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ADAP restraint of STAT1 signaling regulates macrophage
phagocytosis in immune thrombocytopenia
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Heightened platelet phagocytosis by macrophages accompanied by an increase in IFN-y play key roles in the etiology of immune
thrombocytopenia (ITP); however, it remains elusive how macrophage-mediated platelet clearance is regulated in ITP. Here, we
report that adhesion and degranulation-protein adaptor protein (ADAP) restrains platelet phagocytosis by macrophages in ITP via
modulation of signal transducer and activator of transcription 1 (STAT1)-FcyR signaling. We show that ITP was associated with the
underexpression of ADAP in splenic macrophages. Furthermore, macrophages from Adap '~ mice exhibited elevated platelet
phagocytosis and upregulated proinflammatory signaling, and thrombocytopenia in Adap '~ mice was mitigated by the depletion
of macrophages. Mechanistically, ADAP interacted and competed with STAT1 binding to importin a5. ADAP deficiency potentiated
STAT1 nuclear entry, leading to a selective enhancement of FcyRI/IV transcription in macrophages. Moreover, pharmacological
inhibition of STAT1 or disruption of the STAT1-importin a5 interaction relieved thrombocytopenia in Adap™~'~ mice. Thus, our
findings not only reveal a critical role for ADAP as an intracellular immune checkpoint for shaping macrophage phagocytosis in ITP

but also identify the ADAP-STAT1-importin a5 module as a promising therapeutic target in the treatment of ITP.

Keywords: ADAP; Immune thrombocytopenia; Fc gamma receptor; Platelet phagocytosis; STAT1

Cellular & Molecular Immunology (2022) 19:898-912; https://doi.org/10.1038/s41423-022-00881-2

INTRODUCTION

Immune thrombocytopenia (ITP) is an acquired autoimmune
disorder characterized by low platelet counts with an increased
risk of bleeding complications [1, 2], which occurs with an annual
incidence of approximately 2 to 6 per 100,000 children and 3 per
100,000 adults [3]. ITP is also secondary to many other diseases,
including autoimmune diseases such as systemic lupus erythe-
matosus, cancers and viral infections such as hepatitis C virus,
human immunodeficiency virus and severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infections [2, 4-6].

In approximately 70% of all ITP patients, autoantibodies are
detected, predominantly against platelet glycoproteins GPllb/llla
and GPIb/IX [4, 7]. Excessive destruction of autoantibody-
opsonized platelets by Fcy receptor (FcyR)-bearing phagocytes is
central to the immune pathophysiology of ITP [8-10]. FcyRs are
immunoglobulin G (IgG)-specific transmembrane receptor mole-
cules expressed on the surface of myeloid cells, and the FcyR
family mainly consists of several activating receptors, including
FcyRl (human and mouse), FcyRIIA and IIC (human), FcyRIIA
(human), FcyRIll (mouse) and FcyRIV (mouse), and one inhibitory
receptor, FcyRIIB. While FcyRl is the high-affinity receptor for IgG
subclasses in both humans and mice, FcyRIV also binds to 1gG2a
and 2b with high affinity in mice [11, 12]. Of note, the expression
of FcyRl and the ratio of FcyRIIA/FcyRIIB on monocytes were
significantly increased in some ITP patients [13]. FcyRI and FcyRlll,

but not FcyRIIA, are responsible for the ITP splenic macrophage
phagocytosis of GPllIb/llla autoantibody-opsonized platelets [10].
In addition to the phagocytes, abnormal CD8" T cells-mediated
cytotoxicity also contributes to the platelet destruction in ITP
[8, 14, 15].

ITP is often accompanied by a progressive increase in IFN-y
[16, 17]. Signal transducer and activator of transcription 1 (STAT1)
is the key mediator of IFN-y signaling [18]. Upon activation by the
IFN-y-Janus kinase signaling axis, STAT1 is phosphorylated at Tyr-
701 (Y701). The activated pY701-STAT1 assembles into a homo-
dimer and is then translocated into the nucleus to transactivate
IFN-stimulated genes [19]. Notably, efficient nuclear import of
activated STAT1 requires the recognition and binding of the
noncanonical nuclear localization sequence (NLS) of STAT1 by
importin a5, a nuclear transport receptor [20, 21]. Interestingly,
heterozygous STAT1 gain-of-function mutations have been
increasingly identified in ITP patients, whereas the functions of
these mutations underlying the etiology of ITP remain unknown
[22, 23].

Adhesion and degranulation-protein adaptor protein (ADAP,
also known as FYB), first identified as an adaptor protein in T cells,
has been implicated in the maintenance of platelet homeostasis.
ADAP-knockout mice display mild thrombocytopenia with defects
in platelet activation and biogenesis [24-27]. Moreover, two
parallel studies converge on linking the pathogenic variants or
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mutations of the ADAP gene with recessive thrombocytopenia in
humans [28, 29]. Despite these findings, the functional role of
ADAP in macrophage-mediated platelet clearance in the etiology
of thrombocytopenia remains elusive. Here, we report that ADAP
underexpression in splenic tissue is associated with thrombocy-
topenia, which can be reversed by macrophage depletion. ADAP
constrains FcyR-mediated platelet phagocytosis by targeting the
STAT1-importin a5 complex. Pharmacological inhibition of STAT1
or disruption of the STAT1-importin a5 interaction mitigate the
thrombocytopenia in Adap™~ mice. Together, our data illustrate
the ADAP-STAT1 module as a key regulatory component for
platelet phagocytosis by macrophages and thus provide a
potential therapeutic target for ITP.

MATERIALS AND METHODS

Clinical specimens

Spleen tissues were collected from 10 patients with ITP who underwent
splenectomy (3 females and 7 males, age range 13-71 years, median
platelet counts 37.5 x 10%/L) and 15 non-ITP patients with splenic trauma (5
females and 10 males, age range 17-72 years, median platelet counts
207 x 10°/L). Formalin-fixed and paraffin-embedded tissue slides were
prepared using the same standardization procedure. Peripheral blood
mononuclear cells (PBMCs) were isolated from heparinized blood provided
by 5 patients with ITP (3 females and 2 males, age range 25-71 years,
median platelet counts 29 x 10%/L). Patient characteristics were given in
Suppl. Table 1. This study was approved by the Institutional Review Board
of the Dushu Lake Hospital Affiliated to Soochow University and
conducted in compliance with the Declaration of Helsinki. Written
informed consent for the use of samples was acquired from all patients.

Animals

Adap~'~ and Skap1~'~ mice were kind gifts from Dr. CE Rudd (University of
Cambridge, UK), which were originally generated by Peterson et al. [25]
and Wang et al. [30] respectively. WT C57BL/6J obtained from
GemPharmatech were used as controls for KO animals. The protein levels
of ADAP in Adap ™'~ and WT C57BL/6 J mice were verified in Suppl. Fig. 1A.
All mice were housed in specific pathogen-free facilities at Soochow
University. All animal studies were approved by the Animal Ethics
Committee of Soochow University. Age- and sex-matched mice between
6 and 8 weeks were used.

To deplete macrophages in vivo, mice were treated with 5 mg/ml liposomal
clodronate or PBS-liposomes at a dose of 10 ml/kg via intravenous injection
(iv.).CD4*, CD8* T cells, and B cells were depleted by treatment with 500 pg/kg
of anti-CD4, anti-CD8a, or anti-CD20 in saline via intraperitoneal injection (i.p.)
on days 0, 1, 3. Control mice received the same dose of isotype control antibody
in saline. Daily doses of fludarabine (50 mg/kg) and ivermectin (1 or 3 mg/kg)
were given to mice by iv. and i.p., respectively.

Antibodies and reagents

Antibodies used were listed in Suppl. Table 2. Fludarabine monophosphate
(TCI Chemicals) and ivermectin (MedChemExpress) were freshly prepared
by dissolving in DMSO at high concentrations and further diluted in saline
(5% DMSO) for injection. Clodronate liposomes and PBS liposomes were
obtained from Yeasen. Recombinant IFN-y was purchased from PeproTech.
Aggregated IgG (AlgG) was prepared by heating mouse serum IgG (Sigma)
at 62 °C for 30 min and centrifuging at 18000 x g for 20 min.

Primary cells and cell lines

Bone marrow-derived macrophages (BMDMs) were obtained by flushing
the bone marrow of femurs and tibias from mice and cultured in RPMI
1640 medium supplemented with 10% fetal bovine serum, 20% L929-
conditioned medium, 100 U/ml penicillin/streptomycin, 2 mM L-glutamine,
and 50 uM B-mercaptoethanol for 6 days. Mouse splenic macrophages
were prepared from dispersed splenocytes and cultured in medium as
described for BMDMs without L929-conditioned medium as previously
described [31]. Immortalized BMDMs were prepared as previously
described [32]. Monocytes were purified from patient PBMCs by CD14
positive selection using human CD14 microbeads (Miltenyi Biotec,
Germany). Monocyte-derived macrophages were prepared as previously
described [33]. RAW 264.7 and HEK 293 T cells were purchased from ATCC
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and maintained in DMEM supplemented with 10% FBS and 100 U/ml
penicillin/streptomycin.

Platelet counting

Blood was collected via submandibular bleeding and diluted in acid citrate
dextrose (ACD) buffer (39 mM citric acid, 75 mM sodium citrate, 135 mM
dextrose, pH 7.4). For the enumeration of reticulated platelets, fresh blood
dilution as described above was incubated with 10 ug/ml thiazole orange
(Sigma) in the dark for 30 min. Platelets were enumerated in a flow rate-
calibrated FACSCalibur or Celesta flow cytometer (Becton Dickinson) as
previously described [34]. Each sample was incubated with FITC-
conjugated anti-CD41 to ensure the gating of the platelet population.

In vivo platelet clearance assay

Platelets were labelled with 8 uM DilC18(3) (Dil) for 60 min, followed by
opsonization with 2 ug/ml R300 for another 60 min, and were transfused to
recipients through tail vein (1 x 10® platelets/mice). Mice were bled at 1
min, 5min, 10 min, 15 min, and 30 min. The fractions of labelled platelet
remaining in the circulation were determined by flow cytometry.

In vitro phagocytosis assay

For the IgG-opsonized platelet phagocytosis assay, platelets were prepared
from whole blood in ACD buffer by centrifugation and adjusted to 10%/ml
in the presence of 5 uM prostaglandin E1 (Sigma). Platelets were incubated
with 8 uM Dil for 30 min followed by opsonization with 5 ug B3-integrin
monoclonal antibody (anti-ITGB3/CD61, rabbit IgG) for another 30 min.
Opsonized platelets were washed and incubated with peritoneal macro-
phages at 37°C for the indicated times. Macrophages were washed
extensively with PBS and detached using 10 mM EDTA at 4 °C. Extracellular
fluorescence was quenched by 0.1% Trypan Blue. For the IgG-opsonized
SRBC phagocytosis assay, fresh sheep red blood cells (SRBCs, Hongquan
Biotech. Inc.) were labeled with PKH26 (Sigma-Aldrich) according to the
manufacturer’s instructions and opsonized with a subagglutinating
concentration of rabbit anti-SRBC antibody (polyclonal IgG, Rockland) at
37 °C for 30 min. The opsonized SRBCs were then added to macrophages
at an SRBC/macrophage ratio of 20:1 and incubated at 37°C for the
indicated times. Unbound SRBC was removed by hypotonic lysis with ACK
buffer for 1min at room temperature. For the phagocytosis of
complement-opsonized zymosan particles, mouse serum-opsonized Alexa
Fluor 488-conjugated zymosan A bioparticles [35] were added to
macrophages and incubated at 37°C for the indicated time. Cells were
fixed in 4% paraformaldehyde and subjected to flow cytometric analysis.
The phagocytic index was calculated as the mean fluorescence intensity
multiplied by the frequency of Dil-, PKH26- or Alexa Fluor 488-positive cells
[36].

Measurement of oxidative burst

BMDMs were rinsed with PBS, lifted from culture dishes, resuspended at
25x10° cell/ml in prewarmed Krebs-Ringer phosphate buffer (125 mM
NaCl, 8 mM Na,HPO,, 2 mM NaH,PO, 5mM KCl, 5mM glucose, 1 mM
CaCly, 1.5 mM MgCl,), and collected by flow cytometry to determine the
baseline fluorescence for 1 min before stimulation with FcOxyBURST Green
reagent at a concentration of 120 pg/ml at 37°C. Changes in green
fluorescence over a 10-min period were monitored using a FACSCalibur
flow cytometer as described previously [37].

Flow cytometry

A single cell suspension was prepared from spleens by sieving and
pipetting, followed by ACK lysis for 3 min and washing with FACS buffer
(2% FCS, 2 mM EDTA in PBS). Cells were then stained with the antibodies
for 30 min and fixed in 2% paraformaldehyde. Data were acquired on a
FACSCalibur or Celesta flow cytometer, and data were analyzed using
FlowJo software (TreeStar).

Plasmids, lentiviral transduction and luciferase reporter assay
HA tagged-ADAP has been described previously [38]. Human STAT1 cDNA
was subcloned into the pcDNA3.1 + /C-(K)-DYK expression vector (Gen-
script). GFP-tagged KPNA1/importin a5 was purchased from Sino
Biological. ADAP and STAT1 mutants were generated by a site-directed
mutagenesis kit (Yeasen). Fcgr1-LUC was constructed by inserting
fragments from the Fcgr1 promoter (from —189 to +1), which contains
a
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STAT1-binding site [39], into the pTA-LUC firefly luciferase plasmid
(Clontech). Fcgr4-LUC was constructed by inserting fragments from the
Fcgr4 promoter (from —1000 to +1) into the pTA-LUC plasmid. The guide
RNA sequences targeting Adap and Kpnal were designed using the GPP
sgRNA Designer [40] and cloned into a CRISPR-Cas9-based lentiviral vector
(plentiCRISPRv2, Addgene, 52962) as described in [41]. Cloned oligonu-
cleotides were as follows: sgRNA-Adap: 5-TAGGTAGGTTTCGCTGCCAA-3';
sgRNA-Kpnal: 5-CAAGAAAGGACATTCAGACA-3'. Scramble sgRNA (5-
GCACTACCAGAGCTAACTCA-3') [42] was cloned and used in parallel as a
negative control. shRNAs targeting ADAP (#1, 5- GCAAAGGCCA
GACGTCTTA-3; #2, 5-GAGATGAAGTTTACGATGAT-3') and control shRNA
targeting EGFP were described previously [43]. The DNA sequences of all
plasmid inserts were verified by Sanger sequencing. Single-guided RNAs or
shRNAs were packaged with psPAX2 (Addgene, 12260) and pMD2. G
(Addgene, 12259) into HEK 293 T cells and were delivered to target cells by
lentiviral transduction in the presence of 8 ug/ml polybrene. Cells were
selected with puromycin for at least 3 weeks before experimental use.

For the luciferase reporter assay, 5x10° RAW 264.7 cells were
transfected with 5pug of Fcgri-Luc or Fcgrd-Luc, 5-10 ug of expression
vector, and 0.5 pg of pRL-TK Renilla luciferase control plasmid (Promega),
followed by the indicated stimulations. Cells were lysed, and firefly
luciferase activity was measured and normalized to Renilla luciferase
activity following the manufacturer’s instructions (Promega).

Expression and purification of recombinant proteins

Human importin a5 (aa 400-538) was cloned into the pGEX-4T1 GST fusion
vector (Cytiva) and expressed by Escherichia coli BL21 (DE3) cells. GST-
tagged proteins were purified with BeyoGold™ GST-tag Purification Resin
(Beyotime) and eluted with 10 mM L-glutathione, followed by concentra-
tion with an Amicon Ultra15 filter (30-kD cutoff, Sigma). The synthesized
ADAP NLS1 peptide (KEREKKREKEEKKRLELEKKEQKEKEKKEQEIKKK), ADAP
NLS2 peptide (KAKTEEKDLKKLKKQEKEEKDFRKKFK), and STAT1 NLS peptide
(HLQLKEQKNA) were purchased from Sangon.

Immunoblotting and Immunoprecipitation

Cells were lysed in lysis buffer (1% Triton X-100 (v/v) in 20 mM Tris-HCI (pH
8.3), 150mM NaCl) supplemented with EDTA-free protease inhibitor
cocktail (Roche). For immunoprecipitation experiments, cell lysates were
precleared with protein G Sepharose beads (GE Healthcare) followed by
incubation with antibodies at 4°C overnight. Immunoprecipitates were
resolved by SDS-PAGE, and immunoblotting was performed with the
indicated primary antibodies. Inmunoblots were developed with HRP- or
IRDye-conjugated secondary antibodies and visualized by enhanced
chemiluminescence or an Odyssey imaging system, respectively. For the
GST pull-down assay, GST-importin a5 (aa 400-538) was incubated with
cell lysates at 4 °C for 1 h, followed by coupling to GST-tagged purification
resin overnight at 4°C. Beads were then washed with lysis buffer and
eluted in 1 x Laemmli sample buffer before being subjected to immuno-
blotting analysis.

Subcellular fractionation

Cytoplasmic and nuclear fractionation was performed using subcellular
lysis buffer (250 mM sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 150 mM
MgCly, 1 mM EDTA, 1 mM EGTA) or nuclear lysis buffer (1% NP-40 (v/v) in
50 mM Tris-HCl (pH 8.3), 150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
SDS, 10% glycerol) supplemented with protease inhibitor cocktail as
previously described [44]. Isolation of chromatin-bound proteins was
performed using cytoskeletal buffer (10 mM PIPES-KOH (pH 6.8), 100 mM
NacCl, 300 mM sucrose, 3 mM MgCl,, 0.5 mM PMSF, 0.1 mM glycerolpho-
sphate, 50mM NaF, 1 mM Nas3VO,, containing 0.1% Nonidet P-40 and
protease inhibitor cocktail) as previously described [45].

Chromatin immunoprecipitation (ChIP) and biotin-labeled
DNA pull-down assay

ChlP assays were performed as previously described [43]. DNA was purified
from immunoprecipitates by STAT1 antibodies by phenol/chloroform
extraction and used for PCR. The primers specific for the Fcgrl and Fcgr4
promoters were: Fcrgri, sense 5'- CCGGAGTTAAGATCATCCTTGGCT-3', anti-
sense 5- GGGCTGGGGACCAAGATTAGA-3'; Fcgr4, sense 5- CTGATA-
GACTCTCTGTGTGTCCCCG-3', anti-sense 5- CGGAACCCTTAAGGGCCCTAT-
3'. Biotin-labeled DNA pull-down assays were performed as previously
described with minor modifications [46]. Biotinylated Fcgr4 promoter
(—201 to —89) probes, putative STAT1-binding site-mutant probes, and

SPRINGER NATURE

IL-2 promoter (—100 to —69) probes were synthesized by Sangon. The
mutated probes for the putative STAT1-binding sites shown in the lower
case were —191 TTTTCCTGGGG —181 to —191 ggggaagtttt —181 and
—110 TTCTGGAAAA-101 to —110 ggagttcccc —101. Nuclear extracts were
incubated with biotinylated promoter DNA at 4°C overnight. The DNA-
protein complexes were precipitated by streptavidin-conjugated agarose
beads (Yeasen), washed with lysis buffer five times and boiled in 1x
Laemmli sample buffer before being subjected to immunoblotting
analysis.

In situ Proximity Ligation Assay (PLA) and
Immunofluorescence Microscopy

The interaction between ADAP and STAT1 was detected in formalin-fixed,
paraffin-embedded (FFPE) spleen sections by PLA using a Duolink in situ
detection kit (Sigma) according to the manufacturer’s instructions. For
immunofluorescence microscopy, FFPE tissue slides (5 um) were depar-
affinized and rehydrated with ethanol, followed by antigen retrieval in
boiling citrate buffer (pH 6.0) for 20 min. After blocking in blocking solution
for 30 min at 25°C, the slides were incubated in primary antibodies
overnight at 4°C, followed by incubation in Alexa Fluor 647-conjugated
anti-mouse IgG antibodies, Alexa Fluor 555-conjugated anti-rabbit 1gG
antibodies and Alexa Fluor 488-conjugated anti-CD68 for 1h at 25°C.
Tissue autofluorescence was quenched by treatment with TrueBlack
(Biotium) for 30s. Nuclei were stained with DAPI solution. Imaging was
performed at 40x or 60x magnification on a confocal microscope (Zeiss
LSM 880) and analyzed with Zen software (Zeiss) and ImageJ.

Bioinformatics analysis

Gene expression datasets used to compare ADAP expression across
peripheral blood T cells from [TP patients and healthy controls were
previously published and are available from the National Center for
Biotechnology Information Gene Expression Omnibus (GEO) database under
accession numbers GSE46922 (new ITP n = 7; chronic ITP n = 6) [47], GSE574
(active ITP n = 2; control n = 2; remission n = 2) [14], GSE43177 (control n =
10, ITP n = 9) [48], and GSE56232 (new ITP n = 6; remission n = 6) [49]. The R
package limma [50] (v3.42.2) was used to pool, remove batch effects and
normalize data from the aforementioned datasets. Differential expression
analyses were performed using the limma functions ‘ImFit’ and ‘eBayes’ and
were defined based on a 1.5-fold change and adj. P-value < 0.05.

RNA-seq

Total RNA from splenic macrophages of WT and Adap ™/~ mice was
extracted by TRIzol reagent (Ambion). RNA integrity and quantity were
examined with an Agilent Bioanalyzer 2100 (Agilent). A sequencing library
was prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina.
The mRNA was enriched using oligo (dT) magnetic beads, fragmented, and
reversed-transcribed to cDNA using random hexamer primers and M-MuLV
Reverse Transcriptase. Double strand cDNA was synthesized, adenine was
added at the 3’ end, and the cDNA was ligated with sequencing adaptors.
The fragments were purified with the AMPure XP system (Beckman
Coulter), amplified by PCR and subjected to library quality control using
the Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System.
Paired-end RNA sequencing was performed on an lllumina NovaSeq 6000
by Novogene, Tianjin. Sequenced reads (approximately 40 million clean
reads per sample) were aligned to the mouse genome (mm10) using
Hisat2 (v 2.0.5) and counted by featureCounts (v 1.5.0-p3). The differentially
expressed genes between groups were quantified using DESeqg2 (1.20.0). A
1.5-fold change and adjusted P-value < 0.05 were used for the identifica-
tion of differentially expressed genes. The upregulated genes in Adap '~
macrophages were subjected to pathway enrichment analysis in KEGG,
Reactome, DO, and DisGeNET pathways using the R package clusterProfiler
(3.8.1), and pathways with a P-value < 0.05 were considered significantly
enriched. Normalized read counts of all expressed genes were subjected to
gene set enrichment analysis (GSEA) in GSEA software (Broard Institute &
UC San Diego) using Molecular Signatures Database v.7.4 gene set
collection. To determine the significance of gene set enrichment, a false
discovery rate (FDR)-adjusted P value was calculated through 1000
permutations of random gene sets.

Quantitative RT-PCR

Total RNA was isolated from the cells using TRI reagent (Sigma). cDNA was
prepared from RNA using RevertAid reverse transcriptase (Thermo Fisher)
and oligo dT primers following the manufacturer's manual. Quantitative

Cellular & Molecular Immunology (2022) 19:898 - 912



PCR analysis and data collection were performed on a QuantStudio 5 Real-
time PCR system (Thermo Fisher) using the primer pairs listed below. Irf1:
forward, 5-TAGGACGTGCTTTCACAGTCTAA-3', reverse, 5-GCATTCGAGTG
ATTGGCATGG-3'; Icam1: forward, 5'-TCCGCTACCATCACCGTGTA-3, reverse,
5'-TAGCCAGCACCGTGAATGTG-3'; Cxcl9: forward, 5'- GGAGTTCGAGGAACCC
TAGTGA —3/, reverse, 5'- AGGCAGGTTTGATCTCCGTTC -3'; Gapdh: forward,
5'-GGGTCCCAGCTTAGGTTCATC-3', reverse, 5-ACTGTGCCGTTGAATTTGCC-
3'. For the comparative analysis of gene expression levels, threshold cycle
numbers of interest genes were normalized against the Gapdh gene and
calculated with the AACt method.

Biacore analysis

The binding constants between purified proteins and peptides were
measured by a single-cycle kinetics program on a Biacore T200 instrument
(Cytiva) at 25°C. The purified GST-importin a5 (aa 400-538) protein was
immobilized on a Serie S CM5 sensor chip (Cytiva) to achieve
approximately 5000 response units (RUs). Peptides were prepared in a
series of twofold dilutions in HBS-EP + buffer (10 mM HEPES, 150 mM NadCl,
3 mM EDTA and 0.05% v/v Surfactant P20, Cytiva) from 206.89 nM to 12.93
nM. Peptides at increasing concentrations were injected sequentially at a
flow rate of 30ul/min for a contact phase of 180s, followed by a
dissociation phase of 900 s without regeneration. All data were analyzed
using Biacore T200 evaluation software.

Statistical analysis

All data were analyzed with GraphPad Prism 7 or the indicated packages
with R. Data are presented as the mean+SEM. For the comparison
between two group means, a two-tailed unpaired Student’s t-test or
Mann-Whitney U test for nonparametric data was used. For the
comparison of more than two groups, a one-way or two-way ANOVA
followed by Tukey’s, or Sidak’s multiple comparison test was used as
indicated specifically. P values are as follows: *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001; ns, nonsignificant.

RESULTS

ADAP underexpression in splenic tissue is associated with
thrombocytopenia, which is reversed by macrophage
depletion

To demonstrate a direct association of ADAP with [TP in human
patients, the expression of ADAP was first analyzed in splenic tissue
sections from ITP patients who underwent splenectomy. Splenic tissues
from non-ITP patients with splenic trauma were used as controls.
Immunofluorescence imaging showed that the overall expression of
ADAP and that of ADAP within splenic macrophages (CD68") was
greatly reduced in ITP spleens compared to trauma controls (Fig. 1A).
We further analyzed the ADAP transcript levels from different clinical
subgroups of ITP patients using publicly available mRNA microarray
datasets and found that ADAP expression was significantly lower in
peripheral blood T cells in patients with new and chronic ITP, whereas
in patients in remission, the level of ADAP was comparable to that in
the controls (Fig. 1B). Thus, ITP patients had significantly reduced
expression levels of ADAP. Moreover, we compared the circulating
platelet and reticulated platelet counts among wild-type (WT), Adap ™~
and Skap1~~ mice. Src family-associated phosphoprotein 1 (SKAP1) is
a bona fide ADAP interacting partner. While SKAP1 deficiency does not
lead to loss of ADAP, loss of ADAP causes SKAP1 deﬁcien9/ in both cells
and gene-KO mice [30, 51]. Platelet counts in Adap™ mice were
significantly reduced as compared to WT controls, while those in
Skap™~ mice was comparable to that in WT mice (Fig. 1C), suggesting
that the deficiency of ADAP but not SKAP1 contributes to
thrombocytopenia. Although the absolute number of reticulated
platelets was lower in Adap™~ mice than in WT mice (22 + 2 x 10%/I vs.
40+3x10%l), the percentage of reticulated platelets was similar
between these mice (Fig. 1C). These data suggest that underexpression
of ADAP is associated with thrombocytopenia.

Anti-platelet antibody-mediated platelet phagocytosis plays a
key role in the immune pathophysiology of ITP [8]. To investigate
whether antibody-dependent platelet clearance was affected in
Adap™~ mice, we compared the thrombocytopenia between WT
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and Adap™~ mice in a mouse ITP model induced by subcuta-
neous administration of anti-platelet antibody R300 (anti-CD42b/
GPlba), wherein platelets are cleared mainly in the spleen [52]. As
shown in Fig. 1D, while subcutaneous injection of R300 at
0.16m9/kg rapidly reduced the platelet counts in both WT and
Adap™"~ mice to a similar extent, a reduced dose as low as 0.08
mg/kg triggered a more rapid reduction in platelet counts in
Adap™~ mice than in WT mice. Further, similar results were
obtained with the transfusion of R300-opsonized and cell tracker
dye Dil-labelled platelets into either WT or Adap™~ mice via the
tail vein. The percentages of remaining R300-opsonized platelets
in the peripheral blood were significantly lower in Adap™~ mice
than in WT mice at 5min post-injection (Fig. 1E). Interestingly,
when an anti-platelet antibody of IgG1 subtype MWReg30 (anti-
GPIIb) was used to trigger passive ITP, platelet counts in both WT
and Adap™~ mice dropped to the same extent (Supplementary
Fig. 1B). Unexpectedly, the levels of platelet-associated antibodies
were comparable between WT and Adap™~ mice (Supplementary
Fig. 10), suggesting ADAP deficiency may sensitize the macro-
phage to antibody-opsonized platelets for phagocytosis rather
than increase the level of autoantibody against platelets.

Next, to identify the cells most responsible for the enhanced
platelets destruction upon ADAP deficiency, we examined the
effects of systemic depletion of various immune cells on platelet
counts in Adap™~ mice. Compared to the PBS control, a single
dose of clodronate liposomes that depleted macrophages
significantly (Supplementary Fig. 1D) restored the platelet counts
in Adap™~ mice to a level comparable to that in WT mice within
1 day following injection and was sustained over a time course of
4 days (Fig. 1F). In contrast, in vivo depletion of B cells and CD4*
T cells by anti-CD20 and anti-CD4 antibodies, respectively, had
little effect on the platelet counts in Adap™~ mice (Fig. 1G).
Depletion of CD8™ T cells by anti-CD8a also gradually increased
the platelet numbers on day 3 after the initial dose, albeit to a
lower level than macrophage depletion. Thus, these results
suggest that macrophages but not CD4" T cells or B cells play a
key role in heightened platelet clearance accounting for the mild
thrombocytopenia in Adap™~ mice.

Adap~'~ macrophages exhibit enhanced FcyR-dependent
phagocytic ability and upregulated proinflammatory
signaling
FcyRs and complement receptors (CRs) are the two best described
opsonic receptors for macrophage phagocytosis [53]. We thus
assessed the effect of ADAP deficiency on FcyR- or CR-mediated
macrophage phagocytosis. Macrophages prepared from WT and
Adap™~ mice were subjected to phagocytosis assays with IgG-
opsonized platelet and sheep red blood cells (SRBCs) or
complement-opsonized Alexa Fluor 488-conjugated zymosan A
particles. As expected, the accelerated platelet clearance in
Adap™~ mice was accompanied by an enhanced phagocytic
capacity of macrophages, as shown by the phagocytosis of anti-
platelet IgG-opsonized platelets by Adap ™~ peritoneal macro-
phages being significantly higher than that by WT (Fig. 2A and
Supplementary Fig. 2A, B). Similar results were observed in the
phagocytosis of anti-SRBC IgG-opsonized SRBCs by Adap ™~ bone
marrow-derived macrophages (BMDMs) (Fig. 2B). Furthermore,
reconstitution of stable ADAP knockout macrophages with WT
ADAP significantly blunted the uptake of IgG-opsonized SRBC
after 30 min to 1 h of incubation (Fig. 2B, right panel). In contrast,
the uptake of complement-opsonized Alexa Fluor 488-conjugated
zymosan A particles by WT and Adap '~ BMDMs was comparable
(Fig. 2Q). This indicates that the increased platelet destruction by
Adap~’~ macrophages occurs through FcyR- but not CR-mediated
macrophage phagocytosis.

Next, we asked whether the enhanced FcyR-mediated phago-
cytosis in Adap™~ macrophages is accompanied by a change in
signaling downstream of FcyRs. Stimulation of FcyRs by
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Fig. 1 ADAP underexpression in splenic tissue is associated with thrombocytopenia, which is reversed by macrophage depletion.
A Representative images of splenic tissue samples from ITP patients (n = 10) or trauma controls (n = 15) stained with antibodies against ADAP,
GAPDH and CD68. Scale bars, 50 um. The mean fluorescence intensity (MFI) of each sample (over 15 images in each sample, Mann-Whitney U
test and unpaired t test) was plotted. B ADAP mRNA expression in healthy controls (n = 12), ITP patients in remission (n = 8), patients with new
ITP (n=13), and chronic ITP (n=6). Publicly available mRNA microarray datasets on peripheral T-cells under accession number GSE46922,
GSE574, GSE43177, and GSE56232 were obtained from GEO and pooled. Statistics analysis used the limma package and linear fit and eBayes
statistics in R. C Circulating platelet counts and reticulated platelet percentages in WT mice (n = 10), Adap’/’ mice (n=9), and SkapT’/’ mice
(n = 8, one-way ANOVA, Tukey’s multiple comparison). D WT and Adap~'~ mice were treated with saline, or anti-mouse GPIba antibody R300
(anti-CD42b, 1gG mixture) at the indicated doses via s.c. on days 0 and 2 (n=4 mice in each group, two-way ANOVA, Tukey’s multiple
comparison). Platelet counts were enumerated over a time course of 3 days and presented as percentages of those prior to antibody injection
on Day 0. E In vivo platelet clearance in WT and Adap~’~ mice transfused with Dil-labeled R300-opsonized platelet (n =5 each, two-way
ANOVA, Sidak’s multiple comparison). The percentages of Dil-labeled R300-opsonized platelets in total platelets were determined at 1, 5, 10,
15, and 30 min post-transfusion and presented as the percentages of those at 1 min. F Platelet counts in clodronate-liposome- or PBS-
liposome-treated Adap '~ mice (clodronate-liposome, n = 8; PBS-liposome, n = 7, paired t-test) over a time course of 4 days after treatment.
The horizontal dashed line represents the baseline platelet count of WT mice examined in parallel (n = 4). G Platelet counts in Adap~’~ mice
treated with isotype, anti-CD4, anti-CD8a, or anti-CD20 antibodies (n =4 mice each) over a time course of 4 days. Arrowheads indicate the
injections given on days 0, 1, and 3. The horizontal dashed line represents the baseline platelet count of WT mice examined in parallel (n = 4).
**P < 0.01; ***P < 0.001; ****P < 0.0001; ns, nonsignificant
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Fig.2 Adap~’~ macrophages exhibit enhanced FcyR-dependent phagocytic ability and upregulated proinflammatory signaling. A Phagocytosis
of Dil-labeled anti-CD61 IgG- or isotype control IgG-opsonized platelets by peritoneal macrophages prepared from WT mice and Adap ’~ mice
(n =6 for anti-CD61 IgG, n =4 for IgG ctrl, two-way ANOVA, Tukey’s multiple comparison). The phagocytic index was calculated as the mean
fluorescence intensity multiplied by the frequency of Dil-positive cells. B Phagocyt05|s of PKH26-labeled anti-SRBC IgG- or isotype control IgG-
opsonized SRBCs by macrophages. Left panel, BMDMs prepared from WT mice and Adap '~ mice (n = 8 for anti-SRBC IgG, n = 4 for IgG ctrl, two-
way ANOVA, Tukey’s multiple comparison) were subjected to phagocytosis assay as assessed by flow cytometry and presented as phagocytic
index. Right panel, ADAP KO RAW 264.7 cells stably reconstituted with either empty vector or ADAP WT construct (n =5 each, two-way ANOVA,
Tukey’s multiple comparison) were subjected to phagocytosis assay with PKH26-labeled 1gG-opsonized SRBC, and fold induction in phagocytic
index was calculated by dividing the value of each group by those of empty vector-transfected cells at 5 min. C Phagocytosis of complement-
opsonized Alexa Fluor 488- conjugated zymosan A particles by WT and Adap '~ (n = 6 mice each) BMDMs. D Immunoblot analysis of ERK1/2, AKT,
p38 and SHP-1 phosphorylatlon in WT and Adap™’~ BMDM:s stimulated for the indicated tlme points with aggregated IgG (AlgG). E BMDMs from
WT and Adap™~ mice (n = 11 mice each) were either left unstimulated (WT-NC and Adap ~-NC) or stimulated with FcOxyBurst reagent, and the
development of green fluorescence was monitored by flow cytometry over a 10 min period. Each dot represents the mean value from three
independent experiments. F Significantly enriched signaling pathways from the upregulated genes in Adap~'~ macrophages relative to WT
macrophages. The dot size indicates the number of genes enriched in each pathway, while the dot color indicates the statistical significance of
the enrichment. G GSEA of the indicated datasets in Adap '~ macrophages relative to WT macrophages. Normalized enrichment score (NES) and
the FDR g-value of each enrichment are shown. *P < 0.05; **P < 0.01; ****P < 0.0001; ns, nonsignificant
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aggregated IgG (AlgG) induced higher levels of ERK1/2, AKT, and
p38 phosphorylation in Adap™~ BMDMs than in WT BMDMs,
without affecting the phosphorylation of SHP-1 phosphatase
(Fig. 2D). Moreover, following FcyR engagement with the H,DCF-
labeled BSA immune complex, Adap™~ BMDMs displayed a more
robust oxidative burst than WT BMDMs (Fig. 2E). RNA-Seq analysis
of splenic macrophages from WT mice and Adap ™~ mice revealed
that multiple proinflammatory signaling pathways were enriched
among the upregulated genes in Adap™~ splenic macrophages
relative to WT macrophages (Fig. 2F). In addition, the significant
enrichment of NOD-like receptor (NLR) signaling and the IL17/
23 signaling pathway in Adap™~ macrophages were further
confirmed by GSEA using all genes expressed instead of
differentially expressed genes for calculation (Fig. 2G). These data
suggested that ADAP deficiency induces a high FcyR-dependent
phagocytic ability of macrophages with a proinflammatory
phenotype.

ADAP deficiency selectively promotes the transcription and
expression of STAT1-targeted genes Fcgr1 and Fcgr4

Four types of FcyRs, FcyRl, FcyRIIB, FeyRIIl, and FcyRIV, are expressed
on monocytes and macrophages in mice [12]. We examined the
impact of ADAP deficiency on the expression levels of each type of
FcyR on macrophages. Splenic macrophages isolated from WT or
Adap~'~ mice were either left untreated or stimulated with IFN-y,
followed by flow cytometric analysis of FcyR expression. As shown
in Fig. 3A, while there was no statistically significant difference in the
expression of FcyRIll and the inhibitory FcyRIIB between WT and
Adap™~ splenic macrophages regardless of IFN-y stimulation, the
expression of FcyRl and FcyRIV was significantly higher in Adap™~
splenic macrophages than in WT splenic macrophages in response
to IFN-y stimulation. Furthermore, knockdown of ADAP with shRNAs
(shADAP) significantly increased Fcgr1 promoter-driven luciferase
activity in RAW 264.7 cells in response to IFN-y stimulation, which
was blunted by mutations of the two classical STAT1 binding-y-
activated sequence (GAS) elements on the Fcgrl promoter (from
—189 to +1) [39] (Fig. 3B).

It is not known whether STAT1 can bind to the Fcgr4 promoter
and regulate transcription of the Fcgr4 gene. Two putative STAT1-
binding sites, —191 TTTTCCTGGGG —181 and —110 TTCTGGAAAA-
101, were found in the promoter of the Fcgr4 gene by the
GPMiner [54] program. Knockdown of ADAP with shADAP
markedly increased the transcription of the Fcgr4 promoter
compared to the shEGFP controls, which was largely abolished
upon mutations of these two STAT1-binding sites in the promoter
(Fig. 3C). Furthermore, a DNA pull-down assay showed that pY701-
STAT1 could bind to WT biotinylated Fcgr4 promoter probes but
not probes with mutations at putative STAT1-binding sites. In
comparison, the amount of DNA-pY701-STAT1 complexes was
significantly higher in ADAP KO RAW 264.7 cells than in control
cells (Fig. 3D). Sequential chromatin immunoprecipitation (ChIP)-
PCR analysis also confirmed the IFN-y-induced binding of STAT1 to
the Fcgr1 and Fcgr4 promoters in vivo, wherein the amount of
Fcgr1 or Fcgrd promoter DNA pulled down by the anti-STAT1
antibody was significantly higher in ADAP KO RAW 264.7 cells
than in controls following IFN-y stimulation (Fig. 3E). These data
indicate that ADAP deficiency selectively elevates the STATI-
dependent transcription and expression of FcyRI and FcyRIV.

ADAP interacts with STAT1 and modulates STAT1 nuclear
translocation

An increase in IFN-y is one of the major characteristics of some ITPs
[16, 17]. The biological activity of IFN-y is mediated by the
transcription factor STAT1, indicating that STATT could act as one
of the crucial effectors in ADAP deficiency-driven ITP. We next
examined a potential physical interaction between ADAP and STAT1.
While the overall STAT1 expression levels in splenic macrophages
were comparable between ITP and trauma controls (Fig. 4B),

SPRINGER NATURE

proximity ligation assays using anti-ADAP and anti-STAT1 antibodies
showed that ADAP interacted with STAT1 in human splenic tissues
(Fig. 4A). In addition, the interaction between endogenous ADAP
and STAT1 was examined in RAW264.7 cells, where IFN-y stimulation
increased the amount of pY701-STAT1 coprecipitated by anti-ADAP,
which peaked at 15 min and declined thereafter (Fig. 4C). In line with
this observation, ectopically expressed ADAP also bound to STAT1 in
HEK 293T cells, where ADAP is not constitutively present. The
binding sites were mapped to a region spanning residues 231 to
340 on the N-terminus of ADAP (Fig. 4D) and the coiled-coil domain
(CCD) of STAT1 (Fig. 4E).

We next assessed whether ADAP is required for IFN-y-mediated
STAT1 activation hallmarked by the induction of STAT1 phosphor-
ylation at the Y701 and S727 sites. Western blot analysis showed
that the level of IFN-y-induced STAT1 phosphorylation at both the
Y701 and S727 sites was comparable between control and stable
ADAP KO RAW 264.7 cells (Fig. 4F). Further, as shown in Fig. 4G, H,
loss of ADAP increased the levels of pY701-STAT1 and total STAT1 in
the nuclear fraction as well as in the chromatin-bound fraction
following IFN-y stimulation. Conversely, overexpression of ADAP
reduced the amount of chromatin-bound pY701-STAT1 (Supple-
mentary Fig. 3A). In line with these observations, in response to IFN-
Y, the mRNA expression levels of STAT1-targeting genes, including
Irf1, lcam1 and Cxcl9, were further increased in Adap~’~ BMDMs
compared to WT controls (Fig. 4l). Thus, while having no effect on
STAT1 tyrosine phosphorylation, ADAP deficiency facilitates the
nuclear translocation of STAT1, which consequently leads to an
enhancement of transcription of its targeted genes in macrophages.

ADAP competes with STAT1 for importin a5 binding

Nuclear transport of pY-STAT1 following IFN stimulation hinges on a
subset of the karyopherin alpha family, among which importin a5
(also known as KPNAT1) binds to pY-STAT1 via a noncanonical
nuclear localization sequence (NLS) in the DNA binding domain of
STAT1 [20, 21]. Interestingly, ADAP also consists of two putative
NLSs, which span residues 469-505 and residues 674-700 and
resemble the bipartite nuclear localization motifs KR/RR-X;1_;,-KK/RK
found in nuclear proteins [55-57]. Coimmunoprecipitation assays
showed that both pY-STAT1 and ADAP were readily detected in the
immunoprecipitates by anti-importin a5, and IFN-y stimulation
increased their binding at an early time point of 5min (Fig. 5A),
suggesting that there exists a triple complex of ADAP-importin
a5-STAT1. Interestingly, in ADAP KO Raw 264.7 cells, the amount
of pY-STAT1-importin a5 complex was significantly higher than
in the controls (Fig. 5B). On the contrary, overexpression of
ADAP decreased the amount of pY-STAT1-importin a5 complex
(Supplementary Fig. 3B). Further, depletion of importin a5 using
CRISPR-Cas9 in Raw 264.7 cells markedly increased the binding
between ADAP and STAT1 (Fig. 5C). Furthermore, in vitro binding
competition experiments were performed by mixing purified
GST-importin a5 (aa 400-538) protein, which is known for STAT1
binding [58], with cell lysates from HEK 293 T cells transfected with
FLAG-STAT1 and increasing amounts of HA-ADAP. Substantial
amounts of FLAG-STAT1 but not HA-ADAP were pulled down by
GST-importin a5 in the presence of HA-ADAP at low concentrations.
The addition of HA-ADAP at a high concentration greatly reduced
the level of FLAG-STAT1 pulled down by GST-importin a5 (Fig. 5D).
These data suggest that ADAP and STAT1 bind mutually and
competitively to importin a5. Our previous study showed ADAP
interacts with another STAT family member STAT3 in response to
TLR activation. However, in contrast to importin a5-STAT1, the
complex formation of importin a5-STAT3 was fewer in ADAP KO
than in WT Raw 264.7 cells in response to IL-6 stimulation
(Supplementary Fig. 3C), suggesting ADAP may specifically compete
with STAT1 for importin a5 binding. Moreover, truncation
mutants of ADAP lacking STAT1-binding sites (residues 231-340)
and NLS1/NLS2 motifs showed reduced binding with importin a5,
suggesting that NLS1 and NLS2 motifs in ADAP are responsible for
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Fig. 3 ADAP deficiency selectively promotes the transcription and expression of STAT1-targeted genes Fcgr1 and Fcgr4. A FcyR expression on
resting and IFN-y-treated splenic macrophages. Representative histogram by FACS analysis of FcyRl, FcyRIIB, FcyRlll, and FcyRIV on splenic
macrophages from WT and Adap’~ mice (n = 4 mice each). Splenocytes were either left unstimulated or stimulated with 10 ng/ml IFN-y for
18 h. F4/80-positive macrophages were gated out and assessed for FcyR expression. Mean fluorescence intensity was plotted (two-way
ANOVA, Sidak’s multiple comparison). B, C Luciferase activity of RAW 264.7 cells transfected with shADAP or shEGFP, together with Fcgr1-Luc
or STAT1-binding site mutant-containing Fcgr1-Mut-Luc (B, n > 3, two-way ANOVA, Tukey’s multiple comparison), or Fcgr4-Luc or STAT1-
binding site mutant-containing Fcgr4-Mut-Luc reporters (C, n > 3, two-way ANOVA, Tukey’s multiple comparison), followed by stimulation with
IFN-y for 6 h. Schematic diagrams of the reporter constructs are shown in the intermediate panels. D Immunoblot analysis of the biotinylated
Fcgr4 promoter probe pull-down precipitates from WT and Adap '~ iBMM cells. Cells were either left unstimulated or stimulated with IFN-y for
1 h. Nuclear fractions were extracted and incubated with either biotinylated IL-2 promoter as a control, STAT1-binding site mutant-containing
Fcgr4 promoter probes (Biotin-Mut) or WT Fcgr4 promoter probes. The biotinylated DNA-protein complexes were pulled down using
streptavidin-conjugated agarose beads and subjected to immunoblotting analysis. E ChIP-PCR analysis of the interactions between STAT1 and
the Fcgr1 and Fcgr4 promoters in WT and Adap '~ iBMM cells. The Fcgri and Fcgrd promoters were amplified with PCR from the precipitated
DNA by anti-STAT1 antibodies. *P < 0.05; **P < 0.01; ***P < 0.001
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Fig. 4 ADAP interacts with STAT1 and modulates STAT1 nuclear translocation. A Proximity ligation assay of ADAP and STAT1 in splenic tissue
samples from trauma controls. Representative images are shown at 60 x (left) and higher (right inset) magnification. B Immunofluorescence of
STAT1 and ADAP in spleen tissue samples from ITP patients (n = 10) or trauma controls (n = 15). Macrophages were stained with Alexa Fluor
488-conjugated anti-CD68. Scale bars, 50 pm. The mean fluorescence intensity (MFI) of each sample (over 15 images in each sample) was
plotted. C ADAP binds to STAT1 in macrophages. RAW 264.7 cells were stimulated with 10 ng/ml IFN-y for the indicated time and subjected to
immunoprecipitation with anti-ADAP antibodies followed by immunoblotting with the indicated antibodies. D FLAG-STAT1 was coexpressed
with empty vector, HA-ADAP WT, or HA-ADAP truncation mutants in HEK 293 T cells. Cell lysates were subjected to immunoprecipitation using
an anti-FLAG antibody, followed by blotting with anti-HA and anti-FLAG antibodies. E HEK 293 T cells were transfected with HA-ADAP
together with either empty vector, FLAG-STAT1 WT, or FLAG-STAT1 truncation mutants as indicated. Immunoprecipitation was performed
using an anti-FLAG antibody, followed by blotting with anti-HA and anti-FLAG antibodies. A schematic diagram of STAT1 protein domains is
shown in the lower panel. F Immunoblot analysis of STAT1 phosphorylation in control or ADAP KO RAW264.7 cells that were stimulated with
IFN-y at the indicated dose for 30 min. G, H Immunoblot analysis of pY701-STAT1, STAT1 and ADAP in cytoplasmic and nuclear fractions (G) or
soluble and chromatin-bound fractions (H) in control or ADAP KO RAW264.7 cells. Cells were stimulated with IFN-y at the |nd|cated time points
and subjected to cellular fractionation. | Relative mRNA levels of STAT1 regulatory genes in BMDMs from WT and Adap '~ mice (n = 8 mice
each, two-way ANOVA, Sidak’s multiple comparison). Relative mRNA levels were normalized to Gapdh. *P < 0.05; ***P < 0.001; ****P < 0.0001
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Fig. 5 ADAP competes with STAT1 for importin a5 binding. A Importin a5 interacts with both ADAP and STAT1 in response to IFN-y in
RAW264.7 cells. RAW264.7 cells were stimulated with IFN-y for the indicated time points, and the interaction between importin a5 and ADAP
or phosphor-STAT1 was determined by immunoprecipitation with anti-importin o5, followed by immunoblotting with antibodies against
ADAP and pY701-STAT. B The effects of ADAP deficiency on the interaction between STAT1 and importin a5. WT or ADAP-KO RAW264.7 cells
were treated with or without IFN-y as indicated. The interaction between STAT1 and importin a5 was determined by immunoprecipitation
with anti-importin a5, followed by immunoblotting with pY701-STAT1 antibody. C Immunoprecipitation and immunoblot analysis of the
ADAP/STAT1 interaction in control or importin o5 KO RAW264.7 cells with or without IFN-y stimulation. D Competitive in vitro binding of
ADAP and STAT1 to importin a5 by GST pulldown assay. HEK 293 T cells were transfected with equal amounts of FLAG-STAT1 constructs and
increased amounts of HA-ADAP constructs. Cell lysates were incubated with equal amounts of purified GST-importin o5 (aa 400-538) protein,
followed by pull-down with GST-tag purification resin. The precipitates were subjected to immunoblot analysis with anti-HA and anti-FLAG
antibodies. E GFP-importin a5 was coexpressed with empty vector, HA-ADAP WT, or HA-ADAP truncation mutants in HEK 293 T cells. Cell
lysates were subjected to immunoprecipitation using anti-GFP antibody, followed by blotting with anti-HA and anti-FLAG antibodies.
F Surface plasmon resonance analysis of the purified importin a5 (aa 400-538) interactions with ADAP NLS1, NLS2 or STAT1 NLS peptide

importin a5 binding and that the interaction between ADAP and mitigate thrombocytopenia in ADAP-deficient mice. Fludarabine

STAT1 is also required for ADAP binding to importin a5 (Fig. 5E).
Surface plasmon resonance analysis (BIAcore) showed that compar-
able with the NLS of STAT1 [59, 60], the NLST and NLS2 of ADAP
bound to GST-importin a5 (aa 400-538) with similar high affinities,
showing equilibrium dissociation constant (Kp) of 2.672nM and
2.385 nM, respectively (Fig. 5F).

Targeting the STAT1-importin a5 interaction or STAT1 activity
mitigates thrombocytopenia in Adap™~ mice

Given that ADAP deficiency led to heightened macrophage
phagocytosis by promoting STAT1 nuclear translocation, we
reasoned that pharmacologically inhibiting STAT1 activity may

Cellular & Molecular Immunology (2022) 19:898 -912

as a nucleoside analog has been widely used as STAT1-inhibitor,
where it causes a sustained loss of STAT1 protein and mRNA but
not of other STATs [61]. As shown in Fig. 6A, a daily dose of
fludarabine treatment significantly elevated the peripheral platelet
counts in Adap™~ mice to a level comparable to that in WT mice
after 6 days. This result confirms that the decreased platelet
counts caused by ADAP deficiency can be mitigated by inhibiting
STATI.

Furthermore, we tested whether targeting the STAT1-importin
a5 interaction could also ameliorate mild thrombocytopenia in
Adap™’~ mice. Ivermectin is a multitargeted drug with anti-
parasitic and anti-viral activities [62]. Specifically, Ivermectin
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Fig.6 Targeting the STAT1-importin a5 interaction or STAT1 activity mitigates thrombocytopenia in Adap "~ mice. A Platelet counts in WT and
Adap™’~ mice (n =4 mice each) treated with fludarabine (50 mg/kg) or saline over a time course of 6 days. B Ivermectin disrupts the STAT1-
importin a5 interaction and impairs STAT1 nuclear localization. RAW264.7 cells were primed with the indicated doses of ivermectin before
stimulation with IFN-y for 30 min and subjected to immunoprecipitation analysis with anti- |mportm a5 and immunoblot anaIyS|s of pY701-
STAT1 in cytoplasmic and nuclear fractions. C Platelet counts in WT (upper panel) and Adap™'~ mice (lower panel) (n = 4 mice each) treated
with ivermectin (1 mg/kg and 3mg/kg) or saline over a time course of 5 days. D FcyR expressions on resting and IFN-y-treated splenic
macrophages in WT and Adap~’~ mice (n = 4 mice each) treated with ivermectin for 5 days from (C). Splenocytes were either left unstimulated
or stimulated with 10 ng/ml IFN-y for 18 h. F4/80-positive macrophages were gated out and assessed for FcyR expressions. The mean
fluorescence intensities of FcyRI and FcyRIV on macrophages in the spleens of WT and Adap ™/~ mice were determined by flow cytometry
(two-way ANOVA, Tukey’s multiple comparison). E Adap~’~ mice that were administrated with anti-mouse GPlba antibody (R300) at 0.12 mg/
kg via s.c. on days 0, 2, and 4 (arrow), were treated with a daily dose of saline, 50 mg/kg fludarabine or 3 mg/kg ivermectin (n = 6 mice in each
group, two-way ANOVA, Tukey’s multiple comparison) starting from day 1. Platelet counts were enumerated over a time course of 6 days. F In
vitro phagocytosis of Dil-labelled anti-SRBC IgG-opsonized SRBCs by monocyte-derived macrophages from 5 ITP patients in response to IFN-y
and ivermectin (IVM) (n = 5, one-way ANOVA, Tukey’s multiple comparison). Monocyte-derived macrophages were prepared from circulating
monocytes isolated from 5 ITP patients by CD14 positive selection, followed by phagocytosis assay with fluorescence microscopy. A total of
approx. 100 cells in each group were analysed. The phagocytic index was calculated as the mean fluorescence intensity multiplied by the
percentages of SRBC-phagocytosed macrophages. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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binds to importin a and impairs the importin a/f1-mediated
nuclear import, and perturbs NLS recognition of virus proteins
such as HIV and DENV by importins [63, 64]. It was unknown
whether ivermectin could affect NLS recognition and nuclear
transport of STAT1 by importin a5. Raw264.7 cells were first
primed with increasing doses of ivermectin prior to treatment
with IFN-y for 30 min, and the nuclear translocation of STAT1
and the formation of the STAT1-importin a5 complex were
examined. While IFN-y increased the binding of pY701-STAT1 to
importin a5, treatment with ivermectin at low doses (3 and 6
UM) impaired the pY701-STAT1-importin a5 interaction and
decreased the nuclear localization of pY701-STAT1 (Fig. 6B). To
explore the therapeutic potential of ivermectin for the treatment
of thrombocytopenia, we treated WT and Adap™~ mice with
ivermectin at daily doses of 1 mg/kg and 3 mg/kg. As shown in
Fig. 6C, treatment with ivermectin at 1mg/kg or 3 mg/kg
induced an elevation of platelet counts at day 3 in both WT and
Adap™~ mice. Interestingly, when treated with ivermectin at 3
mg/kg, the platelet counts in Adap~~ mice markedly increased
to a level comparable to WT mice. In addition, ivermectin
treatment downregulated FcyRI and FcyRIV expression in splenic
macrophages and decreased the responses of macrophages to
IFN-y stimulation in both WT and Adap™~ mice (Fig. 6D).
Moreover, importantly, treatment with a daily dose of ivermectin
and fludarabine to inhibit STAT1-importin a5 module mitigated
the anti-platelet antibody R300-induced thrombocytopenia in
Adap™~ mice at day 6 post dosing(Fig. 6E). Notably, ivermectin
treatment also reduced the phagocytic capacity of monocyte-
derived macrophages from patients with ITP (Fig. 6F and
Supplementary Fig. 4). Collectively, these findings demonstrate
that the ADAP-STAT1-importin a5 module is a promising
therapeutic target for the treatment of ITP.

DISCUSSION
The link between ADAP and thrombocytopenia was first reported in
ADAP gene-knockout mice, showing a 40% reduction in platelet

FcyR-mediated
phagocytosis

Y. Xiong et al.

counts relative to WT mice; however the mechanism remained
underexplored [25]. Later, Spindler et al. [27] reported that ADAP-
deficient mice displayed an intrinsic defect in megakaryocytes,
suggesting a role for ADAP in platelet biogenesis. This study
explores the role and mechanisms underlying ADAP regulation in
the phagocytosis of platelets by macrophages in the context of ITP.
To this end, our findings demonstrate that ITP is associated with the
underexpression of ADAP in splenic macrophages. ADAP constrains
macrophage phagocytic ability by arresting IFN-y-induced STAT1
nuclear entry, leading to the attenuated transactivation of
phagocytosis receptors FcyRl and FcyRIV. Treatment with either a
STAT1 inhibitor or an importin a5 inhibitor effectively mitigated
thrombocytopenia by decreasing FcyRl and FcyRIV expression in
splenic macrophages in Adap ™~ mice. Thus, ADAP is central for the
homeostatic maintenance of macrophage phagocytosis of platelets.

Macrophage phagocytosis of IgG-opsonized platelet can be
prominently regulated by intrinsic changes in FcyRs or FcyR
signaling [12, 65, 66]. In addition, extrinsic factors such as
C-reactive protein [67], 1gG-Fc fucosylation[68], and platelet-
bound lipopolysaccharide [69] also modulate macrophage
phagocytic capacity. Our study demonstrated an FcyR-intrinsic
mechanism for platelet destruction, by which ADAP deficiency
selectively enhanced FcyRI/IV-mediated macrophage phagocy-
tosis of platelets, leading to an excessive elimination of platelets.
This agrees with a previous report showing that the expression
of FcyRl on monocytes was significantly higher in ITP patients,
favoring an increased phagocytic capacity [13]. Given that the
levels of platelet-associated antibodies were comparable
between WT and Adap ’“mice, ADAP deficiency possibly
sensitizes the macrophage to antibody-opsonized platelets for
phagocytosis; this was supported by the evidence that

treatment with a very low dose of anti-platelet antibody resulted
in a more rapid reduction in platelet counts in Adap™’~ mice
than in WT mice, and was accompanied by an accelerated
clearance of antibody-opsonized platelet. Moreover, RNA-Seq
data revealed that a panel of key inflammatory signaling
pathways were enriched in Adap™

splenic macrophages,

pu Q FcyR-mediated
(impa5) STAT1

\ ) hagocytosis
he sTAT1 o 4
STAT1
2 STAT1 ol /
1 (impas) /

Fig. 7 Schematic model for the selective role of ADAP in macrophage-mediated platelet phagocytosis by targeting the STAT1-importin a5-
FcyR axis. ADAP interacts and competes with STAT1 binding to importin a5 to keep a portion of IFN-y-activated STAT1 anchored in the cytosol
so that the activation of macrophages is maintained within a desired physiological range. This restraint is removed when ADAP is
underexpressed in macrophages, leading to an enhancement of STAT1-dependent transactivation of FcyRl and FcyRIV. As such, the
heightened phagocytic ability of macrophages is induced, causing excessive phagocytic clearance of platelets and contributing to ITP

pathogenesis
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including the NLR signaling and IL-23/IL-17 pathways, as well as
IFN production, suggesting that ADAP deficiency skews macro-
phage activation toward a proinflammatory phenotype. This is
consistent with the prevalence of a proinflammatory macro-
phage phenotype in the spleen of ITP patients [70]. Thus, these
combined effects of heightened FcyR-mediated platelet destruc-
tion with increased inflammatory signaling in Adap™'~ macro-
phages aggravate the development of thrombocytopenia. In
supporting this notion, a recent study suggested that an anti-
inflammatory antibody, anti-CD44, ameliorates ITP by inhibiting
macrophage FcyR-mediated phagocytosis of platelets after its Fc
fragment blocking FcyR 1gG binding site (the Kurlander
phenomenon) [71, 72].

Mechanistically, we showed that ADAP interacts and competes
with STAT1 for binding to importin a5, a nuclear import carrier of
STAT1 (Fig. 7). Thus, ADAP functions as a cytoplasmic anchor or an
in-built phagocytosis checkpoint for STAT1 nuclear entry in
macrophages. As such, the level of IFN-y-STAT1-induced and
FcyR-dependent phagocytosis by macrophages is maintained
within a desired physiologic range. Interestingly, similar examples
were seen with SARS-CoV-2 Orf6 protein, which impairs docking of
importins at the nuclear pore complex to disrupt STAT1 nuclear
import [73], and with Ebola virus VP24, which selectively targets
importin a5 and competes with nuclear import of phosphorylated
STAT1 [74]. We reasoned targeting the ADAP-STAT1-importin a5
module would ameliorate thrombocytopenia. Indeed, our in vivo
data indicate that treatment with the importin a5 inhibitor
ivermectin effectively abrogates STAT1-importin a5 interactions
and, more importantly, mitigates the phenotype of thrombocyto-
penia by decreasing FcyRI and FcyRIV expression in Adap™~ mice.
Moreover, as expected, inhibition of STAT1 by fludarabine
obtained a similar effect in Adap™'~ mice, where the low platelet
counts were reversed. Notably, the phagocytic capacity of
monocyte-derived macrophages from patients with ITP were
substantially reduced after priming with ivermectin. Therefore, the
ADAP-STAT1-importin a5 module can be targeted for therapeutic
intervention against ITP.

Together, our findings suggest a novel mechanism in the
regulation of platelet destruction, whereby ADAP restrains platelet
phagocytosis by macrophages through competing with STAT1
binding to importin a5. Our work not only sheds new light on the
pathogenesis of ITP but also provides a promising strategy for
therapeutic intervention in the treatment of ITP.
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from the corresponding author (Dr. Hebin Liu, hbliu@suda.edu.cn) upon reasonable
request.
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