Triggered IRF3 and
NF-kB Activation

Upon RNA virus infection, transcription factors such as
IRF3, NF-kB, and ATF2-c-Jun are activated and recruited
to initiate type I interferon and proinflammatory cytokine
transcription (21, 22). To elucidate the underlying mechanism
by which PINKI mediates RNA virus-induced cytokines
production, we observed the effect of PINKI1 knockdown
and overexpression on IRF3 and NF-kB activation in
macrophages. PINKI-specific siRNA significantly inhibited
VSV-induced phosphorylation of IRF3, NF-kB subunit
p65, and upstream IKKe in peritoneal macrophages. TBK1
phosphorylation was not affected by PINK1 knockdown.
However, downregulation of p65 and IKKe might partly
result from decreased p65 and IKKe total protein expression
(Figure 3A). Consistent with these results, IRF3, p65, and
IKKe phosphorylation was enhanced in PINK1-overexpressing
RAW264.7 cells compared with control cells (Figure 3B). The
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FIGURE 2 | PINK1 knockdown or knockout suppresses virus-induced type | interferon and proinflammatory cytokine production. Mouse peritoneal macrophages
(PMs) were transfected with 30 nM scrambled negative control siRNA (siNC) or PINK1 siRNA (siPINK1) for 48 h. PINK1 knockout RAW264.7 macrophages
(PINK1~/~) were generated using CRISPR/Cas9 gene-editing system. (A) Immunoblot analysis of PINK1 expression level in PMs with PINK1 knockdown, or
RAW264.7 cells with PINK1 knockout. (B) gPCR analysis of IFN-B mRNA expression in PMs infected for indicated MOls with VSV for 6 h. (C-E) gPCR and ELISA
analysis of IFN-B and IL-6 levels of in PMs infected with VSV, RSV, or HSV, respectively, for indicated hours. (F) gPCR analysis of IFN-B and IL-6 levels in wild type
(PINK1+/+) and PINK1 knockout cells (PINK1~/~) RAW264.7 cells infected with VSV for indicated hours. Data are mean + SD and are representative of three
independent results. “p < 0.05, *p < 0.01, compared with control.

mitogen-activated protein kinases JNK and p38 mediate
activation of the ATF2-c-Jun heteodimer in the virus-
induced cytokines response (21). Pinkl knockdown slightly
inhibited the VSV-induced MAPK activation. However, MAPK
phosphorylation except ERK was not significantly affected by
PINK1 overexpression in macrophages (Figures 3A,B). These
data demonstrated that PINK1 might mediate RLR-triggered
immune response by regulating molecules upstream of IRF3
and NF-kB.

PINK1 Associates With TRAF3 and IRF3
After RLR Activation

To further investigate the underlying mechanisms by which
PINK1 positively regulates RIG-I triggered signaling, we

investigated potential PINK1 target proteins in the RIG-I
signaling pathway in mouse peritoneal macrophages. The
primary upstream signal adaptors of RIG-I signaling, such
as RIG-I, MAVS, TRAF3, TBKI1, IRF3, were detected in
immune complexes precipitated with an anti-PINKI1 antibody.
PINK1 physically interacted with endogenous TRAF3 in
resting primary mouse peritoneal macrophages, and this
interaction was enhanced upon VSV infection, whereas the
interaction between PINKI and IRF3 was only detected after
VSV infection. In addition, the association of PINKI1 with
Parkin, an E3 ubiquitin-ligase, was detected in both resting and
stimulating macrophages. However, PINK1 did not detectably
associate with RIG-I, MAVS, or TBK1 (Figure 4A). We further
detected the interaction between PINK1 and TRAF3 or IRF3
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FIGURE 3 | PINK1 promotes RLR-triggered IRF3 and NF-kB activation in macrophages. Mouse peritoneal macrophages transfected with 30 nM scrambled negative
control siRNA (siNC) or PINK1 siRNA (A), or RAW264.7 cells transfected with plasmids encoding Myc-PINK1 (B), were infected with VSV for indicated hours.
Phosphorylated or total proteins in lysates were detected by western blot. Numbers below lanes (top) indicate densitometry of the presented protein relative to g-Actin
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in HEK293 cells. Consistent with the result in macrophages,
exogenously expressed Myc-PINK1 efficiently interacted with
Flag-TRAF3 or HA-IRF3 (Figures 4B,C). The co-localization
of PINK1 and TRAF3 was observed in the cytosol in both
VSV uninfected or infected HEK293T cells. Furthermore,
subcellular ~ co-localization analysis showed that PINKI
colocalized with the motichondrial marker (MitoTracker).
Additionally, viral infection had no significant effect on the
co-localization of PINK1 and mitochondria (Figure4D).
Collectively, these results indicated that PINK1 regulated
RLR-triggered IRF3 and NF-kB activation possibly by targeting
TRAF3 and IRF3, and PINKI colocalized with TARF3 in the
cytosol mitochondria.

PINK1 Promotes RLR-Triggered Immune
Response via Kinase Domain Dependent

Manner

PINK1 contains an N-terminal mitochondrial targeting
sequence (MTS), a transmembrane domain (TMD), and a
central highly conserved serine-threonine kinase domain
(KD). To determine whether PINKI1 interacts with TRAF3
and promotes RLR-triggered immune response via its kinase
domain, we constructed two mutations: PINKIAKD, which
lacks kinase domain and PINK1 L347P, which is reported
to exhibit low protein stability and reduced kinase activity
in cells (23, 24). Binding analysis revealed that both PINK1
wild type (WT) and PINK1 L347P interacted with TRAF3
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in HEK293T cells in a VSV-infection independent manner,
whereas the kinase domain-deleted PINKIAKD mutant
did not (Figure5A). PINKI(c-tagged) WT plasmid shows
an intact band of full length protein at about 70 kDa
and a major degradation product at about 60 kDa. L347P
mutation mainly shows degradation band (23). PINK1
WT stable RAW264.7 cells mainly express 70 kDa band,
whereas L347P mutation stable cells express much more
60 kDa degradation band (Figure5B). Furthermore, the
antiviral function dependent on the induced expression
of type I interferon and proinflammatory cytokine by
PINK1 was abolished in both PINKIl-mutated cells
(Figures 5B,C).Taken together, these data suggested that
PINK1 promoted RLR-triggered immune response in a kinase
domain-dependent manner.

PINK1 Inhibits Parkin-Mediated
K48-Linked TRAF3 Ubiquitination

Ubiquitination is a versatile posttranslational modification that
plays important roles in antiviral immune response. TRAF3 is
reported to be modified with a poly-ubiquitin chain to provide
a scaffold for adaptor complex formation in RIG-I signaling
(25, 26). PINKI1 plays neuroprotective roles against dysfunctional
mitochondria by recruiting Parkin, a cytosolic E3 ubiquitin
ligase (27). Based on the interaction of PINK1 with TRAF3 and
Parkin, we analyzed the effect of PINKI on TRAF3 expression
and ubiquitination. We detected the effect of PINKI expression
on TRAF3 protein expression in response to VSV infection.
PINK1 knockdown resulted in lower TRAF3 expression in mouse
peritoneal macrophages following VSV infection (Figure 6A).
Consistent with the knockdown results, PINK1 overexpression
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yielded higher basal TRAF3 expression levels and increased
TRAF3 protein expression in RAW264.7 macrophages after
VSV infection (Figure 6B). Considering that PINK1 interacts
with Parkin in a VSV infection-independent manner in
macrophages (Figure 4A), we investigated whether PINKI
regulates TRAF3 expression via ubiquitination. Compared
with transfection using empty vector, Parkin overexpression
increased the K48-linked ubiquitination of TRAF3 in both
resting and VSV-infected HEK293 cells. However, PINKI
overexpression caused substantial loss of K48 ubiquitination
in a dose-dependent manner. Parkin did not affect K63-linked
ubiquitination (Figure 6C). At the same time, the presence of
PINK1 downregulated Parkin expression (Figure 6C). These
results suggested that PINKI regulated TRAF3 protein levels
through K48-linked proteasomal degradation, likely due to
reduced Parkin expression.

PINK1 Inhibits the Interaction of YAP1 With
IRF3

PINK1 is reported to be a positive regulator of cell cycle
progression (28), while YAP1 is a transcriptional activator of
the Hippo signaling pathway, which promotes cell growth and
inhibits apoptosis (29). Recently, YAP1 was identified as a
negative regulator of innate immunity by interacting with IRF3
to impair dimmer formation and nuclear translocation after viral
infection (30). This finding led us to investigate whether PINK1
regulates the RIG-I pathway via YAP1 upon RNA virus infection.
PINKI1 interacted with endogenous YAP1 in resting macrophage,
and the association was significantly increased by VSV infection
for 4h (Figure 7A). Immunoflurescence analysis showed that
PINKI colocalized with YAP1 in both resting and VSV infected
HEK293T cells (Figure 7B). Further study revealed that PINK1
did not interfere with the interaction between YAP1 and IRF3
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blot. Numbers below lanes (top) indicate densitometry of the presented protein relative to p-Actin expression in that same lane (below). (C) HEK293T cells were
transfected with GFP-TRAF3, HA-Ub, Flag-Parkin, and varying doses of Flag-PINK1 (0, 0.5, and 1 pg) and infected with VSV for 4 h. Cells were treated with MG132
(10 uM) and harvested for immunoblot analysis of K48-Ub and K63-Ub immunoprecipitated with antibody to GFP tag. Data are representative of three independent
experiments.

in resting HEK293 cells. The exogenous YAP1/IRF3 complex
was more easily detected in HEK293 cells 6h after infection
with VSV. However, the association was almost undetectable
in cells overexpressing PINK1 (Figure 7C). In addition, PINK1
knockdown only affected YAP1 phosphorylation at Ser127 after
VSV infection for 8 h (Figure 7D). These findings demonstrated
that PINK1 positively regulated RIG-I signaling at least partly by
impairing the interaction of YAP1 with IRF3 and liberating IRF3
from YAP1-mediated inhibition.

DISCUSSION

Mutations in PINKI and Parkin are the two most common
causes of early-onset, recessively inherited PD (8, 31). Immune

dysregulation, including the upregulation of inflammatory
gene expression, has long been considered a hallmark of
PD. Numerous viruses can enter the nervous system and
induce a variety of encephalopathies, including parkinsonism
(16). However, the precise role of PINKI in antiviral innate
immune responses, as well as its crosstalk with the TLR, RLR
signaling pathway is poorly understood. In the present study, we
have shown that PINK1 positively regulates the RLR-triggered
antiviral immune response by inhibiting TRAF3 degradation and
YAP1/IRF3 complex formation (Figure 8). To our knowledge,
this is the first report to link PINK1 and RLR signaling.

Viruses use different strategies to escape host antiviral
immunity and support persistent viral infection and spread (32).
Some IAV (Influenza A virus) strains control innate antiviral
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defense by binding to Riplet and inhibiting Lys63-linked RIG-
I polyubiquitylation by NS1 protein (33). An epidemic strain of
DENV (Dengue virus) isolated in Puerto Rico has been shown
to sustain RIG-I signaling by binding to TRIM25 in a sequence-
specific manner and inhibiting its deubiquitylation (34). Here we
observed decreased PINK1 expression in PBMCs from pediatric
patients infected with RSV compared with those from healthy
children. PINK1 expression was also downregulated in primary
macrophages infected with DNA and RNA viruses. These data
suggest that PINK1 expression might be correlated with the host
antiviral immune response.

TRAF3 plays a pivotal role in RLR-triggered IRF3 activation
and subsequent type I interferon and proinflammatory cytokine
production (35). PINKI1 positively regulates the antiviral immune
response through enhanced association with TRAF3 and IRF3
upon virus infection, which promotes IRF3 phosphorylation and
results in increased IFN-B and IL-6 transcription. Furthermore,
PINK1 associates with TRAF3 and promotes RIG-I triggered
cytokine transcription in a kinase domain-dependent manner.
However, macrophages overexpressing the AKD and L347P
PINK1 variants displayed much lower IFN-B expression and

subsequently much higher VSV-G mRNA compared with
control cells. PINK1 mutants might reduce E3 ligase activity,
leading to increased susceptibility to stress and accumulation
of un/misfolded proteins in cells, eventually leading to cell
death (36). Thus, the lower IFN-§ expression in PINK1 mutant-
overexpressing cells upon VSV infection might be associated with
un/misfolded proteins such as Parkin recruitment and cell death.
Further studies are therefore needed to examine the cell viability
of macrophages overexpressing PINK1 mutants.

Ubiquitination of adaptor proteins is one of the most
versatile posttranslational regulations and is widely involved
in the precise modulation of antiviral response activity (26,
37). E3 ubiquitin ligases, such as TRIM23, TRIM29, were
involved in posttranslational modification of NEMO or MAVS
by ubiquitination to regulate antiviral immune response (38-40).
TRAF3 maintains its activity in a suitable state by undergoing
K48- and K63-linked ubiquitination after viral stimulation (41,
42). We detected an association between PINK1 and TRAF3 in
resting macrophages, which was enhanced upon VSV infection.
However, PINK1 does not belong to any known ubiquitin
ligase families. In the mitophagy pathway, the ubiquitin-like
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FIGURE 8 | PINK1 positively regulates the RLR-triggered antiviral immune
response by inhibiting TRAF3 degradation and relieving YAP-mediated
inhibition of the cellular antiviral response. (1) Virus infection down-regulates
PINK1 expression in macrophages. (2) PINK1 promotes RLR-triggered IRF3
activation via inhibiting Parkin-mediated K48-linked ubiquitination of TRAF3, (3)
and PINK1 inhibits YAP1/IRF3 complex formation, which ultimately promotes
RIG-I triggered antiviral immune response.

domain (UBL) of Parkin is a crucial substrate of PINK1 that is
phosphorylated at Ser65 (43, 44). Recently, Parkin was reported
to be a negative regulator of antiviral signaling pathway by
targeting TRAF3 for degradation (45). Xiong et al. reported that
PINKI expression not only regulates Parkin E3 ligase activity but
also promotes the degradation of Parkin substrates, including
Parkin itself (36). Our results showed that PINK1 promoted
TRAF3 expression upon viral infection, likely due to PINKI-
mediated Parkin degradation and repressed Parkin-mediated
TRAF3 K48-linked ubiquitination, leading to decreased TRAF3
degradation. Our data suggest that PINK1 regulate TRAF3
degradation in response to viral stimulus, possibly by promoting
Parkin degradation, to precisely modulate the immune response.

YAP functions as a transcriptional regulator of organ-size
control and tissue homeostasis (46). Park2 (Parkin) was identified
as a YAP target gene and was upregulated in SalvCKO TRAP-
seq (47). Hippo deficient cardiomyocytes showed increased

expression of stress response genes including the quality control
gene of mitochondria, Park2 (Parkin) (48). Wang et al. reported
that YAP can negatively regulate antiviral innate immunity by
interacting with IRF3 and impairing IRF3 dimer formation and
subsequent nuclear translocation (30). Considering that PINK1
binds IRF3 after viral infection in macrophages, we speculate
that YAP1 might be involved in the PINKI1-mediated antiviral
innate immune response. In this study, we found that PINK1
disrupted the binding between YAPI and IRF3 following VSV
infection. PINK1 knockdown only affect the phosphorylation
of YAP at Ser127 at 8h upon VSV infection (Figure 3C).
YAP phosphorylation at Ser403 is critical for IKKe-mediated
YAP lysosomal degradation and dissociation of YAP from IRF3
(30). Whether PINK1 affect YAP1 phosphorylation at Ser403
and thus impair the interaction between YAPI and IRF3 is
worthy of further study. Our data suggest that PINK1 promotes
VSV-triggered RLR signaling at least partly by inhibiting the
association of YAPI and IRF3.

In conclusion, our data offer insights into PINK1 and Parkin
function in antiviral innate immune response. In addition
to mitochondrial quality control, PINK1 positively regulates
the RIG-I triggered innate immune response by inhibiting
TRAF3 degradation and relieving YAP-mediated inhibition of the
cellular antiviral response.
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Human Toll-like Receptor 8 (TLRS8) Is
an Important Sensor of Pyogenic
Bacteria, and Is Attenuated by Cell
Surface TLR Signaling

Siv H. Moen "2, Birgitta Ehrnstr6m >3, June F. Kojen "2, Mariia Yurchenko "2,
Kai S. Beckwith 2, Jan E. Afset?*, Jan K. Damas ">°, Zhenyi Hu®, Hang Yin®,
Terje Espevik'? and Jorgen Stenvik "23*

" Centre of Molecular Inflammation Research, Norwegian University of Science and Technology, Trondheim, Norway,

2 Department of Clinical and Molecular Medicine, Norwegian University of Science and Technology, Trondheim, Norway,
3 Department of Infectious Diseases, Clinic of Medicine, St. Olavs Hospital HF, Trondheim University Hospital, Trondheim,
Norway, * Clinic of Laboratory Medicine, St. Olavs Hospital HF, Trondheim University Hospital, Trondheim, Norway,

° Department of Chemistry and Biochemistry and BioFrontiers Institute, University of Colorado Boulder, Boulder, CO,
United States, ° School of Pharmaceutical Sciences, Tsinghua University-Peking University Joint Center for Life Sciences,
Beijing Advanced Innovation Center for Structural Biology, Tsinghua University, Beijing, China

TLR8 is an endosomal sensor of RNA degradation products in human phagocytes, and
is involved in the recognition of viral and bacterial pathogens. We previously showed
that in human primary monocytes and monocyte derived macrophages, TLR8 senses
entire Staphylococcus aureus and Streptococcus agalactiae (group B streptococcus,
GBS), resulting in the activation of IRF5 and production of IFNB, IL-12p70, and TNF.
However, the quantitative and qualitative impact of TLR8 for the sensing of bacteria
have remained unclear because selective inhibitors have been unavailable. Moreover,
while we have shown that TLR2 activation attenuates TLR8-IRF5 signaling, the molecular
mechanism of this crosstalk is unknown. We here used a recently developed chemical
antagonist of TLR8 to determine its role in human primary monocytes challenged with
S. aureus, GBS, Streptococcus pneumonia, Pseudomonas aeruginosa, and E. coli.
The inhibitor completely blocked cytokine production in monocytes stimulated with
TLR8-agonists, but not TLR2-, and TLR4-agonists. Upon challenge with S. aureus, GBS,
and S. pneumonia, the TLR8 inhibitor almost eliminated the production of IL-1p and
IL-12p70, and it strongly reduced the release of IL-6, TNF, and IL-10. With P aeruginosa
infection, the TLR8 inhibitor impaired the production of IL-12p70 and IL-18, while with
E. coli infection the inhibitor had less effect that varied depending on the strain and
conditions. Signaling via TLR2, TLR4, or TLR5, but not TLRS, rapidly eliminated IRAK-1
detection by immunobilotting due to IRAK-1 modifications during activation. Silencing
of IRAK-1 reduced the induction of IFNB and TNF by TLR8 activation, suggesting
that IRAK-1 is required for TLR8-IRF5 signaling. The TLR-induced modifications of
IRAK-1 also correlated closely with attenuation of TLR8-IRF5 activation, suggesting that
sequestration and/or modification of Myddosome components by cell surface TLRs limit
the function of TLR8. Accordingly, inhibition of CD14- and TLR4-activation during E. coli
challenge increased the activation of IRF5 and the production of IL-18 and IL-12p70. We
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Moen et al.

TLR8 Is an Important Sensor of Bacteria

conclude that TLR8 is a dominating sensor of several species of pyogenic bacteria
in human monocytes, while some bacteria attenuate TLR8-signaling via cell surface
TLR- activation. Taken together, TLR8 appears as a more important sensor in the
antibacterial defense system than previously known.

Keywords: human TLR8, bacteria, monocytes, cytokines, IRAK-1

INTRODUCTION

Toll-like receptors (TLR) sense distinct pathogen associated
molecular patterns (PAMPs) and initiate inflammatory reactions
important for innate and adaptive defense. Humans with genetic
defects in the central TLR/IL-1R signaling adaptors MyD88-
or IRAK-4 have increased susceptibility to pyogenic bacterial
infections, but only during infancy and early childhood (1, 2).
On the other hand, excessive inflammation via uncontrolled TLR
signaling can initiate sepsis, a syndrome defined as a dysregulated
host response resulting in life-threatening organ failure (3).
Inhibition of pro-inflammatory sensors and mediators of the
host is protective in several animal models of sepsis, yet multiple
clinical trials have failed (4). Therefore, there is a need to improve
our understanding of the cell host-pathogen interactions, and to
clarify which host responses that are protective and which that
have adverse effects. This can aid in the identification of new
targets and strategies for prevention or treatment of sepsis.

Human TLR8 is highly expressed as a functional cleavage
product in endosomes of monocytes and macrophages (5).
Mechanistically, the RNA degradation products uridine and
short oligomers bind cooperatively at two distinct sites in the
N-terminal domain. This induce a conformational change of
the pre-formed TLR8-dimer leading to MyD88 recruitment
and signaling. Small-molecule agonists such as CL075 have
high affinity to the uridine binding site, and is capable in
activating TLR8 without RNA oligomers (6). Rodent TLR8 differs
structurally and is not activated by these ligands (7), but can be
activated in neurons by endogenous microRNA which regulate
neuropathic pain (8).

The impact of TLR8 during infection is unclear because
neither small animal models nor selective and efficient
inhibitors have been available. We previously showed that
TLRS senses entire S. aureus and GBS in primary monocytes and
macrophages, resulting in the activation of IRF5 and production
of IFNB, IL-12p70, and TNF (9, 10). RNA is likely the bacterial
structure required for TLR8 activation, as enzymatic degradation
of RNA in S. aureus lysates (9) or in GBS upon heat-inactivation
strongly attenuate cytokine induction (10). Bacterial RNA is
also considered a vita PAMP, a marker of microbial viability
(11). Others have shown that TLR8 also contributes in IL-6
production during infection with Streptococcus pyogenes (group
A streptococcus, GAS) (12) and Escherichia coli (11, 13) in
human myeloid cells. A weakness of these studies is the reliance
on molecular tools with limited efficacy and specificity (e.g.,
siRNA and non-selective inhibitors), and model systems using
cell lines do not accurately reflect the role of TLR8 in human
primary cells. Thus, the quantitative and qualitative role of TLR8
for the sensing of bacteria needs further clarification. We also

revealed that activation of TLR2 negatively regulates TLR8-IRF5
signaling (9). Consequently, bacteria that express high levels
of TLR2-agonistic lipoproteins can avoid detection via TLRS,
but the molecular mechanism behind this negative TLR-TLR
crosstalk is still unknown.

A chemical antagonist of human TLR8 (CU-CPT9a) with high
selectivity and efficiency was recently developed (14). CU-CPT9a
binds close to the uridine/CL075 binding site in the N-terminal
domain and locks TLR8 in the resting state. We here used
CU-CPT9a to clarify the role of human TLR8 during bacterial
challenge of primary monocytes. Our data show that TLR8 is the
dominating sensor of Gram-positive pyogenic bacteria that are
major human pathogens. TLR8 also participates in the sensing
of the pyogenic Gram-negative species P. aeruginosa and E.
coli. We further show that TLR8 signaling requires IRAK-1
expression, and that cell surface TLR activation attenuates TLR8
signaling, likely via a mechanism involving IRAK-1 and/or other
Myddosome components.

MATERIALS AND METHODS

Materials

The TLR8 antagonist CU-CPT9a is previously described (14)
and was provided by The Regents of the University of Colorado,
a body corporate for and on behalf of the University of
Colorado Boulder. The TLR-agonists FSL-1 (TLR2/6), CL075 and
polyuridylic acid (polyU; TLR8), ultrapure LPS O111:B4 (TLR4),
and purified flagellin from P. aeruginosa (TLR5) were purchased
from Invivogen. Poly-L-arginine (pLA), the IRAK-4 inhibitor
(PF-06426779), and the proteasome inhibitor MG132 were
from Sigma-Aldrich (Merck). Humanized anti-CD14 and IgG2/4
control were generously provided by prof. Tom Eirik Mollnes
(University of Oslo, Oslo, Norway). BioPlex cytokine assays were
from Bio-Rad, and the cytokine levels were determined as per the
manufacturer’s instructions using Bio-Plex Pro™ Reagent Kit III
and the Bio-Plex™ 200 System.

Bacteria

The bacterial strains GBS NEM316, S. aureus 113/113Algt, and
S. aureus Cowan were generously provided by professors Philipp
Henneke (University of Freiburg, Germany), Friedrich Goetz
(University of Tiibingen, Ttbingen, Germany), and Timothy
Foster (Trinity College, Dublin, Ireland), respectively. The E.
coli Seattle 1946 strain was obtained from the American Type
Culture Collection (ATCC 25922), while E. coli and ClearColi®
BL21 (DE3) strains were from Lucigen Corporation (USA).
Anonymized clinical isolates of GBS, S. aureus, S. pneumoniae,
P. aeruginosa, and E. coli were from a diagnostic collection by
the Department of Medical Microbiology, St. Olavs Hospital,
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Trondheim, Norway. The bacteria were grown on Tryptic soy
agar (TSA) or blood agar. For challenge experiments, colonies
of E. coli, S. aureus and P. aeruginosa were grown in Tryptic
Soy Broth, while GBS were grown in Todd-Hewitt Broth during
vigorously shaking at 37°C. S. pneumoniae were grown in Brain-
Heart Infusion broth at 37°C and 5% CO,. Overnight cultures
were diluted 1:100 in fresh broth and grown to exponential phase
(~4h). Bacteria were quantified by optical density, as previously
described (10), and the MOI was calculated according to the
corresponding CFU counts.

Monocyte Isolation and Challenge

Human buffycoats and serum were from the Blood bank at
St. Olavs Hospital (Trondheim, Norway), with approval by
the Regional Committee for Medical and Health Research
Ethics (REC Central, Norway, no. 2009/2245). PBMC were
isolated using Lymphoprep as described by the manufacturer
(Axis Shield Diagnostics, Scotland). Monocytes were purified by
adherence in culture plates and maintained in RPMI 1640 (Life
Technologies) supplemented with 10% pooled human serum.
The cells were pre-incubated with the TLR8 antagonist CU-
CPT9a and the control reagent for 2h, and with the other
inhibitors for 30 min. Subsequently, the cells were challenged
with bacteria or TLR-agonists, and Gentamicin (100 pg/ml) was
added 1h after the initiation of the challenge to kill extracellular
bacteria. Supernatants were stored at —20°C until analyses. THP-
1 cells overexpressing recombinant TLR8 was used as previously

described (10).

Immunofluorescence and scanR Analysis
Immunofluorescence labeling and analyses with scanR high-
content screening system (Olympus) was done as previously
described (9, 10). Primary antibodies used were mouse
anti-human IRF5 mAb (Abcam, 10T1, ab33478), rabbit
anti-human p65/RelA XP-mAb Cell Signaling Technologies
(CST # 8242), and rabbit anti-human p65A (Santa Cruz
Biotechnology, #sc-109).

Western Blotting

Cells were collected and lysed in buffer [1% IGEPAL CA-
630, 150 mM NaCl, 50mM Tris-HCI, pH 7,5, 10% glycerol,
1 mM NaF, 2mM Na3;VOy, and a protease-phosphatase inhibitor
(Complete Mini tablets, Basel, Switzerland)]. Cell lysates
were mixed with NuPage LDS sample buffer (Invitrogen)
supplemented with 25mM DTT and denatured at 70°C
for 10min. The samples were separated on 10% Bis-Tris
polyacrylamide gels and transferred to nitrocellulose membranes
using the iBlot Dry Blotting System (Invitrogen). The membranes
were blocked with 5% bovine serum albumin diluted in
Tris-buffered saline containing 0.05% Tween-20. Antibodies
used were anti-IRAK-1 (CST D51G7, #4504), anti-IRAK-2
(CST #4367) and anti-IRAK-4 (CST #4363), anti-P-Ser396-
IRF3 (CST, 4D4G, #4947), and anti-TkBa (CST, 44D4, #4812).
Monoclonal anti-GAPDH (Abcam #8245) or anti-beta-tubulin
(Abcam, ab6046) were used as loading controls. After incubation
with horseradish peroxidase-conjugated secondary antibodies
(DAKO), the images were developed using Super Signal West

Femto Maximum Sensitivity Substrate (Thermo Scientific) and
Odyssey FC Imaging System (LI-COR). Quantification was done
using the Image Studio software.

Gene Silencing and Quantitative PCR
Monocytes were differentiated to macrophages (MDMs) for 5 to
6 days in RPMI 1,640 with 30% pooled human serum. Medium
was replaced with RPMI 1640 containing 10% serum before
siRNA treatment. A pool of four individual ON-TARGETplus
siRNAs (Dharmacon) was transfected using silLentFect (Bio-
Rad), yielding a final concentration of 5nM siRNA. The
transfection was repeated after 3 days, and the silenced
MDMs were challenged with TLR8 ligand. RNA was isolated
with RNeasy including DNAse treatment (Qiagen), cDNA was
transcribed with the Maxima cDNA synthesis kit (Thermo Fisher
Scientific), and quantitative PCR was done with StepOnePlus
using TagMan probes (Life Technologies) and Perfecta qPCR
FastMix (Quanta). The probes used were Hs01077958_sl
(IFNB), Hs00174128_m1 (TNF), Hs01018347_m1 (IRAK-1).
TBP (Hs00427620_m1) served as endogenous mRNA control,
and relative expression was calculated using the AACt method,
and plotted as fold induction by stimulation.

Statistics

Data from independent experiments with monocytes from
different donors was used for the statistical calculations, indicated
as N (number of experiments). Data was log-transformed to
increase the likelihood of a Gaussian data distribution, as this
is required for parametrical tests. Data sets with one factor
were analyzed by one-way repeated-measures (RM) analysis of
variance (ANOVA) and Dunette’s multiple comparison test, while
data sets with two factors were analyzed by two-way RM ANOVA
and Bonferroni’s multiple comparison test. For data sets with
missing values a mixed model analysis was used. For some
samples the cytokine levels were below the limit of detectionand
these conditions were excluded from the analysis as indicated
with the symbol “v.” Significance levels are indicated as: *p <
0.05, **p < 0.01, and ***p < 0.001. Graphs and analyses were
generated with GraphPad Prism (v8.01).

RESULTS

The Role of TLR8 in the Sensing of S.
aureus, GBS, and E. coli by Human Primary

Monocytes

We here examined the role of TLR8 in the sensing of live bacteria
by human primary monocytes using CU-CPT9a, a recently
developed small-molecule inhibitor of TLR8 which does not
affect the activation of other human TLRs (14). To determine
the optimal dose of the inhibitor, we pre-treated monocytes with
serial dilutions of CU-CPT9a and challenged the cells with the
TLR8 ligands pU/pLA (polyuridylicacid/poly-L-arginine) and
CL075. CU-CPT9a completely blocked the cytokine production
at 2.5-5uM while the control compound (Ctrl) had no effect
(Figure S1). Cell viability analysis of monocytes revealed that
5 M CU-CPT9a did not induce cell death (data not shown). To
determine the impact of TLRS in the sensing of live bacteria, we
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FIGURE 1 | TLRS8 inhibition strongly attenuates cytokine production from human primary monocytes challenged with Group B streptococcus (GBS) and S. aureus,
but not a strain of E. coli. Monocytes were pre-treated with control reagent (Ctrl, 5 wM) or TLR8 antagonist (CU-CPT9a, 5 1M) and challenged with TLR8-ligand pU
(polyU/poly-L-arginine, 1 wg/ml), TLR2-ligand FSL-1 (100 ng/ml), TLR4-ligand LPS (O111:B4, 100 ng/ml), or live GBS (NEM316), S. aureus wild-type (SAU 113) and
Igt-deficient (SAU 113Algt), or E. coli Seattle 1946 (ECO1946) for 22 h. Bacterial doses were 1 x 108/ml for GBS and S. aureus (MOI' 0.1 for GBS, 0.2 for SAU), and 2
x 10%/ml for E. coli (MOI 0.2). Graphs show mean + SEM (N = 4). NS, no stimuli. *p < 0.05, **p < 0.01, and ***p < 0.001.

blocked TLR8 activation using 5 uM CU-CPT9a and challenged =~ where TLR8 silencing failed to attenuate cytokine production
monocytes with GBS (GBS NEM316) and S. aureus 113 (SAU  in monocyte-derived macrophages (MDMs) (10). CU-CPT9a
113) at two doses for 6 and 22h. We also included an isogenic  reduced the induction of TNEF, IL-6, and IL-10 by the SAU 113-
Igt-deficient strain of S. aureus which lacks TLR2-stimulatory — Algt strain slightly more than with the SAU 113 wild-type strain
lipoproteins (SAU 113Algt) (15), and an E. coli reference strain  (Table 1A). This suggest that TLR2 only plays a minor role in the
(Seattle 1946, ECO 1946). TLR2-, TLR4-, and TLR8-ligands  sensing of S. aureus by monocytes compared to TLR8 for these
were included as controls of specificity and efficiency. CU-  experimental settings.

CPT9a inhibited the cytokine induction by pU/pLA stimulation .

completely, but had no effect on cytokine induction by LPS and The Role of TLR8 During Challenge of

FSL-1 stimulation (Figure 1),demonstrating the high efficacyand ~ Monocytes With Clinical Bacteria Isolates
selectivity of this inhibitor also for these experimental conditions. ~ We further examined the role of TLR8 in bacterial sensing
With live bacteria challenge, CU-CPT9a strongly attenuated the  using clinical isolates of GBS, S. aureus, S. pneumonia, E.
cytokine induction by GBS and S. aureus, for both time points  coli, and P. aeruginosa. Cytokine production was determined
and bacterial doses examined (Figure 1, Figure S2). Production 18h after initiating the challenge, with two doses and two
of IL-1f and IL-12p70 induced by these bacteria was almost  isolates per species. CU-CPT9a strongly reduced (70-100%)
eliminated (Table 1A). TLRS inhibition also strongly reduced  the production of IL-12p70 and IL-1B after challenging the
TNF and IL-6 induction by GBS and S. aureus, and reduced  monocytes with the Gram-positive species GBS, S. aureus,
IL-10 production at the late time point, while TLR8-inhibition  and S. pneumonia (Figure 2 and Table 1B). The inhibitor also
increased the level of IL-8 after 22 h of infection with the highest  clearly antagonized TNE, IL-6, and IL-10 production during
dose of bacteria (Table 1A). In contrast, cytokine induction by =~ Gram-positive infections, whereas the IL-8 levels increased by
ECO 1946 was not much affected by TLR8 inhibition. This is in ~ TLR8-inhibition for the highest bacterial dose. The limited
accordance with previous findings using this particular strain,  effect of TLR8-inhibitor on the induction of IL-8 release by
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TABLE 1 | Percentage reduction in cytokine release by TLR8 inhibition during bacterial challenge of monocytes.

(A) Infection with high/low dose of bacteria strains for 6- and 22 h (N = 4). The doses were 5 x108/1 x10° per ml for GBS and S. aureus, and 1 x108/2 x10° per ml

for E. coli.

Strain (6 h) IL-12p70 IL-18 IL-6 TNF IL-10 IL-8
GBS NEM316 100/100 98/99 86/96 78/88 5/48 —5/48
SAU 113-wt 100/100 96/97 60/83 48/69 —81/-42 —40/33
SAU 113-digt 100/100 99/99 91/95 78/86 —80/—11 —35/43
ECO 1946 54/28 29/27 —17/25 —10/20 -30/-27 —56/2
(22h) GBS NEM316  100/99 98/99 85/98 75/91 96/98 —200/47
SAU 113-wt 100/100 95/98 61/89 53/78 59/89 —215/23
SAU 113-digt 100/100 99/99 90/98 81/91 97/98 —242/46
ECO 1946 77/49 37/35 —14/29 —5/27 —-11/33 -120/18

(B) Infection with high/low dose of clinical bacteria isolates for 18 h (N = 5). The doses were 5

per ml for the Gram negative species.

x 106/1 x 108 per ml for the Gram positive bacteria, and 1 x 106/2 x 10°

Isolate (18 h) IL-12p70 IL-1p IL-6 TNF IL-10 IL-8

GBS 248 99/99 98/99 90/96 90/97 93/97 —51/56

GBS 250 99/99 99/98 85/91 89/97 92/92 -134/36

SAU 17-2 95/100 93/98 42/89 62/93 81/92 -324/-6

SAU 17-3 93/98 95/97 48/86 65/89 82/87 —289/—19

SPN 18-1 92/97 70/78 44/66 72/87 46/64 —44/32

SPN 38 98/99 93/91 67/69 89/89 75/72 —56/35

ECO 17-1 55/32 35/23 —1/20 —2/46 27/-26 —44/66

ECO 18-1 81/58 58/36 —19/24 12/32 —20/-21 —55/32

PSA 17-1 92/93 81/78 —5/29 52/60 32/28 -147/28

PSA 17-2 86/88 72/63 —10/20 54/50 39/14 —126/29

(C) Infection with E. coli isolates (1 x 107-1 x 108-1 x 10° per ml) for 5h (N = 8-10).

Isolate (5 h) IL-12p70 IL-1p IL-6 TNF IL-8
ECO 17-1 81/75/37 48/37/34 39/47/42 44/40/34 20/31/25
ECO 18-1 87/89/62 62/56/42 50/41/48 46/31/21 1/-7/-1

The values correspond to the data in Figures 1, 2, and Figures S2, S3, and the effects that are statistical significant (p < 0.05) are shown in bold.

the bacteria reflects the relative weak induction of IL-8 by
TLR8 agonist relative to TLR2 or TLR4 agonists (Figure 1,
§2). In addition, IL-8 release is also efficiently released by cell
stimulation with complement activation products (16). For the
Gram-negative isolates, TLR8 blockade strongly reduced the
IL-12p70 (86-93%) and IL-1B production (63-78%) during P.
aeruginosa challenge. In comparison, CU-CPT9a reduced the
cytokine levels less clearly upon challenge with clinical isolates
of E. coli. Still, the production of IL-12p70 was reduced by
up to 81% using CU-CPT9a and the highest dose of ECO
18-1 (Table 1B). We also examined the effects of CU-CPT9a
during challenge with the E. coli isolates for 5h. This revealed
significant and non-redundant contribution of TLR8 to cytokine
production during E. coli infection. Still, the percentage reduction
in cytokine release by blocking TLR8 signaling is less for E. coli
than for the other bacteria examined, and varies significantly
among different strains and isolates of E. coli, as well as by the
conditions examined (Table 1C and Figure $3). In conclusion,

TLR8 appears as a dominant sensor of the Gram-positive isolates
in monocytes, and it also plays a significant role for the detection
of the Gram-negative isolates tested here.

Cell Surface TLR Activation Limits
TLR8-IRF5 Signaling and Induces a Rapid
Loss of IRAK-1 Detection by

Immunoblotting

We previously revealed that activation of TLR2 negatively
regulates TLR8-TAK-1-IKKB-IRF5 signaling in monocytes (9).
Because E. coli is a weak activator of TLR8, we questioned if E.
coli also can attenuate TLR8. To examine possible interference
with TLR8-IRF5 signaling, we stimulated monocytes with CL075,
and used E. coli, TLR4-, or TLR5- agonist as co-stimuli.
CL075 activated TLR8-IRF5 signaling, but LPS and Flagellin
did not. With ECO 17-1 infection there was a tendency for
increased levels of nuclear IRF5 (Figure3A), which might
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FIGURE 2 | TLR8 inhibition strongly attenuates cytokine production from human primary monocytes challenged with clinical isolates of Gram-positive bacteria, while

for the Gram-negative species P, aeruginosa (PSA) and E. coli this has less effects. Monocytes were pre-treated with control reagent (Ctrl, 5wM) or TLR8 antagonist

(CU-CPT9a, 5 M) and challenged with TLR8-ligand pU or two clinical isolates of GBS, SAU, S. pneumonia (SPN), E. coli (ECO), and PSA for 18 h. The dose of

Gram-positive bacteria was 1 x 108/ml (MOI 0.1 for GBS, 0.2 for SAU, and 0.5 for SPN). The dose of Gram-negative bacteria was 2 x 10%/ml (MOI 0.2).

Graphs show mean + SEM (N = 5). NS, no stimuli. *p < 0.05, *p < 0.01, and **p < 0.001.

reflect a low TLR8-agonistic activity of this isolate. In co-  (IRF3-P), thus correlating with the loss of the IRAK-1 band
stimulation with CL075, all three treatments (LPS, ECO 17-1,and  (Figure 3B). Stimulation with FSL-1 also induced loss of IRAK-
Flagellin) significantly reduced the IRF5 nuclear accumulation 1 detection, similar to LPS and ECO 17-1 (Figure 3C), even
(Figure 3A). Thus, similar to TLR2 activation (9, 10), signaling  though FSL-1 does not induce IRF3 phosphorylation (10). In
by TLR4 and TLR5 in human primary monocytes suppress  contrast to E. coli, GBS did not trigger the loss of IRAK-1
TLR8-IRF5 signaling. Because E. coli expresses ligands for all  detection, and neither GBS nor CL075 influenced the TLR2-effect
three TLRs, this could impair TLR8-dependent recognition of = on IRAK-1. Again, the levels of IRAK-2 and IRAK-4 remained
this bacterium. stable for all conditions (Figure 3C), while CL075 stimulation

We next questioned if inhibition of TLR8 occurs at the level ~ gave a tendency toward reduced IRAK-1 signal (Figure S4B). We
of proximal TLR signaling, at the Myddosome. Activation of = next examined the early time kinetics of surface-TLR-mediated
IRF5 by TLRS is dependent on the catalytic activity of IRAK-  inhibition of TLR8-IRF5 signaling. IRF5 started to accumulate in
4 (17), and we were able to reproduced this finding using  the monocytes nuclei approximately 15 min after CL075 addition
a specific IRAK-4 inhibitor (data now shown). We further  (Figure 3D). Co-stimulation with FSL-1 blocked the TLRS-
examined the expression of total IRAK-1, IRAK-2, and IRAK-4  IRF5 signaling already at this early stage. This indicates that
by immunoblotting after treatment with ECO 17-1, GBS or TLR ~ TLR2 activation attenuates TLR8-signaling directly, and not via
ligands for 30 min. Challenge with ECO 17-1 or LPS triggered  regulation of gene expression, translation, or autocrine/paracrine
a loss of the IRAK-1 protein band that was detected in resting  factors. In comparison to IRF5, CL075 stimulation increased the
cells, while CLO75 apparently had no effect, whether given alone  nuclear level of p65/RelA within 5 min, and co-stimulation with
or in combination with LPS or ECO 17-1 (Figure 3B). Still, ~ FSL-1 did not reduce but rather increased p65/RelA translocation
quantification of IRAK-1 revealed a tendency for reduced IRAK-  (Figure 3D). Inhibition of TLR8-IRF5 signaling correlated with
1 levels with CL075, while the levels of total IRAK-2 and IRAK-  the rapid loss of IRAK-1 detection, which was observed 15 min
4 did not change during these conditions (Figure S4A). Both  after addition of FSL-1 and Flagellin, and 30 min after LPS
LPS and ECO 17-1 triggered phosphorylation of IRF3 at Ser396  (Figure 3E). We conclude that early signaling by surface TLRs
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FIGURE 3 | Surface TLR activation antagonize TLR8-IRF5 signaling and triggers a rapid loss of IRAK-1 detection on Western blot. (A) Levels of nuclear IRF5 in
monocytes stimulated for 2 h with TLR8-agonist CLO75 (1 wg/ml), TLR4-agonist LPS (1 ng/ml), ECO 17-1 (1 x 106/m|), or TLR5-agonist Flagellin (FLA, 1 png/ml) or
combinations of these. Quantification of nuclear IRF5 was done by IF and scanR analysis (mean + SEM, N = 4).*indicate significant difference from CLO75, while
#indicate significant difference from no stimuli. ##p < 0.01, ###p < 0.001, *p < 0.01, and ***p < 0.001. (B) Immunoblots of total IRAK-1, IRAK-2, IRAK-4, and
IRF3-P after 30 min of treatment with CLO75 (1 wg/ml), LPS (1 wg/ml), or ECO 17-1 (1 x 108/ml) alone and in combinations. GAPDH served as a loading control, and
a representative of four independent experiments is shown. (C) Immunoblots of total IRAK-1, IRAK-2, and IRAK-4 after 30 min of treatment with FLS-1 (100 ng/ml),
CLO75 (1 pg/ml), or live GBS (5 x 106/ml) alone and in combinations. A representative of four independent experiments is shown. (D) Kinetics of IRF5 and p65/RelA
nuclear accumulation in monocytes after treatment with CLO75 (1 pg/ml) alone or combined with FLS-1 (100 ng/ml). Quantification of IRF5 and p65/RelA positively
stained nuclei was done by IF and scanR analysis. A representative of four independent experiments is shown. (E) Effects of TLR stimulation for 15 and 30 min on
IRAK-1 detection on immunoblot. Cells were untreated (NS) or stimulated with FSL-1 (100 ng/ml), LPS (1 wg/ml), and FLA (1 wg/ml). A representative experiment out
of three independent experiments is shown.

differs from TLRS at the level of IRAK-1, and the close correlation
between the loss of IRAK-1 detection and the loss of TLR8-IRF5
activation indicates that the inhibitory crosstalk occurs at the
Myddosome level.

IRAK-1 Is Involved in Early TLR8-IRF5
Signaling, but Is Not Strongly and Rapidly

Modified as in Surface TLR Signaling
TLR- and IL-1R-signaling can induce depletion of IRAK-
1 via proteasomal degradation (18). On the other hand,

detection of IRAK-1 on western blots may be lost because
hyperphosphorylation and ubiquiylation of IRAK-1 during
activation can slow down the migration of IRAK-1 and/or
mask the antibody-binding epitopes (19). To clarify if IRAK-
1 was degraded in our experimental model, we added the
proteasome inhibitor MG132 and challenged the cells with E. coli
for 60 min. The inhibitor efficiently blocked the degradation of
IkBa, but the IRAK-1 band still disappeared (Figure 4A). This
suggest that IRAK-1 detection is lost from the immunoblots
after surface TLR activation due to covalent modifications
such as phosphorylation and/or ubiquitination. Higher levels of
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FIGURE 4 | The loss IRAK-1 detection on immunoblot after E. coli infection is not caused by proteosomal degradation, and TLR8 signaling is dependent on IRAK-1.
(A) Monocytes were treated with a proteasome inhibitor (MG132, 20 M) for 30 min and then infected with ECO 17-1 (1 x 10e® bacteria/ml) for 1 h. Total IRAK-1 and
IkBa in cell lysates were examined by immunoblotting. Tubulin served as a loading control, and a representative of four independent experiments is shown. (B) THP-1
cells were differentiated, pre-incubated with IRAK-4 inhibitor (1 M) or vehicle control, and stimulated with FSL-1 (100 ng/ml) for 30 min. Immunoblots of total IRAK-1
and MyD88 in lysates are shown in a representative of three independent experiments. (C) Human monocyte-derived macrophages (MDMs) were transfected with
non-targeting control sSiRNA (NTC) or siRNA against IRAK1 (silRAK-1), MyD88 (siMyD88), and IKKB (silKKB). After 6 days, the cells were treated with TLR8 agonist

CLO75 (1 pg/ml) for 4 h. IFNB and TNF expression were determined by quantitative PCR. N = 14. **p < 0.01 and **p < 0.001. (D) Efficiency of gene silencing in
MDMs. The experiment was performed as described above, without agonist treatment (N = 3). Graphs show mean + SEM.

IRAK-1 was found in lysates of THP-1 macrophages, and FSL-1
stimulation of these cells for 30 min induced changes in IRAK-1
migration, resulting in the detection of a number of larger
IRAK-1 species on the western blots. Moreover, inhibition of the
IRAK-4 catalytic activity partially reversed the changes in IRAK-
1 migration (Figure 4B). These findings support the model of
Vollmer et al. (19), where TLR/IL-1R-signaling results in rapid
hyperphosphorylation and ubiquitlyation of IRAK-1, resulting
in the loss of IRAK-1 detection by immunoblotting with some
antibodies. The non-modified IRAK-1 band remained detectable
30 min after CL075 stimulation (Figures 3B,C), although there
was a tendency toward a decrease (Figure S4). This questions
whether IRAK-1 is involved or not in the early TLR8 signaling
in primary myeloid cells. To clarify this, we silenced IRAK-1 in
MDMs using siRNA and examined the effect on TLR8 signaling.
Silencing of MyD88 and IKKP were included as controls.
Knockdown of IRAK-1 and MyD88 significantly reduced the
induction of IFNP and TNF after CL0O75 stimulation for 4h
(Figure 4C). IKKP appeared less efficiently silenced (Figure 4D),
but the partial silencing still reduced the induction of IFNp by the
TLR8-agonist, in agreement with an essential function of IKKf in
TLR8-IRF5 signaling (9).

E. coli-Induced CD14/TLR4 Signaling
Triggers IRAK-1 Modification and Limits

TLR8-Dependent Sensing

We next questioned whether E. coli evades TLR8 dependent
sensing via surface-TLR-signaling that involves IRAK-1
modifications. To clarify the role of TLR4 in this process,

we challenged monocytes with an LPS-deficient E. coli strain
(Clear-Coli, CCO BL21) which does not activate TLR4. CCO
BL21 did not activate IRF3 phosphorylation (Figure5A),
which confirms that it is an ineflicient activator of TLR4. The
mutant bacteria did not trigger loss of IRAK-1 detection at
the lower doses (1 x 10° and 10°/ml), while at the higher
concentration (1 x 107/ml) it did (Figure 5A). Hence, while
TLR4 is central for the E. coli-induced modification of IRAK-1
at low concentrations of the bacteria, other sensors such as
TLR2 and TLR5 might contribute, depending on the strain
and conditions.

P. aeruginosa can also be sensed via TLR2, TLR4, and TLRS5.
Strains from the environment or adapted to laboratory, as well
as clinical isolates from bloodstream or urinary tract infections,
typically express penta-acylated LPS with low TLR4 agonist
activity. In contrast, strains isolated from the airways of cystic
fibrosis patients express hexa-acylated LPS that potently activates
human TLR4 (20). For most P. aeruginosa strains, combined
sensing via TLR4 and TLR2 might be important (21, 22). The
P. aeruginosa isolates used here were from bloodstream- and
wound- infections, suggesting that they express penta-acylated
LPS. As they also seem to activate TLR8 more efficiently than
E. coli (Figure 2), we questioned if this difference is due to less
efficient activation of TLR4-MyD88-IRAK-1 signaling. Indeed,
PSA 17-1 (blood culture isolate) did not induce phosphorylation
of IRF3, and only triggered IRAK-1 modifications at
the highest bacterial dose (Figure5B). Therefore, the
relatively strong activation of TLR8 by this bacterium
correlates with less efficient signaling via TLR4-TRIF-IRF3
and TLR4-MyD88-IRAK-1.
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FIGURE 5 | E. coli induced loss of IRAK-1 detection by immunoblotting is caused mainly by CD14- and TLR4-activation, and this limits TLR8-dependent sensing of E.
coli. (A) The role of TLR4 in the loss of IRAK-1 detection during infection with E. coli was examined using the E. coli strain BL21 and its isogenic mutant Clear-Coli
(CCO BL21), which does not activate TLR4. Monocytes were infected for 1 h with 1 x 107-1 x 108-1 x 10 bacteria/ml, and the levels of total IRAK-1 and IRF3-P
were determined by immunoblotting using GAPDH as loading control. A representative of three independent experiments is shown. (B) E. coli (ECO 17-1) induces
loss of IRAK-1 detection more efficiently than P aerugionosa (PSA 17-1), and correlates with less efficient TLR4-IRF3 activation and more efficient TLR8 activation by
the latter species. Infection and immunoblotting were done as described above, and a representative of three independent experiments is shown. (C) Effect of a CD14
blocking antibody on E. coli-mediated loss of IRAK-1 detection. Monocytes were treated with anti-human CD14 (15 ng/ml) or its isotype control (IgG2/4) 30 min prior
to infection. Infection with ECO17-1 and immunoblotting were done as described above, and a representative of three independent experiments is shown. (D) Effect
of CD14-blocking antibody on ECO 17-1 mediated IRF5-activation. After 30 min of pre-treatment of monocytes with anti-CD14 and control IgG2/4, cells were infected
with ECO 17-1 for 2 h. The level of nuclear IRF5 was quantified by IF and scanR imaging. Graphs show mean + SEM (N = 4). (E) Effect of combined CD14/TLR8
blocking on ECO 17-1-induced production of IL-1p and IL-12p70. Monocytes were pre-treated with anti-CD14, CU-CPT9a, appropriate controls, or combinations
thereof for 2 h. Infection with ECO 17-1 (1 x 106/ml) was done for 5 h, and the levels of IL-18 and IL-12p70 produced were determined with BioPlex. Graphs show
mean + SEM (N = 6). *p < 0.05, **p < 0.01, and **p < 0.001.

We further examined the role of CD14 in E. coli-induced  efficiency (14). We show that TLR8 is a dominant sensor of
IRAK-1 modification, because CD14 is an important cofactor  the Gram-positive species S. aureus, GBS, and S. pneumonia
for both TLR2 and TLR4 (23). After 60min of challenge in human primary monocytes. TLR8 also contributes to non-
with ECO 17-1, the CDI14 blocking antibody attenuated redundant cytokine induction by clinical isolates of P. aeruginosa
the phosphorylation of IRF3 and increased the amount of and E. coli, although it does not recognize the E. coli strain
non-modified IRAK-1 (Figure 5C), thus resembling the findings  Seattle 1946.
with PSA 17-1 (Figure 5B). Anti-CD14 further increased the While the impact of TLR8 in bacterial infections in vivo still
activation of IRF5 during 2h of challenge with ECO 17-1  is unclear, we find these new data interesting in the context
(Figure 5D). This indicates that TLR8-dependent sensing of  of human MyD88- and IRAK-4 deficiency, where signaling by
E. coli is suppressed by CD14/TLR4-MyD88-IRAK-1 signaling.  most TLRs and IL-1Rs is lost (24). During infancy and early
Finally, anti-CD14 treatment enhanced the release of IL-1B  childhood, but not in adulthood, these patients suffer from a
and IL-12p70 during challenge with ECO 17-1 for 5h, and  strikingly narrow range of pyogenic infections caused by S.
the production of cytokines were largely TLR8-dependent in  gyreus, P. aeruginosa, and S. pneumonia (1, 2, 24). Hence,
this condition, as demonstrated using the TLR8 inhibitor  because TLRS is central in the recognition of these bacteria
(Figure 5E). We conclude that sensing of E. coli via CD14/TLR4- by monocytes, the loss of TLR8 signaling may explain the

IRAK-1 limits its sensing via TLRS. increased susceptibility of these patients. Still, we do not know
how important TLR8 is in the skin and the airway mucosa,
DISCUSSION the sites where these infections typically arise. Sensing via

TLR2- and IL-1R-dependent mechanisms, may also be important
We previously showed a role of TLRS in the sensing of S.  here. Also, the loss of a single TLR is expected to result in
aureus (9) and GBS (10) in primary human monocytes and  incomplete penetrance of the clinical phenotype due to high
monocyte-derived macrophages, while TLR8 was not involved  redundancy and compensatory mechanisms (25). Besides TLRs,
in the recognition of the E. coli strain Seattle 1946 (10). We  peptidoglycan fragments of both Gram positive and Gram
here confirm and significantly extend these findings using a  negative bacteria can be sensed via the cytosolic sensors NOD1
newly developed TLR8 antagonist with high selectivity and ~ and NOD2 (26, 27), and numerous studies have revealed that
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NOD- and MyD88-dependent signaling typically give synergistic
responses (28). Moreover, the release of high levels of IL-18 by
monocytes suggests that the bacteria may activate the NLPR3
inflammasome (29). In support of this, it was recently shown
that the archaeon Methanosphaera stadtmanae is sensed via
a TLR8-NLRP3 pathway in human myeloid cells (30). Taken
together, we hypothesize that bacterial sensing via TLR8 and
TLR2, in combination with IL-1R- and NOD/NLR-signaling, is
critical in the defense against pyogenic infections in infants and
children. The specific impact of TLR8 for the outcome of the
complex host-pathogen interactions will likely vary, depending
on genetic- and non-genetic factors of both the host and
the pathogen.

We have earlier shown that TLR2 signaling inhibits TLRS-
IRF5 activation, but the mechanism is not known (9). We
here demonstrate that TLR2 co-stimulation blocks TLRS8-
IRF5 nuclear accumulation within 15 min. TLR4- and TLR5-
agonists have a similar inhibitory effect, resulting in the
attenuation of TLR8-IRF5-dependent cytokines release from
monocytes, such as IL-12p70. In contrast, stimulation of human
monocyte-derived DCs with LPS and R848 for 48h gave
synergistic IL-12p70 production (31). This may imply that
the negative TLR4-TLR8-crosstalk in monocytes is overcome
during the differentiation to DCs, while the mechanism behind
is unknown.

Inhibition of TLR8-IRF5 signaling by surface TLRs correlates
with their recruitment and activation of IRAK-1, as revealed
by a rapid decline in the amounts of non-modified IRAK-
1 with simultaneous appearance of hyperphosphorylated and
ubiquitylated IRAK-1 species on western blot (19). In human
cells, IRAK-4 is constitutively active and is autophosphorylated
during the Myddosome assembly, while IRAK-1 is recruited by
IRAK-4 and becomes activated upon dimerization (19). TLR8
does not trigger such rapid and extensive modifications of IRAK-
1 as the cell surface TLRs, even though IRAK-1 is involved in
TLR8-IRF5 signaling and IFNB and TNF induction. We find
that the IRAK-4 catalytic activity also is critical for TLRS-
IRF5 signaling, in agreement with a previous study (17). Hence,
IRAK-4-mediated phosphorylation of IRAK-1 may be essential
in IRF5 activation. In contrast, inhibition of IRAK-4 catalytic
activity only partially reduces NF-kB- and MAPK-signaling
in human monocytes and murine macrophages, suggesting
that these responses mainly require the structural function of
IRAK-4 (17, 32).

The roles of IRAK-1 and IRAK-2 in MyD88-signaling are less
clear than IRAK-4, and variable degrees of redundancy have been
described in different cells and experimental conditions (19, 33—
36). In murine dendritic cells, the catalytic activity of IRAK-
1 was needed for TLR7- and TLR9-induced IFNa production
(35, 36), while JRAK-2 mainly has a role in sustaining the
response (35). In human MDMs and THP-1 cells, TLR-induced
TNF release was dependent on IRAK-1 but not IRAK-2 (34). On
the other hand, cells from an IRAK-1 deficient patient indicates
that IRAK-1 and IRAK-2 are mainly redundant in TLR-induced
pro-inflammatory cytokine induction in PBMCs, while IRAK-
1 is non-redundant in TLR signaling in fibroblast (33). These
results are partly conflicting with our data, which may be due

to the different cellular contexts, experimental conditions and
readouts. The IRAK-1 deficient PBMCs were stimulated for
36 h with R848 that also activates TLR7. Because pDCs and B-
lymphocytes express TLR7 (37), activation of these cells within
the PBMC population may have obscured the role of IRAK-1
in TLR8-signaling in monocytes. Also, we earlier showed that
TLR7-induced IFNP production in human monocytes is not
affected by TLR2 co-stimulation (9), indicating that TLR7- and
TLR8-signaling in monocytes differ. Our results suggest that
IRAK-1 is particularly important in the early activation of TLR8-
IRF5 signaling and IRF5-dependent cytokine induction, such
as induction of IL-12p70 and IFNP. We therefore propose a
model of signaling where cell surface TLRs rapidly recruit and
modify most of the IRAK-1 pool in the monocytes, and this
may also include the sequestration of MyD88 and/or IRAK-4.
This results in attenuation of TLR8-IRF5 signaling and IRF5-
dependent cytokine induction (Figure S5). Similar to this model,
TLR2-signaling suppressed TLR7-, and TLR9-induced IFNa
production in murine BMDCs, which also correlated with loss
of IRAK-1 detection on western blotting (38).

E. coli activates TLRS less efficiently compared to the other
bacterial species examined, including P. aeruginosa. CD14/TLR4-
mediated detection of E. coli limits TLR8-IRF5 signaling
according to the suggested model. In comparison, most P.
aeruginosa strains activate TLR4 less efficiently, resulting in a
more important role of TLR8 in detecting this bacterium. The
Gram-positive species examined appear as even weaker activators
of surface TLR signaling, and TLR8-dependent sensing is thus
dominating. In addition to antagonizing TLR8-IRF5 signaling,
cell surface TLRs trigger redundant cytokine production that
also reduces the impact of TLR8-mediated bacterial sensing. Still,
TLR8 contributed to increased cytokine production in response
to the E. coli isolates, as most clearly seen for IL-12p70 and
IL-1B. Production of these cytokines was also highly TLRS-
dependent during infection with the other bacteria. In mice,
IL-1B is critical for the resistance against experimental GBS
and S. aureus infection, likely via IL-1R-mediated chemokine
production which recruits neutrophils to the site of infection (39—
41). TLR8-induced IL-12 production may be a critical signal for
differentiation of follicular Th-cells and for efficient production
of antibodies against invading bacteria such as E. coli, Salmonella
typhimurium, and Mycobacterium tuberculosis (11). Even so, the
functional impact of TLR8 in adaptive immunity in humans
in vivo is still unclear, and patients with MyD88- or IRAK-
4-deficiency appear not to be strongly impaired in antigen-
specific T- and B-cell responses (1). Hence, further studies
are required to clarify the different aspects of TLR8-mediated
immunity and the functional consequences of the TLR-TLR
negative crosstalk.

In conclusion, TLR8 is a major bacterial sensor in monocytes,
and probably plays a more important role in the defense against
bacteria than previously known. TLR8 seems dominant in the
sensing of bacteria that avoid efficient activation of TLRs at
the cell surface, such as staphylococci and streptococci. On
the other hand, strong activation of cell surface TLRs by
bacteria such as E. coli, limits TLR8 signaling, possibly via
competition for Myddosome components. Nevertheless, TLR8
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also contributes in the sensing of Gram-negative infections
by monocytes.
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monocytes. (A) Monocytes were pre-treated for 2 h with the control compound
(Ctrl) or the TLR8 antagonist (CU-CPT9a) at different concentrations.
Subsequently, the cells were stimulated with the TLR8-ligands pU/pLA
(polyU/poly-L-arginine, 1 wg/ml) and CLO75 (1 wg/ml). Supernatant was collected
after 6.5 h and cytokine levels were determined with BioPlex. N = 2. (B) Chemical
structure of CU-CPT9a and the control compound.
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primary monocytes challenged with Group B streptococcus (GBS) and S. aureus,
but not a strain of E. coli. Cytokine levels were determined after 6 h of bacterial
challenge. Bacterial doses were 5 x 108/mland 1 x 106/ml for GBS and S.
aureus (MOI 0.5/0.1 for GBS, 1.0/0.2 for SAU), and 1 x 108/ml and 2 x 105/ml
for E. coli (MOI 1.0/0.2). Graphs show mean + SEM (N = 4). NS, no stimuli. *p <
0.05, **p < 0.01, and ***p < 0.001. For additional experimental details, see the
Figure 1 legend.

Figure S3 | TLR8 inhibition significantly reduces cytokine release from human
primary monocytes challenged with E. coli isolates for 5 h. Cytokine release by
monocytes pre-treated with control reagent (DMSO) or TLR8 antagonist
(CU-CPT9a, 5 M) and challenged with three doses of E. coli (ECO 17-1 and ECO
18-1): 1 x 107/ml, 1 x 108/ml, and 1 x 10%/ml (MOI 10.0, 1.0, and 0.10).
Graphs show mean + SEM (N = 8-10). NS, no stimuli. *p < 0.05, **p < 0.01,
and ***p < 0.001.

Figure S4 | Quantification of the levels of IRAK-1, IRAK-2, IRAK-4, and P-IRF3 on
western blot analysis after activation of TLR2, TLR4, or TLR8, E. coli, and GBS for
30 min, as indicated. N = 4 (A) or N = 3 (B), and the data correspond to

Figures 3B,C. *p < 0.05 and **p < 0.01.

Figure S5 | Model of TLR-mediated sensing of Gram negative and Gram positive
bacteria and negative crosstalk of TLR-signaling. TLRS8 is a major sensor of Gram
positive bacteria, while cell surface TLRs, in particular TLR4, is most important for
sensing of Gram negative species. TLR8-IKKB-IRF5 signaling in monocytes
depends on IRAK-4 kinase activity and IRAK-1. TLR8-IRF5 activation is important
for production of IFNB, IL-12p70, IL-18, and TNF. Cell surface TLR signaling
results in recruitment and modification of IRAK-1 within minutes, and it closely
correlates with rapid attenuation of TLR8-IRF5 activation. A possible explanation
for this negative crosstalk is the sequestration of the Myddosome-components by
the cell surface TLRs.
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Adaptor proteins contribute to the selection, differentiation and activation of natural
kiler T (NKT) cells, an innate(-like) lymphocyte population endowed with powerful
immunomodulatory properties. Distinct from conventional T lymphocytes NKT cells
preferentially home to the liver, undergo a thymic maturation and differentiation process
and recognize glycolipid antigens presented by the MHC class I-like molecule CD1d
on antigen presenting cells. NKT cells express a semi-invariant T cell receptor (TCR),
which combines the Va14-Ja18 chain with a VB2, VB7, or VB8 chain in mice and the
Va24 chain with the VB11 chain in humans. The avidity of interactions between their
TCR, the presented glycolipid antigen and CD1d govern the selection and differentiation
of NKT cells. Compared to TCR ligation on conventional T cells engagement of the
NKT cell TCR delivers substantially stronger signals, which trigger the unique NKT
cell developmental program. Furthermore, NKT cells express a panoply of primarily
inhibitory NK cell receptors (NKRs) that control their self-reactivity and avoid autoimmune
activation. Adaptor proteins influence NKT cell biology through the integration of TCR,
NKR and/or SLAM (signaling lymphocyte-activation molecule) receptor signals or the
variation of CD1d-restricted antigen presentation. TCR and NKR ligation engage the SH2
domain-containing leukocyte protein of 76kDa slp-76 whereas the SLAM associated
protein SAP serves as adaptor for the SLAM receptor family. Indeed, the selection
and differentiation of NKT cells selectively requires co-stimulation via SLAM receptors.
Furthermore, SAP deficiency causes X-linked lymphoproliferative disease with multiple
immune defects including a lack of circulating NKT cells. While a deletion of slp-76 leads
to a complete loss of all peripheral T cell populations, mutations in the SH2 domain
of slp-76 selectively affect NKT cell biology. Furthermore, adaptor proteins influence
the expression and trafficking of CD1d in antigen presenting cells and subsequently
selection and activation of NKT cells. Adaptor protein complex 3 (AP-3), for example, is
required for the efficient presentation of glycolipid antigens which require internalization
and processing. Thus, our review will focus on the complex contribution of adaptor
proteins to the delivery of TCR, NKR and SLAM receptor signals in the unique biology of
NKT cells and CD1d-restricted antigen presentation.

Keywords: NKT cells, CD1d, adaptor proteins, T cell receptor, NK cell receptor, differentiation, polarization
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Adaptor Proteins and NKT Cells

INTRODUCTION

Specific and appropriate intercellular interactions or the
communication of cells with their environment requires the
integration and coordination of multiple signaling pathways.
Adaptor proteins contain a series of protein-binding sites that
link respective interaction partners to each other and facilitate the
generation of larger signaling complexes (1). This is, for example,
pivotal for the delivery of signals from the T cell receptor (TCR)
which plays a critical role in T cell biology (2).

There exist several T cell populations with distinct functions
(3). Alpha beta (af) T cells, for example, termed conventional
(ap) T cells, are predominantly part of the adaptive immune
system and display a large TCR diversity. TCR ligation by
self-peptides embedded in major histocompatibility complex
(MHC) molecules on antigen-presenting cells (APCs) in the
thymus determines the fate of developing conventional T cells.
Weak TCR signals perpetuate positive selection whereas strong,
agonist, signals support the removal of potentially self-reactive
TCRs through negative selection (4). The resulting diverse TCR
repertoire endows conventional T cells to respond to foreign
antigens in the periphery upon exit from the thymus. NKT cells
can be divided into two distinct subpopulations.

In contrast, mucosa-associated semi-invariant T (MAIT) cells,
gamma delta (yd) T cells and natural killer T (NKT) cells
express semi-invariant TCRs with limited diversity and react
rapidly to conserved self and/or microbial ligands. Most of these
cells acquire memory cell features during thymic maturation
and exhibit unique patterns of migration into peripheral,
frequently non-lymphoid tissues where they become resident,
regulate tissue homeostasis and/or fight infection (5). These
innate(-like) T lymphocytes display also several other innate-
like characteristics and are therefore considered to be mainly
part of the innate immune system. Distinct from conventional
T cells, innate(-like) lymphocytes recognize higher affinity and
avidity antigens through their TCR, which has been suggested
to deliver substantially stronger signals (4, 6). Thus, the TCR
signal threshold for negative selection is higher. However, it is
not completely understood how unconventional T cell precursors
escape negative selection despite agonist signaling. Thus, adaptor
proteins might play a pivotal role in the tight control of TCR
signals as they tie multiple and complex intracellular pathways.
Indeed, some adaptor proteins are specifically important for
innate(-like) lymphocytes, and a lack of specific adaptor proteins
impairs or even selectively inhibits the selection of these
frequently autoreactive cell subsets. In detail, we will discuss here
the impact of adaptor proteins on the biology of natural killer T
(NKT) cells. We will focus thereby on type 1 or invariant NKT
cells, which we will refer to as iNKT cells hereinafter.

NATURAL KILLER T (NKT) CELLS AND
CD1D-MEDIATED ANTIGEN
PRESENTATION

Natural killer T (NKT) cells belong to the group of innate(-
like) unconventional T cells. They explosively release various

cytokines and chemokines upon TCR engagement and thus,
exhibit powerful immunomodulatory properties. NKT cells
can be divided into two distinct lineages, namely type 1 or
invariant NKT cells and type 2 NKT cells. Type 2 NKT cells
exhibit a more diverse TCR repertoire. In contrast, type 1 or
invariant NKT cells—hereinafter referred to as iNKT cells—
express a semi-invariant canonical T cell receptor (TCR), which
combines the Val4-Jal8 chain with the Vbeta2, Vbeta7, or
Vbeta8 chain in mice and the Va24-Ja18 chain with the VP11
chain in humans. Simultaneously, they carry a wide range of
activating and inhibitory NK cell receptors (NKRs) on their
surface (7). The inhibitory NKRs presumably control the self-
reactivity of iNKT cells and avoid autoimmune activation (8,
9). Vice versa, the NKT cell TCR shapes the pattern of NKR
expression, as exemplified for Ly49 receptors (10). Furthermore,
balanced signaling through activating and inhibitory NKRs
might influence the developmental program of iNKT cells (11).
As NKR signaling engages also adaptor proteins, the propagation
of signal transduction through adaptor molecules is in particular
critical for diverse ranges of cellular processes in iNKT cells.

In contrast to conventional T cells, iNKT cells respond
to glycolipid antigens and home predominantly to the liver
(12). Unlike the development of conventional T cell, the
selection of iNKT cells requires antigen presentation by double-
positive thymocytes rather than thymic epithelial cells (13-
17). INKT cells are selected on high-affinity self-glycolipid
ligands presented by the MHC class I-like molecule CD1d
(18) which triggers their unique developmental program (19).
Their selection uniquely requires co-stimulation via SLAM
(signaling lymphocyte-activation molecule) family members and
the tyrosine kinase Fyn (20-32) as discussed below. Once
selected in stage 0, iNKT cells pass through complex activation,
expansion, maturation and differentiation processes, termed
stages 1-3 (Figure 1). These include the induction and regulation
of promyelocytic leukemia zinc finger PLZF, the iNKT cell
lineage transcription factor, multiple rounds of intrathymic cell
divisions, the acquisition of a memory phenotype, the activation
of cytokine gene loci, and the expression of multiple NKRs over
the course of several weeks (7, 33). Although associated with their
development (33, 34), PLZF is not unique to iNKT cells and also
expressed in innate lymphoid cells (ILCs), mucosa-associated
semi-invariant T (MAIT) cells and subsets of y3 T cells (35-37).

Furthermore, iNKT cells differentiate into three polarized
subsets, NKT1, NKT2, and NKT17 cells (38) before egress into
the periphery (Figure 1). Although TCR signal strength has been
implicated in the polarization of the three iNKT cell sublineages
and the regulation of PLZF expression (39), the intrathymic
branching traits and cellular and molecular mechanisms of
sublineage diversification are still under investigation. TCR-
specific signals contribute also to the tissue distribution and
phenotypic presentation of iNKT cells (40, 41). Although the
signal delivered through the iNKT cell TCR is stronger than for
the conventional T cell TCR (6, 42-44), the role of the TCR signal
strength in iNKT cell lineage commitment and differentiation is
still under investigation.

Next to a/B-TCRT iNKT cells CD1d-restricted y/8 T cells
also respond to (glycol-)lipid antigens (45). These y/3 NKT cells
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FIGURE 1 | iNKT cell development. iNKT cells express PLZF upon positive
selection and undergo a unique intrathymic maturation, expansion, and
differentiation program. This includes multiple rounds of intrathymic cell
divisions, the acquisition of a memory phenotype, the activation of Th1, Th2
and Th17 cytokine genes and the expression of a panoply of NKRs.
Furthermore, INKT cells branch into three polarized subsets, NKT1, NKT2, and
NKT17 cells before egress into the periphery. In the periphery NKT1 cells
home preferentially to the spleen and liver while NKT2 and NKT17 cells mainly
populate the lung and peripheral lymph nodes, respectively. Although TCR
signal strength has been implicated in the polarization of the three iINKT cell
sublineages and the regulation of PLZF expression, the intrathymic branching
traits and cellular and molecular mechanisms of sublineage diversification are
still under investigation. NKR, NK lineage receptors including NK1.1, Ly49,
NKG2D, CD94, DX5; PLZF, promyelocytic leukemia zinc finger.

express Y1.1 and 86.3 chains and the promyelocytic leukemia
zinc finger (PLZF), the lineage transcription factor of NKT cells.
Further comparisons of y/3- with a/B-TCR expressing NKT
cells revealed also converging patterns of cytokine, gene and
cell surface marker expression implying similar differentiation
programs in both NKT cell subsets (33, 34, 37, 46-48). Thus,
several observations obtained with a/B-TCR™ iNKT cells, might
be reflected in the biology of CD1d-restricted y/3 T cells.
Another feature of iNKT cells distinct from conventional T
cells is the recognition of glycolipid antigens presented by CD1d.
CD1d molecules are assembled in the endoplasmatic reticulum
(ER) as non-covalently linked heterodimers of an isotype-specific
heavy chain and B-2-microglobulin (32m). During its assembly

in the ER, CDI1d incorporates endogenous lipids and traffics
to the plasma membrane. While certain lipids can load onto
CD1d directly at the cell surface, CD1d with its hydrophobic
binding groove of intermediate size usually has to recycle into
late endosomal and lysosomal compartments for efficient antigen
exchange and loading (49, 50). Upon trafficking back to the cell
surface, antigens are presented by CD1d to NKT cells (51, 52).

ADAPTOR PROTEINS IN INKT CELL
BIOLOGY

Adaptor molecules are multi-domain proteins lacking intrinsic
catalytic activity, functioning instead by nucleating molecular
complexes during signal transduction (53). Several adaptor
proteins influence iNKT cell selection, differentiation and
activation, either intrinsically or indirectly through interference
with CD1d-mediated antigen presentation. For example, one
of the pivotal molecules engaged upon TCR ligation is the
intracellular adaptor protein slp-76. While the complete absence
of slp-76 (54-56) or of its N-terminal region (57) leads to a
lack of all peripheral T cell populations, selective mutations
in the SH2 domain of slp-76 affect in particular iNKT cells
(58). Most importantly and in strict contrast to conventional
T cells, the selection of iNKT cells requires co-stimulation
via SLAM (signaling lymphocyte-activation molecule) family
members (20-24). Thus, the SLAM-associated adaptor protein
(SAP) signaling pathway is selectively required for iNKT cell
development. Adaptor proteins, however, can also influence
CDI1d expression by antigen presenting cells (APCs) and
subsequently affect iNKT cell biology in an extrinsic manner.
Adaptor protein complex 3 (AP-3), for example, is required
for the efficient presentation of glycolipid antigens that require
internalization and processing (59).

The slp-76 Family of Adaptor Proteins

The slp-76 family of adaptors includes the SH2 domain-
containing leukocyte phosphoprotein of 76 kDa (slp-76), the
B cell linker protein (BLNK), and the cytokine-dependent
hematopoietic cell linker (Clnk) (53). All three proteins interact
with similar but not identical signaling molecules and are critical
for the integration of multitudinous signal cascades downstream
of immunotyrosine-based activation motif (ITAM)-bearing
receptors and integrins in various hematopoietic cell populations
(60). Slp-76 is expressed in T cells, monocytes/macrophages,
NK cells, mast cells and platelets (61, 62). BLNK reflects the
slp-76 homolog in B cells. It shares about a 33% amino acid
identity, but some of its structural domains are similar to those
of slp-76 (60, 63, 64). BLNK is primarily responsible for the
transmission of signals through the B cell receptor (BCR). CLNK
is selectively expressed in various hematopoietic cells following
cytokine stimulation (65).

The SH2 Domain-Containing Leukocyte
Phosphoprotein of 76 kDa, Slp-76

Of these three family members primarily slp-76 is pivotal for T
cell development and TCR signaling (61, 62). Due to impaired
signals from the pre-TCR, double negative 3 (DN3) T cells
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cannot transform into the double negative 4 (DN4) stage (54,
55, 57). Consequently, slp-76~/~ mice lack all peripheral mature
T cells (57).

The divergent functions of slp-76 are mediated by its
distinct signaling domains (Figure 2). The N-terminal acidic
domain contains three tyrosine residues (66) which become
phosphorylated by the protein tyrosine kinase ZAP-70 upon TCR
ligation (67, 68) and subsequently bind the SH2 domains of the
guanine nucleotide exchange factor Vav (68-70), the adaptor
protein Nck (71, 72) and the Tec-family kinase Itk (73, 74). The
deletion of this N-terminal region (57) leads to a lack of all
peripheral T cell populations, similar as the complete knockout
of slp-76 protein (54, 55, 57). Of these three binding partners
in particular Itk affects the development, maturation, cytokine
production and survival of NKT cells (75-79). Itk-deficiency
affected thereby not only a/B-TCR-, but also y/3-TCR-expressing
NKT cells which in particular affect the control of Th2 responses
and IgE production (80).

The central proline-rich domain of slp-76 interacts with the
phospholipase PLCy-1 (81) and the adaptor molecule GADS
(Grb2-related adaptor downstream of Shc) (82). For none of
these two molecules a role in NKT cell biology has been
established so far.

The C-terminal SH2 domain of slp-76 binds to the serine-
threonine kinase HPK-1 (hematopoietic progenitor kinase 1)
(83) and to the adhesion and degranulation-promoting adaptor
protein (ADAP) (84, 85). ADAP is required for thymocyte
selection and TCR-mediated integrin activation (86-88). Thus,
slp-76 interferes with inside-out and outside-in signaling
cascades and integrin-expression (89) due to its multipoint
binding with ADAP (90).

A missense mutation within the SH2-domain of slp-76 led to
an accumulation of iNKT cells in the thymus and in peripheral
lymph nodes. In contrast, iNKT cells were selectively reduced
in the spleens and livers of mice with the same mutation, along
with a reduced cytokine response, decreased levels of ADAP
protein and altered integrin and NKR expression patterns (58).
Although TCR signals were affected by these mutations, NKRs
might contribute to the observed phenotype as this mutation
affected also synapse formation and elimination of missing-
self targets by natural killer (NK) cells (91). In this context,
it is important to note that the tyrosine protein phosphatase
SHP-1 dephosphorylates its direct substrate slp-76 (92), which
reflects an important mechanism for the negative regulation of
immune cell activation by inhibitory NKRs. Further studies need
to delineate the mechanisms underlying the altered pattern of
NKR expression in mice with this slp-76 mutation and the role
of TCR signals in these processes. In addition, the specificity
of this mutation for iNKT cells needs to be characterized
in further detail by assessing the alterations in subsequent
signaling pathways and by screening additional slp-76 mutations.
Interestingly, despite exhibiting an NKR distribution that has
been associated with enhanced Thl polarization (7, 38), a
simultaneous reduction of both IL-4- and IFN-y-expression
along with a reduced TCR-reactivity was observed in iNKT
cells carrying this missense mutation within the SH2-domain of
slp-76 (58). Thus, variations in the tissue distribution rather than

the cytokine polarization are to be considered in patients with
allelic mutations in TCR signaling molecules before pursuing
vaccination strategies involving a-GalCer, the prototypical iNKT
cell ligand as an adjuvant.

The Cytokine-Dependent Hematopoietic Cell Linker
(cInk)

Next to cytokine driven expression clnk plays a role in Fc-
epsilon Rl-mediated mast cell degranulation, B cell receptor
(BCR) and TCR signaling (60, 65). While not found in resting
T cells, cInk is abundantly expressed in previously activated T
cells (65). Similar to slp-76, clnk consists of a tyrosine- and
proline-rich amino-terminal basic domain, an SH2 domain and
a carboxy-terminal tail (60). While the SH2 domains of slp-76
and clnk exhibit the highest degree of homology within their
SH2 domains the sequence variations outside this region suggest
that cInk might not be phosphorylated by ZAP-70 and does not
associate with Vav, Nck, or GADS. Clnk can rescue TCR signals
in slp-76-deficient T cells (65), but clnk itself is dispensable for
T cell function and differentiation (93). Clnk might contribute
to the coordination of antigen-receptor signaling and cytokine
stimulation. Interestingly, cInk might mediate diverse or even
opposite signals by TCRs and NKRs as it promotes iNKT cell
responses, but impairs NK cell function (94). Thus, clnk might
function as a molecular switch, which controls diverse immune
responses in different cell populations.

Signaling Lymphocytic Activation Molecule
(SLAM) and Signaling Lymphocytic
Activation Molecule-Associated Protein

(SAP)
The signaling lymphocytic activation molecule (SLAM) family
of cell surface receptors comprises six members named 2B4
(CD244), Ly9 (CD229), CRACCSLAM (CD150), CD84, and
Ly108 (95, 96) which are exclusively expressed on hematopoietic
cells. They represent homophilic receptors with the exception
of 2B4, which recognizes CD48. SLAM family receptors possess
an extracellular segment with two or four immunoglobulin-
like domains responsible for ligand recognition, a single
transmembrane region and a cytoplasmic domain. This
cytoplasmic domain bears one to three inhibitory or activating
immunoreceptor tyrosine-based switch motifs (ITSMs) (97).
Signaling  lymphocytic  activation molecule (SLAM)-
associated proteins (SAPs) are adaptor molecules which contain
Srchomology 2 (SH2) domains. SAPs are expressed in T cells, NK
cells, and iNKT cells. The SAP family of adaptors includes three
members most commonly known as SAP (also named SH2D1A),
Ewing’s sarcoma-associated transcript-2 (EAT-2; also named
SH2D1B1) and EAT-2-related transducer (ERT; also named
SH2D1B2) (98). Mutations in the SAP (SH2D1A) gene located on
chromosome X are responsible for X-linked lymphoproliferative
disease (XLP), characterized by higher susceptibility to Epstein-
Barr virus (EBV) infection, B cell lymphomas, severe immune
dysregulation, a nearly complete loss of iNKT cells and an
impaired humoral immunity (22, 23, 99-102). The correlation
of an augmented susceptibility to EBV infections with the lack of
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FIGURE 2 | Signaling domains of slp-76. SLP76 (SRC homology 2 (SH2)-domain-containing leukocyte protein of 76 kDa) contains inducibly phosphorylated tyrosines
in the amino (N) terminus, a central proline-rich (PR-) domain and a carboxy (C)-terminal SH2 domain. The N-terminal acidic domain binds to the SH2 domains of the
guanine nucleotide exchange factor Vav, the adaptor protein Nck and the Tec-family kinase Itk. The subsequent signaling pathways influence predominantly the
reorganization of actin. This domain of slp-76 interacts also with the phosphatidylinositol 3-kinases (PI3K) which interfere with multiple cellular functions such as
proliferation, differentiation and survival. The central proline-rich domain of slp-76 interacts with the phospholipase PLCy-1 and the adaptor molecule GADS
(Grb2-related adaptor downstream of Shc). The C-terminal SH2 domain of slp-76 binds to the serine-threonine kinase HPK-1 (hematopoietic progenitor kinase 1) and
to the adhesion and degranulation-promoting adaptor protein (ADAP), two molecule associated with the formation of the immunological synapse, integrin
activation/expression and inside-out and outside-in signaling cascades. ADAP, adhesion- and degranulation-promoting adaptor protein; GADS, GRB2-related adaptor
protein; GRB2, growth-factor-receptor-bound protein 2; HPK1, hematopoietic progenitor kinase 1; ITK, interleukin-2-inducible T-cell kinase; Lck, lymphocyte-specific
protein tyrosine kinase; NCK, non-catalytic region of tyrosine kinase; PLCy1, phospholipase Cgamma; PI3K, phosphatidylinositol 3-kinase; PR, proline-rich; Vay,
guanine nucleotide exchange factor.

iNKT cells together with the observation that the SLAM family ~ (24). While SAP deficiency blocks positive selection at stage
receptor 2B4 exhibits defect signaling function in SAP-deficiency =~ 0, the most immature stage of iNKT cell development (22,
(103-105) suggest a key role for iNKT cells and SLAM family ~ 23), mice lacking SLAM receptors exhibit less pronounced
receptors in the immune response to EBV. iNKT cell defects that appear to spare stage 0 iNKT cells

SAP family adaptor proteins respond through their SH2 (24, 25). Indeed, unlike SAP, SLAM family receptors promoted
domains to the cytoplasmic domains of SLAM family receptors  iNKT cell development and intrathymic maturation due to the
by recruiting and activating the downstream tyrosine kinase  restriction of TCR signal strength following positive selection
Fyn (Figure 3) (106). However, SLAM family receptors can also  and the limitation of activation induced cell death (27). This
signal through other SH2 domain-containing molecules such  process involves the adaptor SAP-kinase Fyn complex and the
as the protein tyrosine phosphatases SHP-1 and SHP-2 or the  protein tyrosine phosphatases SHP-1. Thus, this study uncovers
SH2 domain inositol phosphatase 1 (SHIP-1), particularly in SAP  important differences in SAP and SLAM signaling and highlights
deficiency (25, 97, 101, 107-111). While SAP-dependent SLAM ~ the complex processes underlying iNKT cell maturation and
family receptor signaling is pivotal for the selection of iNKT  survival (112) as auto-reactive iNKT cell activation during
cells, these receptors inhibit SAP-independently follicular helper  thymic selection is thought to induce a substantially stronger
T cells and humoral immune responses (25). TCR stimulus in comparison to that during the development

iNKT cells are known to use unique signaling pathways  of conventional T cells (6, 113). As a consequence the
(26). Fyn, for example, is required for iNKT cell development,  expression of the transcription factors Egrl and Egr2 is strongly
but not for the differentiation of conventional T lymphocytes  increased (113), which in turn directly induce PLZE the
or NK cells (20, 21). The loss of SAP resulted in a complete  key transcription factor controlling iNKT cell differentiation,
absence of iNKT cells from both mice and humans. SAP-  migration, and functions (113). SAP regulates also cytokine
transmitted signaling events were uniquely required for the  production, expression of transcription factors, the polarization
development of iNKT cells, as conventional T cells and NK  of iNKT cells favoring the development of NKT2 cells and
cells developed normally in the absence of SAP (22, 23). The  the formation of the immunologic synapse (28, 114, 115).
selection of iNKT cells also strictly requires co-stimulation  Furthermore, SAP expression in iNKT cells promotes cognate
via SLAM (signaling lymphocyte-activation molecule) family  help to B cells (116, 117). Thus, the SLAM-associated adaptor
members (20-24). Homotypic interactions involving the SLAM  protein (SAP) signaling pathway is selectively required for iNKT
family receptors 1 and 6 are required for iNKT cell differentiation  cell development and the loss of iNKT cells has been suggested

Frontiers in Immunology | www.frontiersin.org 62 June 2019 | Volume 10 | Article 1449


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gerth and Mattner

Adaptor Proteins and NKT Cells

RasGAP

Cytokine production,
NKT-cell development

FIGURE 3 | SLAM receptor signaling. SLAM receptor ligation recruits and
activates via SAP the protein tyrosine kinase FYN, which phosphorylates
SLAM and subsequently generates docking sites for SRC homology 2
(SH2)-domain-containing downstream adaptor proteins and enzymes. SLAM
engagement also cooperates with TCR-mediated signals leading to nuclear
factor-kB (NF-kB) activation, cytokine production and NKT cell development.
DOK1 and 2, docking proteins 1 and 2; RasGAP, RAS-GTPase-activating
protein; SAP, Signaling lymphocytic activation molecule (SLAM)-associated
proteins; SLAM, signaling lymphocytic activation molecule; SHIP,
SH2-domain-containing inositol—5’ phosphatase.

to contribute to the genesis of the lethal immunodeficiency
syndrome. The need for SAP-mediated signals may reflect the
unique requirements for the positive selection of iNKT cells
in the thymus. However, several questions remain unresolved.
For example, the role of individual SLAM family receptors in
cytokine polarization and iNKT cell differentiation needs to be
characterized in more detail as well as the impact of subsequent
signaling cascades and their interference with NKRs and TCRs.
In addition, it is still unknown, whether and how TCR and SLAM
family receptors interfere on a cellular and molecular level and
why this is specific for iNKT cells.

Adaptor Protein-3 (AP-3)

The hetero-tetrameric AP (adaptor protein) complexes are
involved in the sorting of cargo proteins into transport vesicles
that traffic between the different organelles of the cell. They
are known to bind to the tyrosine or dileucine-containing
sequence motifs in transmembrane proteins in order to direct

their selective localization to subsets of endosomal and lysosomal
compartments (118, 119). Five members, AP-1 to AP-5 and
their isoforms have been characterized in this family of cytosolic
complexes (118-120). In contrast to AP-4 and-5, AP-1,-2,
and-3 are clathrin-associated complexes (121). AP-1 and AP-2
direct proteins from the trans-Golgi network to endosomes and
recycling compartments, respectively (122, 123). AP-3 localizes
membrane proteins to lysosomes, platelet-dense granules, and
melanosomes (124). AP-3-deficient mice as well as Hermansky-
Pudlak syndrome type 2 (HPS-2) patients with mutations in the
AP-3 gene exhibited hypopigmentation and platelet dysfunction
(125-129). AP-4 mediates vesicle trafficking from the trans-Golgi
network to endosomes or the basolateral plasma membrane. The
function of AP-5 localized in late endosomes is largely unknown
(121). To date, there have been no interactions between AP-1,
AP4, and AP-5 with CD1d described. However, CD1d directly
interacts with AP-2, which targets the endosomal compartment,
and AP-3, which targets the lysosomal compartment (59, 130).
Indeed, AP-2 restrains iNKT cell activation due to the regulation
of CD1d internalization (131), and a connection of AP-2 with
autophagy as a regulator of iNKT cell activation, development
and survival is currently under investigation. In this context, a
deletion of the essential autophagy gene Atg7 abrogated thymic
iNKT cell development and peripheral iNKT cell functions in a
cell-intrinsic manner (132, 133). Unexpectedly, however, Atg7-
deficient thymocytes and bone marrow-derived DCs exhibited
no defect in the presentation of glycolipid antigens, implying
distinct differences in the mechanisms how AP-2 and autophagy
genes affect iNKT cell development and activation that need to be
dissected in the future.

In contrast, numerous studies have investigated the
interaction of AP-3 and CD1d. Since CD1d recycles between the
cell membrane and the lysosome back and forth, AP-3 interferes
with glycolipid metabolism and CD1d-mediated (glyco-)lipid
antigen presentation (134). Indeed, it was shown that AP-3 is
required for the efficient presentation of glycolipid antigens
that require internalization and processing (59, 135). AP-3
interacts with CD1d, but does not affect MHC II presentation
(59, 135-137). Cells from AP-3-deficient mice show increased
cell surface expression of CD1d but decreased expression in
late endosomes. Consequently, AP-3-deficient splenocytes
present glycolipids to iNKT cells less efficiently. Furthermore,
AP-3-deficient mice exhibit significantly reduced iNKT cell
numbers. The simultaneous analysis of CD1d mutants with
alterations in the cytoplasmic tail to AP-3-knockout mice
proved also that CD1d molecules in lysosomes are functional in
antigen presentation (59, 130). iNKT cell numbers are reduced
in patients with Hermansky-Pudlak syndrome type 2 (HPS-2)
(138) and iNKT cell defects have been also associated with the
susceptibility to infections and lymphoma in patients with this
homozygous genomic AP-3 deletion (139). Thus, in summary
these studies showed that the localization of CD1d to late
endosomes or lysosomes is required for both (glycol-)lipid
antigen presentation and the subsequent development of iNKT
cells. These reports also demonstrated that different pathways
mediate the intracellular trafficking of MHC II and CDI1
molecules, which both scavenge late endosomes or lysosomes.
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FIGURE 4 | Interactions of SAP and slp-76. SLAM receptor signaling
cooperates with TCR and NKR signals. While TCR and NKR signal through
slp-76, SLAM receptors utilize SAP and Fyn. It is unknown to date whether
slp-76 and SAP interact, whether these three receptor classes combine slp-76
and SAP signals and whether other receptors share similar signaling
pathways. DAP, DNAX activation adaptor protein; Fyn, SRC family tyrosine
kinase; NKR, NK cell receptor; SAP, Signaling lymphocytic activation molecule
(SLAM)-associated proteins; SLAM, signaling lymphocytic activation molecule;
slp-76, SRC homology 2 (SH2)-domain-containing leukocyte protein of 76
kDa; TCR, T cell receptor; ZAP-70, zeta-chain associated protein kinase 70.

CONCLUSION

Adaptor proteins play a pivotal role in the biology of CD1d-
restricted iNKT cells. SAP transfers SLAM receptor signals,
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Deborah Yablonski*

The Immune Cell Signaling Lab, Department of Immunology, Ruth and Bruce Rappaport Faculty of Medicine,
Technion—Israel Institute of Technology, Haifa, Israel

Antigen receptor signaling pathways are organized by adaptor proteins. Three adaptors,
LAT, Gads, and SLP-76, form a heterotrimeric complex that mediates signaling by
the T cell antigen receptor (TCR) and by the mast cell high affinity receptor for
IgE (FceRI). In both pathways, antigen recognition triggers tyrosine phosphorylation
of LAT and SLP-76. The recruitment of SLP-76 to phospho-LAT is bridged by
Gads, a Grb2 family adaptor composed of two SH3 domains flanking a central SH2
domain and an unstructured linker region. The LAT-Gads-SLP-76 complex is further
incorporated into larger microclusters that mediate antigen receptor signaling. Gads
is positively regulated by dimerization, which promotes its cooperative binding to
LAT. Negative regulation occurs via phosphorylation or caspase-mediated cleavage of
the linker region of Gads. FceRI-mediated mast cell activation is profoundly impaired
in LAT- Gads- or SLP-76-deficient mice. Unexpectedly, the thymic developmental
phenotype of Gads-deficient mice is much milder than the phenotype of LAT- or
SLP-76-deficient mice. This distinction suggests that Gads is not absolutely required
for TCR signaling, but may modulate its sensitivity, or regulate a particular branch of
the TCR signaling pathway; indeed, the phenotypic similarity of Gads- and Itk-deficient
mice suggests a functional connection between Gads and Itk. Additional Gads binding
partners include costimulatory proteins such as CD28 and CD6, adaptors such as Shc,
ubiquitin regulatory proteins such as USP8 and AMSH, and kinases such as HPK1
and BCR-ABL, but the functional implications of these interactions are not yet fully
understood. No interacting proteins or function have been ascribed to the evolutionarily
conserved N-terminal SH3 of Gads. Here we explore the biochemical and functional
properties of Gads, and its role in regulating allergy, T cell development and T-cell
mediated immunity.
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Bridging the Gap With Gads

INTRODUCTION

Gads—A Grb2-Family Adaptor Specialized

for Immune Cell Signaling

Gads is a hematopoietically-expressed adaptor protein that
regulates T cell development, T cell-mediated immune responses
and mast cell-mediated allergic responses. By virtue of its domain
structure, Gads is a member of the Grb2 family of adaptors,
which includes Grb2, Gads and Grap. This family is characterized
by a central SH2 domain flanked by two SH3 domains,
with Gads containing an additional glutamine- and proline-
rich spacer between the SH2 and C-terminal SH3 domains
(Figure 1A). Whereas Grb2 is ubiquitously expressed, Grap is
primarily hematopoietic, and Gads is expressed exclusively in
hematopoietic cell types, with particularly high expression in
thymocytes, T cells, and mast cells, intermediate expression in
monocytes, and no detectable expression in macrophages (1, 2).
A low level of Gads expression has been detected in NK cells and
in naive murine and human B cells, where it is downregulated
upon BCR stimulation (3, 4).

The signaling functions of Grb2-family adaptors are mediated
by their conserved Src homology (SH) domains. SH2 is
a structurally conserved modular domain, found in over
100 signaling proteins (5). Each SH2 domain contains a
single binding cleft, which binds with moderate affinity to a
characteristic phospho-tyrosine (pY) motif; in particular, Grb2-
family SH2 domains bind to the pYxN motif (6).

The SH3 domain is another type of modular protein-protein
interaction domain, found in hundreds of human proteins.
SH3 domains typically bind with moderate affinity to canonical
proline-rich motifs (7); however, the C-terminal SH3 of Gads
binds with high affinity to a non-canonical RxxK motif (8-10).

In resting cells, Grb2 adaptors are found in the cytoplasm,
where they bind constitutively to key signaling proteins via their
SH3 domains. Grb2 utilizes both SH3 domains to bind to the
Ras exchange factor, SOS (11). Gads does not bind to SOS
(12, 13), but binds to a hematopoietic adaptor, SLP-76, via a high
affinity interaction of its C-terminal SH3 with an RxxK motif in
SLP-76 (9, 10, 14, 15).

One Adaptor With Many Names

Discovered in the late 1990s by six different groups, Gads was
given six different names: Grb2-family adaptor downstream
of Shc (Gads) (16), Grb2-related adaptor protein-2 (Grap2)
(17), Monocyte Adaptor (Mona) (1), Grb2-related protein of
the lymphoid system (GrpL) (12), Grb2 family member of 40
kD (Grf40) (18), and Grb2-related protein with insert domain
(GRID) (19). Most of these groups cloned Gads by virtue of its
ability to form stable protein-protein interactions via its SH2 or
C-terminal SH3 domain. A number of groups identified Gads
by screening cDNA expression libraries with pYxN-containing
phosho-protein baits, such as Shc (16), Fms (1), RET (20), or the
cytoplasmic tail of CD28 (19). In addition, Gads has been shown
to bind via its SH2 to BCR-Abl and c¢-Kit (16), SHP-2 (12), and
CD6 (21). Other groups identified Gads in the course of yeast
two hybrid screens with bait proteins that contain an RxxK motif,
such as Gab1l (17), AMSH (18), and, more recently, USP8 (also

known as UBPY) (14, 22). In addition, the C-terminal SH3 of
Gads can bind to RxxK motifs in HPK1 (23-25) and Gab3 (1).
The known Gads-binding partners are summarized in Figure 1B.

The Bridging Function of Gads—Two Cell Types,

One Signalosome

Soon after the identification of Gads, it became apparent that
its main function is to serve as an antigen receptor-induced
bridge between two other hematopoietic adaptors, LAT and SLP-
76 (12, 13, 18) (Figure 1B). Gads performs this bridging function
in two cell types: T cells and mast cells. These cell types have
distinct developmental pathways, and use structurally distinct
receptors to recognize different types of antigens; nevertheless,
the signaling pathways triggered upon antigen recognition are
remarkably similar.

Recognition of antigen by the T cell antigen receptor (TCR) or
the mast cell FceRI triggers multi-site tyrosine phosphorylation
of a trans-membrane adaptor, known as LAT, to which Grb2
and Gads bind via their SH2 domain. In this way, Grb2
recruits SOS to LAT, whereas Gads recruits SLP-76 to LAT.
These events culminate in the antigen-induced assembly of a
large, LAT-nucleated signaling complex, sometimes referred to
as the LAT signalosome, which triggers downstream signaling
events (Figure 2).

The superficially non-descript role of Gads as a bridge between
two more famous adaptors, LAT and SLP-76 [reviewed in (26,
27)], may explain why Gads has not been reviewed in depth since
2001 (2), except in the context of the Grb2 family as a whole
(28). Since this time, numerous studies have provided insight
into the roles played by Gads and the regulatory inputs acting on
Gads, which together warrant a closer look at this immune cell
signaling molecule.

Proximal Signaling by the T Cell Antigen

Receptor—A Quick Overview

Each T cell expresses a clonotypic antigen receptor (TCR),
specific for a particular combination of antigenic peptide and cell
surface MHC molecule (pMHC). Within the cell, TCR ligation
triggers a cascade of tyrosine kinases (29, 30), initiated by the Src-
family kinase, Lck, which phosphorylates ITAM motifs within the
TCR complex. Dual-phosphorylated ITAMs bind the Syk-family
kinase, ZAP-70. Active ZAP-70 then phosphorylates LAT at least
four sites, including Tyr!*2, Tyr!7!, Tyr'®!, and Tyr??® (31-34).
Of these sites, PLC-y1 binds directly to LAT pTyr!'®?, whereas the
three C-terminal sites conform to the Grb2 family-specific motif,
pYxN (Figure 2).

In parallel, ZAP-70 phosphorylates SLP-76 at three N-
terminal tyrosines (35-37), which bind to the adaptor, Nck,
the guanine nucleotide exchange factor, Vav, and the Tec-
family tyrosine kinase, Itk. Vav and Nck are responsible for
TCR-induced changes to the actin cytoskeleton, whereas Itk
participates in a signaling pathway leading to the activation
of phospholipase C-yl (PLC-y1). Finally, the C-terminal SH2
of SLP-76 binds to additional signaling proteins, including
the adaptor ADAP (previously known as SLAP130/Fyb) and
the serine threonine kinase HPK1. HPK1 phosphorylates two
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FIGURE 1 | The Grb2 family. (A) Domain structure of the Grb2 family members: Grb2, Gads, and Grap. (B) Through its SH2 and C-terminal SH3, Gads bridges the
antigen receptor-induced recruitment of SLP-76 to LAT (shown at top). Additional binding partners are listed below their relevant binding domain, with interactions of
unknown functional relevance listed below the dotted line. The N-terminal SH3 has no known binding partner or regulatory function. Bait proteins that were used to
identify Gads are shown in blue. 14-3-3 binds to a threonine phosphorylation site within the linker region. CD28 and BCR-Abl may interact with two Gads domains.

defined sites on SLP-76 and Gads (indicated by purple arrows in  of calcium- and Ras-dependent transcription factors that are
Figure 2), which will be discussed below. required for TCR-induced transcriptional changes (44).
One of the most important functions of the LAT signalosome

is to mediate the TCR-induced activation of PLC-yl. PLC-y1
binds to LAT Tyr!32, and is activated upon its phosphorylation THE REGULATED ASSEMBLY AND

on two tyrosine residues (38, 39). Itk-mediated phosphorylation DISASSEMBLY OF LAT-NUCLEATED
of PLC-y1 occurs by a sequential mechanism (indicated by pink  SIGNALING COMPLEXES

arrows in Figure2), in which Itk binds to and is activated .

by SLP-76 (40-42), then phosphorylates SLP-76 at Tyr!”3, Cooperative Assembly of the

a conserved site that is required for the subsequent Itk- LAT Signalosome

mediated phosphorylation of PLC-y1 (36, 43). Activated PLC-  The LAT signalosome is a complex structure composed of
y1 generates second messengers that trigger calcium increase  many different proteins, which is rapidly assembled upon TCR
and the activation of Ras and PKC, with consequent activation  stimulation. All four distal tyrosines of LAT are required
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Grb2

FIGURE 2 | The LAT-nucleated signaling complex. Upon TCR stimulation, LAT
is phosphorylated by ZAP-70 at Tyr132, Tyr171 , Tyr791 , and Tyr226 (indicated
by gray arrows), triggering the SH2-mediated recruitment of key signaling
proteins. PLC-y1 binds directly to LAT at pTyr'32. Grb2 bridges the
recruitment of SOS to LAT. Gads binds cooperatively to pTyr'”1 and pTyr!91,
bridging the recruitment of SLP-76 and its associated binding partners to LAT.
Nck, Vav, and Itk bind to N-terminal tyrosine phosphorylation sites on SLP-76
Tyr!13, Tyr'28, and Tyr'4%), whereas HPK1 and ADAP (not shown) can bind
to the C-terminal SH2 of SLP-76. Binding to SLP-76 is required for the
catalytic activity of two SLP-76-associated kinases, Itk, and HPK1. Substrates
of Itk within the signalosome are indicated by light pink arrows; Itk
phosphorylates SLP-76 at Tyr1 73 which is required for subsequent
Itk-mediated phosphorylation of PLCy1 at Tyr’83. HPK1 phosphorylates
SLP-76 and Gads at negatively regulatory sites, indicated by purple arrows
(SLP-76 Ser®’6 and Gads Thr?6?).

for signalosome function (31-34), suggesting that a complete
signalosome must be assembled. Biophysical measurements show
that the three distal tyrosines can bind to Grb2 or Gads
with comparable affinity (8); yet, in intact cells, at least two
motifs are required for the stable recruitment of Grb2, and two
particular motifs (Y171 and Y191) are specifically required for
the stable recruitment of Gads into the signalosome (34). These
observations suggest that signalosome assembly is promoted by
cooperative binding events; however, the basis for cooperativity
was not known.

Gads SH2-Mediated Dimerization Promotes Its
Cooperative Binding to LAT

Recently, we discovered that the Gads protein undergoes
spontaneous, reversible dimerization. Gads dimerization

depends on its SH2 domain, and is further stabilized by
additional domains found in full-length Gads (45). We used
a structural model to identify the SH2 dimerization interface,
and showed that it is distinct from the pTyr-binding pocket
(45) (Figure 3A). This model suggests how paired binding of
Gads to its dual binding sites on LAT may stabilize the dimeric
configuration (Figure 3B). Consistent with this idea, competitive
binding experiments revealed preferentially paired binding
of Gads to a dual-phosphorylated LAT peptide, even in the
presence of excess, competing single-phosphorylated LAT (45).
Mutational inactivation of the dimerization interface reduced the
preferentially paired binding of Gads to LAT, and impaired its
ability to discriminate between single- and dual-phosphorylated
LAT. In intact cells, disruption of the dimerization interface
disrupted the antigen receptor-induced recruitment of Gads
to phospho-LAT, moderately impaired TCR responsiveness
in a model cell line, and profoundly impaired FceRI-
mediated activation of primary, bone marrow-derived mast
cells (45).

Other Examples of Cooperativity at LAT

Assembly of the LAT signalosome appears to be driven by
multiple cooperative binding events, including, but not limited
to Gads dimerization. A recent study highlighted the cooperative
assembly of LAT, Gads, SLP-76, and PLC-y1 into a tetrameric
complex centered around LAT Tyr!'3? and Tyr'”! (46). Upon
in vitro reconstitution of this binding complex, elimination
of any one of the above components reduced the binding
interactions between the other three. Further, cooperative
interactions mediated by Grb2 are also likely to influence
signalosome assembly. SH2-mediated dimerization of Grb2 can
occur via a domain swapping mechanism, in which the C-
terminal helix of the SH2 domain takes its place in a neighboring
SH2 domain, thereby producing a stably intertwined dimeric
form (47-49). It will be interesting to see whether Grb2 SH2
dimerization affects its binding to LAT, and how the competitive
binding of Grb2 and Gads to overlapping sites on LAT
eventually determines the overall structure and stoichiometry of
the signalosome.

Why Are Cooperative Interactions at LAT

so Important?

One insight may be seen in the recent observation that signaling
through LFA-1 triggers phosphorylation of LAT at Tyr!”! but not
at Tyr'®1, Tyr?26, or Tyr!32. This selective phosphorylation allows
LAT to bind to a Grb2-SKAP1 complex, but not to Gads-SLP-76
(50). The absence of binding to Gads-SLP-76 is consistent with
the requirement for two sites to mediate the cooperative binding
of LAT to Gads (34, 45). This observation further suggests that
Gads cooperativity may allow cells to identify productive TCR
activation, which leads to ZAP-70-dependent phosphorylation
of LAT at four tyrosines. In contrast, initial scanning of the
APC would lead to LFA-1-dependent phosphorylation of LAT
at Tyr!”! alone. It remains to be shown whether Tyr!’! is in
fact phosphorylated in the context of a transient, non-cognate
interaction between a T cell and an APC.
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FIGURE 3 | Gads regulatory sites include an SH2 dimerization interface. (A) The SH2 domain of murine Gads, cocrystalized with a short LAT peptide encompassing
LAT pTyr171 [(6); PDB file 1R1P]. The minimal asymmetric unit includes two pairs of closely associated Gads SH2 domains, each bound to a pLAT peptide. Shown is
the structure of one pair of SH2 domains (cyan and green chains), each bound to the LAT peptide (red). Three amino acid side chains from the putative dimerization
interface are shown, including F92 (orange), R109 (pink), and D91 (blue). (B) A space-filing representation of the structure shown in A, revealing an extensive
dimerization interface measuring ~850 A2 The dotted pink line illustrates the possibility that the two bound pTyr peptides could represent dual binding sites on a
single molecule of LAT, binding cooperatively to two molecules of Gads. (C) Summary of the currently known regulatory mechanisms converging on Gads, including
Gads dimerization, HPK1-mediated phosphorylation of Gads, and caspase3-mediated cleavage of Gads. Tyr45 is a conserved TCR-inducible Gads phosphorylation

site of unknown function, found within the N-terminal SH3 of Gads.

Signaling Microclusters Promote

TCR Responsiveness
Upon TCR stimulation, LAT-nucleated signaling complexes
(Figure 2) are incorporated into larger (micrometer or sub-
micrometer) structures, referred to as microclusters (51)
(Figure 4). Microclusters containing SLP-76, LAT, and Gads
appear rapidly at the site of TCR stimulation, followed by their
microtubule-mediated translocation toward the center of the
stimulatory contact site (52, 53). Live cell imaging revealed that
the appearance of the first microclusters coincides with the
initiation of calcium flux, suggesting that microcluster formation
may be required for downstream signaling events (52).

The Grb2-SOS complex is an important driver of microcluster
formation (Figure 4, right). Each SOS molecule can bind to two
molecules of Grb2, which may bind to pTyr sites on adjacent

molecules of LAT, thereby recruiting multiple molecules of LAT
into the microcluster (11, 54). Since each LAT molecule can bind
up to three molecules of Grb2, the potential for cluster formation
by this mechanism is quite large.

In addition to Grb2 and SOS, both SLP-76 and Gads are
required to support the formation, persistence and translocation
of TCR-induced microclusters (53). The recruitment of SLP-
76 into microclusters depends on two of its protein-interaction
sites: its Gads-binding motif, and its C-terminal SH2 domain.
Surprisingly, SLP-76 itself is required for the recruitment of Gads
into microclusters (53). These results demonstrate that the Gads-
mediated recruitment of SLP-76 to LAT is necessary, but not
sufficient for microcluster formation; in addition, a ligand of
the SLP-76 SH2 domain is required to recruit SLP-76 and its
associated Gads into the clusters.
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i) i) i)

Interactions ADAP-mediated Cooperative Grb2-SOS-
that promote oligomerization of binding of mediated
clustering: SLP-76 Gads to LAT  clustering of LAT

FIGURE 4 | TCR-induced clustering of LAT. A web of multipoint, SH2-mediated interactions promotes the formation of microclusters, containing LAT, Gads, and
SLP-76. ADAP-mediated oligomerization of SLP-76: Upon TCR stimulation ADAP is phosphorylated at three tyrosines that bind to the SH2 of SLP-76, leading to
oligomerization of SLP-76 and its associated Gads. Cooperative binding of Gads to LAT: Gads SH2 dimerization promotes its cooperative binding to two adjacent
sites on LAT, thereby recruiting ADAP-oligomerized SLP-76 to one or more LAT molecules. Grb2-SOS-mediated clustering of LAT: Each molecule of SOS can bind to
two molecules of Grb2, each of which may bind to a different molecule of LAT, thereby bringing them into the growing cluster. Each of the above interactions can
occur repeatedly, creating a web of interacting proteins that together stabilize a large signaling cluster.

The SH2 domain of SLP-76 contributes to microcluster  to SOS, Grb2 to LAT, SLP-76 to ADAP and Gads to LAT
formation via its interaction with another adaptor protein  together create a web of interactions, linking individual signaling
known as ADAP (Figure 4, left). ADAP pre-localizes at TCR  complexes into large microclusters that may amplify proximal
protrusions that may make contact with the APC (55). Upon  signaling events to trigger profound downstream responsiveness.
TCR stimulation, ADAP is phosphorylated at three tyrosines .
that bind to SLP-76, resulting in the stable oligomerization Negative Regulatory Pathways
of SLP-76 and its associated Gads (56). Oligomerized SLP- Intersecting at Gads
76 may then be recruited to LAT via the cooperatively  The multiple cooperative interactions occurring at LAT result
paired binding of Gads to LAT pTyr!”! and pTyr'®! (45). In  in the formation of highly stable signaling complexes and
the context of ADAP-trimerized SLP-76, these Gads-mediated  microclusters (54). This cooperative network likely contributes
interactions may contribute to the cross-linking of two or  to the sensitivity of TCR signaling and supports the binary (fully
more LAT molecules (Figure 4, center), similar to the cross-  on or off) nature of T cell responses. Yet, the high stability of
linking induced by Grb2-SOS. Consistent with this notion, all  the physical signaling network suggests that dedicated regulatory
three ADAP tyrosines are required for the optimal assembly  pathways must be required to disassemble the complexes and
and stabilization of TCR-induced microclusters (56); whereas  microclusters in order to terminate signaling.

any microclusters that form in the absence of ADAP are Microcluster disassembly appears to be a regulated,
immobile, smaller, and less persistent than those seen in wild-type ~ stepwise process. Gads and SLP-76 are among the first
cells (55, 57). signaling molecules to exit the LAT-nucleated signaling

A common theme shared by all of the above mechanisms is  microclusters (58), suggesting that disassembly may be
that clustering is driven by the multipoint binding of individual  initiated and regulated by pathways acting on Gads. Here
signaling proteins to each other. Multipoint binding of Grb2  we discuss two types of negative regulatory pathways that
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act on the linker region of Gads to promote signalosome
disassembly and limit TCR responsiveness: HPK1-mediated
phosphorylation of Gads, and caspase-mediated cleavage of
Gads (Figure 3C).

HPK1 Mediates a Negative Feedback Loop,
Activated by Gads and SLP-76

A member of the germinal center kinase (GCK) family, the
serine/threonine kinase HPK1 (also known as MAP4K1) is
expressed exclusively in hematopoietic cells and is activated upon
TCR stimulation (59, 60). Lck, ZAP-70, LAT, and SLP-76 are all
required for the TCR-induced activation of HPKI, suggesting
that it forms part of the canonical TCR signaling pathway
(60). Upon its activation, HPK1 appears to balance different
downstream branches of the TCR response, by promoting the
activation of JNK and NF«kB, while simultaneously inhibiting the
activation of Erk and AP1 (60-62).

Most importantly, HPK1 forms part of a negative feedback
loop that limits signalosome activity. In the first part of the loop,
SLP-76 acts within the LAT signalosome to mediate the activation
of HPK1 (62). In the second part of the loop, HPK1 limits TCR
responsiveness, by phosphorylating SLP-76 and Gads at negative
regulatory sites, depicted by purple arrows in Figure 2 (63-66).

The TCR-induced activation of HPK1 occurs by a multistep
mechanism, involving SLP-76 and Grb2-family adaptors. Upon
TCR stimulation, a proline-rich region of HPK1, which can
bind to Grb2-family adaptors, mediates its recruitment to LAT
(24, 25, 59, 60). It is not yet clear exactly how HPK1 is recruited
LAT; however, Gads binds weakly to HPK1 (23), suggesting that
it is probably not the primary mechanism of recruitment. Once
recruited to LAT, HPK1 is phosphorylated by ZAP-70 on Tyr*”?,
which binds with high (~8 nM) affinity to the SH2 of SLP-76, and
this interaction is essential for the catalytic activation of HPK1
(56, 62). Activation of HPK1 also depends on the Gads-binding
motif of SLP-76 (62), further supporting the notion that HPK1
activation occurs within the LAT signalosome. Taken together,
the evidence suggests that HPKI1 activation depends on its
Grb2-dependent recruitment to LAT, where it is phosphorylated
by ZAP-70, and then binds to and is activated by the SH2
of SLP-76.

Active HPK1 exerts negative feedback by phosphorylating
SLP-76 at Ser’’® and Gads at Thr2°? (63, 64). Both HPKI-
targeted sites bind in a phosphorylation-dependent manner
to 14-3-3 proteins, which appear to promote the detachment
of SLP-76 and Gads from LAT microclusters (63, 64). In
addition, phosphorylation of SLP-76 at S$3’¢ may trigger
its ubiquitin-mediated degradation (67). Consistent with its
negative regulatory function, HPK1-deficient primary T cells
exhibit increased TCR-induced phosphorylation of SLP-76 and
proliferation (66). Moreover, mutational inactivation of SLP-76
Ser’”® or Gads T?? in a T cell line model resulted in increased
TCR-induced phosphorylation of PLC-y1, as well as increased
TCR+CD28-induced transcription of the IL-2 gene (63, 65).
Thus, HPK1 appears to activate a negative regulatory feedback
pathway, which is at least partially mediated by phosphorylation
of 14-3-3-binding sites on SLP-76 and Gads.

Caspase-Mediated Cleavage of Gads May Limit
Immune Responsiveness

At later time points in the process of T cell activation, Gads
activity is limited by caspase3-mediated cleavage, which occurs
at a conserved DIND cleavage site found within the linker region
of Gads (68, 69). Cleavage at this site separates the LAT-binding
SH2 domain of Gads from the SLP-76-binding C-terminal SH3,
and thus cleavage of Gads can strongly impair the recruitment
of SLP-76 to LAT. In T cell lines, caspase3-mediated cleavage of
Gads occurs approximately 1h after stimulation of CD95, also
known as the Fas receptor (68, 69). It is interesting to note that
in vivo caspase3-mediated cleavage of Gads has been observed
upon the induction of oral tolerance, and also upon treatment
of primary T cells with anergizing stimuli; indeed the expression
of a caspase3-resistant allele of Gads rendered T cells partially
resistant to anergy (70, 71). These observations suggest that
caspase-mediated cleavage of Gads may be part of the mechanism
by which T cell tolerance is maintained.

EVOLUTIONARY CONSERVATION
OF GADS

Only two Gads domains, its central SH2 and C-terminal SH3,
have been implicated in its role as a bridge between LAT and SLP-
76. It is quite remarkable that Gads SH2 and C-SH3 have many
potential binding partners (Figure 1B), whereas no interacting
proteins or signaling functions have been ascribed to the N-
terminal SH3 of Gads.

To gain insight into the relative importance of each
Gads domain, we examined their evolutionary conservation,

by aligning 66 vertebrate Gads orthologs (listed in
Supplementary Table 1), representing a wide variety of
taxonomical orders. A representative alignment of 14

Gads orthologs was color coded to indicate the extent of
conservation among the 66 vertebrate species that we examined
(Supplementary Figure 1). This analysis revealed remarkable
conservation of all three SH domains of Gads. Fifty one percent
of the N-SH3 residues, 60% of the SH2, and 48% of the C-
SH3 residues were identical in over 95% of species examined
(Supplementary Figure 1, yellow residues). When considering
only 23 avian and 27 mammalian orthologs (excluding 3
marsupial orthologs), we found that 81% of N-SH3 residues,
77% of SH2 residues and 73% of C-SH3 residues were identical
in over 92% of the species (Supplementary Figure 1, yellow and
green residues). The remarkable evolutionary conservation of
the N-terminal SH3 suggests that it performs an evolutionarily
conserved, albeit currently unknown function, which may be
mechanistically linked, or unrelated to the role of Gads as a
bridge between SLP-76 and LAT.

The linker region varied between vertebrate classes, both
in its sequence and in length. It was longest in mammalian
orthologs (107-129 residues), due to the presence of a central
proline-and glutamine-rich region of variable sequence, which
was shorter or absent in the other vertebrate classes. The highest
conservation within the linker sequence was observed among
avian orthologs, in which it was of intermediate length (94-96
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residues), and featured a central glutamine-rich motif, but no
proline-rich motifs. No linker motifs were conserved among all
vertebrate classes, but a motif encompassing the caspase cleavage
site (RxGGSLDxxD) (68, 69) and another encompassing the
threonine phosphorylation site (RRHTDP) (64) were conserved
among mammalian and avian species (Supplementary Figure 1).
Taken together these observations suggest that the linker region
may serve a class-specific regulatory role that is not part of the
core signaling function of Gads.

Opverall, the high evolutionary conservation of Gads provides
evidence for its important biological functions. To better
understand its functions, it is instructive to compare the
phenotypes of mice lacking Gads, to mice lacking LAT or SLP-
76. As detailed below, the mast cell phenotypes of these mice are
closely matched, consistent with the notion that the main role of
Gads in mast cells is to serve as a bridge between LAT and SLP-76.
In contrast, the T cell phenotypes are quite divergent, suggesting
that Gads may play additional regulatory roles in T cells.

REGULATORY ROLES OF GADS IN VIVO

The Mast Cell High-Affinity Receptor for
IgE (FceRl) Signals Through a
LAT-Gads-SLP-76 Complex

Type I hypersensitivity is a common type of allergic response
that occurs when sensitized mast cells respond to environmental
antigens (also known as allergens) via their high affinity receptor
for IgE (the FceRI). Sensitization occurs upon the binding of
allergen-specific IgE to the FceRI, which thereby functions as
an indirect antigen receptor. Subsequent exposure to allergen
activates the FceRl, triggering a cascade of events that is highly
analogous to the TCR signaling pathway [reviewed in (72, 73)].
In brief, phosphorylated receptor ITAM motifs activate a Syk-
family kinase that phosphorylates LAT and SLP-76, leading to
the formation of a LAT-nucleated signalosome, bridged by Gads.
These proximal events result in the activation of PLC-y, with
a consequent increase in intracellular calcium that triggers the
release of preformed granules containing a variety of allergic
mediators. Over a longer time scale, the FceRI triggers the
transcription, translation and release of inflammatory cytokines,
including IL-6 and others.

Neither LAT, SLP-76, nor Gads are required for mast cell
development. LAT-deficient mice had normal numbers of mast
cells in the skin (74), SLP-76-deficient mice had normal numbers
of mast cells in the skin and bronchi (75), and Gads-deficient
mice had normal numbers of mast cells in the skin, stomach and
peritoneal cavity (76). Mast cells can also be derived ex vivo by
prolonged culture of bone marrow precursors in the presence
of IL-3. Such bone marrow-derived mast cells (BMMCs) were
readily obtained in the absence of LAT, SLP-76, or Gads (74-76),
suggesting that all three adaptors are dispensable for mast cell
differentiation and proliferation. Nevertheless, all three adaptors
were required for FceRI responsiveness, both in vivo and ex vivo.

To assess FceRI responsiveness in vivo, endogenous mast
cells are sensitized by treating mice with monoclonal IgE (anti-
DNP), followed by intravenous administration of a DNPylated

protein antigen. When assayed in this manner, SLP-76-deficient
and LAT-deficient mice exhibited no sign of passive systemic
anaphylaxis as measured by systemic release of histamine (74,
75). The response of SLP-76 deficient mice was limited to a
mild and transient tachycardia whereas wild-type mice exhibited
profound tachycardia that was lethal in 50% of the mice
(75). Gads-deficient mice were similarly non-responsive when
sensitized locally in the ear and assessed for passive cutaneous
anaphylaxis in response to DNPylated antigen (76).

For in depth examination of FceRI-induced signaling
events, LAT-, SLP-76-, and Gads-deficient primary bone
marrow-derived mast cell lines (BMMCs) were sensitized with
monoclonal IgE (anti-DNP) and stimulated with a DNPylated
protein antigen. FceRI-induced phosphorylation of PLCy was
reduced in both LAT- and SLP-76-deficient BMMCs (74, 75), but
to our knowledge was not assessed in Gads-deficient BMMCs.
Downstream of PLCy, calcium flux was markedly impaired in
LAT-, SLP-76- and Gads-deficient BMMCs (74-76). Further
downstream, the rapid FceRI-induced release of preformed
mediators was abrogated in SLP-76-deficient BMMC (75), and
markedly decreased in LAT-deficient (74) and in Gads-deficient
BMMC (76). The slower FceRI-induced release of cytokines
was virtually absent in SLP-76-deficient (75) and in Gads-
deficient BMMC (76) and was markedly reduced in LAT-deficient
BMMC (74).

Overall, the phenotypic similarity of LAT- Gads- and SLP-
76-deficient BMMC suggests that the three adaptors function
together to mediate FceRI responsiveness. This conclusion is
further supported by mutational analysis. Substitution of the four
distal LAT tyrosines with phenylalanine (4YF) produced a mast
cell phenotype equivalent to the loss of LAT (77), suggesting that
FceRI responsiveness depends on a LAT-nucleated signalosome.
Further, the bridging function of Gads can be specifically ablated
by a 20 amino acid deletion in SLP-76 (A224-244), which
disrupts its interaction with Gads (13). This deletion precisely
phenocopied a lack of SLP-76 in all mast cell assays (78-80),
providing strong evidence that the BMMC-specific signaling
functions of SLP-76 absolutely depend on its association with
Gads. Finally, mutational inactivation of the Gads dimerization
interface phenocopied a loss of Gads (45), suggesting that
FceRI responsiveness depends on the ability of Gads to bind
cooperatively to the LAT signalosome. Taken together, these
results strongly suggest that the most important signaling
function of Gads in mast cells is to bridge the FceRI-induced
formation of the LAT signalosome, which is required for all
downstream responses.

A possible caveat to the above conclusion relates to subtle
differences in the phenotypes reported for LAT- Gads- and
SLP-76-deficient BMMC. In particular, the impairment of FceRI
responsiveness appears to be most severe in SLP-76-deficient
BMMC and somewhat milder in LAT-deficient BMMC. This
difference may reflect the presence of LAT2, which can bind to
Gads, and thereby partially compensate for the absence of LAT1
(81). Alternatively, the phenotypic differences may reflect subtle
differences in experimental protocols, such as the strength of
antigenic stimulation that was applied, and/or the method of data
analysis. It is important to note that BMMC responses are often
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binary, such that the frequency of responding cells depends on
the concentration of antigen applied, and strong stimulation can
partially compensate for the lack of Gads (45). Similarly, SLP-
76-deficient BMMCs exhibited barely detectable calcium flux
when stimulated with a low dose of DNPylated antigen, whereas
calcium flux was detectable in a small fraction of SLP-76-deficient
cells upon stimulation with a 100-fold higher dose (75). It is
therefore possible that the partial responsiveness of LAT-deficient
BMMCs may reflect a binary response of a small population
of cells upon stimulation with a relatively high concentration
of antigen.

The Essential Role of SLP-76 and LAT in

the T Cell Lineage

A Quick Overview of Thymic Development

AIl'T cell lineages develop in the thymus, from which a number
of developmentally and functionally distinguishable subtypes
emerge to the periphery. The two main subtypes are aff and y8 T
cells, which differ in the genetic loci that undergo rearrangement
to produce the clonotypic TCR. aff thymocytes cells further
differentiate into the CD4 and CDS8 lineages, including various
subtypes of each. In all thymocyte lineages, signaling by the newly
rearranged TCR drives thymocyte selection and maturation.
Thus, mutations that impair TCR signaling necessarily impair
thymocyte development.

The development of conventional af T cells proceeds through
three main stages: the double negative (DN: CD4~CD87),
double positive (DP: CD4TCD8*) and single positive (SP:
CD4™" or CD8") stages (Figure 5A). These broad phases can
be further subdivided, based on additional cell surface markers
(Figure 5B). DN thymocytes pass through four sub-stages (DN1-
DN4, also known as proT1-proT4) that are distinguished by
their expression of CD25 and CD44. As thymocytes enter DN3
(CD257CD447), they begin to rearrange the TCR B, y and §
loci. Rearrangement of the y and 3 loci triggers progression to
the y8 lineage; however, the vast majority of DN3 thymocytes
rearrange the TCR P locus, resulting in expression of the pre-
TCR, composed of the TCRf, pre-Ta, and CD3 subunits. At
the B-selection checkpoint, signaling pathways emanating from
the pre-TCR trigger rapid thymocyte proliferation followed by
transition through DN4 (CD257CD447) and on to the DP
stage (82-84). DP thymocytes then rearrange the TCRa locus,
resulting in the expression of a mature clonotypic af TCR.
Recognition of self pMHC by the ap TCR triggers intracellular
signaling events that determine the cell fate (85-87). Moderate
affinity interactions trigger positive selection, accompanied
by changes in cell surface markers (Figure5C), including
increased expression of the TCR and passage to the SP
compartment, whereas high affinity interactions trigger negative
selection, leading to cell death and the removal of self-reactive
T cell clones.

The Essential Role of LAT and SLP-76 in T Cell
Development and Function

Consistent with their prominent role in TCR signaling, both LAT
and SLP-76 are absolutely required for thymocyte maturation
(88-90). Mice lacking LAT or SLP-76 are characterized by a small

thymus, with cellularity reduced by 10-fold or more compared to
wild-type. TCR P rearrangement proceeds normally, but the -
selection checkpoint is blocked due to impaired pre-TCR signal
transduction, resulting in an accumulation of DN3 thymocytes,
and a complete absence of all developmental stages beyond DN3.
Consistent with these developmental defects, no mature aff or
y8 T cells can be detected in the periphery (88-90). Further
supporting the severity of the signaling defect, treatment of
LAT- or SLP-76-deficient mice with anti-CD3 did not trigger
developmental progression beyond the DN stage (89, 90).
Conditional deletion of LAT or SLP-76 was used to
characterize their role at later developmental stages. Deletion
of either adaptor at the DP stage markedly impaired positive
selection of thymocytes, as revealed by a profound block at the
DP to SP transition. Further supporting this interpretation, LAT-
or SLP-76-deficient thymocytes lacked the CD24°TCRBM and
CD5M surface marker phenotypes, which characterize cells that
have undergone positive selection. The impairment of positive
selection was directly related to a lack of TCR signaling, as no
calcium flux was observed upon TCR stimulation of SLP-76-
or LAT-deficient DP thymocytes (91, 92). Similar results were
observed upon conditional deletion of SLP-76 or LAT in mature,
naive T cells (93, 94). Absence of either adaptor abrogated short-
term TCR responsiveness in all assays, including TCR-induced
phosphorylation of PLC-y and Erk, calcium flux, upregulation
of activation markers, and TCR-induced proliferation, and also
impaired homeostatic proliferation in vivo (93, 94). Consistent
with these results, TCR signaling is profoundly blocked in LAT-
and SLP-76-deficient T cell lines (95, 96). Taken together these
phenotypes establish the necessity of SLP-76 and LAT for TCR
responsiveness at all stages of T cell development, from earliest
expression of the pre-TCR to the activation of peripheral T cells.

The Puzzling Role of Gads in the T Cell
Lineage

The severe phenotypes of LAT- or SLP-76-deficient mice (74,
75, 88-94), raise the question of whether these two adaptors
function as part of an obligate signaling complex bridged by
Gads, or whether they may exert some of their signaling functions
independently of each other.

The answer to this question may depend on the cell type. As
described above, Gads-deficient mast cells phenocopy LAT- or
SLP-deficient mast cells (74-76); moreover, mutational analyses
of the adaptors (45, 77-80) provide strong evidence that LAT,
Gads and SLP-76 function as an obligate complex in the FceRI
signaling pathway.

The role of Gads in the T cell lineage is more complex. Gads
is expressed in all T cells, beginning from the earliest stages of
thymic development (97), yet T cell development and function
appear to be partially independent of the bridging activity of
Gads, as detailed below.

Mutational Studies Reveal TCR Signaling Pathways
and Thymocyte Development Are Partially
Independent of Gads

The partial dependence of TCR signaling on Gads was first noted
upon stable reconstitution of a SLP-76-deficient, Jurkat-derived
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FIGURE 5 | An overview of thymic development. (A) The three phases of thymocyte development, known as double negative (DN, CD4~CD8™) double positive (DP,
CD4*CD8*) and single positive (SP, CD4T, or CD8). (B) A higher resolution d(_apiction, based on add_itional cell surface markers. Transitions regulated by Gads are
indicated by dashed arrows. The DN phase can be subdivided into DN1 (CD44h'CD25‘), DN2 (CD44“'CD25+), DN3 (CD44'°CD25+), and DN4 (OD44'°CD25—).
TCR rearrangement begins during DN3. Successful rearrangement of TCRB results in expression of the pre-TCR, composed of TCRB, pre-Ta and CD3. At the
B-selection checkpoint, pre-TCR signaling triggers cellular proliferation and transition through DN4 and on to the DP stage. DP cells rearrange TCRa, and the resulting
mature af TCR may recognize self-pMHC ligands. High affinity recognition of pMHC triggers cell death through negative selection. Moderate affinity recognition
triggers positive selection, accompanied by increased expression of CD5, CD69, and the TCR. Positively selected cells pass through a CD4 transitional s_ingle positive
stage (TSP), characterized by high expression of CD24, and then transition into the mature SP compartment (CD4* or CD8% and TCRh‘CD24'OCD62Lh').
(C) Schematic summary of the markers of positive selection.

T cell line (J14) with wild-type or mutant alleles of SLP-76.  the membrane. Whereas signaling was disrupted by targeted
Deletion of a 20 amino acid Gads-binding motif (A224-244)  point mutations that inactivate the Gads-binding motif of
abrogated the binding of SLP-76 to Gads; nevertheless, TCR-  SLP-76, signaling was substantially rescued upon anchoring
induced tyrosine phosphorylation of SLP-76 was intact,and TCR ~ the mutated SLP-76 to the membrane, via its fusion to
responsiveness was markedly, but incompletely impaired (98).  LAT (99).
Complete impairment was observed upon substitution of the Taken together, the T cell line-based experiments suggest
three N-terminal tyrosines of SLP-76 with phenylalanine (Y3F)  that the interactions of SLP-76 with its N-terminal binding
(98). As another approach to reduce Gads-mediated signaling,  partners (Itk, Vav, and Nck) are absolutely required for
overexpression of the Gads-binding motif (GBF) of SLP-76  TCR responsiveness. This SLP-76-nucleated complex appears
competitively blocked the binding of Gads to SLP-76, resulting  to function best when recruited to LAT; nevertheless, SLP-
in impaired TCR-induced membrane recruitment of SLP-76,  76-dependent TCR signaling can proceed, albeit at reduced
calcium flux, and upregulation of the CD69 activation marker  efficiency, in the absence of Gads-mediated recruitment.
(99). The role of Gads in mediating membrane recruitment  Consistent with this interpretation, upon deletion of Gads from
the Jurkat T cell line, TCR-induced phosphorylation of SLP-

of SLP-76 was directly addressed by fusing mutated SLP-76 to
the transmembrane domain of LAT, thereby anchoring it to 76 remained intact, and TCR-induced PLC-y phosphorylation,
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calcium flux and activation of NFAT were substantially
reduced, but not eliminated (65). An important caveat to
these conclusions is that cell line-based experiments involve
strong stimulation of the TCR using an anti-TCR antibody,
which may partially bypass the need for the bridging function
of Gads.

Mouse models were used to explore the importance of Gads-
mediated signalosome assembly under the strength of TCR
stimulation that naturally occurs during thymic development. In
vivo signalosome assembly can be disrupted in many different
ways: by mutating the Gads-binding sites on LAT, by deletion
or competitive inhibition of the Gads-binding site on SLP-76, or
by deletion of Gads itself. Since LAT and SLP-76 are absolutely
required for passage through the P-selection checkpoint, a
reasonable estimation of TCR signaling competence can be based
on the ability of thymocytes to develop beyond the DN3 stage.

LAT contains 10 conserved tyrosine residues, of which the
four distal tyrosines (labeled in Figure 2) appear to be necessary
and sufficient for signalosome assembly (31-34). Substitution
of all four with phenylalanine phenocopied the absence of
LAT in thymic development (100), as did substitution of
only the three most-distal tyrosines (34, 101). In retroviral
reconstitution experiments, a LAT construct containing only the
four distal tyrosines supported TCR-induced binding of LAT
to Gads, Grb2 and PLC-y, and supported thymic development
in vivo (34). Surprisingly, upon mutation of either of the
Gads binding sites (Y171 or Y191), binding to Gads was
lost, but thymic development was largely intact, resulting
in the production of DP and SP thymocytes as well as
peripheral CD4 and CDS8T cells (34). Given the inherent
variability of retroviral reconstitution, it is impossible to
estimate the degree to which this LAT mutant phenocopies
wild-type LAT; however, this experiment certainly suggests
that the LAT-Gads interaction is not absolutely required for
thymic development.

To more precisely address the contribution of Gads
bridging activity to T cell development and function, SLP-
76-deficient mice were stably reconstituted with wild type
or mutant alleles of SLP-76 (102, 103). Whereas wild-type
SLP-76 fully supported thymic development, deletion of the
Gads binding site (A224-244) resulted in an incomplete block
at the DN3 to DN4 transition with ~75% reduction in
thymic cellularity; nevertheless, DP and SP thymocytes were
present, as well as peripheral CD4 and CD8T cells (102,
103). In addition to affecting T cell development, the A224-
244 mutation markedly impaired TCR-induced phosphorylation
of PLC-yl (103) but only moderately reduced consequent
downstream responses, including TCR-induced calcium flux,
expression of the CD69 and CD5 activation markers, and
proliferation (102, 103).

The above mutational analyses demonstrate that the TCR
signaling functions of SLP-76 and LAT are only partially
dependent on the bridging activity of Gads. Multiple lines
of genetic evidence demonstrate that assembly of the LAT-
Gads-SLP-76 signalosome promotes TCR responsiveness,
but is not absolutely required for TCR signaling nor for
thymic development.

Modulatory Role of Gads in T Cell Development

and Function

Consistent with the above mutational analyses, Gads-deficient
mice exhibit substantial, but incomplete defects in thymic
development. Whereas LAT- or SLP-76-deficient mice arrest
thymic development the DN3 to DN4 transition (88-90), Gads-
deficient mice exhibit a partial block at this transition (97, 104),
as well as defects in positive and negative selection (105, 106).
Overall, thymic cellularity is reduced by 4-fold or more, including
marked reductions in the total number of DP and SP thymocytes
and a reduced ratio of CD4 to CD8 SP. cells in the thymus and in
the periphery (97, 106). Thus, Gads regulates multiple stages of
thymic development, indicated by dashed arrows in Figure 5B,
and detailed below.

Role of Gads at the B-selection checkpoint

The earliest steps of thymic development appear to be largely
independent of Gads. As thymocytes enter DN3, they begin
to rearrange the TCR B, y, and 3 genes (107, 108). Gads-
deficient mice show no reduction in the absolute number of
TCRB™ or TCRy3™ DN3 thymocytes, demonstrating that Gads
is not required for TCR gene rearrangement (104). Subsequently,
TCRB™ and TCRyst DN3 thymocytes differ markedly in their
requirement for Gads at the DN3 to DN4 transition. Within
the ap lineage, the B-selection checkpoint is markedly impaired
in the absence of Gads, resulting in a ~20-fold reduction in
the number of TCRBT DN4 thymocytes compared to wild-
type mice (104). In contrast, Gads-deficient TCRy8™ DN3
thymocytes progress efficiently to DN4, and the number of
TCRy3" DN4 thymocytes is reduced by <2-fold compared
to wild-type mice (104). The incomplete developmental block
of Gads-deficient mice at the DN3 to DN4 transition may
therefore be partly explained by Gads-independent progression
of TCRy8™" thymocytes, which ultimately constitute 50% of the
DN4 compartment in Gads-deficient mice, but only 10% in wild
type mice (104).

The B-selection checkpoint depends on signals emanating
from the pre-TCR, which trigger rapid proliferation and
passage through DN4 and into the DP compartment (83).
This developmental transition can be accelerated by in vivo
administration of anti-CD3, which induced the advancement
of virtually all wild-type DN3 thymocytes into the DN4
compartment; in contrast, <5% of Gads-deficient DN3
thymocytes advanced to DN4 upon anti-CD3 treatment (106).
To better assess pre-TCR responsiveness under physiologic levels
of signaling, Zeng et al. (104) measured cell cycling in TCRB™
DN thymocytes. Upon the appearance of TCRp, wild-type
and Gads-deficient DN3 thymocytes exhibited a comparable
increase in cell cycling, possibly indicating some degree of
Gads-independent pre-TCR responsiveness. Subsequently,
as thymocytes reduce expression of CD25 and transit to the
DN4 compartment, wild-type cells continued cycling, whereas
Gads-deficient cells exhibited decreased cycling and increased
apoptosis. Taken together, the results suggest that Gads is
required for sustained pre-TCR-induced proliferation and/or
survival upon transition to DN4.
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Role of Gads in positive and negative selection

Despite the marked impairment of B-selection, roughly three
quarters of Gads-deficient thymocytes can be found in the DP
compartment (97, 106). This unexpected observation suggests
a bottleneck. Cells may be slow to enter the DP compartment
due to impaired PB-selection, but are also slow to exit this
compartment, due to impaired positive and negative selection
(Figure 5B, dashed arrows).

Positive and negative selection depend on signals emanating
from the mature af TCR as it recognizes self pMHC ligands (109,
110). The TCR responsiveness of Gads-deficient thymocytes was
examined upon ex vivo stimulation with anti-CD3. Whereas
CD3-induced phosphorylation of SLP-76 was largely intact,
the phosphorylation of PLC-y and subsequent calcium flux
were undetectable (106). When administered in vivo, anti-
CD3 can mimic negative selection by persistently activating
the TCR, triggering the deletion of DP thymocytes; however,
no such deletion was observed in Gads-deficient mice (106).
Mice carrying the HY TCR transgene, specific for the male-
expressed H-Y antigen, are commonly used to assess positive
and negative selection in a more physiologic setting. Whereas
HY™" thymocytes are deleted by negative selection in wild-type
male mice, they were not deleted in Gads-deficient male mice;
moreover, positive selection was profoundly impaired in HY™
female mice (106). Together, the results suggest that in the
absence of Gads, positive and negative selection are profoundly
impaired due to impaired SLP-76-mediated signaling.

Closer examination of positive selection revealed that Gads-
deficient DP thymocytes can advance as far as the CD4"
transitional SP (TSP) compartment (CD41tCD8~CD24M) (105).
The vast majority of Gads deficient TSP thymocytes retain an
unactivated phenotype (TCRB°CD69"°), suggesting that have not
yet undergone positive selection (105). Further advancement to
the mature (CD24°TCRBMCD62LM) CD4 SP compartment is
profoundly impaired, whereas advancement to the mature CD8
compartment is only moderately impaired (105). The defect
in positive selection was confirmed using additional transgenic
TCR models, including the MHC type Il-restricted OT-II
model and the MHC type I-restricted OT-I and P14 transgenic
TCR models. Gads-deficient OT-II thymocytes arrested in the
CD4 TSP compartment, reflecting a severe defect in positive
selection (105). In contrast, Gads-deficient OT-I and P14
thymocytes were profoundly, but incomplete arrested in the
CD4 TSP compartment, with the development of mature CD8
SP thymocytes and peripheral naive CD8T cells bearing the
transgenic TCR (105). Taken together the results suggest that
MHC class II-mediated positive selection is strongly dependent
on Gads, possibly explaining the reduced ratio of CD4 to CD8 SP
thymocytes observed in Gads-deficient mice.

Surprising peripheral T cell phenotypes of

Gads-deficient mice

Consistent with their thymic defects, Gads-deficient mice have
reduced numbers of peripheral CD4 and CD8T cells, which
exhibit moderately reduced expression of the TCR (97, 106).
The ratio of peripheral CD4 to CD8 T cells is markedly reduced,
reflecting the reduced production of mature CD4 SP cells in the

thymus. Moreover, Gads-deficient peripheral CD4 T cells exhibit
increased homeostatic proliferation accompanied by increased
cell death, which together result in their reduced persistence in
the periphery (97). This defect was not observed in peripheral
CD8T cells, which gradually increase in number as the mice
age (97).

It is important to note that most of the peripheral T cells
found in Gads-deficient mice have a non-naive phenotype.
Gads-deficient CD4 T cells tend to have an activated phenotype
(CD44MCD62L°CD69M), whereas virtually all of the CD8T
cells have a memory phenotype (CD44MCD62LMCD69) (97).
Consistent with their non-nave phenotype, Gads-deficient CD4
and CD8T cells exhibited an enhanced ability to produce IFNy
upon ex vivo stimulation with PMA and ionomycin (97). These
observations clearly suggest that Gads-deficient peripheral T cells
represent an altered developmental pathway, and may not be
directly comparable in their subset composition or function to
wild-type peripheral T cells.

Despite the multiple developmental defects within the T
cell lineage, Gads-deficient peripheral T cells appear to be
capable of supporting a degree of immune responsiveness.
Seconds after TCR stimulation, TCR-induced calcium flux was
profoundly impaired in Gads deficient CD4 and CD8T cells;
nevertheless a clearly detectable minority of cells responded when
the concentration of stimulant was increased (97). Consistent
with this observation, Gads-deficient OT-I T cells proliferated
upon stimulation with their cognate peptide antigen (SIINFEKL);
however, the threshold concentration of antigen required to
induce multiple rounds of proliferation was increased by ~100-
fold (111). Most surprisingly, Gads-deficient mice respond to
immunization, producing antigen-specific IgM and IgG at levels
comparable to wild-type mice (76). This result suggests that T
cell helper activity may remain intact in the absence of Gads;
however, it is not yet clear whether the helper activity is provided
by conventional or innate-like T cell subsets. Taken together,
it appears that Gads-deficient T cells can support immune
responsiveness, provided that the dose of stimulating antigen is
sufficiently high.

CAN WE SOLVE THE PUZZLE OF GADS?

The complex thymic and peripheral T cell phenotypes observed
in Gads deficient mice are substantially milder than the arrested
thymic development of LAT- and SLP-76 deficient mice. Whereas
SLP-76 and LAT-deficient-mice completely lack peripheral T
cells, Gads-deficient mice retain peripheral T cells that are
capable of mediating a degree of immune responsiveness. Given
that Gads serves as a TCR-inducible bridge between SLP-
76 and LAT, how can we explain this marked divergence
of phenotypes?

Here we shall discuss evidence supporting four possible
explanations, which are not mutually exclusive. (1) Partially
redundant mechanisms may allow for Gads-independent
recruitment of SLP-76 to LAT; (2) Certain signaling functions
of LAT and SLP-76 may be independent of their association; (3)
A Gads-dependent branch of the TCR signaling pathway may
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selectively regulate the development of particular T cell subsets;
and (4) Gads may perform regulatory functions outside of the
LAT signalosome.

Explanation #1: Partially Redundant
Mechanisms May Allow for Gads-
Independent Recruitment of SLP-76 to LAT

Without a doubt, Gads provides the most efficient and sensitive
mechanism for recruiting SLP-76 to LAT, due to the high-
affinity, constitutive binding of SLP-76 to Gads (18), coupled
with the cooperatively stabilized binding of Gads to phospho-
LAT (45). Nevertheless, a weak, TCR-inducible interaction of
SLP-76 with phospho-LAT can be detected in the absence of
Gads (65, 112). This barely detectable interaction suggests that
compensatory mechanisms for recruiting SLP-76 to LAT may
account for the residual TCR signaling activity observed in
Gads-deficient cells.

Can Other Grb2 Family Members Compensate for the
Lack of Gads?

One possible compensatory mechanism is the Gads-independent
recruitment of SLP-76 to LAT by other Grb2-family members,
Grb2 or Grap. Both Gads and Grb2 can bind via their C-
terminal SH3 domains to a non-canonical RxxK motif found
in SLP-76; however, Gads binds this motif with high affinity,
measured at 9-20 nM (8, 10, 46), whereas Grb2 binds with ~500-
fold lower affinity (10, 14, 15). Due to its low affinity, Grb2
cannot interact with SLP-76 in the presence of competing Gads
(18); however, the absence of Gads may permit weak, Grb2-
mediated recruitment of SLP-76 to LAT. A third family member,
Grap, co-purifies with both SLP-76 and LAT (113); albeit
the affinity of these interactions have not been reported. Any
such compensatory recruitment may be cooperatively stabilized
by additional interactions occurring within the LAT-nucleated
signalosome. For example, binding of the SH3 domain of LAT-
bound PLC-y1 to a proline-rich motif in SLP-76 can substantially
stabilize the recruitment of SLP-76 to LAT (46, 98). While
consistent with previously reported protein-protein interactions,
neither Grb2- nor Grap-mediated recruitment of SLP-76 to LAT
has been directly demonstrated.

Can SH2-Mediated Clustering of SLP-76
Compensate for the Lack of Gads?

The Grb2-based mechanism of recruitment cannot explain the
substantial signaling activity exhibited by SLP-76A224-244 (98,
102, 103), a mutant allele that lacks the RxxK motif, and therefore
cannot bind to Gads or to Grb2. SLP-76A224-244 supports a
degree of thymic development that is roughly comparable to
mice lacking the SH2 domain of SLP-76 (102, 103). One possible
interpretation of these results is that the SH2 domain and RxxK
motifs of SLP-76 may mediate partially redundant mechanisms
for recruiting SLP-76 to LAT.

ADAP is an adaptor that mediates clustering of SLP-76 via
its multipoint binding to the SH2 domain of SLP-76 (Figure 4).
We suggest that ADAP-mediated oligomerization of SLP-76 may
partially compensate for the absence of Gads. We further note
that ADAP binds to SKAP1, which may be recruited to LAT via its

interaction with Grb2 (50). This speculative chain of interactions
(SLP-76-ADAP-SKAP1-Grb2-LAT) is built on known protein-
protein interactions, but its ability to recruit SLP-76 to LAT has
not been directly demonstrated.

Explanation #2: Certain Signaling
Functions of LAT and SLP-76 May Be
Independent of Their Association

While intriguing, the above-described compensatory
mechanisms are not sufficient to explain the puzzle of Gads.
The proposed mechanisms are quite weak, as the TCR-induced
recruitment of SLP-76 to LAT is barely detectable in the absence
of Gads. How then can we explain the relatively mild thymic
phenotypes of Gads-deficient mice?

We suggest that separate SLP-76- and LAT-nucleated
signaling complexes can form in the absence of Gads, and may
mediate a degree of TCR responsiveness in the absence of their
stable association. Indeed, the TCR-induced phosphorylation of
SLP-76 and LAT are intact in Gads-deficient thymocytes (106)
and T cell lines (65, 112). Further, some SLP-76 dependent
signaling events are intact in Gads-deficient T cell line. Gads
was not required for TCR-induced activation of AKT, nor was
it required for TCR-induced actin polymerization or adhesion to
the APC (112). SLP-76-dependent activation of Itk was likewise
intact in Gads-deficient T cells, as evidenced by the intact
TCR-induced phosphorylation of SLP-76 at its Itk-targeted site,
Tyr!73 (36, 40, 65).

Nevertheless, certain functions of LAT and SLP-76 are
clearly dependent on Gads. Most importantly, Itk-mediated
phosphorylation of PLC-yl was markedly reduced, and
consequent downstream responses, including TCR-induced
calcium flux, activation of the NFAT transcription factor,
secretion of IL-2 and expression of the CD69 activation marker
were substantially reduced in the absence of Gads (65).

These results provide evidence that one of the most important
biochemical functions of Gads is to facilitate the interaction of
SLP-76-bound Itk with its substrate, LAT-bound PLC-y1 (40, 65).
Gads accomplishes this by recruiting SLP-76 to LAT, thereby
bringing Itk into close proximity with its substrate. Under
conditions of high-intensity TCR stimulation, large numbers of
SLP-76- and LAT-nucleated signaling complexes may accumulate
and interact transiently via random diffusion, thereby bypassing
the need for Gads. Consistent with this notion, Gads appears
to be most important under conditions of low-intensity TCR
stimulation, where Gads expression increases the frequency of
responding cells (65, 111).

Explanation #3: A Gads-Dependent Branch
of the TCR Signaling Pathway May
Selectively Regulate the Development of
Particular T Cell Subsets

Any functional description of Gads must account for the non-
naive, CD44" phenotype exhibited by Gads-deficient peripheral
T cells (97). This phenotype presents something of a paradox, as
it suggests that the cells are antigen-experienced, and therefore
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TCR responsive; yet Gads-deficient thymocytes and peripheral T
cells exhibit profoundly impaired TCR responsiveness (97, 106).

A similar non-naive peripheral phenotype has been observed
in mice lacking the Tec-family kinase Itk (114-116), and also
in mice bearing a mutation at SLP-76 Tyr!#> (117), a site that
is implicated in the binding and activation of Itk. As described
above, one of the most important biochemical functions of
Gads is to facilitate the interaction of SLP-76-bound Itk with
its substrate, LAT-bound PLC-yl (40, 65). Studies of Itk-
deficient mice suggest a number of ways in which reduced
signaling through the Gads-SLP-76-Itk branch of the TCR
signaling pathway may result in the accumulation of non-naive
peripheral T cells.

Reduced Signaling Through Gads-SLP-76-Itk May
Result in a Skewed TCR Repertoire

One potential source of a non-naive phenotype may be the
presence of self-reactive T cell clones in the periphery. Whereas
self-reactive thymocytes are normally eliminated by negative
selection, partial impairment of TCR signaling in the DP
compartment may shift the boundary between positive and
negative selection (109, 118), thereby allowing the maturation of
self-reactive SP thymocytes.

This type of repertoire shift was observed in mice lacking
the Tec-family tyrosine kinases, Itk and Rlk, and expressing
the HY transgenic TCR (119). Whereas HY' TCR-transgenic
thymocytes are negatively selected by their cognate antigen
in male wild-type mice, they were positively selected in
Itk~/~RIk/~ male mice, suggesting that partially impaired
TCR signaling resulted in the conversion of a negatively-
selecting self-antigen into a positively-selecting TCR ligand
(119). An analogous shift in the selection boundary may
occur in Gads-deficient thymocytes; however, this has not been
directly demonstrated.

Once in the periphery, constitutive exposure of self-reactive
Gads-deficient T cells to their cognate self-antigen may result in
a non-naive phenotype. Consistent with this explanation, OT-I
mice, in which the TCR repertoire is fixed, produce peripheral
CDS8T cells with a naive phenotype, even in mice lacking Itk
or Gads (105, 114). Taken together, these results suggest that
impairment of the Gads-SLP-76-Itk branch of the TCR signaling
pathway results in a non-naive phenotype that is at least partially
due to an altered TCR repertoire.

Reduced Signaling Through Gads-SLP-76-ltk May

Skew Additional Thymic Developmental Decisions

In addition to influencing the TCR repertoire, the impaired
positive selection observed in Gads- or Itk-deficient mice may
impede the development of conventional af T cells, while
favoring the development of specialized T cell sub-populations
with innate-like phenotypes. Mice lacking Itk exhibit altered
thymic selection which results in the maturation of CD4 and
CD8T cells with an innate-like phenotype (114-116, 120,
121). Innate-like T cells are characterized by the constitutive
expression of activation markers such as CD44 and may bear
additional markers including CD122, NK1.1, and others. The

peripheral T cells found in Gads-deficient mice bear certain
characteristics of innate-like T cells, including relatively low
expression of the TCR, an activated phenotype found on most
Gads-deficient CD4 T cells (CD44"MCD6211°CD69M), a memory
phenotype exhibited by virtually all Gads-deficient CD8T cells
(CD44MCD62LMCD69!), and an enhanced ability to produce
IFNy upon ex vivo stimulation with PMA and ionomycin
(97). Further characterization of additional cell surface markers,
transcription factors and functional responses that characterize
different innate-like T cell subsets (122) will be required to
determine whether the peripheral T cells found in Gads-deficient
mice are in fact innate-like, or merely activated conventional
T cells. Finally, an inducible deletion of Gads will be required
to determine the point of origin of the innate-like phenotype,
which may be generated by altered selection in the thymus, or
by increased homeostatic proliferation in the periphery.

Explanation #4: Gads May Perform
Additional Regulatory Functions Outside of
the LAT Signalosome

Until now, we have viewed Gads exclusively as a component of
the LAT-nucleated signalosome. Here, we consider the possibility
that Gads may perform additional regulatory functions via
its SH2-mediated interactions with other types of signaling
complexes. The SH2 of Gads is specific for pYxN motifs,
which are found in a variety of signaling proteins. Whereas
many molecules of Gads are recruited to LAT, others may
bind to costimulatory receptors such as CD28 and CD6, or to
cytoplasmic signaling complexes nucleated by Shc (Figure 1B).
Each of these Gads-binding partners plays a role in modulating
T cell development and activation, and it is possible that
some of their activity is mediated through Gads. According
to this notion, the complex phenotype of Gads-deficient mice
is the result of partial impairment of LAT-mediated signaling,
combined with the impairment of additional Gads-dependent
signaling pathways.

Does CD28 Costimulatory Activity Depend on Gads?
It has been known for some time that Gads can bind to a
membrane-proximal pYMNM motif found in the cytoplasmic
tail of the T cell costimulatory receptor, CD28 (19). The
functional significance of this interaction is not clearly
established, as the same pYMNM motif binds to PI3K and
to Grb2 (123). To our knowledge, no study has addressed the
CD28 signaling competence of a Gads-deficient T cell line or
mouse, and so the contribution of Gads to CD28 signaling
remains speculative.

The evidence implicating Gads in CD28 signaling is mixed.
The cytoplasmic tail of CD28 includes two PxxP motifs, which
are required to support the binding of CD28 to Gads in
intact cells, and are likewise required for CD28 activity in
some assay systems (124). This mutational evidence suggested
an involvement of Gads in mediating CD28 costimulation;
however, a subsequent binding study failed to confirm a direct
dependence of Gads binding on the PxxP motifs (125). Indeed,
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a more recent study suggests that CD28 signaling depends
specifically on its interaction with Grb2 (126). Based on current
knowledge its seems unlikely that any aspect of the Gads-deficient
phenotype can be directly attributed to reduced signaling
through CD28.

What Is the Role of Gads in CD6 Costimulation?

CD6 is a T cell surface glycoprotein that binds to CD166 on
antigen presenting cells. CD6 appears to combine costimulatory
and inhibitory activities, which together may set the threshold
for T cell activation (127, 128). Upon TCR stimulation, the
long cytoplasmic tail of CD6 is tyrosine phosphorylated at
multiple sites, two of which bind to the SH2 domains of SLP-
76 and Gads (21, 113, 127). Direct binding studies confirmed
that CD6 Tyr®? binds to the SH2 of SLP-76, whereas Tyr%
binds to the SH2 of Gads (21). Within intact cells, the high
affinity constitutive association of SLP-76 and Gads promotes
their cooperative, bivalent binding to CD6. Thus, the binding of
Gads to CD6 depends on SLP-76, whereas mutation of CD6 at
either Tyr®? or Tyr®? abrogates its binding to both SLP-76 and
Gads (21).

The costimulatory activity of CD6 is revealed by experiments
in which co-ligation of CD6 with CD3 augments TCR-
induced production of IL-2. This costimulatory activity depends
on the SLP-76 binding site, Tyr®? and the Gads binding
site, Tyr629 (21). To further test the importance of these
interactions, a C-terminal fragment of CD6 encompassing the
binding sites for SLP-76 and Gads was fused to a CD19-
specific chimeric antigen receptor (CD19-CAR). Inclusion of
the CD6 fragment in the CAR construct increased CAR-
induced production of IFN-y as well as CAR-mediated killing
of CD19-expressing cells (129). While intriguing, the role
of SLP-76 and Gads in mediating increased potency of the
CAR construct remains to be determined. More importantly,
to date, no study has assessed CD6-mediated costimulatory
activity in Gads-deficient mice or T cells; therefore, the possible
contribution of Gads to CD6-mediated signaling remains to be
definitively demonstrated.

What About Gads Binding to Shc?

Over 20 years ago, Shc-derived pTyr peptide baits were used to
clone Gads from a cDNA expression library; indeed, the name
of Gads (Grb2-family adaptor downstream of Shc) denotes its
SH2-mediated binding to Shc (16). Soon thereafter, it became
apparent that Gads SH2 domain binds to LAT (13, 18), and the
implications of its interaction with Shc were not further explored.
Given the marked phenotypic divergence between LAT- and
Gads-deficient mice, it may be worthwhile to re-explore the
mechanistic connections between Gads and Shc.

The Shc family of adaptor proteins has three members, but
only ShcA is expressed in T cells, where it has two isoforms, p45
and p52. ShcA is a ubiquitously expressed protein, characterized
by an N-terminal PTB domain, a C-terminal SH2 domain and
a central region containing three tyrosine phosphorylation sites,
two of which can bind to Grb2-family adaptors (130). ShcA is
required for fetal development past embryonic day 11.5 (131);
however, it may also have specific functions in the T cell lineage.

Some evidence implicates ShcA in the activation of T cell lines,
as both isoforms are rapidly tyrosine-phosphorylated in response
to TCR stimulation (132) and in response to incubation with
IL-2 (133). Moreover, a Shc-deficient Jurkat-derived T cell line
exhibits impaired TCR-induced activation of C-Rel, resulting in
impaired TCR-induced production of IL-2 (134).

The specific role of ShcA in T cell development was studied
by T-cell specific impairment of its function in vivo. In one
approach, a mutant ShcA transgene lacking three tyrosine
phosphorylation sites (ShcFFF) was conditionally expressed in
the T cell lineage (135). ShcFFF may serve as a dominant
negative allele, as it can interact with specific binding partners
via its PTB and SH2 domains, but cannot recruit Grb2-
family adaptors into the signaling complex. When expressed
from the earliest stages of thymocyte development, the ShcFFF
transgene essentially phenocopied Gads-deficient mice. Like-
Gads-deficient mice, ShcFFF-expressing mice have a thymus
that is 3 to 10-fold smaller than wild-type due to a partial
block at the DN3 to DN4 (B-selection) checkpoint; further,
this block is associated with reduced proliferation of DN3
and DN4 cells, and cannot be overcome by the in vivo
administration of anti-CD3 (97, 104, 106, 135). A similar
phenotype was observed upon conditional deletion of Shc
in the DN compartment (135). Based on these results, we
must consider the possibility that the phenotype of Gads-
deficient mice is at least partially due to reduced signaling
through She.

FUTURE DIRECTIONS

Further research will be required to solve the puzzle of Gads.
Whereas Gads is clearly required for FceRI-mediated allergic
responses, its role in T cell-mediated immunity is complex,
and not easily characterized. This difficulty arises from the
marked developmental defects of Gads-deficient thymocytes,
which confound the interpretation of its function in peripheral
T cells. Mice bearing an inducible-deletion of Gads, currently
under development in our lab, will be a valuable tool for
resolving this issue. A second difficulty concerns the multiple
regulatory pathways intersecting at Gads. Gads-deficient mice
lack both its positive and negative regulatory inputs, which may
partly explain their mild phenotype. Third, we must consider
the evidence that some functions of LAT and SLP-76 appear
to be Gads-independent, whereas some functions of Gads may
occur outside of the LAT-nucleated complex. It remains to
be seen whether the Gads-like phenotypes exhibited by some
mouse strains can be seen as defining a new regulatory pathway,
dependent on Gads, Itk and possibly Shc, or whether their
shared phenotypes merely reflect the expected outcome of partial
impairment of TCR signaling. Finally, it is intriguing to consider
the N-terminal SH3 of Gads, a domain that plays no role in
bridging SLP-76 to LAT, and has no identified binding partners
or biological functions, but is nevertheless strongly conserved
throughout evolution. The study of this region may uncover
new signaling functions that will help to illuminate the puzzle
of Gads.
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The cytosolic adhesion and degranulation-promoting adapter protein ADAP is expressed
in various hematopoietic cells including T cells, NK cells, myeloid cells, and platelets
but absent in mature B cells. The role of ADAP in T cell activation, proliferation and
integrin activation is well-accepted. We previously demonstrated that conventional ADAP
knockout mice show a significantly attenuated course of experimental autoimmune
encephalomyelitis (EAE). To dissect the impact of different ADAP expressing cell
populations on the reduced EAE severity, here, we generated lineage-specific conditional
knockout mice. ADAP was deleted in T cells, myeloid cells, NK cells and platelets,
respectively. Specific loss of ADAP was confirmed on the protein level. Detailed
immunophenotyping was performed to assess the consequence of deletion of ADAP
with regard to the maturation and distribution of immune cells in primary and secondary
lymphoid organs. The analysis showed equivalent results as for conventional ADAP
knockout mice: impaired thymocyte development in ADAP"/ | ck-Cre mice, normal NK
cell and myeloid cell distribution in ADAP"/ NKp46-Cre mice and ADAP"! LysM-Cre
mice, respectively as well as thrombocytopenia in ADAP"! PF4-Cre mice. Active
EAE was induced in these animals by immunization with the myelin oligodendrocyte
glycoproteings_s5 peptide. The clinical course of EAE was significantly milder in mice
with loss of ADAP in T cells, myeloid cells and NK cells compared to ADAP-sufficient
control littermates. Surprisingly, specific deletion of ADAP in platelets resulted in a
more exacerbated disease. These data show that T cell-independent as well as T
cell-dependent mechanisms are responsible for the complex phenotype observed in
conventional ADAP knockout mice.

Keywords: adapter protein, ADAP, EAE, conditional knockout mice, T cell, NK cell, myeloid cell, platelet

INTRODUCTION

Adapter proteins contain modular domains that mediate constitutive or inducible interactions
between proteins or proteins and lipids. By definition, they exhibit no enzymatic or transcriptional
activity. The adhesion and degranulation-promoting adapter protein ADAP belongs to the group
of cytosolic adapter proteins. ADAP is expressed within the hematopoietic system in T cells, NK
cells, myeloid cells and platelets, but not in mature B cells (1, 2).
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The function of ADAP is well-described in T cells. ADAP
was the first adapter protein identified that is involved in inside-
out signaling linking the TCR-stimulation to integrin activation
(3, 4). ADAP-deficient mice show impaired thymic development,
reduced TCR-induced integrin-dependent adhesion, decreased
proliferation as well as diminished NF-«B activation and cytokine
production (5-7). Interestingly, the loss of ADAP showed strong
impact on CD4" T cell activation, expansion and effector
function, whereas CD8™ T cells revealed only moderate effects
of ADAP deficiency (8). At the same time, Fiege et al. (9)
provided evidence for a negative regulatory role of ADAP in the
conversion of naive CD8™ T cells into memory phenotype under
steady state condition. Furthermore, ADAP is a positive regulator
for resident CD8" T cell memory formation during an acute
pathogen infection (10). These data suggest that ADAP fulfills
different function in CD4" and CD8* T cells.

In NK cells, ADAP is exclusively responsible for cytokine
and chemokine secretion but not for cytotoxicity (11, 12).
Neutrophils from ADAP-deficient mice show defective E-
selectin-mediated integrin activation and slow leukocyte rolling
in the mouse kidney ischemia-reperfusion model (13). The role
of ADAP in other myeloid cells like mast cells, monocytes
and macrophages remains largely unknown. ADAP-deficiency
in microglia, the CNS-resident macrophage population does
not influence microglia function such as NO production and
cytokine release (14). Limited data are available about the role
of ADAP in dendritic cells (DC). Previous results revealed that
ADAP is critically involved in CD11c integrin-mediated cytokine
production and actin polymerization (15).

In addition to lymphoid and myeloid cells, ADAP is
required for selected platelet functions. ADAP-deficient mice
show mild thrombocytopenia, normal bleeding time but
more frequent re-bleeding from tail wounds (16). Moreover,
ADAP-deficient platelets form unstable thrombi after carotoid
artery occlusion (17). It was clearly demonstrated that ADAP
interacts with the integrin binding proteins talin and kindlin-
3. ADAP-deficient platelets exhibit decreased association with
talin and kindlin-3 leading to reduced activation of integrin
alIbp3 and decreased fibrinogen binding (18). In addition,
ADAP is also involved in the regulation of platelet integrin
w21 (19).

Taken together, independent of the cell type, the adapter
protein ADAP is implicated in cell functions associated with
integrin activation, cytoskeletal rearrangement and adhesion.
Therefore, it is tempting to speculate that the loss of ADAP
has an impact on immune-mediated diseases. We previously
investigated the clinical course of experimental autoimmune
encephalomyelitis (EAE), the most commonly used mouse model
of the human disease multiple sclerosis, in conventional ADAP
knockout mice. Indeed, we found that ADAP-deficient mice show
significantly milder EAE compared to ADAP-sufficient wildtype
mice (20).

EAE is a CNS demyelinating disease caused by autoreactive
T cells directed against myelin proteins like MOG (myelin
oligodendrocyte glycoprotein). The disease can be induced in
susceptible animals by immunization with myelin peptides
in combination with strong immune adjuvants like complete

Freund’s adjuvant. In addition, most protocols for induction
of EAE in rodents use pertussis toxin to block G-protein
coupled receptors and to enhance immune response (21).
The histopathology consists of meningeal and perivascular
inflammation dominated by activated CD4%" T cells and
macrophages and enhanced microglia reactivity (22). This
pathological process leads to axonal injury and the formation
of demyelinated plaques. In C57BL/6 mice, the disease shows
a monophasic chronic-progressive clinical profile. The typical
symptoms of diseased mice vary from tail plegia followed by hind
limb and forelimb paralysis (21).

It is well-accepted that EAE is primarily driven by
encephalitogenic helper T cells (Thl and Th17) and regulatory
T cells (23). During the induction phase of the disease,
myelin-specific CD4" T cells are activated and expand in the
peripheral lymphoid tissue. These effector T cells cross the
blood-brain barrier and enter the CNS. The inflammatory
response leads to the recruitment of other immune cells
including monocytes, macrophages, dendritic cells, B cells,
and NK cells (24). The invading monocytes, macrophages and
dendritic cells express high amounts of MHC-II molecules
and are involved in antigen presentation and reactivation
of T cells within the CNS. In addition, monocytes and
macrophages secrete pro- as well as anti-inflammatory cytokines
depending on their environment (25). Also CD8' T cells are
involved in cytotoxicity, pro-inflammatory cytokine production
and demyelination during disease induction as well as in
regulatory function during down modulation of inflammation
(26). The role of NK cells in EAE is still controversial. NK
cells contribute to both effector function via their cytotoxic
activity and to regulatory function via the production of pro-
and anti-inflammatory cytokines. It has been reported that
NK cell depletion results in more exacerbated disease (27).
The importance of NK cell-derived IFN-y for macrophage
expansion during early phase of EAE was clearly demonstrated
(28). Furthermore, it was shown that platelets contribute to
the pathogenesis of EAE by promoting the inflammatory
response in the CNS. Depletion of platelets during the
effector phase of EAE significantly ameliorated the disease
progression (29).

All above-mentioned hematopoietic cells—T cells, NK cells,
myeloid cells, and platelets - express the adaptor protein ADAP.
We have previously demonstrated that conventional ADAP
knockout mice show strongly attenuated EAE. However, this
approach cannot answer the question, which cells contribute
to the lower EAE severity. To dissect the role of ADAP
in different cell types during EAE, we generated conditional
knockout mice. After characterization of the immune system of
these mice, we induced active EAE by application of MOGs35_55
peptide in complete Freund’s adjuvant (CFA) and monitored the
disease course.

MATERIALS AND METHODS

Mice
Mice containing the knockout first allele C57BL/6N-
Fybtmla(EUCOMM)ngu/Cnrm (30) were sourced from the
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EUCOMM project and were purchased from the European
Mouse Mutant Archive EMMA. The lacZ and neomycin-
resistance cassettes were both removed by breeding with
transgenic mice expressing an Flp recombinase resulting in
floxed alleles (containing loxP sites) and restoring the wildtype.
To generate mice with the deletion of ADAP in a specific cell
lineage, mice with floxed alleles were crossed with mice carrying
the Cre recombinase. To delete ADAP in the megakaryocytic
lineage, the Cre recombinase was under control of the platelet
factor-4 (PF4) promotor as previously described (31). To delete
ADAP in thymocytes and T cells, the B6.Cg-T8(Lck—cre)548]xm /y
mouse strain expressing the Cre recombinase under control
of the lymphocyte protein tyrosine kinase (Lck) promotor was
provided by Prof. Ursula Bommhardt (Magdeburg). To generate
mice with the deletion of ADAP in the NK cell lineage, the
NKp46-iCre knock-in mice were provided by Prof. Eric Vivier
(Paris) (32). To delete ADAP in the myeloid cell lineage, we
used the LysM-Cre knock-in mice, where the Cre recombinase
was inserted into the lysosome 2 gene (B6N.129P2(B6)-Lyz2
tmi(ere)lfo /1 provided by Prof. Peter Mertens, Magdeburg).

The general scheme of generation of conditional ADAP
knockout mice is shown in Figure S1. The presence or absence of
the FRT sites, the loxP sites, the gene of interest and the respective
Cre transgene were checked routinely by PCR using genomic
DNA isolated from ear tissue. The primer sequences are listed
as Table S1.

Conventional ADAP-deficient mice (6) were backcrossed to
C57BL/6]Bom for at least ten generations. For all experiments,
8-14 week old animals were used. To investigate specific effects
of ADAP deletion and to exclude off target effects of Cre
recombinase, ADAPYY"t Cre'8 (Cre control) and ADAPY/l Cre's
(conditional k.o.) mice were always used as littermates.

Animals were bred and maintained under specific-pathogen-
free conditions in the central animal facility of the medical
faculty of the University of Magdeburg. All procedures were
conducted according to protocols approved by the local
authorities (Landesverwaltungsamt Sachsen-Anhalt; reference
number: 42502-2-1273 UniMD).

EAE Induction

Induction of EAE was performed as described earlier (33).
Briefly, active EAE was induced by immunization with
200 pg MOG35-55 peptide emulsified in complete Freund’s
adjuvant (CFA, Sigma-Aldrich) containing 800 g of heat-killed
Mpycobacterium tuberculosis (Difco Laboratories). The emulsion
was administered s.c. as four 50-pl injections into the flanks of
each leg. In addition, 200 ng of pertussis toxin (List Biological
Laboratories) dissolved in 200 pl PBS was injected i.p. on days
0 and 2 after immunization as described earlier (34). Mice were
monitored daily for clinical signs of EAE and graded on a scale
of increasing severity from 0 to 5 as follows: 0, no signs; 0.5,
partial tail weakness; 1, limp tail or slight slowing of righting
from supine position; 1.5, limp tail and slight slowing of righting;
2, partial hind limb weakness or marked slowing of righting;
2.5, dragging of hind limb(s) without complete paralysis; 3,
complete paralysis of at least one hind limb; 3.5, hind limb
paralysis and slight weakness of forelimbs; 4, severe forelimb

weakness; 5, moribund or dead (35). For reasons of animal
welfare, mice were killed when reaching a score of 3 or above.
Mean clinical scores at each day were calculated by adding disease
scores of individual mice divided by the number of mice in
each group.

Flow Cytometry
To investigate the distribution of immune cells, cells isolated
from thymus, bone marrow, spleen and peripheral blood

were stained with the following antibodies: anti-CD3e
(clone 145-2C11), anti-CD4 (clone RM4-5), anti-CD8
(clone 53-6.7), anti-CDI11b, anti-CD1lc (clone N418),
anti-NKp46 (clone 29A1.4), anti-NK1.1 (clone PK136),

anti-B220 (clone RA3-6B2), anti-IgM (clone RMM-1), anti-IgD
(clone 11-26¢c2a), and the respective isotype controls were
purchased from BioLegend. Flow cytometric measurements were
performed as 4-color analysis using FACSCalibur and Cellquest
software (BD Biosciences).

For the detection of NK cell development in the bone
marrow, cells were treated with Fc block (purified anti-
CD32/CD16 monoclonal antibodies) and subsequently stained
with anti-CD3e-FITC, anti-CD4-FITC, anti-CD8-FITC, anti-
CD19-FITC (clone 6D5), anti-Gr-1-FITC (clone RB6-8C5),
anti-NKp46-BV450 (BD Biosciences), anti-NK1.1-PacificBlue,
and anti-CD122-PE-Cy7 (clone T41-B1), anti-CD11b-APC/Cy7
(cloneM1/70). For detection of myeloid cell distribution, in
addition anti-F4/80 (clone BMS8), anti-CD11c (clone N418) and
anti-Ly6G (clone 1A8) were used. Antibodies were purchased
from BioLegend if not otherwise indicated. All steps were
performed on ice and incubations at 4°C in the dark. After
staining, cells were fixed with 2% PFA in PBS.

For intracellular ADAP staining, we used a polyclonal sheep
anti-ADAP antiserum and the respective pre-immune serum
kindly provided by G. Koretzky. The staining procedure was
previously described (1) and works reliably to track ADAP
protein expression. Briefly, the cells were first stained with the
fixable viability dye eFluor® 506 (eBioscience) and then staining
of cell surface molecules and fixation (2% paraformaldehyde)
were performed. Fixed cells were permeabilized in HanK’s Salt
Solution (HSS) containing 2% FCS and 0.5% Saponin and
intracellular staining with antisera and secondary donkey anti-
sheep-FITC was performed in HSS/2% FCS/0.2% Saponin.
These measurements were performed using a BD LSRFortessa
and BD FACSDiva™ software (BD Biosciences) and analyzed
with FlowJo® v10. Analyses were performed on viable and
single cells.

For detection leukocytes in the brain, mice were euthanized
by inhalation of CO,. The abdominal cavity and thorax were
opened immediately and transcardial perfusion was performed
through the left ventricle using NaCl. The brain was carefully
removed, cut into pieces and treated with collagenase (2.5
mg/ml, Roche Diagnostics) and DNAse I (1 mg/ml, SIGMA)
for 45 min at 37°C. Tissue was ground through a cell strainer
(70 wm), washed, resuspended in 37% Percoll, and layered
onto 70% Percoll. After centrifugation (600g, 25min), cells
were removed from the interphase, washed and stained for
FACS analysis.
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TGF-p1 Measurement

Platelet-poor plasma was obtained by double centrifugation
(400 x g for 5min and subsequently 6.000 x g for 15min).
Plasma concentrations of murine latent TGF-1 were measured
according to the instructions of the manufacturer using a specific
ELISA kit (R&D Systems).

Statistical Analysis

Results are expressed as mean £ SEM. Unpaired Student’s ¢-test
was used to assess the statistical significance of the differences.
Statistical comparison of EAE disease severity between different
two groups of animals was accomplished by performing non-
parametric Wilcoxon matched pairs test using GraphPad Prism
software. P < 0.05 (*); P < 0.01 (**); P < 0.001 (***).

RESULTS

T Cell-Specific Conditional ADAP

Knockout Shows Less Severe EAE

The phenotype of ADAP-deficient murine T cells is well-
described (6). Therefore, we started to generate a T cell-specific
ADAP knockout mouse using the commercially available
C57BL/6N-Fybtm12(EUCOMMHMgY /Gy (EUCOMM)  mouse
(Figure S1). The mouse strain containing the critical exon 2
of fyb gene flanked by 2 loxP sites was crossed to a transgenic
mouse expressing Cre recombinase under control of the mouse
Lck promotor. This promotor is active during embryonic stages
of thymic development and in mature T cells (36). The T
cell-specific knockout was confirmed by flow cytometry based
on the intracellular ADAP staining with a specific polyclonal
antiserum and the respective preimmune serum. As depicted in
Figure 1A, CD4" CD8* double positive cells, representing the
majority of thymocytes, showed a clear loss of ADAP expression
in conditional knockout mice (ADAP?/fl Lck-Cre's) compared
to Cre control mice (ADAP"Y/™! Lck-Cre'8). This specific loss
of ADAP expression was also seen in single positive CD4* or
CD8™" thymocytes of T cell-specific ADAP knockout mice (data
not shown). In the spleen, the ADAP knockout was confirmed
in mature T cells of ADAPY/f Lck-Cre'® mice, whereas NK
cells showed ADAP expression as strong as those derived from
ADAPWY/"t Lck-Cre'® mice. Since mature B cells are known to
lack ADAP expression (1), ADAP was not detectable in splenic B
cells (Figure 1A). Summarizing, these results indicated a specific
loss of ADAP in thymocytes and T cells.

Next, we analyzed the constitution of primary lymphoid
organs (thymus) and the peripheral blood of ADAP"/" Lck-
Cre'8 (Cre control) and ADAPY® Lck-Cre®® (conditional k.o.)
mice. Because of the known T-cell phenotype of conventional
ADAP knockout mice, these animals and respective wildtype
controls were included in the analysis. The distribution of
double negative (CD4~ CD8™), double positive (CD4T CD8™),
CD47, and CD8™ single positive thymocytes in conditional
ADAP knockout mice reflected the distribution in conventional
ADAP knockout mice: the percentage of double positive
thymocytes was significantly increased and the percentage of
CD4™" thymocytes was significantly reduced (Figure 1B). The
total numbers of cells in the thymus of were only slightly

reduced in conditional k.o.mice compared to Cre control
mice, whereas the conventional k.o.mice revealed significantly
reduced cell numbers (Figure 1C). This observation indicates the
possibility that other ADAP expressing cells influence thymic
development. In the peripheral blood, conventional ADAP k.o.
mice displayed reduced numbers of T cell subpopulations (CD3™
CD47" and CD3% CD87). In contrast, in conditional k.o. mice
(ADAPY/ 1ck-Cre'8) only the CD3* CD8*' subpopulation
showed significant reduction in the percentage of cells, whereas
the CD3" CD4™" T cell subpopulation was only slightly reduced
(Figure 1D).

Thus, these data demonstrate that the T-cell specific
conditional ADAP knockout (ADAPY/? Lck-Cre'8) resembles
the phenotype of the conventional ADAP knockout, namely
the decreased portion of single positive thymocytes and mature
T cells. However, this reduction is clearly less pronounced in
the conditional knockout mice compared with conventional
knockout mice.

Next, we investigated the clinical course of active experimental
autoimmune encephalomyelitis (EAE) in the T-cell specific
conditional ADAP knockout mice. EAE is a strongly T-cell
dependent demyelinating disease of the central nervous system.
We have previously shown that conventional ADAP knockout
mice show less severe EAE compared to wildtype mice, however,
most likely mainly due to T cell-independent mechanisms
(20). Active EAE was induced by immunization of mice with
MOGss5-55 peptide. As shown in Figure 1E, we observed a
statistically significant less severe clinical course of EAE in mice
exclusively devoid of ADAP expression in T cells compared with
Cre control mice. These results indicate that ADAP is involved
in both, T-cell dependent and T-cell independent mechanisms of
this autoimmune disease.

NK Cell-Specific Conditional ADAP

Knockout Reveals Reduced EAE Severity

To delete ADAP specifically in NK cells, we made use of a
“knock-in” mouse expressing the Cre recombinase under control
of the NKp46 promotor. NKp46 is selectively expressed in NK
cells with two exceptions reported: a minor T-cell subset and
mucosal group-3 innate lymphoid cells (ILC3) (32). The NK-cell
specific knockout was confirmed by intracellular ADAP staining
as described. Bone marrow NK precursor cells of ADAPWY/"!
NKp46—Creth (Cre control) mice show expression of ADAP,
whereas cells from ADAP/1 NKp46—Crehet (conditional k.o.)
mice display loss of ADAP expression to the level of cells stained
with preimmune serum (Figure 2A). The same holds true for the
spleen: mature NK cells from Cre control mice express ADAP,
whereas NK cells from conditional k.o. mice almost completely
lost ADAP expression. In contrast, splenic T cells of ADAP#/
NKp46-Crelt (conditional k.0.) mice showed ADAP expression
as strong as those derived from ADAP"/** NKp46-Creht (Cre
control) mice (Figure 2A).

We first investigated the different steps of NK cell maturation
in the bone marrow (Figure2B). NK cell differentiation is
initiated at precursor stage (stage 1) that is characterized by
the expression of CD122 (IL-2/IL-15 receptor {3 chain) and
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FIGURE 1 | Characterization of mice with specific deletion of ADAP in T cells. (A) Anti-ADAP serum or preimmune serum (PIS) were used to detect ADAP protein
levels by flow cytometry in double positive CD41 CD81 thymocytes and in T cells (CD3T), NK cells (CD3neg, NK1.17), and B cells (CD197) in the spleen from
conditional knockout mice and Cre control mice. Representative histograms are results from three independent experiments. (B) Thymocytes were isolated from
conditional knockout mice (ADAPT/f | ck-Cre!9), Cre control mice (ADAPWY/W! | ck-Cre'd), conventional ADAP knockout mice (ADAP KO), and respective wildtype
control mice (WT). The frequencies of CD4~ CD8~ double negative thymocytes (DN), CD4+ CD8* double positive thymocytes (DP), and single positive thymocytes
(SP CD4t, SP CD8™) were analyzed by flow cytometry. (C) Absolute numbers of thymocytes per animal from conditional knockout mice, Cre control mice and
conventional ADAP knockout mice are given. (D) The lymphocyte subpopulations in the peripheral blood were stained with the indicated antibodies. All results
(B-D) are expressed as means + SEM of data from six independent experiments (*P < 0.05; **P < 0.01). (E) Active EAE was induced following immunization with
MOGg5_55 peptide in CFA at day 0 in combination with pertussis toxin at day 0 and day 2. The clinical score of active EAE was assessed for 35 days after
immunization. Data are shown as means + SEM [n = 8 animals per group; **P < 0.001 (conditional ADAP knockout vs. Cre control)].
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FIGURE 2 | Characterization of mice with specific deletion of ADAP in NK cells. (A) Anti-ADAP serum or preimmune serum (PIS) were used to detect ADAP expression
by flow cytometry in bone marrow NK cell precursors (left), in splenic NK cells (middle) and in splenic T cells (right) from conditional knockout mice (ADAP/f
NKp46-Cren®t) and Cre control mice (ADAPWY/Wt NKp46-Crelet). Histograms show representative results from three independent experiments. (B) The gating strategy
for the analysis of NK cell development in the bone marrow is shown. The lineage staining excludes T cells (CD31, CD41, CD81), B cells (CD19%) and granulocytes
(Gr1). The four different stages are depicted as dot plots according to their NK1.1, NKp46, and CD11b expression profile. (C) Quantification of the four different
stages of NK cell development in the bone marrow is given as means + SEM of data from three independent experiments (n = 6 mice per group). (D) The graph
shows frequencies of mature NK cells (CD3~, NK1.17, NKp46™) in the spleen and in the peripheral blood from conditional knockout mice (ADAF’ﬂ/ﬂ NKp46—Crehet)
and Cre control mice (ADAPWY/Wt NKp46-Crehel); mean values + SEM (n = 8 animals per group). (E) Active EAE was induced by immunization with MOGgs_s5
peptide in CFA at day 0 in combination with pertussis toxin at day 0 and day 2. The disease severity was recorded as clinical score for 35 days after immunization.
Data are shown as means + SEM (n = 23 animals per group from three independent experiments). **P < 0.001 conditional ADAP knockout vs. Cre control.

the absence of lineage markers CD3 and CD19 (Figure2B).  in conditional knockout mice (ADAPI/ NKp46—Crehet) and
Immature NK cells are defined by the appearance of NKI1.1 ~ Cre control mice (ADAP™/“' NKp46-CreP). Thus, ADAP
(stage 2) followed by the expression of NKp46 (stage 3). Fully  expression has no influence on NK cell differentiation. We
mature NK cells additionally acquire the expression of CD11b  next analyzed the constitution of secondary (spleen) lymphoid
(stage 4). We analyzed whether the loss of ADAP in NK cells is  organs and peripheral blood of ADAP"Y** NKp46-Cre™! (Cre
associated with modifications in the NK cell differentiation. As  control) and ADAP/f NKp46—Crehet (conditional k.o.) mice. As
depicted in Figure 2C, the percentage of NK cells at the different  expected, the percentages of mature NK cells in spleen and blood
developmental stages in the bone marrow was comparable  were similar in mice of both genotypes (Figure 2D).
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Besides encephalitogenic T cells, also NK cells are involved
in the development of EAE by providing an early source of
IFN-y (28). ADAP-deficient NK cells from conventional k.o.
mice revealed reduced IFN-y secretion in vitro (11). Based on
these data, we were curious about the clinical course of EAE in the
NK-cell specific conditional ADAP knockout mice. As expected,
the loss of ADAP expression exclusively in NK cells (ADAP1/f!
NKp46-Cre!) caused a significantly less severe course of the
disease compared to controls (Figure 2E).

Deficiency of ADAP Restricted to Myeloid
Cells Leads to Attenuated EAE Severity

The LysM-Cre knock-in mouse strain has a Cre recombinase
inserted into the lysozyme 2 gene. Cre-mediated recombination
results in deletion of the floxed ADAP allele in the myeloid
lineage including macrophages and neutrophils (37). Specific
deletion was first monitored by PCR (Figure S1). On protein
level, loss of ADAP in myeloid cells was confirmed by
intracellular staining with the specific anti-ADAP antiserum.
In bone marrow cell suspensions, granulocytes (CD11b™
Ly6G') were discriminated from macrophages (CD11b*
F4/80%). Both cell types showed clear reduction of ADAP
expression in conditional k.o. mice compared with Cre
control mice (Figure3A). This deletion was also seen in
splenic granulocytes. In splenic macrophages of conditional
k.o. mice, two populations were detected: one population
with ADAP expression comparable to control mice and one
population with reduced ADAP expression. This observation
indicates that the LysM-Cre promotes good deletion of
ADAP in neutrophils, whereas the deletion in the splenic
macrophage population is less efficient (Figure 3A). Microglia
are the brain-resident macrophages and originate from
hematopoietic progenitors. Therefore, we started to explore
recombination efficacy of LysM-Cre in microglia. Leukocytes
were isolated from the brain adult mice and analyzed by
flow cytometry as CD45 low CDI11b* cell population
(Figure 3B). Histograms depict ADAP expression in Cre
control mice (ADAPYY/"! LysM-Cre™) and reduction
(but no loss) of ADAP expression in ADAP knockout mice
(ADAPYT LysM-CrePet).

Next, we analyzed the frequency of granulocytes and
macrophages in primary (bone marrow) and secondary
lymphoid organs (spleen) of conditional k.o. mice and Cre
control mice. The total numbers of cells in the bone marrow
and the portion of macrophages and granulocytes in the bone
marrow were identical in both genotypes (Figure3C). The
same result was achieved comparing the percentage of these
myeloid cells in the spleen (macrophages and granulocytes) and
in the peripheral blood (granulocytes; Figure3D). DCs
are not targeted by LysM-Cre mediated recombination
(38). We did not observe differences in the proportion of
CD11c+ cells between conditional k.o. mice and Cre control
mice (Figures 3C,D).

CNS-resident microglia as well as invading macrophages and
neutrophils contribute to the CNS autoimmune inflammation
(39, 40). Based on our previous observation that conditional

knockout mice with specific loss of ADAP in T cells and NK
cells showed less severe EAE (Figures 1E, 2E), we induced
the disease by active immunization with MOG35_55 peptide in
conditional knockout mice with reduction of ADAP expression
in myeloid cells and monitored the disease progression by
clinical assessment. Mice expressing the wildtype allele in
the presence of Cre recombinase (ADAP"Y™' LysM-Crehet)
exhibited a typical disease course. In contrast, conditional
ADAP knockout mice (ADAPH/f LysM-CreP®) developed a
significantly milder disease showing fewer clinical symptoms
(Figure 3E). These results indicate that expression of ADAP
in myeloid cells partially contributes to the pathogenesis
of EAE.

Platelet-Specific Conditional ADAP
Knockout Mice Develop Enhanced Active

EAE

We generated platelet-specific ADAP knockout mice (ADAPH/T
PF4-Cre'8) and reported recently that these mice resemble
the phenotype of conventional ADAP knockout mice showing
thrombocytopenia and augmented re-bleeding from tail wounds.
In vitro, ADAP-deficient platelets display impaired CLEC-2-
mediated alIbB3 integrin activation, altered fibrinogen binding
and reduced TGF-B1 and PF4 release (31). The role of platelets
in EAE is controversially discussed (29, 41, 42). Furthermore,
we could demonstrate that the loss of ADAP exclusively in
platelets (ADAP1/fl PF4-Cre'8) caused a more severe disease
course in the model of passive adoptive transfer EAE compared
to that in Cre control mice (31). To allow a direct comparison
of EAE course with the conditional ADAP knockout in T cells,
NK cells and myeloid cells, here, we induced the active EAE
by immunization of mice with MOG35_s5 peptide also in the
platelet-specific ADAP knockout mice. As shown in Figure 4,
mice with the platelet-specific deletion of ADAP (ADAPY/Tl PF4-
Cre'®) developed a significantly more severe EAE compared
to control animals (ADAP"Y/"t PF4-Cre'8). These data suggest
a role of platelets in EAE that is at least partially controlled
by ADAP.

We could previously show that systemic injection of TGF-
Bl reduced the EAE severity in the passive adoptive transfer
model in platelet-specific ADAP knockout mice (31). Based
on this observation, we wanted to compare the plasma TGF-
B1 concentrations of the different conditional ADAP knockout
mice. To this end, we analyzed the level of circulating latent
TGF-B1 at steady state and at day 35 of active EAE. As
shown in Figure 5A, platelet-specific ADAP knockout mice
revealed significantly reduced levels of circulating latent TGF-
B1 at steady state and at day 35 of active EAE compared to
the respective control animals. In contrast, the concentrations
of latent TGF-B1 were similar in NK cell-specific as well as
in myeloid cell-specific conditional knockout mice and their
respective control mice. In addition, there was no difference in
the TGF-B1 concentration between the physiological steady state
and during the autoimmune disease (Figures 5B,C). This result
points toward a specific effect of ADAP depletion in platelets.
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FIGURE 3 | Characterization of mice with specific deletion of ADAP in myeloid cells. (A) Anti-ADAP serum or preimmune serum (PIS) were used to detect ADAP
expression by flow cytometry in bone marrow granulocytes (CD11b™ Ly6G™) and bone marrow macrophages (CD11b+ F4/801) as well as in granulocytes and
macrophages from the spleen of conditional knockout mice (ADAP/f LysM-CreM®t) and Cre control mice (ADAP"WY/Wt |ysM-Crehet). Histograms show representative
results from three independent experiments. (B) Leukocytes were isolated from the brain by Percoll gradient, stained with antibodies against CD11b and CD45 and
analyzed by flow cytometry. The region indicates the CD45 low, CD11b high brain-resident microglia (dot plot). The histograms show ADAP expression level in
microglia cells from conditional knockout mice (ADAP/ LysM-CreMet; black line) and Cre control mice (ADAPWY/WE | ysM-Crehet; dark gray, filled). Cells stained with
preimmune serum (light gray, filled) were used as control. The plots show representative results out of three independent experiments. (C) Frequencies of precursors
of dendritic cells (CD11ct DC), granulocytes (CD11b* Ly6G), and macrophages (CD11b™ F4/8071) in the bone marrow were determined using flow cytometry (left
graph). The right graph illustrates the total number of bone marrow cells. (D) Distribution of mature dendritic cells, granulocytes and macrophages in the spleen (left
graph) is shown together with the percentage of granulocytes in the peripheral blood (right graph). All results are expressed as means + SEM of data from minimum
three independent experiments. (E) Active EAE was induced following immunization with MOGgs_s5 peptide in CFA. The clinical score of EAE was assessed for 35
days after immunization (means + SEM; n = 20 animals per group from three independent experiments). **P < 0.01 conditional knockout mice (ADAPfI/
LysM-CreM®t) vs. Cre control mice (ADAPWYWE L ysM-Crehety.

Frontiers in Immunology | www.frontiersin.org 95 October 2019 | Volume 10 | Article 2343


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Rudolph et al.

EAE in Conditional ADAP Knockout

- ADAP " pfa-Cre 19
-~ ADAP " pf4-Cre 19

EAE score (mean + SEM)

0 5 10 15 20 25 30 35
Days after immunization

FIGURE 4 | Active EAE in platelet-specific conditional ADAP knockout mice.
EAE was induced following immunization with MOGgs 55 peptide in CFA. The
clinical score of EAE was assessed for 35 days after immunization (mean +
SEM; n = 15 for Cre control (ADAPWYWE PF4-Cre!9) and n = 18 for conditional
ADAP knockout (ADAP/fl PF4-Crel9); **P < 0.0001 conditional ADAP
knockout vs. Cre control).

DISCUSSION

We have previously shown that conventional ADAP knockout
mice develop a significantly milder clinical course of EAE
by mainly T cell-independent mechanisms (20). To dissect
the impact of different ADAP-expressing cell types on the
ameliorated EAE severity, we generated conditional knockout
mice. Our results show that the loss of ADAP in T cells, myeloid
cells and NK cells resulted in less severe EAE whereas loss of
ADAP in platelets leads to an exacerbated EAE compared to
control animals.

Using Cre recombinase expressed as transgene under the
control of the Lck promotor, we generated conditional knockout
mice with deletion of ADAP in the T cell lineage. The major
stages of T cell development in the thymus can be delineated by
the expression of CD4 and CD8 which define the stages of double
negative CD4~ CD8™ (DN), double positive CD4* CD8™ (DP),
and single positive CD41 or CD8" (SP) thymocytes. The Lck
promotor is first expressed during early thymic development at
the DN stage. DP thymocytes, the major population within the
thymus, showed complete loss of ADAP protein in the ADAP1/f!
Lck-Cre'® mice. Unlike in thymocytes, peripheral splenic T
cells exhibited a reduction in ADAP expression. This lower
recombination rate in splenic T cell was reported earlier. It
was suggested that rare thymocytes with incomplete deletion
mature, leave the thymus and undergo clonal expansion in the
periphery (43).

The distribution of thymocytes revealed the known
abnormalities shown by Wu et al. (44): the higher percentage of
DP cells and the lower proportions of SP cells. Interestingly, the
conditional knockout mice did not exhibit the overall decreased
thymic cellularity reported earlier (5, 6, 44). The presence (in
conditional knockout) or absence (in conventional knockout) of
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FIGURE 5 | Concentration of latent TGF-B1 in conditional ADAP knockout
mice. Concentration of latent TGF-f1 was measured in platelet-free plasma of
platelet-specific (A), NK cell-specific (B), and myeloid cell-specific (C) ADAP
knockout mice under physiological steady state condition (filled columns) and
at day 35 of active EAE (empty columns). Concentrations are given as mean +
SEM of at least seven individual mice. ***P < 0.001; *P < 0.05 conditional
ADAP knockout vs. Cre control.

ADAP in dendritic cells and macrophages that are involved in
selection processes during thymocyte development might be an
explanation for this observation. In the spleen, conditional and
conventional ADAP knockout mice show the same phenotype of
significantly reduced relative numbers of T cells (6, 44).

The NKp46-Cre knock-in mouse is widely used to delete
genes containing flanking loxP sites in NK cells. Using these
mice, we could demonstrate that the loss of ADAP in bone
marrow NK cells and in splenic NK cells is almost complete.
Cre expression is induced under the control of the NKp46
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promotor at stage 3 of NK cell development (32). Our results
showing normal maturation of ADAP-deficient NK cells in the
bone marrow are therefore consistent with earlier published
data (45). Consequently, the distribution of mature NK cells
in spleen and in peripheral blood revealed no significant
differences between the conditional knockout mice and Cre
control mice.

Besides conventional NK cells, the existence of distinct tissue-
specific NK cell populations is accepted (46). In contrast to
conventional NK cells that develop in the bone marrow, evidence
is accumulating that these organ-specific NK cells develop at
extramedullary sites in the thymus, gut, liver, and uterus (47). We
are aware of the problem that these cells express NKp46 and Cre-
mediated recombination might occur. However, we assume that
the impact of these tissue-resident NK cells on the disease model
of EAE can be neglected.

Myeloid cells represent a heterogeneous population including
mononuclear and polymorphonuclear phagocytes. Abram et al.
(38) performed a detailed analysis of specificity and efliciency
of 13 different myeloid-Cre mouse strains crossed to ROSA26-
EYFP reporter mice and assessed YFP expression using a
standard protocol. LysM-Cre mice show up to 70% deletion
in neutrophils. In addition, LysM-Cre promotes deletion with
high efficiency in alveolar macrophages (= 95%) and peritoneal
macrophages (& 90%) and with lower efficiency in splenic
macrophages (= 40%). For peripheral blood monocytes, the
level of YFPT cells is approximately 40% (38). Our results
show a clear reduction of ADAP expression in granulocytes
and bone marrow macrophages. In spleen macrophages, we
detected two populations with high and low ADAP expression,
respectively. Our results closely match the reported data from
Abram et al. (38). However, this direct comparison is hampered
by the different methods used: quantification of a fluorescent
marker vs. staining with a specific antibody. The LysM promotor
also targets microglia and showed an average recombination rate
of 45% (48). Brain microglia cells of the ADAPY/fl LysM-Crehet
mice revealed a reduction of ADAP expression but no complete
loss confirming the relatively low recombination efficiency. Our
immunophenotyping data show that loss of ADAP expression
in myeloid cells did not affect the frequency of these cells in
the primary and secondary lymphoid organs of ADAPY/T LysM-
CrePet mice.

Only recently, we provided evidence that the PF4-Cre
mediated deletion of ADAP is highly efficient and specific.
The ADAPY PF4-Cre'® mice resemble the phenotype of
conventional ADAP knockout mice showing thrombocytopenia
and augmented re-bleeding from tail wounds. The loss of ADAP
in the megakaryocytic lineage had no impact on immune cell
distribution in the lymphoid organs (31).

Overall, these mouse strains show deletion or reduction of
ADAP expression in the specific target cell population. So far,
no other reports using conditional ADAP knockout mice are
available except for platelets (31, 49). The characterization of
the conditional knockout mice revealed unaltered development
and distribution of immune cells in the primary and secondary
lymphoid organs when ADAP was deleted in myeloid cells, NK
cells and platelets. Ablation of ADAP in T cells resembled the

T cell phenotype of conventional ADAP knockout mouse. We
are aware that inflammatory conditions like EAE could induce
changes in Cre-mediated deletion efficiency and specificity
compared to steady state. At least for PF4-Cre mediated
recombination we could exclude this possibility during in vitro
activation (31).

We used these characterized conditional knockout strains
and performed comparative EAE experiments. To investigate
the role of ADAP expressing immune cells during early and
late stages of the autoimmune disease, we induced active EAE
by immunization with the immunogenic MOGss5_55 peptide
in CFA.

In our previous study, we provided evidence that the
resistance of conventional ADAP knockout mice to EAE is
partially caused by T cell-independent mechanisms. Here, we
show that mice with ADAP deficiency restricted to T cells
developed less severe EAE. The results of these two studies
seem contradictory. However, the impaired function of ADAP-
deficient T cells (proliferation, IL-2 production, adhesion, NF-kB
activation) had previously been characterized in detail (5-
7). Thus, the reduced EAE severity in T cell-specific ADAP
knockout mice is not surprising. In addition, induction of
EAE after adoptive transfer of ADAP-deficient T cells into
T cell-deficient mice caused a clear delay in disease onset
compared to the adoptive transfer of ADAP-sufficient T cells
(20). This observation indicates a partial T cell-dependent
role of ADAP in EAE. Analysis of the different conditional
ADAP-knockout strains allowed us to draw a more precise
conclusion: T cell-dependent and T cell-independent mechanism
are responsible for reduced EAE severity in conventional ADAP
knockout mice. Concerning the T cell-dependent mechanism,
two aspects have to be mentioned. First, the reduced numbers
of mature T cells, especially CD8" T cells, in the periphery of
conditional knockout mice. Second, the well-known impaired T
cell function in the absence of ADAP. At present, we cannot
discriminate between these two possibilities. We assume that
both aspects contribute to the reduced EAE severity in the T cell-
specific ADAP knockout mouse. Conditional ablation of ADAP
separately in either CD4™ or CD8" T cells would help to clarify
this question.

In this study, we provide evidence that ADAP deficiency
restricted to NK cells reduced EAE severity. We hypothesize
that primarily the disturbed IFN-y production by NK cells
causes the better outcome of EAE in NK cell-specific conditional
ADAP knockout mice. Rajasekaran et al. (11) demonstrated
that cytokine production but not cytotoxicity of NK cells
is regulated by ADAP. Therefore, we rule out the cytotoxic
function of ADAP-deficient NK cells as a factor affecting reduced
EAE severity. Besides, we suggest that potential adhesion and
migration defects of ADAP-deficient NK cells should be taken
into account.

Previous studies reported that the ILC3 population
(innate lymphoid cells type 3) in the meninges is
involved in the pathogenesis of EAE by sustaining the
neuroinflammation (50). These cells express NKp46, the
transcription factor RORyt, and produce the cytokines
IL-17 and GM-CSE. We cannot exclude the possibility
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that in this minor subpopulation in the meninges
Cre-mediated deletion of ADAP occurs and therefore

enhances the effect of milder EAE severity in ADAP1/f
NKp46-Cre"t mice.

In conditional knockout mice with specific deletion of
ADAP in myeloid cells, we observed an attenuated disease
course compared to control mice. Neutrophils contribute to the
pathogenesis of EAE by different mechanisms including release
of cytokines, proteases, reactive oxygen species, phagocytosis and
interaction with other immune cells [reviewed in (51)]. To access
the CNS, circulating neutrophils have to leave the vasculature
and to migrate to sites of neuroinflammation. Deficiency in
ADAP attenuates E-selectin-mediated slow leukocyte rolling
and adhesion of neutrophils and protects mice from acute
kidney ischemia-reperfusion injury (13). This adhesion defect
might explain our observation of lower EAE severity when
ADAP is deleted in myeloid cells. It is difficult to estimate
the impact of ADAP in monocytes and macrophages in the
EAE model. The recombination efficiency is low and varies
depending on the tissue localization of the macrophages. In
our previous study, lethally irradiated ADAP knockout recipient
mice reconstituted with wildtype bone marrow developed milder
EAE compared with wildtype recipients (20). We concluded
that radio-resistant cells could be partially responsible for
the attenuated EAE severity. Based on experimental data of
normal function in the absence of ADAP we excluded a
role of microglia. Therefore, the possibility that other ADAP-
deficient radio-resistant myeloid cells might be responsible
for the attenuated EAE severity still exists. Mast cells are
candidates that fulfill these criteria and will be in focus of our
future research.

Recently, we reported the unexpected finding that mice with
platelet-specific ablation of ADAP exhibited enhanced EAE
severity in the passive EAE model where ex vivo activated
myelin-specific TCR transgenic T cells (2D2T cells) were
adoptively transferred. In addition, we provided evidence that
thrombocytopenia and reduced concentration of TGF-B1 are
responsible for the more severe course of EAE. Within the
present study, we induced active EAE. In active EAE, both
the induction and effector phase of the disease take place in
vivo. We confirmed our previous data (31) showing augmented
disease severity in mice lacking ADAP specifically in platelets.
The difference in the clinical course of EAE was especially
pronounced during the early phase of the disease (at days
10-15). This result implicates a regulatory role of ADAP in
platelets during induction of EAE. We hypothesize that also
in active EAE the reduced level of TGF-B1 in the platelet-
specific conditional knockout mouse is responsible for enhanced
disease severity. In vivo administration of TGF-B1 improved
EAE severity in the model of passive EAE in mice lacking
ADAP in platelets. However, this effect was only achieved in
a preventive but not in a therapeutic approach (31). This
result indirectly supports our hypothesis that platelet-derived
ADAP plays an important suppressive role during the induction
phase of EAE. Platelets are the most important source of
TGEF-B1. As a potent anti-inflammatory cytokine, TGF-1 is
required to convert conventional CD4" T cells into induced

regulatory T cells (52). The reduced TGF-f1 concentration
thus might impair the development of regulatory T cells in
vivo, leading to reduced immune suppression and enhanced
EAE severity.

The question remains about the interplay between the
described cell type-specific effects on the EAE course in
conventional ADAP knockout mice. We believe that the
impact of a single cell type is determined by the significance
of this cell population for the pathogenesis of EAE. Most
importantly, autoreactive T cells primed by (myeloid) antigen
presenting cells are critical for this autoimmune disease.
Infiltrating NK cells and platelets, although contributing, are
less important. Since loss of ADAP in T cells, myeloid cells,
and NK cells reduced EAE severity, the additive effects of
these cells overbalances the EAE enhancing effect of ADAP-
deficient platelets.

Summarizing, we can conclude that in conventional ADAP
knockout mice T cell-dependent and T cell-independent
mechanisms are involved in the resistance to EAE. Not a
single cell type but different ADAP expressing myeloid cells
as well as NK cells might exert synergistic effects contributing
to significantly milder EAE. These investigations expand our
knowledge about the complex role of the adapter protein ADAP
in immune cells.
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CG-NAP, also known as AKAP450, is an anchoring/adaptor protein that streamlines
signal transduction in various cell types by localizing signaling proteins and enzymes
with their substrates. Great efforts are being devoted to elucidating functional roles of
this protein and associated macromolecular signaling complex. Increasing understanding
of pathways involved in regulating T lymphocytes suggests that CG-NAP can facilitate
dynamic interactions between kinases and their substrates and thus fine-tune T
cell motility and effector functions. As a result, new binding partners of CG-NAP
are continually being uncovered. Here, we review recent advances in CG-NAP
research, focusing on its interactions with kinases in T cells with an emphasis on
the possible role of this anchoring protein as a target for therapeutic intervention in
immune-mediated diseases.

Keywords: adaptor protein, kinases, CG-NAP, AKAP450, T cell motility, immune synapse

INTRODUCTION

T lymphocytes play a central role in immune defense by mounting specific responses to eliminate
infections and transformed cells. To perform an immunosurveillance function, T cells continuously
circulate throughout the body until they encounter specific antigen on the surface of the antigen
presenting cell (APC, Table 1). Such contact with an APC triggers an initial activation of the T
cell, which rapidly reorients its organelles and mobilizes signaling proteins to the contact site.
This process is accompanied by dynamic structural and cytoskeletal changes within the T cell. An
activated T cell undergoes an episode of rapid proliferation, cytokine secretion, differentiation into
effector subtypes, and site-specific recruitment. These functional processes in T lymphocytes are
precisely regulated and are critical for mounting an effective immune response.

Multiple stages of T cell functions, such as activation, differentiation, conjugate formation with
APCs, homing and motility are crucially regulated by protein kinases (1, 2). As members of the
kinase superfamily are widely distributed within cells and often have broad substrate specificity,
a crucial element in signal transduction is local control of substrate specificity (3, 4). How is an
individual kinase directed to connect with a single substrate or multiple components of a pool
of downstream substrates? In some cases, kinase specificity is achieved by influencing substrate
recognition. In this context, a class of proteins collectively known as “adaptor, anchoring and
scaffolding proteins,” have emerged as important mediators of signal transduction processes (5, 6).
These proteins form specialized docking platforms that facilitate the formation of multicomponent
signaling complexes, maintain static protein-protein interactions, position their kinase cargo
in proximity to a subset of substrates, organize processes and components of protein kinase
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cascades and thus streamline cell signaling responses (6-13). In
T lymphocytes, these signal-organizing proteins allow signals
to be transduced with precision in response to molecular
instructions from the cell surface (14-16). Most importantly,
these anchoring/adaptor proteins facilitate the phosphorylation
and dephosphorylation of protein kinases, including trans-
and auto-phosphorylations, which are important for the
kinases to gain catalytically competent conformation in order
to respond to intra- and/or extra-cellular signals (16, 17).
Anchoring/adaptor proteins thus control numerous cellular
processes in T lymphocytes, including cell fate decisions,
activation, differentiation and various stages of development and
functions (16-19). Herein, we review the involvement of such
an anchoring protein “Centrosome and Golgi localized protein
kinase N (PKN)-Associated Protein” (CG-NAP), also known as
A-Kinase Anchoring Protein 450 (AKAP450) (20-22), in the
regulation of protein kinase dynamics and functional outcomes
in T cells.

A-KINASE ANCHORING PROTEINS
(AKAPS)

AKAPs are a family of ubiquitously expressed structurally
diverse signal-organizing proteins with tissue/cell-type specific
expression patterns in human. So far, 41 AKAPs encoded
by 41 genes have been experimentally validated in human
cells and tissues (8, 23) (Table 2). Nine different AKAPs have
been described in human T lymphocytes - AKAP1, AKAP2,
AKAP5, AKAPS, AKAPY (known as CG-NAP), AKAP11, Ezrin,
RUNXI1T1, and RUNX1T3 (24-26) and at least eight AKAPs with
apparent molecular masses of 60, 75, 95, 120, 165, 190, 245, and
275 kDa were detected in mouse T lymphocytes (27); however,
their involvements in the regulation of immune functions remain
poorly understood.

Although members of the AKAP family differ greatly in
their amino-acid sequences, structures, intracellular localizations
and repertoire of protein binding partners, they all interact
directly with the regulatory subunits of the protein kinase A
(PKA) (28-33). However, the mechanism by which molecular
interactions between specific AKAPs and PKA regulate normal
and pathological signaling in human cells/tissues is just
beginning to be understood.

AKAPs, through association with PKA, are involved in
regulating T cell functions through the ubiquitous second
messenger molecule cAMP (34-36), which controls cellular
processes dictated by cell surface receptor-induced signaling (37—
39). The interactions between AKAPs and PKA are complex
as there are four distinct regulatory subunit isoforms of
PKA - Rla, RIB, Rla, and RIIB (7). These subunits differ
in tissue distribution, cAMP sensitivity and AKAP-mediated
localization, which fine-tune molecular signals depending on
when and where PKA activity is applied (40). Most AKAPs
bind to the RII isoform and a few dual-specific AKAPs
can also interact with the RI isoform (33, 41). In addition,
there are recent examples of RI selective AKAPs (42-44).
Furthermore, most cell types simultaneously express multiple

TABLE 1 | A list of abbreviations used.

Abbreviations used

AKAP A-kinase anchoring protein

APC Antigen presenting cell

cAMP Cyclic adenosine monophosphate

CAMSAP2 Calmodulin regulated spectrin associated protein family
member 2

CAMSAP3 Calmodulin regulated spectrin associated protein family
member 3

CBFA2T3 CBFA2/RUNX1 partner transcriptional co-repressor 3

Cdk Cyclin dependent kinase

CG-NAP Centrosome- and Golgi-localized protein kinase
N-associated protein

CHO Chinese hamster ovary

CK18/¢ Casein kinase 1 delta/epsilon

CRISPR Clustered regularly interspaced short palindromic repeats

EB1 End-binding protein 1

GM130 130 KDa cis-Golgi matrix protein

GTP Guanosine triphosphate

HIV Human immunodeficiency viruses

ICAM-1 Intercellular adhesion molecule 1

IL Interleukin

IS Immune synapse

JC virus John Cunningham virus

KCNET1 Potassium voltage-gated channel subfamily E regulatory
subunit 1

Kiz Kizuna

LAT Linker for activation of T cells

LFA-1 Lymphocyte function-associated antigen 1

MAPRE1 Microtubule associated protein RP/EB family member 1

MMG8 Myomegalin variant 8

MTCL1 Microtubule cross-linking factor 1

MTOC Microtubule organizing center

NFAT Nuclear factor of activated T cells

NF«B Nuclear factor kappa B

PACT Pericentrin-AKAP450 centrosomal targeting

PDE4D Phosphodiesterase 4D

PKA Protein kinase A

PKC Protein kinase C

PKN Protein kinase N

PLCy1 Phospholipase C gamma 1

Plk1 Polo-like kinase 1

PP1 Protein phosphatase 1

PP2A Protein phosphatase 2A

PR130 Serine/Threonine-protein phosphatase 2a 72/130 KDa
regulatory subunit B

RAPGEF2 Rap guanine nucleotide exchange factor 2

RUNX1T1 RUNX1 partner transcriptional co-repressor 1

siRNAs Small interfering RNA

TCR T cell receptor

TGFB Transforming growth factor beta

TUBGCP Tubulin gamma complex associated protein

y-TuRC Gamma tubulin ring complex
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TABLE 2 | A list of AKAP family proteins.

S.N. AKAPs Name Synonyms HGNC ID Chromosome
(gene)
1. AKAP1 A-kinase anchoring protein 1 PRKA1, AKAP121, AKAP149, SAKAP84, S-AKAP84, HGNC:367 17022
AKAP84, D-AKAP1, PPP1R43, TDRD17
2. AKAP2 A-kinase anchoring protein 2 PRKA2, AKAP-KL, KIAA0920, DKFZp564L0716, MISP2 HGNC:372 9031.3
3. AKAP3 A-kinase anchoring protein 3 FSP95, SOB1, AKAP110, CT82 HGNC:373 12p13.32
4. AKAP4 A-kinase anchoring protein 4 p82, hAKAP82, AKAP82, Fsc1, HI, CT99 HGNC:374 Xp11.22
5. AKAPS A-kinase anchoring protein 5 AKAP75, AKAP79 HGNC:375 14023.3
6. AKAP6 A-kinase anchoring protein 6 KIAA0311, mAKAP, AKAP100, PRKAB, ADAP6 HGNC:376 1412
7. AKAP7 A-kinase anchoring protein 7 AKAP18, AKAP15 HGNC:377 6023.2
8. AKAP8 A-kinase anchoring protein 8 AKAP95, DKFZp586B1222 HGNC:378 19p18.12
9. AKAP9 A-kinase anchoring protein 9 KIAA0803, AKAP350, AKAP450, CG-NAP, YOTIAO, HGNC:379 7q921.2
HYPERION, PRKA9, MU-RMS-40.16A, PPP1R45, LQT11
10.  AKAP10 A-kinase anchoring protein 10 D-AKAP2, PRKA10, MGC9414 HGNC:368 17p11.2
1. AKAP11 A-kinase anchoring protein 11 KIAA0629, AKAP220, PRKA11, FLJ11304, HGNC:369 13g14.11
DKFzp781112161, PPP1R44
12.  AKAP12 A-kinase anchoring protein 12 AKAP250, SSeCKS, gravin HGNC:370 6025.1
13.  AKAP13 A-kinase anchoring protein 13 LBC, Ht31, BRX, AKAP-Lbc, c-lboc, PROTO-LB, HA-3, HGNC:371 15025.3
ARHGEF13
14. AKAP14 A-kinase anchoring protein 14 AKAP28 HGNC:24061  Xg24
15, AKAP17A  A-kinase anchoring protein 17A CXYorf3, SFRS17A, XE7, XE7Y, DXYS155E, MGC39904, HGNC:18783  Xp22.33 and
721P, CCDC133 Yp11.32
16. AKAP17BP  A-kinase anchoring protein 17B, pseudogene AKAP16B, AKAP16BP HGNC:38514 Xg24
17.  ACBDS Acyl-CoA binding domain containing 3 GOLPH1, GOCAP1, GCP60, PAP7 HGNC:15453 1g42.12
18. ARFGEF2  ADP ribosylation factor guanine nucleotide BIG2 HGNC:15853 20g13.13
exchange factor 2
19. CHDS8 Chromodomain Helicase DNA Binding Protein ~ HELSNF1, Helicase with SNF2 Domain 1, AUTS18, Duplin, HGNC:20153 14qg11.2
8 KIAA1564
20. CMYA5 Cardiomyopathy associated 5 Cbhorf10, SPRYD2, DKFZp451G223, TRIM76 HGNC:14305 5qg14.1
21.  C2orf88 Chromosome 2 open reading frame 88 MGC13057, smAKAP HGNC:28191 2g32.2
22,  EZR Ezrin VIL2, Villin 2, P81, Cytovillin HGNC:12691  6025.3
23.  GSKIP GSK3B Interacting Protein C14orf129 HGNC:20343  14032.2
24, ITGA4 a4 integrin CD49D HGNC: 6140 2g31.3
25. MAP2 Microtubule associated protein 2 MAP2A, MAP2B, MAP2C HGNC:6839 2034
26. MSN Moesin IMD50, HEL70, Membrane-Organizing Extension Spike HGNC: 7373 Xqg12
Protein
27. MYO7A Myosin VIIA USH1B, DFNB2, DFNA11, SRD2 HGNC:7606  11g13.5
28. MYRIP Myosin VIIA and Rab interacting protein DKFZp586F1018, exophilin-8, MyRIP, SLAC2-C, SLAC2C HGNC:19156  3p22.1
29.  NBEA Neurobeachin KIAA1544, BCL8B, FLJ10197, LYST2 HGNC:7648  13013.3
30. NF2 Neurofibromin 2 merlin, ACN, SCH, BANF HGNC:7773 22q12.2
31. OPA1 Optic Atrophy Protein 1 MyRIP, Optic Atrophy Protein 1, OPA1 Mitochondrial Dynamin - HGNC: 8140 3929
Like GTPase, NTG, NPG, BERHS, LargeG, MTDPS14,
KIAA0567, Dynamin-Like Guanosine Triphosphatase
32. PDE4DIP Phosphodiesterase 4D Interacting Protein MMGL, CMYA2, Myomegalin, Cardiomyopathy-Associated HGNC:15580 1021.2
Protein
33. PIK3CG Phosphatidylinositol-4,5-Bisphosphate P110y, PI3Ky, PI3CG, P120-PI3K HGNC:8978  7022.3
3-Kinase Catalytic Subunit Gamma
34. RAB32 Ras-Related Protein Rab-32 Rab32 HGNC:9772  6024.3
35. RSPH3 Radial Spoke Head 3 RSP3, RSHL2 HGNC:21054  6025.3
36. RUNX1T1 RUNX1 Partner Transcriptional Co-Repressor 1 AML1T1, CBFA2T1, MTG8 HGNC:1535 8021.3
37. RUNX1T3  RUNX1 Partner Transcriptional Co-Repressor 3  CBFA2TS3, ETO2, HMTG16, MTG8-Related Protein 2, HGNC: 1537 160924.3
MTG16, MTGR2, ZMYND4
38. SPHKAP SPHK1 interactor, AKAP domain containing SKIP HGNC:30619 2g36.3
39.  SYNM Synemin DMN, KIAA0353, SYN HGNC:24466 15026.3
40.  TNNT2 Troponin T2 c-troponinT, TnTC, CMPD2, LVNC6, CMD1D, CMH2 HGNC:11949  1g32.1
41, WASF1 WAS protein family member 1 WAVET1, SCAR1, KIAAO269, WAVE HGNC:12732 6021
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AKAPs (e.g., human T cells express at least 9 different
AKAPs) (24-26).

It should be noted that the PKA-binding module of AKAPs
denotes only one facet of their regulatory control. Apart from
their interactions with PKA, AKAPs also interact with other
downstream proteins and signaling enzymes, including protein
kinase C (PKC) isoforms and PKN, protein phosphatases,
phosphodiesterases, small GTPases (8) and substrates to
integrate a diverse range of signals within distinct multivalent
assemblies. The spatiotemporal interactions between enzymes
and target substrates are important in the regulation of
T cell functions as well as in the maintenance of T cell
homeostasis (27).

CG-NAP: A GIANT MEMBER OF THE AKAP
PROTEIN FAMILY

CG-NAP is a member of the AKAP family, prominently
expressed in human T cells, in which this giant protein
predominantly localizes to the centrosome (20). The human
CG-NAP gene is located on the chromosome 7q21-22 and
contains at least 50 exons (45-47). A total of 16 splice
variants have been identified in the CG-NAP gene (Table 3).
The ¢cDNA derived from the CG-NAP gene contains 11.7kb
open reading frame coding the 3899 amino acid protein with
a calculated molecular mass of 451.8 kDa (45). The CG-
NAP protein has several stretches of coiled-coil structures
and four leucine zipper-like motifs (Figurel) and these
structural motifs are involved in interactions with other
signaling proteins (e.g., PKA, PKN and PKC isoforms) (45).
Amino acid sequence comparison using BLAST analysis shows
that regions of human CG-NAP share high homology with
the rabbit AKAP120 and limited homology to the mouse
pericentrin (48-50).

CG-NAP/PROTEIN KINASE
INTERACTIONS IN T CELLS

The modular architecture of CG-NAP brings many protein
kinases and their substrates in proximity within a cell and thus
regulates the rate and magnitude of cytoplasmic catalysis. Since
its initial characterization in 1999 (45) and the establishment
of its role in regulating intracellular membrane trafficking and
cell cycle progression (51), several interacting partners of CG-
NAP have been identified in various cell types, including T
lymphocytes (Figure 2).

Previous studies using co-immunoprecipitation approaches
and deletion mutants to identify CG-NAP interacting partners
revealed that CG-NAP functions as an anchoring molecular
platform for protein kinases, including PKA (45). Using a
yeast two-hybrid screening system, it has been demonstrated
that CG-NAP interacts with the N-terminus of PKN (45).
In addition, CG-NAP associates with the catalytic subunit
of protein phosphatase 1 (PP1) (45), protein phosphatase
2A (PP2A) through its regulatory B subunit PR130 (45),
casein kinase 1 delta and epsilon (CK18/e) (52, 53), PKC
isozymes (PKCP, PKC8, PKCe, PKCO) (21, 54), calmodulin
(55), the y-tubulin ring complex (y-TuRC) comprising of y-
tubulin, tubulin gamma complex associated proteins 2, 3, 4,
5 and 6 (TUBGCP2, TUBGCP3, TUBGCP4, TUBGCP5, and
TUBGCPS6) (55, 56), dynein/dynactin (57), Cdc42-interacting
protein 4 (CIP4) (58), Ran (59), phosphodiesterase 4D (PDE4D)
(45, 60), cyclin E/cyclin-dependent kinase (Cdk) 2 (61) and
Golgin A2/GM130 (62) in various cell types (Figure2). In
cultured epithelial cells, CG-NAP forms a pericentrosomal
complex with the EB1-binding-myomegalin protein complex and
recruits calmodulin regulated spectrin-associated protein family
member 2 and 3 (CAMSAP2 and CAMSAP3) and microtubule-
associated protein RP/EB family member 1 (MAPREI) to the
Golgi (55, 63-66). Studies using various cell-types, including

TABLE 3 | Alist of 16 splice variants (transcripts) of the CG-NAP gene in human.

S.N. Name Transcript ID bp Protein Biotype UniProt

1. AKAP9-201 ENST00000356239.7 12471 3907aa Protein coding Q99996

2. AKAP9-203 ENST00000359028.6 12247 3910aa Protein coding AOACAOMRF6
3. AKAP9-202 ENST00000358100.6 10309 3126aa Protein coding AOAOAOMRE9
4. AKAP9-216 ENST00000619023.4 6006 1637aa Protein coding AOA087WX84
5. AKAP9-204 ENST00000394534.6 5652 1769aa Protein coding H7BYL6

6. AKAP9-206 ENST00000435423.1 1904 318aa Protein coding HOYBQO0

7. AKAP9-213 ENST00000491695.1 1389 282aa Protein coding AOA2R8Y590
8. AKAP9-205 ENST00000394564.5 1356 314aa Protein coding QB6PJH3

9. AKAP9-207 ENST00000438114.1 696 232aa Protein coding H7BzV6

10. AKAP9-214 ENST00000493453.1 6020 No protein Retained intron -

11. AKAP9-211 ENST00000487258.5 3983 No protein Retained intron -

12. AKAP9-208 ENST00000463118.1 891 No protein Retained intron -

13. AKAP9-212 ENST00000487692.1 869 No protein Retained intron -

14. AKAP9-215 ENST00000493976.1 724 No protein Retained intron -

15. AKAP9-209 ENST00000484815.1 671 No protein Retained intron -

16. AKAP9-210 ENST00000486313.1 584 No protein INcRNA -

The list was prepared from the Ensembl database using the HGNC ID HGNC:379.
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FIGURE 2 | An illustration showing T cell CG-NAP as an anchoring protein
that provides a docking platform for several kinases and their substrates. In
particular, the Golgi-localized CG-NAP interacts with PKA, PKN, PKC
isoforms, dynein, pericentrin, y-tubulin, MTCL1, PP1, PP2A, CK1, calmodulin,
CIP4, cyclin E, and Cdk2 and regulates T cell functions, including activation,
proliferation, IS formation and migration.

human T lymphocytes, further elucidate a role of CG-NAP in
microtubule nucleation (20, 56, 67). These binding interactions
with multiple proteins suggest a dynamic complexity in the active
functions of CG-NAP.

In the context of T lymphocyte functions, crucial roles
for CG-NAP have been demonstrated as (i) a component of
the LFA-1-induced signaling complex, (ii) a mediator of T
cell/APC immune synapse (IS) formation, (iii) an organizer of
centrosomal re-localization, and iv) a facilitator of cytoskeletal
rearrangement and motility (20-22). The LFA-1 B2 integrin plays
multiple roles in the functioning of T lymphocytes, including
migration to sites of inflammation/infection, proper functioning
of the IS and functional programming for effector differentiation.
In consequence, LFA-1-induced signals are critical in the
pathogenesis of inflammatory diseases, such as psoriasis (68), and

infectious diseases, including human immunodeficiency viruses
(HIV) (69-71), Hepatitis C (72, 73) and John Cunningham (JC)
virus (74). An active involvement of CG-NAP in mediating LFA-
1 signaling suggests its potential implications for the above and
other T cell-dependent diseases.

In prior studies, we have demonstrated that CG-NAP is an
important component of the LFA-1 signaling complex for T
lymphocyte migration (20, 21). These studies established that
CG-NAP is expressed in T lymphocytes at the centrosome at
rest and distributed both at the centrosome and along the
trailing microtubules during migration (20, 21). CG-NAP co-
immunoprecipitates with LFA-1 in activated migrating T cells
(21). PKC isoforms, including PKCB and PKCS, also interact
with CG-NAP in motile T cells (21). Hence, we concluded that
the migratory signals in T lymphocytes induce the assembly of
a multi-molecular protein complex involving CG-NAP, which
serves as one of the docking platforms for PKCB and PKC3
isoforms (21). PKCP regulates LFA-1-mediated locomotion of
activated T cells (75); whereas, PKC3 plays a critical role in TCR-
induced negative regulation of IL-2 cytokine production and T
cell proliferation (76).

Studies using cultured fibroblast cells demonstrated a
direct association between CG-NAP and immature non- or
hypo-phosphorylated PKCe at the Golgi and around the
centrosome (54). Depending on environmental cues and upon
phosphorylation, PKCe dissociates from the CG-NAP complex as
a “mature” enzyme, which actively responds to second messenger
signals (54). In human T cells, this PKC isoform regulates
a diverse range of biological functions. In particular, PKCe
modulates the TCR-associated signaling complex for T cell
activation and cytokine secretion (77, 78), proliferation (79),
sensitivity to TGFp (79), development (80), gene expression
(80), and survival (81, 82). PKCe directly activates the
NFkB/NFAT/AP1 pathway in T cells leading to the up-regulation
of IL-2 receptor expression and an increase in IL-2 production
(83, 84). The LFA-1 signal for T cell migration activates PKCe,
which phosphorylates the Rab GTPase Rab5a on Thr7, triggering
a molecular cascade leading to the activation of the Racl protein
and actin cytoskeletal rearrangements in motile T cells (85).
Further studies are required to determine whether CG-NAP
plays a role in the dynamic coordination of PKCe activities in
human T cells.
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CG-NAP/Kinase Interactions in T Cells at

the Immune Synapse (IS)
Upon recognition of specific antigen on APCs and TCR
engagement, a T cell undergoes a series of structural and
molecular changes to form a flattened contact site, termed the
“IS” (86). Within few seconds of T cell/APC contact, TCR
signaling is triggered via an array of phosphorylation and de-
phosphorylation cascades of membrane-proximal and -distal
signaling elements. Within few minutes, the T lymphocyte
rapidly reorients its cellular content to the intercellular contact
zone. In particular, the stimulated T cell repositions its
centromere from the uropod to the synapse at the contact site and
dynamically orients cytoskeletal systems that allow asymmetric
segregation of signaling and adhesive proteins toward the APC
contact (87). This centrosomal polarization is important for the
directional movement of recycling TCRs to the IS (88) and
the positioning of the T cell secretory vesicles toward the APC
(89). These molecular processes facilitate the polarized secretion
of cytokines and cytolytic factors toward the bound target cell
for effector immune responses (e.g., cell-mediated cytotoxicity
and target cell destruction) (90), while preventing undesired
bystander effects on neighboring cells. A single T lymphocyte
is thus able to eliminate multiple target cells consecutively by
integrin-mediated adhesion, rapid rearrangement of contacts and
simultaneous formation of stimulatory and lytic synapses with
defined central and peripheral signaling platforms. Moreover,
the IS facilitates cell-to-cell communication between the T cell
and the APC through exosomes and microvesicles (91, 92). After
several hours of contact, T cell undergoes functional activation
(93), and eventually differentiates to effector or memory T cells.
In the context of IS formation, CG-NAP coordinates dynamic
interactions between protein kinases and their substrates at the
centrosome in T cells. It colocalizes with a range of signaling
molecules with implications for both the central supramolecular
activation cluster (c-SMAC), which includes the TCR/CD3
complex and various costimulatory receptors, and the peripheral
supramolecular activation cluster (p-SMAC) that incorporates
LFA-1 (22). Functional consequences of CG-NAP loss in T cells
during the IS formation, either by overexpression of a dominant-
negative form or siRNA-mediated knockdown, include (i)
impaired conformational activation and positioning of LFA-1 at
the IS, (ii) defective segregation of LFA-1 at the p-SMAC ring, (iii)
impaired LFA-1-associated signaling, (iv) reduced expression of
the TCR CD3e chain with decreased activation and clustering of
TCR at the IS, (v) reduced phosphorylation of CD3¢ (Y83) in the
TCR/CD3 complex, (vi) impaired recruitment of PKCO to the IS,
(vii) diminished phosphorylation of the phospholipase C gamma
1 (PLC-y1), (viii) reduced activation of intracellular adaptor
proteins, including the linker for activation of T cells (LAT) and
Vavl, (ix) reduced phosphorylation of ERK1/2, (x) delocalization
of the centrosome, (xi) defects in the translocation of microtubule
organizing center (MTOC) toward the IS, and (xii) diminished
production of IL-2 (22). The PKCH isoform, PLC-y1, ERK1/2,
Vavl, and LAT play critical roles in TCR signaling. For example,
activation of the TCR triggers PKCH-mediated phosphorylation
of the Rap guanine nucleotide exchange factor 2 (RAPGEF2) at

Ser960, which regulates the adhesiveness of LFA-1 to its ligand
ICAM-1 via Rapl (94). Essential roles of PKCH in regulating
TCR-induced NFkB activation in mature thymocytes, inducible
gene expression program in T cells, up-regulation and clustering
of the LFA-1 on the T cell surface, adhesion capacity of T
cells, effector T cell functions and protection from T cell-
mediated autoimmune reactions have been documented (80, 95—
97). An impaired PLC-y1 activation in CG-NAP depleted T cells
would impair diacylglycerol production, which is important for
dynein function and MTOC translocation (22). TCR-induced
phosphorylation of both LAT and Vavl is critical for the
functioning of the c-SMAC complex (22).

In the context of cytoskeletal reorganization at the IS, CG-
NAP facilitates microtubule nucleation at the centrosome and
non-centrosomal regions in human T cells (20). It coordinates
PKA-mediated phosphorylation of dynein in motile T cells (20),
which is crucial for centrosome repositioning at the IS (87, 98).
Following APC/T cell contact, CG-NAP interacts with the kinase
CK18 that phosphorylates the microtubule plus-end binding
protein EB1, which increases microtubule growth speeds (99)
and has consequences for the IS. For example, T cell cytoskeletal
remodeling elicits the APC to mobilize its intercellular adhesive
molecules (ICAM-1 and—3) and subsequently the MHC-II
molecules at the IS (100). Moreover, CG-NAP loss in human T
cells impairs actin polymerization (22), which is crucial for the
stabilization of APC/T cell contact at the IS (101).

CG-NAP mediates the activation of Aurora A protein kinase
in human T cells (102), which is crucial for regulating signaling
downstream of the TCR, such as activation of the Lck kinase and
opening of the Ca®t release-activated channels (CRAC)—both
key signals involved in antigen-dependent T cell activation and in
IS formation. Interestingly both knockdown and over-expression
of CG-NAP significantly inhibit IL-2 secretion (22), suggesting
multiple overlapping effects.

Thus, T cell CG-NAP contributes to the formation and
maintenance of IS by serving as an intracellular scaffold for
kinases and facilitating the organization and activation of
receptor molecules.

CG-NAP/Kinase Interactions in T Cell

Activation and Proliferation

The processes of T cell activation, proliferation and effector
functions require several independent but coordinated molecular
events initiated by TCR engagement (103). According to the
clonal selection theory of adaptive immunity, the activation
of a single lymphocyte clone provides sufficient function for
an immediate immune response (i.e., proliferation of effector
cells), as well as the regenerative capacity to maintain the
selected lineage (i.e., development and differentiation of memory
cells). In this context, CG-NAP is potentially involved in T cell
proliferation and clonal expansion. While a direct role of CG-
NAP in cell proliferation and cell cycle regulation has been
identified in other cell types (51, 61, 104), further studies are
required to dissect this role in T lymphocytes. Nonetheless
some potential interactions may be inferred. For example,
CG-NAP-depleted Chinese hamster ovary (CHO) cells and HeLa
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cells over-expressing C-terminus CG-NAP are arrested at the
G1 stage of cell-cycle followed by the induction of apoptosis
in these cells (51, 61, 104). It has been shown in CHO cells
that CG-NAP, by anchoring cyclin E/Cdk2 to the centrosome,
drives centrosomal amplification and cell cycle progression (61).
Further studies are required to determine whether CG-NAP-
cyclin/Cdk complexes are involved in T cell proliferation.

At the centrosome, CG-NAP interacts with the centrosomal
protein 72 kDa (Cep72) (105) and recruits the Kizuna (Kiz)
protein, which is phosphorylated by the polo-like kinase 1
(PIk1) (106). The phosphorylation of Kiz enhances its association
with the CG-NAP interacting protein, pericentrin (106). This
association galvanizes the pericentriolar material, facilitates
microtubule nucleation on the centrosome and allows for
tubulin polymerization at the plus-end of the microtubules (107).
CG-NAP associates with the dynein/dynactin motor complex
and together with kendrin/pericentrin, anchors y-TuRC at the
centrosome through binding to its TUBGCP2 and/or TUBGCP3
subunits at the amino terminal regions (55). It provides new
nucleation sites for de novo microtubule polymerization (55,
67, 108), which is important for cell cycle progression and
proliferation of T lymphocytes. While many components of these
interactions have been identified in T cells, further studies are
required to determine the precise mechanisms whereby CG-NAP
can regulate proliferation in human T cells.

CG-NAP also plays a crucial role in the regulation of
endosomal trafficking of the TCR and is required for the effective
re-stimulation of T cells (109). CG-NAP-dependent signaling and
endosomal trafficking are important for the retention of T cells
at sites of inflammation in mice (109). However, the viability of
CG-NAP-knockout mice and the normal T cell counts in mice
with conditional deletion of CG-NAP (109) suggest that CG-NAP
may largely be dispensable or redundant for the maintenance of
the resting T cell complement in the mouse. Loss of CG-NAP
function in T cells would thus impair their sustained activation
and have immunological consequences (109).

It is now clear that repeated and transient contacts of
effector T cells with APCs are needed to functionally activate
T lymphocytes in tissues. This suggests that signal integration
between successive contacts is necessary to achieve activation.
In contrast, the interactions between naive T cells and DCs
in the lymph node are relatively less dynamic and, typically,
such interactions last for several hours (110, 111). It has also
been speculated that the mechanisms of T cell activation at
inflammation sites may vary from the primary activation of naive
T cells in lymph nodes (109). These tissue-specific differences in
T cell activation may explain why depletion of CG-NAP does not
significantly affect baseline T cell presence and differentiation in
lymphoid tissues but may significantly impact T cell re-activation
under suboptimal antigen-presenting conditions, such as re-
activation in inflamed non-lymphoid tissue (109). Nevertheless,
it has now been established that CG-NAP interacts with kinases
(such as PKCpB, PKC8, PKCe, PKCO) (21, 54) and protein
phosphatases (such as PP1, PP2A) (45) and transduces important
signals via TCR (22) to regulate tissue-specific T cell activation
and proliferation.

CG-NAP/Kinase Interactions in T Cell

Migration

The recruitment of T cells to the tissue sites of infection
or inflammation is critical to an effective immune response.
Stimulated T lymphocytes leave lymphatic tissue and search the
periphery for infected or transformed cells. When a T lymphocyte
encounters an APC or a transformed cell, it mounts a specific
immune response in a highly controlled manner. Blockade of
the multi-step process of T cell motility can impair immune
reactions, while uncontrolled migration can contribute to the
development of autoimmunity.

In one pathway, T cell motility is dependent on the
interactions between the T cell integrin LFA-1 and its ligand
ICAM-1, which is expressed on endothelial surfaces during
inflammation (112). LFA-1 engagement triggers a plethora
of signaling cascades causing dynamic phosphorylation/de-
phosphorylation of substrates by kinases and phosphatases
and formation of macromolecular signaling complexes that
culminate in cytoskeletal remodeling and T cell motility (112).
CG-NAP is an integral component of these LFA-1-induced multi-
molecular complexes and can serve to link the centrosome,
microtubules and kinases, critical to the polarization and
migration of T cells (5, 20, 21).

In human T lymphocytes, CG-NAP predominantly localizes
in close proximity to the centrosome and the Golgi (20). This
Golgi localization of CG-NAP is disrupted by microtubule
depolarization (20). In HeLa-Kyoto cells, CG-NAP was found
to recruit the microtubule cross-linking factor 1 (MTCLI),
a molecule which crosslinks and stabilizes non-centrosomal
microtubules to the Golgi membranes (113). Hence, we
hypothesize a potential role of CG-NAP/MTCLI interactions in
T cell motility, a process which requires further investigation.
Furthermore, as an AKAP, CG-NAP interacts with PKA and
this complex consequently phosphorylates centrosomal proteins
pericentrin and dynein in motile T cells (20). Dynein plays a
crucial role in MTOC repositioning, cytoskeletal organization
and the movement and processes of signaling complexes during T
cell activation and motility (114, 115). In addition to PKA, several
other kinases and phosphatases, including CK1, PKC, PP1 and
PP2A, phosphorylate and dephosphorylate dynein in various cell
types (116, 117) and all these enzymes are known to be anchored
to the CG-NAP (45, 52, 53).

The functional significance of CG-NAP/kinase interactions
for T cell motility is further underscored by the finding that
the association between CG-NAP and LFA-1-induced signaling
complex is greatly reduced when T cells are maintained at low
temperature conditions (21). These data suggest a potential link
between CG-NAP/kinase interactions and metabolic pathways in
motile T cells. T cells overexpressing the C-terminal (aa 3699-
3796) mutant form of CG-NAP fail to polarize and migrate
(21). This CG-NAP C-terminus region contains the PACT
(pericentrin-AKAP450 centrosomal targeting) domain, which
binds additional proteins (50). For example, calmodulin binds to
the C-terminus of CG-NAP in a calcium-independent manner
(50). In addition, CG-NAP interacts with PKCf and PKCS (21),
a process critical for signal transduction in motile T cells (75,
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118). While in vitro knockdown of CG-NAP in human T cells
significantly inhibited T cell migration and chemotaxis (20),
no major impact of CG-NAP depletion on T cell motility was
observed in T cell-specific CG-NAP knockout mice (109). The
discrepancy between these findings could be attributed to the
different model systems and experimental conditions.

It has been shown that the intracellular distribution of CG-
NAP in LFA-1-stimulated motile T cells is different from that in
cells stimulated to migrate through interactions with fibronectin
(21). These data suggest that CG-NAP plays a unique role
in B2 integrin-mediated T cell motility and may not have a
similar role in adhesion and motility induced via different
integrin families, such as, the Pl integrin. It has also been
demonstrated that LFA-1-induced macromolecular signaling
assemblies bring together molecules involved in intracellular
transport and secretion. For example, LFA-1-induced formation
of CG-NAP/kinase interactome containing PKCB is crucial for T
cell IL-2 production (21).

Microtubules are prominent elements of the cytoskeleton
and dynamic cytoskeletal remodeling is essential for T cell
motility. In addition to the cellular microtubule arrays emanating
from the centrosome or the MTOC, secondary networks exist,
in which microtubules are not anchored to the centrosome.
While non-centrosomal microtubules are known to be present in
differentiated cells (e.g., neurons, skeletal muscles, and epithelial
cells), a recent report has demonstrated non-centrosomal
microtubules emanating from CG-NAP in motile T cells (20).
GapmeR-mediated knockdown of CG-NAP (119) disrupted both
the centrosomal and non-centrosomal microtubule nucleation
and inhibited post-translational tyrosination and acetylation
of tubulin, illustrating the complexity of CG-NAP’s role in
coordinating microtubule dynamics and stability in migrating T
cells (20).

PROSPECTS OF THERAPEUTIC
TARGETING OF CG-NAP AND
ASSOCIATED CHALLENGES

Immune-mediated diseases caused by T cell dysfunction are
an increasing cause of mortality worldwide. While available
therapeutic agents target T cell trafficking and immune
hyperactivity, such treatment modalities are often accompanied
by significant side effects. For example, while blocking LFA-
1/ICAM-1 interaction has been proven to be effective in
treating immune diseases, such as psoriasis (120), such
immunosuppression can trigger the activation of JC-1 virus in
the central nervous system leading to the development of fatal
progressive multifocal leukoencephalopathy (121, 122). In prior
studies, we have demonstrated that pre-activation through the
LFA-1 pathway also alters the T cell programme, such that
these stimulated T cells become refractory to TGFB-mediated
suppression and exhibit increased IL-17 secretion (123). Further
studies are required to delineate whether specific interactions
between CG-NAP and its docking partners may mediate
specific migratory or secretory signals impacting on immune
effector mechanisms. Fine-tuning of these interactions can

provide functional selectivity and may offer exciting therapeutic
approaches for a wide array of immune-mediated diseases.

One such fine-tuning strategy could be to alter a specific
CG-NAP/kinase interaction by targeting a single protein-
protein interaction. This could be achieved by either developing
inhibitors against a specific kinase interaction in the CG-
NAP interactome or by targeting CG-NAP/kinase interacting
domain by blocking peptides (124). Although more likely
to serve as a research tool, blocking peptides may assist
in designing and developing small molecules targeting CG-
NAP/kinase interactions, representing an interesting area of
research and drug discovery. Further structural modeling of CG-
NAP/kinase interactions should also identify suitable targets for
small molecule inhibitors.

Targeting CG-NAP in its entirety would be challenging
mainly because (i) this adaptor protein is expressed as several
alternatively spliced transcripts and (ii) the degree of complexity
of CG-NAP’ involvement in multiple aspects of T cell signaling
makes it difficult to elucidate each of their individual roles. One
plausible strategy to understand the role of CG-NAP in T cell
functioning would be to selectively displace interacting kinases
and their subtypes from the CG-NAP docking platform. This
would require the development of isoform-specific disruptors
and other molecular tools to dissect individual pathway and CG-
NAP/kinase interactions with high specificity. Exciting tools are
available to silence individual gene in T lymphocytes that can
be used to study functional involvement of specific interaction
between CG-NAP and an individual kinase. These include the
use of antisense GapmeR (119), siRNAs, gene correction and
CRISPR-Cas9 editing techniques, which can be employed to
overcome immune-mediated pathologies.

CONCLUSION

It is evident from the past two decades of research that CG-
NAP regulates a plethora of biological processes by organizing
supramolecular complexes and facilitating dynamic interactions
between many different kinases and their substrates. In T cells,
CG-NAP plays an important role in motility and participates
in multiple interdependent pathways of T cell activation and
effector functions. Thus, systematic studies are warranted to shed
light on common or distinct binding partners and functions of
CG-NAP and clarify to what extent CG-NAP/kinase interactions
regulate T cell functions.

There is growing interest in developing protein-protein
interaction disruptors, which would open new opportunities for
therapeutic targeting of individual interactions between CG-NAP
and specific kinases. A better understanding of CG-NAP/kinase
interactions in T lymphocytes and their functional perturbations
in immune response regulation is likely to lead to new frontiers
in the treatment of T cell-mediated diseases.
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The adhesion and degranulation-promoting adaptor protein (ADAP) serves as a
multifunctional scaffold and is involved in the formation of immune signaling complexes.
To date only limited and moreover conflicting data exist regarding the role of ADAP in
NK cells. To extend existing knowledge we investigated ADAP-dependency of NK cells
in the context of in vivo infection with the intracellular pathogen Listeria monocytogenes
(Lm). Ex vivo analysis of infection-primed NK cells revealed impaired cytotoxic capacity
in NK cells lacking ADAP as indicated by reduced CD107a surface expression and
inefficient perforin production. However, ADAP-deficiency had no global effect on NK
cell morphology or intracellular distribution of CD107a-containing vesicles. Proteomic
definition of ADAPko and wild type NK cells did not uncover obvious differences in protein
composition during the steady state and moreover, similar early response patterns were
induced in NK cells upon infection independent of the genotype. In line with protein
network analyses that suggested an altered migration phenotype in naive ADAPko NK
cells, in vitro migration assays uncovered significantly reduced migration of both naive as
well as infection-primed ADAPko NK cells compared to wild type NK cells. Notably, this
migration defect was associated with a significantly reduced expression of the integrin
CD11a on the surface of splenic ADAP-deficient NK cells 1 day post-Lm infection. We
propose that ADAP-dependent alterations in integrin expression might account at least
in part for the fact that during in vivo infection significantly lower numbers of ADAPko NK
cells accumulate in the spleen i.e., the site of infection. In conclusion, we show here that
during systemic Lm infection in mice ADAP is essential for efficient cytotoxic capacity
and migration of NK cells.

Keywords: ADAP, natural killer cells, cytotoxicity, Listeria monocytogenes, in vivo infection, migration, IL-10,
CD11a
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ADAP Promotes NK-Cell-Function During Infection

INTRODUCTION

The coupling of transmembrane receptors to intracellular
signaling pathways is mediated by adapter proteins that are
made up of various protein domains without enzymatic or
transcriptional activity. Adaptor proteins are central players
involved in a number of cellular processes including cell
proliferation, migration, and cell cycle regulation (1). The
Adhesion and degranulation-promoting adapter protein ADAP,
also known as Fyn-binding protein (Fyb) or SLAP-130 serves,
amongst others, as a scaffold adapter protein specific for the
hematopoietic lineage that so far has been mainly studied in
the context of the activation of and effector functions in T
cells (2). ADAP consists of several domains that can associate
with proteins involved in cell migration, cellular adhesion and
re-arrangement of the cytoskeleton in T cells (3). Moreover,
ADAP plays an important role in T cell receptor- and chemokine
receptor-mediated activation of integrins (inside-out signaling)
and mediates signals derived from the interaction of integrins
on T cells with ligands on target cells (outside-in signaling)
(4, 5). ADAP-deficient T cells show reduced migration toward
chemokines (6), impaired formation of the immunological
synapse (4, 5) and impaired activation, differentiation and
resident memory formation during acute infections (6, 7).

Next to its well-documented expression in T cells, ADAP
is also expressed in other cells of the hematopoietic lineage
including platelets, myeloid cells (8, 9) unconventional T cells,
such as NKT, CD8a, and TCRy§ T cells (10) as well as in
Natural Killer (NK) cells (11-13). NK cells are large granular
lymphocytes which play a crucial role in the innate immune
responses toward tumors and intracellular pathogens (14, 15).
NK cells are able to identify malignant and infected cells and
their activation occurs following integration of signals delivered
by multiple activating and inhibitory receptors expressed on
their surface (16, 17). In case the activating signals predominate,
target cell death is induced by delivery of the cytolytic effector
molecules perforin and granzymes (18). In addition to their
inherent cytotoxic function, NK cells exhibit the capacity to
produce effector cytokines and chemokines (19, 20), with IFN-
vy being the principal NK cell cytokine produced early on during
infections (21, 22). IFN-y plays a central role for the activation of
other immune cells needed for effective immunity to pathogens
(23, 24). Thus, NK cells act as important immune regulators
during infection and inflammation (25). In order to effectively
fulfill their immunological functions, numerous cytokines, such
as Interleukin (IL)-15, IL-18 (26, 27), IL-2, IL-4, IL-21 (27),
and type I interferons (28) secreted by other immune cells are
needed to prime NK cell activation, proliferation, and their
differentiation into fully armed effector cells (29, 30).

NK cells develop from the same common lymphoid precursor
as CD8™ T cells (31) and both cell types share hallmark features
like cytotoxicity and effector cytokine secretion. In light of their
common ancestry, the fundamental role of ADAP in T cells and
the usage of similar signaling pathways in T cells and NK cells,
Fostel et al. proposed a similar requirement for ADAP in NK cell
development and function. In direct contrast to their expectation,
loss of ADAP in NK cells did neither affect NK cell development

and function, nor cytotoxicity, IFN-y production, anti-tumor
response, and LFA-1-dependent conjugate formation with target
cells (13). Several years later another study came to the opposite
conclusion that NK cell activation would rely on ADAP. Here
the authors demonstrated both impaired IFN-y production and
cytotoxicity of NK cells lacking ADAP (32). Only shortly later,
Rajasekaran et al. uncovered a striking and ADAP-dependent
uncoupling of cytokine secretion and cytotoxicity in NK cells
(12). Using an experimental model system of CD137 and NKG2D
induced in vitro stimulation of NK cells in combination with
comprehensive analysis of the molecular signaling machinery
utilized during NK cell activation the authors convincingly
demonstrated that upon stimulation ADAP connects to the
CBM signalosome consisting of the proteins Carmal, Bcl-10,
and MALT1. This ADAP-CBM complex was essential for the
production of cytokines and chemokines but not for cytotoxicity
in murine and human NK cells (12). Taken together, available
data regarding the role of ADAP in NK cells are conflicting
ranging from a crucial role of ADAP in both pro-inflammatory
cytokine production and cytotoxicity (32), an ADAP-dependent
uncoupling of cytokine production and cytotoxicity with only
cytokine production being dependent on ADAP (12) and the
finding that ADAP in NK cells is fully dispensable for their
function (13).

While the above mentioned studies utilized different
experimental settings and NK cell stimulating ligands they
all have in common that ADAP-dependency of principal NK
cell functions was largely characterized either in primary
or IL-2-activated NK cells following in vitro stimulation of
selected NK cell activating receptors. To our knowledge no
published data exist regarding the involvement of ADAP in NK
cell functions in vivo. Given the fact that under physiological
conditions NK cell activation is not induced by the stimulation of
a single receptor but is the consequence of integration of signals
derived by multiple activating and inhibitory receptors, NK cell
activation in vivo is likely more complex than activation induced
under in vitro conditions. Thus, we sought to extend existing
knowledge regarding the role of ADAP in NK cell function to an
in vivo setting. Lm is a facultative intracellular pathogen causing
systemic infections that is frequently used as model pathogen.
In vivo infection of mice with Lm is known to induce effective
NK cell activation (33, 34) in a process involving a complex
cellular network of macrophages, neutrophils, and dendritic cells
as well as a plethora of soluble mediators derived from these
cells (35, 36). Thus, Lm infection, that is well-established in our
laboratory (6), represents a suitable tool to study the role of
ADAP in NK cell priming, cytokine production and cytotoxicity
during in vivo infection.

MATERIALS AND METHODS

Mice

ADAP wild type and knock out (ADAPko) mice have been
described before (37) and were bred in the animal facility at
the Helmholtz Center for Infection Research in Braunschweig
(Germany) or in the animal facility of the Medical Faculty
of the Otto-von-Guericke University Magdeburg (Germany).
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Mice were kept under specific pathogen-free conditions in
environmentally-controlled clean rooms and were used at
8-24 weeks of age. If not otherwise stated, experiments
were performed using male mice and were approved by the
local government agencies (Niedersichsisches Landesamt fiir
Verbraucherschutz und Lebensmittelsicherheit and Landesamt
fir Verbraucherschutz, Sachsen-Anhalt). Mice containing the
knockout first allele C57BL/6N-Fybt™1a(EUCOMMHmg/Cpyppy
(38) were sourced from the EUCOMM project and were
purchased from the European Mouse Mutant Archive EMMA.
In this so called “knockout-first strategy” the ADAP allele is
modified up- and downstream of its critical exon 2, the largest
exon of ADAP. The lacZ and neomycin-resistance cassettes were
both removed by breeding with transgenic mice expressing a Flp
recombinase resulting in floxed alleles (containing loxP sites) and
restoring the wild type (9). To generate conditional knockout
mice with deletion of ADAP in the NK cell lineage, mice with
floxed alleles were crossed with NKp46-iCre knock-in mice
kindly provided by Prof. Eric Vivier (39). The presence or absence
of the FRT sites, the loxP sites, the gene of interest, and the
respective Cre transgene were checked routinely by PCR using
genomic DNA isolated from ear tissue. To investigate specific
effects of ADAP deletion and to exclude off-target effects of
Cre recombinase, ADAP™/"* x Cre®t, and ADAPY/ x Crehet
were always used as littermates. NK cell maturation in the bone
marrow as well as distribution of mature NK cells in spleen and
peripheral blood was similar in both genotypes (40).

Listeria Monocytogenes Infection

The Listeria monocytogenes (Lm) strain 10403S expressing
ovalbumin was used for mouse infection experiments as
described before (6, 41). Frozen stocks of Lm were thawed
and subsequently diluted in brain heart infusion medium (BHI)
followed by overnight growth on agar plates. One day before
the infection, an overnight liquid culture (BHI) was prepared
which was diluted with fresh medium (1:5) and cultivated at 37°C
for 4h before bacteria were harvested. Bacterial numbers were
determined by measuring ODggg using a spectrophotometer and
based on a previously established OD/cell-density correlation
curve the suspension was further diluted in sterile PBS to
the desired infection dose per mouse. Mice were infected by
intravenous injection into the tail vein with the calculated dose
of 2.5 x 10* bacteria suspended in 100 pl of PBS. To determine
the actual infectious dose serial dilutions were plated on BHI agar
followed by an overnight incubation of the plate at 37°C. The
colonies were counted on the next day which, corrected for the
dilution factor, showed the actual number of bacteria that had
been applied to the mice. Body weight loss (infection dose: 5 x
10* bacteria) as an indicator for disease severity was measured
daily over a period of 8 days. To determine colony forming units
(CFU) in the organs of infected animals, mice were sacrificed
at the indicated time points, spleens were collected and half of
the spleens was homogenized in lysis buffer (PBS containing
0.2% IGEPAL CA-630). Ten microliters of 10-fold serial dilutions
were plated on BHI agar plates. The bacterial count (CFU)
was obtained by counting the colonies after incubation for 24 h
at 37°C.

TABLE 1 | Primers used for gRT-PCR.

Gene Forward primer Reverse primer Annealing

symbol sequence (length) sequence (length) temp. (°C)

Ccl3 TGCCCTTGCTGT GTGGAATCTTCC 60
TCTTCTCT(20) GGCTGTAG(20)

Ccl4 CCCCTCTCTCTC GAGGGTCAGAGC 60
CTCTTGCT(20) CCATTG(18)

Ccl5 TGCAGAGGACTC GAGTGGTGTCCG 60
TGAGACAGC(21) AGCCATA(19)

-2 CAAGCAGGCCAC GGCACTCAAATG 58.4
AGAATTGAAA(22) TGTTGTCAGA(22)

I-12b GTAACCAGAAAG GAACACATGCCC 59.8; 59.4
GTGCGTTCC(21) ACTTGCTG(20)

I-15 GGTCCTCCTGCA GGTGGATTCTTT 61.4;62.4
AGTCTCTC(20) CCTGACCTCTC(23)

I-18 GAAAGCCGCCTC CCAGGTCTCCAT 59.4; 60.3
AAACCTTC(20) TTTCTTCAGG(22)

I-21 ATCTTCTTGGGG AGTGCCCCTTTA 59.4; 60.3
ACAGTGGC(20) CATCTTGTGG(22)

Rps9 CTGGACGAGGGC TGACGTTGGCGG 58.0
AAGATGAAGC(22) ATGAGCACA(21)

Quantitative RT-PCR

RNA was isolated from splenocytes using the RNeasy Mini
Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. RNA was eluted in 100 il nuclease-free water.
RNA content was determined with the NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Massachusetts,
USA). For ¢cDNA synthesis ~1 png of RNA was transcribed
using the Maxima First Strand cDNA Synthesis Kit for
RT-qPCR according to the manufactures instructions (Thermo
Fisher Scientific). cDNA was used as a template for real-time
PCR using SYBR Green I (Roche). RPS9 was used as a
housekeeping gene for normalization. Quantitative RT-PCRs
were run in duplicates in the LightCycler 480 system II using
the primers summarized in Table 1. mRNA sequences were
derived from ncbi gene database and intron spanning real
time PCR primers were designed accordingly using the web
based assay design center (https://lifescience.roche.com/en_de/
brands/universal- probe-library.html#assay-design-center) tool
from Roche company. All primers were used in a final
concentration of 500 nmol/l. The relative expression of the
investigated target genes was calculated in relation to the
housekeeping gene with the aid of the AACt method and the
LightCycler480 software.

Serum Preparation and Cytokine Analyses

Mice were sacrificed and blood was obtained by puncture of the
heart. Samples were incubated for 30 min at room temperature
and for another 30 min at 4°C. After short centrifugation (14,000
rpm) the supernatant was collected and stored at —20°C. For
the detection of IL-1a, IL-1f, IL-2, IL-4, IL-10, IL-12p40, IL-
12p70, IL-15, IL-18, IL-21, IFN-y, TNF-a and IFN-f in serum
samples a flow cytometry based custom multiplex detection assay
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(custom LegendPlex, mouse, BioLegend) was used according to
the manufacturer’s recommendations.

Proteome Analyzes

FACS-sorted NK cells (NKp461) were lysed in a buffer
containing 1% SDS, 1x Complete protease inhibitor cocktail
(Roche), 50 mM HEPES pH 8.5, 10 mM DTT for 5min at 95°C,
and rested for 5min on ice. Benzonase was added and samples
were incubated at 37°C for 30 min. After incubation, 5mM
tris(2-carboxyethyl)phosphine (TCEP) was added for 30 min,
and 10 mM methyl methanethiosulfonate (MMTS) for 5min,
to reduce and protect cysteine residues, respectively. Protein
purification, protein digestion and peptide purification was
performed according to a slightly adapted Single-Pot Solid-
Phase-enhanced Sample Preparation (SP3) protocol (42, 43).
Sequencing grade trypsin (Promega, Fitchburg, WI, USA) was
added at a ratio of 1:20 weight per weight in 50 mM HEPES
pH 8. After < 14h incubation at 37°C, samples were slightly
acidified using formic acid (FA) shaken and incubated overnight
at RT after raising the acetonitrile concentration to at least 95%.
Beads containing the adsorbed peptides were washed once with
pure acetonitrile and were dried by air. Peptides were eluted in a
first step with 20 1 2% DMSO for 30 min, and in a second step
with 20 ul 0.065% FA, 500 mM KCI in 30% acetonitrile (ACN)
for 30 min. Peptides were vacuum dried and dissolved in 0.2%
trifluoroacetic acid/3% ACN for subsequent ultracentrifugation
(50,000 g, 30 min, RT). LC-MS/MS analyses of purified and
desalted peptides were performed on a Dionex UltiMate 3000
n-RSLC system connected to an Orbitrap Fusion™ Tribrid™
mass spectrometer (Thermo Scientific, Waltham, MA, USA).
Peptides of each sample were loaded onto a Cl18 precolumn
(3 wm RP18 beads, Acclaim, 0.075 x 20 mm), washed for 3 min
at a flow rate of 6 wl/min and separated on a C18 analytical
column (3mm, Acclaim PepMap RSLC, 0.075mm x 50cm,
Dionex, Sunnyvale, CA, USA) at a flow rate of 200 nl/min
via a linear 120 min gradient from 97% MS buffer A (0.1%
FA) to 25% MS buffer B (0.1% FA, 80% ACN), followed by
a 30 min gradient from 25% MS buffer B to 62% MS buffer
B. The LC system was operated with the Chromeleon software
(version 6.8, Dionex) embedded in the Xcalibur software suite
(version 3.0.63, Thermo Scientific). The effluent was electro-
sprayed by a stainless steel emitter (Thermo Scientific). Using
the Xcalibur software, the mass spectrometer was controlled
and operated in the “top speed” mode, allowing the automatic
selection of as many doubly and triply charged peptides in a
3's time window as possible, and the subsequent fragmentation
of these peptides. Peptide fragmentation was carried out using
the higher energy collisional dissociation mode and peptides
were measured in the ion trap (HCD/IT). MS/MS raw data files
were processed via the Proteome Discoverer program (version
2.3, Thermo Scientific) using Mascot (version 2.4.1, Matrix
Science) as search machine and fasta files from the Swiss-
Prot/UniProt database from January 2018. Used Mascot search
parameters were: maximum missed cleavage site: 1, precursor
mass tolerance: 10 ppm, fragment mass tolerance: 0.05 Da.
Oxidation of methionine was set as a variable modification and
modification of cysteine by MMTS was set as fixed modification.
Filters used in Proteome Discoverer were peptide confidence:

high, search engine rank: 1, and false discovery rate: 1%. The
entire mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository with the data set identifier PXD016305.

Microscopy

FACS sorted NK cells were seeded onto poly-L-lysine (Sigma)
coated coverslips and allowed to adhere for 30 min. Cells were
fixed by using 4% paraformaldehyde (Sigma) in PBS for 20 min
followed by washing with PBS. Cells were permeabilized using
0.15% Triton-X100 (Sigma) in PBS for 5min followed by
blocking using 1% BSA (Sigma) in PBS containing 0.05% Tween-
20 (Roth) for 1h. Antibodies (anti-a-tubulin: ab52866/Abcam;
FITC-labeled anti-CD107a: clone 1D4B/BioLegend,;
Alexa594-labeled anti-rabbit: A11037/Invitrogen) were applied
in blocking solution and staining was performed for 2h at
RT. Cells were washed three times with PBS containing 0.05%
Tween-20 followed by dehydration using first 70% and then
100% ethanol. Samples were dried by air and mounted using
Mowiol (Roth). Light microscopy was carried out on an
inverted microscope (ECLIPSE Ti-E; Nikon) with standard
epifluorescence illumination (Intensilight C-HGFIE; Nikon)
and 100x/NA1.4 plan-apochromatic objective. Images were
acquired with a back-illuminated, cooled charge-coupled-device
camera (DS2-Qi2; Nikon) driven by NIS-Elements (Nikon).
Data acquisition was performed in NIS-Elements.

Flow Cytometry Analyzes

Spleens were flushed by heart perfusion with 10ml PBS.
Afterwards the spleens were meshed trough a cell strainer
(100 wm) with a syringe plunger and splenocytes were pelleted
by centrifugation (1,200 rpm, 10 min, 4°C). Erythrocyte lysis was
performed with different concentration of sodium chloride (PBS
containing 0.2 or 1.6% NaCl, respectively) and stopped with PBS.
After centrifugation (see above) splenocytes were filtered through
a cell strainer (30 pm), centrifuged and the single cell suspension
was collected in IMDM-complete medium containing 10%
FCS, 1% Penicillin/Streptavidin, 0.1% Gentamycin, and 0.1%
2-Mercaptoethanol. For flow cytometric analysis single cell
suspensions were treated with anti-CD16/32 (BioLegend) to
reduce unspecific antibody binding. For live/dead discrimination
the Fixable Viability Dye (eFlour780, eBioscience) was used
followed by staining with the following antibodies: anti-CD3e
(FITC, 145-2C11), anti-CD8a (FITC, 53-6.7), anti-Ly6C (PerCP-
Cy5.5, HK1.4), anti-Ly6G (BV510, 1A8), anti-NK1.1 (PE-Cy7,
PK136), anti-CD11b (BV421, M1/70), anti-CD49b (APC, DX5)
(all Biolegend) as well as anti-CD27 (PE, LG.3A10, eBioscience).
Afterwards, cells were fixed with 2% paraformaldehyde and
analyzed with a BD FACSCanto II (BD Biosciences). Flow
cytometric data were analyzed using the BD FACS Diva
v6.1.3 software.

Integrin Expression on NK Cells

Spleens were harvested from Lm infected or naive ADAPWY/W! x
NKp46-CrePt and conditional ADAPY/ x NKp46-CreP®t mice
and processed into single cell suspension. For flow cytometric
analysis single cell suspensions were treated with anti-CD16/32
(BioLegend). Cell suspensions were furthermore surface stained
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with a lineage mix (anti-CD3e, 145-2Cl11; anti-CD4, GK1.5;
anti-CD8, 53-6.7; anti-CD19, 6D5; and anti-TER-119, TER-
119; all FITC from BioLegend, except anti-TER-119 which was
from Thermo Fisher). Furthermore, the following antibodies
were used: anti-NK1.1 (APC-Cy7, PK136), anti-CD122 (PE-
Cy7, TM-£31), anti-CD11b (BV510, M1/70), anti-CD18 (AF647,
M18/2), anti-CXCR4 (APC, L276F12), anti-CD29 (PE, HM{31-
1) all from BioLegend as well as anti-NKp46 (V450, 29A1.4,
BD Biosciences), and anti-CD11a (PE, 2D7, BD Pharmingen).
Afterwards, cells were analyzed with a BD LSR Fortessa (BD
Biosciences). Flow cytometric data were analyzed using the BD
FACS Diva v6.1.3 software.

IL-10 Expression on NK Cells

Livers were harvested from Lm infected or naive ADAPY!/™!
x NKp46-Creh®t and conditional ADAPY/fl x NKp46-Crehet
mice and cells were isolated using the mouse liver dissociation
Kit (Miltenyi Biotech) and the gentleMACS dissociator device
(Miltenyi Biotech) according to the manufactures instructions
and processed into single cell suspension. Afterwards, each
cell suspension was stimulated for 4h at 37°C with phorbol
myristate acetate (20 ng/ml, Sigma-Aldrich) and ionomycin
(1 wg/ml, Sigma-Aldrich) in medium (IMDM-complete). After
1h brefeldin A (1,000x, BioLegend) and Monensin (1,000x,
BioLegend) were added. For flow cytometric analysis single
cell suspensions were treated with anti-CD16/32 (BioLegend)
after 4 h of stimulation. For live/dead discrimination the Fixable
Viability Dye (eFlour780, eBioscience) was used followed by
staining with the following antibodies: anti-B220 (FITC, RA3-
6B2, BioLegend), anti-CD4 (FITC, RM4-5, BioLegend), anti-
CD8 (FITC, 53-6.7, BioLegend), anti-CD3 (BV510, 17A2,
BioLegend), anti-NK1.1 (PE, PK136, BD Pharmingen), anti-
NKp46 (eFlour660, 29A1.4, Invitrogen). Cells were fixed with
the Fixation/Permeabilization Kit (Thermo Fisher Scientific,
Massachusetts, USA) and followed by intracellular staining for
anti-IL-10 (BV421, JES5-16E3, BioLegend) for 30 min at 4°C.
Cells were than analyzed using an Attune NxT Flow Cytometer
(Thermo Fisher Scientific).

NK Cell Isolation

Spleens were harvested from Lm infected or naive mice and
processed into single cell suspension without erythrocyte lyses.
Untouched NK cells were isolated using the mouse NK cell
Isolation Kit (Miltenyi Biotech) and the autoMACS device
(Miltenyi Biotech) according to the manufactures instructions or
were sorted using a BD FACSAria (BD Biosciences) cell sorter.
The purity of autoMACS isolated NK cells was >86 and >88%
after FACSAria cell sorting. For untouched cell sorting, NK cells
were stained for live/dead discrimination with Fixable Viability
Dye (eFlour780, eBioscience) followed by staining with the
following antibodies: anti-CD3e (FITC, 145-2C11), anti-Ly6G
(BV510, A18), anti-CD11b (BV421, M1/70), anti-NK1.1 (Biotin,
PK136), anti-CD49b (APC, DX5) (all BioLegend), and anti-CD27
(PE, LG.3A10, eBioscience) or with anti-CD3¢e (APC, 145-2C11,
BioLegend), anti-CD8a (PerCP-Cy5.5, 53-6.7, BioLegend), anti-
CD4 (BV510, RM4-5, BioLegend), and anti-NK1.1 (PE, PK136,
BD Bioscience). Biotinylated antibodies were counterstained
with streptavidin (PE-Cy7, BioLegend).

In vitro NK Cell Stimulation

Ninety-six-well U-bottom plates were coated overnight with
anti-NK1.1 (1 pg/ml, Biotin, PK139, BioLegend) diluted in
phosphate-buffered saline (PBS) at 4°C. Isolated NK cells
(untouched) were added after removal of excessive anti-NK1.1
antibody. If indicated either IL-2 (3,000 Units/ml, BioLegend)
and IL-12 (1ng/ml, BioLegend) or phorbol myristate acetate
(20 ng/ml, Sigma-Aldrich) and ionomycin (1pg/ml, Sigma-
Aldrich) were added to the wells and NK cells were stimulated
for 4h at 37°C. Controls were cultured in medium (IMDM-
complete) without further stimulation. After 2h brefeldin A
(5png/ml, BioLegend) was added to all wells including the
control wells. After 4h in vitro stimulation NK cells were
treated for live/dead discrimination with Fixable Viability
Dye (eFlour780, eBioscience) and anti-CD16/32 (BioLegend)
followed by staining with the following antibodies: anti-
CD3e (FITC, 145-2C11, BioLegend), anti-CD107a (Biotin,
1D4B, BioLegend), anti-CD49b (APC, DX5, BioLegend), anti-
CD11b (PerCP-Cy5.5, M1/70, BioLegend). Cells were fixed with
the Fixation/Permeabilization Kit (Thermo Fisher Scientific,
Massachusetts, USA) followed by intracellular staining for
anti-IFN-y (BV421, XMGI1.2, BioLegend) according to the
manufacturer’s instructions. Cells were than analyzed using
an Attune NxT Flow Cytometer (Thermo Fisher Scientific).
Biotinylated antibodies were counterstained with streptavidin
(PE-Cy7, BioLegend).

In vitro NK Cell Migration Assay

For in vitro migration assay a transwell system (Costar; Corning,
USA) was used. Here, the NK cell attracting chemokine CXCL12
(250 ng/ml, R&D Systems) was added to the lower chamber in
a total volume of 600 pl chemotaxis medium (RPMI containing
25mM HEPES and 0.5% BSA). Total splenocytes obtained from
untreated and Lm infected mice, respectively, were loaded to
the upper chamber at a density of 5 x 10° cells in 100 pl
chemotaxis medium. Cells were allowed to migrate across the
pores of the transwell inserts (pore size 5 um) at 37°C and 5%
CO,. After 4h, transmigrated cells from a pool of three wells
were harvested by centrifugation (5min, 300 xg), resuspended
in 100 pl PBS containing 2 mM EDTA, stained with trypan blue
and counted using a hemocytometer. The percentage of NK cells
before and after transmigration was analyzed by flow cytometry.
Briefly, cells were first incubated with anti-CD16/CD32 (2.4G2,
BD Pharmingen) for 10min on ice followed by incubation
with anti-CD3e (FITC, 145-2C11, BD Pharmingen), anti-NK1.1
(APC-Cy7, PK136, BioLegend), anti-NKp46 (BV450, 29A14,
BD Bioscience) for 30min on ice. After washing, analysis
was performed on a BD LSRFortessa (BD Biosciences) flow
cytometer. Data are expressed as percentage of input calculated
by the following equation: migrated NK cell number/input NK
cell number.

Degranulation Assay

For the functional assessment of NK cells splenocytes were co-
incubated with YAC-1 target cells at an effector:target ratio of 10:1
for a total incubation time of 6 h at 37°C and 5% CO, in medium
containing anti-CD107a antibody (BV421, 1D4B, BioLegend).
After 1 h of the incubation, the co-culture was supplemented with
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5 g/ml monensin and brefeldin A (Sigma-Aldrich) to prevent
receptor internalization and cytokine secretion, respectively.
Subsequently, the cells were stained for the identification of NK
cells (CD3™NKI1.1%"), perforin, granzyme B (GrB), and IFN-
y using the following antibodies: anti-CD3e (BUV395, 17A2,
BD Biosciences), anti-NK1.1 (APC, PK136, eBioscience), anti-
perforin (PE, S16009B, BioLegend), anti-GrB (FITC, NGZB,
eBioscience), and anti-IFN-y (BV785, XMG1.2, BioLegend). For
intracellular staining of perforin, GrB and IFN-vy, cells were
permeabilized and fixed using the Cytofix/Cytoperm kit from
BD according to the manufacturer’s protocol. Briefly, cells were
incubated in fixation buffer and subsequently stained with the
antibodies diluted in permeabilization buffer.

Statistics

All statistical analyses were performed using the GraphPad Prism
Software v5 and v8 (GraphPad Software, Inc., La Jolla, USA) and
p < 0.05 was considered as significant.

RESULTS

Cytotoxic Capacity of NK Cells Primed
During In vivo Listeria monocytogenes

Infection Requires ADAP

To first confirm the role of ADAP in cytokine production by
naive NK cells, they were isolated from the spleen of naive wild
type and conventional ADAPko mice and were stimulated in
vitro with anti-NK1.1 alone or in combination with IL-2/IL-12
or with PMA/ionomycin followed by flow cytometric analysis
of IFN-y production. As shown in Figure 1A, secretion of
the effector cytokine IFN-y by NK cells from ADAPko mice
was significantly impaired compared to NK cells from ADAP
sufficient mice. Importantly, wild type mice did not only exhibit
higher frequencies of IFN-y™ NK cells (% IFN-y* NK cells,
Figure 1A, middle panel), but NK cells from wild type mice
as well produced higher levels of IFN-y (MFI IFN-y NK cells,
Figure 1A, right panel). We next analyzed whether, in addition
to effector cytokine production, ADAP deficiency would also
affect the cytotoxic capacity of naive NK cells. To this end,
splenic NK cells from naive wild type and ADAPko mice
were stimulated in vitro as described before followed by the
quantification of surface expression of CD107a on NK cells as an
indicator for preceeding NK cell degranulation (44). While under
these experimental conditions ADAP deficiency significantly
impaired IFN-y production, it did not affect the degranulation
capacity of naive NK cells (Figure 1B) which is well in line
with published data (12). We next extended our analyses to
an experimental setting allowing NK cell priming within their
natural environment, i.e., during in vivo infection, and to a more
physiological NK cell in vitro stimulation set-up using YAC-1
target cells. To this end, wild type and conventional ADAPko
mice were sublethally infected with Lm. Subsequently, NK cells
were isolated from the spleen of wild type and conventional
ADAPko mice on day 3 post Lm infection, together with
NK cells from uninfected mice (day 0) serving as internal
control. In contrast to our data obtained with antibody/cytokine
stimulation, YAC-1-mediated stimulation of naive NK cells

uncovered a striking and ADAP-dependent degranulation defect
as indicated by significantly reduced CD107a expression on
ADAPko compared to wild type NK cells (Figures 2A,B). This
phenotype became evident not only in YAC-1 stimulated naive
NK cells but was detectable as well in NK cells that were primed
during in vivo Lm infection. While in vitro re-stimulation of
NK cells from infected wild type animals with YAC-1 target
cells stimulated a highly significant degranulation of these cells,
YAC-1 cells did not induce further degranulation of in vivo
primed ADAPko NK cells (Figures 2A,B). Consistent with their
increased degranulation capacity Lm infection triggered NK
cells to produce elevated levels of perforin and strikingly, this
acquisition of NK cell effector function was significantly impaired
in mice lacking ADAP as indicated by the reduced frequency of
perforinhigh ADAPko NK cells (Figures 2A,C). As for CD107a
and perforin, there was a clear increase in the frequency of
granzyme B (GrB) and IFN-y producing NK cells on day 3 post-
infection compared to uninfected controls, indicative for efficient
in vivo priming, but no genotype-dependent differences were
observed (Figures 2D,E).

To rule out the possibility that the striking differences
observed for NK cell degranulation and perforin production
was the consequence of inefficient NK cell priming in the
ADAP-deficient host rather than an intrinsic effect of ADAP-
deficiency in NK cells we compared serum concentrations
of cytokines that have been described in the context of
NK cell activation (26, 27, 45, 46). Serum cytokine levels
on day 1 post-Lm infection were, with the exception of
IL-1a, largely comparable in wild type and ADAPko mice.
Interestingly, for several analytes known to be important for
the stimulation of cytotoxicity in NK cells we even observed
elevated serum concentrations in ADAPko mice on day
3 post-infection (Supplementary Figure 1A). Additionally
performed quantitative gene expression analysis for the
major NK cell activating cytokines IL-2, IL-12, IL-15, IL-18,
and IL-21 in splenocytes from Lm infected mice revealed
equal expression levels of these NK cell activating cytokines
(Supplementary Figure 1B). Taken together, we show here
that Lm infection in ADAP-deficient hosts induces a cytokine
response largely comparable or even slightly stronger than in
wild type animals and we thus conclude that the cytotoxic
capacity of NK cells primed during in vivo Lm infection is
intrinsically dependent on ADAP.

ADAP-Deficiency Does Not Affect NK Cell
Morphology, Intracellular Vesicle
Distribution and the Overall Pattern of
Protein Abundances in NK Cells During

Listeria monocytogenes Infection

While we observed a clear impact of ADAP-deficiency on
NK cell degranulation this effect became apparent only
after YAC-1-mediated but not after antibody- and cytokine-
mediated in vitro stimulation of NK cells (Figures1, 2).
Since ADAP deficiency in T cells prevents microtubule-
organizing center (MTOC) translocation upon activation (47),
we wondered whether ADAP-deficiency per se would affect
NK cell morphology, microtubule network structures and
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FIGURE 1 | IFN-y production in naive NK cells depends on ADAP. Naive NK cells from the spleen of wild type (black symbols) and ADAPko (open symbols) mice were
either stimulated in vitro with anti-NK1.1 (plate bound) alone or in combination with IL-2/IL-12 or PMA/ionomycin for 4 h or were left unstimulated (ctr). Subsequently,
frequency of (A) IFN-y producing NK cells and (B) frequency of NK cells exhibiting CD107a surface expression as indicator for degranulation was analyzed by flow
cytometry. Representative histograms (left panels) are shown for re-stimulation with anti-NK1.1 in combination with IL-2 and IL-12 (light gray: unstained and untreated;
dark gray: stained and untreated; open: stained and treated). Mean + SD of IFN-y* and CD107a* CD3~CD49" NK cells (middle panels) and mean fluorescence
intensity (MFI, right panels) of IFN-y in and CD107a on NK cells is shown with n = 6-8 individually analyzed mice per group out of three independent experiments.
Groups were compared by unpaired two-tailed t-test with Welch'’s correction (o < 0.05, **p < 0.01, ***p < 0.0001).

distribution of vesicles, and whether such effect would become
visible early on during in vivo infection. To analyze this, NK1.1+
NK cells were sorted from the spleen of Lm infected mice
(4 mice for each genotype) 1 day post-infection and analyzed
by microscopy without any further in vitro stimulation. As
shown in Figure 3A, independent of the genotype NK cells
exhibited a well-structured microtubule network with single
microtubules originating from the MTOC (visualized with a
white arrow in Figure 3A). Interestingly, counterstaining for
CD107a identified CD107a™ vesicles (in green) distributed in
the periphery of the MTOC, and again we did not observe
differences in NK cells isolated from infected wild type or
ADAPko mice (Figure 3A). Quantification of polarized CD107a
distribution toward the MTOC in NK cells from Lm infected
mice revealed indeed no differences. For both wild type
and ADAPko mice, ~65 to ~90% of the NK cells showed

MTOC-oriented CD107a distribution (Figure 3B). Similarly,
NK cells isolated from naive wild type and ADAPko mice
showed no differences in CD107a distribution (data not shown).
Thus, ex vivo analysis of NK cells at an early phase of Lm
infection did not uncover obvious ADAP-dependent differences
regarding cellular morphology and CD107a localization in
vesicle-like structures. In line with this, phalloidin staining of
cytoskeletal F-actin in naive NK cells stimulated in vitro with
CXCL12 did not reveal any significant difference in terms
of actin re-organization between the genotypes as well (data
not shown).

We further extended our molecular phenotyping and applied
unbiased high-resolution mass spectrometry in order to identify
potential ADAP-dependent alterations of NK cell proteomes in
infected and non-infected mice. As for confocal microscopy,
splenic NK cells from wild type and ADAPko mice were

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 3144


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Béning et al.

ADAP Promotes NK-Cell-Function During Infection

A
no target
o
S 5,24
>
o
2
_8 4,26 ]
o |
< .
%] 1.
o)
[oX
2
i)
3
e |7
EL( 1 11,8 , 40,9
dlow e b
< g =
2% I I
Perforin :
day 0 d3p.i.
B
50 '
I =
O 404 i o [
% ! [ I:I%
Z 301 * 4
© g |
S 204 N : a
5 .
O 104 ' -
& HH ..%: A T
- -+ 4+ - - 4+
day 0 d3p.i.
D
40+ ;
° N o
© 304 '
o ) o
X 20 [
z i .
104 ) -
Ll
| EA@ !%
L 2y Lo
X 14 u] u 1
O-
- -+ + - -+ 4
day O d3p.i.

wild type

ADAPko

wild type

ADAPko

% Perforinhigh NK cell

+ YAC-1
j 14,4 i 34,8
o‘E: w‘-;
P
‘5 28,2
%
i
|
3 3
4
| &
i

Perforin— M
day 0 d3p.i.
80 — sk
60 i 2 ge
401 E - ﬁ S
201 i )
'. :
0 dole || T
- -+ 4+ - -+ +
day 0 d3p.i
50 '
40 : o
39 f &
20 : @ @
o AE
5.0 L
2.5] % ﬂ : .
e s
day 0 d3p.i.
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FIGURE 2 | Splenocytes were isolated and incubated in vitro without targets (-) or with YAC-1 target cells (+). (A) Representative dot plots showing surface CD107a
or intracellular perforin vs. NK1.1 expression on wild type and ADAPko splenocytes from naive mice (day 0) as well as on day 3 post-Lm infection in the presence or
absence of YAC-1 target cells. Frequency of (B) surface CD107at, (C) perforin®@", (D) IFN-y*, and (E) granzyme B (GrB)™ CD3~NK1.1+ NK cells in spleen of
uninfected mice (day 0) and day 3 post-Lm infection after in vitro co-incubation with YAC-1 target cells. Data are presented as mean + SEM of n = 10 individual mice
per group out of two independent experiments. Groups were compared by two-way ANOVA with Bonferroni correction for multiple hypothesis testing (o < 0.05, **p
< 0.01, **p < 0.001, ***p < 0.0001).
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FIGURE 3 | CD107a distribution and global NK cell protein composition are similar in wild type and ADAPko NK cells. Wild type and ADAPko mice were either
infected with 2.5 x 10* CFU Lm or were left untreated (non-infected control, day 0). Mice were sacrificed and NK1.1* NK cells were isolated by flow cytometry and
prepared for microscopy or mass spectrometry. (A) NK cells were seeded onto poly-L-lysine coated coverslips and stained for CD107a (green) and a-tubulin (red).
Representative images of NK cells from Lm infected mice are given as stacked images. Scale bars are 2 um. (B) Quantification of CD107a distribution toward the
MTOC in NK cells from Lm infected mice (n = 4; up to 25 cells per animal were analyzed). (C,D) NK cells were lysed and analyzed by high-resolution mass
spectrometry after tryptic digestion. (C) Scatter plots depicting mean log10 abundances (n = 3; for wild type day 0: n = 2) of all detected proteins (circles and
squares) and selected NK cell proteins are marked in colors (color code given on the right panel). (D) Dot plots depicting absolute abundances of selected NK cell
proteins for each individual mouse in all four conditions.

isolated on day 1 post Lm infection and analyzed without
further stimulation in comparison with corresponding NK
cells from naive wild type and ADAPko mice using a label-
free quantitative proteomics approach (LC-MS). We analyzed
NK cells of six individual ADAPko and five individual

wild type mice and quantified relative abundance of in
total 4,131 proteins. In the individual samples, we identified
3,365-3,705 proteins with a normal distribution in protein
abundances indicating the robustness of our analytical workflow
(Supplementary Figure 2A). As expected, mass spectrometry
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identified ADAP exclusively in NK cells derived from wild type
but not ADAPko mice (data not shown) underlining the accuracy
of our analysis. Moreover, as a proof-of-concept, SKAP1, a
protein that is co-regulated with ADAP expression (48), was
undetectable in NK cells from infected ADAPko mice.

Computational cluster analysis of total NK cell proteomes
clearly discriminated NK cells from infected and non-infected
mice, but did not differentiate between NK cells from wild
type and ADAPko mice (Supplementary Figure 2B). Likewise,
comparison of protein intensities exhibited higher variation
in NK cells from infected vs. non-infected mice (Figure 3C),
underscoring that the infection-related in vivo priming of NK
cells, but not the presence or absence of ADAP is decisive for
the global changes observed in the proteome composition of
NK cells. This held true for a number of prototypic NK cell
proteins that were generally detectable at similar abundance
in NK cells from non-infected wild type and ADAPko mice
(Figure 3D). Among those the abundance of granzyme A and
granzyme B increased upon Lm infection, while other proteins
related to NK cell functions including CD107a, perforin and
the Killer cell lectin-like receptor (KLR) subfamily members Ly-
49a, Ly-49g, Ly-55a, and Ly-55b were detected with reduced
abundance in NK cells from the infected host independent of the
genotype (Figure 3D). In conclusion, unbiased ex vivo proteome
profiling of splenic naive NK cells and NK cells analyzed on day
1 post infection clearly revealed in vivo responsiveness of NK
cells to Lm infection but did not uncover any obvious ADAP-
dependent alterations in the effector molecule inventory involved
in this process.

NK Cell Migration, but Not Listeria
monocytogenes-Induced IL-10 Production,

Is Dependent on ADAP
We finally asked if and how ADAP-deficiency in NK cells would
affect the overall course of Lm infection. To rule out any effect of
ADAP-deficiency in immune cells other than NK cells we used
conditional knock out mice lacking ADAP specifically in NK
cells (ADAPH/ 5 NKp46-Crehet). Strikingly, health monitoring
during infection revealed enhanced severity of the disease as
indicated by a significantly higher body weight loss in conditional
ADAPko mice compared to control animals (Figure 4A). This
was, however, not due to impaired antibacterial immunity
since both genotypes controlled pathogen growth equally well
(Figure 4B). Since IL-10 produced by NK cells has been recently
shown to enhance susceptibility of mice to Listeria infection (34)
we analyzed whether ADAP-deficiency would affect the capacity
of NK cells to produce IL-10. While NK cells from uninfected
mice did not produce relevant concentration of IL-10, IL-10
production was induced in NK cells by day 3 following Lm
infection (Figure 4C). This was however genotype independent,
thus largely excluding the possibility that enhanced morbidity of
conditional ADAPko mice is due to enhanced IL-10 production
by ADAP-deficient NK cells.

Interestingly, lack of ADAP in NK cells was associated
with considerably lower NK cell numbers in the spleen of
conditional ADAPko compared to wild type mice. Notably,

this was evident already in naive mice (Figure 5A). While in
wild type animals the number of NK cells steadily increased
until day 5 post-Lm infection, the number of ADAPko NK
cells in the spleen rose to a far lesser extend and reached the
plateau already by day 2 post-Lm infection (Figure 5A). Flow
cytometric analysis of NK cell maturation markers revealed only
slight though in part significant differences in the maturation
of ADAP-sufficient and -deficient NK cells in the spleen of
Lm infected mice during the course of infection. However, the
frequency of NK cells that reached the different maturation
stages (CD27-CD11b~ (DN) — CD27tCD11b~ — CD27"
CD11b"™ (DP) — CDI11bTCD277) was the same by day 5
post-infection (Supplementary Figure 3) and as such impaired
NK cell maturation was largely excluded as a reason for the
pronounced ADAP-dependent differences in NK cell abundance
in the spleen of Lm infected mice.

Since ADAP has been shown before to be involved in the
migratory capacity of other immune cells (37, 49) and moreover
protein network analyses of our proteome analyses identified
three pathways potentially affected by ADAP-deficiency in NK
cells to be related to cell migration (data not shown), we
speculated that the observed phenotype might at least in part
be the consequence of impaired migration of ADAPko NK cells
to the spleen of Lm infected mice. To experimentally address
this hypothesis we performed in vitro NK cell migration assays
using splenocytes from naive and Lm infected mice. Indeed and
well in line with our expectation, NK cell migration toward a
chemokine gradient was significantly impaired both in naive as
well as in ADAP-deficient NK cells pre-activated in vivo during
Lm infection (Figure 5B). Of note, reduced in vitro migration
of ADAPko NK cells toward the NK cell attracting chemokine
CXCL12 was not the consequence of altered surface expression
of the CXCL12 receptor CXCR4 as we observed similar CXCR4
expression levels on ADAP-deficient and -sufficient NK cells
(Figure 5C). Since leukocyte entry into tissues is generally guided
by the interaction of integrins with their respective ligands
on endothelial cells we analyzed surface expression of selected
integrins on splenic NK cells from Lm infected wild type and
conditional ADAPko mice. While ADAP-deficiency did not affect
expression levels of CD18, CD29, and CD11b on NK cells (data
not shown), we observed a striking difference between ADAP-
deficient and wild type NK cells with respect to CD11a surface
expression on day 1 post Lm infection with significantly lower
CD11a expression levels on NK cells lacking ADAP (Figure 5D).
Together our data suggest that in addition to effector cytokine
production and cytotoxic capacity ADAP is required for efficient
migration of NK cells both in vitro and in vivo and that reduced
NK cell cellularity in infected tissue of conditional ADAPko mice
might be, at least in part, the consequence of reduced CDl11a
surface expression on ADAP-deficient NK cells.

DISCUSSION

We have studied for the first time ADAP-dependency of NK cell
functions during in vivo infection. Our experimental approach
is fundamentally different from previous studies as we studied
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the bacterial load. Data are presented as mean + SEM for n = 6-15 individually analyzed mice per group out of three independent experiments. (C) Representative
histograms (left panels) are shown for hepatic CD3~NK1.1TNKp46™ IL-10 producing NK cells (light gray: unstained and untreated; dark gray: respective stained
fluorescence minus one control; open: stained liver sample) for naive NK cells (day 0, female mice) and day 3 post-Lm infection. Summary plots (middle panel) show
percentage of IL-10 producing NK cells in liver. Data are presented as mean + SD with n = 4-5 individual mice per group out of one experiment. Data were
constrained to alive singlet NK cells and are shown in columns side-by-side in a concatenated qualitative dot plot (right panels) in which each column represents data
of an individual mouse. Groups were compared by unpaired two-tailed ¢-test with Welch'’s correction ("p < 0.05).

the impact of ADAP on principal NK cell functions following
their in vivo priming during infection, i.e., under physiological
conditions involving a plethora of infection-induced cytokines as
well as a complex network of NK cell-activating and inhibitory
receptors. As such we feel that data from our in vivo study
cannot directly be compared with the outcome from previous in
vitro experiments but instead complement published knowledge
and provides further clarification regarding the role of ADAP in
infection-primed NK cells.

By extensively studying signaling events induced in NK
cells by stimulation of the activating receptors CD137 or
NKG2D, Rajasekaran et al. uncovered an ADAP-dependent
signaling pathway exclusively responsible for the production
of inflammatory cytokines but not for cytotoxicity (12).

As an underlying mechanism for this striking dichotomy a
unique interaction between Fyn and ADAP was discovered
linking upstream signaling to the CBM module which, under
the chosen experimental conditions, led to the production
of IFN-y and chemokines while not being responsible for
cytotoxicity in murine and human NK cells (12). While applying
antibody/cytokine-mediated in vitro stimulation of primed naive
NK cells confirmed these data (Figure 1), more physiological
stimulation of naive NK cells or infection-primed ADAPko NK
cells with YAC-1 target cells uncovered impaired cytotoxicity
of ADAP-deficient NK cells while their capacity to produce
IFN-y was not affected (Figure 2). Vivier et al. brought into
consideration that the above mentioned study utilized IL-2-
activated NK cells and that, given the plasticity of NK cells
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FIGURE 5 | Reduced accumulation in the spleen and impaired migratory capacity of ADAP-deficient NK cells of Lm infected mice. ADAPYT x NKp46-CreM®! (open
bars) mice lacking ADAP specifically in NK cells and respective littermate controls (ADAP™/" x NKp46-Cre®!, black bars) were either infected with 2.5 x 10* CFU
Lm or were left untreated (uninfected control, day 0). (A) ADAP"/*t » NKp46-CreMt and conditional ADAP" x NKp46-Cre"! mice were sacrificed at the indicated
time points. Leukocytes were isolated from the spleen and NK cells were identified as CD3~NK1.17CD49b* cells. Absolute NK cell numbers were calculated from the
NK cell frequencies assessed by flow cytometry referred to the absolute leukocyte numbers as well as the frequencies of live cells. Data are presented as mean + SD
for n = 4-15 mice per group out of three independent experiments. (B) Splenocytes were seeded in the upper transwell chamber that was placed in medium
containing the chemokine CXCL12 (250 ng/ml). After 4 h cells were recovered from the lower chamber, counted and analyzed by flow cytometry to determine the
percentage of migrated NK cells (% of input). Data are presented as mean =+ SD for n = 4 mice per group from two independent experiments. (C) Level of CXCR4
and (D) CD11a surface expression on NK cells. Depicted are representative histograms (left panels; light gray: respective stained fluorescence minus one control
FMO; open: stained) and mean fluorescence intensity (MFI, right panels) &= SD of (C) CXCR4 and (D) CD11a on NK1.1% NK cells analyzed day O (female mice), day 1
and day 3 p.i. with n = 4-5 individually analyzed mice per group out of one to two experiments. Groups were compared by (A-D) unpaired two-tailed t-test with
Welch’s correction and additionally (A) by two-way ANOVA with Bonferroni correction for multiple hypothesis testing ("o < 0.05, o < 0.01).

that is heavily dependent on their activation (50), it would be ~ known to permit NK cell activation (51) and indeed most of the
questionable if the findings by Rajasekaran et al. would generally =~ known NK cell-activating cytokines were detectable in sera of Lm
apply to NK cells activated under different conditions (12).  infected wild type and ADAPko mice (Supplementary Figure 1).
During Listeria infection various cytokines are induced that are ~ Importantly, ADAPko mice did not exhibit an overall defect in
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cytokine response to Lm infection (Supplementary Figure 1).
Thus, we can largely exclude that impaired effector function
in ADAPko NK cells is due to impaired priming in the
ADAP-deficient host but is rather an inherent effect due to
ADAP-deficiency in NK cells. Apart from the proteome analysis
(Figure 3) we did not further analyze the influence of Lm
infection on the expression of activating/inhibitory receptors
on NK cells and the expression of the corresponding ligands
on target cells, respectively. Anyway, we hypothesize that
during infection the combination of cytokines and/or receptor-
ligand pairs is ideal to prime NK cells for both, cytokine
production and cytotoxicity and that under these optimized
priming conditions the separation of the ADAP-dependent and
-independent signaling pathways in NK cells is abrogated. Future
studies are needed to clarify this aspect on the molecular level.
ADAPko NK cells exhibit reduced cytotoxic capacity
(Figure 2). This phenotype was further confirmed by proteomic
profiling that on the one hand revealed an overall decrease of
intracellular perforin and CD107a upon infection suggesting
the release of perforin from CD107at granules following in
vivo priming. Moreover, given that the applied LC-MS/MS
analysis is particularly suitable for the detection of intracellular
proteins, the observation of a slightly more pronounced decrease
in CD107a protein abundance in ADAP-sufficient compared
to ADAP-deficient NK cells during infection as well-hints at
decreased cytolytic activity of ADAPko NK cells (Figure 3D).
Remarkably, independent of the genotype infection-priming
of NK cells resulted in an overall decreased abundance of virtually
all detectable prototypic NK cell proteins with the exception of
granzyme A and granzyme B that were even found at higher
abundances (Figures 3C,D). While at a first glance it might
be counter-intuitive that priming of NK cells would result in
increased granzyme A and granzyme B levels but at the same
time decreased abundance of CD107a and perforin, several
mechanisms could explain this finding. Already in previous
studies we observed co-localization of CD107a with perforin but
not with granzymes (Heyner et al., unpublished) and it has been
shown that dependent on the activating signal used to stimulate
NK cell function different cytotoxic vesicles are detectable within
the cell. For instance, engagement of NKG2D or 2B4 on NK
cells induces the co-localization of perforin with Rab27a™ but
not Muncl3-47 vesicles. In direct contrast, antibody-dependent
CD16 activation induces perforin localization to Muncl3-47"
vesicles but not to Rab27at ones (52). Moreover, Muncl3-4
and Rab27a have been described to be involved in granzyme
B polarization to the immunological synapse (53). Thus, the
observed differences regarding granzyme A/granzyme B vs.
CD107a/perforin abundances might be a result of complex
ligand/receptor binding events induced early on during infection
leading to discrete maturation of lytic granules in NK cells.
On the other hand, we cannot exclude that newly synthesized
proteins, ie., induced gene expression upon infection might
also explain the differences of cytotoxic protein abundances. In
this context, Fehniger et al. have shown that, well in line with
our proteome data (Figure 3D), resting NK cells contain high
levels of granzyme A but little granzyme B and perforin (54).
Interestingly, they uncovered a clear discrepancy in terms of

protein content vs. mRNA content, with mRNA being detectable
in naive NK cells at high abundance for all three genes. While
naive NK cells were per se granzyme A™, stimulation with IL-15
increased the frequency of granzyme B and perforin expressing
NK cells. Only in case of granzyme B this was associated
with induced mRNA expression (54). While these data do not
explain the inverse pattern of granzyme A/granzyme B and
perforin in infection-primed NK cells they provide evidence for
fundamental differences regarding the regulation of transcription
and translation for these cytotoxic mediators in NK cells. Still,
both granzyme B and perforin were shown to be required for
efficient cytotoxicity in vitro and in vivo (54) and we show here
that the abundance of one of them, i.e., perforin seems to be
diminished in NK cells lacking ADAP (Figure 2C).

Interestingly, ADAP-deficiency in NK cells was associated
with a more severe course of Lm infection (Figure 4A) which
was not due to impaired antibacterial immunity (Figure 4B).
Activated NK cells respond to Lm infection (19) in a complex
process that requires crosstalk with macrophages, neutrophils
and dendritic cells (35, 36). With this, NK cells are able to
shape the immune response via pro-inflammatory cytokine and
chemokine stimulation as well as due to cell-to-cell contacts (55,
56). Enhanced disease severity might be indicative for a critical
role of ADAP in NK cells in the overall innate immune response
induced during Lm infection. Apart from the role of ADAP in
NK cells during listeriosis it is however even not clear whether
NK cells exhibit a beneficial or detrimental role in immunity to
Lm. An early study by Teixeira and Kaufmann revealed improved
pathogen control in mice lacking NK cells (57). The deleterious
role of NK cells in listeriosis was confirmed later by Viegas
et al. demonstrating that although NK cells are not required for
pathogen elimination Lm infected NK cell-deficient mice showed
improved survival (58). Data from another study however
implied that NK cells may rather be protective during Lm
infection (51). By secretion of the pro-inflammatory cytokines
IL-12, TNF-a, IL-1pB, and IL-18 by Lm activated dendritic cells,
NK cells are primed to produce IFN-y. IFN-y plays a pivotal
role in innate and adaptive immunity to intracellular bacteria and
indeed mice lacking the IFN-y receptor are highly susceptible
to Lm infection (59). Despite comparable IFN-y production in
infection-primed wild type and ADAPko NK cells (Figure 2D)
IFN-y serum concentration was increased by day 3 p.. in
ADAPko mice (Supplementary Figure 1). However, since in
conventional ADAPko mice also immune cells other than NK
cells are deficient for ADAP, we assume that IFN-y produced
by e.g., T cells, NKT cells, macrophages, B cells, or dendritic
cells accounts for the observed difference. This is supported by
our finding that in conditional ADAPko mice lacking ADAP
exclusively in NK cells, IFN-y serum concentration markedly
increases by day 2 post-Lm infection, while we did not observe
significant differences in infection-induced IFN-y levels between
wild type and conditional ADAPko mice (data not shown). It has
recently been shown that infection-induced NK cell activation
increases susceptibility to Lm infection independent from IFN-y
production by NK cells (34). As an underlying mechanism
for the detrimental role of NK cells in listeriosis the authors
uncovered that NK cells responding to Lm infection acquire
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the ability to produce the immunosuppressive cytokine IL-10.
In a follow-up study the same group identified that licensing
of IL-10 production in NK cells requires IL-18 released by
Lm infected Bat3™ DCs (60). We did not observe any effect
of ADAP-deficiency in NK cells on their capacity to produce
IL-10 (Figure 4C). Combined with the finding, that neither the
concentration of the immunosuppressive IL-10, nor the NK cell
licensing cytokine IL-18 differed in sera of Lm infected wild
type and ADAPko mice (Supplementary Figure 1 and data not
shown for conditional ADAPko mice), we exclude the possibility
that IL-10 produced by NK cells would account for the enhanced
morbidity of conditional ADAPko mice to Lm infection.

Within the early phase of Lm infection phagocytes are
critically involved in immune containment of the pathogen
(61). Infiltrating monocytes and especially neutrophils attracted
to the site of infection may cause adverse side effects thus
contributing to immunopathology (62, 63). Since infection-
primed ADAPko NK cells exhibited impaired production
of the phagocyte attracting chemokines CCL3, CCL4, and
CCL5 (Supplementary Figure 4) we compared the number of
monocytes and neutrophils in the spleen of Lm infected animals.
However, no differences in the absolute numbers of monocytes
and neutrophils were detectable (data not shown). Macrophages
and neutrophils are considered the major source for IL-12 during
listeriosis (64, 65). Notably, next to comparable numbers of these
cells in the spleen of Lm infected wild type and conditional
ADAPko mice we also did not find quantitative differences in
serum IL-12 levels (data not shown) as a potential indicator for
differential activation of phagocytes in mice lacking ADAP in
NK cell. Taken together, enhanced body weight loss of infected
conditional ADAPko mice most likely cannot be attributed to
enhanced immunopathology exerted by phagocytes. However,
the molecular/cellular mechanism by which ADAP-deficiency
in NK cells promote disease severity during Lm infection
remains elusive.

To the best of our knowledge, no data are available
regarding the migration of ADAP-deficient NK cells. Utilizing
an in vitro transwell system we could show for the first time
that CXCL12-induced migration of ADAP-deficient NK cells
is reduced compared to ADAP-sufficient NK cells. During
infection, NK cells are recruited to the sites of inflammation in
a chemokine-dependent manner. This is well-reflected by the
observed increased migratory activity of Lm infection-primed
compared to naive NK cells (Figure 5B). CXCL12 is an important
chemokine not only for T cells, but also for the chemo-attraction
of NK cells (66). Since Lm infection in mice represents a
complex disease model with different leukocyte subsets being
recruited and activated to produce pro-inflammatory cytokines
and chemokines during early innate immune activation, in
vitro testing of CXCL12-induced migration of NK cells only
insufficiently reflects the in vivo situation. Nevertheless, impaired
migratory activity of ADAP-deficient NK cells might at least
in part explain the reduced numbers of NK cells in the
spleen of conditional ADAPko mice early after Lm infection
(Figure 5A). In T cells, the inside-out signaling pathways leading
to integrin activation after chemokine receptor stimulation are
well-described (4) and we have recently shown that migration of
both, CD4" and CD8™ T cells, depends on ADAP (6). For NK

cells, it is known that integrin-dependent activation is essential
for migration and for cytotoxicity (67). Therefore, it seems likely
that similar signaling complexes are formed in T cells and NK
cells. Of note, compared to wild type NK cells, CD11a surface
expression on infection-primed ADAPko NK cells was markedly
reduced on day 1 post-infection (Figure 5D). Together with
CD18, CD11a forms the heterodimeric adhesion molecule LFA-
1 which upon interaction with its ligand ICAM on endothelial
cells promotes entry of leukocytes from the bloodstream into
tissues. In fact, an early study by Allavena et al. has shown
that LFA-1 is crucial for NK cell adhesion to and migration
through the vascular endothelium (68). Importantly, at least in
T cells the intracellular domain of CD11a is directly linked to the
signaling complex involving ADAP (69, 70). Thus, it is tempting
to speculate that lack of ADAP in NK cells in NK cells and the
associated reduced surface expression of CD11a on NK cells 1
day post Lm infection is mechanistically linked to the reduced
accumulation of NK cells in the infected spleen of conditional
ADAPko mice (Figure 5A). However, since differential CD11a
expression on ADAPko vs. wild type NK cells was only transient
and genotype-dependent differences in CD11a surface expression
were lost by day 3 post-infection, most probably additional
molecular factors will contribute to the observed phenotype. Yet,
further studies are needed to dissect in more detail the molecular
mechanism underlying reduced migratory activity of naive and
infection-primed ADAP-deficient NK cells.
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