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* NF-kB and its activator,
IkB kinase 2 (IKK2,
IKKR), are central in-
flammatory molecules
in various cell types,
including anucleate
platelets.

* Neither platelet-specific
deletion of IKK2 by ex-
cision of exon 3 nor
pharmacological inhibi-
tion of IKK2 affects
platelet function.

Platelets are small anucleate cells that release a plethora of molecules to ensure functional
hemostasis. It has been reported that IkB kinase 2 (IKK2), the central enzyme of the
inflammatory NF-kB pathway, is involved in platelet activation, because megakaryocyte/
platelet-specific deletion of exons 6 and 7 of IKK2 resulted in platelet degranulation defects
and prolonged bleeding. We aimed to investigate the role of IKK2 in platelet physiology in
more detail, using a platelet-specific IKK2 knockout via excision of exon 3, which makes up
the active site of the enzyme. We verified the deletion on genomic and transcriptional levels
in megakaryocytes and were not able to detect any residual IKK2 protein; however, platelets
from these mice did not show any functional impairment in vivo or in vitro. Bleeding time
and thrombus formation were not affected in platelet-specific IKK2-knockout mice.
Moreover, platelet aggregation, glycoprotein GPIIb/IIIa activation, and degranulation were
unaltered. These observations were confirmed by pharmacological inhibition of IKK2 with
TPCA-1 and BMS-345541, which did not affect activation of murine or human platelets over
a wide concentration range. Altogether, our results imply that IKK2 is not essential for
platelet function.

Introduction

Platelets are key players in hemostasis, and granule secretion is essential for their function.
Although platelets lack a nucleus, it has been postulated that the pathway that leads to activation of
the inflammatory transcription factor NF-kB is important for their activation and degranulation. In
general, NF-kB is kept inactive by binding to inhibitory molecules (IkBs). A plethora of stimuli leads
to phosphorylation of IkBs by IkB kinases (IKKs), triggering their proteasomal degradation and the
release of NF-kB. Most of these activating pathways converge at IKK2, which is the main IkB-
phosphorylating enzyme in the course of NF-kB activation.?? In platelets, adenosine 5'-diphosphate
(ADP), thrombin, epinephrine, and collagen have been reported to cause activation of the IKK2/IkB/
NF-kB axis.® However, although some investigators claim an activating role for this pathway,'*
others suggest that it has inhibitory effects,® leaving its role in platelet activation incompletely
understood.

We aimed to resolve these conflicting findings for the nongenomic link between the NF-xB
pathway and platelet signaling by using a mouse model with a platelet-specific deletion of IKK2,°
combined with in-depth analysis of hemostatic and immunomodulatory platelet functions in vitro
and in vivo.

Methods

Detailed information is provided in supplemental Methods.

Submitted 1 October 2019; accepted 15 January 2020; published online 19 February The full-text version of this article contains a data supplement.
2020. DOI 10.1182/bloodadvances.2019001044. © 2020 by The American Society of Hematology

Data sharing requests should be sent to Johannes A. Schmid (johannes.schmid@

meduniwien.ac.at) or Alice Assinger (alice.assinger@meduniwien.ac.at).

638

25 FEBRUARY 2020 - VOLUME 4, NUMBER 4


mailto:johannes.schmid@meduniwien.ac.at
mailto:johannes.schmid@meduniwien.ac.at
mailto:alice.assinger@meduniwien.ac.at

Murine IKK2

—| Exon 2 I Exon 3 I Exon 4 I Exon 5
I 1

Start K44 S177/181
ATP binding site Activation loop

C D E
Megakaryocytes MK DNA MK mRNA

wT IKK2*™" allele deletion IKK2 deletion

o
1

o
1

3000 bp
2000 bp

o
L

1000 bp
700 bp

o
o
1

Kkkk

Fold normalized IKK2 intron
to GAPDH intron
Fold normalized IKK2 to HPRT

Platelets

o
o
i
o
o
i

wWT IKK2*™"
wWT IKK2*™" WT 1KK2*™"

IKK2 | — —

GAPDH | smm— — —

P-selectin GPIlIb/llla activation Platelet aggregation
© wr %®1e wr 1004 wr
>\ IKK2APN ns s IKK2APH - |KK2AP"
g £ 0] ™ = 0] ® ns 80 -
2 = —
*}% f & 15 T 5 é 60
I ERE T 101 % S 40-
g S < ns = =
< |l S 5 = .2 o .
|- =] == 20 Thrombin
~ 165 mU/ml
0 T T T T 0 T T T T T T O T T T
0 20 40 60 80 100 0 20 40 60 80 100 2 4 6
1M PARS-AP 1M PARS-AP 204 Time [min]
1o wr ns %45 wr 1004 __ wr
APIt 4 = APIt . APIt
> g & IKK2 S o W KK2 g0 ] — 1KK2
[=*) = ns
N = ==
£d S 15 - ns £ 8 60
g % 4%' ns ? E
S| = 101 S5 40
(=] -
% S = B =
[=) =2 .
=2 S %7 ES ® Collagen |
= 18 pg/ml
0 ﬁ e 0
0o 80 100 120 0o 80 100 120 1 2 3 4
ng/ml CVX ng/ml CVX 20 Time [min]
J K L Macrophage
Tail bleeding FeCl, thrombus recruitment
- 407 25 ns
20
= B T ns s 0l m
= E, 30 + o = ’ o
S 15 1 o a s o 8 &
2 o 3 o = + 2 1.5 Jo) =
= 003 5] S 20+ o Dghm 8= o)
£ 101 =] 3 8—6—9—0 5 2 404 Q
- = o8 E—gS= E A I B
g A o) Do @ o~
= :8: & £ chl 2 05+
090 m 00 Lmzmzmmmmmmmmmmem basal
T

T T
wWT IKK2*™" wWT IKK2*™" wT IKK2*™"

Figure 1.

€ blood advances 25 Fesruary 2020 - vOLUME 4, NUMBER 4 IKK2 IS NOT ESSENTIAL FOR PLATELET ACTIVATION 639



Mice and human samples

Mice with a loxP-flanked exon 3 of the /KK2 gene® were crossed with
PF4-iCre*’™ mice” (IKK2" PF4-iCre™™: referred to as IKK22P™
(both from The Jackson Laboratory on a C57BL/6 background).
IKK2"™ PF4-iCre™/" littermates were referred to as wild-type (WT).
All animal experiments were conducted according to institutional
guidelines. The Animal Care and Use Committee of the Medical
University of Vienna, as well as the Austrian Federal Ministry of
Education, Science and Research, approved all animal experiments
(authorization number BMWFW-66.009/0246-WF/V/3b/2016). Hu-
man blood samples were taken from healthy volunteers with informed
consent based on an approval by the ethics commission of the
Medical University of Vienna (allowance number 1738/2015).

Statistical analysis

If not stated otherwise, data are depicted as mean * standard
deviation. Calculations were performed using GraphPad Prism 6.01
software. Comparison of 2 groups was done using an unpaired
Student t test or Mann-Whitney U test if data were not distributed
normally. Two or more groups were compared with the respective
control group using 1-way analysis of variance with Dunnett
correction. Two groups with =1 condition were compared by 2-way
analysis of variance with Sidak correction.

Results and discussion

We used an IKK2-knockout mouse model in which the region that
contains exon 3, coding for the catalytic adenosine triphosphate
(ATP) binding site, is flanked by loxP sites (Figure 1A). We crossed
these mice with the megakaryocyte/platelet-specific PF4 iCre strain
(Figure 1B). Expression of Cre-recombinase results in excision of
exon 3 and, thereby, a premature stop codon in exon 4.8 Knockout
of IKK2 in megakaryocytes and platelets was confirmed on
multiple levels. First, we observed the expected recombination-
mediated shift of a genomic sequence in IKK24™" megakaryocytes
(Figure 1C). Consistently, only remnant levels of recombined intron
DNA between exon 2 and 3, and megakaryocytic /IKK2 messenger
RNA, were present (Figure 1D-E). Furthermore, we were not able to
detect IKK2 protein in IKK22P" platelets (Figure 1F).

Next, we investigated potential effects of IKK2 deletion on
platelet function. Degranulation was evaluated by surface
expression of P-selectin and release of ATP after stimulation of
the major platelet activation pathways with proteinase-activated
receptor-4 agonist peptide (PAR4-AP), convulxin (CVX) or ADP.
Platelet-specific deletion of IKK2 did not affect P-selectin
surface expression, CXCL4 release (a-granules) (Figure 1G;

supplemental Figure 1A,C), or ATP release (dense granules)
(supplemental Figure 1D) at any agonist concentration, pointing
toward unaffected degranulation in IKK22P" platelets. Further-
more, we could not detect any difference in glycoprotein (GP)
lib/llla activation, which is needed to sustain tight platelet-
platelet interactions upon activation (Figure 1H; supplemental
Figure 1B). In vitro aggregation of washed platelets revealed no
impairment of IKK2*™"" compared with WT platelets (Figure 11;
supplemental Figure 1E-F). In concordance with these in vitro
data, we observed no alterations in bleeding time, again
indicating unaffected hemostatic functions (Figure 1J). More-
over, we tested platelet aggregation in vivo, as triggered by
topical application of FeClz onto mesenteric arterioles. In line
with the tail-bleeding results, thrombus formation remained
unaltered in IKK2™" mice (Figure 1K). Because platelets exert
hemostatic, as well as immunomodulatory, functions, we analyzed
platelet-assisted macrophage extravasation upon sterile peritonitis.®
Once more, we could not detect any differences between IKK227"
mice and littermate controls (Figure 1L). Finally, we examined
platelet structure, estimated the amount of young reticulated
platelets by measuring RNA content, compared platelet micro-
vesicle release, and evaluated megakaryocyte maturation and
differentiation, none of which showed significant differences
between WT and IKK2-knockout platelets (supplemental Figure 2).

In principle, some redundancy between IKK2 and related kinases
might explain the lack of a clear phenotype after deletion of IKK2.
However, the fact that a full knockout results in embryonic lethality®
and multiple observations of functional alterations after conditional
deletion of IKK2 in specific cell types®'®'? argue against such
a possibility. In line with that, sequence alignment of IKK2 with
the IKK-complex components IKK1 and NEMO and the 2 related
kinases IKK-¢ and TBK1 shows only moderate similarity (supple-
mental Figure 3).

Nevertheless, our observations differ from previous findings;
deletion of IKK2 in platelets via excision of exons 6/7 on the same
genetic background caused severe degranulation impairment and
prolonged bleeding.! It was postulated that absence of functional
IKK2 interferes with phosphorylation of SNAP-23 at S95, which
was claimed to be essential for fusion of granules with the cell
membrane as a prerequisite for full platelet activation. However, in
our study, stimulation of platelets resulted in the same degree of
SNAP-23 phosphorylation in WT and IKK24P* platelets (Figure 2A).
Similarly, conflicting results were reported for mast cells; an earlier
publication claimed IKK2-mediated phosphorylation of SNAP-23,'3
whereas a later study postulated that SNAP-23 phosphorylation
and mast cell degranulation were, in fact, independent of IKK2."'*

Figure 1. Deletion of platelet IKK2 does not alter their function. (A) Graphical scheme of exons and their functional sites targeted by exon 3 and exon 6 and 7 deletion

of IKK2. (B) Genetic scheme of IKK22P* mice. (C) Polymerase chain reaction (PCR) of WT megakaryocyte DNA of exon 3 and parts of adjacent introns generated an
~2400-base pair (bp) band, whereas PCR of IKK2*™" megakaryocyte DNA, with exon 3 deletion, generated an ~730-bp band. (D) Quantitative PCR (qPCR) of an intron
sequence between exon 2 and 3 of IKK2 that is excised during Cre recombination, normalized to a GAPDH intron sequence (n = 3). (E) gqPCR of exon 3 of IKK2 messenger
RNA, normalized to HPRT (n = 8). (F) Western blot of IKK2 and GAPDH (as loading control) of washed WT and IKK2*P" platelets. P-selectin (G) and activated GPlib/llla (H)
median fluorescence intensity (MFI) of CD41™ events in diluted whole blood stimulated with PAR4-AP (upper panels) or CVX (lower panels) (n = 12). (I) Representative light-

transmission aggregometry curves of washed WT and IKK22P" platelets, stimulated with 165 mU/mL thrombin (upper panel) or 18 pg/mL collagen (lower panel). (J) Tail tips (5

mm) of WT and IKK2*P* mice were cut, and time until cessation of bleeding was recorded (n = 12-18). The horizontal line represents the median. (K) Mesenteric arteries of

WT and IKK2”" mice were treated topically with 1.0 M FeClg, and time until vessel occlusion was determined by intravital microscopy. Each symbol represents a mesenteric

arteriole (n = 12-13). The horizontal line represents the median. (L) Recruitment of peritoneal macrophages after intraperitoneal injection of 4% thioglycollate. After 3 days,

cells were harvested and analyzed by flow cytometry (n = 8-10). Dashed line represents basal count of untreated WT mice. **P < .01, ****P =< .0001. ns, not significant.
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Figure 2. SNAP-23 phosphorylation is not altered
by IKK2 deletion and platelet activation is not
reduced by pharmacological inhibition of IKK2.
(A) Phosphorylation of S95 of SNAP-23 after stimula-
tion of platelets with 100 wM PAR4-AP for 3 minutes
and relative quantification of S95 of stimulated plate-
lets (n = 5-6). (B) Overexpression of FLAG-tagged
WT IKK2 or FLAG-tagged constructs mimicking exon
3 or exons 6 and 7 deletion in HeLa cells. Predicted
band sizes for FLAG-tagged full-length (FL) IKK2: 90
kilodalton (kDa); for construct lacking exon 3 (A3): 7
kDa; without exons 6/7 (A6,7):17 kDa. (C) NF-«B re-
porter gene assay after transfection of the expression
constructs. NanoLuc activity normalized to constitu-
tively expressed B-galactosidase activity (n = 5-6). (D)
Washed murine platelets were incubated with IKK
inhibitors or respective solvent controls for 30 minutes
and activated with the indicated concentrations of
PAR4-AP. Median fluorescence intensity (MFI) of
P-selectin (upper panel) and activated GPlIb/llla (lower
panel) was analyzed (n = 3). (E) Washed murine pla-
telets were incubated with the indicated concen-
trations of IKK inhibitors or respective dimethyl
sulfoxide (DMSO) controls for 30 minutes and acti-
vated with 40 uM PAR4-AP. MFI of P-selectin (upper
panels) and activated GPlIb/llla (lower panels) was an-
alyzed (n = 6). (F) Human platelet-rich plasma was in-
cubated with IKK inhibitors or respective DMSO
control for 30 minutes and activated with 2.5 uM ADP,
5 wM thrombin receptor activator peptide 6 (TRAP-6),
or 3 ng/mL CVX. MFI of P-selectin (left panel) and ac-
tivated GPlIb/llla (right panel) was analyzed. n = 3.
*P = .01, *™*P = .0001.
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A potentially relevant difference between our study and the one that of murine IKK2 mimicking deletion of exon 3 or exons 6 and 7, both
postulated an essential role for IKK2 in platelet activation is the with an N-terminal FLAG tag. However, we could only detect FLAG-
mechanism of IKK2 deletion. Karim et al' used deletion of exons 6 tagged full-length IKK2 protein but no protein expressed from the
and 7, which contains the activation loop of IKK2'° (Figure 1A), deletion constructs (Figure 2B). Additionally, we performed a re-
whereas our mouse strain deletes exon 3, coding for the active porter gene assay to investigate transcriptional activity of NF-«kB
center of the enzyme.® Therefore, a putative remnant protein of the after expressing the different deletion mimics. Again, only full-length
exon 6/7 deletion would still possess the ATP binding site of exon 3, IKK2 was functionally active and induced strong NF-kB activity,
which could potentially affect platelet signaling in an unexpected whereas both deletion constructs were close to the negative
manner. To test this possibility, we generated expression constructs control (Figure 2C). There was a slight difference between the
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2 distinct deletion constructs; however, the low NF-«kB activity in the
range of the negative control would imply that both deletion
strategies eliminate IKK2 function. Nevertheless, it cannot be
excluded that, in vivo, some residual truncated protein can exert an
inhibitory function. Interestingly, deletion of exon 7 alone has been
reported to result in a remnant protein that integrates into the IKK
complex,11 in line with such a possibility.

In addition to the IKK2-knockout strategy, we tested specific
pharmacological inhibition of IKK2 using the compounds BMS-
345541 and TPCA-1 at concentrations that inhibit PAR-mediated
NF-kB activation in human platelets and basal NF-kB activity in
Hela cells (supplemental Figure 4). Platelets preincubated with
BMS-345541 or TPCA-1 were activated with different concen-
trations of PAR4-AP; however, neither mild nor strong stimulation
showed any inhibitory effect of these compounds on platelet de-
granulation or activation. Interestingly, BMS-345541 even in-
creased platelet activation when high agonist concentrations
were used (Figure 2D). Following this, we treated platelets with
increasing concentrations of BMS-345541 or TPCA-1 before
moderate stimulation with PAR4-AP. However, again we did not
observe any effect of IKK2 inhibitors on platelet degranulation or
activation (Figure 2E). This was also observed for human platelets
treated with IKK2 inhibitors, which did not reduce P-selectin surface
expression or GPlIb/llla activation after stimulation with 3 different
agonists (Figure 2F). These findings differ from those of Karim et al,"
who found an inhibitory effect of these compounds on degranula-
tion of platelets and bleeding times in mice. We have no explanation
for this discrepancy. An ineffectiveness of the compounds can be
excluded, as we could demonstrate the functionality of our inhibitors
by in vitro assays showing that even low basal NF-«kB activity in the
absence of an activator can be clearly reduced by the compounds
at the concentrations that we applied (supplemental Figure 4).

Taken together, we did not observe any effect of exon 3—mediated
IKK2 deletion on platelet aggregation, bleeding time, in vivo throm-
bus formation, dense and a-granule degranulation, or SNAP-23
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phosphorylation. Furthermore, pharmacological inhibition of hu-
man and murine IKK2 did not result in any degranulation or
activation deficiencies. Thus, we provide substantial evidence to
question an essential role for IKK2 in platelet degranulation.
Nevertheless, this does not rule out that active IKK2, present under
inflammatory conditions, has an influence on platelet function.
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