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Microglia, the innate immune cells of the brain, are essential for maintaining homeostasis
by their ramified, highly motile processes and for orchestrating the immune response to
pathological stimuli. They are implicated in several neurodegenerative diseases like
Alzheimer’s and Parkinson’s disease. One commonality of these diseases is their
strong correlation with aging as the highest risk factor and studying age-related
alterations in microglia physiology and associated signaling mechanism is indispensable
for a better understanding of age-related pathomechanisms. CD22 has been identified as
a modifier of microglia phagocytosis in a recent study, but not much is known about the
function of CD22 in microglia. Here we show that CD22 surface levels are upregulated in
aged versus adult microglia. Furthermore, in the amyloid mouse model PS2APP, Ab-
containing microglia also exhibit increased CD22 signal. To assess the impact of CD22
blockage on microglia morphology and dynamics, we have established a protocol to
image microglia process motility in acutely prepared brain slices from CX3CR1-GFP
reporter mice. We observed a significant reduction of microglial ramification and
surveillance capacity in brain slices from aged versus adult mice. The age-related
decrease in surveillance can be restored by antibody-mediated CD22 blockage in aged
mice, whereas surveillance in adult mice is not affected by CD22 inhibition. Moreover to
complement the results obtained in mice, we show that human iPSC-derived
macrophages exhibit an increased phagocytic capacity upon CD22 blockage.
Downstream analysis of antibody-mediated CD22 inhibition revealed an influence on
BMP and TGFb associated gene networks. Our results demonstrate CD22 as a broad
age-associated modulator of microglia functionality with potential implications for
neurodegenerative disorders.
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INTRODUCTION

Microglia are the resident immune cells of the brain and are
manifold involved in shaping their surrounding tissue from
development (1–3) till aging (4–6). Besides their role in
pathogen recognition and immune response orchestration,
microglia are also vital under homeostatic conditions. They
contribute substantially to maintaining homeostasis in the
brain, by removing cellular debris, aggregated proteins and
apoptotic cells (2, 7). With their ramified and highly motile
processes, microglia constantly monitor the brain parenchyma to
sense and counteract disturbances in the central nervous
system (8). During aging however, microglia undergo
phenotypic changes, characterized by the reduced expression of
cytoskeleton-regulating genes (9) consistent with the impaired
surveillance and reduced lesion response of microglia (10).
Moreover, during aging microglia loose their homeostatic
signature (11) and adopt a pro-inflammatory state, accompanied
by increased expression of pro-inflammatory cytokines (12),
reduced phagocytic activity and the accumulation of insoluble
cargo (13).

Aging is one of the biggest risk factors for neurodegenerative
disorders (14) and age-related disturbances in microglia
functionality could contribute to the initiation and progression
of various neurodegenerative diseases. Therefore, understanding
the effect of aging on microglial behavior and whether age-
related dysfunctionality can be modulated is crucial to
comprehend the ambiguous role of microglia in age-related
neurodegenerative diseases. Ultimately, new findings in this
area will be essential for the identification of new microglia-
specific targets in drug discovery.

A recent study in murine cells identified CD22 as an age-
associated modifier of microglial phagocytosis using a CRISPR-
Cas9 knockout screen (15). In vivo antibody-mediated blockage
of CD22 led to the restoration of phagocytosis, reprogrammed
microglia toward a homeostatic transcriptional state and
ultimately improved the cognitive functions of aged mice (15).
CD22, a sialic-acid-binding immunoglobulin-like lectin
(SIGLEC), is usually expressed on B-cells where it functions as
an inhibitory co-receptor of the B-cell receptor (16). Besides its
involvement in phagocytosis in murine phagocytosis, the
function of CD22 in microglia is largely unknown.

Here, we report that CD22 is upregulated by microglia during
aging and in plaque-associated microglia in the amyloid mouse
model PS2APP. Investigating microglia can be challenging, since
they are highly sensitive to changes in their environment and
rapidly loose key characteristics upon isolation (17, 18).
Therefore, it is essential to study microglia in their native
tissue environment. Using two-photon live microscopy of
acute brain slices prepared from CX3CR1-GFP reporter
animals in combination with a nearly fully automated analysis
pipeline, we show that microglial dynamic behavior can be
reliably assessed by this technology. We demonstrate that
surveillance is strongly reduced in aged versus adult microglia.
Interestingly, antibody-mediated blockage of CD22 in brain
slices of aged mice restores the age-related microglial hypo-
ramification and the reduced surveillance capacity. To connect
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these murine based findings to human biology, we addressed the
impact of CD22 blockage on human iPSC-derived macrophages
by studying effects on phagocytosis and transcriptional
regulation. Interestingly, in human iPSC macrophages
inhibition of CD22 promoted the phagocytosis of Ab-coated
beads and modulated key regulatory networks at the gene
expression level. By using a joint approach of murine and
human model systems, we show that CD22 blockage acts as a
broad age-related modifier of microglia functions.
MATERIALS AND METHODS

Animals
All animal experiments were performed with the permission of
the Swiss Cantonal Veterinary Office. The mice used in this study
were bred and maintained in temperature and humidity
controlled facilities. Food and water was available ad libitum.
The following lines were used in the study: CX3CR1-GFP (19)
and a cross of CX3CR1-GFP to PS2APP (20). Both transgenes
were kept in a heterozygous condition. To minimize gender-
dependent heterogeneity of microglia phenotype (21, 22), only
male mice were used in the study. CX3CR1-GFP animals were
used at 6-8 months as adult mice and at 13-16 months as aged
mice. PS2APP CX3CR1-GFP were around 10 months old.

Acute Slice Preparation
Animals were anesthetized in an isoflurane chamber and then
sacrificed by decapitation. The brain was quickly removed and
put in ice-cold NMDG-based artificial cerebral fluid solution
(NMDG- ACSF) consisting of the following reagents: 110 mM
NMDG, 3 mM KCl, 1.1 mM NaH2PO4, 25 mM NaHCO3,
25 mM D-Glucose, 10 mM L-Ascorbic acid, 3 mM Pyruvic
acid, 0.5 mM CaCl2, 10 mM MgCl2, 103.02 mM HCl; pH 7.3,
305-310 mOsm. Acute coronal hippocampal slices (300 mm
thick) of adult (7-8 months) or aged (13-16 months) mice
were sliced using a vibratome (VT1200, Leica). Dissection and
slicing was performed in ice-cold NMDG-ACSF, which was
constantly saturated with carbogen (95% O2, 5% CO2). After
slicing and recovery in 37°C warm NMDG-ACSF for 15 min,
acute slices were transferred to carbogenated ACSF (at room
temperature), containing the following: 119 mM NaCl, 2.5 mM
KCl, 2.5 mM CaCl2, 1.3 mM MgCl2, 1 mM NaH2PO4, 11 mM
Glucose, 26.2 mMNaHCO3; 290 mOsm. Slices were kept in ACSF
until imaged, but stayed at least 30min inACSF for acclimatization.

For antibody treatment, ACSF acclimatization is followed by
transfer to incubation chambers, containing carbogenated ACSF
with either CD22 antibody (BioXcell, BE0011; 5 mg/ml) or IgG
isotype control (BioXcell, BE0083; 5 mg/ml). Sections stayed in
incubation chambers for at least 90 minutes.

Cranial Window Surgery
The animal was anaesthetized using a triple shot standard
injection protocol consisting of a combination of Fentanyl
(0.05 mg/kg), Medetomidine (0.5 mg/kg) and Midazolam
(5 mg/kg) in a subcutaneous injection and the depth of
June 2021 | Volume 12 | Article 684430
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anesthesia was regularly assessed through toe pinching. Body
temperature was maintained at 36.5–37.5°C using a heating pad
connected to a controller, and the eyes were covered with eye
protecting gel. During experimentation, heart rate (mouse = 300–
450 beat/min) and O2 saturation (SpO2; mouse >95%) were
monitored using a pulse oximeter. The head was shaved on the
surgical area and cleaned with Betadine, then firmly fixed with ear
bars in a stereotaxic frame. The surgical area was locally numbed
by s.c. injection of local anesthesia (bupivacaine).

An incision was carefully made over the skin. The periosteum
was removed by gently scraping the skull with a scalpel blade and
scratches were made on the skull for cement adherence. The skull
was then degreased with H2O2 by cotton swabbing it and dried.
All exposed skull bone was covered with 2 layers of I-bond
(Kulzer I-Bond total etch) except for the area of the future cranial
window and dried with an UV lamp. The area to drill was
marked with a 3mm biopsy punch on the left parietal region.
Tetric evoflow cement was applied on all the surface of the
exposed skull, except the marked area. A circular thinning of the
skull around the marked area for the cranial window was created.
Bone crumbles were periodically blown away, the drilling region
washed with cold saline to avoid heating and dried before
restarting drilling. Thickness of the skull in the central groove
was regularly checked by gently pushing on the central area of
the cranial bone with a fine probe. When the thinned skull
moved upon being lightly touched, it was ready to be removed. A
large drop of cold saline was added on the thinned skull and the
groove was gently pinched with sharp forceps and lifted away.
The groove must be kept parallel to the skull’s surface to avoid
direct perforation of the dura mater. The cranial window was
filled with a drop of ACSF and the 3mm coverslip covered with
ACSF was placed in the hole. Tetric Evoflow cement was then
applied all around the coverslip to seal the coverslip to the skull
and slightly under it, so it is well maintained. The cement is then
dried with an UV lamp. The animal was removed from the ear
bars and we used an alignment tool to orient the mouse head so
the coverslip is horizontal (laser coming vertically from the top of
the animal to the coverslip is reflected on it and the reflection is
indicating the angle of the coverslip). Then the metal head plate
was placed parallel to the cover slip, fixed with Tetric Evoflow
cement and dried with UV light.

Two-Photon Microscopy
Acute slices were imaged with a two-photon imaging system
(Scientifica) equipped with a tunable Ti : Sapphire MaiTai
DeepSee laser (Spectra Physics) using an excitation wavelength
of 850 nm and the following bandpass filters: 450/50 nm for
methoxy-X04 and 525/50 nm for GFP. After placing the acute
slice on a cover slip, it was positioned under the 20x objective
(XLUMPLFLN; Olympus) where it was constantly perfused with
carbogenated ACSF. After identifying the CA1 region, one
microglia was selected for time-lapse image acquisition. To
avoid activated microglia at the borders of the slice, microglia
were exclusively imaged at a depth of >80 µm. With a 6x optical
zoom, the cell was centered and the soma was focused. Z-
dimensions were set ±30 µm of the soma. Microglia selection
was based on unbiased criteria such as clear soma recognition
Frontiers in Immunology | www.frontiersin.org 3
and distinction from neighboring cells. In average 8 stacks were
recorded consecutively with the dimensions 129.5 µm*129.5
µm*60 µm (X*Y*Z), a resolution of 512px*512px per plane
and a step size of 1 µm. Two images were acquired per plane,
which were averaged during image processing. One cell per slice
was imaged.

For in vivo imaging, the animal was transferred to the two-
photon microscope right after surgery on a heating plate.
Medetomidine (0.25mg/kg every hour) was injected to prolong
the anesthesia. The head was fixed through the implanted head
plate to the stage. A drop of water was added on the window and
the bright field mode was used to center the window in the 10x
objective. The 20x objective (XLUMPLFLN; Olympus) was then
used with an excitation wavelength of 850 nm and the 525/50 nm
bandpass filter to collect the GFP signal. We recorded cells at
least 50 µm deep in a stack going ±30 µm with a 6x optical zoom,
in the same way we recorded on slices.

Image Processing & Analysis
Image processing and analysis (Figures S1A, B) was performed
using ImageJ by custom-written macros (available upon request).
For the time-lapse, the maximum intensity Z-projection for each
stack was created followed by the x,y registration using the
StackReg plugin (23). After cropping the cell using the
temporal color code image overlaying all timepoints,
automated image correction steps were applied, including
background removal, a 2px median filter, photobleaching
correction and contrast enhancement. The resulting binarized
images were used for analysis. The relative retraction area is the
number of pixels in image tn subtracted with the number of
pixels from the consecutive image tn+1 relative to the total pixel
number of tn. The relative retraction reflects the percentage of the
cell area, which retracted from tn to tn+1. For the extension area,
the number of pixels in image tn+1 were subtracted with the
number of pixels from the image tn relative to the pixel number
of tn. The relative extension area reflects the percentage of pixels
in a new location from tn to tn+1. The reported motility index is
the sum of the relative retractions and extensions and is used as a
readout for the process motility of the microglia. By summing up
the absolute retraction and extension area, the surveillance index
indicates the surveillance capacity of the microglia and reflects
the surveilled area.

Microglia Activation in the
Slice Preparation
At the slice surface, microglia morphology resembles an activated
phenotype with rounded cell shape and fine, quickly moving
processes (Video S1) due to tissue damage induced by the slicing.
However, within the slice, homeostatic microglia with fine and
highly branched processes are observed (for a scan through the
slice see Video S2). Compounds of choice can be either applied
prior (pre-incubation) or during (wash-in) imaging. To assess if
the age of the slice after preparation has an effect on microglia
behavior, we have plotted the relative motility, surveillance and
area values of untreated slices (from experiment in Figure 3)
versus the time after slice preparation (Figures S1C–E). We did
not observe any correlation between our readouts and the age of
June 2021 | Volume 12 | Article 684430
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the slice after preparation. Therefore, these results indicate a
stable slice preparation with no aberrant activation of microglia
observed over time.

Tracing of Microglia Processes and
Sholl Analysis
To trace microglial processes, the maximum intensity Z-
projection from the t0 time point of each recorded cell was
selected. Using Fiji’s SNT (Simple Neurite Tracer) plugin,
processes were traced for subsequent Sholl analysis. With a
step size of 1 µm, the number of processes crossing the
concentric circles, which were arranged around the soma, were
counted. This analysis reflects the ramification of microglia.

Primary Microglia Isolation
After mice were transcardially perfused with ice-cold PBS, whole
brains were isolated to obtain single cell suspensions using the
Adults Brain Dissociation Kit, mouse and rat (Miltenyi Biotec,
130-107-677) according to the manufacturer’s protocol. Briefly,
the brains were chopped into pieces in cold PBS, transferred into
gentleMACS™ C Tubes (Miltenyi Biotec, 130-093-237) and
digested using the provided enzymes with the gentleMACS™

Dissociator with Heaters (Miltenyi Biotec, 130-096-427). Tissue
lysates were resuspended and filtered through 70mm cell strainers,
which were subsequently rinsed with PBS. Samples were
centrifuged at 1500 rpm for 10min and the supernatant was
decanted. This was followed by gradient centrifugation with 30%
Percoll (GE Healthcare Life Sciences, 17-0891-01) in PBS (v/v)
(2750 rpm for 30 minutes, at 4°C, no brakes). Myelin was removed
with a suction pump and the suspensions were filtered through 70
mm cell strainers and centrifuged at 1500 rpm, 4°C for 10 minutes.
The samples were then ready for flow cytometry staining.

Flow Cytometry
Single cell suspensions were incubated with primary antibodies
against CD11b (1:400, clone M1/70, BD Biosciences, 565976),
CD45 (1:800, clone 30-F11, BD Biosciences, 563890) or CD45
(1:400, clone 30-F11, BD Biosciences, 565079), CD22 (1:100,
clone OX-97, Biolegend, 126112) as well as live cell identification
using Zombie NIR™ (1:500, Biolegend, 423106) in PBS for
30 min at 4°C. After washing once with PBS, samples were
resuspended in 200 µl PBS and analyzed by flow cytometry with
a BD LSRFortessa (BD Biosciences) or a BD FACSymphony flow
Cytometer (BD Biosciences). To reduce fluorescent spillover,
PMT voltages were adjusted with single-stain controls prepared
with VersaComp Antibody Capture Bead Kit (Beckman
Coulter, B22804) before sample acquisition. Acquired.fcs files
were uploaded in FlowJo software (Tree Star), where artefacts
arisen from incorrect compensation-matrix calculation were
manually corrected.

In Vivo Amyloid-b Plaque Labeling
18h prior microglia isolation or imaging, PS2APP CX3CR1-GFP
mice were injected intraperitoneally with methoxy-X04
(5mg/kg), a blood-brain-barrier penetrating dye, which labels
amyloid plaques (24).
Frontiers in Immunology | www.frontiersin.org 4
Human iPSC-Derived Macrophages
All work with human iPSC-derived macrophages was performed
under the respective Swiss legislation, ethical guidelines, and
approval. Production and maintenance of human iPSC-derived
macrophages was done according to our recently published
adapted protocol from van Wilgenburg et al. (25, 26).

Briefly, iPSC maintenance culture dishes (Corning) were
coated with 12.5 µg/ml rhLaminin-521 (BioLamina) prior
usage. Cells from the utilized human iPSC cell line Bioneer
WT (BIONi010-C; Bioneer) were seeded and cultured in
mTesR1 media (StemCell Technologies) at 37°C with 5% CO2

with daily media changes. At 90% confluency, cells were
passaged by washing the cells once with PBS and detaching
with Accutase™ (Innovative Cell Technologies) for 2 to 5 min at
37°. After removal of Accutase™ by centrifugation, cells were
either used for maintenance or induction of differentiation. Cell
quality was controlled by STR profiling, SNP phenotyping and
karyotyping after banking. Sub-culturing was reduced to an
absolute minimum to avoid genetic drift.

To initiate macrophage differentiation, embryoid bodies (EBs)
were generated as described previously (25). For EB generation,
iPSCs were seeded onto AggreWell 800 plates (StemCell
Technologies). Per well, 2 ml of a single cell suspension of
4*106 cells in mTesR1, supplemented with 10 mM ROCK
inhibitor (Y27632, StemCell Technologies), were added.
Centrifugation at 100 g for 3 min assured an even cell
distribution. The following day, 75% of the mTeSR1 media
were exchanged with mTeSR1 media supplemented with 50 ng/
ml rhBMP4 (Biotechne), 50 ng/ml rhVEGF (Biotechne), and 20
ng/ml rhSCF (Biotechne) to start mesoderm and subsequent
hemogenic endothelium induction. This medium exchange was
repeated for the next 2 days. On day 4 of differentiation, EBs were
harvested and transferred to factory medium, consisting of X-
VIVO 15 medium (Lonza) supplemented with 2 mM GlutaMAX
(Thermo Fisher Scientific), 10 U/ml Penicillin/Streptomycin
(Thermo Fisher Scientific), 50 µg/ml Mercaptoethanol (Thermo
Fisher Scientific), 100 ng/ml rhMCSF (Miltenyi Biotech), and 25
ng/ml rhIL3 (Miltenyi Biotech). EBs were plated in growth factor
reduced Matrigel (Corning) precoated cell culture vessels at a
density of 1 EB/cm2. Myeloid factories were matured as
reported (25).

In Vitro Phagocytosis Assay
iPSC-derived macrophages were plated onto a 96 well plate
(Falcon, 353219) at a density of 30000 cells per well. The
following compounds were added respectively to assess their
impact on phagocytosis: CD22 antibody (BioXcell, BE0011; 5 mg/
ml), IgG isotype control (BioXcell, BE0083; 5 mg/ml) and
Cytochalasin D (MCE, HY-N6682, 10 mM). Preparation of Ab-
coated, pHrodo-labelled beads was performed as previously
described (27). After addition of the beads, phagocytosis was
monitored with the IncuCyte S3 live-cell analysis system by
acquiring 3-4 brightfield and red fluorescence images every 45
minutes for 12h. For cell recognition and quantification of red-
positive cells, the IncuCyte software with its adherent cell-by-cell
classification tool was utilized.
June 2021 | Volume 12 | Article 684430
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Molecular Phenotyping
Molecular phenotyping was performed as described previously
(28–30). Expression levels of about 1,000 pre-selected “pathway
reporter genes” are monitored using a targeted, parallelized,
amplicon-based approach. Briefly, macrophages were treated
for 4 hours with either anti-CD22 blocking antibody or the
corresponding IgG control antibody at 5mg/ml. After incubation
cells were lysed in 350 ml MagNA Pure LC RNA Buffer (Roche
Diagnostics, 03604721001) and purified using the MagNA Pure
96 System (Roche Diagnostics). RNA was quantified using the
Qubit RNA Assay Kit (Thermo Fisher Q32852) on the
Fluorometer Glomax (Promega).

Amplicon Library Construction
10 ng of total RNA from each biological replicate were reverse
transcribed to cDNA using Super Script IV Vilo (Thermo Fisher,
11766500, user guide MAN0015862). Libraries were generated
with the AmpliSeq Library Plus Kit (Illumina Catalog number
20019103) according to the Reference Guide. Pipetting Steps for
target amplification, primer digestion and adapter ligation were
done with the mosquito automatic pipettor (ttp labtech) in a
miniaturisation fashion. For the purifications before and after
final library amplification, SPRI magnetic bead purification was
chosen (Clean NGS, LABGENE Scientific SA) semi automated
on multidrop (Thermo Fisher). Amplicon size and DNA
concentration were measured using an Agilent High Sensitivity
DNA Kit (Agilent Technologies, Waldbronn, Germany)
according to the manufacturer’s recommendation. Prior
sequencing samples have to be normalized and pooled to 2nM
final concentration on Biomek FXP workstation.

Illumina Sequencing
Pooled libraries were sequenced on the Illumina NovaSeq 6000
Instrument, SBS (sequencing by synthesis) technology. 75 cycles
end up with a minimum of 2 Mio SR per sample for analyzing.

Read Mapping and Quantification
As every transcript is represented by a single, specific amplicon
from the Molecular Phenotyping panel, the mapping results
provide a direct quantification measure in “counts per
amplicon” that is used for downstream analysis. Reads were
mapped to the amplicon sequences of the panel using
Bowtie2 (31).

Detection of Differentially Expressed
Genes, Gene Set Enrichment
Counts per amplicon were used for the downstream analyses,
greatly simplifying the data processing. Differentially expressed
genes (DEGs) were identified from the amplicon sequencing data
using edgeR based on negative binomial distribution (28). Gene
set enrichment was performed using CAMERA (32).

Microglia Expression Modules
Microglia expression modules were derived from the publication
of Friedman et al. (33) and complemented by two modules
(DAM signatures TREM2 dependent and TREM2 independent)
Frontiers in Immunology | www.frontiersin.org 5
derived from the publication of Keren-Shaul et al. (34).
Differences between two groups in these expression modules
were visualized in a Radar plot using python.

Statistics
GraphPad Prism was used for statistical analysis. Data sets were
tested for normality (D’Agostino-Pearson Omnibus K2

normality test; significance level P=0.05) before employing the
appropriate parametric or nonparametric statistical comparison
test, which is depicted in the respective figure legend. If not stated
otherwise, mean values ± SEM were reported. For outlier
recognition, the Robust regression and Outlier removal
(ROUT) method was utilized with an aggressiveness of Q=1.
The Pearson correlation analysis was used to assess correlation.
RESULTS

CD22 Expression Is Enhanced in Aged
Microglia and Microglia With
Internalized Ab
During aging, microglia undergo significant transcriptional
changes (11). However, the consequences for microglial
physiology due to age-associated altered expression levels and
implicated signaling pathways are not well understood yet. To
address the role of microglial CD22 during aging, we started as a
first step by comparing microglial CD22 expression between
adult (6 months) and aged (14-16 months) mice. Microglia were
isolated from CX3CR1-GFP reporter mice, sorted by flow
cytometry and mean fluorescent intensity were measured to
determine CD22 levels (Figure S2A). To exclude any potential
impact of autofluorescence signal in the CD22 channel, a FMO
(fluorescence minus one, including all antibodies except anti-
CD22) control was included on pooled samples and used to set
the gate for CD22 signal (Figure S2B). In 14-16 month aged
mice, we found the level of CD22 in microglia to be significantly
upregulated compared to the adult animals at 6 month of age
(Figures 1A, B). With this observation we strengthen not only
previous findings (15), but also narrow down the time window,
in which an evident increase in CD22 expression can
be observed.

Since also distinct transcriptional microglia states e.g. DAMs
(disease-associated microglia) have been identified in amyloid
mouse models of age-related neurodegenerative disorders (34),
we wondered whether CD22 is differentially expressed in these
subpopulations. To evaluate the relevance of CD22 in an AD-
related context, we used the transgenic amyloid mouse model
PS2APP (20). We compared CD22 expression of isolated
microglia from aged-matched CX3CR1-GFP and PS2APP
CX3CR1-GFP double-transgenic mice by flow cytometry, but
did not observe a change in mean CD22 levels of all GFP-positive
isolated microglia (Figures 1C, D). Since DAMs are often
located in the vicinity of, or associated to Ab-plaques, we
injected PS2APP CX3CR1-GFP mice with methoxy-X04 prior
to microglia isolation to label intracellular Ab-material (35).
When discriminating between microglia subpopulations in the
June 2021 | Volume 12 | Article 684430
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PS2APP CX3CR1-GFP mice, Ab-containing microglia
(methoxy-positive cells) exhibited a significant 4-fold increase
in CD22 levels in comparison to the methoxy-negative cells
(Figures 1E, F), indicating an increased expression of CD22 in
plaque-associated microglia.

Next, we were interested in how the increase in CD22
expression in aged and Ab-containing microglia correlates with
the physiological function, and more specifically surveillance
capacity of these states.

Two-Photon Imaging Based Slice Assay
to Study Microglia Dynamics Upon
CD22 Blockage
Microglia are continuously surveilling their parenchymal
environment with their highly branched and motile processes
(Video S3). They are extremely sensitive to small alterations in
their surrounding environment and change their phenotype
dramatically after isolation from the tissue (17, 18). Therefore,
to assess microglial phenotypic modulation by CD22, it is
essential to develop assays that are as close as possible to the
natural microglial environment. In order to measure CD22 and
other compound-mediated effects on microglia surveillance and
motility, we performed live imaging by two-photon microscopy
Frontiers in Immunology | www.frontiersin.org 6
in ex vivo acute slices (Figure 2A and Video S4) of the CX3CR1-
GFP transgenic mouse model (19). We have established a semi-
automated image processing and analysis pipeline to quantify
microglia dynamics (Figure S1 and methods).

To determine if continuous imaging by the pulsed laser
induces alterations in microglia dynamics, we have measured
motility of single microglia over a period of 80 minutes
(Figure 2B). We did not observe any change with stable
motility values over time, indicating that the continuous
imaging does not lead to tissue damage and associated
microglia response. To evaluate the noise of our image
processing and analysis pipeline, we have imaged PFA-fixed
acute slices in the imaging chamber. The motility index is
strongly reduced in fixed slices in comparison to ex vivo acute
slices (Figure 2D). The residual minimal motility signal results
from slice movement in the imaging chamber due to continuous
flow of ACSF. Interestingly, microglia imaged in vivo through a
cranial window in anesthetized animals revealed a higher
motility index as compared to the ex vivo acute slices
(Figure 2D and Video S5). The high sensitivity of microglia
morphology and motility to spontaneous neuronal activity and
neurotransmission (36, 37), that is reduced in the slice
preparation, could explain these findings and correlates with
A B

D

E F

C

FIGURE 1 | Microglia from aged mice as well as Ab-containing microglia exhibit an increased CD22 expression. (A) Representative flow cytometry scatter plots and
(B) respective quantification showing the relative CD22 MFI of isolated microglia from adult (6 months) and aged (14-16 months) mice. n=3 mice per age.
(C) Representative scatter plots and (D) quantification of the CD22 expression in isolated microglia from 13 months old PS2APP-/+ CX3CR1-GFP and age-matched
CX3CR1-GFP mice. n=4-5 mice. (E) Scatter plots of CD22 expression in methoxy-X04 negative microglia, methoxy-04 positive microglia and an overlay visualizing
the differences in CD22 signal between both subsets. (F) Relative CD22 MFI of methoxy-X04 negative and methoxy-04 positive microglia from 13 months old
PS2APP CX3CR1-GFP mice. n=5, mean ± SEM. For (B, D) and (F) mean ± SEM, unpaired nonparametric t-test (Mann-Whitney). **p<0.01, ***p<0.001.
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the broader branched processes and increased covered area of
microglia in vivo (Figures 2C–E).

For evaluation of our assay and assessment of its capability to
detect microglial morphological changes, we used in a first step
compounds to modulate microglial behavior. NBQX, an AMPA
receptor antagonist, let to a slight drop in motility and more
apparent in the surveillance index and occupied area (Figures
2G–I), and was concomitant with the observed de-ramification
(Figure 2F) as seen in the time-lapse (Video S6). The sensitivity
of the assay was further validated using the cytoskeleton blocker
cytochalasin B and ATP (Figure S3 and Video S7, S8). Taken
together, we have established a microglia imaging and analysis
platform that enables us to study their process dynamics in
native tissue environment of the ex vivo slice preparation.

Microglia of Aged Mice Show Reduced
Surveillance Capacity
Since we observed an upregulation of CD22 in microglia during
aging and to address the question if CD22 is involved in age-
related alterations of microglia physiology, we first compared
dynamics of adult and aged microglia with the established two-
photon based live imaging assay. We have prepared acute brain
Frontiers in Immunology | www.frontiersin.org 7
slices from 7-8 month old (adult) and 13-16 month old (aged)
CX3CR1-GFP reporter mice. Microglia were live-imaged and the
average surveillance, motility and area was calculated. Aged
microglia exhibited a hypo-ramification as compared to
microglia imaged from adult mice (Figures 3A–E and Video
S9, S10). Strikingly, the hypo-ramification of aged microglia is
accompanied by a significant reduction in their surveillance
index as compared to adult microglia (Figure 3B). Microglia
motility and cell area was reduced by 7% or 12%, respectively, but
statistically there was no significant difference between the two
groups (Figures 3C, D). Lastly, Sholl analysis reveals a significant
reduction in ramification of aged compared to adult microglia
(Figure 3E), thereby reflecting the age-associated morphological
changes. These results show that aging of microglia is
accompanied by a hypo-ramification and reduced surveillance
of their parenchymal microenvironment.

Antibody-Induced CD22 Blockage
Restores Age-Related Decline in
Microglial Surveillance
CD22 deficiency leads to an enhanced motility as well as
enhanced chemotaxis of B-cells (38). Therefore, we were
A
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FIGURE 2 | Imaging setup of two-photon microscopy of ex vivo acutely prepared slices. (A) Freshly prepared acute coronal sections of CX3CR1-GFP mice are
placed under the microscope and the region of interest is selected. After adjusting the parameters for stack acquisition, the time-lapse stack recording is initiated.
(B) The motility index, calculated for each timepoint, is stable for a 80 min imaging period. (C) Representative images of microglia process complexity in the ex vivo
and in vivo preparation (D) Motility index and (E) cell area of microglia imaged in ex vivo slices, PFA-fixed slices and in vivo through a cranial window. (F) The AMPA
receptor blocker NBQX induces progressive decrease in size and complexity of the ramified processes. NBQX treatment leads to a marginal reduction in motility
(G), and a more severe decrease of the surveillance index (H) and microglia area (I). For (D, E) and (G–I) One-way ANOVA multiple comparisons to ex vivo,
*p<0.05, **p<0.01, ***p<0.001, n.s.>0.5 Scale bar: 20 µm.
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asking if blockage of CD22 can also alter the morphology and
dynamic activity of microglia. Since we observed a CD22
upregulation during aging of microglia, we were specifically
interested if there is a differential effect on adult versus aged
microglia. Thus, acute brain slices from adult (7-8 month old)
and aged (13-16 month old) CX3CR1-GFP reporter animals
were incubated with a CD22-blocking antibody or an isotype
control antibody prior to imaging (Figures 4A–F). In adult
microglia, antibody-mediated CD22 blockage did neither alter
surveillance, motility and cell area, nor the ramification state as
compared to IgG isotype control (Figures 4B–E and Video
S11, S12). However, the evident de-ramification in aged
microglia was reverted upon CD22 inhibition (Figures 4A–J
and Video S13, S14) and an increase in overall cell area was
observed (Figure 4I). Furthermore, the CD22-related
morphological changes were accompanied by a significant
increase of both surveillance and motility (Figures 4G, H).
Ultimately, Sholl analysis revealed that microglial process
ramification was restored by CD22 inhibition (Figure 4J).
These results clearly demonstrate that in accordance with the
upregulation of CD22 during aging, age-associated de-
ramification and declining surveillance capacity can be restored
via antibody-mediated inhibition of CD22 specifically in aged
microglia and suggest CD22 as a negative regulator of
microglia surveillance.

In addition to aging, we also observed a specific upregulation
of CD22 in Ab-containing microglia in the amyloid mouse
model PS2APP CX3CR1-GFP. Extracellular accumulation of
Ab, a pathological hallmark of Alzheimer’s disease, is
associated with neuroinflammation and aberrantly activated
microglia, referred to as disease-associated microglia (DAM)
(34), that are specifically found around plaques. These DAMs
exhibit a modified transcriptional signature, such as the
upregulation of AD risk genes and the downregulation of
homeostatic genes. Furthermore, plaque-associated microglia
Frontiers in Immunology | www.frontiersin.org 8
exhibit a reduced process motility (39). We therefore tested if
CD22 blockage can also alter surveillance and motility of plaque-
associated microglia. To analyze the effects of CD22 inhibition
on plaque-associated microglia, two-photon live imaging was
performed on brain slices prepared from methoxy-X04 injected
PS2APP CX3CR1-GFP animals to label the plaques
(Figure S4A). Since this amyloid mouse model develops
plaques first in the frontal cortex, we selected this region for
further evaluation. In contrast to homeostatic microglia, plaque-
associated microglia exhibit a reduced surveillance and motility
index of around 73 and 0.4, respectively. Upon blockage with the
CD22 antibody, the surveillance index increased to 85, but
statistically there was no significant difference to the IgG
isotype control (Figure S4B). Motility of plaque-associated
microglia was not affected by CD22 inhibition (Figure S4C).
Although CD22 expression is strongly increased in methoxy-
positive microglia, antibody-mediated blockage of CD22 did not
significantly alter the surveillance of plaque-associated microglia.

Summarizing, with two-photon imaging of microglial
dynamics in acutely prepared slices we show that the
inhibition of CD22 signaling can enhance microglial motility
as well as restore age-related decline in microglia surveillance
and ramification in the non-diseased brain. In a disease context,
plaque-associated microglia did not display significant changes
upon antibody-mediated blockage of CD22, although a trend
towards an increased surveillance capacity is visible.

CD22 Blockage Enhances Phagocytosis
of Ab-Coated Beads in Human
iPSC-Derived Macrophages
CD22 has recently been identified as a modulator of microglial
phagocytosis in a CRISPR screen based on Cas9 expressing
murine BV2 cells (15). To connect observations from this study
and our mouse ex vivo slices to human biology, we derived
primitive macrophages from iPSC cells and assessed the effect of
A B
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C

FIGURE 3 | Surveillance deficits and hypo-ramification in aged microglia. (A) Representative two-photon images of microglia from acute slices of adult (7-8 months)
and aged (13-16 months) mice. Semi-automated analysis of (B) surveillance index, (C) motility index and (D) area of adult and aged microglia. (E) Sholl analysis
using max. z-projections from time point t0 of respective time-lapse recording showing the number of intersections in relation to the distance of the cell body. n=8-10
cells from n=7 mice each, mean ± SEM, unpaired nonparametric t-test (Mann-Whitney), *p<0.05. Scale bar: 20 µm.
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CD22 blockage on phagocytic activity. For the generation of the
iPSC-derived macrophages we used a previously published
protocol (25, 26) that resembles the correct ontogeny of yolk-
sac-derived myb-independent primitive macrophages. Since
macrophages are highly phagocytic cells with similar molecular
mechanisms involved in phagocytosis as in microglia and we
already established a variety of functional readouts using these cells
previously we decided to use these cells as surrogate for microglial
phagocytosis. To assess the phagocytic activity of the
macrophages, we monitored the uptake of pHrodo-labelled Ab-
coated beads (27), which were added to the respective treatments.
Upon treatment with the IgG isotype control antibody the amount
of red-positive cells, which reflect the amount of phagocytic cells,
does not differ over time compared to the control condition,
whereas the phagocytic activity is completely abolished by
cytochalasin D, a known actin polymerization inhibitor (Figure
5B). However, antibody-mediated CD22 blockage leads to a
significant increase in red-positive cells over time compared to
the isotype control (Figures 5A–C), indicating an increased
phagocytic activity. Thus we conclude that CD22 negatively
Frontiers in Immunology | www.frontiersin.org 9
regulates phagocytosis in human macrophages in vitro, similar
to previous findings reported in murine microglia-like cells (15).

CD22 Blockage Effects on Gene
Expression in Human iPSC-Derived
Macrophages
Since the observation of increased phagocytosis pointed to a
specific effect of CD22 blockage on macrophages we used
molecular phenotyping (28–30) to further characterize
downstream pathways that are affected by CD22 blockage.
Figures 6A, B shows volcano plots for the comparisons of
control IgG-treated cells to untreated cells, and of anti-CD22-
treated cells to IgG-treated cells. The horizontal red dashed line
corresponds to a p value cutoff of p=0.05. Even for a panel of
around 1,000 genes, the number and size of effects at the
transcriptional level are small, and are comparable for the two
tested treatments. Obviously, signaling events at the protein level
are not captured in a differential gene expression analysis. We
note that effects on phagocytosis and motility may well be
regulated at the protein level and not be reflected in the gene
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FIGURE 4 | Blockage of CD22 restores age-associated deficits in surveillance and ramification. (A) Representative two-photon images of microglia from acute slices
prepared from adult (7-8 months) mice, which were either treated with a CD22 or an IgG isotype control antibody. Respective analysis of the (B) surveillance index
and (C) motility index as well as the (D) area and the (E) sholl analysis reflecting the microglial ramification. (F) Two-photon images of microglia from aged (13-16
months) mice demonstrating the effect of treatment with CD22-blocking antibody. Quantification of the (G) surveillance index (H) motility index, (I) area and (J) sholl
analysis comparing the antibody treatments. For (B–E) and (G–J) n=7-11 cells from n=7 mice each, mean ± SEM, unpaired nonparametric t-test (Mann-Whitney),
*p<0.05, **p<0.01. Scale bar: 20 µm.
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expression data. Figures 6A, B shows that several of the genes
that are down-regulated in response to the generic IgG antibody
(left: ITGB4, BMP4, HTRA1, CDH2) are up-regulated by anti-
CD22 treatment compared to IgG.

Given the small number of clearly significant effects, we apply
a gene set enrichment analysis approach to identify effects that
are significant at the gene set level even though non-significant at
the gene level. We assessed a total of about 3,000 gene sets
obtained from the public domain as described in (28–30).
Figures 6C–F illustrates two very clear findings.

First, the interferon response network is characterized here by
annotated targets of interferon alpha (IFNA1). As the diagram in
Figure 6C shows, for IgG controls, two IFNA1 target genes are up-
regulated at the p=0.05 significance level (TRIM5, MX1, compare
Figure 6A), but themajority of other IFNA1 target genes also show
anupward trend, rendering this gene set as awhole significantly up-
regulated. In Figure 6D, the same gene set is shown for the anti-
CD22 treatment compared to IgG treatment. The set is overall
balanced, and none of the member genes is significantly affected
anymore, and there is no overall effect on this set of genes,
suggesting that the anti-CD22 effect in this context alleviated the
interferon response induced by the control antibody.

For another gene set of interest, genes annotated as involved
in BMP/TGFB signaling, the situation is even more dramatic.
Figure 6E suggests that, while only one of its member genes
(BMP4) is statistically significantly down-regulated by treatment
with IgG, the majority of member genes measured in our panel
Frontiers in Immunology | www.frontiersin.org 10
show a downward trend. As Figure 6F shows, this trend is
reversed by treatment with anti-CD22. The majority of BMP/
TGFB signaling genes now show upward trends, and three of
them are individually significant at the p=0.05 level (SREBF1,
FOXC1, BMP4). TGF-b signaling was associated with
homeostasis of microglia (40).

For comparison with our previous work, we also used the
previously described microglial gene modules (27) and compared
the effect of CD22 blockage on these modules to untreated cells
and isotype control antibody treated cells (Figures 6G, H). We
note that CD22 itself is part of the “neurodegeneration” module
analyzed by Friedman et al. (33). When compared to untreated
cells, an up-regulation of the monocyte module and the interferon
module could be observed (Figure 6G). As explained in more
detail above (Figures 6C, D), the effect on the interferon module
was not observed when the CD22 blockage was compared to
isotype control. However, the monocyte module was still affected.

Overall, while we do not observe any clear gene expression
effects related to phagocytosis or cell motility, blockage of CD22
signaling is shown to affect gene networks involved in modulating
overall microglia activation and behavior.
DISCUSSION

Here we describe a novel function of microglial expressed CD22
in regulating process surveillance and ramification. We have
A

B C

FIGURE 5 | CD22 blockage increases phagocytic capacity of human iPSC-derived macrophages. (A) Representative images of iPSC macrophages treated either
with CD22 blocking antibody or IgG isotype control. Red signal indicates pH-rodo labeled Ab-coated beads, which are located in the lysosomes. (B) Increase of
phagocytosis-positive cells over time in untreated cells and cells treated with 5 mg/ml IgG isotype control, while no significant change is visible in cells treated with 10
mM Cytochalasin D. Cells were monitored using IncuCyte S3 and analyzed using IncuCyte cell by cell analysis. (C) Raise in phagocytosis positive cells over time in
cells treated with 5 mg/ml CD22 blocking antibody or 5 mg/ml IgG isotype control. Cells were monitored using IncuCyte S3 and analyzed using IncuCyte cell by cell
analysis. n=3, mean ± SEM, unpaired nonparametric t-test (Mann-Whitney), **p<0.01, ****p<0.0001. ns>0.05.
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assessed microglial motility, surveillance and ramification ex vivo
in acutely prepared brain slices using two-photon microscopy.
Utilizing this technology, we were able to demonstrate age-
related decrease in microglial surveillance and altered
Frontiers in Immunology | www.frontiersin.org 11
morphology comparing microglia from adult and aged
CX3CR1-GFP reporter mice, which are consistent with the de-
ramification of aged microglia observed in human studies (41).
Importantly, the blockage of CD22 in acute brain slices of aged
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FIGURE 6 | Gene expression and gene set enrichment analyses. (A, B) Volcano plots of treatment effects on gene expression levels in iPSC-derived macrophages.
Each point represents one of the 1,062 measured pathway reporter genes. The x axis shows log2 fold changes, the y axis has negative log10 of p values. The red
horizontal line indicates a p value cutoff of 5 percent. All genes above the cutoff are indicated by their official gene symbols. (A) Effects of generic IgG antibody on
untreated cells. (B) Effects of anti-CD22 antibody treatment compared to IgG treatment. (C, D) Volcano plots as in (A, B), with genes annotated as targets of
interferon alpha (IFNA) highlighted in yellow. (E, F) Volcano plots as in (A, B), with genes belonging to BMP/TGFB signaling highlighted in yellow. (G) Radar plot to
visualize changes in gene expression in gene modules relevant for microglia induced by CD22 blockage. Plotted values are enrichment scores calculated using
CAMERA (32). The red circle indicates the reference level as detected in untreated macrophages. Peaks outside the red circle indicate up-regulation of a module in
cells treated with CD22 blocking antibody and modules closer to the center indicate down-regulated modules compared to untreated macrophages. (H) Radar plot
to visualize changes in gene expression in microglial modules induced by CD22 blockage in comparison to Isotype treated cells. The red circle indicates the
reference level as detected in Isotype treated macrophages.
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mice restored age-related microglial hypo-ramification and the
reduced surveillance capacity. Moreover, CD22 blockage results
in increased phagocytosis of Ab-coated beads in iPSC-derived
macrophages and reprograms transcriptional state inducing an
upregulation of BMP/TGFb gene networks and a dampening of
the interferon response.

Two-Photon Microglia Imaging
To evaluate dynamic and morphological changes in microglia
upon blockage of CD22, we describe a two-photon imaging and
analysis platform. While already various approaches were
reported to study microglia dynamics in vivo, most of them are
dependent on manual selections, which are more prone to bias
and which we aimed to avoid with our semi-automated pipeline.
An additional advantage of our analysis platform is its
compatibility with both in vivo and ex vivo imaging, making it
more versatile. A recently published review summarized different
approaches on studying microglia dynamics (42) and in contrast
to our data, when comparing the microglial process speed of
different conditions, published data suggests an enhanced
process speed in ex vivo acute slice recordings compared to in
vivo imaging. However, the authors also illustrate that caution
has to be taken by comparing values from different studies since
the experimental settings often differ. We observe increased
motility by in vivo imaging in anesthetized mice compared to
ex vivo acute brain slices with the same acquisition and analysis
pipeline, which is in line with a higher complexity of the
microglial processes in vivo. Since our platform can be utilized
for an in vivo and ex vivo setup, the obtained data is more
comparable. Overall, this platform does not only help to further
understand microglia dynamics and physiology, but also allows
to dissect molecular pathways which control phenotypic
alterations and subsequently to develop new therapeutic
strategies to manipulate microglia behavior.

Aging and CD22
Numerous studies are linking aging with microglia deficits,
making further research in understanding those impairments
and their relevance for neurodegeneration indispensable. Our
study for instance shows that CD22 blockage also restores the
surveillance capacity and ramification of aged microglia in
addition to the previously published effects on age-associated
suppression of microglial phagocytosis (15). Since we and others
have shown that murine CD22 levels are upregulated during
aging (43), this potentially uncovers CD22 as a broad age-related
modifier of microglial behavior. While we were able to show
significant age-associated reductions in surveillance and
ramification, only a trend towards a reduced area and motility
was observed. Although previous studies robustly demonstrated
age-related changes in microglial motility (42), it is important to
emphasize that the age difference in our study is intentionally
small (adult versus aged) and therefore we expect that the
effects would be even more prominent with bigger age
differences. Nevertheless, we provide valuable data on how to
potentially modulate microglial malfunction observed
during aging.
Frontiers in Immunology | www.frontiersin.org 12
CD22 and Neurodegeneration
Despite RNASeq data indicating an increased CD22 expression in
ADbrains (33), little is known about the presumed role ofCD22 in
neurodegeneration. However, CD33, a member of the SIGLEC-
family and an AD risk-gene (44), was shown to impair microglial
Ab-uptake and clearance (45, 46). Moreover, a SNP in INPP5D,
the gene coding for the CD22 downstream signaling partner
SHIP-1, was associated with late-onset Alzheimer’s disease
(LOAD) (47). By using the amyloid mouse model PS2APP, we
evaluated the effects of CD22 blockage in an amyloid context.
While CD22 overall expression comparing CX3CR1-GFP and
PS2APP CX3CR1-GFP animals did not significantly differ,
methoxy-positive microglia show considerably increased protein
levels of CD22. This is in linewith previously published scRNAseq
data that show upregulation of CD22 mRNA in DAM state
microglia (34). As plaque-associated microglia display an altered
transcriptomic signature (34, 48), we could speculate that the
uptake of Ab or their transformation into a DAM state might
cause an enhanced CD22 expression. While we observed clear
morphological changes in aged microglia after blockage of CD22,
data on process dynamics of plaque-associated microglia of
PS2APP CX3CR1-GFP mice was more heterogeneous. The
transcriptional signature of microglia is highly diverse between
homeostatic versus plaque-associated microglia and throughout
the different brain regions (11). This heterogeneity and differential
expression of CD22 signaling partners could generally influence
the susceptibility of microglia for targeted inhibitions like CD22
blockage. Since the plaque-associated microglia of PS2APP
CX3CR1-GFP were imaged exclusively in the frontal cortex,
evaluating the potential region-specificity of effects on
microglial CD22 blockage might therefore be of interest for
future experiments. Nevertheless, the option remains, that
CD22 is mainly an age-associated modifier of microglial
surveillance rather than disease-associated.

CD22 Downstream Signaling and
Molecular Phenotypes
Transcriptomics studies emphasize differences between human
and mouse microglia during aging and Alzheimer’s disease (9,
49), underlining the importance of translational studies with
human tissue or cells. By demonstrating a modulatory effect of
CD22 blockage on Ab phagocytosis in human iPSC-derived
macrophages, we show the relevance of CD22 targeting for
human biology. Further dissection of the microglial CD22
pathway will be necessary to fully understand the observed
effects upon its inhibition, for instance elucidating the
mechanisms underlying the increased CD22 expression during
aging or the direct downstream effects on intracellular signaling
pathways. The CD22 intracellular domain consists of ITIMs
(immunoreceptor tyrosine-based inhibition motif), which, by
recruiting the protein tyrosine phosphatase SHP-1, can
counteract signals arising from ITAM (immunoreceptor
tyrosine-based activation motif) receptors (50). DAP12, the
TREM2 adaptor protein, presents an example of ITAM
containing receptors in microglia and latest research indicates
that ITAM signaling plays an important role in the phagocytosis
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process (51). We have observed an increased phagocytosis upon
CD22 blockage, which might be mediated by disinhibition and
the release of ITAM signaling. Especially interesting would be the
association with TREM2 signaling, which has been identified as a
key receptor promoting microglial phagocytosis (52). Indeed,
CD33, another ITIM siglec receptor, opposes TREM2 signaling
and inhibits phagocytosis (46).

In addition to increased phagocytosis, we have also observed
that inhibition of CD22 leads to enhanced surveillance and
motility of microglia. A higher overall cell motility could also
explain the finding of increased phagocytosis. CD22 signaling
pathways have been characterized in other cell types including B-
cells where it regulates B-cell receptor signaling via recruiting
protein tyrosine phosphatase SHP-1 and SHP-2 (50). They in
turn modulate the function of various signaling pathways and
thereby control several cellular functions like chemotaxis or
inflammation (53). Both SHP-1 and SHP-2 are also highly
expressed in microglia (53), which suggest CD22 signaling via
these protein tyrosine phosphatases during microglial
phagocytosis as well. For instance, inhibition of SHP-1 was
shown to rescue a-synuclein-associated inhibition of
phagocytosis in rat primary microglia (54).

Here we already took one further step in dissecting the
effects of CD22 blockage, by analyzing its transcriptional effects
on human iPSC-derived macrophages. As expected for non Fc-
silent antibodies, the CD22 blocking antibody as well as its
isotype control showed some overlapping effects on signaling
networks (55, 56). Overall, differential effects on a panel of
“pathway reporter genes” were mild, but gene set enrichment
analysis revealed interesting network-level effects. Strikingly, in
comparison to previously published RNAseq on CD22
inhibition, we also observed an enrichment in TGF-b
signaling (15). CD22 could influence the balance between the
two major microglial survival pathways, the MCSF and TGF-b
signaling (57). The latter, upregulated by CD22 blockage in our
study, has previously been reported to influence microglial
morphology (58). Therefore, the transcriptional effects
observed in the human macrophages correlate with our
observation of the morphology changes in the ex vivo slices.
Furthermore, TGF-b signaling in microglia is central in the
prevention of excessive activation of mature microglia, whereas
homeostatic gene expression signature is not affected by TGF-b
(59). Microglial activation is generally considered to be
associated with aging. Thereby, CD22-blockage induced TGF-
b signaling could present a mechanistic link of the observed
age-dependent effects of CD22 inhibition on microglial
surveillance. In addition we clearly saw an effect of CD22
blockage dampening the IgG-induced interferon response. In
vivo, the microglia interferon response drives microglia away
from the homeostatic stage towards a pro-inflammatory stage
(33). The interferon module was found to be induced in disease
and CD22 could play a role in inducing this module.

Summarizing, we have identified CD22 as a novel age-
related modifier of microglial surveillance. The significance
of CD22 signaling in human biology was confirmed in
iPSC-derived macrophages, where CD22 blockage increases
Frontiers in Immunology | www.frontiersin.org 13
phagocytosis and modulates key gene networks implicated in
microglial function.
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Supplementary Figure 1 | Image processing and quantification of two-photon
recordings. (A) A maximum intensity projection of the acquired stacks for each
timepoint is used to generate the time-lapse. After x,y registration and manual
cropping of the cell, an automated series of filters for image correction is applied for
thresholding and binarization of the images. (B) To assess the process retractions,
image tn is subtracted with tn+1. The results represent the amount of processes in
tn which retracted in the following image tn+1. For the process extensions, image tn
is subtracted from tn+1, describing the amount of processes which extended from
tn to tn+1. While the motility index indicates the microglia process dynamics, the
surveillance index serves as a readout for microglial surveillance. Correlation plots of
the (C) relative motility, (D) relative surveillance and (E) relative area against the time
after slice preparation to evaluate the stability of the measured readouts over time in
untreated adult and aged microglia, which were used for experiment in Figure 3.

Supplementary Figure 2 | Supplementary flow cytometry data. (A) Gating
strategy to assess microglial CD22 expression. Cells were gated based on their
location on the FCS-A vs SSC-A plot and doublets were excluded consequently
(FSC-A vs FCS-H). Live single cells were assessed for CD45 positivity and myeloid
cells were gated (CD11b+CD45+ cells). Finally, CD22 expression in CX3CR1
positive myeloid cells (GFP+ cells) was analyzed. (B) Scatter plots to visualize
acquired CD22 signal per sample. FMO: Fluorescence Minus One. As control, one
sample was stained with all antibodies except the CD22-PE. This sample was used
to set the CD22 negative and positive gates, which was then applied on all samples.

Supplementary Figure 3 | Application of other known microglia modulators
induce distinct dynamic responses. (A)Wash-in of the actin polymerization inhibitor
cytochalasin B diminishes the process speed (B) and the surveilled area (C), while
the total area remains stable (D). (E) ATP evokes an increase in size and complexity
of the processes and the development of bulbous tips. Upon application of ATP, a
reversible increase of motility (E) and surveillance (F) followed by a recovery to
steady state, whereas a constant increase of microglia area was measured (G).
n=5-6 cells per treatment. Mean ± SEM, (B)-(D) paired t-test, (F)-(H) one-way
ANOVA multiple comparisons to baseline, * p<0.05, ** p<0.01, n.s.>0.05. Scale
bar: 20 µm.

Supplementary Figure 4 | Plaque-associated microglia trend towards an
increased surveillance capability upon CD22 blockage. (A) Representative two-
photon images of plaque-associated microglia in 8-12 months old PS2APP x
CX3CR1-GFP mice, which were either treated with a CD22 or an IgG isotype
control antibody. Respective surveillance (B) and motility (C) analysis. n=8 cells
from n=8 mice, mean ± SEM, unpaired nonparametric t-test (Mann-Whitney), Scale
bar: 20 µm.
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Supplementary Video 1 | Time-lapse of activated microglia at the slice surface.
Scale bar: 20 µm.

Supplementary Video 2 | Two-photon Z-scan through the acute slice, starting at
the slice surface until a depth of -111 µm. Scale bar: 20 µm.

Supplementary Video 3 | Montage of time-lapse (left) and cumulative surveilled
area over time (right) of a homeostatic microglia. Scale bar: 20 µm.

Supplementary Video 4 | Two-photon recording of homeostatic microglia at a
depth of -80 µm. Scale bar: 20 µm.

Supplementary Video 5 | Two-photon time-lapse of homeostatic microglia in
vivo. Scale bar: 20 µm.

Supplementary Video 6 | 10µM NBQX provokes a severe microglial de-
ramification when applied on the acute slice. Scale bar: 20 µm.

Supplementary Video 7 | Time-lapse of microglia experiencing abolishment of
process dynamics upon wash-in of 1µM cytochalasin B. Scale bar: 20 µm.

Supplementary Video 8 | During wash-in of 1mM ATP, microglia react
immediately by hyper-ramification and temporal development of bulbous tips. Scale
bar: 20 µm.

Supplementary Video 9 | Two-photon recording of microglia from an adult
mouse under steady-state conditions. Scale bar: 20 µm.

Supplementary Video 10 | Time-lapse of an aged microglia demonstrating age-
associated hypo-ramification. Scale bar: 20 µm.

Supplementary Video 11 | No evident differences can be observed in adult
microglia after treatment with IgG antibody. Scale bar: 20 µm.

Supplementary Video 12 | Upon pre-treatment with the CD22 antibody, no
changes in microglia dynamics are visible in microglia from adult mice. Scale bar: 20 µm.

Supplementary Video 13 | After IgG control antibody incubation, reduced
ramification of aged microglia remains unaffected. Scale bar: 20 µm.

Supplementary Video 14 | Antibody-mediated CD22-blockage reverses the
age-related hypo-ramification of aged microglia. Scale bar: 20 µm.
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