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Microglia are specialized brain-resident macrophages that play crucial roles in brain development,
homeostasis and disease. However, until now, the ability to model interactions between

the human brain environment and microglia has been severely limited. To overcome these
limitations, we developed an /n vivo xenotransplantation approach that allows us to study
functionally mature human microglia (hMG) that operate within a physiologically relevant,
vascularized immunocompetent human brain organoid (iHBO) model. Our data show that
organoid-resident hMG gain human-specific transcriptomic signatures that closely resemble their
in vivo counterparts. /n vivotwo-photon imaging reveals that hMG actively engage in surveilling
the human brain environment, react to local injuries and respond to systemic inflammatory cues.
Finally, we demonstrate that the transplanted iHBOs developed here offer the unprecedented
opportunity to study functional human microglia phenotypes in health and disease and provide
experimental evidence for a brain-environment-induced immune response in a patient-specific
model of autism with macrocephaly.

Summary Sentence

An organoid-based xenotransplantation platform to study human brain environment-dependent and
disease-associated microglia phenotypes under /7 vivo conditions.

Graphical Abstract

An in vivo human brain organoid model to study human microglia biology
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Introduction

A specialized population of tissue-resident macrophages known as microglia play a central
role in brain development, homeostasis and tissue repair. Microglia develop from yolk
sac-derived erythromyeloid progenitors (EMPSs) and are presumed to enter the brain between
4.5 and 5.5 gestational weeks in humans; they use tangential and radial migration routes
through the ventricle or the mantle zone 1-3. Mounting evidence from human and animal
studies suggests that microglia may be implicated in various brain disorders, including
neurodevelopmental conditions such as autism spectrum disorder (ASD) 4-10. However,
until now, the ability to model interactions between human brain cells and microglia has
been severely limited. To understand and study human microglial function in health and
disease, novel platforms are needed that feature functionally mature cells operating within a
physiologically relevant human brain environment, a critical step for modeling the cellular
and environmental complexity that emerges from a cooperative interaction between the
different cell types in the developing human brain.

The brain environment is instrumental in sustaining and orchestrating microglial identity
11-13 Two-dimensional (2D) cultured microglia lack a brain environment and assume a
non-physiological, partially activated state, which is reflected in a dramatic shift in their
gene expression profile and epigenetic landscape 1214, Brain organoids, on the other

hand, recapitulate some features of the brain’s 3D structure, allow more organized tissue
formation, contain multiple cell types, and are considered to be more mature than a 2D
culture system 1516, However, current models generated through guided approaches still
lack cell types that are of non-ectodermal origin such as microglia 17. Recent advances
have allowed the generation of induced microglia-like cells from human pluripotent stem
cells (hPSCs) in isolation, including human embryonic stem cells (hESCs) and induced
pluripotent stem cells (iPSCs) 18-23, Short-term co-culture experiments have demonstrated
that the incorporation of hPSC-derived microglia-like cells into organoids is feasible
18,21,24.25 bt the extent to which these /7 vitro structures support maturation and long-term
survival and whether the integrated cells ultimately acquire a state that fully resembles

the identity of their in vivo counterparts remain unknown. Recent attempts to reinstate
microglial identity were achieved through xenotransplantation of hPSC-derived microglia
into transgenic immunocompromised mouse models 26-29, However, these approaches
lack the ability to assess the interaction of human microglia with their human neuronal
environment, which is crucial for studying the cooperative contribution of the two
components in the context of human diseases.

To model microglia identity and to assess the interaction and response of human microglia
to the human brain environment, we harnessed our recently developed xenotransplantation
approach 39 to develop a transplanted immunocompetent human brain organoid (iHBO)
model that allows the investigation of hPSC-derived human microglia within vascularized
human brain organoids under physiological conditions /n vivo. The human microglial

cells (hMG) populate the human organoid graft, express microglia-specific markers

and show morphological features indicative of a resting and surveillance state. Using
longitudinal transcriptomic profiling, we show that the hMG in our system follow a stepwise
developmental program towards acquisition of an immune-sensing microglial state, similar
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to what has been reported in studies on human brain tissue 31:32.12.14 \We demonstrate that
the hMG assume transcriptomic identities that closely resemble their counterparts /n vivo.
By contrasting transcriptomic profiles gained under human and mouse brain environmental
conditions, our system also reveals that some of the previously reported human microglia-
specific patterns of gene expression are in part instructed by the human brain environment.
Finally, our approach allows the functional assessment of hMG phenotypes within a human
brain-like environment under physiological and pathological conditions /n vivo. Using two-
photon microscopy within the vascularized human organoid graft, we demonstrate that hMG
actively engage in surveilling the human brain-like environment and are capable of reacting
to environment-induced injury. We demonstrate that our 7 vivo approach is suitable for
dissecting human microglia phenotypes during development and disease, and we provide
evidence for a brain-environment-induced immune response in a patient-specific model of
autism with macrocephaly. Thus, the system developed here provides an opportunity to
study functional human-specific microglia phenotypes in health and disease.

EMPs efficiently populate developing cortical organoids

We sought to establish a novel brain organoid model to recapitulate the colonization of

the developing human brain through EMPs. In humans, yolk sac-derived EMPs accumulate
in the superficial marginal zone of the telencephalic wall and are presumed to enter the
telencephalon from the pial surface between gestational weeks 4.5 and 5.5 1-3. To model
these early events of microglial entry into the human telencephalon, we used a recently
developed protocol 18 to obtain viable and pure populations of CD43+ EMPs. Generating
hPSC lines constitutively expressing tdTomato (tdT) or GFP under the control of a chicken-
beta-actin promoter (CAG::tdT, CAG::GFP) enabled us to assess the colonization of cortical
organoids through EMPs (Figure S1A-F). Live imaging of tdT+ EMPs co-cultured with
forebrain-specific cortical organoids revealed a highly efficient invasion of EMPs within

12 hrs (Video S1). Subsequent tissue clearing confirmed the presence of tdT+ EMPs that
invaded the cortical organoid tissue (Video S2), in line with previous studies that showed the
feasibility of incorporating induced microglia-like cells into organoids 18:33,

As microglia are thought to enter the telencephalon before the peak of neurogenesis 1:2,

we first evaluated whether the developmental stage of the organoid could affect EMP
colonization. A significantly enhanced colonization of EMPs was observed between days 35
and 42 of forebrain organoid development, with less efficient integration of EMPs before
the onset of neurogenesis as well as at more advanced developmental stages (Figure S1G),
suggesting an optimal window for radial entry of microglia progenitors. Following 4 days
of co-culture, invading EMPs expressed CD43, a marker for hematopoietic specification
(Figure S1F), and they showed the most consistent colonization of cortical organoids, as
assessed 8 days post integration (dpi) when using at least 100,000 cells per organoid (Figure
S1H and I). During these early stages of brain development, microglia are absent from the
germinal layers and the intermediate zone 34. Strikingly, the radially invading tdT+ EMPs
specifically populated marginal cortical plate (CP)-like regions of forebrain organoids,
avoiding direct invasion of ventricular zone (VZ)-like regions (Figure S1J and K). More
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than 96% of the integrated tdT+ cells expressed the myeloid-specific lineage-determining
transcription factor PU.1 (96.92% =+ 0.96; Figure S1L).

EMPs assume primitive ramified-like morphologies after 6 weeks in vitro

We hypothesized that forebrain organoids as a model for the developing human cortex
might be sufficient to provide an environment that allowed for progressive microglial
differentiation. However, in the absence of human CSF, TGFb and IL-34, integrated EMPs
failed to survive within these structures (Figure S1M). Supplementation of these 3 factors
allowed further /n vitro differentiation, with the progenies of integrated EMPs assuming
rudimentary ramified-like morphologies (Figure S2A). When compared to hPSC-derived
microglia-like cells grown in monolayer conditions (2D), organoid-colonizing EMP-derived
cells were more frequently found in a rudimentary ramified-like state (Figure S2B). While
a large proportion of these cells expressed the myeloid marker IBA1 at 6 weeks post
integration (wpi) (Figure S2C), markers characteristic of homeostatic microglia such as
TMEM119 or P2RY 12 were not detected at 6 wpi /n vitro (Figure S2D and E). To further
assess the transcriptomic profiles of these cells, we performed single cell RNA-sequencing
(scRNAseq) on tdT+ cells isolated using Fluorescence-activated cell sorting (FACS) at

6 wpi and analyzed 4,422 cells from 3 independent batches of organoids (Figure S2F).
After embedding the datasets into a nearest neighbor space using Uniform Manifold
Approximation and Projection (UMAP), we detected 10 molecularly distinct types of cells
using Louvain clustering (Figure S2G). Cell type prediction based on a human fetal dataset
35 revealed higher similarities to human fetal microglia as compared to neuronal and

other brain cell types (Figure S2H). In contrast to the level of heterogeneity seen during
microglia development, the tdT+ cells isolated from organoids /n vitro appeared to cluster
more uniformly. A majority of these cells expressed the myeloid marker A/FI (encoding
IBA1) (Figure S2I), with Cluster 5 corresponding to a highly proliferative population

of microglia-like cells, as indicated by the expression of cell cycle-specific gene sets
(Figure S2J). However, as seen in the level of protein, expression of P2ZRY12mRNA was
almost completely absent from most cells, and TMEMI119and SALL 1 transcripts were not
detectable (Figure S2K). The specific lack of these mature microglia-specific genes points
to either an insufficient acquisition of the environment-specific signature or an incomplete
transition to a mature homeostatic state.

We next extended the time of /n vitro differentiation to evaluate whether the organoid
environment would permit a mature homeostatic microglial state to emerge over time.
Longitudinal assessment of /n vitro co-culture conditions revealed a progressive loss of
tdT+ cells, reducing the initially expanding population of tdT+ cells at 2 wpi down to

less than 5% at 13 wpi (93 days) (Figure S3A). We, and others, have recently shown that
progressive necrosis in the core of cerebral organoids can hamper their maturation and
survival 30, In line with this finding, fragmented tdT+ particles were progressively present in
the center of the organoids whereas only a few tdT+ cells were found towards the organoid’s
mantle region (Figure S3B and C). The majority of those few surviving cells showed round,
activated morphologies and did not express TMEM119 or P2RY12 (Figure S3D), indicating
an ongoing cellular activation and an unfavorable environment that hampered long-term
co-culture in vitro.
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Transplantation permits the development of homeostatic human microglia in vivo

To overcome these limitations and to model the brain environment under more physiological
conditions, we capitalized on our recently developed transplantation paradigm 30. We grafted
EMP-containing cortical organoids into the retro-splenial cortex of immunocompromised
NOD/SCID mice 10 days after in vitro EMP integration (Figure 1A), resulting in

efficient vascularization of the graft (Figure S4A and B). Strikingly, transplanting the EMP-
containing organoid models allowed the tdT+ cells to survive and exclusively populate the
human organoid tissue with no detectable migration to the host brain (Figure 2B and S4C).
It is important to note that the host mice in our system were not humanized for CSF-1,
suggesting that the vascularized human graft was sufficient to support sustained survival

of human microglia within its boundaries. Almost all tdT+ cells showed high expression

of IBA1 at 8 weeks post transplantation (wpt) (Figure 1B and C). In addition, tdT+ cells
co-expressed the myeloid transcription factor PU.1 as well as human-specific TMEM119
within the human graft (Figure 1D). Importantly, tdT+ cells showed characteristic mature
microglia morphologies, with more than 99% of tdT+ cells assuming a ramified state
(Figure 1E and F). In-depth morphometric analysis revealed highly complex branching
patterns, with large numbers of higher order processes (Figure 1G and H), reminiscent of
what has been reported for human and mouse microglia in brain sections 36-39. As shown
with hESCs, transplanted immunocompetent human brain organoid (iHBO) models derived
from 3 independent iPSC lines harbored hMG that consistently showed characteristic
morphologies and high expression of IBAL (Figure 11 and Figure S4D-F). Importantly,
comparing iHBO-resident hMG with IBA1+ microglia from human brain tissue revealed a
similar morphological appearance, as measured by the distribution of soma size and process
numbers (Figure 1J and K and Figure S4G). Taken together, our chimeric platform provides
a permissive environment for hMG to survive and to mature into brain-resident immune cells
that show a high level of morphological similarity to human microglia /n situ.

To next characterize their molecular identity /7 vivo, we isolated tdT+/hCD45+ hMG

from 3 independent iPSC-derived iHBO models using FACS and performed scRNAseq
(Figure 2A and Figure S5A). A total of 1,027 tdT+ cells derived from 3 independent iPSC
lines were analyzed at 11 wpt and embedded in nearest neighbor space using UMAP.

We detected 6 molecularly distinct microglia states using Louvain clustering (Figure 2B).
Nearly all isolated hMG in all clusters expressed the canonical microglia markers A/F1,
CX3CRI1, CSFIRand CST3 (Figure 2C). Cells in cluster 5 expressed high levels of

genes involved in cell cycle progression, including MK/67and RRMZ (Figure 2D); this
finding indicated the presence of a proliferative microglia subpopulation, consistent with a
proliferative population observed in human fetal brain 3L. In addition, a large proportion
of cells in clusters 0, 1, 2, 3, 4 and 5 showed high expression of the mature homeostatic
microglia markers P2RY12, TMEM119and SALL 1 (Figure 2E), consistent among all
lines profiled (Figure S5B and C). To verify our scRNAseq data on the protein level, we
performed immunohistochemistry analysis of hMG at the same time point. In line with the
transcriptomic data, immunohistochemistry revealed that, at 11 wpt, a large fraction of hMG
expressed P2RY12 and hTMEM119 (Figure 2F-H), confirming the emergence of mature
homeostatic human microglia /n vivo.

Cell. Author manuscript; available in PMC 2024 May 11.
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Transplantation prevents a non-physiological activation of hMG

Given the important role of the CSF-1 receptor (CSF-1R) for microglia development,

we next explored whether transplantation indeed facilitated endogenous expression of

its ligands 1L34 and CSF-1 /n vivo. Bulk RNA-sequencing performed on GFP+ brain
organoids generated in the absence of hMG allowed us to chart the transcriptome-wide
changes that occurred in brain organoids following transplantation (Figure 3A). We observed
a progressive maturational shift between 4 and 24 wpt, which corresponded well with

the transition from early fetal to late prenatal/early postnatal stages of human brain
development. This was determined by measuring the transcriptome-wide similarity to the
Brain Span?? dataset (Figure 3B). In line with this finding, upper layer markers such as
SATBZ2 as well as markers that indicate the presence of mature astrocytes progressively
increased over time /n vivo (Figure 3C). As expected, high levels of both /L34 and

CSF1 gene expression were detected in organoids following transplantation, whereas /L34
could not be detected in age-matched brain organoids /n vitro (Figure 3C and S6A).

These observations confirm that transplanted brain organoids provide a permissive /in vivo
environment to support human microglia development. To further explore the molecular
changes that hamper the transition to a mature homeostatic state /n vitro, we assessed

the integrated human microglial cells at a time point before the massive cell loss was
observed under the /n vitro condition (see Figure S3). We isolated tdT+ hMG at 6

wpt from vascularized cortical organoids /n vivo and compared them to their cellular
correlates in brain organoids /7 vitro (Figure S6B). We analyzed a total of 1,866 tdT+

cells from 2 different batches of organoids from each condition (/n vivovs in vitro) and
integrated the combined datasets into nearest neighbor space (Figure S6C). We detected 12
molecularly distinct cell states using Louvain clustering (Figure S6D). Almost all profiled
cells showed high expression of the canonical myeloid marker A/F2, independent of the
experimental condition (Figure S6E). Among the 12 clusters detected, cluster 0 appeared
almost exclusively confined to the /n vitro condition, whereas the presence of cluster 10
seemed to be driven by the /n vivo environment (Figure S6F). Differential expression
analysis revealed a significant upregulation of genes such as M/F, CD52, PLINZ and
BCL2A1in cluster 0 (Figure S6G and H). Genes upregulated in this cluster showed
significant enrichment in processes that control immune cell activation, apoptosis and
cellular stress responses (Figure S6l). Interestingly, cellular activation and stress signatures
present under the /n7 vitro condition were absent from the /n vivo condition (Figure S6J),
confirming our previous observation that microglia grown in organoids under current /n
vitro conditions were reacting to an unfavorable stress-inducing environment. Cluster 10,
which was exclusively confined to the /7 vivo environment, showed marked upregulation
of specific homeostatic microglia genes such as PZRY12, CSF3R, CSFIR, ITGAVand
SELPLG (Figure S6K). To confirm our findings, we used immunohistochemistry to directly
compare iHBO-resident hMG in vivoto their in vitro correlates. While iHBO-resident hMG
showed a marked gain of process complexity at 11 wpt /in vivo, microglia-like cells in
organoids /n vitro failed to undergo this distinct morphological transition at corresponding
time points (Figure 3D and E). In addition, P2RY12 and TMEM119, which were expressed
by more than 75% and 70% of hMG at 11 wpt /n vivo, respectively, were not detected

in tdT+ cells at corresponding time points /7 vitro (Figure 3F and G). Together with the
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upregulation of CSF-1R ligands following transplantation, these findings confirm that the
human brain-like /n vivo environment is sufficient to support human microglia development.

hMG follow defined developmental trajectories and acquire human brain environment-
specific signatures

To further dissect the step-wise acquisition of human microglia identity in our /n vivo
system, we profiled tdT+ hMGs at multiple time points post transplantation using scRNAseq
(Figure 4A). A total of 4,322 cells from 7 animals and 3 time points (6, 11 and 24 wpt)
were analyzed and embedded in nearest neighbor space using UMAP (Figure 4B). The

ex vivoisolation procedure 12 yielded IBA1-expressing microglia that showed almost no
expression of the acute proinflammatory cytokine 7A/For /L6and the anti-inflammatory
cytokine /L 10, which are associated with longer-lasting inflammatory responses at any of
the time points assessed (Figure S7A). We detected 11 molecularly distinct types of cells
using Louvain clustering (Figure S7B). Trajectory interference analysis revealed distinct
developmental trajectories and the pseudo-temporal ordering of the cells aligned well

with the developmental age of the isolated hMG represented in the UMAP plot (Figure
4C). Mapping the changes represented in the pseudo-temporal signature to various mouse
microglia states 41 showed a strong correspondence of Trajectory 3 to pre and early states
of microglia, whereas Trajectories 1 and 2 clearly shifted towards adult microglial states
(Figure 4D). In line with these observations, genes that are significantly changing during
human fetal microglia development 313542 showed significant overlap with our pseudo-
temporal signature genes (Figure 4E), among them CSFIR, CI1QBand C3(Figure S7C, D
and E). Interestingly, the signature of cluster 7 as an endpoint for Trajectory 3 corresponded
to a highly proliferative microglia subpopulation (Figure S7F) recently reported in human
fetal brain tissue 3L. From 6 to 24 wpt, a clear decrease in the proportion of cells contributing
to this proliferative cluster became apparent (Figure S7G). To further assess how closely
hMG recapitulated human microglia development, we aligned our sScRNAseq data to a
recently published reference dataset that profiled human microglia development from 9

to 18 gestational weeks 31, Using a unified integration strategy for reference assembly 43
allowed us to identify the cell pairwise correspondences between single cells across the 2
datasets. The characteristic developmental transition towards an adult-like homeostatic and
immune-sensing microglial state observed in the human dataset was highly preserved in our
hMG (Figure 4F and G). In line with this, differential gene expression analysis between

the 3 developmental time points profiled (6, 11 and 24wpt) revealed a highly significant
and continuous upregulation of homeostatic and microglia-specific sensome genes 44 such
as CX3CR1, P2RY12, SLCOB2C1, TMEM119as well as TLR4 (Figure 4H-J and Figure
S7H). The specific upregulation of P2Y12, TMEM119 and SALL1 was also observed on
the protein level (Figure S71-L). Strikingly and in line with the specific upregulation of

the microglia sensome, hMG gained human brain environment-dependent gene expression
programs 12 between 11 and 24 wpt (Figure 4K). Additional reference mapping of hMG

at 24 wpt to a well-characterized dataset > demonstrated a high level of transcriptomic
similarity to adult human microglia isolated ex vivo (Figure SSA-E).

To further assess to what degree the human brain environment contributes to instructing
human-specific microglia identity, we compared the transcriptomic signatures gained
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in hPSC-derived microglia under human and mouse brain environmental conditions.

Here, single cell transcriptomic profiles obtained from hPSC-derived microglia following
xenotransplantation into the mouse brain (xMG) were contrasted with the transcriptomic
profiles obtained from our hMG in vascularized human brain organoid grafts at 24

wpt (Figure S9A and B). We performed weighted gene co-expression network analysis
(WGCNA) on the 2 datasets and identified 5 major modules of co-expressed genes

(Figure S9C and D). Interestingly, the hMG-associated module MEturquiose showed

a highly significant and exclusive enrichment for human-specific microglia genes 46,
whereas the xXMG-associated module MEblue showed a significant but weak enrichment
for genes associated with both human- and mouse-specific microglia identity (Figure

S9E). MEturquoise contained several hub genes previously reported to be specific to
microglia from human and large mammals such as the solute carrier S C8A1, the v-set
and immunoglobin domain containing protein encoded by V5/G4 and the interleukin-1
receptor-associated kinase 3 encoded by /RAKS3. In line with our analysis, these genes were
highly expressed by a large fraction of hMG, but only by a few xMG at 24 wpt (Figure S9F
and G). On the other hand, mouse-specific microglia genes present in the xMG-associated
module MEblue such as LY6E and 7P/1 were highly expressed by XMG, but almost absent
from hMG (Figure S9H). These observations suggest that the human-specific microglia
signature gained in our system is likely the result of the interaction between hMG and the
human brain-like /n vivo environment.

hMG show dynamic surveillance properties and react to local and systemic perturbations

One of the main functional properties of resting state microglia is their ability to survey
their microenvironment with highly dynamic processes 4748, To examine whether (MG
recapitulated normal microglial behavior /n vivo, we utilized 2-photon microscopy to
visualize the tdT+ hMG in human brain organoids /n vivo (Figure 5A). Time-lapse

imaging of hMG at 12 wpt revealed highly ramified human cells with processes that were
remarkably motile (1.76 pm/min + 0.43) and engaged in surveying the surrounding human
organoid environment by continuous extension and retraction of ramified processes (Figure
5B and Video S3). This observation is consistent with microglia function to sense their
microenvironment in a resting state. Interestingly and consistent with our transcriptomic
data, longitudinal assessment of hMG motility showed a slight but significant decrease in
baseline motility from 6 wpt (2.22 pm/min + 0.59) to 24 wpt (1.702 pm/min £ 0.39; Figure
5C and D). No significant difference in baseline motility was observed between the 12 wpt
and 24 wpt time points (Figure 5D). Furthermore, we observed a significant increase in
overall microglia density from 6 wpt to 24 wpt, with an absence of migratory cells at 24 wpt
(Figure 5E). To examine if hMG are able to respond to environment-induced perturbations,
we next set out to characterize microglial behavior immediately after 2-photon-induced
focal laser lesions (Figure 5F). Laser-induced injury in human organoid cells elicited

an immediate response in adjacent tdT+ hMG at 12 wpt, as indicated by a rapid and
directional extension of processes towards the injured site (Figure 5G and Video S4), which
is consistent with the previously described behavior of murine microglia 47. In line with the
increase in microglia density, the average distance microglia processes traveled to reach the
injury site was significantly higher at 12 wpt along with accelerated process extension rates
as compared with 24 wpt (Figure 5H and Figure S10A and B). Thus, depending on when
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during brain development insults occur, the impact on individual microglia will be quite
different. Nevertheless, despite the lower microglia density at 12 wpt, hMG were equally
responsive to environmental perturbations at 12 wpt and 24 wpt (Figure S10C).

We next sought to assess the ability of hMG to functionally respond to systemic
inflammatory cues /n vivo. Ligation of the pattern-recognition receptor TLR4 by the
bacterial cell-wall endotoxin lipopolysaccharide (LPS) has been shown to activate many
downstream cascades that cause a rapid immune response in microglia 4°. Given the
expression of microglia-specific sensome genes such as 7LR4in hMG (Figure 4J), we
hypothesized that these cells were able to respond to systemically administered LPS in

a dose-dependent manner. To test this hypothesis, we used intraperitoneal injection of

LPS (1 or 5 mg/kg) to elicit a rapid innate immune response at 12 wpt /in vivo (Figure

51). We observed a shift in hMG morphology 24 hrs after high-dose LPS injection as
evidenced by rounded morphologies, an absence of characteristic primary processes and a
large number of filopodia extending from their soma (Figure 5J and K). As expected, lower
doses of LPS elicited a less profound morphological change (Figure S10D). In line with our
transcriptomic analysis, these experiments confirmed the presence of human homeostatic
and immune-sensing microglia that fulfilled characteristic surveillance functions and reacted
to environment-induced perturbations and systemic inflammatory cues. Our model allowed
us to obtain functional hMG that operated within a human brain-like environment, thereby
enabling us to investigate human-specific microglia functions under both physiological and
pathological conditions /n vivo.

A patient-specific model reveals a brain environment-induced immune response in ASD

One advantage that this transplanted iHBO model offers is the ability to study human-
specific diseases using isogenic patient lines by following the outcome of microglia-brain
cross-talk during development. Given that hMG acquire immune-sensing properties (Figure
4 and 5), we sought to determine if this model could be used to investigate human
brain-microglia interactions in the context of a neurodevelopmental disorder. Using a
clinically well-stratified cohort of subjects with ASD and macrocephaly, we recently
showed that alterations in cortical brain development emerged at prenatal-equivalent periods
50, To establish a patient-specific iHBO model, we first generated isogenic GFP- and
tdT-expressing iPSCs from 3 ASD subjects and 3 neurotypical controls in order to label
subject-derived cortical organoids (GFP) and hMG (tdT), respectively. We then generated
GFP+ cortical organoids and tdT+ EMPs from these iPSC lines and, following integration,
transplanted the iIHBO models into the retrosplenial cortex of NOD/SCID mice. Following
12 weeks /n vivo, transplanted iHBOs generated from 3 independent, ASD subject-derived
iPSC lines showed a marked gain of hMG with an overabundance of filopodia emerging
from the cell soma, which occurred at the expense of characteristic resting states compared
to neurotypical controls (Figure 6A and B). Morphological assessment revealed that ASD
subject-derived hMG featured a significantly increased soma size, a marked increase in
primary process thickness and a significantly increased number of filopodia emerging from
the processes (Figure 6C and S10E). These morphological changes have been associated
with a primed and reactive microglia phenotype 737, A reactive microglia phenotype was
absent in iIHBO models derived from the 3 independent control iPSC lines (Figure 6A—
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C). To assess if the hMG phenotype observed in ASD-subject-derived iHBOs was indeed
induced by the altered neuronal environment — and not by an intrinsic microglia genetic
predisposition — we generated ASD and control subject-specific iHBO models from all
subjects that harbored neurotypical hMGs derived from an unaffected control iPSC line
(Figure 6D). Using this approach revealed that the neurotypical hMGs responded to the
ASD-associated brain environment but not to any of the control brain environments (Figure
6E and F), suggesting that the morphological changes observed in ASD microglia were
indeed driven by changes in the developing human brain environment. Taken together, our
iHBO model allowed us to investigate human disease-associated microglia phenotypes and
provided the first experimental evidence for a brain environment-induced immune response
in autism with macrocephaly.

Discussion

We developed a novel approach that capitalizes on an organoid xenotransplantation
paradigm that allowed us to study functional human microglia inside a human brain-
like environment. Our xenotransplantation paradigm takes advantage of an intracerebral
transplantation technique originally developed for transplanting fetal or adult tissue into
the rodent brain 51-53, allowing sufficient infiltration of transplanted brain organoids with
a vasculature system from the host 30. Recent studies that performed similar organoid
transplantation experiments in mice 4 and rats > demonstrated that the cellular and
molecular state of maturity was enhanced as compared to /n vitro organoids. The
transplanted iHBO models developed here harbored human microglia that survived over
long periods of time and expressed homeostatic, microglia-specific markers, including
P2RY12, TMEM119 and SALL1. Temporal transcriptomic profiling revealed that h(MG
followed defined developmental trajectories, acquired immune-sensing properties and
gained uniquely human-specific transcriptomic signatures that closely resembled their
in vivo counterparts. Functional analysis showed that the incorporated hMG fulfilled
characteristic surveillance functions, were capable of reacting to injuries induced in the
human brain-like environment and responded to systemic inflammatory cues. Thus, we
established a model system that allowed us to obtain functional human microglia that
operated within a human brain-like /n vivo environment.

The brain environment is instrumental in sustaining and orchestrating microglia identity

13, Previous experiments in mouse and human have shown that microglia grown in

isolation assume a non-physiological, partially activated state, which is reflected by a
dramatic shift in their gene expression profile and epigenetic landscape 1112, Brain
organoids recapitulate some features of the brain’s 3D structure and contain multiple

cell types derived from the neuroectodermal lineage 17:56:57, Due to the contribution of
different developmental lineages, generating microglia-containing organoids using guided
approaches is a very challenging task. Protocols for the /n vitro differentiation of microglia-
like cells from hPSCs have only recently become available 1823 and they afford the
possibility of developing novel strategies to integrate PSC-derived microglial cells into brain
organoids and 3D culture systems. Short-term co-culture experiments demonstrated that

the incorporation of differentiated iPSC-derived microglia-like cells into organoids appears
feasible 24.18:25.21.23 |n addition, cerebral organoids generated through unguided approaches
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can spontaneously and intrinsically develop microglia-like cells that likely emerge from
mesodermal contributions within these structures 8. However, the extent to which these

in vitro structures support maturation and long-term survival and whether the integrated
cells ultimately acquire a state that fully resembles the identity of their /n vivo counterparts
remain unknown. Recent attempts to reinstate microglial identity were achieved through
xenotransplantation of human hPSC-derived microglia into transgenic immunocompromised
mouse models 26-28_ Although advancements have been made to allow the study of human
microglia in isolation, protocols that allow us to faithfully model their interaction with a
human brain environment are still lacking.

Yolk sac-derived EMPs are presumed to enter the brain between gestational weeks 4.5

and 5.5 in humans 12, Adapting a protocol to generate hPSC-derived EMPs allowed us to
model microglial cell entry into human forebrain organoids (Figure 1). Interestingly, we
found that one level of variability in generating such immunocompetent organoid models
is the timing of co-culture, as age and structural composition may impact the ability of
EMPs to enter the developing organoid structures (Figure S1). Over short periods of time,
EMPs efficiently colonize human forebrain-specific organoid models and differentiate into
primitive microglia-like cells, showing primitive ramified-like morphologies and expressing
myeloid-specific markers such as IBA1. However, long-term differentiation appeared
severely hampered /n vitro, as indicated by a progressive loss of incorporated cells, cellular
activation and expression of activation and stress-induced genes. In line with the absence
of environment-specific factors such as TMEM119 and P2RY 12, these findings highlight
that, to allow faithful modelling of human microglia-brain interactions, a supporting brain
environment that more closely resembles the situation found /n vivo may be required.

Previous work has shown that human brain environmental factors are instrumental for
inducing the program of microglia-specific gene expression 1214, While xenotransplantation
of human microglia into a mouse brain can reinstate some aspects specific to their /n vivo
identity 26-29 a complete gain of human-specific features and the recapitulation of human
brain environment-dependent phenotypes, especially in the context of human diseases, has
yet to be demonstrated. In fact, sustained survival of human microglia within the mouse
brain requires transgenic expression of human CSF-1 or IL34, because previous studies have
shown that the incorporated human cells are not adequately supported by mouse CSF-1
26-29 In line with this finding, patterns of gene expression differ significantly between
microglia from larger mammals, including humans, and those from mice 1246, While core
microglia programs are preserved across different species, some of the species-specific
differences appear to pertain to factors that are implicated in human-specific disorders 4.

It is important to note that the vascularized human organoid graft was sufficient to support
sustained survival of hMG over long periods of time and in the absence of exogenously
supplied human CSF-1, as the host mice in our system were not humanized for CSF-1.

In addition, the CSF-1R ligands 1L34 and CSF-1 were markedly upregulated following
transplantation. These findings confirm that, within its boundaries, the human organoid
graft provides enough CSF-1/1L34 to ensure sustained survival and differentiation of
human microglia. More importantly, the iHBO-resident microglia showed a highly specific
induction of gene expression programs uniquely associated with human microglia identity,
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whereas human microglia transplanted into the mouse brain (xMG) also induced patterns
of gene expression that were associated with mouse microglia identity. These observations
suggest that some of the differences in gene expression patterns are due to differences in
the mouse/human brain environment. It is likely that, in the future, the system developed
here will allow us to disentangle the brain environmental aspects that orchestrate human
microglia identity.

Mounting evidence suggests that microglia are implicated in various disorders that affect the
development or function of the human brain. Several studies have shown that children with
ASD, for example, suffer from an ongoing neuroinflammatory process in different regions of
the brain. This finding includes evidence from post-mortem brain 4-7 and positron emission
tomography 9 that identified activated microglia and a dysregulated microglia-related gene
expression signature 60.8:61.10 | addition, irregular, proinflammatory cytokine profiles and
altered complement factor profiles were reported in the brain and cerebrospinal fluid of
children with ASD 4:62-64_ Apart from phenomenological observations in post-mortem
tissue, the role and function of microglia during human brain development remains an
almost entirely uncharted territory due to the lack of suitable model systems that allow the
study of subject-specific, neuron-microglia interactions. One advantage that our transplanted
iHBO model offers is the ability to study how systemic and local perturbations in the human
brain-like environment affect human microglia cross-talk over several months of in vivo
development.

Here, we report the generation of a patient-specific neuro-immune model to investigate the
human brain environment - microglia crosstalk in ASD. We provide the first experimental
evidence for an environment-induced cell non-autonomous shift in microglial phenotype
that may indicate chronic and early emerging responses to aberrant neurodevelopmental
processes. The morphological changes observed have been associated with a primed and
more reactive microglial state and have previously been reported in postmortem tissue

of patients with ASD 5737 Importantly, our experiments revealed that these changes

in microglia reactivity were induced by the environment and not by the microglia
themselves. Given the sex-specific differences reported for ASD6®, further studies are
needed to elucidate how gender differences in the human and/or host brain environment
contribute to this phenotype. The novel platform developed here will provide the unique
opportunity to model the functional interaction of human microglia with their human
neuronal environment, thus rendering it a highly suitable technology for unmasking the
role of context-dependent human microglia phenotypes during development and disease.

Limitations of the Study

This platform has several advantages in comparison to previous studies that have
transplanted organoids into the rodent brain 30:54.55 as it features an organoid-resident
population of functional human microglia — a cell type that is lacking from current

organoid systems. Transplantation strategies can provide an alternative tool for investigating
human-specific neuro-immune interactions under /n vivo-like conditions. While our new
technology allowed us to reveal new insights on the control of microglia phenotypes in
ASD disease development, the group size analyzed is still limited and further studies are
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needed. Furthermore, concerns about the contribution of host cells to the human graft should
be considered when generating these models, as they could potentially alter the system

or cell type under investigation. Thus, further studies are needed to examine whether the
components that make up the vasculature system in the graft are completely sourced from
the host or if there is a possible contribution from human cells. Forward engineering of ever
more sophisticated human organoid models will provide a path towards investigating the
interaction between human non-neuronal and neural cells under /n vivo-like conditions.

STAR Methods
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Maintenance of hESC and iPSC lines and generation of fluorescent reporter
lines—The protocol for the use of human embryonic stem cell lines (H1 ESC, WiCell) as
well as human induced pluripotent stem cell (iPSC) lines for this study was approved by
Salk Institute’s IRB Committee (FWA 00005316) and the Embryonic Stem Cell Research
and Oversight Committee. The Salk Institute is committed to protecting the rights and
welfare of human research participants and ensures compliance with all applicable ethical
and legal requirements. The iPSC lines used in this study have previously been described
50 and were reprogrammed in the same facility (Salk Institute for Biological Studies,
Laboratory of Genetics) and under the same conditions. Briefly, fibroblasts were transduced
with retroviruses containing SOX2, OCT4, KLF4 and MYC to induce overexpression of
these genes and were transferred to a co-culture system with murine embryonic fibroblasts.
IPSC colonies were identified after around 2 weeks in this culture system, plated onto
Matrigel-coated plates (BD Biosciences) and maintained in iPS-Brew media (Milteny).

All cell lines were regularly tested for mycoplasma contamination. The following lines
were used: H1-hESC (WAO01; RRID: CVCL_9771), neurotypical control iPSC lines (iPSC
linel (Cove 3-1), iPSC line2 (Clue 4-7), iPSC line3 (Cent 3-6)) and ASD subject-derived
lines (Able 3-12, Acai 1-1, Aqua 3-9) as previously described %0. To generate fluorescent
reporter lines, we infected ESCs/iPSCs with LV-CAG::GFP and LV-CAG::tdT, respectively
(see lentivirus production). Five days after infection, cells were isolated using FACS and
re-plated on Matrigel-coated plates in iPS-Brew media (Milteny) supplemented with CloneR
(Stem Cell Technologies). Upon recovery, cell lines were stocked and used for subsequent
experiments.

Generation of forebrain organoids—GFP-expressing hESC or subject-derived iPSC
lines were used to generate forebrain organoids as described previously with minor
modifications 2067, Human iPSC colonies were detached before reaching confluency with
collagenase Type IV (Gibco) and transferred to an Ultra-Low attachment 10-cm plate
(Corning Costar) containing 10 ml hPSC medium consisting of DMEM:F12 (Invitrogen),
20% Knockout Serum Replacer (Gibco), 1x Non-essential Amino Acids (Invitrogen), 1x
2-mercaptoethanol (Gibco), 1x GlutaMAX (Invitrogen), 10 ng mI~1 FGF-2 (Peprotech) and
ROCK inhibitor Y27632 (10 uM). Twenty-four hours later, the medium was replaced with
induction medium containing hPSC media without FGF-2, 2 uM dorsomorphin (Cayman
Chemical) and 2 uM A-083 (Stemgent). At day 5 the media were replaced with neural
induction medium consisting of DMEM:F12 (Invitrogen), 1x N2 Supplement (Invitrogen),
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1x Non-essential Amino Acids (Invitrogen), 1x GlutaMAX (Invitrogen), 10 ug mi~1
Heparin (Tocris), 1x Penicillin/Streptomycin (Gibco), 10 uM CHIR99021 (Tocris) and 1
UM SB-431542 (Tocris). Seven days after induction, organoids were embedded in 20-pl
Matrigel (Cultrex™, Bio-Techne) droplets and continued to grow for an additional week

in 6 cm Ultra-Low attachment plates (Corning Costar). From day 14 onwards, organoids
were cultured in differentiation medium comprising DMEM:F12 (Invitrogen), 1x N2 and
B27 Supplements (Invitrogen), 1x Non-essential Amino Acids (Invitrogen), 1x GlutaMAX
(Invitrogen), 1x 2-Mercaptoethanol (Gibco), 1x Penicillin/Streptomycin (Gibco) and 2.5
ug mI~1 Insulin (Sigma), and transferred to an orbital shaker (65-75 rpm). At day 20,
residual Matrigel was removed and media changes were performed every 2—3 days using the
aforementioned differentiation medium.

Colonization of cortical forebrain organoids through erythromyeloid
progenitors (EMPs)—EMPs were generated as previously described with minor
modifications 18. Briefly, hESCs/iPSCs were dissociated using TrypLE (Invitrogen) and
plated in a 6-cm tissue culture-treated plate (CytoOne USA Scientific) at a density of
400,000 cells per well with 10 uM ROCK inhibitor (Stem Cell Technologies). The next
day, cells were changed to basal hematopoietic differentiation media supplemented with
FGF2 (50 ng ml~1, Joint Protein Central), BMP4 (50 ng mI~1, Proteintech) Activin A (12.5
ng mI~1, R&D) ROCK inhibitor (1 pM, Stem Cell Technologies) and LiCl (2mM, Sigma)
and grown under hypoxic conditions (5% CO5, 5% O,). Hematopoietic differentiation
media consisted of IMDM (50%, Thermo Fisher Scientific), DMEM/F12 (50%), ITSG-X,
(2% viv, Thermo Fisher Scientific), L-ascorbic acid 2-Phosphate magnesium (64 mg ml~1;
Sigma), monothioglycerol (400 mM), PVA (10 mg ml~1; Sigma), Glutamax (1X, Thermo
Fisher Scientific), chemically defined lipid concentrate (1X, Thermo Fisher Scientific),
non-essential amino acids (NEAA, Thermo Fisher Scientific 1X), Penicillin/Streptomycin
(P/S Thermo Fisher Scientific, 1% V/V). On day 2, media was changed and supplemented
with FGF2 (50 ng mlI~1, Joint Protein Central) and VEGF (50 ng mI~1, R&D) and returned
to hypoxic conditions. Following day 4, cells were placed into norm-oxic conditions (5%
COy, 21% O,) and kept in basal hematopoietic differentiation media supplemented with
FGF2 (50 ng mI~1, Joint Protein Central), VEGF (50 ng mI~1, R&D) TPO (50 ng miI~1,
Proteintech), SCF (10 ng mI~1, Proteintech), IL-6 (50 ng mI~1, R&D) and IL-3 (10 ng mI,
R&D) until colonies released hematopoietic stem cells (usually between day 14 and 16).
EMPs were then isolated using Fluorescence-activated cell sorting (FACS) by gating on
tdT-and CD43-FITC (Biolegend, 315204)-positive cells. Co-culture of isolated EMPs with
cortical organoids was performed using the indicated numbers (see manuscript and figure
legends) in the above-indicated organoid differentiation media supplemented with 25 ng
ml~1 M-CSF (R&D), 100 ng mI~1 IL34 (R&D) and 50 ng mI~1 TGFB1 (R&D).

Animals—All animal experiments described in this study were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Salk Institute for Biological
Studies (12-00022), and the University of California San Diego (S12201), and were
conducted in accordance with the National Institutes of Health’s Guide for the Care and
Use of Laboratory Animals. Male and female mice were group-housed when possible with
up to 5 mice per cage, under standard conditions, and kept on a 12-h light/dark cycle with
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ad libitum access to food and water. Immune-deficient NOD.Cg-Prkdcscid/J mice, aged 6-8
weeks, were purchased from Jackson Laboratories (JAX Stock: 001303) or were generated
in our lab by breeding. In the majority of the experiments, female mice 6-10 weeks of age

were used.

Transplantation of immunocompetent forebrain organoids—Only those
immunocompetent organoids that passed the quality control criteria (visible VZ-like regions
and expansion of the CP) and showed sufficient EMP colonization were used for subsequent
experiments. Briefly, mice were anesthetized with 5% (induction) and 1-2% (maintenance)
isoflurane in oxygen. Dexamethasone (2.5 mg/kg) was injected subcutaneously. Each animal
was fixed in a stereotactic frame. Their body temperature was maintained at 37°C using a
water-circulation heating pad (Gaymar Industries). The skin above the skull was cut with a
small incision and a ~3-mm diameter craniotomy was performed by drilling into the skull.
After removal of the underlying dura mater, a cavity was made by aspiration with a blunt-tip
needle attached to a vacuum line. The aspirative lesion was made unilaterally in the region
of the retrosplenial cortex by removing the tissue overlying the anterior colliculus. The
vascular bed of the choroidal fissure was exposed and the transplant was placed on the pial
vessels just caudal to the hippocampus. Sterile saline was used to irrigate the lesion and
keep it free of blood throughout the surgery. Gelfoam (Pfizer) was used to slow the bleeding
and absorb the excess blood. The transplanted immunocompetent organoid was placed in the
lesion side and covered with a 5-mm cover slip to create a cranial window, which was sealed
using adhesive glue as described previously 30:68, For jn vivo imaging experiments, a custom
titanium head plate was attached to the skull with dental cement. Following completion of
the surgery, carprofen (5 mg/kg, i.p., 100 pl of 1 mg/ml) and buprenorphine (0.1 mg/kg,
subcutaneous 100 pl 0.01 mg/ml) were administrated for analgesic relief and to prevent
inflammation. The mice were then allowed to recover in a temperature-controlled cage and
were returned to their home cages. Only brains with clearly identifiable GFP* iHBO grafts
(indicating graft survival) were subsequently analyzed.

METHOD DETAILS

Immunostaining—EMP-colonized /n vitro organoids were harvested at the indicated
time points and subjected to 3 washes with PBS using transwell inserts. Organoids were
then fixed in 4% PFA in 0.1 M Phosphate buffer (PB pH 7.2-7.5) for 45 — 60 minutes

at 4°C and washed 3 times in PBS, cryoprotected in 30% sucrose and embedded in

TFM (tissue freezing medium; GeneralData) for subsequent cryosectioning. Twenty-um
sections were cut on a microtome, mounted on Superfrost plus slides (Thermo Fisher
Scientific, Menzel-Glaser), dried at 37°C and subjected to immunofluorescence staining.
For immunofluorescence, sections were rehydrated, rinsed in PBS for 5 min, permeabilized
in 0.25% Triton X-100 in PBS, and blocked in Blocking solution (3% normal donkey
serum in PBST) in a humidified chamber for 1 hr at room temperature (RT). Slides were
then incubated with the appropriate primary antibodies diluted in blocking solution at 4°C
overnight. The next day, sections were washed 3 times (5 min each) in PBST, incubated
with appropriate fluorophore-conjugated secondary antibodies diluted in blocking solution at
RT for 2 hrs, washed once in PBS, counter-stained with DAPI (1:5000, Thermo Fisher
Scientific) for 10 min, rinsed twice in PBS and mounted with Shandon Immu-Mount
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(Thermo Fisher Scientific, 9990412). The antibodies used are listed in the Key Resources
Table section.

Human tissue staining—To visualize microglial morphology in human tissue, we
performed immunostaining against Ibal on paraffin-embedded brain tissue from five healthy
pediatric patients, which we previously obtained (HMGO004, HMGO005, HMGO011, HMGO013
and HMGO014)12. The paraffin-embedded tissue samples were initially processed for
neuropathological diagnosis (healthy tissue, no tumor) and then used for immunostaining.
Briefly, tissue was fixed in formalin and then dehydrated in graded ethanol, and paraffin
embedded and sectioned at a depth of 6um sections. Heat-induced antigen retrieval was
performed in sodium citrate using standard protocols. Sections were deparaffinized with
xylene and rehydrated through a graded series of ethanol, washed in PBS and non-specific
binding sites were blocked with 3% normal horse serum and incubated with rabbit anti-1bal
(1:500; FUJIFILM Wako Shibayagi Cat# 019-19741) in blocking buffer at 4 °C. After
washing, sections were incubated with goat anti-rabbit Cy3 or Alexa 488 (1:250, Molecular
Probes). Sections were washed with PBS before nuclear counterstaining (DAPI 1:1000,
Thermo Fisher Scientific).

Morphometric analyses and cell counting—Tiled image stacks were processed using
ZEN Imaging software (Carl Zeiss Microscopy) and exported as TIFF files. Neurolucida
version 11 (MBF Bioscience) was used for cell counting as well as to reconstruct individual
tdT+ microglia within /n vitro organoids. Reconstructions were based on the extent of

tdT signal expression. Subsequent data analysis was performed using Neurolucida Explorer
(MBF Bioscience) and Microsoft Excel.

Lentivirus production—For lentiviral production, the third generation vector plasmids
(pBOB-CAG::GFP and pBOB-CAG::tdT) were co-transfected with packaging plasmids
pCMV-VSV-G, pRevRSV and pMDLg/pRRE. After 3 days, viral particles were enriched
by centrifugation and stored at high concentration at —-80°C before usage.

Confocal imaging—Immunofluorescence image data were captured and processed using
a confocal microscope system (Zeiss LSM880). /n vitro live imaging was performed using
a Zeiss CSU Spinning Disk Confocal Microscope, equipped with a Yokogawa spinning disc
scan head with an EM-CCD camera and a CO2-imaging chamber (Petcon).

Collection of transplanted mouse brain tissue—Mice were anesthetized with a
lethal dose of ketamine and xylazine (130 mg/kg, 15 mg/kg; i.p.) and perfused transcardially
with 0.1 M PBS followed by fresh 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
(pH 7.2-7.5). Brains were dissected under a fluorescence stereomicroscope (Zeiss SteREO
Discovery.V8) and postfixed in 4% PFA overnight, cryoprotected for 72 h in 30% sucrose
with 0.05% NaNj3 at 4 °C, sectioned coronally on a cryostat at 20 um thickness, and
processed for immunostaining as described above.

LPS injections—The mice were divided into the following groups: i) intraperitoneal (i.p.)
saline group (control) and ii) i.p. LPS group (5 mg/kg or 1 mg/kg). The i.p. LPS injections
were administered at 12 wpt at doses of 5 mg/kg or 1 mg/kg in saline. The control groups
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received the same amount of saline. Twenty-four hours after injection, mice were harvested
and processed for immunostaining as described above.

Isolation of human microglia—Animals were anesthetized using 5% isoflurane in
oxygen and perfused transcardially with 0.1 M ice-cold PBS. The human grafts were
resected under a fluorescence stereoscope (Zeiss SteREO Discovery.V8) and immersed in
homogenization buffer: 1x HBSS (Life Technologies, 14175-095) containing 1% BSA, 1
mM EDTA. For mechanical dissociation, we used a 2-ml polytetrafluoroethylene pestle
(Wheaton, 358026), as performed in Gosselin et al. 12:69. The homogenate was then pelleted,
re-suspended in homogenization buffer and filtered through a 70-pm strainer. The filtered
cells were first incubated 1:20 with a Fc receptor blocking antibody (Human TruStain FcX,
BiolLegend 422302) for 20 min, and then with the following cell surface marker antibody
for 30 min (1:50 dilution): Anti-human CD45-APC/Cy7 (304014, clone HI30, BioLegend).
Cells were washed twice, filtered again with a 70-um strainer, and sorted on a BD Influx
(100-pm nozzle, 22 PSI, 2-drop purity mode, sample chilling) as live/tdT+/hCD45+ cells.
Zombie Violet (BioLegend; 1:500) was used for viability discrimination.

Single cell RNA-sequencing—TdT+/hCD45+ sorted cells were centrifuged and
resuspended in PBS supplemented with 0.04% BSA to an adjusted concentration of 1,000
cells/ul. Single cells were then coupled to bar-coded beads in a droplet emulsion for the
reverse transcription reaction using the 10X Genomics Chromium controller. Libraries were
prepared following the standard protocol of 10X Single Cell 3’ using v3.0 chemistry.
Libraries were sequenced to a median depth of approximately 50,000 reads per cell using
Illumina HiSeq4000 or NovaSeq6000.

In vivo imaging—L.ive animal recordings were performed as previously described.
Briefly, mice were anesthetized with isoflurane (4-5% for induction; 1-1.5% for
maintenance) and kept at 36-37°C on a custom surgical bed (Thorlabs). Eyes were protected
with vet ophthalmic ointment (Puralube). The head was stabilized by clamping the skull-
attached titanium plate with a custom holder. Imaging commenced immediately after head
stabilization. Depth of anesthesia was monitored throughout the experiment and adjusted as
needed to maintain a breath rate of approximately 55-65 breaths per minute. Saline was
supplemented subcutaneously as necessary to compensate for fluid loss.

A Sutter Movable Objective Microscope equipped with a pulsed femtosecond Ti:Sapphire
laser (Chameleon Ultra 11, Coherent) and two fluorescence detection channels was used

for imaging (dichroic beamsplitter, T565Ipxr (Chroma); green emission filter, ET525/70m
(Chroma); red emission filter, ET605/70m (Chroma); photomultiplier tubes, H7422-40
GaAsP (Hamamatsu)). The laser excitation wavelength was set to 1,040-1,050 nm. Average
laser power was <10-15 mW at the tissue surface and adjusted with depth to compensate for
signal loss due to scattering and absorption. An Olympus 20x 1.0-NA water immersion
objective was used for light delivery and collection. Time-lapse recordings typically
included 45-71 images per stack, acquired at 1.6-2.0 pm axial step size, used a two-frame
average, 60-130 stack repeats (corresponding to ~70-205 min recording duration), 512 x
512-pixel resolution, and 2.0 — 5x zoom (350 — 142 um fields of view).
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Focal laser lesions were performed following a baseline recording period of 35-70 min,
during which z-stacks were acquired as described above. To induce focal lesions, the
Ti:Sapphire laser was transiently tuned to 920 nm and a confined tissue region (~9 pm
diameter, ~1 um axial extent) at ~40-170 um depth from the tissue surface was exposed to
~250 mW for 7-10 s. Following focal lesion, image stack acquisition was resumed using the
same laser and recording parameters as during the baseline recording period.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single cell RNA-sequencing analysis—Data were mapped using Cell Ranger (10X
Genomics) on hg38 and analyzed using the Seurat R toolkit for single cell genomics

0. A minimum of 200 unique genes and a 25% mitochondrial cutoff were used to

remove low quality cells from all data sets. The SCTransfrom 71 workflow was used

and PCA computed as input into Harmony 2 for batch correction. To combine all time
points, the parameters in Harmony were set to use the top 10 principal components with
theta set to 1. MAST 73 was used for all differential expression tests. Pseudo-temporal
ordering and trajectory interference analysis were performed using the slingshot algorithm
74 and a generalized additive model (GAM) was used to calculate differentially expressed
genes across pseudo-time (dynamic gene expression profiles). For comparing hMG to
human microglia, we downloaded the following datasets and used a unified integration
strategy for reference assembly 43 to identify the cell pairwise correspondences between
single cells across datasets. Fetal human microglia development: GSE 141862: https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141862). Adult human microglia: GSE
135437: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135437); only control
samples were used. For integrating the XMG and hMG dataset, we downloaded the single
cell datasets from GEO (GSE133433: https://www.ncbhi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE133433) and performed random down-sampling to match the size of the different
datasets. We then used the Seurat v3 anchoring procedure to facilitate the assembly of the
datasets into an integrated reference 43. To obtain cluster- and condition-specific markers,
we obtained a ranking for each gene in each cluster according to whether it was unique

to a cluster and also highly expressed in this cluster using the function sortGenes in

the genesorteR R package ’°. For subsequent enrichment analysis, we used the top 50
genes. WGCNA was performed using a signed consensus approach 6 following a metacell
construction strategy /7 to input the single cell data and by calculating component-wise
values for topological overlap for each dataset. Following construction of the topological
overlap matrix, modules were defined using the following parameters: minModuleSize=30,
a deepSplit score of 4 and a threshold of correlation of 0.2. We then used the first

principal component of the module, called module eigengene (ME), to relate modules to trait
parameters such as cluster and condition. Hub genes were defined based on intra-modular
connectivity (KME) parameters calculated in the WGCNA R package. Human- and mouse-
specific gene expression signatures were extracted from differentially expressed ortholog
gene sets (mouse vs human) as described in Geirsdottir et al.*6 and used to perform module
enrichment analysis. Gene set overlap and enrichment analysis were calculated using the
exact fisher test provided in the GeneOverlap package.
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In vivo image data analysis—To quantify microglial cells” structural dynamics, process
velocity was measured as previously described 47. Briefly, we manually traced process

tips over time using the Manual Tracking plug-in in Fiji on maximum intensity projected
time-lapse videos, typically over 90-min time spans that covered a 350 pm x 350 pm x 70
um field of view (FOV). At least 3 to 7 processes were quantified per microglia to obtain

an average process velocity. Microglial polarization was quantified as follows: processes
oriented toward the laser lesion site were classified as those on the lesion side of a line
drawn through the microglial cell body perpendicular to a line drawn to the lesion side.

The polarization index for one microglia cell is the ratio of all ‘toward” primary processes
divided by all processes. The summarized indices are averaged as ‘per lesion’ experiment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Xenotransplanted brain organoids as /n7 vivo platform for studying human
microglia (hMG)

hMG gain human-specific transcriptomic signatures and assume /1 vivo-like
identities

hMG engage in surveilling the human brain environment and react to
perturbations

A patient-derived model reveals a brain environment-induced immune
response in autism
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Figure 1. Transplantation permits maturation and long-term survival of human microglia in
human brain organoids in vivo.

(A) EMP-containing forebrain organoids were transplanted into the retro-splenial cortex

of NOD/SCID mice and harvested 8 weeks post transplantation (wpt) for histological
characterization. (B) Left, representative slide scan image showing a coronal brain section
grafted with a human organoid (GFP) containing tdT+ cells. Right, representative confocal
images showing tdT+ cells that co-express IBAL at 8 wpt. Scale bar 20 um. (C) Bar graph
showing percentages of tdT+ cells expressing the myeloid marker IBA1; Mean + SD;

n=4 independent transplantation experiments. (D) Representative images showing presence
of cells expressing the myeloid-specific transcription factor PU.1 and the homeostatic
human-specific microglia marker TMEM119 at 8 wpt /n vivo. Scale bars 20 pm. (E)
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Representative confocal image showing the ramified morphology of a human microglia and
3D reconstruction using Imaris. Scale bar 10 um. (F) Pie chart showing relative abundance
of microglia morphologies observed at 8 wpt /n vivo. (G) Box plots showing quantifications
of process numbers observed in hMGs at 8 wpt /n vivo. Box plots show median (center
line), mean (“+”) and interquartile range (IQR), with whiskers representing the minimum
and the maximum; n=42 cells analyzed. (H) Sholl plot showing the distribution of process
intersections as a measure of cellular complexity. Mean + SD. (1) Left, representative
confocal image showing the characteristic ramified morphology of a human microglia
derived from an independent iPSC line at 11 wpt /n vivo. Scale bar 20 pm. Right, Bar
graph showing percentages of tdT+ cells featuring ramified morphologies as quantified
for 3 independent iPSC lines at 11 wpt. (J) Representative confocal images of human
IBA+ microglia (brain tissue) and tdT+ hMG at 11 wpt in human brain organoids /n vivo.
Scale bar 50 pm. (K) Box plots showing the distributions of primary process numbers and
soma size of microglia in human brain tissue and hMG in human brain organoids /n vivo.
Quantifications were conducted on tissue from 5 independent human subjects and hMG
derived from 3 independent iPSC lines. See also Figure S4.
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Figure 2. Transcriptomic characterization of human microglia identity in vivo.
(A) Schematic showing the experimental design. EMP-containing forebrain organoids were

grafted into the retro-splenial cortex of NOD/SCID mice and harvested at 11 wpt for
profiling tdT+-expressing hMG using scRNAseq. (B) UMAP plot of 1,027 tdT+ cells
derived from 3 independent iPSC lines profiled that passed quality selection criteria (see
Figure S5). (C) Feature plots showing expression of key microglia genes A/F1, CX3CR]I,
CSFIRand CST3 in vivo. (D) Feature plots showing expression of proliferative marker
genes MKI67 and RRM2 /n vivo. (E) Feature plots showing expression of homeostatic
microglia genes P2RY12, TMEM119and SALLIin hMG in vivo. (F) Representative
confocal images of hMG expressing the homeostatic microglia marker P2RY12. Scale bar
20 um. (G) Representative confocal images showing expression of TMEM119 by tdT+
hMG. Scale bar 20 um. (H) Box plots showing quantifications of tdT+ cells co-expressing
P2RY12 or TMEM119 at 11 wpt for 3 independent iPSC lines. See also Figure S5.
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Figure 3. Transplanted organoids support the development of a homeostatic microglia state in
Vivo.

(A) Schematic showing the experimental design. GFP+ forebrain organoids were
transplanted at day 38 and profiled using bulk RNA-seq before (day 38) and after
transplantation (4 and 24 wpt). (B) Heatmap showing Spearman correlations of the entire
transcriptome of transplanted and non-transplanted organoid samples to the human Brain
Span dataset. (C) Heatmaps showing expression of neuronal marker genes (SA7B2, TBR1),
astrocyte marker genes (S100B, EAATI) and microglia-supporting factors /L34 and CSFI,
TPM - Transcripts per million. (D) Morphometric comparisons between hMG /n vivoat 11
wpt and their cellular correlates that developed in brain organoids /n vitro. Scale bars 50 um.
Comparisons were performed using 3 independent iPSC lines for each condition. (E) Box
plots showing percentages of tdT+ cells featuring ramified morphologies at 11 wpt in vivo
as compared to /n vitro. Comparisons were performed using 3 independent iPSC lines for
each condition. Mann-Whitney Utest (***P=0.007). (F) Representative confocal images
of tdT+ cells co-expressing P2RY 12 at 11 wpt /n vivo and in vitro. Scale bar 50 um. (G)
Box plots showing percentages of tdT+ co-expressing P2RY12 or TMEM119 at 11 wpt /n
vivo and in vitro. Comparisons were performed using 3 independent iPSC lines for each
condition. Mann-Whitney Utest (P2RY12: ****P < 0.0001; TMEM119: **P=0.0043). See
also Figure S6.
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Figure 4. Human microglia follow defined developmental trajectories and acquire human brain
environment-dependent signatures in vivo.

(A) Schematic showing the experimental design. Following EMP colonization, neuro-
immune organoids were transplanted into immunocompromised mice, harvested at 6, 11 and
24 weeks post transplantation (wpt) using FACS and subsequently processed for sScRNAseq.
(B) UMAP plot of 4,322 tdT+ cells from a total of 7 animals at 3 time points profiled that
passed quality selection criteria; Ngwpt=2, N11wpt=3 and Nzawpt=2. (C) Trajectory interference
identifies 3 cellular trajectories that reflect a transition from early to late time points during
hMG development. (D) Heatmap showing significant overlap of pseudo-temporal genes with
microglial genes that change during mouse microglia development 4 (E) Pseudo-temporal
genes show significant overlap with genes that define human fetal microglia development
31,3542 (F) UMAP plot showing integrative analysis of fetal human microglia from 9

to 18 gestational weeks 31 with hMG from 6 to 24 wpt. (G) Feature plots showing the
expression of a human microglia-specific gene set that defines the developmental transition
to an immune-sensing microglia state. (H) Heatmap showing differentially expressed genes
between 6, 11 and 24 wpt. (1) Feature and violin plots showing expression of key microglia
genes CX3CR1and PZRY12that are upregulated during hMG development /in vivo. (J) Bar
plot and dot plot showing expression and relative abundance of microglia-specific sensome
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genes (Hickman et al.). (K) Heatmap showing acquisition of human brain environment
dependent and mature human microglia signatures 1266 between 11 to 24 wpt. See also
Figure S7, S8 and S9.
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Figure 5. Human microglia show characteristic immune-sensing properties and react to local and
systemic perturbations in vivo.
(A) Intravital imaging of tdT+ hMG was performed between 10.5 and 12 wpt to assess

motility and immune-sensing properties of human microglia /n vivo. (B) Representative
images showing /n vivo 2P-imaging of tdT+ hMG performed between 10.5 and 12 wpt /in
vivo. Note process motility tracking summed over a 90-min imaging interval. Bar graph
shows individual process motilities quantified for n=102 processes from 3 independent
animals. Scale bars 50 um. See Video S3. (C) Schematic showing experimental design. (D)
Bar graph shows individual process motilities quantified at 3 different time points. Number
of processes quantified from 3 independent animals each: ng 5_g swpt=77, for n1g 5_12wpt=102
and nas_oewpt=102. 2-way ANOVA with Tukey’s multiple comparisons test (green vs blue:
**** Pagf <0.0001; green vs red: * ***Pagj <0.0001 (E) Box plot showing hMG densities
(left) and fraction of migratory cells (right) at the time points assessed in D. Kruskal-Wallis
test (green vs blue: *g-value =0.0289; blue vs red: *g-value = 0.0289, green vs red:
**g-value = 0.0013). (F) Intravital imaging was performed following acute laser lesions
within the human organoid grafts at 12 and 26 wpt. (G) Representative images of /n vivo
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2P-imaging before (left) and 10 min and 30 min following acute laser lesions (right) that
were performed within the human organoid graft (arrowhead and red circle). Quantifications
show process polarity indices before as well as 10 min and 30 min following acute laser
lesions. Scale bar 50 um; Mann-Whitney Utest (10 min: ***£P=0.0002, 30 min; ***p
=0.0002). See Video S4. (H) Box plot showing measurements of distances travelled per
process to the injury site at 12 and 26 wpt; Mann-Whitney Utest (**P= 0.0056). (1)
Schematic showing the experimental design. Intraperitoneal injection of the Gram-negative
bacterial endotoxin lipopolysaccharide (LPS) at a concentration of 5 mg/kg was used to
elicit a rapid innate immune response. Animals were harvested 24 hrs after injection to
assess hMG reactivity. (J) Representative confocal images of control and LPS-challenged
hMGs shows a strong cellular response to LPS. Scale bars 50 um (left) and 25 pm (turquoise
box, right). (K) Percentages of different morphological phenotypes observed within the
population of hMG 24 hrs after systemic LPS administration. See also Figure S10.
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Figure 6: Generation of human patient-specific models reveals a brain environment-induced
immune response in ASD with macrocephaly.

(A) Representative confocal images showing hMGs from ASD and control subjects at 12
wpt. Scale bars 50 um (left) and 10 um (right). The 3D reconstructions depicting different
microglia morphologies observed in ASD and control samples were generated using Imaris.
Scale bar 50 pm. (B) Pie charts showing relative abundance of microglia with and without
somal filopodia. Values indicate mean + SD; Ncontroi=3 independent neurotypical control
lines; nagp=3 independent patient lines. (C) Box plots showing quantifications of soma size,
primary process thickness and filopodia density of control and ASD hMGs at 12 wpt. Box
plots show median (center line), mean (‘+’) and interquartile range (IQR), with whiskers
representing the minimum and the maximum; Ncontroi=3 independent neurotypical control
lines with a total of 71 cells; nasp=3 independent patient lines with a total of 74 cells.
Mann-Whitney Utest (soma size: ****P < 0.0001, process thickness: ****P < 0.0001).

(D) Schematic illustrating the experimental design for generating heterogenic neuroimmune
models harboring ‘sensor’ hMG. (E) Representative confocal images of ‘sensor’ hMG in
ASD and control organoids /n vivoat 12 wpt. Scale bar 25 pm. (F) Box plots showing
quantifications of soma size and primary process thickness of ‘sensor’ hMG in ASD and
control organoids /n vivo at 12 wpt; Ncontroi=3 independent neurotypical control lines. Box
plots show median (center line), mean (‘+’) and interquartile range (IQR), with whiskers
representing the minimum and the maximum; Mann-Whitney Utest (soma size: ****P <
0.0001, process thickness: ****P < 0.0001). See also Figure S10.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Goat anti-tdTomato

MyBioSource Cat# MBS448092

RRID:AB_2827808

Rabbit anti-RFP

Rockland Cat# 600-401-379

RRID:AB_2209751

Chicken anti-GFP

Aves Labs Cat# GFP-1020

RRID:AB_10000240

Rabbit anti-GFP

Molecular Probes Cat# A-6455

RRID:AB_221570

Rabbit anti-Ibal

FUJIFILM Wako Shibayagi Cat# 019-19741

RRID:AB_839504

Goat anti-Ibal

Abcam Cat# ab5076

RRID:AB_2224402

Rabbit anti-TMEM119

Abcam Cat# ab185333

RRID:AB_2687894

Rabbit anti-P2RY 12

Sigma-Aldrich Cat# HPA014518

RRID:AB_2669027

Rabbit anti-SALL1

Abcam Cat# ab31526

RRID:AB_2183227

Rabbit anti-PU.1

Cell Signaling Technology Cat# 2266

RRID:AB_10692379

Donkey anti-Chicken Alexa Fluor 488

Jackson Immunoresearch Cat# 703-545-155

RRID:AB_2340375

Donkey anti-rabbit Alexa Fluor 488

Jackson Immunoresearch Cat# 711-545-152

RRID:AB_2313584

Donkey anti-rabbit Alexa Fluor 647

Jackson Immunoresearch Cat# 711-605-152

RRID:AB_2492288

Donkey anti-rabbit Cy3

Jackson Immunoresearch Cat# 711-165-152

RRID:AB_2307443

Donkey anti-goat Cy3

Jackson Immunoresearch Cat# 705-165-147

RRID:AB_2307351

Normal Donkey Serum

Jackson Immunoresearch Cat# 017-000-001

RRID:AB_2337254

FITC anti-human CD43

BioLegend Cat# 315204

RRID:AB_389247

APC/Cyanine7 anti-human CD45

BioLegend Cat# 304014

RRID:AB_314402

Bacterial and Virus Strains

pBOB-CAG-GFP

Addgene

Cat# 16664

pBOB-CAG-tdTomato

This manuscript

N/A

Chemicals, Peptides, and Recombinant Proteins

StemMACS™ iPS-Brew XF, human

Miltenyi Biotec

Cat# 130-104-368

Gentle Cell Dissociation Reagent

Stem Cell Tech

Cat# 100-0485

N2 Supplement Thermo Fischer Cat# 17502048
B27 Supplement Thermo Fischer Cat# 17504044
DMEM/F12, GlutaMAX Thermo Fischer Cat# 10565018
DMEM/F12, HEPES Thermo Fischer Cat# 11330032

IMDM Thermo Fischer Cat# 12440053
DMEM ,high glucose,Glutamax supplement Thermo Fischer Cat# 10569010
MEM Non-Essential Amino Acids 100x Thermo Fischer Cat# 11140050
CloneR Stem Cell Tech Cati 5889

Penicillin-Streptomycin 100x (100mL) Thermo Fischer Cat# 15140122
Glutamax supplement 100x (100ml) Thermo Fischer Cat# 35050061
KnockOut Serum Replacement Thermo Fischer Cat# 10828028
2-Mercaptoethanol Thermo Fischer Cat# 21985023
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REAGENT or RESOURCE SOURCE IDENTIFIER
Chemically Defined Lipid Concentrate Thermo Fischer Cat# 11905031
Insulin-Transferrin-Selenium-Ethanolamine (ITS Thermo Fischer Cat# 51500056
-X) (100X)

Insulin-Transferrin-Selenium (ITS -G) (100X) Thermo Fischer Cat# 41400045
L-ascorbic acid 2-Phosphate magnesium Sigma Cat# A8960
Activin-A R&D Cat# 338-AC
A-083 Stemgent Cat# 04-0014-10
BMP-4 Proteintech Cat# HZ-1045
CHIR-99021 Tocris Cat# 4423
Collagenase IV Gibco Cat# 17104-019
Dorsomorphin Tocris Cat# 3093
DPBS + Glucose Gibco Cati# 14287-080

Human FGF2 Joint Protein Central

Heparin Tocris Cat# 2812
Insulin Millipore Cat# 19278

IL-3 R&D Cat# 203-1L
IL-34 R&D Cat# 5265-1L
IL-6 R&D Cat# 206-1L
LiCl Sigma Aldrich Cat# L7026
1-Thioglycerol (Monothioglycerol) Sigma Aldrich Cat# A8960
PVA Sigma Aldrich Cat# P8136
M-CSF R&D Cat# 216-MC
Cultrex Reduced Growth Factor Basement R&D Cat# 3433-005-01
Membrane Extract

Y-27632 Tocris Cat# 1254
SB431542 Tocris Cat# 1614

SCF R&D Cat# 255-SC
TGF beta 1 R&D Cat# 240-B/CF
TPO Proteintech Cat# HZ-1248
VEGF R&D Cat# 293-VE
Zombie Violet Biolegend Cat# 423114
Human TruStain FcX Biolegend Cat# 422302
HBSS LifeSciencesTechnologies Cat# 14175-095
BSA Sigma Aldrich Cat# A3059
Lipopolysaccharide eBioscience Cat# 00-4976-03
EDTA Invitrogen Cat#t AM9261
DAPI Thermo Fisher Scientific Cat# 62248
1XDPBS, no Ca%* no Mg2* Thermo Fisher Scientific Cat# 14190250

Triton X-100

Sigma-Aldrich

Cat# X100-500ML

Paraformaldehyde, Granual

EMS

Cat# 19210
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tween 20 Fisher Cat# BP337-500
Sodium Azide Sigma-Aldrich Cat# S2002

Deposited Data

Single cell RNA seq

This manuscript

EMBL-EBI BioStudies: E-MTAB-11522

Experimental Models: Cell Lines

H1ESC WiCell; WAO1 RRID:CVCL_9771
iPSC linel Schafer et al. 2019 50 Cove 3-1

iPSC line2 Schafer et al. 2019 50 Clue 4-7

iPSC line3 Schafer et al. 2019 % Cent 3-6

ASD iPSC linel Schafer et al. 2019 30 Able 3-12

ASD iPSC line2 Schafer et al. 2019 50 Acai 1-1

ASD iPSC line3 Schafer et al. 2019 % Aqua 3-9
HEK293T ATCC CRL-3216

Experimental Models: Organisms/Strains

NOD.Cg-Prkdcscid/

JAX Mice and Services

RRID:IMSR_JAX:001303

Software and Algorithms

Graphpad Prism v.9.4.1 Graphpad RRID:SCR_002798
Biorender Biorender RRID:SCR_018361
Flowjo Flowjo RRID:SCR_008520
ImageJ v1.53f51 Wayne Rasband RRID:SCR_003070
Neurolucida MBF Bioscience RRID:SCR_001775
R The R Foundation RRID:SCR_001905
Cell Ranger 10xGenomics RRID:SCR_017344
Seurat v4.2.2 Software as R package RRID:SCR_016341

Weighted Gene Co-expression Network Analysis

Software as R package

RRID:SCR_003302

GeneOverlap

Software as R package

RRID:SCR_018419

Slingshot

Software as R package

RRID:SCR_017012

Other

Chromium Next GEM Single Cell 3' Kit v3.1, 16
rxns

10XGenomics

Cat# PN-1000268

Chromium Next GEM Chip G Single Cell Kit, 48
rxns

10XGenomics

Cat# PN-1000120

Dual Index Kit TT Set A, 96 rxns

10XGenomics

Cat# PN-1000215

SPRIselect

Beckman Coulter

Cat# B23317

Qubit™ 1X dsDNA HS Assay Kit

Thermo Fisher Scientific

Cat# Q33231

High Sensitivity D5000 Ladder Agilent Cat#t 5067-5594
High Sensitivity D5000 Reagents Agilent Cat# 5067-5593
High Sensitivity D5000 ScreenTape Agilent Cat# 5067-5592
RNaseOUT™ Thermo Fisher Scientific Cat# 10777019
Shandon Immu-Mount Thermo Fisher Scientific Cat# 9990412
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REAGENT or RESOURCE SOURCE IDENTIFIER
Microscope slides VWR Cat# 631-9483
Coverslips VWR Cat# 631-1365

Dexaject (dexamethasone)

Med-Vet International

Cat# RXDEX2-100

Carprieve Injection (carprofen)

Med-Vet International

Cat# RXCARPRIEVE-INJ

Bupreorphine SR Zoopharm Cat# BERLAB1

Ibuprofen Aurobindo Cat# NDC 59651-032-47
Betadine Avrio Cat# NDC 67618-155-16
Sterile Saline (0.9% Sodium Chloride) Hospira Cat# NDC 0409-4888-02

Inoculating loops

FisherBrand

Cat# 22-363-595

Gelfoam sponge DSl Cat# 0434

5mm coverslips EMS Cat# 72296-05
Optibond KERR Cat# 36519
Ortho-Jet liquid Butler Schein Animal Health Cat# NC9818757

Ortho-Jet powder

Patterson Dental Supply Inc

Cat# 459-8371

Vetbond 3M Cat# 1469SB
Lidocaine Covetrus Cat# 2468
Artificial tears Akorn Cat# NDC 59399-162-35

Isoflurane

Med-Vet International

Cat# RXISO-250
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