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Abstract

Genome-wide association studies demonstrated that polymorphisms in the CD33/sialic
acid-binding immunoglobulin-like lectin 3 gene are associated with late-onset
Alzheimer's disease (AD). CD33 is expressed on myeloid immune cells and mediates
inhibitory signaling through protein tyrosine phosphatases, but the exact function of
CD33 in microglia is still unknown. Here, we analyzed CD33 knockout human THP1
macrophages and human induced pluripotent stem cell-derived microglia for
immunoreceptor tyrosine-based activation motif pathway activation, cytokine transcrip-
tion, phagocytosis, and phagocytosis-associated oxidative burst. Transcriptome analysis
of the macrophage lines showed that knockout of CD33 as well as knockdown of the
CD33 signaling-associated protein tyrosine phosphatase, nonreceptor type 6 (PTPN6) led to
constitutive activation of inflammation-related pathways. Moreover, deletion of CD33 or
expression of Exon 2-deleted CD33 (CD33“52/CD33m) led to increased phosphoryla-
tion of the kinases spleen tyrosine kinase (SYK) and extracellular signal-regulated kinase
1 and 2 (ERK1 and 2). Transcript analysis by quantitative real-time polymerase chain
reaction confirmed increased levels of interleukin (IL) 1B, IL8, and IL10 after knockout of
CD33 in macrophages and microglia. In addition, upregulation of the gene transcripts of
the AD-associated phosphatase INPP5D was observed after knockout of CD33. Func-
tional analysis of macrophages and microglia showed that phagocytosis of aggregated
amyloid-p1-4, and bacterial particles were increased after knockout of CD33 or CD334E2
expression and knockdown of PTPNé. Furthermore, the phagocytic oxidative burst dur-
ing uptake of amyloid-p4-45 or bacterial particles was increased after CD33 knockout but
not in CD33%E2-expressing microglia. In summary, deletion of CD33 or expression of
CD33252 in human macrophages and microglia resulted in putative beneficial phagocyto-
sis of amyloid B1-42, but potentially detrimental oxidative burst and inflammation, which

was absent in CD334F2

-expressing microglia.
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1 | BACKGROUND

Alzheimer's disease (AD) is a progressive neurodegenerative disease
with amyloid burden (i.e., senile plagues), tau pathology (i.e., neurofi-
brillary tangles) and chronic innate immune dysfunction in the brain.
Large-scale genome-wide association studies identified CD33 and
other immune-related genes as risk factors for AD suggesting
microglia to be key contributors to the disease (Bao, Wang, &
Mao, 2016; Griciuc et al., 2013; Hollingworth et al., 2011; Malik
et al,, 2013). It was shown that amyloid p (AB) deposits contain sialic
acid residues (Salminen & Kaarniranta, 2009; Szumanska, Vorbrodt,
Mandybur, & Wisniewski, 1987), which could act as ligands for CD33/
sialic acid-binding immunoglobulin-like lectin 3 (Alphey, Attrill,
Crocker, & van Aalten, 2003; Freeman, Kelm, Barber, &
Crocker, 1995; May, Robinson, Vinson, Crocker, & Jones, 1998). Fur-
thermore, it was demonstrated that microglial CD33 expression levels
positively correlate with the amount of A and Af plaque load in the
brains of AD patients (Griciuc et al., 2013). Moreover, humans with
the polymorphic allele rs3865444(A) of CD33, which negatively corre-
lates with AD, showed a reduction of both, surface expression of
CD33 on microglia and Ap deposition in their brains (Griciuc
et al.,, 2013). It was reported that this CD33 variant rs3865444(A),
which was associated with a slight decrease in risk for AD, is co-
inherited with rs12459419(T), which modulates the splicing efficiency
of Exon 2 in CD33 (Malik et al., 2013; Raj et al., 2014). Thereby, the
IgV domain of CD33 that is encoded by Exon 2 and mediates sialic
acid binding, is deleted. Thus, CD33 lacking Exon 2 (CD33%8) cannot
be activated by sialic acid ligands via the classical sialic acid
binding site.

Like most of the CD33-related SIGLECs, CD33 mediates inhibi-
tory signaling via the ITIM domains. Phosphorylation of the ITIM and
ITIM-like domains of CD33 by Src family tyrosine kinases leads to
recruitment and activation of phosphatases such as protein tyrosine
phosphatase, nonreceptor type 6 and 11 (PTPNé and 11, also known
as Src homology region 2 domain-containing phosphatase 1 and
2, SHP1 and 2, respectively) or inositol polyphosphate-5-phosphatase
D (INPP5D/SHIP1) (Avril, Floyd, Lopez, Vivier, & Crocker, 2004;
Crocker & Redelinghuys, 2008; Lowell, 2011; Paul, Taylor,
Stansbury, & McVicar, 2000; Taylor et al., 1999). These phosphatases
are in theory able to modulate pro-inflammatory signaling originating
from immunoreceptor tyrosine-based activation motifs (ITAMs).
Inflammation, phagocytosis and radical production-inducing receptors
such as triggering receptor expressed on myeloid cells 2 (TREM2),
complement receptor 3 and signal regulatory protein 1 (SIRP-p1)
interact upon activation with TYRO protein tyrosine kinase binding
protein (TYROBP) (Gaikwad et al., 2009; Linnartz, Kopatz, Tenner, &
Neumann, 2012; Takahashi, Rochford, & Neumann, 2005). TYROBP,
which is also closely linked to AD (Zhang et al., 2013), contains an
ITAM domain, which is phosphorylated by Src family tyrosine kinases
upon interaction with ITAM-associated receptors. ITAM phosphoryla-
tion further results in recruitment of spleen tyrosine kinase (SYK)
followed by activation of downstream signaling pathways including

mitogen-activated protein kinases such as extracellular signal-

regulated kinase 1 and 2 (ERK1 and 2) (Bourgin-Hierle, Gobert-Gosse,
Therier, Grasset, & Mouchiroud, 2008; Lowell, 2011; Mocsai
et al,, 2006; Slack et al., 2007; Ziegenfuss et al., 2008). The activated
downstream signaling via SYK can be attenuated by activation of
SHP1 and SHP2 through ITIMs as counter-regulator (Crocker &
Redelinghuys, 2008; Maeda et al., 1999; Maeda, Kurosaki, Ono,
Takai, & Kurosaki, 1998). Several studies analyzed the role of CD33 in
acute myeloid leukemia (reviewed in Walter, Appelbaum, Estey, &
Bernstein, 2012); however, knowledge on the function of human
CD33 in microglia, the only resident innate immune cell type of the
brain, is still incomplete.

In the present study, we analyzed the transcriptional and func-
tional alterations induced by loss of CD33 in human THP1 macro-
phages and CD33-deleted or CD33“F2-expressing human induced
pluripotent stem cell-derived microglia (iPSdMiG). We demonstrate
that deletion of CD33 and/or reduction of PTPN6/SHP1 triggers
inflammatory gene transcription, phagocytosis and phagocytosis-
associated oxidative burst in human macrophages and microglia.

2 | METHODS

2.1 | Human THP1 macrophage culture

THP1 cells have the characteristics of monocytes including cell sur-
face markers and function, and can be differentiated into
macrophage-like cells by stimulation with agents such as phorbol-
12-myristate-13-acetate (PMA). THP1 cells were cultured in cell cul-
ture flasks with 5% CO, at 37°C. The medium for maintaining THP1
monocytes consisted of RPMI (Gibco), 100 pM penicillin/streptomycin
(Gibco), 2 mM L-glutamine (Gibco), 1 mM sodium pyruvate (Gibco),
1% human N2-supplement (Gibco), and 1% heat-inactivated chicken
serum (Gibco). Chicken serum was used since it does not contain N-
glycolylneuraminic acid, which was found to be a xenobiotic for
human cells (Raju et al., 2000; Varki, 2001). For differentiation of
THP1 monocytes into adherent macrophages, the monocytes were
incubated with 10 ng/ml PMA (Sigma-Aldrich) in cell culture plates for
48 hr, and then the attached THP1 cells were washed three times
with medium to remove residual PMA. Subsequently, THP1 cells were
cultured in medium without PMA for another 48 hr for further matu-

ration toward macrophage phenotype.

2.2 | Generation of CD33 knockout (CD33/")
THP1 cells

The CD33~/~ THP1 cells were generated by the clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated
protein-9 (Cas9) system. The targeting site of the single guide
(sg) RNA with the sequence 5-GACAACCAGGAGAAGATCGGGGG-
3’ was in Exon 3 of CD33 obtained from an arrayed genome wide
library (Schmidt, Schmid-Burgk, & Hornung, 2015), and knockout of
CD33 was performed as previously reported (Schmidt, Schmid-Burgk,
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Ebert, Gaidt, & Hornung, 2016). Briefly, THP1 cells were electro-
porated with two plasmids encoding the sgRNA and mCherry-Cas9,
respectively. mCherry” cells were enriched by cell sorting, and the
sorted cells were plated under limiting dilution conditions to obtain
single cell clones. The genotype was assessed by amplicon sequenc-
ing. For the analysis of the deep sequencing data, the genotyping soft-
ware (www.OutKnocker.org) was utilized (Schmid-Burgk et al., 2014).
The CD33 knockout THP1 cell clone exhibited a four nucleotide dele-
tion (GACAACCAGGAGAC—GGGGG) from position 566 to 569 in
Exon 3 of CD33 (Supplementary Figure Sla). The deletion of the
CD33 protein was confirmed by flow cytometry.

2.3 | Generation of iPSdMIG

Human iPSdMIG were generated from induced pluripotent stem cells
(iPSCs). The CD33 knockout (CD337~/~) and Exon 2-deleted CD33-
expressing (CD33%F2) iPSC lines were generated isogenically from the
wild-type (WT) BIONiO10-C line (Rasmussen et al., 2014) under the
nomenclature BIONi010-C-9 (CD33~/7) and BIONi010-C-5 (CD33%F%;
all lines were kindly provided by Janssen Pharmaceutica and deposited
at EBiSC, European Bank for induced pluripotent Stem Cells, https://
cells.ebisc.org). The cells were cultured in six-well plates coated with
Geltrex (180 pg/ml in DMEM/F-12, Life Technologies) in TeSR-E8
medium (STEMCELL Technologies) and passaged with 0.5 mM EDTA in
PBS (Sigma) or accutase (Gibco). To start the differentiation into
iPSAMIG, iPSCs were cultured until 70-80% confluency and detached
by 30 min collagenase IV treatment (1 mg/ml in DMEM/F-12, Gibco).
Subsequently, they were transferred to noncoated culture dishes for
embryoid body generation and differentiation into iPSdMIG. The differ-
entiation protocol was carried out according to the established protocol
at the LIFE & BRAIN GmbH (patent application number EP20162230).
The iPSAMIG were produced from 4 to 6 weeks of differentiation and
were harvested from the supernatant during the following 7-week peak
production phase. Harvested iPSdMiG were plated onto poly-L-lysine-
coated culture dishes and experiments were carried out 24 hr after
plating.

24 | Lentiviral knockdown of PTPN6

Knockdown of PTPTN6/SHP1 was achieved via viral transduction of
THP1 cells with a pLKO.1 plasmid (TRCNOO0O0006887, Open Bio-
systems) containing a short hairpin RNA (shRNA) against the target
sequence (5'-CGACATGCTCATGGAGAACAT-3'). pLKO.1 empty vec-
tor was used as control vector (Open Biosystems). Production of viral
particles was performed by transfection of HEK-293FT cells
(Invitrogen) with packaging and PTPNé knockdown or empty vector
control plasmids according to manufacturer's instructions. Briefly,
2.5 x 10° HEK-293FT cells were seeded onto poly-L-lysine (Sigma-
Aldrich) precoated 100 mm cell culture dishes. Total of 50 l
Lipofectamine2000 (Invitrogen) and the plasmid mixture (5 pg
pMD2G, 5 pg psPAX2 [Addgene] and 5 pg PTPN6 knockdown or

control plasmid) were separately incubated in Opti-MEM (Gibco) for
5 min, then mixed together and incubated for 20 min at room temper-
ature. Afterward, the preincubated transfection mix was added to the
HEK-293FT cells and cultured in Opti-MEM + 10% fetal calf serum
(FCS; Gibco) for 15 hr. Subsequently, the medium was changed to reg-
ular culture medium (DMEM containing 25 mM glucose (Gibco) sup-
plemented with 100 pM nonessential amino acids (Gibco), 2 mM -
glutamine, 1 mM sodium pyruvate, and 10% FCS). The supernatant
containing viral particles was collected 48 hr after transfection. WT
and CD33~/~ THP1 monocytes were incubated with the solution con-
taining viral particles with either PTPN6 knockdown (shPTPNé) or
empty vector control (shCTRL) plasmids for 24 hr followed by a
medium change and a 48 hr resting phase. Subsequently, treatment
with 1 pg/ml puromycin for selecting transduced monocytes was per-
formed. Puromycin selected cells were then differentiated into macro-
phages and the efficiency of PTPNé knockdown was examined by
quantitative polymerase chain reaction (QPCR) and flow cytometry.

2.5 | Flow cytometry analysis

WT and CD33~/~ THP1 monocytes with either shPTPN6 or shCTRL
were seeded at a density of 3.0 x 10 in 10 cm dishes and differenti-
ated as described above. For the analysis of surface marker expres-
sion, adherent monocyte-derived macrophages were mechanically
detached and incubated with mouse anti-CD33 antibody (5 pg/ml,
clone WM53, Abcam #ab30371) for 1 hr on ice. Isotype antibody
mouse lgG1 (BD Pharmingen) was used as controls at corresponding
concentration. Cell pellets were washed twice with PBS and incu-
bated with phycoerythrin (PE)-conjugated goat anti-mouse IgG anti-
body (5 pg/ml, Jackson ImmunoResearch) for 30 min on ice. For
intracellular staining of SHP1, the cells were fixed with 4% parafor-
maldehyde (PFA, Sigma-Aldrich) for 15 min at room temperature, and
washed three times with PBS. Afterward, the cells were incubated
with blocking solution containing 10% bovine serum albumin (BSA),
5% normal goat serum and 0.1% Triton-X100 (all Sigma-Aldrich) for
30 min at room temperature before adding the primary mouse anti-
SHP1 antibody (2 pg/ml, clone D-11, Santa Cruz Biotechnology #SC-
7289) or mouse IgG3 isotype control antibody (eBioscience). Analysis
was performed with a FACS Calibur instrument (BD Biosciences) and
FlowlJo version 6.3.3 software (Tree Star). IPSAMIG were seeded at a
density of 0.5-1 x 10° cells in six-well plates as described above.
Then, 24 hr after seeding, the cells were mechanically detached using
a cell lifter and incubated with FcR Blocking Reagent human (Miltenyi)
in PBS for 15 min on ice. Afterward, rat anti-CD11B (5 pg/ml, clone
M1/70, BD Pharmingen #550282), FITC-conjugated mouse anti-
CD14 (1:20, clone HCD14, BioLegend #325604) mouse anti-CD33
antibody (5 pg/ml, clone HIM3-4, Exbio #11-365), APC-conjugated
mouse anti-CD45 (1:20, clone HI30, BiolLegend #304012), APC-
conjugated mouse anti-FcyRI (1:50, clone 10.1, BioLegend #305013)
or mouse anti-SIRP-a (5 pg/ml, clone SE7C2, Santa Cruz #sc-23863)
were added to the cells into the FcR blocking mix and incubated for

1 hr on ice. Subsequently, the cells were washed twice with PBS and
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incubated with Alexa647-conjugated goat anti-mouse IgG antibody
(5 pg/ml, Jackson ImmunoResearch) or Alexa488-conjugated goat
anti-rat (5 pg/ml, Invitrogen) for 30 min on ice. Measurements were

performed on a BD Accuri Cé Plus and analyzed using FlowJo v10.

2.6 | RNA solation

Prior RNA isolation, THP1 macrophages were treated with 1 pg/ml
lipopolysaccaride (LPS; InvivoGen, Escherichia coli strain 0111:B4) for
24 hr or left untreated (UT). RNA was isolated from THP1 macro-
phages or iPSdMIG using the standard chloroform-phenol method. In
short, the cells were incubated with QlAzol lysis reagent (Qiagen) and
chloroform (Roth). After centrifugation, the upper colorless phase was
transferred into new tubes containing equal volume of isopropanol
(Roth). Finally, the RNA pellet was washed three times with 70% etha-
nol (Roth) and resolved in RNase-free DEPC water.

2.7 | RNA sequencing, differential expression, and
pathway enrichment analysis

For RNA sequencing, total RNA was extracted using the RNeasy Mini
Kit (Qiagen) according to manufacturer's instructions. The RNA con-
centration was measured and diluted to 100 ng/pl. RNA sequencing
was performed in the NGS Core Facility of the University Hospital
Bonn with 1 x 107 single-end reads per sample on a HiSeq 2500 V4
(lllumina). Reads were aligned to the Homo sapiens reference genome
hg38 (GRCh38) with the ensemble gene annotation version 97 using
STAR (v2.7.3a (Dobin et al., 2013)) with standard parameters and out-
FilterScoreMinOverLread 0.3 and outFilterMatchNminOverLread 0.3.
Read count generation was performed using featureCounts/Subread
(v2.0.0 (Liao, Smyth, & Shi, 2014)) ignoring multimapping reads. The
differential gene expression analysis was performed with R (v3.5.2 (R
Core Team, 2018)) in RStudio (v1.2.5042 (RStudio Team, 2015)) and
the R package DESeq2 (v1.22.2 (Love, Huber, & Anders, 2014)). As a
first step, the data underwent a quality control, whereby transcripts
with no counts were removed and outliers were detected. One sam-
ple from the group CD33~/~ shPTPNé was removed from further
analysis due to very low overall counts. The differential gene expres-
sion analysis was performed afterward with the condition as contrast
and log,FC shrinkage using apegim (v1.8.0 (Zhu, Ibrahim, &
Love, 2019)). The top 100 differentially expressed genes are shown in
Supplementary Table S2. Across these conditions, four pairwise com-
parisons were done (1. WT shCTRL v CD337/~ shCTRL, 2. WT
shPTPN6 v CD33~/~ shPTPN6, 3. WT shCTRL v WT shPTPN6, 4.
CD33~/~ shCTRL v CD33~/~ shPTPNé). After the differential expres-
sion analysis, the Ensembl IDs were mapped to HGNC identifiers via
the R package org.Hs.eg.db (v3.8.2, (Carlson, 2019)). Plots were cre-
ated using ggplot2 (v3.2.1 (Wickham, 2016)). KEGG pathway enrich-
ment analyses were performed using clusterProfiler (v3.14.0 (Yu,
Wang, Han, & He, 2012)) with log,FC > 1 and FDR-adjusted p-value
<.01.

28 | qPCR analysis

Isolated RNA was reverse transcribed to cDNA using superscript Il
reverse transcriptase (Invitrogen) following manufacturer's instructions.
In short, RNA was incubated with random hexamer primers (Roche) and
deoxynucleotide mixture (Peglab) at 65°C for 5 min. Afterward, single
strand buffer (Invitrogen), dithiothreitol (Invitrogen) and superscript |l
reverse transcriptase (Invitrogen) were added. The conversion of RNA to
cDNA was performed with a T3 Thermocycler (Biometra). The gene tran-
scription levels of CD33, interleukin (IL) 1p/IL1B, ILé, IL8, IL10, SHIP1/
INPP5D, SHP1/PTPN6, SHP2/PTPN11, SIRP-a/SIRPA, tumor necrosis
factor o (TNF-a)/TNFA, and TYROBP were analyzed by qPCR. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used as house-keeping
gene. SYBR Green PCR Master Mix (Applied Biosystems) was used in
addition to 200 ng of cDNA and the respective gene-specific primers
(Supplementary Table S1). For IL10 and TNFA the primer sequences were
used from previous published papers (Brosig et al, 2015; Krakauer,
Sorensen, Khademi, Olsson, & Sellebjerg, 2008). Using an ABI 5700
Sequence Detection System (PerkinElmer) the amplification was per-
formed as follows: 95°C, 10 s; 40 cycles of 95°C for 15 s, 60°C for 30 s,
and 72°C for 30 s. Relative gene transcription was quantified using the
AACT method with GAPDH as internal control. Each value was normal-

ized to the WT control condition.

29 | Detection of phosphorylated SYK and
ERK1/2 in THP1 macrophages

Quantification of phosphorylated SYK and ERK1/2 in THP1 macro-
phages was performed via Western blot analysis. Therefore, 8.0 x 10°
cells of WT and CD33~/~ THP1 monocytes were seeded in 150 mm cul-
ture dishes and differentiated as described above. The differentiated
THP1 macrophages were treated with either 10 pg/ml anti-FcyRI
(CD64) antibody (clone 10.1, Santa Cruz Biotechnology #SC-1184),
10 pg/ml anti-FcyRI antibody combined with 10 pg/ml mouse 1gG1
isotype control or combined with 10 pg/ml mouse anti-CD33 antibody
(clone 1C7/1, Cedarlane #CL7627AP) for 5 min (SYK detection) or
10 min (ERK1/2 detection) at 37°C. CD33 antibody clone 1C7/1 was
previously described as putative agonistic antibody (Taylor et al., 1999).
Furthermore, we tested whether this antibody stimulates CD33 by using
a reporter cell line system (Supplemental Methods and Supplementary
Figure S2). The cells were mechanically detached and dissolved using
radio immunoprecipitation assay buffer (Sigma-Aldrich) containing 2%
Halt phosphatase inhibitor cocktail (Thermo Scientific) for 1 hr on ice
followed by centrifugation to remove cellular debris. Dynabeads
(Invitrogen) were prepared according to the manufacture's protocol.
Briefly, protein A-conjugated Dynabeads were incubated with rabbit
anti-total SYK (tSYK) antibody (1:250, Cell Signaling Technology #2712)
or anti-total ERK1/2 (tERK1/2) antibody (1:100, Cell Signaling Technol-
ogy #4695) for 2 hr at 4°C. The supernatant of the cell lysate was incu-
bated with the antibody-Dynabeads complex for 1 hr at 4°C. The
samples were heat denatured at 70°C for 10 min after washing and

suspending with elution buffer. The samples were loaded with NUPAGE
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LDS Sample Buffer (Invitrogen) on a NuPAGE 10% Bis-Tris polyacryl-
amide gel (Invitrogen) and SDS-PAGE was performed in NUPAGE MES
SDS Running Buffer using the XCell SureLock Mini-Cell (Invitrogen,
90 min run time at 130 V constantly on ice). Afterward, Western Blot
was performed using a nitrocellulose membrane with pore size of
0.45 um (Bio-Rad) in NuPAGE transfer buffer containing 10% methanol
using XCell Il Blot Module (Invitrogen, 1 hr run time at 380 mA con-
stantly on ice). The blotted membrane was blocked in Tris buffered
saline containing 0.05% Tween-20 (TBS-T) for 1 hr at room temperature,
and then incubated with rabbit anti-phospho-SYK (pSYK) antibody
(1:500, clone 87C1, Tyr525-526, Cell Signaling Technology #2710) or
rabbit anti-phospho-pERK1/2 (pERK1/2) antibody (1:1000, clone
20G11, Thr202/Tyr204, Cell Signaling Technology #4376), overnight at
4°C. Then, the membrane was incubated with goat-anti-rabbit 1gG
horseradish peroxidase (HSP)-conjugated antibody (1:10,000; Jackson
ImmunoResearch) for 1 h at room temperature. The bands on the mem-
brane were detected by the ChemiDoc XRS+ system with Image Lab soft-
ware (Bio-Rad) using SuperSignal West Pico Chemiluminescent substrate
(Pierce). After stripping with Restore PLUS Western Blot Stripping buffer
(Thermo  Scientific), the incubated with the
corresponding anti-tSYK (Cell Signaling Technology) or anti-tERK1/2

membrane was

antibody (Cell Signaling Technology) overnight at 4°C followed by sec-
ondary antibody staining with goat-anti-rabbit IgG HSP. The density of
each band was analyzed by Image Lab 4.0.1 software (Bio-Rad). The
ratios of pSYK to tSYK and pERK1/2 to tERK1/2 were calculated in each

experimental group and normalized to the ratio of WT UT condition.

210 |
iPSAMIG

Detection of phosphorylated SYK in

In total, 2 x 10* iPSAMIG were plated per well in poly-L-lysine-coated
96 well plates (Corning) as described above. Then, 24 hr after plating, the
cells were stimulated for 5 min with anti-TREM2 (5 pg/ml, R&D Systems
#AF1828), corresponding 1gG isotype control (5 pg/ml Abcam
#ab224187) or left untreated. pSYK levels were detected by the
AlphaLISA SureFire Ultra p-SYK (Tyr525/526) Assay Kit (PerkinElmer)
and normalized to the values of tSYK using the AlphaLISA SureFire Ultra
Total SYK Assay Kit (PerkinElmer) according to the two-plate assay pro-
tocol for adherent cells. All samples were measured as technical dupli-
cates in 384-well OptiPlates (PerkinElmer). The plate was measured
using the standard AlphaLISA settings on a PerkinElmer EnVision 2104
system. For the analysis, the technical duplicates were averaged and the
pSYK signal was normalized to the tSYK signal. The Data was displayed
as pSYK/tSYK relative to the WT signal.

2.11 | Phagocytosis of aggregated Ap,.4, and
cellular debris

Prior to phagocytosis and reactive oxygen species (ROS) experiments,
aggregated APi4> and cellular debris were prepared. ABi45 or bio-

tinylated AB1.4> (Bachem) were incubated for 72 hr at 37°C to cause

formation of aggregated structures. For the generation of cellular debris,
ARPE-19 cells (ATCC) were treated by 40 nM okadaic acid (Sigma-
Aldrich) for 24 hr. The cellular debris was treated by DNase and for
phagocytosis, it was additionally stained with Dil-Derivatives for Long-
Term Cellular Labeling (Invitrogen) according to the manufacturer's
instructions. Phagocytosis experiments were performed as previously
reported (Shahraz et al., 2015). Briefly, 7 x 10* THP1 monocytes were
seeded per chamber of a four-chamber culture slide and differentiated
as described above. IPSAMiG were seeded at a density of 2 x 10* cells
per well of a 96-well p-plate (ibidi). The cells were incubated with 2 pM
aggregated biotinylated ABj.4, or 5 pg/ml Dil-labeled cellular debris for
90 min. Afterward, the cells were washed and fixed with 4% PFA for
15 min, followed by incubation with blocking solution containing 10%
BSA, 5% normal goat serum and 0.1% Triton-X100 (all Sigma-Aldrich)
for 1 hr at room temperature. Then, THP1 macrophages were incubated
with rat anti-CD11b (2.5 pg/ml, BD Pharmingen #553308) and iPSdMiG
with rabbit anti-IBA1 (2 pg/ml, Synaptic Systems #234003) overnight at
4°C and subsequently with Alexa 488-conjugated anti-rat or anti-rabbit
1gG (2.5 pg/ml, Invitrogen) and Cy3-conjugated streptavidin (2.5 pg/ml,
Jackson ImmunoResearch, only for biotinylated AB;.42) for 2 hr at room
temperature. For each condition, five images were randomly taken using
confocal laser scanning microscopy (Fluoview 1000, Olympus). The
images were analyzed using ImageJ version 1.49 (NIH) to calculate the
ratio of AB4-4o- or cellular debris-positive cells to the total number of
cells. Each ratio was normalized to the WT control.

2.12 | Phagocytosis of bacterial particles

THP1 macrophages were seeded at a density of 7 x 10% cells per
chamber of a four-chamber culture slide and incubated with 1 mg/ml
pHrodo Red Staphylococcus aureus BioParticles conjugates (Thermo
Fisher #A10010) for 120 min at 37°C according to manufacturer's
instructions. After washing the cells, they were fixed with 4% PFA
containing 0.25% glutaraldehyde for 15 min and mounted on cover
slips. Five pictures were randomly taken for each experimental condi-
tion by confocal laser scanning microscopy. IPSdMiG were seeded at
a density of 2 x 10* cells per well of a 96-well p-plate (ibidi) as
described above. Subsequently, iPSdAMiG were incubated with
0.5 mg/ml pHrodo Red S. aureus BioParticles conjugates for 90 min at
37°C according to manufacturer's instructions. Afterward, the cells
were incubated with Hoechst 33342 (5 pg/ml, Invitrogen) for 10 min
at 37°C and analyzed by live cell imaging using an IN Cell Analyzer
2200 system. The intensity from the collected images was measured
by Image J version 1.49. The background intensity was subtracted

from the image intensity and then normalized to the WT condition.

2.13 | Detection of the phagocytosis-associated
oxidative burst

Analysis of the oxidative burst was performed as previously
described (Shahraz et al., 2015). In short, THP1 cells were seeded at
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a density of 7 x 10* cells per chamber of a four-chamber culture
slide and iPSAMIG at a density of 2 x 10 cells per well of a 96-well
u-plate (ibidi). Then, 24 hr prior to the experiment, the medium of
the THP1 macrophages was changed to serum-free medium. As con-
trols the differentiated THP1 cells were preincubated with either
20 pg/ml superoxide dismutase 1 (SOD1; Serva) or 40 uM Trolox
(Cayman) for 1 hr at 37°C. Subsequently, the cells were treated with
10 pM aggregated APi.42 or 5 pg/pl cellular debris for 15 min at
37°C. iPSAMIG were preincubated with 4 mM N-acetyl-L-cysteine
(NAC, Sigma) for 1 h at 37°C followed by treatment with 200 pg/ml
nonlabeled S. aureus BioParticles (Thermo Fisher) with or without
the scavenger NAC for 15 min at 37°C. After removing the superna-
tant, all conditions were treated with 30 pM dihydroethidium (DHE,
Invitrogen) in Krebs-HEPES-buffer for 15 min at 37°C. Then, the
cells were fixed with 4% PFA containing 0.25% glutaraldehyde
(Sigma-Aldrich) for 15 min at room temperature. At least five images
were randomly taken for each condition by confocal laser scanning
microscopy or using an IN Cell Analyzer 2200 system, and DHE
intensity from the collected images was evaluated by Image J version
1.49. The background intensity was subtracted and the DHE inten-
sity in each experimental condition was normalized to the WT

condition.

214 | Statistical analysis

Data are shown as mean value + SEM. Data were examined for normal
distribution by Shapiro-Wilk test and for equality of variances by
Levene's test prior to analysis. Differences were analyzed using one-
way or two-way analysis of variance (ANOVA) combined with
Bonferroni post hoc test and Welch ANOVA followed by Games-
Howell post hoc test if equality of variances could not be guaranteed
as indicated. * represents p < .05, ** represents p < .01 and *** repre-
sents p < .001. Statistical analysis was performed using Stata version
15 (Stata Corp.) or SPSS version 23 (IBM).

3 | RESULTS
3.1 | Deletion of CD33 and knockdown of PTPN6
in THP1 macrophages

CD33 knockout (CD33~/~) THP1 macrophages were generated by the
CRISPR/Cas9 technique by deleting four base pairs in Exon 3 (Supple-
mentary Figure S1a). CD33 knockout THP1 macrophages showed loss
of extracellular CD33 expression compared to WT shCTRL, as demon-
strated by flow cytometry analysis (Figure 1a,b and S1b; WT shCTRL
100 + 23.1%, WT shPTPN6 129.8 +24.3%, CD33~~ shCTRL
6.1 +1.5% with p =.031 and CD33~/~ shPTPN6 3.5 + 1.4% with
p =.026). Similarly, CD33 gene transcripts were diminished in
CD33~/~ THP1 macrophages (Figure 1c; WT shCTRL 1.00 + 0.02, WT
shPTPN6 1.33 + 0.24, CD33~/~ shCTRL 0.02 + 0.01 with p <.001

and CD33~/~ shPTPN6 0.03 + 0.01 with p < .001). Likewise, ShRNA-
mediated knockdown of PTPNé6 (SHP1) was examined. Expression and
transcription levels of PTPN6 were strongly decreased in WT and
CD33~/~ macrophages after knockdown with short hairpin lentiviral
vectors for PTPNé6 (shPTPNé) compared to WT and CD33~/~ macro-
phages transduced with an empty vector control (shCTRL) (Figure 1d-
f; protein level: WT shCTRL 100 +21.16%, WT shPTPNé6
37.45 £ 13.16%, CD33~/~ shCTRL 104.76 + 5.27% and CD337/~
shPTPN6 51.19 + 11.64%; gene transcription level: WT shCTRL
1.00 £ 0.01, WT shPTPN6 0.05+0.03 with p <.001, CD33~/~
SshCTRL 1.11+0.16 and CD33”~ shPTPN6 0.10 =+0.01
with p < .001).

Thus, THP1 macrophages with CD33 deletion and an additional
knockdown of the downstream molecule PTPN6 were successfully
validated to study function of CD33. Further, CD33 tended to be

upregulated upon PTPN6 knockdown without statistical
significance.
3.2 | Increased inflammatory transcriptome profile

after CD33 knockout or PTPN6 knockdown

RNA sequencing was performed on samples obtained from cul-
tured THP1 macrophages (WT shCTRL, WT shPTPNS, CD337~/~
shCTRL, and CD33~/~ shPTPNé) to investigate how CD33 knock-
out and/or PTPN6 knockdown affect the transcriptome profile.
Principal component analysis showed clustering of the four indi-
vidual groups, representing the genotypes WT and CD337/~, as
well as the treatments shCTRL and shPTPNé. Knockout of CD33
led to stronger transcriptome profile changes than the knockdown
of PTPNé, as shown by the higher variance of PC1 compared to
PC2 (Figure 2a; PC1 71.5% and PC2 23.7%). Knockout of CD33
(WT shCTRL vs. CD33~/~ shCTRL) affected expression of 2,724
genes (|logoFC| 2 1, padj < 0.05), which was comparable to the
knockdown of PTPN6 in WT macrophages (2,342 differentially
expression [DE] genes). However, knockdown of PTPN6 in CD33-
deficient background (CD33~/~ shCTRL vs. CD33~/~ shPTPN®)
resulted in only 1,042 DE genes indicating a less considerable
effect of PTPN6 knockdown in CD33~/~ macrophages. Further,
comparison of the expression profile of the top 200 most varying
genes and applying hierarchical clustering to groups and genes
also indicated a higher similarity of CD33~/~ shCTRL and
CD337/~ shPTPN6 and a substantial difference between the WT
and CD337/~ samples (Figure 2b). Pathway enrichment analysis
using upregulated genes (log,FC =2 1 and FDR-adjusted p-value
<.01) and the KEGG database identified
upregulated inflammation-related pathways, such as “TNF signal-

predominantly

ing pathway,” “IL-17 signaling pathway,” and “NF-kappa B signal-
ing pathway” if CD33 was knocked out (Figure 2c; comparison 1:
WT shCTRL vs. CD33~/~ shCTRL and comparison 2: WT shPTPN6
vs. CD337/~ shPTPNG®). Further, PTPNé knockdown in WT macro-
phages (comparison 3: WT shCTRL vs. WT shPTPNé) also showed
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FIGURE 1 (D33 knockout (CD337/7) and lentiviral shRNA-mediated PTPN6 knockdown in THP1 macrophages. (a) Exemplary flow cytometry

histogram graph showing expression levels of CD33 in wild type (WT) and CD33~~ macrophages. CD33 expression is absent in CD33~/~
macrophages. These graphs were the representative data out of five independent experiments. (b) Quantification of CD33 expression in THP1
macrophages. CD33 surface expression levels were nearly diminished in CD337/~ macrophages (dark gray) regardless of knockdown of PTPN6
(shPTPN6). Data are shown as mean + SEM (n = 5). **p < .01, *p < .05 determined by two-way analysis of variance (ANOVA) followed by
Bonferroni post hoc test. (c) CD33 gene transcripts analyzed by semiquantitative real-time polymerase chain reaction (PCR) in human THP1
macrophages. CD33 levels were diminished in both, shCTRL and shPTPN6 CD33~/~ THP1 macrophages (dark gray). Data are shown as mean

+ SEM (n = 4). ***p < .001 determined by two-way ANOVA followed by Bonferroni post hoc test. (d) SHP1 protein levels were assessed via flow
cytometry in WT and CD33~/~ macrophages with knockdown of PTPN6. Short hairpin PTPNé knockdown lentiviral vector transfected cells
(shPTPN®6) exhibited diminished SHP1* cells (blue line) compared to the control vector transfected cells (red line) in both, WT (left) and CD33~/~
(right) THP1 macrophages. Representative image of three independent experiments. (e) Quantification of SHP1 expression in THP1 macrophages.
SHP1 expression levels were decreased in short hairpin PTPN6 knockdown lentiviral vector transfected cells (shPTPNé6) compared to the control
vector transfected cells (shCTRL) in both, WT (black) and CD33~/~ (dark gray) THP1 macrophages. Data are shown as mean + SEM (n = 3). (f)
Gene transcription levels of PTPN6 were analyzed by semiquantitative real-time PCR in WT and CD33~/~ THP1 macrophages. PTPN6 mRNA
levels were decreased following knockdown of PTPN6 (shPTPN6), in both, WT (black) and CD33~/~ (dark gray) THP1 macrophages. Data are
shown as mean + SEM (n = 4). ***p < .001 determined by two-way ANOVA followed by Bonferroni post hoc test

okok

an overall inflammation-related scenario sharing the majority of comparison, and thus clearly differed from the three previous

upregulated pathways with the WT versus CD33~/~ comparisons. comparisons (Figure 2c).

Interestingly, when analyzing PTPN6 knockdown in a CD337/~
background /= shCTRL vs. CD337/~

shPTPN6), no pathways were significantly upregulated in this

(comparison 4: CD33~

Taken together, knockout of CD33 as well as knockdown of
PTPN6 in a WT but not CD33-deficient background led to
upregulation of inflammation-related pathways.
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FIGURE 2 Transcriptome analysis of CD33 knockout and PTPNé6 knockdown in THP1 macrophages. (a) Principal component analysis (PCA) of
THP1 macrophage RNA sequencing. PCA resulted in four clusters representing the four individual groups wild type (WT) shCTRL, WT shPTPN6,
CD33~/~ shCTRL CD33~/~ shPTPNé. (b) Heatmap of the top 200 most varying genes with hierarchical clustering for rows and columns stressed
that the most extreme differences were between WT and CD33~/~. Minor changes were observed for PTPN6 knockdown. (c) Dotblot of KEGG
pathway enrichment analysis revealed an upregulation of the inflammation-related transcription profile in comparisons 1-3 (i.e., 1. WT shCTRL
vs. CD33~/~ shCTRL, 2. WT shPTPNé vs. CD33~/~ shPTPNé, 3. WT shCTRL vs. WT shPTPNé) but not in comparison 4 (CD33‘/‘ shCTRL

vs. CD337/~ shPTPN®)

3.3 | Activated SYK and ERK1/2 signaling
pathways in CD33-deficient THP1 macrophages and
iPSAMIG

Loss of inhibitory CD33 signaling through knockout of CD33 might
change the activation pattern of the ITAM signaling pathway and thus
might induce inflammation. Our transcriptome profile analysis of
THP1 macrophages suggested that CD33 influences several inflam-
matory pathways (Figure 2c). Thus, we studied the activation of SYK
and ERK1/2, two ITAM signaling-associated kinases, by assessing
their phosphorylation status. Further, we co-stimulated THP1 macro-
phages with cross-linking antibodies for the ITAM-associated receptor
FcyRI and for CD33. The CD33 antibody clone 1C7/1 was first con-
firmed to activate CD33 using a CD33 reporter cell line, in which the

extracellular part of CD33 was fused to the activatory molecule
DAP12/TYROBP. Thus, in this cellular system CD33 activation should
result in an increase in intracellular calcium levels. Indeed, the CD33
reporter cell line exhibited increased intracellular calcium levels upon
treatment with CD33 antibody clone 1C7/1 as demonstrated by the
antibody-triggered increase in fluorescence intensity of the calcium-
sensitive dye Rhod-3 (Supplemental Figure S2).

Western Blot analysis of THP1 cell lysates revealed that phos-
phorylated ERK1/2 was increased in UT CD33~/~ macrophages com-
pared to UT WT macrophages (Figure 3ab; WT UT 1.00 + 0.10
compared to CD337/~ UT 1.58 + 0.09 with p = .043). Next, we tested
whether activation of inhibitory CD33 signaling by the antibody clone
1C7/1 could counteract cellular activation induced by activation of
FcyRI. FcyRl  slightly increased ERK1/2

Cross-linking  of
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phosphorylation in WT THP1 macrophages (Figure 3a,b; anti-FcyRI
1.46 £ 0.10) and co-stimulation of CD33 appeared to interfere with
this stimulation (anti-FcyRI + isotype antibody 1.38 + 0.08 compared
to anti-FcyRI + anti-CD33 1.17 + 0.08), although both effects were
not significant.

Similar to ERK1/2, the CD33~/~ THP1 macrophages exhibited an
increase in phosphorylated SYK to total SYK ratio compared to UT
WT THP1 macrophages (WT UT 1.00 + 0.03 compared to CD33~/~
UT 2.57 £ 0.35 with p =.019). Again, pSYK also showed a slight but
not significant increase after activation of FcyRI in WT THP1 macro-
phages (Figure 3c,d; anti-FcyRl 1.91 + 0.05), which in turn also
exhibited slightly but not significant decreased pSYK levels upon
simultaneous treatment with anti-CD33 antibody (anti-FcyRI
+ isotype antibody 1.86 + 0.29 compared to anti-FcyRI + anti-CD33
1.49 + 0.27). Cross-linking of FcyRI did not have any effect on SYK or
ERK1/2 phosphorylation in CD33~/~ macrophages (Figure 3a-d).

We further validated increased SYK phosphorylation following
knockout of CD33 using iPSAMIG. Next to CD33~/~ iPSAMIG, we
included the AD-protective CD33 variant CD33%? (Exon 2-spliced
CD33) expressing iPSAMIG. IPSAMIG were obtained through differen-
tiation of WT and isogenic CD33™/~ as well as CD3352 iPSCs. Flow
cytometry analysis and semiquantitative real-time PCR confirmed that
CD33~/~ and CD33“F2 iPSAMIG lost surface expression of CD33 and
gene transcription of full-length CD33, but CD33“E2 iPSdMIG showed
high levels of CD33452 mRNA (Figure S1c-e). No difference in gene
transcription of PTPN6 was observed (Figure S1f). In addition, all
iPSAMIG lines were highly positive for myeloid markers CD11b,
CD14, CDA45, FcyRI and SIRPa indicating a pure microglia cell popula-
tion (Figure S1g). SYK phosphorylation was assessed using the
AlphaLISA technique, which is more sensitive than classical Western
Blot and thus allows analysis of low input of material. UT CD33~/~
and CD33%F2 iPSAMIG showed an increase in SYK phosphorylation
compared to WT iPSdMIG (Figure 3e; WT 1.00 + 0.08 compared to
CD337/~ 1.56 + 0.11 with p =.002 and CD33%F2? 1.43 + 0.08 with
p =.013). Stimulation of the iPSdMiIG with an activating antibody
against the ITAM-associated receptor TREM2 resulted in a pro-
nounced increase in pSYK to tSYK ratio compared to isotype
antibody-treated levels in all iPSAMIG lines (Figure 3f; WT from
1.00 + 0.11 to 26.48 + 5.05 with p = .036; CD33~/~ from 1.95 + 0.21
to 92.19 +8.45 with p <.001 and CD33F? from 1.310.05 to
43.36 + 5.95 with p < .001). Furthermore, TREM2 treatment sharply
increased pSYK/tSYK levels in CD33~/~ iPSAMIG compared to WT
and CD33“F? iPSdMIG (both p <.001). The moderate increase in
pSYK/tSYK levels in CD334E2 iPSAMIG following TREM2 stimulation
was insignificant compared to WT iPSAMIG (p =.39). Interestingly,
the mRNA levels of ITAM-containing TYROBP, which is upstream of
SYK and ERK1/2 were elevated in CD33™/~ and CD33F? iPSdMIG
(Figure S1h). However, this upregulation was not seen in THP1 mac-
rophages (Figure S1i).

In summary, deletion of CD33 and expression of CD332E2 in
iPSAMIG increased activatory signaling via increased phosphoryla-
tion of the kinases SYK and ERK1/2 in THP1 macrophages and
iPSAMIG.

3.4 | Increased gene transcription of IL1B, IL8, and
IL10 after CD33 knockout

Above, we demonstrated that the transcriptome profile changes in
WT THP1 macrophages compared to CD33 knockout or to PTPNé
knockdown were predominantly associated with inflammation and
cytokine/chemokine signaling-related pathways (Figure 2c). To con-
firm that knockout of CD33 or knockdown of PTPNé (shPTPNé) in
these cells results in cellular immune activation, we examined cytokine
transcription in combination with LPS treatment in THP1 macro-
phages by gRT-PCR. Additionally, we analyzed the cytokine gene
transcript levels of iPSAMIG differentiated from human CD33~/,
CD33“E2 and isogenic control WT iPSCs by qRT-PCR.

In UT THP1 macrophages, gene transcription levels of TNFA were
similar among all four cell lines (Figure 4a). In response to LPS stimula-
tion, TNFA mRNA expression levels were increased (WT shCTRL from
1.00+0.02 to 1.88+0.18 with p <.001, WT shPTPNé from
0.99 +0.04 to 1.54+0.15 with p =.012, CD33~/~ shCTRL from
0.90 + 0.04 to 1.53 + 0.11 with p = .002 and CD33~/~ shPTPNé from
0.74 + 0.05 to 1.49 + 0.06 with p < .001). However, TNFA gene tran-
scription in LPS-treated THP1 macrophages was not affected by
CD33 knockout or PTPNé knockdown. Gene transcription levels of

IL1B were constitutively increased in CD33~/~

THP1 macrophages
regardless of PTPNé knockdown compared to WT shCTRL macro-
phages (Figure 4b; WT shCTRL 1.00 + 0.07, CD33~/~ shCTRL
3.83 £0.26 and CD33~/~ shPTPNé6 3.90 + 0.34 with p <.001) and
further enhanced after LPS treatment (WT shCTRL 2.06 + 0.16,
CD33/~ shCTRL 5.44 +0.25 and CD33~~ shPTPN6 4.75 % 0.27
with p < .001). Likewise, constitutive IL8 mRNA levels were increased
in UT CD33~/~ THP1 macrophages (Figure 4c; WT shCTRL
1.00 + 0.11 compared to CD33~/~ shCTRL 2.96 + 0.18, p < .001) and
further elevated after LPS treatment (from 2.32 + 0.17 to 4.81 + 0.39,
p < .001). Although PTPNé knockdown did not affect IL8 gene tran-
scription in WT THP1 macrophages, CD33~~ shPTPNé6 cells
exhibited a decrease in IL8 mMRNA levels compared to CD33~/~
SshCTRL macrophages (CD33~/~ shPTPN6 UT 1.54+0.19 with
p =.011 and 2.41 + 0.44 after LPS treatment with p < .001, both com-
pared to CD33~/~ shCTRL). Next, we investigated gene transcription
of the predominantly anti-inflammatory cytokine IL-10. CD33~/~
shCTRL macrophages exhibited an increased constitutive IL10 mRNA
transcription assessed by semiquantitative real-time PCR (Figure 4d;
WT shCTRL 1.00 + 0.04 compared to CD33~/~ shCTRL 2.59 + 0.58,
p =.007). Although there was no significant difference between
shCTRL and PTPN6 knockdown in WT THP1 macrophages, CD33~/~
macrophages exhibited decreased IL10 mRNA transcripts after PTPN6
knockdown (CD33‘/‘ shPTPN6 1.23 £ 0.16, p = .039). Similarly, LPS-
treated THP1 macrophages with PTPNé knockdown showed
decreased IL10 gene transcription compared to controls (WT shCTRL
2.23 £0.26 compared to WT shPTPNé 0.60 + 0.04, p =.005 and
CD33~~ shCTRL 2.73%0.44 compared to CD337/~ shPTPNé
1.40 £ 0.11, p = .048).

In addition, we analyzed inflammatory cytokine gene transcription
in WT, CD33~~ and CD33“%? iPSAMIG. Interestingly, iPSAMIG



WIBFELD ET AL.

w2 | Wi py_GLIA

-
(a) WT CD33 — (C)
PERK1/2 T5" W5 S I i - o pSYK .
tERK1/2 "9 W0 w' S e e e tSYK
anti-FcyRI - + + + - + + + anti-FcyRlI - + + + - + + +
IsotypeAb - - + - - - + - IsotypeAb - - + - - - + -
anti-cD33 - - - + - - - + anti-cD33 - - - + - - - +
0) 4 20- . @ . 35 .
Z o r g
"g k] ‘g g 3.0
E g 1.54 ?;_’ "g' 2.5
x £ + 2.0
2 5 1.0 e
E - 9 - 1.5
E 2 054 2 = 1.0
w 2 % S 0.5
0.0- 2 0.0
anti-FcyRI - + + + -+ + 4+ anti-FcyRl - + + + -+ + 4+
IsotypeAb - - + - - -+ - IsotypeAb - - + - - -+ -
anti-CD33 - - - + - - - + anti-cD33 - - - + - - - +
THP1 THP1
@8 WT @B CD33" @8 WT @B CD33"
(e) untreated (f) anti-TREM2
*k%k *k%k
£ 189 o~ * 120 '_'ﬂ'l'_'
> 1.6 = o 1001
@ 14 iPSAMiG S < 801 iPSAMiG
£ 121 - WwT T S 60 L Wt
- - o *
e mco3st X a0 |-T-| @ CD33*
E 0:6- [ CD33* g é 204 i [ CD33®
S 0.4 ho 2
& 0-2- 2 1
2 0.0

IsotypeAb + -
anti-TREM2 - + - + - +

FIGURE 3 Activation of SYK and ERK1/2 signaling pathways as a consequence of CD33 knockout in THP1 macrophages and human-induced
pluripotent stem cell-derived microglia (iPSdMIG). (a) Western blot showing phosphorylated ERK1/2 (pERK1/2, top) and total ERK1/2 (tERK1/2,
bottom) in wild type (WT) and CD33~/~ macrophages. One representative image of five independent experiments is shown. (b) Quantification of
pERK1/2 to tERK1/2 ratio in WT (black) and CD33~/~ THP1 macrophages (dark gray). Knockout of CD33 resulted in an increase in pERK1/2 in
THP1 macrophages. FcyRI antibody treatment tended to increase pERK1/2 levels slightly in WT THP1 macrophages. CD33 antibody treatment
following FcyRI antibody treatment tended to decrease the FcyRI antibody-driven increase in pERK1/2 to tERK1/2 levels only in WT THP1
macrophages. Data are shown as mean + SEM (n = 3-5). *p < .05 determined by two-way analysis of variance (ANOVA) followed by Bonferroni
post hoc test. (c) Western blot showing phosphorylated SYK (pSYK, top) and total SYK (tSYK, bottom) in WT and CD33~/~ macrophages. One
representative image of three independent experiments is shown. (d) Quantification of pSYK to tSYK ratio in WT (black) and CD33~/~ THP1
macrophages (dark gray). Knockout of CD33 resulted in an increase in pSYK in THP1 macrophages. FcyRI antibody treatment tended to increase
pSYK levels slightly and co-treatment with a CD33 antibody tended to counteract this increase, both only in WT THP1 macrophages. Data are
shown as mean + SEM (n = 3). *p < .05 determined by two-way ANOVA followed by Bonferroni post hoc test. (e) SYK phosphorylation relative to
total SYK assessed by AlphaLISA. Untreated iPSdMIG revealed an increased pSYK/tSYK ratio followed by knockout of CD33 (dark gray) or
expression of CD33F2 (light gray) compared to WT iPSAMIG (black). Data are shown as mean + SEM (n = 6). **p < .01, *p < .05 determined by
one-way ANOVA followed by Bonferroni post hoc test. (f) Treatment of iPSdMIG with activating antibodies for TREM2 resulted in an increased
PSYK/tSYK ratio in WT (black), CD33~/~ (dark gray) and CD33“E2 iPSAMIG (light gray) compared to isotype antibody-treated controls. Further,
pSYK/tSYK was sharply increased in CD33~/~ iPSAMIG following anti-TREM2 treatment. Data are shown as mean + SEM (n = 3). ***p < .001,

*p < .05 determined by two-way ANOVA followed by Bonferroni post hoc test
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FIGURE 4 Inflammatory cytokine gene transcription is elevated after CD33 knockout or PTPNé knockdown. (a) Semiquantitative real-time
polymerase chain reaction (PCR) of TNFA gene transcription in THP1 macrophages. Gene transcription levels of TNFA were unchanged in
untreated wild type (black) and CD33~/~ (dark gray) THP1 macrophages regardless of PTPN6 knockdown (shPTPNé). Following LPS treatment
TNFA levels were increased. (b) IL1B mRNA levels in THP1 macrophages determined by semiquantitative real-time PCR. Knockout of CD33
increased gene transcription of IL1B in THP1 macrophages (dark gray), which was further elevated by treatment with LPS. IL1B levels tended to
be increased after PTPNé knockdown (shPTPN6) in wild-type THP1 macrophages (black). (c) IL8 gene transcription in THP1 macrophages
analyzed via semiquantitative real-time PCR. IL8 mRNA levels were increased after knockout of CD33 (dark gray) and elevated in all cell lines after
LPS treatment. PTPN6 knockdown (shPTPN®) attenuated the increase in IL8 transcription in CD33~/~ THP1 macrophages. (d) Semiquantitative
real-time PCR of IL10 mRNA levels in THP1 macrophages. Gene transcription levels of IL10 were increased in CD33~/~ THP1 macrophages (dark
gray). Knockdown of PTPNé decreased IL10 gene transcription below the control vector levels (shCTRL) in both, untreated and LPS-treated THP1
macrophages. Data are shown as mean + SEM (n = 3-7). ***p < .001, **p < .01, *p =< .05 determined by two-way analysis of variance (ANOVA)
followed by Bonferroni post hoc test. (e-i) Gene transcription levels of the inflammatory cytokines TNFA, IL1B, IL8, IL10, and ILé analyzed in wild
type (WT) (black), CD33~/~ (dark gray) and CD33“F2 human-induced pluripotent stem cell-derived microglia (iPSAMiG) (light gray) by
semiquantitative real-time PCR. Knockout of CD33 as well as expression of CD33“E2 in iPSdMIG resulted in constitutively elevated mRNA levels
of (e) TNFA, (f) IL1B, (g) IL8, (h) IL10, and () IL6. TNFA, IL10 and IL6 mRNA levels were decreased in CD33“F2 iPSdMiG compared to CD33~/~
iPSdMIG. Data are shown as mean + SEM (n = 5-6). ***p < .001, **p < .01, *p < .05 determined by Welch ANOVA followed by Games-Howell
post hoc test
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showed an increase in TNFA gene transcription after knockout of
CD33 (WT 1.00 + 0.01 compared to CD33™/~ 1.61 + 0.18, p = .039)
or in CD332F2-expressing iPSAMIG with lower magnitude (Figure 4e;
CD33%F2 1.29 + 0.07, p =.024). In line with the THP1 macrophage
data, increased IL1B, IL8 and IL10 gene transcript levels were
observed in CD33~/~ iPSAMIG (IL1B 1.00 + 0.02-1.67 + 0.15 with
p =.021, IL8 1.00+0.02-1.81+0.08 with p <.001 and IL10
1.00 + 0.00-7.71 + 0.52 with p < .001; Figure 4f-h; WT vs. CD337/,
respectively). Furthermore, we analyzed the gene transcript levels of
IL-6, which is known to play a critical role in chronic inflammation. ILé
mMRNA levels were sharply elevated in CD33~/~ iPSdMiG compared to
WT control iPSAMIG (Figure 4i; 1.00 + 0.00-10.52 + 1.62, p = .005).
CD332E2.expressing iPSAMIG showed a similar trend than CD33~/~
iPSAMIG regarding IL1B and IL8 gene transcription levels (Figure 4f;
1.98 + 0.41, p =.168 and Figure 4g; 2.12 + 0.22, p = .014). IL10 and
IL6 mRNA levels, however, were increased compared to WT iPSdMiG
but much lower compared to CD33~/~ iPSAMIG (Figure 4h;
3.07 £ 041, p =.009 compared to WT and p <.001 compared to
CD33~/~ and Figure 4i; 3.85 + 0.43, p =.003 compared to WT and
p = .019 compared to CD337/7).

In line with the transcriptome data, inflammatory cytokine gene
transcription analyzed by qRT-PCR was increased in CD33~/~ THP1
macrophages and CD337~/~ as well as CD33*F2 iPSAMIG. In addition,
the LPS-induced increase in IL10 gene transcription was dependent
on CD33 and SHP1 (PTPN§).

3.5 | Increased gene transcription of the AD-
associated phosphatase INPP5D after CD33 knockout
and PTPN6 knockdown

Cells often use compensatory mechanisms to counteract the loss of a
specific protein or pathway, which is known as genetic compensation
response. In order to address whether there is a compensatory
upregulation of other inhibitory signaling pathways following CD33
knockout or PTPN6 knockdown, we analyzed the expression of the
ITIM-bearing receptor SIRP-a (SIRPA) and the ITIM signaling-associ-
ated phosphatases PTPN11/SHP2 and INPP5D/SHIP1 via qRT-PCR.
SIRPA gene transcription was increased in CD33 knockout and PTPNé
knockdown THP1 macrophages (Figure 5a; WT shCTRL 1.00 + 0.03,
WT shPTPN6 211+0.06 with p =.013, CD33~~ shCTRL
2.72 +0.25 with p <.001 and CD33~/~ shPTPNé 3.32 + 0.34 with
p < .001), but this upregulation was not significant in CD33-deficient
iPSAMIG and absent in CD33“E? iPSdMIG as demonstrated by qRT-
PCR (Figure 5b; WT 1.00 + 0.00, CD337/71.59 + 0.25 with p = .15
and CD33%F2 1,13 + 0.11). Gene transcription of PTPN11 was ele-
vated in CD33~/~ THP1 macrophages (Figure 5c; WT shCTRL
1.00 % 0.05, CD33~/~ shCTRL 2.75 + 0.15 with p < .001 and CD33~/~
shPTPNé6 1.95 + 0.09 with p =.006), but remained unchanged in
iPSAMIG (Figure 5d). Only INPP5D mRNA levels were upregulated fol-
lowing knockout of CD33 in both, THP1 macrophages (Figure 5e; WT
shCTRL 1.00 % 0.04, CD33~/~ shCTRL 2.60 + 0.13 with p = .001 and
CD33~/~ shPTPN6 2.61+0.26 with p =.001) and iPSAMIG

(Figure 5f; WT 1.00+0.00 compared to CD33™/~ 1.71+0.11,
p =.003). Interestingly, CD33%E2 iPSAMIG also showed a slight
upregulation of INPP5D transcripts (1.23 + 0.06 with p =.032 com-
pared to WT and p = .016 compared to CD337/").

Thus, knockout of CD33 led to increased gene transcription of
the phosphatase INPP5D (SHIP1) in THP1 macrophages and iPSdMIG.

3.6 | Increased phagocytosis and phagocytosis-
associated oxidative burst after deletion of CD33

Phagocytosis is a tightly regulated key competence of macrophages
and microglia. To test whether knockout of CD33 or expression of
AD-protective CD33“E? also influences phagocytosis, we challenged
THP1 macrophages and iPSdMiG with pHrodo-conjugated S. aureus
BioParticles. Bacterial peptidoglycans and lipoteichoic acid of the cell
wall of S. aureus are recognized by innate immune receptors and
consequently phagocytosed. After phagocytic uptake and fusion of
the phagosome with an acidic lysosome, the pH-sensitive pHrodo
dye will become fluorescent. THP1 macrophages with PTPN6 knock-
down (WT shPTPNé) as well as CD33~/~ shCTRL and CD33~/~
shPTPNé macrophages showed increased pHrodo S. aureus phago-
cytosis compared to WT shCTRL THP1 macrophages (Figure 6a,b;
WT shCTRL 1.00 # 0.09, WT shPTPNé 2.28 + 0.24 with p =.01,
CD337/~ shCTRL 2.12  0.34 with p =.024 and CD33~/~ shPTPNé
2.02 £ 0.14 with p =.042). Likewise, CD33~/~ but also CD334F2-
expressing iPSAMIG showed an increase in pHrodo BioParticles
phagocytosis compared to WT cells (Figure 6c,d; WT 1.00 + 0.21
compared to CD33~/~ 2.37+0.12 with p <.001 and CD334F2
1.96 +0.15 with p = .008).

Next, we challenged THP1 macrophages and iPSdMIG with
aggregated AB.4, to study their response to a noninfectious disease-
related stimulus. Phagocytosis of ABq.4» was detected by co-staining
of AB1-42 with CD11b or IBA1 (Figure 6e,g). The uptake of AB;.4o was
enhanced in WT shPTPN6 as well as in CD33~~ shCTRL and
shPTPNé6 THP1 macrophages compared to WT shCTRL THP1 macro-
phages. (Figure 6f; WT shCTRL 1.00+0.04, WT shPTPNé
1.78 + 0.07, CD33~/~ shCTRL 1.82 + 0.04 and CD33~/~ shPTPNé
1.80 £+ 0.07, all p < .001 compared to WT shCTRL). Similarly, phagocy-
tosis of fluorescent cellular debris counterstained with CD11b (Figure
S3a) was increased after knockout of CD33 or knockdown of PTPN6
in THP1 macrophages (Figure S3b; WT shCTRL 1.00 + 0.05; WT
shPTPN6 2.04 + 0.09; CD33~/~ shCTRL 2.07 +0.08; CD33~/~
shPTPN6 2.01 £ 0.05 with p <.001). In line with these findings,
CD337/~ as well as CD33“F2-expressing iPSAMIG exhibited an
increase in uptake of aggregated AP;.4, compared to the
corresponding WT control iPSAMIG (Figure 6gh; WT 1.00 £ 0.08
compared to CD33™~ 1.67 +0.11 with p =.001 and CD33F2
1.42 + 0.06 with p = .021).

Phagocytosis of bacteria, debris or aggregated proteins is often
accompanied by release of radicals as oxidative burst throughout the
phagocytic process. Therefore, we examined the radical production

induced by treatment with aggregated Ap;.4» in THP1 macrophages
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and S. aureus BioParticles in iPSdMIG via staining with the oxidation-
sensitive fluorescent dye DHE. Thereby, the constitutive DHE fluores-
cent intensity as read-out of basal radical production in UT cells did
not vary in the four different THP1 macrophage cell lines, irrespective
of CD33 knockout or PTPN6 knockdown. However, in response to
acute exposure to Api4s, CD337/~ shCTRL THP1 macrophages
released higher amounts of radicals (Figure 7a; 2.13 £ 0.12) in com-
parison to WT shCTRL THP1 macrophages (1.54 + 0.06, p =.006)
indicated by increased DHE staining. Treatment with SOD1 or Trolox,
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which are radical scavengers, attenuated the increased oxidative burst
to the levels of UT cells (Figure 7a). Challenging THP1 macrophages
with cellular debris increased radical production in all cell lines com-
pared to the UT controls. Moreover, knockout of CD33 resulted in a
further elevation of radical production regardless of PTPN6 knock-
down (Supplementary Figure $3c; WT shCTRL 1.56 + 0.05, CD33~/~
shCTRL 1.99 + 0.08 with p = .018 and CD33~/~ shPTPN6 1.98 + 0.12
with p =.026). Again, the oxidative burst triggered by cellular debris
was reduced by pretreatment of the cells with the radical scavengers
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SOD1 or Trolox in all experimental groups, respectively (Supplemen-
tary Figure S3c). In line with the THP1 data, constitutive reactive
oxygen production did not vary between WT, CD33~/~ and
CD33%F2 ipSdMiG (Figure 7b; WT UT 1.00 + 0.05 compared to
CD33~/~ UT 1.11 £ 0.06 and CD33“%? UT 0.89 + 0.09). Treatment
of iPSAMIG with nonlabeled S. aureus BioParticles increased radical
production in all iPSAMIG lines (WT BioParticles 1.47 + 0.06 with
p =.002; CD33~~ BioParticles 2.02+0.11 with p <.001 and
CD33%F2 BjoParticles 1.36 + 0.05 with p =.11) with a higher
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magnitude in CD33~/~ iPSAMIG (p <.001 compared to WT and
CD33%8? BioParticles-treated iPSAMIG). Treatment with the antiox-
idant NAC successfully attenuated the BioParticles-induced ROS
production.

Thus, deficiency of CD33 and knockdown of PTPNé6 caused
increased phagocytosis and phagocytosis-associated oxidative burst
in THP1 macrophages as well as in iPSdMiG. However, expression of
CD33“E2 jn iPSAMIG only led to upregulation of phagocytosis but not

of the associated oxidative burst.
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4 | DISCUSSION
Several recent studies linked polymorphisms in the CD33 gene to AD,
thereby creating a need to understand the function of CD33 in human
microglia. Human CD33 has been postulated to have physiological
endocytic properties for recycling sialylated antigens (Walter
et al., 2008). Furthermore, in brains of AD patients, CD33 protein
levels as well as the number of CD33" microglia are upregulated, and
positively correlate with increased Ap plaque load (Bradshaw
et al., 2013; Griciuc et al., 2013). Two co-inherited SNPs in the Cauca-
sian population (rs3865444(A/A) and rs12459419(T/T)) are associ-
ated with decreased CD33 surface expression and expression of the
Exon 2-deleted isoform of CD33 (D2-CD33/CD33F2). In addition,
rs3865444(A/A) is associated with an overall decreased odds ratio to
develop AD (Hollingworth et al., 2011; Naj et al., 2011). However, the
exact role of CD33 in the brain in health and disease is still not fully
understood. In this study, we determined the effects of expression of
CD33E2 or loss of CD33 in conjunction with knockdown of one of
its downstream signaling molecules PTPN6/SHP1 in human macro-
phages and microglia. Mice have no direct orthologue of human
CD33, since mouse CD33 lacks the typical ITIM signaling domain and
has a charged residue, which might allow binding to the activatory
membrane molecule TYROBP/DAP12 (Brinkman-Van der Linden
et al., 2003). Indeed, it was shown that surface expression of mouse
CD33 is stabilized by interaction with TYROBP (Bhattacherjee
et al., 2019). Thus, CD33~/~ mice appear to be unsuitable as model
system for the functional analysis of human CD33. For this reason,
we used human CD33~/~ THP1 macrophages and human CD33~/~ or
CD33%E2_expressing iPSAMIG, which are microglia derived from
human iPSCs and compared them to their WT counterparts as in vitro
model systems.

In line with recent findings, the Exon 2-deleted isoform of CD33,
CD33%E2, was not detected on the cell surface by flow cytometry
with an anti-CD33 antibody clone targeting the C2 domain, which is

in theory able to detect CD33“F? (Siddiqui et al., 2017). Human CD33
mediates inhibitory signaling via its intracellular ITIM domain, which
acts as a counterpart of ITAMs. Therefore, we analyzed the phosphor-
ylation status of downstream molecules of the ITAM signaling path-
way, namely SYK and ERK1/2, via Western blot or AlphaLISA.
CD33~/~ THP1 macrophages exhibited a higher ratio of pSYK to tSYK
and pERK1/2 to tERK1/2 in comparison to WT control macrophages.
Activation of FcyRI via a cross-linking antibody tended to increase
phosphorylation of SYK and ERK1/2 in WT macrophages. However,
CD33™/~ macrophages clearly did not show any tendency for
increased pSYK or pERK1/2 after cross-linking of FcyRI. Similarly,
cross-linking of CD33 slightly reduced pSYK and pERK1/2 levels in
WT macrophages, but not in CD33~/~ macrophages. In line, UT
CD33~/~ and CD33“E2 {PSAMIG showed increased pSYK/tSYK levels
compared to WT iPSdMIG. Further, activation of TREM2 via cross-
linking antibodies increased the pSYK/tSYK ratio in CD33~/~ iPSAMIG
compared WT and CD334E2 iPSAMIG, suggesting an impaired ability
to counteract the increased ITAM signaling after deletion of CD33,
but not in CD33%E2-expressing iPSAMiG. Thus, lack of inhibitory
CD33 signaling causes an imbalance in the ITIM-ITAM signaling axis
toward increased ITAM signaling. However, increased SYK and
ERK1/2 signaling in macrophages and microglia could also lead to
increased proliferation and survival as well as a beneficial immune
response against disease-associated triggers (Callaway et al., 2015;
Crowley et al., 1997).

A previous study showed that human monocytes produce the
pro-inflammatory cytokines TNF-o, IL-1p, and IL-8 after blocking
CD33 signaling with an antibody as well as by CD33 siRNA treatment
(Lajaunias, Dayer, & Chizzolini, 2005). In addition, it has been reported
that desialylation of THP1 macrophages also increases IL-8 secretion
in a CD33-dependent manner (Zaric et al., 2017). In line with these
results, CD33~/~ shCTRL THP1 macrophages and CD337/~ as well as
CD33%82 iPSAMIG exhibited an increase in IL1B, IL8 and IL10 mRNA

levels. Interestingly, the magnitude of increased gene transcription of

FIGURE 6

Increased phagocytosis of pHrodo-labeled bacterial particles and aggregated amyloid B1-42 (AB1-42) in CD33 knockout and PTPNé

knockdown phagocytes. (a) Confocal images showing phagocytosed pHrodo Staphylococcus aureus BioParticles in wild type (WT) and CD33~/~
THP1 macrophages. The phagocytes were incubated with 1 mg/ml bacterial particles for 120 min. Scale bar = 50 um. (b) Quantification of the
bacterial particle intensities in THP1 macrophages. CD33 knockout (dark gray) as well as PTPN6 knockdown (shPTPN&) cells demonstrated an
increase in phagocytosis compared to the wild-type control (black). Data are shown as mean + SEM (n = 4). **p < .01, *p < .05 determined by two-
way analysis of variance (ANOVA) followed by Bonferroni post hoc test. (c) Live cell images showing pHrodo S. aureus BioParticles in WT,
CD33~/~ and CD33“F2 human-induced pluripotent stem cell-derived microglia (iPSdMiG). The phagocytes were incubated with 0.5 mg/ml
bacterial particles for 90 min. Scale bar = 100 pm. (d) Likewise, CD33~/~ (dark gray) as well as CD33F2 (light gray) iPSAMiG exhibited an
increased S. aureus BioParticle phagocytosis compared to the corresponding wildtype control cells (black). Data are shown as mean + SEM (n = 4).
**p <.001, **p < .01 determined by one-way ANOVA followed by Bonferroni post hoc test. (e) Phagocytosis of aggregated AB1.4, by WT and
CD33~/~ THP1 macrophages. Macrophages were identified by CD11b staining (green) and the phagocytosed fluorescent AB1.42 (red) was
detected inside the cells by z-stack images. Scale bar = 50 pm. (f) Quantification of AB4_4, phagocytosis as the ratio of the number of ABy_45"
macrophages to the total number of macrophages. CD33~/~ (dark gray) as well as PTPN6 knockdown (shPTPNé6) THP1 macrophages exhibited an
increase in AB1.4o uptake. Data are shown as mean + SEM (n = 4). ***p < .001 determined by two-way ANOVA followed by Bonferroni post hoc
test. (g) Phagocytosis of aggregated Apy_4» by WT, CD33~/~ and CD33252 iPSdMiG. iPSdMIG were identified by IBA1 staining (green) and the
phagocytosed fluorescent AB;.42 (red) was detected inside the cells by z-stack images. Scale bar = 50 pm. (h) Quantification of relative Ap;.42
phagocytosis in iPSAMIG. CD33~/~ (dark gray) as well as CD3322 (light gray) iPSdMIG showed an increased AP1-42 phagocytosis compared to the
corresponding wildtype control cells (black). Data are shown as mean + SEM (n = 4). ***p < .001, **p < .01, *p < .05 determined by one-way

ANOVA followed by Bonferroni post hoc test
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FIGURE 7 Knockout of CD33 increased radical production in human macrophages and microglia. (a) Production of radicals in THP1
macrophages was assessed by dihydroethidium (DHE) staining and confocal microscopy. Radical production was increased by AB4_4 in all four

cell lines indicated by DHE staining intensity. Thereby, AB4.4>-induced radical production in CD33™

/= shCTRL macrophages (dark gray) was

enhanced compared to the corresponding wild-type (black) shCTRL line. Treatment with scavengers SOD1 and Trolox attenuated the AB1.42-
driven effect to untreated levels. Data are shown as mean + SEM (n = 4). ***p < .001, **p < .01, *p < .05 determined by two-way analysis of
variance (ANOVA) followed by Bonferroni post hoc test. (b) Reactive oxygen species (ROS) production in human-induced pluripotent stem cell-
derived microglia (iPSdMiG) analyzed by DHE staining. Wild type (WT) (black), CD33~/~ (dark gray) and CD33“E2 (light gray) iPSdMiG exhibited
similar constitutive ROS production. Treatment of the phagocytes with bacterial particles from S. aureus resulted in an elevated production of
ROS in all iPSAMIG lines with a higher magnitude in CD33~/~ iPSdMIG. Treatment with the scavenger NAC decreased ROS production to

untreated levels. Data are shown as mean + SEM (n = 3-6). ***p < .001, *

hoc test

IL6 and IL10 was higher in CD33~/~ iPSAMIG compared to CD33*%2
iPSAMIG, suggesting only a partial loss of inhibitory CD33 signaling in
CD33“E2-expressing iPSAMIG. The increased gene transcripts of the
anti-inflammatory cytokine IL10 in CD33~/~ and CD33“E2 iPSdMIG as
well as CD33~/~ THP1 macrophages might act as counter-regulator of
the increased pro-inflammatory gene transcripts IL1B and IL8, thus
keeping the net outcome on inflammation unclear. Knockdown of
PTPN6 did not influence gene transcription levels of TNFA compared to
controls in both, UT and LPS-treated WT THP1. However, IL1B levels
tended to be increased by around twofold on transcription level in UT
WT macrophages after PTPNé knockdown. Bone marrow-derived mac-
rophages (BMDM) isolated from motheaten viable mice with reduced

PTPN6/SHP1 expression showed an increase in TNF-a production after

*p < .01 determined by two-way ANOVA followed by Bonferroni post

LPS treatment compared to BMDM from WT mice, but no change in
IL-1p production after LPS stimulation (Rego et al., 2011). The differ-
ence between the report by Rego et al. (2011) and our results could
have a multitude of reasons such as timing of the analyses, cell type or
species differences. The gene transcription of IL10 was suppressed in
LPS-treated WT and CD33~/~ THP1 macrophages after PTPN6 knock-
down compared to the control (shCTRL). Likewise, IL10 gene transcrip-
tion was suppressed in BMDM from motheaten viable mice after LPS
treatment (Okenwa et al., 2013), which suggests that PTPN6/SHP1
positively regulates production of IL-10. Furthermore, IL8 mRNA levels
were also decreased in CD33~/~ macrophages after PTPN6 knockdown
regardless of LPS treatment, which indicates regulation of IL8 gene
transcription through PTPN6/SHP1 in a CD33-dependent manner.
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Lack of CD33 signaling might influence the expression of other
ITIM-bearing receptors or associated downstream molecules. There-
fore, we examined mRNA levels of SIRPA/SIRP-a, PTPN11/SHP2,
and INPP5D/SHIP1. SIRP-a exerts its inhibitory effect on phagocyto-
sis, when it interacts with CD47. Engagement of CD47 causes phos-
phorylation of the ITIM of SIRP-a, which results in the recruitment
and activation of SHP1 or SHP2 and thus in decreased phagocytosis
(Matozaki, Murata, Okazawa, & Ohnishi, 2009;
et al., 2003). Our data demonstrate an increase of SIRPA mRNA
levels after PTPN6 knockdown or CD33 knockout in THP1 macro-
phages, but only a tendency for increase in CD33™/~ iPSdMIG and

Neznanov

no effect in CD33“F2-expressing iPSdMIG, suggesting differences of
CD33 function in the distinct cell types. Additionally, the inhibitory
signaling phosphatases, PTPN11 and INPP5D, were upregulated in
CD337/~ THP1 macrophages on transcription level. This
upregulation was also seen in CD33~/~ iPSAMIG for INPP5D. Thus,
deletion of CD33 as a major ITIM-bearing receptor might cause com-
pensatory upregulation of other ITIM-associated phosphatases as
shown for INPP5D/SHIP1. Interestingly, polymorphisms in the phos-
phatase INPP5D/SHIP1 gene have been also associated with AD
(Lambert et al., 2013).

Moreover, previous studies indicated that the level of CD33
expression is positively correlated with A load in the human brain
and inversely associated with microglial phagocytic ability (Bradshaw
et al, 2013; Griciuc et al., 2013). Further, PTPN6/SHP1 over-
expression in J774A.1 macrophages results in a complete diminished
phagocytosis of IgG-sensitized sheep red blood cells (Kant
et al., 2002), and the phagocytic capacity of neonatal macrophages is
negatively correlated to PTPN6/SHP1 activity (Lawrence &
Koenig, 2012). In addition to these publications, our study now
shows that CD33™/~ and CD33%F2-expressing iPSAMIG as well as
CD33~/~ THP1 macrophages and WT THP1 macrophages with
PTPNé knockdown exhibited an increased phagocytosis of bacterial
particles and aggregated ABi.4o. The production of ROS such as
superoxide during the phagocytosis-associated oxidative burst is
another hallmark of macrophages and microglia and essential for the
host defense against microorganisms. The oxidative burst is tightly
controlled in order to prevent host tissue damage. TYROBP-mediated
ITAM signaling activates the nicotinamide adenine dinucleotide phos-
phate oxidase NOX2 to produce ROS (Graham et al., 2007). It was
shown that murine Siglec-E as well as human SIGLEC-11, which show
similar inhibitory signaling function to human CDS33, inhibit the
phagocytosis and the phagocytosis-associated oxidative burst
(Claude, Linnartz-Gerlach, Kudin, Kunz, & Neumann, 2013; Shahraz
et al., 2015; Wang & Neumann, 2010). In our current study, neither
knockout of CD33 nor expression of CD33“E2 in iPSAMIG induced an
increase in constitutive ROS production. However, CD33 deficiency
enhanced phagocytosis-associated oxidative burst in THP1 shCTRL
macrophages after treatment with Apy1.45 or cellular debris. In line,
CD33~/~ but not CD33252 iPSAMIG showed increased phagocytosis-
associated ROS production following S. aureus BioParticles treat-

ment. Interestingly, recent studies showed that the AD-protective

variant CD33282 is localized in peroxisomes, and it is speculated that
CD332E2 s related to peroxisome proliferation as well as ROS metab-
olism and thereby has a protective effect, which a knockout of CD33
does not show (Siddiqui et al., 2017). Similar to CD33-related
SIGLECs, PTPN6/SHP1 is also known as a negative regulator of ROS
production in various cells types (Gruber et al., 2015; Krotz
et al., 2005; Lyons et al., 2003). In our results, PTPN6 knockdown only
showed a slight increase in ROS production after stimulation with
AP1-42 or cellular debris in WT macrophages, which might be attrib-
uted to the partial loss of PTPN6/SHP1 signaling. However, ROS pro-
duction was slightly dampened in CD33~/~ macrophages with PTPN6
knockdown. Increased SYK/ERK1/2 signaling in conjunction with
increased phagocytosis could be a sign of a productive immune
response, which might be beneficial in diseases such as
AD. However, in combination with increased inflammatory cytokine/
chemokine signaling and phagocytic oxidative burst as seen for
knockout of CD33 in human THP1 macrophages and iPSdMiG pro-
inflammatory activation of the phagocytes might result in collateral
damage to neighboring cells such as neurons.

In summary, our data demonstrate that deletion of CD33 and
knockdown of PTPN6 only in WT but not in CD33~/~ background lead
to immune activation of human macrophages and microglia, probably
through the SYK-ERK signaling axis. Interestingly, expression of
CD33E2 i iPSAMIG shows a dampened activatory phenotype with-
out increased phagocytic oxidative burst compared to a full CD33
knockout, suggesting only a partial loss of inhibitory CD33 signaling
and absence of the potentially toxic oxidative burst associated with
phagocytosis. Further, knockout of CD33 is accompanied by gene
transcript upregulation of the ITIM-associated phosphatase INPP5D,
which was also shown to be associated with AD. In addition, our study
demonstrates that loss of inhibitory signaling via knockout of CD33,
expression of CD33F2 or knockdown of PTPN6 results in increased
phagocytosis of aggregated ApP1-40, cellular debris and bacterial parti-
cles. Thus, CD33 as well as PTPN6/SHP1 may be potential pharmaco-
logical targets for inducing a productive immune response to clear off
AB plaques in AD. On the other hand, ablating CD33 signaling in the
brain may be a double-edged sword as loss of CD33, but not expres-
sion of CD33“F2 might increase the potentially detrimental

phagocytosis-associated oxidative burst.
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