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In a synthetic biology approach using Schneider (S2) cells, we show that SLP-76
is directly phosphorylated at tyrosines Y113 and Y128 by SYK in the presence of
ITAM-containing adapters such as CD3¢, DAP12, or FceRy. This phosphorylation was
dependent on at least one functional ITAM and a functional SH2 domain within SYK.
Inhibition of Src-kinases by inhibitors PP1 and PP2 did not reduce SLP-76 phosphory-
lation in S2 cells, suggesting an ITAM and SYK dependent, but Src-kinase independent
signaling pathway. This direct ITAM/SYK/SLP-76 signaling pathway therefore differs
from previously described ITAM signaling. However, the SYK-family kinase ZAP70
required the additional co-expression of the Src-family kinases Fyn or Lck to efficiently
phosphorylate SLP-76 in S2 cells. This difference in Src-family kinase dependency
of SYK versus ZAP70-mediated ITAM-based signaling was further demonstrated in
human lymphocytes. ITAM signaling in ZAP70-expressing T cells was dependent on
the activity of Src-family kinases. In contrast, Src-family kinases were partially dis-
pensable for ITAM signaling in SYK-expressing B cells or in natural killer cells, which
express SYK and ZAP70. This demonstrates that SYK can signal using a Src-kinase
independent ITAM-based signaling pathway, which may be involved in calibrating the
threshold for lymphocyte activation.

Keywords: natural killer cells, synthetic biology, signal transduction, SLP-76, SYK, Src-family kinases, ZAP70

INTRODUCTION

Natural killer (NK) cells are cytotoxic innate lymphoid cells that are important for early and
effective immune responses against cancer and virus-infected cells (1-3), but they can also play
a role in tissue homeostasis (4-6). NK cell effector functions are regulated via signals from
activating and inhibitory surface receptors. Many activating NK cell receptors associate with
ITAM-containing partner chains such as DAP12, FceRy, or CD3(. In humans, activating killer
cell Ig-like receptors (KIR-S), CD94/NKG2C-E, and NKp44 associate with DAP12, while NKp46,
NKp30, and CD16 pair with CD3{ and FceRy. As T cell and B cell activation relies on ITAM
signaling, this pathway has been studied in great detail (7). In a classical view, receptor engage-
ment induces Src-family kinase-dependent phosphorylation of the tyrosines in the ITAM and
these in turn form a binding site for the Src-homology domain 2 (SH2) domains of the tyrosine
kinases SYK or ZAP70, resulting in downstream signaling. More recent studies on B cell receptor
signaling revealed that Syk can phosphorylate and bind to the ITAM tyrosines of Iga and Igf,
which is necessary to open BCR oligomers upon the exposure to multivalent antigens (8). The
Src-family kinase Lyn facilitates the opening, but is not absolutely required for this process,
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whereas it was shown to be necessary to open BCR oligomers
upon exposure to monovalent antigens (9).

Natural killer cells express SYK and ZAP70 and ITAM-
coupled receptors show defective signaling in mice lacking
both of these kinases or lacking DAP12, FceRy, and CD3( (10).
However, NK cells still develop and have cytotoxic activity in
these mice as they can also be activated by non-ITAM-based
receptors such as NKG2D, 2B4, DNAM-1, and NKp80 (11, 12).
It is unclear if and how SYK and ZAP70 cooperate in ITAM
signaling in NK cells. While SYK and ZAP70 are very similar in
structure, each consisting of two SH2 and a kinase domain, the
amino acid sequence of ZAP70 shows less than 50% homology
to SYK (13). SYK has been described to be less dependent on
Src-family kinases for its catalytic activation, as it is able to trans-
autophosphorylate and activate itself (14). In contrast, ZAP70 is
highly dependent on Src-family kinases for its activation (15).
Other studies have shown that ITAM binding by ZAP70 relieves
an auto-inhibitory conformation of ZAP70 and that phospho-
rylation of specific tyrosine residues within the interdomain
separating the C-terminal SH2 domain and the kinase domain
by Src-family kinases are important for regulating the activity of
ZAP-70 (16, 17).

Most activating receptors need to synergize in order to fully
activate resting human NK cells (18, 19). However, exposure to
cytokines can modulate NK cell reactivity and enable the activa-
tion of NK cells upon triggering of a single activating receptor
(20). The molecular basis for this switch in reactivity is only
incompletely understood and a recent study suggested that com-
plementary phosphorylation of tyrosine residues 113 and 128
in SLP-76 by different activating receptors was one mechanism
how these receptors can synergize to activate resting NK cells
(21). SLP-76 was first described in T cells and plays an important
role in TCR signaling but SLP-76 is highly expressed in spleen,
thymus, and other peripheral blood leukocytes as well. While
one earlier study found SLP-76 to be dispensable for NK cell
effector functions (22), these findings were contradicted in later
studies taking advantage of inducible SLP-76 KO mice (23) and
SLP-76 has been shown to be important for NK cell development,
cytotoxicity, and IFN-y production (24, 25).

In synthetic biology, one aim is to rebuild functional minimal
signaling systems, which can then be easily manipulated to
enhance mechanistic understanding. Schneider (S2) cells,
isolated from Drosophila melanogaster embryos in 1972 (26),
provide a useful platform for this approach. They easily take up
large amounts of DNA enhancing co-transfection while main-
taining reasonably high transfection efficiency. The evolutionary
distant environment should prevent interference of Drosophila
proteins with the heterologously expressed mammalian signaling
system. Previous studies have used the S2 cell system to rebuild
BCR signaling pathways. The expression of SYK and the ITAM-
containing Iga was sufficient to result in phosphorylation of
SLP-65, a SLP-76-related molecule in B cells (27).

Here, we make use of a synthetic biology approach to study
the phosphorylation of SLP-76 by ITAM-based signaling path-
ways. We show that SLP-76 is directly phosphorylated at tyros-
ines Y113 and Y128 by SYK after activation by an ITAM motif
independent of Src-family kinases. In contrast, ZAP70 requires

the co-expression of Src-family kinases to phosphorylate SLP-76.
Therefore, we identify a distinct ITAM-based signaling pathway
for SYK but not ZAP70 using human NK cell-specific signal-
ing proteins. Comparing human lymphocytes that selectively
express SYK (B cells), ZAP70 (T cells), or both (NK cells) after
stimulation of their respective ITAM-associated receptors dem-
onstrates that SLP-76 phosphorylation in T cells is more sensitive
to inhibition of Src-family kinases than in B or NK cells.

MATERIALS AND METHODS

Schneider Cell Culture and Transient

Transfection

Schneider S2-cells (Invitrogen) were grown in Schneider’s
Drosophila medium (Serva) supplemented with 10% FCS
at 26°C without CO,. Cells were passaged every 2-3 days to
maintain exponential growth. S2-cells were transfected using
Lipofectamine 2000 (Life Technologies, Inc.). Cells were trans-
fected with 300 ng DNA of each vector and normalized by empty
vector to the sample containing the most plasmids. After 24-48 h
CuSO, (0.5 mM) was added to the culture for 36-48 h to induce
the expression of proteins. For inhibitor experiments, SykIV
inhibitor (Calbiochem, 2.5 uM), SYKII inhibitor (2.5 pM Merck),
PP1 (Biomol, 10 or 5 uM), PP2 (Biomol, 10 or 5 M), or DMSO
solvent control were added to the cells 1 h prior to harvesting.
CuSOs-induced GFPP"* cells were enriched by cell sorting (BD
Jazz). Purity of GFP-positive cells was greater than 80% after
enrichment. Receptor expression was analyzed by FACS using
the following antibodies: 2B4-APC (C1.7), CRACC-PE (162.1),
and NKp80-PE (5D12) all from Biolegend.

Cloning

For transient co-transfection experiments in Drosophila
Schneider cells, the expression vector pPRmHa-3 containing an
inducible metallothionein promoter (28) was used. The cDNAs
of SLP-76, 2B4, CRACC, Lck, Csk, FceR1y, DAP10, DAP12, and
NKp80 were isolated from human NK cells via RT-PCR, inserted
into pRmHa-3 and verified by sequencing. The vectors pD-Syk,
pD-Zap70, pD-Fyn, pD-SHP-1, pD-TCRZeta, pD-ZetaY1-4F,
pD-ZetaY1-6F, and pD-Syk mutants were obtained from BIOSS
(Freiburg, Germany) and verified by sequencing. The pD vectors
are based on pRmHa-3 using the same promoter and all sequences
are of human origin.

Western Blotting

Equal cell numbers of enriched GFP* S2-cells were lysed on ice
in lysis buffer [0.5% Triton X-100, 2 mM EDTA, 10 mM NaF,
20 mM Tris-HCI, 150 mM NaCl, 10% (v/v) glycerol, pH 7.3] sup-
plemented with proteinase and phosphatase inhibitor cocktails
(Roche). Cell lysates were separated by reducing SDS-PAGE
and detected by Western Blot using the following antibodies:
pY113-SLP-76 (J80-373), pY128-SLP-76 (J141-668.36.58) (BD
Biosciences); isotype control mouse IgGl (MOPC-21) (Sigma);
SLP-76 (#4958), ZAP70 (D1C10E) (Cell signaling); CD3-Zeta,
Syk (SYK-01) (Biolegend); p-CD3( (C415.9A, Santa Cruz); Fyn,
DAPI10, DAP12, FceRy, 2B4, SHP-1, GAPDH (GA1R) (Thermo
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Scientific); and Csk (C14520 Transduction Laboratories). Band
intensities corresponding to SLP-76 phosphorylated at tyrosine
128 relative to that of total SLP-76 were quantified using Image]
software.

NK Cell Culture and Stimulation

Peripheral blood mononuclear cells (PBMCs) were isolated from
blood of healthy donors by Ficoll density gradient centrifugation
(PAN-Biotech, Germany). Human NK cells were purified from
PBMCs using the Dynabeads Untouched Human NK Cell kit
(Thermo Fisher Scientific) according to manufacturer’s instruc-
tions. For NK cell activation and expansion, purified NK cells were
cultured in 96-well round-bottom plates (Nunc) with irradiated
K562-mbIL15-41BBL (kind gift from Dario Campana) in IMDM
Glutamax supplemented with 10% FCS and 1% penicillin/strep-
tomycin, IL-2 (100 U/ml, NIH Cytokine Repository) and IL-15
(5 ng/ml, PAN-Biotech). IL-21 (100 ng/ml, Miltenyi Biotec) was
added at the first day. NK cells were between 90 and 99% CD3,
CD56%, and NKp46* as assessed by flow cytometry.

For inhibitor experiments, NK cells were preincubated with
the indicated inhibitors or solvent control for 30 min at 37°C and
subsequent steps conducted in the presence of inhibitors. For
antibody-mediated crosslinking, NK cells were preincubated
with the following antibodies at 10 pg/ml for 30 min on ice:
NKp80 (5D12), NKp46 (9E2), and CD16 (3G8) from Biolegend.
NKp30 (p30-15) and NKp44 (p44-8) were produced in our
lab. After washing with medium, NK cells were stimulated
by crosslinking with goat anti-mouse F(ab’), Ab (20 pg/ml,
Dianova) at 37°C for 2 min, washed in ice-cold PBS, lysed, and
analyzed by Western Blotting as described above.

Phosflow Analysis

Peripheral blood mononuclear cells were incubated with anti-
bodies against CD3 (UCHT1) and CD28 (CD28.2) (all from
Biolegend) to stimulate T cells, CD16 (3G8) (Biolegend) to stimu-
late NK cells, or F(ab’)2 anti-human IgM + IgG (eBioscience)
to stimulate B cells in the presence of DMSO or inhibitors for
30 min on ice. Cells were washed and incubated with secondary
Goat anti-mouse antibodies for 15 min, followed by stimulation
for 2 min at 37°C. Cells were then fixed by BD Phosflow Fixation
buffer and stained for extracellular markers with CD19-AF700
(HIB19), CD56-BV510 (NCAM16.2) and CD3-PerCP (UCHT1)
(all from Biolegend). Cells were then permeabilized by BD Perm
2, stained with p-SLP-76 Y128 AF647 (J141-668.36.58) or p-SLP-
65 Y84 AF647 (J117-1278) (both from BD) and analyzed by flow
cytometry on a BD LSRFortessa.

RESULTS

Co-expression of Heterologous Proteins
in S2 Cells

To test for the high co-transfection efficiency in S2 cells, we
transiently transfected them with plasmids encoding for GFP,
SLP-76, DAP10, DAP12, Fyn, SHP-1, CD3(, and for the recep-
tors 2B4 and CRACC. This resulted in about 30% GFP-positive
cells, which were then sorted by FACS as GFPPe" and GFPrestive,

Analysis of protein expression by western blot and flow cytometry
clearly indicated that only GFPP>i* cells expressed high levels of
all the transfected proteins while there were almost undetectable
levels of the transfected proteins in GFP#® cells (Figure 1).
FACS analysis of 2B4 and CRACC confirmed surface expression
of both receptors and revealed that most cells co-expressed both
receptors. This demonstrates that transfected S2-cells take up
all available plasmids and subsequently co-express many heter-
ologous proteins with a reasonably high efficiency. Furthermore,
using GFP as a marker, we were able to enrich the co-transfected
cells. Thus, the S2-cell system provides a suitable platform for the
setup of an artificial signaling system that is easy to manipulate as
already demonstrated by others (27, 29-31).

A Minimal ITAM-SYK-SLP-76 Signaling

Pathway

We then used the S2-cell system to rebuild an ITAM-based sign-
aling pathway resulting in SLP-76 phosphorylation. Expression
of SLP-76 alone in S2-cells did not result in its phosphorylation,
demonstrating that Drosophila kinases do not significantly
phosphorylate human SLP-76 (Figure 2). Co-expression of
SYK also did not result in SLP-76 phosphorylation. However,
co-expression of SLP-76 and SYK together with ITAM-bearing
signaling receptors such as CD3(, FceRy, or DAP12 induced
phosphorylation of SLP-76 at tyrosines Y113 and Y128. NKp80
was shown to stimulate SYK phosphorylation and SYK-dependent
cytotoxicity via a hemi-ITAM motif (32). However, co-expression
of NKp80 did not result in substantial SYK-mediated SLP-76
phosphorylation in the S2-cells (Figure 2). Similarly, co-
expression of the NKG2D-associated partner chain DAP10 or the
ITSM-containing receptors 2B4 and CRACC also showed very
little effect on SYK-mediated SLP-76 phosphorylation compared

GrP+ B GFP- GFP+
70 bl |SLP-76

DAP10

A GFP-

B DAP12

Fyn

SHP-1

CD3¢

il

— CRACC —

GAPDH

FIGURE 1 | High co-transfection rate of multiple genes in transiently
transfected Schneider cells. (A) Schneider S2-cells were co-transfected with
plasmids coding for 2B4, CRACC, SLP-76, DAP10, DAP12, Fyn, SHP-1,
CD3t, and GFP. Expression was induced by CuSO.. After 36-48 h GFP- and
GFP+ cells were enriched by cell sorting and analyzed by FACS for
expression of GFP, 2B4, and CRACC. Results are representative of three
independent experiments. (B) Western blot analysis of co-expressed proteins
in the total cellular lysate of transiently transfected S2 cells from (A) enriched
for GFP- and GFP* by cell sorting. GAPDH was used as a loading control.
Results are representative of five independent experiments.
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FIGURE 2 | SLP-76 phosphorylation in the presence of SYK and ITAM-containing receptors. S2-cells were co-transfected with the indicated proteins and GFP as a
transfection marker. Equal numbers of FACS-enriched GFP* S2-cells were lysed and analyzed by western blot for SLP-76 phosphorylation and the expression of the
transfected proteins. Expression of NKp80 and CRACC was verified by FACS analysis (not shown). Results are representative of at least five independent

experiments.

to the co-expression of ITAM-containing adapter chains. These
data establish a minimal signaling pathway from ITAM via SYK
to SLP-76 without the need for other adapters or kinases.

Next, we tested the ability of other kinases to phosphorylate
SLP-76 when co-transfected with an ITAM-containing protein.
The SYK-family kinase ZAP70 was able to phosphorylate SLP-76
to a lesser extend. While the Src-family kinases Fyn or Lck (not
shown) clearly induced CD3( phosphorylation, no phosphoryla-
tion of SLP-76 was detectable. Also the kinase Csk did not induce
SLP76 phosphorylation when co-transfected (Figure 3A). While
the typical ITAM signaling pathway requires Src-kinases to phos-
phorylate ITAM motifs for interaction with the SH2 domains
of SYK, in our transfected S2-cells SLP-76 phosphorylation by
ITAM-activated SYK was independent of Src-family kinases. This
may be explained by the ability of SYK to directly phosphorylate
ITAM motifs (27). In line with this, we detected CD3C phospho-
rylation in the presence of SYK and lower phosphorylation in the
presence of ZAP70 (Figure 3A).

To further explore the involvement of SYK and Src-family
kinases, we used pharmacological inhibitors during the co-
expression of CD3(, SYK, and SLP-76. Blocking SYK by the
inhibitor SYK IV completely blocked the SLP-76 phosphorylation
(Figure 3B), demonstrating the kinase activity of SYK is essen-
tial for this minimal signaling pathway. In contrast, blocking
Src-family kinases with the inhibitor PP1 did not impact SLP-76
phosphorylation, excluding the possibility that Drosophila Src-
related kinases may be involved.

Using CD3( mutants we observed no SLP-76 phosphoryla-
tion when all tyrosines of the ITAMs were replaced by pheny-
lalanine (Y1-6F), whereas the presence of a single intact ITAM

(Y1-4F) was sufficient to result in some SLP-76 phosphorylation
(Figure 3C). Similarly, using SYK mutants, we found that SLP-76
phosphorylation was dependent on both SH2 domains, as we
did not detect any phosphorylation when the N-terminal SH2
domain of SYK was deleted (dSH2N) or the N-terminal or the
C-terminal SH2 domain was inactivated by mutations (mSH2C,
mSH2N) (Figure 3D). These data suggest that the minimal
signaling pathway in S2-cells still relies on the interaction of the
SYK SH2 domains with the ITAM motif of CD3(, despite being
independent of Src-family kinases.

Differential Requirements for

Src-Family Kinases

Next we wanted to investigate if the presence of Src-family
kinases can enhance SYK or ZAP70-mediated SLP-76 phospho-
rylation in our system. Co-transfection of Fyn together with CD3C,
SYK, and SLP-76 did not result in any stronger SLP-76 phospho-
rylation compared to the absence of Fyn (Figure 4A). This was
despite the fact that the presence of Fyn resulted in stronger CD3(
phosphorylation. In contrast, ZAP70-induced SLP-76 phospho-
rylation was enhanced when we co-expressed Fyn (Figure 4B).
This suggests that SYK can induce SLP-76 phosphorylation via a
direct ITAM-based signaling pathway independent of Src-family
kinases, whereas ZAP70-induced SLP-76 phosphorylation is
more dependent on the activity of Src-family kinases.

To further investigate the differential roles of Src-family
kinases in SYK and ZAP70 activation, we co-expressed Fyn
together with SYK or ZAP70, CD3(, and SLP-76 and used
pharmacological inhibitors to block the different kinases
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FIGURE 3 | ITAM and SYK-dependent, but Src-independent SLP-76
phosphorylation. S2-cells were co-transfected with the indicated proteins.
Equal numbers of FACS-enriched GFP* cells were analyzed by western blot.
(A) Analysis of SLP-76 and CD3¢ phosphorylation upon co-expression with
SYK, ZAP70, Fyn, or Csk. (B) S2-cells were co-transfected with GFP,
SLP-76, CD3t, and SYK. SLP-76 phosphorylation was analyzed in GFP*
cells upon treatment with the SYK-family kinase inhibitor SKY IV, the
Src-family kinase inhibitor PP1 or DMSO as a carrier control. (C) Analysis of
SLP-76 phosphorylation upon co-expression of GFP, SLP-76, SYK, and
either wild-type (wt) CD3C or the indicated CD3¢ ITAM-mutants. (D) Analysis
of SLP-76 phosphorylation upon co-expression of GFP, SLP-76, CD3¢ and
either wild-type (wt) SYK or the indicated SYK SH2 domain mutants. All
western blots are representative of at least three independent experiments.

A CD3¢, SYK, SLP-76 B CD3¢, ZAP70, SLP-76

kDa + Fyn + Fyn
N
— [ ] o
10 -
70 - 70 -
R T TP

FIGURE 4 | Co-expression of Fyn enhances ZAP70 activity. S2 cells were
co-transfected with GFP, SLP-76, CD3, and (A) SYK or (B) ZAP70 in the
absence (left lanes) or presence (right lanes) of Fyn. Equal numbers of
FACS-enriched GFP* S2-cells were lysed and analyzed by western blot for
SLP-76 and CD3¢ phosphorylation and expression of the transfected
proteins. All western blots are representative of at least three independent
experiments.

55-
40 -

(Figure 5). We observed that Fyn could directly activate SYK
and substitute for its ITAM-mediated activation. In contrast,
ZAP70 relied on both Fyn and CD3( for its activation as evident
by SLP-76 phosphorylation levels. Pharmacological inhibition
of SYK clearly inhibited SLP-76 phosphorylation in SYK, Fyn
and CD3( expressing cells, demonstrating that SYK activity is
essential for this signaling pathway and confirming that Fyn is
unable to directly phosphorylate SLP-76. In ZAP70 expressing
cells, the SYK inhibitors only showed a minor effect on SLP-76
phosphorylation. This may be explained by the fact that the
inhibitors are more specific and effective against SYK than against
ZAP70. Inhibiting Src-family kinases showed the opposite effect.
SYK-mediated SLP-76 phosphorylation was not affected by the

inhibition of Src-family kinases, demonstrating again the exist-
ence of a Src-family kinase independent ITAM-based signaling
pathway. In contrast, ZAP70-mediated SLP-76 phosphorylation
was reduced in the presence of Src-family kinase inhibitors. This
shows that ZAP70-mediated SLP-76 phosphorylation follows
the typical ITAM signaling pathway and relies on the activity of
Src-family kinases. In contrast, SYK can operate independent of
Src-family kinases and directly lead to SLP-76 phosphorylation in
a non-typical ITAM-based signaling pathway.

A Minimal ITAM Signaling Pathway

in SYK-Expressing Lymphocytes

To test if the minimal ITAM-based signaling pathway that we
rebuilt in S2 cells is also operational in human lymphocytes, we
first tested for SLP-76 phosphorylation in human NK cells. In IL-2
activated, cultured human NK cells, we observed phosphoryla-
tion of SLP-76 at both tyrosines (Y113 and Y128) after stimulat-
ing CD16, NKp30, NKp44, or NKp46, all of which are associated
with ITAM-bearing adapter chains (Figure S1 in Supplementary
Material). In human NK cells, NKp44 associates with DAP12
but is only expressed on activated NK cells (33), while NKp46,
NKp30,and CD16 pair with CD3C and FceRy (34-36). Stimulation
of NKp80, which signals via ahemi-ITAM, did not result in detect-
able SLP-76 phosphorylation, whereas the ITSM-containing 2B4
receptor could induce strong SLP-76 phosphorylation at both
tyrosines. Additionally, we also observed SLP-76 phosphorylation
uponstimulation of the ITAM-associated receptors CD16, NKp30,
and NKp46 in freshly isolated, resting human NK cells (data not
shown). NK cells express SYK and ZAP70, whereas T lympho-
cytes only express ZAP70 and B lymphocytes only express SYK.
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FIGURE 5 | ZAP70 requires co-expression of an ITAM and Src-family kinases activity for activation. (A) S2 cells were co-transfected with the indicated proteins and
pretreated with SyklV inhibitor (2.5 pM), SYKII inhibitor (2.5 uM), PP1 (10 uM), PP2 (10 pM), or DMSO solvent control 1 h before harvesting. Equal numbers of
FACS-enriched GFP* cells were lysed and analyzed by western blot for SLP-76 phosphorylation and expression of transfected proteins. All western blots are
representative of at least three independent experiments. (B) Quantification of SLP-76 Y128 phosphorylation relative to total SLP-76 expression upon co-expression
of CD3¢, Fyn, SYK, and SLP-76 after pretreatment with the indicated inhibitors or DMSO control. (C) Quantification of SLP-76 Y128 phosphorylation relative to total
SLP-76 expression upon co-expression of CD3¢, Fyn, ZAP70, and SLP-76 after pretreatment with the indicated inhibitors or DMSO control.
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To investigate and compare ITAM-based signaling pathways
in these cells, we isolated PBMCs and stimulated NK cells via
cross-linking CD16 [as this receptor was shown to be efficient in
stimulating resting NK cells (18)], T cells via crosslinking of CD3
and CD28 and B cells via crosslinking of surface IgM in the same
sample (Figure S2 in Supplementary Material). We then analyzed
SLP-76 phosphorylation in T and NK cells and phosphorylation
of the SLP-76 homolog SLP-65 in B cells by intracellular staining
and flow cytometry. The stimulation of ITAM-based receptors
resulted in SLP-76 phosphorylation in NK cells and T cells and in
SLP-65 phosphorylation in B cells (Figure 6). In the presence of
the SYK inhibitor SYK IV, the SLP-65 phosphorylation in B cells
was reduced, whereas the SLP-76 phosphorylation in T cells was
not significantly affected. This mirrors our results of the S2 cells
where we saw that the SYK IV inhibitor is more specific for SYK
than for ZAP-70. Interestingly, the SYK IV inhibitor also did not
significantly affect the SLP-76 phosphorylation in NK cells, sug-
gesting that ZAP-70 can compensate upon inhibition of SYK in
these cells. Next we wanted to test the role of Src-family kinases by
inhibiting their activity using PP1 in two different concentrations.
Both concentrations completely inhibited SLP-76 phosphoryla-
tion in T cells, demonstrating that these cells rely completely on
the typical ITAM-based signaling pathway. This is in line with
our results from the S2 system, where ZAP70-mediated SLP-76
phosphorylation was dependent on the activity of Src-family
kinases. In contrast to T cells, we still observed a significant phos-
phorylation of SLP-65 in B cells and of SLP-76 in NK cells upon
inhibition of Src-family kinases. As we stimulated all lymphocytes

in the same sample, this experimental setup allowed for a direct
comparison of sensitivities to inhibition of Src-family kinases
and SYK. This suggests that in SYK expressing B and NK cells a
non-typical ITAM-based signaling pathway is operational that is
at least partially independent of Src-family kinases. This provides
evidence for differential regulation of SYK and ZAP70 by Src-
family kinases in primary human lymphocytes.

DISCUSSION

In our synthetic biology approach, we found SLP-76 phosphoryla-
tion upon co-expression of an ITAM-containing receptor, SYK,
and SLP-76 in S2-cells. Similar to previous studies investigating
the B cell homolog SLP-65 with the same approach (27), the
initiation of this signaling pathway did not require engagement
of a surface receptor. This may be due to an overexpression of the
ITAM-containing signaling chain in the S2-cells or due to the
fact that inhibitory proteins, which shield the ITAM sequence
from interacting with kinases in resting hematopoietic cells, are
missing in the S2-cells. While we only saw SLP-76 phosphoryla-
tion upon co-expression of ITAM-containing receptors in the
S2-cells, this does not exclude the phosphorylation of SLP-76
upon triggering of non-ITAM activating receptors as other
adapters and kinases might build a different signaling pathway.
SLP-76 phosphorylation can also be induced by cross-linking of
non-ITAM receptors such as NKG2D, 2B4, and DNAM1 [(21);
Figure S1 in Supplementary Material]. This indicates that these
pathways might function independent of SYK kinase. 2B4 signals
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FIGURE 6 | ZAP70 expressing human T cells are more sensitive to inhibition of Src-family kinases than SYK/ZAP70 expressing natural killer (NK) cells or SYK-
expressing B cells (A) Human peripheral blood mononuclear cells were preincubated in the presence of the indicated inhibitors or DMSO control with mAbs specific
for CD16 (to stimulate NK cells), CD3 and CD28 (to stimulate T cells), IgM (to stimulate B cells), or an isotype control (unstimulated) for 30 min on ice, followed by
cross-linking with secondary goat F(ab’), anti-mouse IgG at 37°C for 2 min. Phosphorylation of SLP-76 in NK (CD3-CD56%) and T (CD3*CD56-) cells or of SLP-65 in
B (CD3-CD19%) cells was analyzed by flow cytometry using phosphorylation specific antibodies. (B) Quantification of (A). Normalized data were subjected to
two-way ANOVA to discern significant differences (a = 0,05). Statistical analysis was carried out by using PRISM software (N = 5 for NK and T cells; N = 3 for
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via an ITSM-motif which is phosphorylated by Src-family
kinases, but does not recruit SYK-family kinases (37). While
2B4-triggering in resting human NK cells only induces the phos-
phorylation of SLP-76 at Y113 (21), we saw 2B4-induced SLP-76
phosphorylation at Y113 and Y128 in IL-2 activated, cultured
NK cells, in line with the fact that these activated cells do not rely
on co-activating receptors to induce their activity (18). Similarly,
NKG2D-DAP10 seems to rely on Src-family kinases (38) and
triggers human NK cell cytotoxicity via a SYK-independent
pathway (39).

Triggering of ITAM-based receptors such as CD16 in
NK cells induces the phosphorylation and activation of SYK and
ZAP70 (40, 41), and these kinases are essential for the function
of the receptors (42). In our S2-cell system, SYK-induced SLP-
76 phosphorylation did not require the activity of Src-family
kinases. This differs from the typical ITAM-based signaling
pathway, where Src-family kinases are required for ITAM signal-
ing. However, as we did not test all Src-family kinases in our S2
system, we cannot exclude the possibility that some Src-family
kinases may enhance SYK-mediated SLP-76 phosphorylation.

Our mutagenesis data show that the minimal signaling
pathway in S2-cells still relied on the presence of tyrosines in the
ITAM receptor and on a functional SH2 domain in SYK. This
indicates that this non-typical signaling pathway is still depend-
ent on the interaction of the SYK SH2 domains with the tyrosines
of the ITAM, despite being independent of Src-family kinases.
Therefore, SYK may be sufficient for ITAM-phosphorylation

under certain conditions. In line with previous studies (27, 43),
we detected CD3( phosphorylation in the presence of SYK and
lower phosphorylation in the presence of ZAP70, supporting
this hypothesis. ZAP70-induced SLP-76 phosphorylation was
enhanced when we co-expressed Fyn, suggesting that ZAP70 is
more involved in the typical ITAM signaling pathway. This may
be correlated with the fact that we saw weaker CD3( phospho-
rylation induced by ZAP70 compared to SYK so that additional
phosphorylation by Fyn could enhance this signaling pathway.
Additionally, Fyn-mediated phosphorylation of specific tyrosine
residues within the interdomain separating the C-terminal SH2
domain and the kinase domain of ZAP-70 are important for
regulating the activity of ZAP-70 (16, 17).

There have been several studies demonstrating that SYK may
be more important for the function of ITAM-based receptors in
NK cells than ZAP70 (44-46). SYK was found to be essential
for DAP12 signaling, whereas ZAP70 was dispensable (45).
The dominance of SYK over ZAP70 may be influenced by the
fact that SYK can engage a non-typical ITAM-based signaling
pathway independent of Src-family kinases. In CD45-deficient
NK cells, CD45 independent ITAM signaling is mediated by
SYK, but not by ZAP70 (46). In the absence of CD45, Src-family
kinases cannot be activated as the inhibitory tyrosine is not
dephosphorylated, thus only the non-typical SYK activation
without Src-family kinases would remain active. CD45-deficient
mice have few peripheral T cells since TCR signaling during
thymic development is greatly impaired (47, 48). However, B cell
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development is not impaired in these mice, further supporting
our model that SYK and ZAP70-based ITAM signaling are dif-
ferentially dependent on Src-family kinases.

In contrast to T cells, inhibition of Src-family kinases did
not abolish ITAM-mediated SLP-76 and SLP-65 phospho-
rylation in NK cells and B cells, respectively. However, it did
reduce the phosphorylation levels of SLP-76 and SLP-65. This
suggests that the typical and the non-typical ITAM signaling
pathways may both be operational in these cells. In B cells, the
use of both pathways may be dependent on the way the BCR
is engaged (8, 9, 49, 50) and the differential regulation of SYK
by Src-family kinases could calibrate the threshold for BCR
receptor activation. It is interesting to speculate if a similar
mechanism applies to NK cells. As NK cells not only express
SYK but also ZAP70, functional differences could be regulated
by differential expression of both kinases. Additionally, SYK
and ZAP70 can also function as adapter proteins (51, 52) and
differences in interaction partners could influence specific sign-
aling pathways initiated by SYK or ZAP70. Finally, loss of SYK
expression has been associated with a memory-like phenotype
of NK cells after HCMYV infection (53, 54). Further studies are
therefore warranted to investigate how the differential use of
typical and non-typical ITAM signaling pathways influences
NK cell functions.
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