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Abstract: Classically, the following three morphological states of microglia have been defined: ram-
ified, amoeboid and phagocytic. While ramified cells were long regarded as “resting”, amoeboid
and phagocytic microglia were viewed as “activated”. In aged human brains, a fourth, morpholog-
ically novel state has been described, i.e. dystrophic microglia, which are thought to be senescent
cells. Since microglia are not replenished by blood-borne mononuclear cells under physiological
circumstances, they seem to have an “expiration date” limiting their capacity to phagocytose and
support neurons. Identifying factors that drive microglial aging may thus be helpful to delay the
onset of neurodegenerative diseases, such as Alzheimer’s disease (AD). Recent progress in single-
cell deep sequencing methods allowed for more refined differentiation and revealed regional-, age-
and sex-dependent differences of the microglial population, and a growing number of studies
demonstrate various expression profiles defining microglial subpopulations. Given the heterogene-
ity of pathologic states in the central nervous system, the need for accurately describing microglial
morphology and expression patterns becomes increasingly important. Here, we review commonly
used microglial markers and their fluctuations in expression in health and disease, with a focus on
IBA1 low/negative microglia, which can be found in individuals with liver disease.
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1. Introduction

Interest in microglial function has been growing exponentially since the 1990s. To-
day, there is almost no disease in the CNS that is not at least partially linked to microglial
(dys)function. Microglia can be described in terms of their morphological appearance and
their expression of various microglial antigens, which may be indicative of different func-
tional states. However, ascribing functions merely based on morphology and/or antigen
expression may result in oversimplifications, such as M1/M2 (e.g., [1]). This could be im-
proved by including transcriptomic signatures as additional criteria.

Morphologically, the following four microglial phenotypes can be distinguished:
resting, activated, amoeboid, and dystrophic microglia (Table 1, Figure 1). A description
of microglial morphology is helpful because the cells’ morphology is indicative of their
responses to disturbances and inherently connected to their function. However, as we will
describe in this review, associating single markers to a distinct phenotype is difficult, since
most markers are expressed in several or even all microglial functional states (Figure 1,
[2]). Therefore, we give an overview on the available data on microglial markers, with
special emphasis on the ionized calcium-binding adapter molecule 1 (IBA1).
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Figure 1. Comparison of frequently used microglial markers in the typically described morphological phenotypes. In
human tissue from the frontal cortex and hippocampus, most markers show a distinct expression profile in the typically
described morphological phenotypes. While IBA1 and CD74 are expressed by all phenotypes, TMEM119 is reduced in
activated microglia. Marginal expression of MHCII and CD68 can be observed on parenchymal microglia (1), while strong
expression of perivascular macrophages is shown (¥). Amoeboid microglia can be observed on the rim of a metastatic
adenocarcinoma in the hippocampus. Scale bars: 25 pm.
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Since its first description in 1998 [3], IBA1 has been the most widely used marker for
the immunohistochemical analysis of microglia. In contrast to so-called homeostatic mi-
croglial markers, such as transmembrane protein (TMEM-)119 or P2RY12, IBA1 is also
expressed by peripheral macrophages [4-7]. Even though IBA1 is often characterized as a
typical microglial activation marker [8-10], it cannot be used to distinguish between func-
tional microglial phenotypes [2]. IBA1 reliably stains ramified, activated, amoeboid and
dystrophic microglia (Figure 1). While the distribution of microglia varies between differ-
ent brain regions [11], the expression of allograft inflammatory factor 1 (AIF-1, gene for
IBA1) on microglia does not differ between white matter and grey matter [12].

An increase in IBA1 expression was described in the context of various stimuli. Fol-
lowing the transient occlusion of the middle cerebral artery (MCA) in rats, the IBA1 stain-
ing density and intensity were strongly increased in the ischemic core and the ischemic
border zone, compared to the non-affected hemisphere [13]. The IBA1 mRNA levels were
increased in the peri-infarct tissue and the ischemic core [14], while IBA1-positive cells
also expressed the pro-inflammatory cytokines TNFa and interleukin-1a [14].

Increased expression of IBA1 was described multiple times after the application of a
high-fat diet. While most studies have focused on the rodent hypothalamus [15-17], mi-
croglial activation, and therefore an increased appearance of IBA1 in rodent hippocampi
was only detected after imitating the effects of a long-term (eight month) Western diet on
mice [18]. In contrast, studying the long-term effects of a high-fat, high-carbohydrate diet
(HECD) in the hippocampus of rats, Gzielo et al. [19] showed that the area fraction covered
by IBAl-positive cells was reduced after consumption for one year. Furthermore, they
were not able to detect any microglial hypertrophy depicting an activated state in HFCD
compared to the controls. Since the results differ depending on the used diet, experiment
time and investigated brain region, the impact of microglial-induced inflammation in obe-
sity is discussed [20].

Formerly thought to be expressed by all microglial subpopulations [2], our group
identified areas in the human hippocampus where a localized loss of IBA1 expression was
observed [21], whereas other microglial markers, such as GPX1 or P2RY12, were still pre-
sent. Therefore, we proposed a novel microglial phenotype characterized by the absence
of IBA1 (Figure 2). Interestingly, an increase in these IBA1-free areas was associated with
hepatic pathologies. Dennis et al. [22] demonstrated a decrease in IBA1 expression in a
subtype of hepatic encephalopathy (HE), which they called non-proliferative HE. In ro-
dents, another metabolic condition was shown to have an impact on microglial IBA1 ex-
pression: In the cingulate regions of the anterior corpus callosum and the hippocampus,
a decrease in IBA1 expression was observed in long-term hypercorticosteronemia [23].
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Figure 2. IBAl-negative microglia. Regions seemingly devoid of microglia in the IBA1 staining, exhibit positive staining
for several other microglial markers such as TMEM119, CD74 and CD68. Occurrence of IBA1-positive microglia at the
margin (1) suggests only localized changes. Scale bars: (A-D): 100 um, (E-H): 25 pm.

In patients suffering from schizophrenia, co-localization analysis showed signifi-
cantly fewer microglia that were positive for IBA1 and TMEM119 in the temporal cortex,
and also a decrease in the gene expression of several other microglial markers [24]. Re-
cently, a loss or decrease of IBA1 expression was described in neurodegenerative diseases.
In the striatum, Bulk et al. [25] demonstrated an association between an advanced disease
state in patients suffering from Huntington’s disease and IBAl-negative microglia. Fur-
thermore, several groups also demonstrated changes in IBA1 expression in association
with the Alzheimer’s disease pathology. IBAl-low populations were detected in the hu-
man Alzheimer disease cortex [26], while simultaneously showing increased levels of —
amongst others—ferritin, CD74 and CD45. Accumulating microglia that were associated
with dense-core amyloid plaques were shown to express high levels of HLA-DR, but
much less IBA1 [27].

Using transcriptional single-cell sorting, Keren-Shaul et al. [28] demonstrated signif-
icant changes in the rodent gene expression of disease-associated microglia (DAM), a con-
cept that was primarily described in a mouse model of Alzheimer’s disease [28]. Com-
pared with homeostatic microglia, DAM were characterized by the downregulation of
AIF1 and homeostatic genes, such as P2RY12, TMEM119, Cx3Cr1, while CD74 and CD68
were upregulated (Supplemental Material in [28]).

The triggering receptor expressed on myeloid cells (TREM)-2 serves as a binding
partner for apolipoprotein E (APOE, [29]), and especially the €4 allele has been shown to
act as a risk factor for Alzheimer’s disease [30,31]. We have shown that TREM? is the
highest upregulated mRNA in microdissected periplaque areas [32]. Furthermore, it was
demonstrated that TREM2 increases phagocytosis and secretion of anti-inflammatory cy-
tokines [33]. Lue et al. [34] detected an upregulation of IBA1 in association with TREM2
levels in the temporal cortex of Alzheimer disease patients. Consistent with these results,
experiments investigating the deficiency of TREM2 detected lower transcription levels of
IBA1 and a decrease in IBAl-positive microglia. This observation was visible at every
timepoint tested and even increased with age [35]. However, since TMEM119 was used
as the only second marker, it is unknown if the total microglial numbers were reduced or
if microglial cells presented with a loss of both TMEM119 and IBAL.

Although the exact function of IBA1 still needs to be elucidated, its involvement in
phagocytosis is an accepted hypothesis [7]. However, experiments using interferon regu-
latory factor 8 (IRF8)-deficient microglia [36], showed significantly reduced levels of IBA1,
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but no deficits in phagocytosis. IRF8 is one of the intrinsic factors regulating the transition
from a ramified to an activated microglial morphology [37,38].

Considering the various diseases that were associated with a decrease or loss of IBA1,
it is reasonable to assume that certain microglial dysfunctions that are associated with a
loss of IBA1 may not be pathology specific, but have a broader impact on their role in
immune defense and synaptic plasticity. Moreover, while being expressed by all micro-
glial clusters in single-cell transcriptomic analysis, the expression of AIF was either down-
regulated or consistent in clusters, depicting a higher number of AD and MS susceptibility
genes [39]. In immune histochemical analysis, one needs to distinguish between a discon-
tinuous expression of IBA1, due to shrinkage of the microglial processes, as described as
a hallmark characteristic of senescent microglia [40], and an IBA1-negative microglial phe-
notype. Studies have not discriminated between a reduction in the total microglial num-
bers and a decreased expression of IBA1, since many use IBA1 as the sole microglial
marker.

In order to immunohistochemically investigate IBA1-negative microglia, one needs
to use alternative markers. TMEM119 and P2RY12 are especially useful, since they have
been shown to be expressed solely by microglial cells and not by infiltrating macrophages
[41-43]. Both have been described as primarily homeostatic markers, showing a decrease
in their expression when microglia become activated. However, more recent studies have
suggested a picture of greater complexity.

3. TMEM119

TMEM119 has been shown to be stably and specifically expressed in microglia
[41,44], and it can be used to distinguish microglia from resident and infiltrating macro-
phages [41]. In human brains, at least 50% of the IBA1-positive microglial population were
positive for TMEM119 [45], while rodent studies even demonstrated an expression of 98%
of CD45lowCD11b+ cells in adult animals [41]. Despite being known as a homeostatic
marker [45], several studies have shown a stable expression of TMEM119 also in response
to injury and inflammatory conditions. In spinal cord injuries, TMEM119-positive cells
also stained positive for typical activation markers, such as MHCII and CD68, detecting a
pro-inflammatory activation of microglial cells [46]. However, necrotic lesions of cerebral
infarctions and demyelinating lesions of multiple sclerosis were devoid of TMEM119 ex-
pression [45]. In contrast, MHCII-positive cells in non-active white matter lesions stained
positive for not only IBA1 and P2RY12, but also TMEM119 [12]. In a case exhibiting pro-
nounced microglial activation following hypoxic brain damage, the cells did not stain pos-
itive for TMEM119 (Figure 3). However, in a human brain sample containing metastatic
adenocarcinoma, TMEM119 was positive, even in amoeboid microglia in close vicinity to
the neoplastic tissue (Figure 1).
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Figure 3. Pronounced morphological activation of microglial cells. In a case with hypoxic brain damage after CPR, one
can detect pronounced activation and high phagocytic activity. We see a strong expression of MHCII (F) and CD68 (D),
while IBA1 (B) is expressed, but the number of IBAl-positive cells is visibly reduced. Homeostatic markers such as
TMEM119 (C) and P2RY12 (E) display only a residual expression (). However, CD206 (G), a marker for peripheral mac-
rophages, stays negative, therefore a distinct recruitment of non-cns macrophages seems unlikely. In the immunofluores-
cence, the majority of cells express MHCII, while only two cells express IBA1. Interestingly, microglial cells with different
expression profiles are located in direct vicinity from each other. Scale bars: (A-C), (E-K): 50 um, (D): 20 pm, (L): 10 um.

In Alzheimer’s disease brains, the mRNA levels of TMEM119 were elevated, alt-
hough no difference was observed in immunohistochemical analyses [28,45]. In contrast,
Kenkhuis et al. [47] demonstrated a microglial subset with an increased expression of the
iron storage protein ferritin light chain (FIL) and IBA1, while exhibiting a decrease in
TMEM119 and P2RY12 expression. This microglial subset presented a morphologically
dystrophic phenotype.

Interestingly, PU.1, which was proposed to be a key transcription factor for regulat-
ing TMEM119 expression [45], also acts as an upstream regulator of TREM2 [48], suggest-
ing a functional role of TMEM119 in the pathological changes associated with Alzheimer’s
disease. Genetic targeting of TREM?2 induced the restored expression of homeostatic mi-
croglial markers, such as TMEM119 and P2RY12, concomitant with the G-protein-coupled
receptor (GPR)-34 [49], which is necessary for keeping microglial morphology in a home-
ostatic non-phagocytic phenotype [50].
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4. P2RY12

The G-protein-coupled purinergic receptor P2RY12 [51] is specific for parenchymal
microglia [52] and shows a persistent expression during the lifespan of microglia [53].
Satoh et al. [45] reported only sporadic expression of P2RY12 in microglia, and that it
might not be usable as a generalized microglial marker. In our own experience, decreasing
P2RY12 expression was noted in connection with prolonged formalin storage.

Known to be involved in platelet aggregation in the blood, P2RY12 has numerous
functions in human microglia. On the one hand, a higher P2RY12 density was detected at
microglial membranes directly contacting neuronal somata, suggesting an important role
in microglial-neuronal communication [52]. On the other hand, the density of P2RY12 is
modified depending on the microglial activation state [54]. Stimulation of P2RY12 triggers
the initial extension of microglial processes towards the site of injury [55,56]. However,
subsequent downregulation of P2RY12 induces the retraction of microglial processes and
therefore leads to morphological activation [57]. Indeed, Sieger et al. [58] demonstrated
that the knockdown of P2RY12 in zebrafish led to a complete block of the microglial re-
sponse to injury. Due to the decrease in its expression in an activated microglial status,
P2RY12 is usually described as a homeostatic marker [53,59]. However, Zravy et al. [46]
detected a return of low numbers of P2RY12-positive cells in the late stages of the injury
process in human spinal cord injury.

Chronically active lesions in multiple sclerosis are characterized by an expression
that is similar to non-active white matter lesions (P2RY12+ and MHCII+). The microglia
appeared ramified, suggesting a certain habituation effect to the inflammatory conditions
of the disease [12]. Furthermore, the microglia in normal-appearing MS tissue were char-
acterized by an unaltered expression of P2RY12 and TMEM119, demonstrating a preser-
vation of microglial homeostatic functions and only localized changes [60].

As shown in studies using single-cell RNA sequencing in Alzheimer’s disease and
other neurodegenerative conditions, P2RY12 is one of the proteins marking the transition
from homeostatic microglia to disease-associated microglia by the downregulation of
gene expression [55,61]. A reduction in P2RY12 immunoreactivity in the microglia was
observed prior to massive accumulations of phosphorylated tau protein and neurodegen-
eration in rTg4510 mouse brains, despite a progressive increase in the total microglial pop-
ulation [62]. Human studies also detected a decrease in P2RY12 in senescent microglia
[53,63]. Interestingly, no decrease in P2RY12 was observed around dense-core plaques in
APP23 mice [62]. Similar results were shown by Walker and colleagues, who demon-
strated that P2RY12 expression differed depending on the types of plaques or tangles they
were associated with [64]. Since, in this study, microglia that were positive for P2RY12
also expressed markers of activation, such as CD68, progranulin and to a limited extent,
HLA-DR, the mere homeostatic function of P2RY12 needs to be challenged. In primary
organotypic brain slice cultures, ethanol caused a unique immune gene signature with a
reduction in Tmem119 and a progressive increase in P2RY12 [65], suggesting a distinct
microglial phenotype following ethanol treatment.

5. CD74

CD74 is also known as the invariant chain and it is necessary for blocking the peptide-
binding site of MHCII molecules during their transport from the endoplasmatic reticulum
to the cell surface [66-68]. However, it was shown that CD74 expression occurred inde-
pendently from concomitant MHCII expression, and it is also expressed on non-antigen-
presenting cells [69]. CD74 was characterized as a cell surface receptor for the macrophage
migration inhibitory factor (MIF, [70,71]). The binding of MIF to CD74 leads to an in-
creased recruitment of macrophages and dendritic cells [72]. In cell culture experiments,
microglia treated with MIF showed a significant decrease in interferon-y (IFNy) expres-
sion. Similarly, CD74-silenced microglial cells presented an elevation in IFNy levels [73].
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Furthermore, CD74 was significantly increased in IFNy-stimulated cultured human mi-
croglia [74], suggesting a feedback mechanism and, therefore, an important role of CD74
in IFNY signaling.

Indeed, Peferoen et al. [74] suggested that CD74 expression represents a pro-inflam-
matory state. In rodents, CD74 immunoreactivity was not observed in the hippocampus
until three days post-ischemia [75]. However, human microglia in all morphological states
show a distinct expression of CD74 (Figure 1, [76]), pointing to a potentially important
species difference.

Higher levels of CD74 expression in malignant gliomas are associated with a poor
prognosis. The activation of CD74 inhibits microglial migration and therefore, invasion
into the tumor [73,77]. This makes it a promising target for restoring microglial function.
While CD74 has been further described as one of the most up-regulated molecules in hu-
man glioblastomas, it was shown that the expression was restricted to glioma-associated
macrophages and was absent in tumor cells, with the latter strongly expressing its ligand
MIF [78].

In cases of MS, CD74 was expressed in pre-active and remyelinating lesions [74], and
interestingly, blocking CD74 in an experimental autoimmune encephalomyelitis (EAE)
model ameliorated the symptoms in mice [79]. Furthermore, higher levels of CD74 in
monocytes were observed in patients with MS compared to controls [80]. Single-cell anal-
ysis demonstrated an increased expression of CD74 and HLA-DR in MS-associated micro-
glial clusters [81], while a great variability in expression patterns displayed a high inter-
individual heterogeneity of microglia in the different disease states. As an example of
CD74 expression in neurodegenerative disease, CD74 immunocytochemistry in Alz-
heimer’s disease patients showed expression within microglial processes in and around
senile (neuritic and cored) plaques [76]. While also Yoshiyama et al. [82] detected an in-
crease in CD74 in AD microglia. Dystrophic microglia, which appear to precede tau pa-
thology [83], also stain positive for CD74 (Figure 1). Analyzing cell-type-specific expres-
sion patterns in the aging human brain, an upregulation of CD74 in the microglia was
detected, concomitant with the upregulation of TREM2 and GPR34 [84].

In conclusion, these findings could suggest a certain state of alertness being ex-
pressed by CD74. However, in human samples CD74 was not specific for morphologically
activated microglia. Therefore, other markers, such as MHCII and CD68, should be con-
sidered for immunohistochemically describing the activation states in microglia.

6. MHCII

Microglia expressing MHCII can present processed antigens to CD4-positive (CD4+)
T-lymphocytes [27], and microglia upregulate HLA-DR in response to IFNy stimulation
[27]. Upregulation was also described in different pathological conditions, such as MS [85]
or traumatic brain injury [86]. Moreover, MHCII gene expression is increased in the aged
rodent hippocampus, and even more potently by the addition of a high-fat diet (HFD,
[87,88]).

Interestingly, several studies have reported genetic risk variants for Parkinson’s dis-
ease (PD) in the human leukocyte antigen (HLA) region encoding MHCII molecules [89—
93]. Furthermore, MHCII expression precedes and regulates dopaminergic neurodegen-
eration in the substantia nigra [94-96]. Similar to a case with pronounced activation (Fig-
ure 3), MHClII-positive cells co-localized with phosphorylated a-synuclein displayed a
lower IBA1 immunoreactivity, hypertrophic cell bodies and an amoeboid morphology.
This suggests an active involvement of these cells in the clearing of a-synuclein [94]

In studies characterizing microglial phenotypes in MS, microglia tended towards in-
creased MHCII expression, especially in active lesions [12]. While P2RY12 was signifi-
cantly lower in cortical IBAl-positive microglia compared to controls. Interestingly, the
other homeostatic marker—TMEM119—was not differentially expressed [97].
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7.CD68

As a lysosomal marker, CD68 is mainly expressed in the soma of ramified microglia.
Therefore, the typical extrusions cannot not be observed with CD68 staining ([27], Figure
1), making it a non-suitable marker in the examination of microglial morphology. It is
indicative of phagocytic activity [2], and is upregulated in cell culture experiments after
treatment with pro-inflammatory cytokines, lipopolysaccharide (LPS) and IFNy [98].
Hence, the upregulation of CD68 is often observed in functionally activated microglia [99].
As a macrophage marker it is not solely expressed in microglia, but also in other macro-
phages, neutrophils, and monocytes [100]. CD68 has the ability to act as a scavenger re-
ceptor, binding oxidized low-density lipoproteins (oxLDL, [101]).

In an analysis of 16,096 individual microglial transcriptomes, the cluster depicting a
distinct upregulation of CD68 was most enriched for DAM genes, such as CD74, HL-DRB1
and ITM2B and was associated with pathologic conditions, such as inflammatory demye-
lination, ischemia and AD [39]. While aging did not lead to the appearance or disappear-
ance of any clusters in scRN Aseq analysis of rodent microglia, two clusters were identified
as being enriched. These cells upregulated a number of inflammatory signals, such as the
cytokine interleukin 1 beta (IL1f) and also CD68 [102]. CD68 expression is also associated
with lipofuscin, which accumulates in the microglia with aging.

In Parkinson’s disease, an increased number of amoeboid, CD68-positive microglia
were found compared to incidental Lewy body disease and control cases [103], suggesting
active phagocytosis. Additionally, CD68 exhibited a similar expression pattern to MHCII.

However, Van Olst et al. [97] demonstrated no increased expression of CD68 in mul-
tiple sclerosis, therefore emphasizing the importance of using several markers in order to
describe the microglial phenotypes as thoroughly as possible.

In Alzheimer’s disease, CD68 stained positive in bloated cytoplasmic processes of
dystrophic microglia [40] and in direct vicinity of amyloid-g plaques [104]. Furthermore,
several studies proposed the concept of attempted, but deficient microglial phagocytosis
in Alzheimer’s disease [105,106]. Therefore, the occurrence of CD68-positive microglia
during the disease progression could display the onset of failing microglial function. In
fact, we have shown that dystrophic, much more than activated microglia are present in
human AD [83,104,107].

8. Summary

The heterogeneity of the microglial population regarding not only cell density but
also the transcriptional signature has been noted. Recent experiments using deep sequenc-
ing revealed differences not only depending on the brain region, but also on age, gender,
and pathology [28,39,99,102,108,109]. These findings reflect the numerous and multi-fac-
eted cell functions of microglia. Further consideration of the current concepts of microglial
functional states to evaluate pathology-specific microglial phenotypes is needed, since the
cells highly differentiate, even within a particular pathology itself. Histopathologically, it
is clear that even neighboring microglial cells can exhibit fundamental differences in their
shape and protein expression profile (Figure 3L). Understanding local cues that drive the
state of individual microglial cells will be a key endeavor of the future.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Ransohoff, R.M. A polarizing question: Do M1 and M2 microglia exist? Nat. Neurosci. 2016, 19, 987-991, doi:10.1038/nn.4338.

2. Walker, D.G.; Lue, L.-F. Immune phenotypes of microglia in human neurodegenerative disease: Challenges to detecting mi-
croglial polarization in human brains. Alzheimers Res. Ther. 2015, 7, 56.

3. Ito, D.;Imai, Y.; Ohsawa, K.; Nakajima, K.; Fukuuchi, Y.; Kohsaka, S. Microglia-specific localisation of a novel calcium binding
protein, Ibal. Mol. Brain Res. 1998, 57, 1-9, doi:10.1016/s0169-328x(98)00040-0.



Cells 2021, 10, 2236 10 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Buckman, L.B.; Hasty, A.H.; Flaherty, D.K.; Buckman, C.T.; Thompson, M.M.; Matlock, B.K.; Weller, K.; Ellacott, K.L. Obesity
induced by a high-fat diet is associated with increased immune cell entry into the central nervous system. Brain Behav. Immun.
2014, 35, 33-42, doi:10.1016/j.bbi.2013.06.007.

Kohler, C. Allograft inflammatory factor-1/Ionized calcium-binding adapter molecule 1 is specifically expressed by most sub-
populations of macrophages and spermatids in testis. Cell Tissue Res. 2007, 330, 291-302, d0i:10.1007/s00441-007-0474-7.

Leone, C.; Le Pavec, G.; Méme, W.; Porcheray, F.; Samah, B.; Dormont, D. Characterization of human monocyte-derived mi-
croglia-like cells. Glia 2006, 54, 183-192.

Sasaki, Y.; Ohsawa, K.; Kanazawa, H.; Kohsaka, S.; Imai, Y. Ibal Is an Actin-Cross-Linking Protein in Macrophages/Microglia.
Biochem. Biophys. Res. Commun. 2001, 286, 292-297, doi:10.1006/bbrc.2001.5388.

Gao, Y.; Ottaway, N.; Schriever, S.C.; Legutko, B.; Garcia-Caceres, C.; De La Fuente, E.; Mergen, C.; Bour, S.; Thaler, ].P.; Seeley,
R.; et al. Hormones and diet, but not body weight, control hypothalamic microglial activity. Glia 2014, 62, 17-25,
doi:10.1002/glia.22580.

Zemtsova, I.; Gorg, B.; Keitel, V.; Bidmon, H.-J.; Schrér, K.; Haussinger, D. Microglia activation in hepatic encephalopathy in
rats and humans. Hepatology 2011, 54, 204-215, d0i:10.1002/hep.24326.

Haynes, S.E.; Hollopeter, G.; Yang, G.; Kurpius, D.; Dailey, M.E.; Gan, W.B,; Julius, D. The P2Y12 receptor regulates microglial
activation by extracellular nucleotides. Nat. Neurosci. 2006, 9, 1512-1519, doi:10.1038/nn1805.

Lawson, L.J.; Perry, V.H.; Dri, P.; Gordon, S. Heterogeneity in the distribution and morphology of microglia in the normal adult
mouse brain. Neuroscience 1990, 39, 151-170, doi:10.1016/0306-4522(90)90229-w.

van Wageningen, T.A.; Vlaar, E.; Kooij, G.; Jongenelen, C.AM.; Geurts, ].J.G.; Van Dam, A.-M. Regulation of microglial
TMEM119 and P2RY12 immunoreactivity in multiple sclerosis white and grey matter lesions is dependent on their inflamma-
tory envi-ronment. Acta Neuropathol. Commun. 2019, 7, 206.

Michalski, D.; Pitsch, R.; Pillai, D.R.; Mages, B.; Aleithe, S.; Grosche, J.; Martens, H.; Schlachetzki, F.; Hartig, W. Delayed histo-
chemical alterations within the neurovascular unit due to transient focal cerebral ischemia and experimental treatment with
neurotrophic factors. PLoS ONE 2017, 12, e0174996, doi:10.1371/journal.pone.0174996.

Murata, Y.; Sugimoto, K.; Yang, C.; Harada, K.; Gono, R.; Harada, T. Activated microglia-derived macrophage-like cells ex-
acerbate brain edema after ischemic stroke correlate with astrocytic expression of aquaporin-4 and interleukin-1 alpha release.
Neurochem. Int. 2020, 140, 104848, doi:10.1016/j.neuint.2020.

Valdearcos, M.; Douglass, ].D.; Robblee, M.M.; Dorfman, M.D; Stifler, D.R.; Bennett, M.L.; Gerritse, I.; Fasnacht, R.; Barres, B.A;
Thaler, J.P.; et al. Microglial Inflammatory Signaling Orchestrates the Hypothalamic Immune Response to Dietary Excess and
Mediates Obesity Susceptibility. Cell Metab. 2017, 26, 185-197.e3, d0i:10.1016/j.cmet.2017.

Baufeld, C.; Osterloh, A.; Prokop, S.; Miller, K.R.; Heppner, F.L. High-fat diet-induced brain region-specific phenotypic spec-
trum of CNS resident microglia. Acta Neuropathol. 2016, 132, 361-375, doi:10.1007/s00401-016-1595-4.

Thaler, ].P.; Yi, C.-X,; Schur, E.A.; Guyenet, S.J.; Hwang, B.H.; Dietrich, M.; Zhao, X,; Sarruf, D.A.; Izgur, V.; Maravilla, K.R.; et
al. Obesity is associated with hypothalamic injury in rodents and humans. J. Clin. Investig. 2012, 122, 153-162,
doi:10.1172/jci59660.

Graham, L.C; Harder, ].M,; Soto, I.; De Vries, W.N.; John, S.W.M.; Howell, G.R. Chronic consumption of a western diet induces
robust glial activation in aging mice and in a mouse model of Alzheimer’s disease. Sci. Rep. 2016, 6, 21568, d0i:10.1038/srep21568.
Gzielo, K.; Kielbinski, M.; Ploszaj, ].; Janeczko, K.; Gazdzinski, S.P.; Setkowicz, Z. Long-Term Consumption of High-Fat Diet in
Rats: Effects on Microglial and Astrocytic Morphology and Neuronal Nitric Oxide Synthase Expression. Cell. Mol. Neurobiol.
2016, 37, 783-789, d0i:10.1007/s10571-016-0417-5.

Chowen, J.A.; Horvath, T.L.; Argente, J. Microglial Proliferation in Obesity: When, Where, Why, and What Does It Mean? Dia-
betes 2017, 66, 804-805, d0i:10.2337/dbi16-0073.

Lier, J.; Winter, K; Bleher, J.; Grammig, J.; Mueller, W.C.; Streit, W.; Bechmann, I. Loss of IBA1-Expression in brains from indi-
viduals with obesity and hepatic dysfunction. Brain Res. 2019, 1710, 220-229, d0i:10.1016/j.brainres.2019.01.006.

Dennis, C.V.; Sheahan, P.J.; Graeber, M.B.; Sheedy, D.L.; Kril, ].].; Sutherland, G.T. Microglial proliferation in the brain of chronic
alcoholics with hepatic encephalopathy. Metab. Brain Dis. 2014, 29, 1027-1039, d0i:10.1007/s11011-013-9469-0.

Amaya, ].M.; Suidgeest, E.; Sahut-Barnola, I.; Dumontet, T.; Montanier, N.; Pages, G. Effects of Long-Term Endogenous Corti-
costeroid Exposure on Brain Volume and Glial Cells in the AdKO Mouse. Front. Neurosci. 2021, 15, 604103.

Snijders, G.J.L.J.; van Zuiden, W.; Sneeboer, M.A.M.; van Berdenis Berlekom, A.; van der Geest, A.T.; Schnieder, T. A loss of
mature microglial markers without immune activation in schizophrenia. Glia 2021, 69, 1251-1267.

Bulk, M.; Abdelmoula, W.M.; Nabuurs, R.J.A.; van der Graaf, L.M.; Mulders, C.W.H.; Mulder, A.A. Postmortem MRI and his-
tology demonstrate differential iron accumulation and cortical myelin organization in early- and late-onset Alzheimer’s disease.
Neurobiol. Aging 2018, 62, 231-242.

Swanson, M.E.V.; Scotter, E.L.; Smyth, L.C.D.; Murray, H.C.; Ryan, B.; Turner, C.; Faull, R.L.M.; Dragunow, M.; Curtis, M.A.
Identification of a dysfunctional microglial population in human Alzheimer’s disease cortex using novel single-cell histology
image analysis. Acta Neuropathol. Commun. 2020, 8, 1-16, doi:10.1186/s40478-020-01047-9.

Hendrickx, D.A.; van Eden, C.G.; Schuurman, K.G.; Hamann, J.; Huitinga, I. Staining of HLA-DR, Ibal and CD68 in human
microglia reveals partially overlapping expression depending on cellular morphology and pathology. J. Neuroimmunol. 2017,
309, 12-22, d0i:10.1016/j.jneuroim.2017.04.007.



Cells 2021, 10, 2236 11 of 14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276-1290.e17, d0i:10.1016/j.cell.2017.05.018.

Atagi, Y.; Liu, C.-C; Painter, M.M.; Chen, X.-F.; Verbeeck, C.; Zheng, H.; Li, X.; Rademakers, R.; Kang, S.S.; Xu, H.; et al. Apolipo-
protein E Is a Ligand for Triggering Receptor Expressed on Myeloid Cells 2 (TREM2). ]. Biol. Chem. 2015, 290, 26043-26050,
doi:10.1074/jbc.m115.679043.

Guerreiro, R.J.; Gustafson, D.R.; Hardy, J. The genetic architecture of Alzheimer’s disease: Beyond APP, PSENs and APOE.
Neurobiol. Aging 2012, 33, 437-456.

Jonsson, T.; Stefansson, H.; Steinberg, S.; Jonsdottir, L; Jonsson, P.V.; Snaedal, J. Variant of TREM2 associated with the risk of
Alzheimer’s disease. N. Engl. |. Med. 2013, 368, 107-116.

Frank, S.; Burbach, G.J.; Bonin, M.; Walter, M.; Streit, W.; Bechmann, L; Deller, T. TREM2 is upregulated in amyloid plaque-
associated microglia in aged APP23 transgenic mice. Glia 2008, 56, 1438-1447, doi:10.1002/glia.20710.

Neumann, H.; Takahashi, K. Essential role of the microglial triggering receptor expressed on myeloid cells-2 (TREM2) for central
nervous tissue immune homeostasis. J. Neuroimmunol. 2007, 184, 92-99, doi:10.1016/j.jneuroim.2006.11.032.

Lue, L.; Schmitz, C.T.; Serrano, G.; Sue, L.I; Beach, T.G.; Walker, D.G. TREM 2 Protein Expression Changes Correlate with A
Izheimer’s Disease Neurodegenerative Pathologies in Post-Mortem Temporal Cortices. Brain Pathol. 2015, 25, 469-480,
doi:10.1111/bpa.12190.

Linnartz-Gerlach, B.; Bodea, L.; Klaus, C.; Ginolhac, A.; Halder, R.; Sinkkonen, L.; Walter, J.; Colonna, M.; Neumann, H. TREM2
triggers microglial density and age-related neuronal loss. Glia 2019, 67, 539-550, d0i:10.1002/glia.23563.

Minten, C; Terry, R.; Deffrasnes, C.; King, N.J.C.; Campbell, I.L. IFN Regulatory Factor 8 Is a Key Constitutive Determinant of
the Morphological and Molecular Properties of Microglia in the CNS. PLoS ONE 2012, 7, e49851, doi:10.1371/jour-
nal.pone.0049851.

Kierdorf, K.; Prinz, M. Factors regulating microglia activation. Front. Cell. Neurosci. 2013, 7, 44, d0i:10.3389/fncel.2013.00044.
Masuda, T.; Tsuda, M.; Yoshinaga, R.; Tozaki-Saitoh, H.; Ozato, K.; Tamura, T. IRF8 is a critical transcription factor for trans-
forming microglia into a reactive phenotype. Cell Rep. 2012, 1, 334-340.

Olah, M.; Menon, V.; Habib, N.; Taga, M.F.; Ma, Y.; Yung, C.J.; Cimpean, M.; Khairallah, A.; Coronas-Samano, G.; Sankowski,
R.; et al. Single cell RNA sequencing of human microglia uncovers a subset associated with Alzheimer’s disease. Nat. Commun.
2020, 11, 1-18, doi:10.1038/s41467-020-19737-2.

Tischer, J.; Krueger, M.; Mueller, W.; Staszewski, O.; Prinz, M.; Streit, W.J. Inhomogeneous distribution of Iba-1 characterizes
microglial pathology in Alzheimer’s disease. Glia 2016, 64, 1562-1572.

Bennett, M.L.; Bennett, F.C.; Liddelow, S.A.; Ajami, B.; Zamanian, J.L.; Fernhoff, N.B.; Mulinyawe, S.B.; Bohlen, C.J.; Adil, A.;
Tucker, A.; et al. New tools for studying microglia in the mouse and human CNS. Proc. Natl. Acad. Sci. USA 2016, 113, E1738-
E1746, doi:10.1073/pnas.1525528113.

Butovsky, O.; Jedrychowski, M.P.; Moore, C.S.; Cialic, R.; Lanser, A.J.; Gabriely, G.; Koeglsperger, T.; Dake, B.; Wu, P.M.;
Doykan, C.E.; et al. Identification of a unique TGF-B—-dependent molecular and functional signature in microglia. Nat. Neurosci.
2014, 17, 131-143, d0i:10.1038/nn.3599.

Hickman, S.; Kingery, N.D.; Ohsumi, T.K.; Borowsky, M.L.; Wang, L.-C.; Means, T.K.; El Khoury, J. The microglial sensome
revealed by direct RNA sequencing. Nat. Neurosci. 2013, 16, 1896-1905, doi:10.1038/nn.3554.

Bonham, L.W.; Sirkis, D.W.; Yokoyama, ].S. The Transcriptional Landscape of Microglial Genes in Aging and Neurodegenera-
tive Disease. Front. Immunol. 2019, 10, 1170, doi:10.3389/fimmu.2019.01170.

Satoh, J.-I.; Kino, Y.; Asahina, N.; Takitani, M.; Miyoshi, J.; Ishida, T. TMEM119 marks a subset of microglia in the human brain.
Neuropathology 2016, 36, 39-49.

Zrzavy, T.; Schwaiger, C.; Wimmer, L; Berger, T.; Bauer, J.; Butovsky, O.; Schwab, ].M.; Lassmann, H.; Hoftberger, R. Acute and
non-resolving inflammation associate with oxidative injury after human spinal cord injury. Brain 2021, 144, 144-161,
doi:10.1093/brain/awaa360.

Kenkhuis, B.; Somarakis, A.; de Haan, L.; Dzyubachyk, O.; Ijsselsteijn, M.E.; de Miranda, N.F.C.C.; Lelieveldt, B.P.F.; Dijkstra,
J.; van Roon-Mom, W.M.C,; Hollt, T.; et al. Iron loading is a prominent feature of activated microglia in Alzheimer’s disease
patients. Acta Neuropathol. Commun. 2021, 9, 1-15, doi:10.1186/s40478-021-01126-5.

Xue, F.; Du, H. TREM2 Mediates Microglial Anti-Inflammatory Activations in Alzheimer’s Disease: Lessons Learned from Tran-
scriptomics. Cells 2021, 10, 321, d0i:10.3390/cells10020321.

Krasemann, S.; Madore, C.; Cialic, R.; Baufeld, C.; Calcagno, N.; El Fatimy, R.; Beckers, L.; O’Loughlin, E.; Xu, Y.; Fanek, Z.; et
al. The TREM2-APOE Pathway Drives the Transcriptional Phenotype of Dysfunctional Microglia in Neurodegenerative Dis-
eases. Immunity 2017, 47, 566-581.e9.

Schoneberg, T.; Meister, J.; Knierim, A.B.; Schulz, A. The G protein-coupled receptor GPR34—The past 20 years of a grownup.
Pharmacol. Ther. 2018, 189, 71-88, doi:10.1016/j.pharmthera.2018.04.008.

Hollopeter, G.; Jantzen, H.-M.; Vincent, D.; Li, G.; Ramakrishnan, V.; Yang, R.-B. Identifcation of the platelet ADP receptor
targeted by antithrombotic drugs. Lett. Nat. 2001, 409, 202-207.

Cserép, C.; Pésfai, B.; Dénes, A. Shaping Neuronal Fate: Functional Heterogeneity of Direct Microglia-Neuron Interactions.
Neuron 2021, 109, 222-240, doi:10.1016/j.neuron.2020.11.007.



Cells 2021, 10, 2236 12 of 14

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Mildner, A.; Huang, H.; Radke, ].; Stenzel, W.; Priller, J. P2Y12receptor is expressed on human microglia under physiological
conditions throughout development and is sensitive to neuroinflammatory diseases. Glia 2017, 65, 375-387,
doi:10.1002/glia.23097.

Illes, P.; Rubini, P.; Ulrich, H.; Zhao, Y.; Tang, Y. Regulation of Microglial Functions by Purinergic Mechanisms in the Healthy
and Diseased CNS. Cells 2020, 9, 1108, d0i:10.3390/cells9051108.

Gomez Morillas, A.; Besson, V.C.; Lerouet, D. Microglia and Neuroinflammation: What Place for P2RY12? Int. ]. Mol. Sci. 2021,
22, 1636.

Moore, C.S.; Ase, A.R;; Kinsara, A.; Rao, V.T.; Michell-Robinson, M.; Leong, S.Y.; Butovsky, O.; Ludwin, S.K.; Séguéla, P.; Bar-
Or, A, et al. P2Y12 expression and function in alternatively activated human microglia. Neurol. Neuroimmunol. Neuroinflamm.
2015, 2, €80, doi:10.1212/nxi.0000000000000080.

Koizumi, S.; Ohsawa, K.; Inoue, K.; Kohsaka, S. Purinergic receptors in microglia: Functional modal shifts of microglia mediated
by P2 and P1 receptors. Glia 2013, 61, 47-54, doi:10.1002/glia.22358.

Sieger, D.; Moritz, C.; Ziegenhals, T.; Prykhozhij, S.; Peri, F. Long-Range Ca2+ Waves Transmit Brain-Damage Signals to Micro-
glia. Dev. Cell 2012, 22, 1138-1148, d0i:10.1016/j.devcel.2012.04.012.

Amadio, S.; Parisi, C.; Montilli, C.; Carrubba, A.S.; Apolloni, S.; Volonté, C. P2Y12Receptor on the Verge of a Neuroinflamma-
tory Breakdown. Mediat. Inflamm. 2014, 2014, 1-15, doi:10.1155/2014/975849.

van der Poel, M.; Ulas, T.; Mizee, M.R.; Hsiao, C.-C.; Miedema, S.5.M. Transcriptional profiling of human microglia reveals
grey-white matter heterogeneity and multiple sclerosis-associated changes. Nat. Commun. 2019, 10, 1139.

Srinivasan, K.; Friedman, B.A.; Etxeberria, A.; Huntley, M.A_; van der Brug, M.P.; Foreman, O.; Paw, ].S.; Modrusan, Z.; Beach,
T.G,; Serrano, G.E; et al. Alzheimer’s Patient Microglia Exhibit Enhanced Aging and Unique Transcriptional Activation. Cell
Rep. 2020, 31, 107843, doi:10.1016/j.celrep.2020.107843.

Maeda, J.; Minamihisamatsu, T.; Shimojo, M.; Zhou, X.; Ono, M.; Matsuba, Y. Distinct microglial response against Alzheimer’s
amyloid and tau pathologies characterized by P2Y12 receptor. Brain Commun. 2021, 3, fcab011.

Galatro, T.; Holtman, I.R.; Lerario, A.; Vainchtein, I.D.; Brouwer, N.; Sola, P.R.; Veras, M.M.; Pereira, T.F.; Leite, R.E.P.; Moller,
T.; et al. Transcriptomic analysis of purified human cortical microglia reveals age-associated changes. Nat. Neurosci. 2017, 20,
1162-1171, doi:10.1038/nn.4597.

Walker, D.G,; Tang, T.M.; Mendsaikhan, A.; Tooyama, 1; Serrano, G.E.; Sue, L.I.; Beach, T.G.; Lue, L.-F. Patterns of Expression
of Purinergic Receptor P2RY12, a Putative Marker for Non-Activated Microglia, in Aged and Alzheimer’s Disease Brains. Int.
J. Mol. Sci. 2020, 21, 678, doi:10.3390/ijms21020678.

Crews, F.T.; Zou, ].; Coleman, L.G,, Jr. Extracellular microvesicles promote microglia-mediated pro-inflammatory responses to
ethanol. J. Neurosci. Res. 2021, 99, 1940-1956, d0i:10.1002/jnr.24813.

Gil-Yarom, N.; Radomir, L.; Sever, L.; Kramer, M.P.; Lewinsky, H.; Bornstein, C.; Blecher-Gonen, R.; Barnett-Itzhaki, Z.; Mirkin,
V.; Friedlander, G.; et al. CD74 is a novel transcription regulator. Proc. Natl. Acad. Sci. USA 2017, 114, 562-567,
doi:10.1073/pnas.1612195114.

Schroder, B. The multifaceted roles of the invariant chain CD74—More than just a chaperone. Biochim. Biophys. Acta Bioenerg.
2016, 1863, 1269-1281, doi:10.1016/j.bbamcr.2016.03.026.

Becker-Herman, S.; Arie, G.; Medvedovsky, H.; Kerem, A.; Shachar, I. CD74 Is a Member of the Regulated Intramembrane Pro-
teolysis-processed Protein Family. Mol. Biol. Cell 2005, 16, 5061-5069.

Henne, C.; Schwenk, F.; Koch, N.; Mdller, P. Surface expression of the invariant chain (CD74) is independent of concomitant
expression of major histocompatibility complex class II antigens. Immunology 1995, 84, 177-182.

Farr, L.; Ghosh, S.; Moonah, S. Role of MIF Cytokine/CD74 Receptor Pathway in Protecting Against Injury and Promoting
Repair. Front. Immunol. 2020, 11, 1273, d0i:10.3389/fimmu.2020.01273.

Leng, L.; Metz, C.N.; Fang, Y.; Xu, J.; Donnelly, S.; Baugh, J.; Delohery, T.; Chen, Y.; Mitchell, R.A.; Bucala, R. MIF Signal Trans-
duction Initiated by Binding to CDJ. Exp. Med. 2003, 197, 1467-1476, d0i:10.1084/jem.20030286.

Ives, A.; Le Roy, D.; Théroude, C.; Bernhagen, J.; Roger, T.; Calandra, T. Macrophage migration inhibitory factor promotes the
migration of dendritic cells through CD74 and the activation of the Src¢/PI3K/myosin II pathway. FASEB |. 2021, 35, e21418.
Ghoochani, A.; Schwarz, M.; Yakubov, E.; Engelhorn, T.; Doerfler, A.; Buchfelder, M.; Bucala, R.; Savaskan, N.; Eyiipoglu, LY.
MIF-CD74 signaling impedes microglial M1 polarization and facilitates brain tumorigenesis. Oncogene 2016, 35, 6246-6261,
d0i:10.1038/0nc.2016.160.

Peferoen, L.A.N.; Vogel, D.Y.S.; Ummenthum, K.; Breur, M.; Heijnen, P.D.A.M.; Gerritsen, W.H. Activation Status of Human
Mi-croglia Is Dependent on Lesion Formation Stage and Remyelination in Multiple Sclerosis. ]. Neuropathol. Exp. Neurol. 2015,
74, 48-63.

Hwang, I.K,; Park, ].H.; Lee, T.-K.; Kim, D.W.; Yoo, K.-Y.; Ahn, ].H.; Kim, Y.H.; Cho, ].H.; Kim, Y.-M.; Won, M.-H.; et al. CD74-
immunoreactive activated M1 microglia are shown late in the gerbil hippocampal CA1 region following transient cerebral is-
chemia. Mol. Med. Rep. 2017, 15, 4148-4154, d0i:10.3892/mmr.2017.6525.

Bryan, K.J.; Zhu, X.; Harris, P.L.; Perry, G.; Castellani, R.J.; Smith, M.A. Expression of CD74 is increased in neurofibrillary tangles
in Alzheimer’s disease. Mol. Neurodegener. 2008, 3, 13.

Kitange, G.J.; Carlson, B.L.; Schroeder, M.A_; Decker, P.A.; Morlan, B.W.; Wu, W.; Ballman, K.; Giannini, C.; Sarkaria, ].N. Ex-
pression of CD74 in high grade gliomas: A potential role in temozolomide resistance. |. Neuro-Oncol. 2010, 100, 177-186,
doi:10.1007/s11060-010-0186-9.



Cells 2021, 10, 2236 13 of 14

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Zeiner, P.S.; Preusse, C; Blank, A.-E.; Zachskorn, C.; Baumgarten, P.; Caspary, L.; Braczynski, A K.; Weissenberger, |.; Bratzke,
H.; Reif3, S.; et al. MIF Receptor CD74 is Restricted to Microglia/Macrophages, Associated with a M1-Polarized Immune Milieu
and Prolonged Patient Survival in Gliomas. Brain Pathol. 2015, 25, 491-504, doi:10.1111/bpa.12194.

Meza-Romero, R.; Benedek, G.; Yu, X.; Mooney, ].L.; Dahan, R.; Duvshani, N.; Bucala, R.; Offner, H.; Reiter, Y.; Burrows, G.G,;
et al. HLA-DRal Constructs Block CD74 Expression and MIF Effects in Experimental Autoimmune Encephalomyelitis. J. Im-
munol. 2014, 192, 4164-4173, d0i:10.4049/jimmunol.1303118.

Benedek, G.; Meza-Romero, R.; Andrew, S.; Leng, L.; Burrows, G.G.; Bourdette, D.; Offner, H.; Bucala, R.; Vandenbark, A.A.
Partial MHC class II constructs inhibit MIF/CD74 binding and downstream effects. Eur. J. Immunol. 2013, 43, 1309-1321,
doi:10.1002/eji.201243162.

Masuda, T.; Sankowski, R.; Staszewski, O.; Béttcher, C.; Amann, L.; Sagar; Scheiwe, C.; Nessler, S.; Kunz, P.; Van Loo, G. Spatial
and temporal heterogeneity of mouse and human microglia at single-cell resolution. Nature 2019, 566, 388-392,
doi:10.1038/s41586-019-0924-x.

Yoshiyama, Y.; Arai, K.; Oki, T.; Hattori, T. Expression of invariant chain and pro-cathepsin L in Alzheimer’s brain. Neurosci.
Lett. 2000, 290, 125-128.

Streit, W.J.; Braak, H.; Xue, Q.-S.; Bechmann, I. Dystrophic (senescent) rather than activated microglial cells are associated with
tau pathology and likely precede neurodegeneration in Alzheimer’'s disease. Acta Neuropathol. 2009, 118, 475-485,
doi:10.1007/s00401-009-0556-6.

Soreq, L.; Rose, ].; Soreq, E.; Hardy, J.; Trabzuni, D.; Cookson, M.R.; Smith, C.; Ryten, M.; Patani, R.; Ule, ]. Major Shifts in Glial
Regional Identity Are a Transcriptional Hallmark of Human Brain Aging. Cell Rep. 2017, 18, 557-570,
doi:10.1016/j.celrep.2016.12.011.

Chu, F.; Shi, M.; Zheng, C.; Shen, D.; Zhu, ].; Zheng, X.; Cui, L. The roles of macrophages and microglia in multiple sclerosis
and experimental autoimmune encephalomyelitis. |. Neuroimmunol. 2018, 318, 1-7, doi:10.1016/j.jneuroim.2018.02.015.

Lier, J.; Ondruschka, B.; Bechmann, I.; Drefller, J. Fast microglial activation after severe traumatic brain injuries. Int. J. Leg. Med.
2020, 134, 2187-2193, d0i:10.1007/s00414-020-02308-x.

Butler, M.].; Cole, RM.; Deems, N.P.; Belury, M.A; Barrientos, R.M. Fatty food, fatty acids, and microglial priming in the adult
and aged hippocampus and amygdala. Brain Behav. Immun. 2020, 89, 145-158, do0i:10.1016/j.bbi.2020.06.010.

Spencer, S.J.; D’Angelo, H.; Soch, A.; Watkins, L.R.; Maier, S.F.; Barrientos, R.M. High-fat diet and aging interact to produce
neuroin-flammation and impair hippocampal- and amygdalar-dependent memory. Neurobiol. Aging 2017, 58, 88-101.
Kannarkat, G.T.; Lee, J.-K.; Ramsey, C.P.; Chung, J.; Chang, J.; Porter, L; Oliver, D.; Shepherd, K.; Tansey, M.G. Age-related
changes in regulator of G-protein signaling (RGS)-10 expression in peripheral and central immune cells may influence the risk
for age-related degeneration. Neurobiol. Aging 2015, 36, 1982-1993, doi:10.1016/j.neurobiolaging.2015.02.006.

Wissemann, W.T.; Hill-Burns, E.M.; Zabetian, C.; Factor, S.A.; Patsopoulos, N.; Hoglund, B.; Holcomb, C.; Donahue, R.J.; Thom-
son, G.; Erlich, H.; et al. Association of Parkinson Disease with Structural and Regulatory Variants in the HLA Region. Am. J.
Hum. Genet. 2013, 93, 984-993, d0i:10.1016/j.ajhg.2013.10.009.

Hill-Burns, E.M.; Factor, S.A.; Zabetian, C.P.; Thomson, G.; Payami, H. Evidence for more than one Parkinson’s disease-associ-
ated variant within the HLA region. PLoS ONE 2011, 6, e27109.

Hamza, T.H.; Zabetian, C.P.; Tenesa, A.; Laederach, A.; Montimurro, J.; Yearout, D. Common genetic variation in the HLA
region is associated with late-onset sporadic Parkinson’s disease. Nat. Genet. 2010, 42, 781-785.

Lampe, ].B.; Gossrau, G.; Herting, B.; Kempe, A.; Sommer, U.; Fiissel, M. HLA typing and Parkinson’s disease. Eur. Neurol. 2003,
50, 64-68.

Jimenez-Ferrer, I.; Backstrom, F.; Duefias-Rey, A.; Jewett, M.; Boza-Serrano, A.; Luk, K.C. The MHC class II transactivator mod-
ulates seeded alpha-synuclein pathology and dopaminergic neurodegeneration in an in vivo rat model of Parkinson’s disease.
Brain Behav. Immun. 2021, 91, 369-382.

Subbarayan, M.S.; Hudson, C.; Moss, L.D.; Nash, K.R.; Bickford, P.C. T cell infiltration and upregulation of MHCII in microglia
leads to accelerated neuronal loss in an a-synuclein rat model of Parkinson’s disease. |. Neuroinflamm. 2020, 17, 1-16,
doi:10.1186/s12974-020-01911-4.

Harms, A.S.; Cao, S.; Rowse, A.L.; Thome, A.D.; Li, X.; Mangieri, L.R. MHCII is required for a-synuclein-induced activation of
microglia, CD4 T cell proliferation, and dopaminergic neurodegeneration. J. Neurosci. 2013, 33, 9592-9600.

van Olst, L.; Rodriguez-Mogeda, C.; Picon, C; Kiljan, S.; James, R.E.; Kamermans, A. Meningeal inflammation in multiple scle-
rosis induces phenotypic changes in cortical microglia that differentially associate with neurodegeneration. Acta Neuropathol.
2021, 141, 881-899.

Wong, A.M.; Patel, N.V.; Patel, N.K.; Wei, M.; Morgan, T.E.; Beer, M.C. Macrosialin increases during normal brain aging are
attenuated by caloric restriction. Neurosci. Lett. 2005, 390, 76-80.

Ayata, P.; Badimon, A.; Strasburger, H.J.; Duff, M.K.; Montgomery, S.; Loh, Y.-H.E.; Ebert, A.; Pimenova, A.A.; Ramirez, B.R,;
Chan, A; et al. Epigenetic regulation of brain region-specific microglia clearance activity. Nat. Neurosci. 2018, 21, 1049-1060,
do0i:10.1038/s41593-018-0192-3.

Chiu, I.; Morimoto, E.T.; Goodarzi, H.; Liao, J.T.; O’Keeffe, S.; Phatnani, H.P.; Muratet, M.; Carroll, M.C.; Levy, S.; Tavazoie, S.;
et al. A Neurodegeneration-Specific Gene-Expression Signature of Acutely Isolated Microglia from an Amyotrophic Lateral
Sclerosis Mouse Model. Cell Rep. 2013, 4, 385-401, d0i:10.1016/j.celrep.2013.06.018.



Cells 2021, 10, 2236 14 of 14

101.

102.

103.

104.

105.

106.
107.
108.

109.

Gottfried, E.; Kunz-Schughart, L.; Weber, A.; Rehli, M.; Peuker, A.; Miiller, A.; Kastenberger, M.; Brockhoff, G.; Andreesen, R.;
Kreutz, M. Expression of CD68 in Non-Myeloid Cell Types. Scand. ]. Immunol. 2008, 67, 453-463, doi:10.1111/j.1365-
3083.2008.02091 .x.

Hammond, T.R.; Dufort, C.; Dissing-Olesen, L.; Giera, S.; Young, A.; Wysoker, A.; Walker, A ]; Gergits, F.; Segel, M.; Nemesh,
J.; et al. Single-Cell RNA Sequencing of Microglia throughout the Mouse Lifespan and in the Injured Brain Reveals Complex
Cell-State Changes. Immunity 2019, 50, 253-271.e6, doi:10.1016/j.immuni.2018.11.004.

Doorn, K.J.; Moors, T.; Drukarch, B.; van de Berg, W.D.; Lucassen, P.J.; Van Dam, A.-M. Microglial phenotypes and toll-like
receptor 2 in the substantia nigra and hippocampus of incidental Lewy body disease cases and Parkinson’s disease patients.
Acta Neuropathol. Commun. 2014, 2, 90.

Streit, W.]J.; Braak, H.; Del Tredici, K.; Leyh, J.; Lier, J.; Khoshbouei, H. Microglial activation occurs late during preclinical Alz-
heimer’s disease. Glia 2018, 66, 2550-2562.

Krabbe, G.; Halle, A.; Matyash, V.; Rinnenthal, ].L.; Eom, G.D.; Bernhardt, U.; Miller, K.R.; Prokop, S.; Kettenmann, H.; Heppner,
F.L. Functional Impairment of Microglia Coincides with Beta-Amyloid Deposition in Mice with Alzheimer-Like Pathology.
PLoS ONE 2013, 8, 60921, doi:10.1371/journal.pone.0060921.

Prokop, S.; Miller, K.R.; Heppner, F.L. Microglia actions in Alzheimer’s disease. Acta Neuropathol. 2013, 126, 461-477.

Streit, W.].; Khoshbouei, H.; Bechmann, I. Dystrophic microglia in late-onset Alzheimer’s disease. Glia 2020, 68, 845-854.

Li, Q.; Cheng, Z.; Zhou, L.; Darmanis, S.; Neff, N.F.; Okamoto, ].; Gulati, G.; Bennett, M.L.; Sun, L.O.; Clarke, L.E.; et al. Devel-
opmental Heterogeneity of Microglia and Brain Myeloid Cells Revealed by Deep Single-Cell RNA Sequencing. Neuron 2019,
101, 207-223.e10, doi:10.1016/j.neuron.2018.12.006.

Patir, A.; Shih, B.; McColl, B.W.; Freeman, T.C. A core transcriptional signature of human microglia: Derivation and utility in
describing region-dependent alterations associated with Alzheimer’s disease. Glia 2019, 67, 1240-1253.



