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Direct induction of ramitied microglio-like
cells from human monocytes: Dynamic
microglial dysfunction in Nasu-Hakola
disease
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Development, Osaka University, “Department of Psychiatry, Osaka University Graduate School of Medicine, *Department of
Psychiatry, Asakayama General Hospital.

Microglia have been implicated in various neurological and psychiatric disorders in rodent and human
postmortem studies. However, the dynamic actions of microglia in the living human brain have not been
clarified due to a lack of studies dealing with in situ microglia. Herein, we present a novel technique for
developing induced microglia-like (iMG) cells from human peripheral blood cells. An optimized cocktail of
cytokines, GM-CSF and IL-34, converted human monocytes into iMG cells within 14 days. The iMG cells
have microglial characterizations; expressing markers, forming a ramified morphology, and phagocytic
activity with various cytokine releases. To confirm clinical utilities, we developed iMG cells from a patient of
Nasu-Hakola disease (NHD), which is suggested to be directly caused by microglial dysfunction, and
observed that these cells from NHD express delayed but stronger inflammatory responses compared with
those from the healthy control. Altogether, the iMG-technique promises to elucidate unresolved aspects of
human microglia in various brain disorders.

in the central nervous system (CNS). The origin of resident microglia have been proven to be from

primitive myeloid progenitors (primitive macrophage) that arise in the yolk sac before embryonic day 8'.
Resident microglia form as a ramified type (called ramified microglia), whose branches constantly move and
survey the microenvironment under physiological conditions in the CNS?, and once activated, shift to an ameboid
type, phagocytose, and release various mediators such as pro-inflammatory cytokines’*. Microglia are suggested
to contribute to the pathophysiology of various neurological and psychiatric disorders®™®. Nasu-Hakola disease
(NHD) which is a very rare autosomal recessive disorder, initially reported in Finland and Japan®'?, is believed to
be caused by microglial dysfunction. Until now, only about 200 cases have been reported worldwide and the
majority of cases are in the Finnish and Japanese populations''. NHD is characterized by formation of multifocal
bone cysts and progressive early-onset dementia with various psychiatric symptoms including personality
changes'"'?, caused by mutations of DNAX-activation protein 12 (DAP12)" or triggering receptor expressed
on myeloid cells 2 (TREM2)", both of which are expressed in human microglia. A rodent brain study showed that
DAPI12 is expressed only in microglia and deletion of DAP12 induces synaptic impairments possibly due to
microglial dysfunction'®. A human postmortem study has revealed the absence of DAP12 expression on ramified
microglia in the brains of NHD patients'®.

The above-mentioned reports have strongly supported the theory that human microglia maladaptively con-
tribute to a variety of neurological and psychiatric disorders including NHD, while dynamic analysis of microglial
dysfunction in the human brain has yet to been clarified. The most significant limitation in human brain research
is the difficulty in obtaining living brain cells including microglial cells from living human brains due to ethical
and technical considerations. To solve this limitation, alternative methods have long been warranted. Presently,
human neuronal cells can be established from somatic cells (not from the brain) such as skin fibroblasts by

M icroglia, immune cells in the brain, play major immunological/inflammatory roles as brain macrophage
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utilizing the gene-modification technique of induced pluripotent
stem (iPS) cells'”’®. In addition, recently, neuronal cells are more
easily established from direct conversion of human skin fibroblasts,
called induced neuronal (iN) cells’***'. Novel methods of establishing
ramified microglia from human somatic cells are strongly warranted,
based on iPS or direct conversion techniques, while none have yet
been reported. Herein, we show a novel technique for developing
induced microglia-like (iMG) cells easily and quickly from adult
human peripheral blood cells. In addition, by utilizing this iMG-
technique, we present the first translational analysis of the dynamic
actions of microglia from a patient of NHD.

Results

Inducing ramified microglia-like cells. To determine what cyto-
kines induce ramified microglia from human peripheral mono-
cytes, we selected and tested the effects of the following candidate
cytokines; granulocyte-macrophage colony-stimulating factor (GM-
CSF), macrophage colony-stimulating factor (M-CSF) and
interleukin (IL) -34, all of which are suggested to be essential for
developing and maintaining ramified microglia®*?*. Untreated
monocytes showed round shapes (Fig. 1A). Macrophages, induced
by GM-CSF (10 ng/ml), shifted to an ameboid morphology on DAY
14 (Fig. 1B). On the other hand, treatment of M-CSF (10 ng/ml)
alone or IL-34 (100 ng/ml) alone showed a spindle morphology
(Fig. 1C and D), and the cocktail of both cytokines induced more
complicated morphologies than the single treatment (Fig. 1E).

A

Figure 1 | Inducing ramified microglia from human peripheral
monocytes. The monocytes on the day of isolation (A) were incubated with
the following candidate cytokines; GM-CSF (10 ng/ml; B), M-CSF (10 ng/
ml; C), IL-34 (100 ng/ml; D), M-CSF + IL-34 (E) and GM-CSF + IL-34
(F) for 14 days. The optimal cytokine conditions were tested by
morphological changes using phase-contrast microscopy. The cocktail of
both GM-CSF and IL-34 induced small soma body bearing numerous
branched collaterals, which expressed the specific morphology of ramified
microglia (F). Scale bar, 50 pm.

Surprisingly, the cocktail of both GM-CSF (10 ng/ml) and IL-34
(100 ng/ml) induced small soma bodies bearing numerous
branched collaterals (Fig. 1F), which expressed the specific morpho-
logy of ramified microglia- small soma with extensive radial
ramifications. The viability of these cells post 14 days was 16.7% =
42 (n = 3, mean = SEM) as compared to the initial cell number
(DAY 0). Interestingly, the earliest branched cells were observed on
DAY 3 after GM-CSF and IL-34 treatment (Supplementary Fig.
S1A). In addition, we confirmed that these cells survive at least one
month when medium change was performed once a week
(Supplementary Fig. S1B).

Phenotyping of the induced microglia-like (iMG) cells. Next, we
tested whether the ramified microglia-like cells, named induced
microglia-like (iMG) cells, have microglial characterization.
Generally, it is difficult to distinguish between macrophage and
microglia, because useful and specific microglial markers are very
limited. Traditionally, CD11b and CD45 are used as a distinction
marker between macrophage and microglia®. Recently, the pheno-
type of human microglial cells, isolated from the fresh postmortem
brain, has been revealed to have lower expression of CD14 and
CD200R compared to macrophage”. Thus, we compared the
expression level of surface markers between iMG cells and induced
macrophage using flow cytometry. The expression level of CD11b on
iMG cells did not differ from that on macrophage, while that of CD45
decreased on iMG cells (Fig. 2A). The expression levels of CD14 and
CD200R were also decreased on iMG cells compared to those on
macrophage (Fig. 2B), which support that iMG cells have the specific
phenotype of microglia”. Furthermore, Mizutani et al.** recently
reported a clear-cut distinction between monocytes (CCR2"e",
CX3CR1"") and resident microglia (CCR2"", CX3CR1"#¢") using
CX3CRI/S*PCCR2*/®F knockin fluorescent protein reporter mice.
Therefore, we compared the expression pattern of CCR2 and
CX3CRI1 between monocytes and iMG cells. Monocytes were
stained with bright red fluorescence (CCR2) bearing round or
elliptic morphology (Fig. 2C), and iMG cells were stained with
bright green fluorescence (CX3CR1) bearing highly branched
forms (Fig. 2, C and D). In addition, we confirmed that the
expression ratio (CX3CR1/CCR2) of iMG cells is significantly
higher than that of monocytes by flow cytometry (Fig. 2E). These
results indicate that the iMG cells induced by GM-CSF and IL-34
show the essential characteristics of resident microglia®.

Melief et al.”” have also revealed that IL-4 and dexamethasone
alter specific gene expressions in fresh human microglial cells
([IL-4] HLA-DR, CCR7, CCL18, and CD200R are upregulated,
and CD45 and TNF-o are downregulated; [dexamethasone]
CCL18 is upregulated, and HLA-DR, CCR7, CD45, TNF-o, and
CD200R are downregulated). Therefore, we assessed the above gene
expression patterns in iMG cells incubated with IL-4 and dexa-
methasone using quantitative reverse transcriptase-polymerase
chain reaction (qQRT-PCR). Except for CCL18 (treated with dexa-
methasone), almost all gene expression patterns (HLA-DR, CCR7,
CD200R, CD45 and TNF-o) in the iMG cells were in agreement with
the above data using fresh human microglia®” (Fig. 2F, G).

Functional analysis of the iMG cells. Microglia reside as a ramified
form, and various molecules activate microglia into an ameboid
form, phagocytizing and releasing various cytokines’, and
overactivation of microglia induces neuronal damage and various
brain pathologies via pro-inflammatory cytokines such as tumor
necrosis factor (TNF) -0*”. To examine whether iMG cells have
these dynamic functions, we tested the phagocytosis ability and
the following TNF-o. secretion. Interestingly, the iMG cells
showed the ability of phagocytosis with morphological changes
into an ameboid form (Fig. 3A). Next, we tested the ability for
TNF-o production during phagocytosis on the iMG cells, and
revealed that the mRNA expression and protein level of TNF-o on
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Figure 2 | The iMG cells show the character of human resident microglia. (A
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and B) The expression levels of surface markers on the iMG cells and

induced macrophage were performed by flow cytometer. Peripheral monocytes were incubated with GM-CSF (macrophage) or cocktail of GM-CSF and
IL-34 (iMG cells) for 14 days. The iMG cells showed the specific phenotypes of microglia compared to macrophage. (C to E) The expression pattern of
CCR2 and CX3CR1 between monocytes and iMG cells were observed by immunocytochemistry. The monocytes and iMG cells were cultured for 14 days,

and stained with specific antibodies. (C

and D) The iMG cells were stained with bright green fluorescence (CX3CR1) bearing highly branched forms. Scale

bar, 50 pm. (E) The expression ratio (CX3CR1/CCR2) of iMG cells was significantly higher than that of monocytes by flow cytometry (n = 3). The iIMG
cells were incubated with IL-4 (F) or dexamethasone (G) for 72 hours, and extracted RNA was analyzed by qRT-PCR (n = 6). Fold changes were depicted
in mRNA levels after stimulation compared with unstimulated cells. *P < 0.05. Error bars, standard error of the mean (SEM).

the iMG cells during phagocytosis are significantly higher compared
to those on non-treated cells (Fig. 3, B and C).

Analysis of the iMG cells from a patient of NHD. The above results
demonstrated that the iMG cells have the dynamic functions of
human microglia, and we suggest that iMG cells have the
possibility to be utilized for analyzing the underlying microglial
pathophysiology of brain disorders. As the initial step, we con-
ducted the first translational analysis of the iMG cells derived from
a patient of NHD. NHD is believed to be caused by microglial
dysfunction, while no investigation exists using living human
microglial cells from patients of NHD. We analyzed the dynamic
functions of microglia using the iMG cells from a patient of NHD
(141delG in DAP12 gene), after obtaining informed consent (under
the permission of the Institutional Review Board of Kyushu
University and Osaka University). In agreement with genetic
diagnosis, the iMG cells from the NHD patient showed signifi-
cantly lower expression of DAP12 than those from a healthy
control, and there was no difference in TREM2 expression
(Fig. 4A). Interestingly, the production of pro-inflammatory
cytokines (TNF-o and IL-6) was delayed in the iMG cells from the
NHD patient as compared to those from the healthy control after 24
hours. Furthermore, the iMG cells from the patient showed a

significantly lower level of anti-inflammatory cytokine (IL-10)
than those from the healthy control. The production levels of pro-
inflammatory cytokines (TNF-o, IL-6, IL-1B and IL-8) had no
significant differences between the NHD and healthy control after
72 hours (Fig. 4B). Next, we examined whether it is possible for iMG
cells from the healthy control to silence the target gene with siRNA
(DAP12). DAP12 was successfully downregulated in the iMG cells
from the healthy control (Supplementary Fig. S2). We assessed the
cytokine production of iMG cells treated with siRNA. Predictably,
the production of pro-inflammatory cytokines (TNF-ocand IL-6) was
delayed in the DAP12-silenced iM@G cells as compared to the control
(Fig. 4C).

Discussion

We have shown a novel technique for developing directly induced
microglia-like cells from human peripheral blood cells. GM-CSF and
IL-34 converted human monocytes into iMG cells within 14 days.
The iMG cells have microglial characterizations; expressing markers,
forming a ramified morphology, and phagocytic activity with various
cytokine releases. Until now, some attempts to induce microglia-like
cells from hematopoietic cells have been performed using an astro-
cyte co-culture system or astrocyte-conditioned media**°, and GM-
CSF and IL-34 are known to be derived from astrocytes® .
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Figure 3 | Dynamic functional analysis of the iMG cells. (A) The iMG cells were incubated with FITC-conjugated latex beads for 24 hours, and
phagocytic activity was observed by fluorescent microscopy. The iMG cells showed the ability of phagocytosis with morphological changes into an
ameboid form (arrow head). Scale bar, 50 pm. (B and C) The ability of TNF-o production during phagocytosis was measured on the iMG cells. The iMG
cells were incubated with latex beads for 72 hours. The extracted RNA and culture supernatant were analyzed by qRT-PCR and Cytometric Beads Array
System (CBA), respectively. The mRNA expression (B) and protein level of TNF-o (C) on the iMG cells were significantly higher compared to controls (B,

n=4;Cn=6).*P<0.05 **P < 0.01. Error bars, SEM.

Especially, IL-34 has recently come to be known as a key molecule
for the proliferation of microglia®*. The present data have suggested
that both GM-CSF and IL-34 from astrocytes are the minimum
essential inducing-factors for microglia-like cells from hematopoi-
etic cells.

The present results indicate that the iMG cells from a patient of
NHD show slower (24 h) but not weaker (72 h) pro-inflammatory
cytokines’ responses compared to those from the healthy control,
possibly due to the deletion of DAP12. In addition, suppression of
IL-10 production from the iMG cells from the NHD patient indicates
that human brain microglia of NHD patients tend to be shifted to
pro-inflammatory reactions compared to those of healthy controls.
Furthermore, the situation observed in the iMG cells from a NHD
patient was replicated with iMG cells from a healthy control using
siRNA. These data have suggested that DAP12 expression is a key
factor in from the perspective of microglial immunoresponse such as
cytokine production in NHD patients. In the present study, we exam-
ined the iMG cells from a female patient of NHD. Recent studies have
suggested microglial functional differences between sexes™. Further
investigations should focus on sex differences related to microglial
dysfunction of NHD. DAP12 and TREM2 are the responsible genes
of NHD, which mediate various important roles such as phagocytosis
and cytokine production in osteoclasts, macrophages, dendritic
cells and microglia**. A rodent study showed that deletion of

DAPI12 induces synaptic impairments due to microglial dysfunc-
tion”. Hamerman et al.** demonstrated that macrophage from
DAP12-deficient mice increase inflammatory cytokines’ responses,
which suggest that DAP12-deleted microglia increase similar inflam-
matory response. These previous reports and our present findings
based on the iMG cells from a NHD patient suggest that human
NHD microglia has the potential to induce stronger and long-acting
pro-inflammatory reactions compared to those of healthy human
subjects.

In sum, we have shown a novel technique of developing directly
induced microglia-like cells, named “iMG cells”, with a combination
of GM-CSF and IL-34 from adult human monocytes, easily and
quickly without any virus, feeder cells, and genetic engineering.
The iMG cells proved to have many characterizations of microglial
cells, such as expressing CD11b"#"/CD45"" and CX3CR1"¢"/
CCR2"". Moreover, the iMG cells expressed dynamic functions such
as phagocytosis and releasing pro- and anti- inflammatory cytokines.
Further investigations such as microarray analysis should be con-
ducted to validate the closeness of iMG cells to human primary
microglial cells in the brain. Finally, we presented the translational
utilities of the iMG cells for analyzing the underlying microglial
pathophysiology of NHD. We believe that this novel technique will
shed new light on solving unknown dynamic aspects of human
microglial cells in various brain disorders.
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