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Abstract

Multiple lines of evidence implicate dysregulated microglia-mediated synaptic pruning in the
pathophysiology of schizophrenia. In vitro human cellular studies represent a promising means
of pursuing this hypothesis, complementing efforts with animal models and postmortem human
data while addressing their limitations. The challenges in culturing homogeneous populations
of cells derived from postmortem or surgical biopsy brain material from patients, and their
limited availability, has led to a focus on differentiation of induced pluripotent stem cells.
These methods too have limitations, in that they disrupt the epigenome and can demonstrate
line-to-line variability due in part to extended time in culture, partial reprogramming, and/or
residual epigenetic memory from the cell source, yielding large technical artifacts. Yet another
strategy uses direct transdifferentiation of peripheral mononuclear blood cells, or umbilical cord
blood cells, to microglia-like cells. Any of these approaches can be paired with patient-derived
synaptosomes from differentiated neurons as a simpler alternative to co-culture. Patient-derived
microglia models may facilitate identification of novel modulators of synaptic pruning and
identification of biomarkers that may allow more targeted early interventions.

Schizophrenia is a chronic, disabling, and strongly heritable illness. With a lifetime
prevalence of 1% and an onset in late adolescence or early adulthood, schizophrenia makes
a major contribution to disability worldwide. Existing treatments are only partially effective
in restoring function and preventing relapse and are accompanied by adverse effects that
are themselves disabling. Efforts to identify novel treatments have been hindered by a very
limited understanding of disease pathogenesis, despite the identification of more than 250
regions of the genome associated with schizophrenia liability (1,2).

Normal postnatal brain development involves the generation of supernumerary neuronal
synapses that are selectively eliminated during development through the activity-dependent
process of synaptic pruning (3). These processes are necessary for proper brain development
(4), while their disruption can lead to aberrations such as the reduced dendritic spine density
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implicated in schizophrenia (5). Although neuronal-specific factors contribute to synaptic
refinement, numerous studies have also demonstrated the key role of microglia in this
process. While the precise mechanisms by which microglia choose their synaptic targets is
still unknown, studies confirm selective engulfment of synapses by microglia as critical for
the development and maintenance of proper brain connectivity (6-9).

Feinberg first postulated in 1982 that defective synaptic pruning during adolescence
contributes to the etiology of schizophrenia (10). Since then, convergent evidence implicates
aberrant synaptic pruning, including postmortem studies showing changes in hippocampal
and cortical spine density and live brain imaging studies demonstrating decreased cortical
thickness and subcortical volumes in patients with schizophrenia (5,11-14). Extensive
synaptic pruning in the human cerebral cortex normally occurs during late adolescence and
early adulthood, notably coinciding with the typical age of clinical onset for schizophrenia.

Genomic association studies suggest a possible mechanism for the observed decrease

in synaptic density in patients with schizophrenia: the locus most strongly linked to
schizophrenia risk (1) associates with greater brain complement C4 expression, consistent
with increased C4 expression in post-mortem samples (15). Thus, the complement pathway
provides a probable mechanism to explain at least in part the structural changes observed in
schizophrenia. Multiple lines of evidence suggest that this complement-associated synaptic
pruning is mediated by microglia (5,10,13,16,17).

PATIENT-DERIVED IN VITRO MODELS OF MICROGLIA FUNCTION

Multiple functional mouse models of microglia-mediated synaptic pruning during
neurodevelopment implicate the non-specialized mouse C4 gene (6,7). However, human
models are required to test the hypothesis directly: the distinct and functionally specialized
human C4 gene isotypes, linked to schizophrenia via C4A expression, do not exist in the
rodent genome. In addition, the microglial transcriptome varies greatly across species (18),
further supporting the need for human microglia for studies of human neurodevelopment and
disease. However, sources of patient-derived in vitro microglia vary in their robustness and
amenability to perform large-scale experiments.

Postmortem Isolation of In Vitro Microglia

Various methods have been developed to isolate viable microglia from primary human
sources (19,20), using enzymatic or mechanical methods to dissociate brain tissue followed
by further cell-specific purification (21-25). However, the robust in vitro culturing of
primary microglia has been challenging, and microglial identity and transcriptomic signature
have been shown to change rapidly in vitro (26). Furthermore, while these ex vivo microglia
have provided insight into neurological disease, they are not optimal for adequately powered
statistical comparisons of patients to healthy control individuals or for high-throughput drug
screening. Variables such as antemortem neurological diagnosis and exposures, postmortem
delay before harvest, high donor-to-donor variability in microglia yield (27), and rapid gene
and marker expression changes upon in vitro culture of primary human microglia (26)
preclude reproducible derivation of robust in vitro microglia cultures at scale.
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Patient-Induced Pluripotent Stem Cell-Derived Models of In Vitro Microglia

Somatic cells can be reprogrammed toward induced pluripotent stem cells (iPSCs) through
the exogenous introduction of transcription factors (28). Furthermore, the derivation of
human iPSC-derived neuronal cells, for instance through SMAD inhibition (29), allows

for the efficient derivation of patient-derived neuronal models. In addition, neuronal
type—specific differentiation procedures from iPSCs have been developed for robust
differentiation into relatively homogeneous neuronal subtypes of the neocortex such as
dopaminergic (30-32), GABAergic (gamma-aminobutyric acidergic) (33,34), glutamatergic
(35,36), serotonergic (37,38), and interneurons (39,40); one example is the efficient
differentiation into glutamatergic cortical excitatory neurons by overexpression of the
transcription factor NGN2 (35).

The derivation of microglia from iPSCs has been more challenging. Microglia are of
mesodermal origin, originating from yolk sac Myb-independent erythromyeloid progenitors
(EMPs) during early development before the emergence of Myb-dependent hematopoietic
stem cells (41-43). Protocols have been developed to recapitulate the developmental
ontogeny through stepwise formation of primitive mesoderm to hematopoietic precursor
cells and erythromyeloid progenitors. Muffat ef al. (44) demonstrated the differentiation

of iPSC-derived microglia-like cells through intermediate erythromyeloid progenitor—like
cells. These iPSC-derived microglia-like cells expressed canonical microglia markers, were
migratory, and demonstrated phagocytic capacity using fluorescent polystyrene beads.

Since this initial study, several methodologies have been optimized for faster differentiation,
greater yields, and/or a more mature microglial phenotype. Abud et a/. (45) developed
methods for iPSC-derived microglia-like cells through CD34* myeloid precursors. Large-
scale yield was further improved by deriving nonadherent embryonic macrophage
progenitors that can be harvested over several weeks for microglial maturation either
through co-culture with iPSC-derived neuronal cultures (46) or addition of neuronal

factors (45). Furthermore, three-dimensional (3D) methods have been developed containing
microglia with a more mature adult phenotype, albeit with significantly lower yields

(47). Recently, Chen et al. (48) demonstrated that iPSCs can be converted to microglia

via overexpression of transcription factors; these cells display microglial markers, a
transcriptome resembling human fetal microglia, lipopolysaccharide/interferon-y—induced
inflammatory response, and phagocytic activity.

An advantage of using iPSC-derived microglia is the ability to perform transplantation
studies with progenitors into mouse models to mimic endogenous microglia development
and function in physiologically relevant environments (49-51) to model potential differences
between patient- and healthy control subject—derived, or genetically modified, cells in an in
vivo brain context.

While the ability to generate these cells from patient-derived iPSCs has allowed for

in vitro characterization and manipulations from patient-derived sources, they still have
limitations as model systems. The reprogramming of iPSCs from patient somatic cells
results in epigenetic resetting to accomplish pluripotency (52), which risks eliminating
potential epigenetic contributions (53) that have been implicated to be particularly relevant
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in complex psychiatric disorders such as schizophrenia [as reviewed in (54,55)]. Conversely,
individual iPSC lines from the same patient can differ widely depending on partial
reprogramming and/or residual epigenetic memory from the cell source; for example,

while theoretical, it is possible that environmental exposures such as medications may

affect patient-derived lines. Such line-to-line variability means that findings in case-control
studies can be readily confounded by technical artifacts (56-59). Other factors, including the
cellular age of the donor cells, are modified or reset during iPSC induction (60-64). Thus,
age-related alterations in the bioenergetics and epigenome of the donor cells that may be
important to cellular phenotypes may not be maintained (65).

Patient Peripheral Blood Mononuclear Cell-Derived Models of In Vitro Microglia

As an alternative to iPSC-derived differentiated human cellular models, transdifferentiation
methodologies have been developed that maintain epigenetic and age-associated
characteristics of patient donor cells (64). For example, transdifferentiation methods have
been developed to derive induced neurons from fibroblasts using exogenous overexpression
of transcription factors (66—68), microRNAs (69,70), or small molecules (71,72) without
going through a pluripotent intermediate.

Peripheral blood mononuclear cells (PBMCs) are typically used as a DNA source for
genomic studies (1,73), but they have also been applied to investigate transcriptomic
differences between patients with schizophrenia and healthy control individuals (74,75).
Several studies have suggested that PBMCs may be a useful proxy for aberrant brain
function in patients with schizophrenia (76). PBMCs express more than 4100 brain
transcripts and show similar alternate splicing patterns compared with brain samples

(77); PBMCs from patients with schizophrenia demonstrate differences in gene expression
(75,78,79), noncoding RNAs (80-84), epigenetics (85,86), bioenergetics (87,88), proteomics
(89), and metabolomics (90). In one study, transcriptomic analysis between patient and
control PBMCs and postmortem brain tissue shared similar differentially expressed genes
implicated in common pathways (79). These observations further support the use of PBMCs
as models, albeit indirectly, of potential central nervous system dysfunction.

A fraction of PBMCs (monocytes) possess high phenotypic plasticity and can adopt a
microglial-like phenotype in vitro. In an early demonstration, rat monocytes cultured

in astrocyte-conditioned media or in co-culture with astrocytes converted to a ramified
morphology and expressed microglia-like membrane currents by electrophysiology (91,92).
Leone et al. (93) showed that the culture of human PBMCs in astrocyte-conditioned

media supplemented with granulocyte macrophage colony-stimulating factor (CSF) and
macrophage CSF converted to ramified monocyte-derived microglia-like cells and expressed
canonical microglia markers. Using a defined media cocktail including macrophage CSF,
granulocyte macrophage CSF, nerve growth factor-f, and CCL2, Etemad et a/. (94)
demonstrated derivation of human monocyte-derived microglia that displayed microglial
markers and chemokine receptors (e.g., CX3CR1) and were functional in phagocytosing
labeled bacterial particles. Ohgidani et a/. (95) further determined that a limited set of

just two factors, interleukin 4 and granulocyte macrophage CSF, were sufficient to convert
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patient PBMC:s to induced microglia-like cells (iMGs) to model microglial dysfunction in
Nasu-Hakola disease.

The direct conversion of human monocytes to iMGs thus represents an emerging strategy for
generating models from patient-derived blood (94-101). PBMCs can be isolated from small
5-mL blood draws up to whole units of blood and cryopreserved for large-scale biobanks of
assay-ready cells. Using similar cytokine induction methodology, we further characterized
PBMC-derived iMGs (99) with the addition of an extracellular matrix containing laminin,
collagen, and the astrocyte-expressed extracellular component entactin (nidogen-1) (102) to
derive iMGs from human PBMCs (hiMGs). Transcriptomic data demonstrated similarity

to primary fetal microglia compared with monocyte-derived macrophages, immortalized
primary microglia, and isolated adult postmortem microglia (103,104). Phagocytosis of
iPSC-derived neural progenitors and isolated human synaptic vesicles (synaptosomes) from
iPSC-derived differentiated neuronal cultures were used in conjunction with hiMGs in in
vitro models of microglial engulfment. In particular, synaptosomes were readily engulfed by
hiMGs, a process inhibited by pretreatment with an inactivating antibody to the aM subunit
(CD11b) of C3R (105), demonstrating that phagocytosis was complement dependent.

These procedures have been replicated in several studies, with transcriptomic data analysis
validating that they closely resemble human primary microglia and iPSC-derived iMGs (96).
Patient monocyte—derived microglia have recently been used to suggest novel microglial
transcriptome and proteome contributions in schizophrenia (98). In addition to PBMCs
from adult donors, we recently demonstrated that microglia-like cells can be derived from
umbilical cord blood—derived mononuclear cells to model potential deleterious effects of
maternal immune activation (106). In conjunction with longitudinal clinical outcomes, for
example, derived from electronic health records or birth cohort studies, patient-specific
models of microglia function at birth may represent a new strategy for stratifying risk for
neurodevelopmental disorders early in postnatal development.

While direct conversion of human blood monocytes toward microglia-like in vitro models
has several advantages compared with iPSC-derived systems, including rapid scalable
generation and lack of a pluripotent intermediate, some limitations should be noted.
Transdifferentiation methods are limited by low conversion efficiency without a proliferative
stage, requiring a large amount of input cells to accommodate yields for large-scale study.

In addition, direct conversion methods do not follow developmental ontogeny toward
terminally differentiated end points thus are inadequate in understanding developmentally
upstream factors.

PATIENT-DERIVED IN VITRO MODEL SYSTEMS OF MICROGLIAL SYNAPTIC

PRUNING

Models of Schizophrenia in Patient-Derived In Vitro Neuronal/Microglial Co-culture

In vitro co-culture systems allow each cell type to be separately derived (Figure 1A),

for example, from patients versus healthy control subjects or between different genetic
backgrounds (Figure 1B), or differentially manipulated genetically through gene editing or
biochemically with small molecules or biologics (Figure 1C) to elucidate their individual
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contributions to observed phenotypes. Patient subgroups can also be investigated similarly,
for example, to understand sex-specific effects (107-109). Recently, a limited number

of co-culture methods have been used to model human neuronal-microglial interactions
using pluripotent-derived cells (45,46,110,111). Challenges remain in co-culturing human
microglia in neuronal cultures; media used to grow microglia is often deficient in factors
that neurons require for robust viability and activity, and typical additives often used for
neuronal culture could be deleterious to microglial function, although recent advances allow
improved co-culture maintenance (46). Microglia can be added transiently to neuronal
cultures to model functional attributes such as synaptic pruning. We have used this technique
to model dendritic spine density elimination in iPSC-derived cortical neuronal cultures
(100), although quantification of spine density is low throughput and is highly dependent on
optimized cell density for robust image-based analyses.

Monolayer co-culture systems using microglia and/or neurons derived from patients can
provide important insight into aberrant microglial-neuronal interactions. However, they
poorly reflect the complexity found in the 3D brain, notably intrinsic and region-specific
biochemical cellular cues. Newer methods of 3D culture may enable better representative
models of development in utero, including structure, signaling, and multicellular systems.
Cerebral organoids are iPSC-derived 3D cultures that to some extent can recapitulate the
architecture of brain tissue in vitro. These models have been recently used to model
neurodevelopmental (112,113) and neurodegenerative (114,115) disorders, but adaptation
of the use of cerebral organoids for studying neuropsychiatric diseases such as schizophrenia
has been limited. Ye ef a/. (116) showed disrupted mitosis and a reduction in the number

of radial glia in forebrain cerebral organoids derived from patients with schizophrenia with
mutations in the D/SCI gene. Stachowiak et a/. (117) demonstrated abnormal distribution
of proliferating neural progenitors in schizophrenia patient—derived cerebral organoids

with reduced expression of nuclear FGFR1 in cortical neurons and abnormal cortical
neurogenesis. These studies represent the utility of cerebral organoids to study dysregulated
brain development but have been limited in their use to study more complex microglial-
neuronal interactions due mainly to the limited contribution of microglia. Brain organoids
are typically established through selective induction favoring neuroectoderm (118) while
reducing the contribution of mesodermal derivatives, including microglia. However, small
contributions of microglial cells have been demonstrated in organoids, likely as a result of
incomplete neuroectodermal induction and/or mesodermal contribution present as already
partially differentiated during their initial formation. These innate microglia were described
by Ormel et al. (47) in a study that showed multilineage progenitors during the early stages
of organoid development that contributed to the formation of microglia-like cells associated
with neurons and engulfed synaptic markers suggesting pruning. Although promising, these
innate microglia contribute a small fraction of the organoids that is highly variable between
organoids, limiting their reproducibility. In addition, mix and match types of experiments,
e.g., using microglia derived from patients in a healthy control neuronal background, are
not feasible with these procedures because organoid self-assembly is derived from a single
starting population of cells. Recent efforts have been initiated to control the microglial
contribution through the co-culture of induced microglia with cerebral organoids showing
some modest spontaneous microglial engraftment into the organoid (119) or through the
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production of assembloids in which cellular spheroids are preformed with multilineage
progenitors (120) to control microglia/neuron ratio within each organoid (121). While
cerebral organoid and assembloid techniques have improved recently and will allow further
adaptation of patient-derived models of schizophrenia, currently the state of the art for
modeling of synaptic pruning in these models remains challenging: it is difficult to develop
robust assays given high heterogeneity among organoids (122), difficulty imaging more
complex systems that entail approaches more similar to those in animal models, and in
particular very low throughput.

MICROGLIA ENGULFMENT OF ISOLATED PATIENT-DERIVED
SYNAPTOSOMES TO MODEL IN VITRO SYNAPTIC PRUNING

Building upon traditional approaches for studying synaptic function directly in cultured
neurons, purified synaptic nerve terminals (synaptosomes) can facilitate large-scale
functional (123) in vitro assays to model microglial processes such as synaptic pruning.
Synaptosomes have been used to study synaptic function since first isolated in the 1950s
(124). Following homogenization and fractionation (125), synaptosomal preparations are
enriched in isolated pre- and post-synaptic components retaining their in vivo functions,
including synaptic mitochondrial bioenergetics and respiration (126,127), neurotransmitter
release (including glutamate), and endocytosis activities (123,128,129), and contain synaptic
nucleotides including noncoding circular RNAs (130) and microRNAs (131). In addition,
synaptosomal preparations can be cryopreserved while retaining their activity (132) to

be banked as a ready-to-use reagent for downstream assays. Synaptosomes derived from
postmortem patients have been used to model schizophrenia for the study of synaptic-
specific protein levels and RNA expression specifically in synapses (131,133), aberrant
synaptic protein content (134,135), synaptic proteomic studies (136,137), glutamate release
(138,139), and complement deposition (140). More recently, synaptosomes isolated from
iPSC-derived neuronal cultures have allowed for patient-specific in vitro models of synaptic
dysfunction (141,142). The purity and ease of synaptosome preps allow for high-throughput
quantitation and characterization of engulfment as well as increase of the signal to noise in
comparison to using intact neural cultures. Until recently (99,100), they have not been used
to generate models of schizophrenia patient—derived microglia-mediated synaptic pruning
assays amenable to high throughput.

EVIDENCE FOR ABERRANT MICROGLIAL SYNAPTIC PRUNING IN FROM IN
VITRO SCHIZOPHRENIA PATIENT-DERIVED MODELS

The application of these model systems facilitates study of microglial and neuronal
contributions to aberrant synaptic pruning in a scalable manner. We recently developed and
validated an in vitro model of microglia-mediated synapse engulfment using a large bank

of patient-derived hiMGs in combination with correspondent iPSC-derived neuronal cultures
and isolated synaptosomes to study aberrant synaptic engulfment in model systems derived
from patients with schizophrenia (100).
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To model synaptic engulfment at scale, iMG engulfment of purified synaptosomes

derived from patient and control iPSC-derived neuronal cultures was measured using a
pH-sensitive dye (pHrodo) indicating synaptosomal engulfment (Figure 1D) localized to
acidic lysosomes, further confirmed by end point confocal microscopy of synaptic puncta
inside cell bodies. To assess differences in synaptic vesicle engulfment between patient and
control models, we compared pure disease models (both iMGs and synaptosomes derived
from patients) to pure control models comprising both components derived from healthy
control subjects. Measurement of phagocytic indices in these iMG-synaptosome models
determined an increase in engulfment in the patient models compared with control subjects
further confirmed in iMG-neuronal co-cultures. Furthermore, having distinct models from
both patients and control subjects allowed for the generation of mixed models in which the
synaptic structures from patients were added to iMGs derived from control subjects and
vice versa to further demonstrate that the observed increased synapse engulfment in patient
models can be attributed to both neural and microglial influences (143).

This study further evaluated the contributions of schizophrenia risk variants in the human
complement C4 locus of the patient genotypes. Schizophrenia risk—associated variants
within the C4 locus have been suggested to be associated with increased neuronal
complement deposition and synapse up-take, in particular an increased copy number of
the long-form C4A isotype (C4AL), showing a correlation with increased expression in
human postmortem brain with schizophrenia risk (15). While excessive synapse elimination
by microglia via a C4-dependent mechanism has been suggested in schizophrenia, this
correlation had not been directly examined in vitro using patient-derived cellular models.
We had previously shown that synaptosome engulfment by iMGs in vitro was complement
dependent (99); therefore, this study further sought to determine if differences in C4 copy
number (in particular the C4L isoform) resulted in higher C4 expression in iPSC-neuronal
culture and whether this expression can influence uptake in isolated synaptic structures.
Using patient iPSC—derived neuronal cultures, neuron-specific C4 expression, as measured
using an indirect C3 complement deposition assay, was shown to strongly correlate with
C4AL copy number. By stratifying the genotypes of the neuronal cultures used to isolate
synaptosomes by C4AL copy number, a strong correlation was observed between C4AL
copy number and iMG engulfment in this functional assay. These observations were
exclusive to the neuronal component because no correlation was determined by adjusting
for the C4AL copy number of the input iMGs.

Taken together, these observations support the use of in vitro model systems with patient-
derived iMGs and neuronal models to develop robust and reproducible assays (Figure 1D)
to further understand mechanisms of microglial-mediated synaptic pruning in genetically
representative backgrounds. In addition, the scalability of these assays and the ability

to easily manipulate them make them highly amenable to screening efforts for novel
therapeutic modulators of synaptic pruning. Further adaptation of these in vitro cellular
models of synaptic pruning (for example, through the use of genetically engineered iPSC-
derived neurons and/or iMGs to manipulate individual genes implicated in schizophrenia)
will enable further understanding of the potential role of genes involved in microglial-
mediated synaptic refinement during normal and aberrant development implicated in
schizophrenia.
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MODEL FOR NOVEL DRUG/THERAPEUTIC DISCOVERY

If, as convergent lines of evidence suggest, schizophrenia is at least in part a disorder
of pruning, it follows that modulators of pruning could arrest, or even reverse, disease
progression. The goal of such a therapeutic strategy need not be complete blockade of
pruning; indeed, a modest shift in trajectory would likely be sufficient to reduce the
observed neuropathology. While beyond the scope of this review, the broader use of
pruning modulators, and modulators of microglia activity more generally, for a host of
neurodevelopmental and neurodegenerative disorders should be apparent.

The most obvious target to modulate pruning is the complement system, particularly C4A.
This target has been celebrated as an illustration of the power of genome-wide association
studies to identify treatment targets, but C4A may be the exception that proves the rule:
more than a decade after the identification of the first risk loci for schizophrenia, there

is not a single targeted therapeutic for schizophrenia in human studies based on genome-
wide studies. Whether continued efforts to boil the genomic ocean will more clearly
resolve candidate pathways beyond the synaptic biology already strongly implicated in
schizophrenia and related disorders remains to be seen. Notably, cellular models may also
facilitate efforts to understand the mechanisms by which these variants mediate disease
risk, for example, by applying CRISPR (clustered regularly interspaced short palindromic
repeats) to manipulate risk loci (144), laying the groundwork for pathway-focused screens.

An alternative to pathway-based screening is to identify modulators on the basis of
functional assays such as those described, further followed by transcriptomics to discover
key effected pathways upon modulation (Figure 1D). Key to their application is scalability,
the ability to generate large numbers of reagents to enable screening in 96- or 384-well
format. A further advantage is the simplicity of readout (e.g., imaging followed by simple
quantification) and large signal-to-noise ratio that can be routinely performed in academic
laboratories without robotics.

Demonstrating the potential use of these assays for screening, we previously demonstrated
that the antibiotic minocycline is a potent inhibitor of phagocytosis in these in vitro
microglia models (100). Minocycline was examined on the basis of its putative anti-
inflammatory mechanism, as well as prior enthusiasm for its investigation in schizophrenia
more broadly. To follow up these in vitro findings, we hypothesized that exposure to
minocycline or doxycycline during adolescence, where they are commonly used for

the treatment of acne vulgaris, might be associated with diminished risk of subsequent
schizophrenia diagnosis. Using electronic health records, we found a significant reduction
in risk (100). While preliminary, given the nonrandom design and substantial risk of
confounding, this finding illustrates the power of in vitro investigations to nominate
compounds for repositioning in schizophrenia. More generally, the minocycline example
illustrates the importance of validating results of cellular models in other systems, showing
that effects identified in vitro can be extrapolated to in vivo studies. Such assays could be
implemented using standard cell lines, but the inclusion of patient-derived reagents allows
for screens that investigate specificity of effect. For example, an investigator might elect

to prioritize for follow-up compounds that show greater effects in schizophrenia-derived
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microglia or against schizophrenia-derived synaptosomes. Secondary screens could also
consider patient-derived lines from treatment-resistant schizophrenia, aiming to identify
compounds with greatest activity in particular patient subpopulations.

THERAPEUTIC INTERVENTION

A key question in the application of pruning modulation is the optimal period for
intervention. For neurodevelopmental disorders, it might be the case that modulation is
required in early childhood or even in utero. The recognition that in utero environmental
effects contribute to schizophrenia liability argues at minimum that early brain development
contributes to risk (145). In contrast, as noted above, exposure to minocycline or
doxycycline in adolescence was associated with diminished risk of schizophrenia or

other psychotic disorders, suggesting the possibility of later intervention. Other lines

of investigation also suggest that later interventions (146) can still diminish transition

to psychosis. To date, the majority of clinical trials aimed at prevention of psychotic
disorders enroll individuals who are already symptomatic, even if they have not developed
a diagnosable disorder per se. This reflects in part a reluctance to expose presymptomatic
individuals—and children more generally—to novel therapeutics. To justify exposing this
population to risk, it is necessary to identify individuals who are at sufficiently high risk for
developing disease to justify interventions that themselves carry risk.

Enrolling clinical high-risk participants—primarily children with first-degree relatives with
schizophrenia—is one such strategy. An emerging alternative is the application of polygenic
risk scores for schizophrenia, although these scores still capture only a fraction of disease
liability (147,148). Patient-derived models of pruning may offer a third alternative as a
functional biomarker of pruning integrity. That is, if peripheral blood can be applied to
create a patient-specific pruning model, it might enable identification of individuals most
likely to benefit from a modulator of pruning. Such biomarkers may also enable more
powerful proof-of-concept studies, with parallel in vivo (in patient) and in vitro (in culture)
characterization of response to a candidate therapeutic. Likewise, generation of microglia-
like cells from cord blood at birth (106), enabling estimation of microglia activity, may
facilitate risk stratification. If the association between activity in these cells and subsequent
neurodevelopmental disease can be confirmed, it may be possible to intervene early on the
basis of such a diagnostic tool or, at minimum, to identify high-risk individuals in whom
novel therapeutics may have a greater ratio of benefit to risk.
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Figurel.
Patient-derived in vitro models of microglial function and synaptic engulfment in

schizophrenia. (A) Overview of patient-derived microglial and neuronal in vitro cellular
models to understand disease etiology and for therapeutic discovery. Dotted lines represent
common experimental pathways. (B) Biobanks of patient cells offer a trove of information
to compare by i) clinical diagnosis or by ii) specific genetic signatures such as risk
variant(s). The ability to reprogram these cells is important to observe cell type—specific
phenotypes and responses to perturbations. (C) Cell manipulations can be applied during
different reprogramming stages and may be optimal in a cell type—specific manner. i)
Targeted gene knockout, ii) gene regulation, iii) silencing, and iv) transgene expression
can be used to manipulate individual genes implicated in schizophrenia. In addition, the
effects of v) small molecules and vi) biologics can be screened for phenotypic reversal for
therapeutic discovery and development. (D) Functional in vitro assays monitor cell-specific
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behavior, such as i) phagocytosis (e.g., synaptosomes), ii) alterations in morphology, iii)
motility/chemotaxis, and iv) activation state. Furthermore, transcriptomic data, either in v)
bulk or vi) single-cell resolution, allow for gene-and pathway-level information that can
lead to novel targets for further study of potential therapeutic value. CRISPR, clustered
regularly interspaced short palindromic repeats; i/a, inhibiting/activating; iPSCs, induced
pluripotent stem cells; KO, knockout; PBMCs, peripheral blood mononuclear cells; siRNA,
small interfering RNA.
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