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SUMMARY
Despite its clear impact on Alzheimer’s disease (AD) risk, apolipoprotein (apo) E4’s contributions to AD eti-
ology remain poorly understood. Progress in answering this and other questions in AD research has been
limited by an inability to model human-specific phenotypes in an in vivo environment. Here we transplant hu-
man induced pluripotent stem cell (hiPSC)-derived neurons carrying normal apoE3 or pathogenic apoE4 into
human apoE3 or apoE4 knockin mouse hippocampi, enabling us to disentangle the effects of apoE4 pro-
duced in human neurons and in the brain environment. Using single-nucleus RNA sequencing (snRNA-
seq), we identify key transcriptional changes specific to human neuron subtypes in response to endogenous
or exogenous apoE4. We also find that Ab from transplanted human neurons forms plaque-like aggregates,
with differences in localization and interaction with microglia depending on the transplant and host apoE ge-
notype. These findings highlight the power of in vivo chimeric disease modeling for studying AD.
INTRODUCTION

Alzheimer’s disease (AD) is thought to be caused by complex in-

teractions among multiple genetic, epigenetic, and environ-

mental factors, making its pathogenic mechanisms difficult to

fully understand. Apolipoprotein (apo) E4 is the major genetic

risk factor for AD, and it gene-dose-dependently increases the

risk and lowers the age of disease onset (Huang and Mucke,

2012; Long and Holtzman, 2019; Najm et al., 2019; Yamazaki

et al., 2019). ApoE4 carriers represent 20%–25% of the human

population; however, 60%–75% of AD patients harbor at least

one APOE4 allele, highlighting the importance of apoE4 in AD

pathogenesis (Farrer et al., 1997;Ward et al., 2012). In the central

nervous system (CNS), apoE is primarily produced by astrocytes

(Pitas et al., 1987). However, in response to aging, injury, or

stress, neurons also produce apoE (Wang et al., 2018; Xu

et al., 1996, 2006), and apoE produced in various cell types of

the CNS plays different roles in AD pathogenesis (Huang et al.,

2004; Najm et al., 2019).

AD is characterized by three major pathological hallmarks:

extracellular plaques composed primarily of b-amyloid (Ab)

peptides, intracellular neurofibrillary tangles (NFTs) composed

primarily of hyperphosphorylated tau protein, and a neuroinflam-

matory response marked by gliosis (Huang and Mucke, 2012;

Long and Holtzman, 2019). These three pathologies are influ-
This is an open access article under the CC BY-N
enced by apoE expression and apoE isoform. For example,

apoE both assists in Ab clearance, with varying efficacy based

on isoform (apoE2 > apoE3 > apoE4), and enhances Ab deposi-

tion, with a decrease of apoE expression resulting in less Ab

deposition in amyloid mouse models (Bales et al., 1999; Bien-

Ly et al., 2012; Holtzman et al., 2000; Kim et al., 2012; Ma

et al., 2018). ApoE also increases Ab clearance by promoting

migration and activating phagocytosis of microglia, wherein

again, apoE3 is more effective than apoE4 (Baitsch et al.,

2011; Cudaback et al., 2011; Zhu et al., 2012). We have previ-

ously shown that apoE4 facilitates Ab production in human

induced pluripotent stem cell (hiPSC)-derived neurons and that

neuronally expressed apoE4 increases tau phosphorylation,

particularly in inhibitory neurons, both in apoE knockin (apoE-

KI) mice and in hiPSC-derived neurons in vitro (Andrews-Zwilling

et al., 2010; Wang et al., 2018).

Mouse models traditionally have been used in AD research,

and although they have the benefit of capturing the complexity

of the in vivo environment, they lack some fundamental hall-

marks of the disease that are specific to humans (De Strooper

and Karran, 2016; Najm et al., 2019). More recent in vitro tech-

niques, such as hiPSC-derived models of CNS cells, have re-

vealed important insights into some human-specific aspects of

apoE4 toxicity in AD pathogenesis (Lin et al., 2018; Meyer et

al., 2019; Wadhwani et al., 2019; Wang et al., 2018). However,
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the in vitro hiPSC model systems lack crucial features of the

in vivo environment, such as cell-type heterogeneity, vascula-

ture, and neuroinflammatory responses, limiting the scope and

translatability of these systems.

Tomodel apoE4 toxicity in human neurons in an in vivo environ-

ment, we used a chimeric disease modeling system (Espuny-Ca-

macho et al., 2017; Hasselmann et al., 2019; Mancuso et al.,

2019), in which hiPSC-derived neurons were transplanted into

mousehippocampiand thenmaintained for 7months. Toestablish

this system, we generated apoE4/4 (E4/4)-hiPSC and isogenic

apoE3/3 (iE3/3)-hiPSC lines, differentiated them into amixed pop-

ulation of both excitatory and inhibitory human neurons, and then

transplanted theseneurons intoeitherapoE3/3-KI (E3KI)orapoE4/

4-KI (E4KI) mice. By including both apoE genotype-concordant

transplants (E4/4humanneurons intoanE4KImouseand iE3/3hu-

man neurons into an E3KI mouse) and apoE genotype-discordant

transplants (E4/4humanneurons intoanE3KImouseand iE3/3hu-

manneurons intoanE4KImouse),wewereable toexamine thedif-

ferential effects of neuronally expressed (endogenous) apoE4 and

host environment (exogenous) apoE4 on the transplanted human

neurons. Single-nucleus RNA sequencing (snRNA-seq) of the

transplanted human neurons identified the cell-autonomous

(endogenous) and non-cell-autonomous (exogenous) effects of

apoE4 on human excitatory and inhibitory neurons. By integrating

snRNA-seq analysis with immunohistochemistry, we identified

gene expression patterns that likely contribute to apoE4-related

molecular pathologies in an apoE-source-dependent and

neuron-subtype-specific manner. This in vivo chimeric AD

modeling system also revealed an apoE-isoform-dependent

microglial functional difference in mouse brains, pointing to a po-

tentialmechanismcontributing to increasedamyloidaccumulation

in human AD patients carrying APOE4.

RESULTS

In Vitro Generation of hiPSC-Derived Functional
Neurons with Different apoE Genotypes
An E4/4-hiPSC line was previously generated from an AD patient

(Wang et al., 2018) using established methods (Takahashi and

Yamanaka, 2006; Takahashi et al., 2007). From this E4/4-hiPSC

line, we generated an iE3/3-hiPSC line by gene editing, without

identifiable off-target effects, as previously reported (Wang

et al., 2018). To trace human neurons within mouse brains for

electrophysiological and morphological analyses, we engi-

neered the isogenic pair of hiPSCs to constitutively express

mCherry by knocking in an mCherry expression cassette driven

by the CAG promoter into the human AAVS1 locus using

CRISPR-Cas9 technology (Chen et al., 2016) (Figure S1A). Inte-

gration of the reporter construct was confirmed by PCR, and

homozygous clones were selected from the pair of hiPSC lines

(Figures S1B and S1C). E4/4-mCherry and iE3/3-mCherry hiPSC

lines maintained pluripotency, expression of classical hiPSC

markers, and a normal karyotype (Figures S1D–S1Q).

We differentiated both E4/4-mCherry and iE3/3-mCherry

hiPSC lines into neurons using established methods (Chambers

et al., 2009; Wang et al., 2018) (Figure S2A). We first generated

neural progenitors expressing high levels of the forebrain marker

FOXG1, the dorsal telencephalic marker PAX6, and—to a lesser
2 Cell Reports 32, 107962, July 28, 2020
extent—the developing inhibitory neuron marker NKX2.1 (Kes-

saris et al., 2014), indicating that E4/4-mCherry and iE3/3-

mCherry hiPSC-derived neural progenitors contained a mix of

predominantly dorsal forebrain (excitatory) and a minority of

ventral (inhibitory) lineages (Figures S2B–S2G). At the time of

transplantation (+1 week to +2 weeks) (Figure S2A), hiPSC-

derived neurons expressed neuronal markers MAP2 and TUJ1,

aswell as the cortical neuronmarker TBR1, the excitatory neuron

marker vGlut1, or the inhibitory neuron marker g-aminobutyric

acid (GABA) (Figures 1A–1J).

We next investigated whether the hiPSC-derived neurons were

electrically active in vitro, an indicator of neuronalmaturity. To pro-

mote functional synapse formation, we cocultured the hiPSC-

derived neurons with primary rat astrocytes. After three weeks of

coculture, patch-clamp recordings revealed that these neurons

were capable of firing action potentials and were receiving synap-

tic inputs (spontaneous post-synaptic currents [sPSCs]) (Figures

1K, 1L, 1N, and 1O). To functionally characterize the neuronal sub-

types present in hiPSC-derived neuronal cultures, neurons were

treated with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and

D-(�)-2-amino-5-phosphonopentanoic acid (APV), which are a-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

and N-methyl-D-aspartate (NMDA) receptor antagonists, respec-

tively, to block excitatory inputs into the recorded cells. Approxi-

mately 60% of sPSCs were blocked upon treatment with CNQX

andAPV.The remaining sPSCswereeliminatedupon further treat-

ment with gabazine, a GABAA receptor blocker, indicating that

both excitatory and inhibitory neurons in culture were functionally

connected (Figures 1L, 1M, 1O, and 1P). Quantification of the fre-

quency of sPSCs and of the percentage of inhibitory sPSCs re-

vealed no significant difference between iE3/3 and E4/4 neurons

in this 3-week in vitro culture condition (Figures 1Q and 1R).

Because our study focuses on in vivo chimeric AD modeling, we

did not pursue long-term in vitro culture experiments.

Transplanted iE3/3 and E4/4 Neurons Survive and
Functionally Integrate into the Mouse Hippocampus
After validating the lineage and functionality of iE3/3 and E4/4 neu-

rons in vitro, we transplanted them bilaterally into the hippocampi

of 7-month-old E3KI and E4KI mice. An immunosuppressant

cocktail was administered immediately after transplantation (day

0), as well as 2, 4, and 6 days post-transplantation to block the

host immune responseand toenhance the survival of transplanted

human cells in the host mouse brains (Pearl et al., 2011). At

7 months post-transplantation (MPT), we sacrificed and transcar-

dially perfused the transplantedmice.Onehemisphere of thebrain

was frozenat�80�C for snRNA-seqanalysis, and the other under-

went immunohistochemical or electrophysiological analysis to

determine whether transplanted human neurons had survived

and were capable of receiving synaptic inputs. Transplanted iE3/

3 and E4/4 neurons were positive for mCherry, human nuclear an-

tigen (HNa) (Figures2Aand2D), theneuronal nuclearmarkerNeuN

(Figures 2B and 2E), and human synaptophysin (SYN) (Figures 2C

and 2F). We noted that the transplanted human neurons did not

migrate significantly from the transplant core (Figures 2A–2F), as

reported inother studies (Cunninghamet al., 2014; Espuny-Cama-

cho et al., 2017; Liu et al., 2013). However, they did display exten-

sive axonal projections throughout the hippocampus (Figures 2G



Figure 1. Validation of Lineage Commitment and Functionality of iE3/3- and E4/4-hiPSC-Derived Neurons In Vitro

(A–J) Immunocytochemical staining of hiPSC-derived neurons (at the time of transplantation) for classical neuronal (MAP2 and TUJ1) markers (A, B, F, and G),

excitatory (TBR1 and vGlut1) markers (C, D, H, and I), and inhibitory (GABA) markers (E and J). Scale bar, 100 mm.

(K–M) Whole-cell patch-clamp recordings of iE3/3 neurons (3 weeks of maturation with astrocytes) demonstrating the capability of iE3/3 neurons to fire action

potentials (K) and to receive sPSCs from both excitatory and inhibitory inputs, which were deactivated upon incubation with CNQX, APV, and gabazine,

respectively (L). The average sPSC frequency was quantified from multiple iE3/3 neurons (n = 5) (M). Holding potential was �70 mV.

(N–P) Whole-cell patch-clamp recordings of E4/4 neurons (3 weeks of maturation with astrocytes) demonstrating the capability of E4/4 neurons to fire action

potentials (N) and to receive sPSCs from both excitatory and inhibitory inputs, which were deactivated upon incubation with CNQX, APV, and gabazine,

respectively (O). The average sPSC frequency was quantified from multiple E4/4 neurons (n = 6) (P). Holding potential was �70 mV.

(Q) Quantification of sPSC frequency recorded in iE3/3- and E4/4-hiPSC-derived neurons in vitro (iE3/3, n = 5; E4/4, n = 6).

(R) Quantification of the percentage of inhibitory sPSCs remaining after CNQX and APV wash-in, recorded in iE3/3- and E4/4-hiPSC-derived neurons in vitro (iE3/

3, n = 5; E4/4, n = 6).
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and 2H). At 7 MPT, patch-clamp recordings on transplanted iE3/3

and E4/4 neurons in ex vivo brain slices revealed that they were

capableofgeneratingactionpotentials, aswell as receiving sPSCs

(Figures 2I and 2J). Altogether, these data demonstrate that trans-

planted hiPSC-derived iE3/3 and E4/4 neurons survived, inte-

grated into mouse hippocampus, and are capable of firing action

potentials, as well as receiving synaptic inputs.

Transcriptional Characterization of the Transplanted
hiPSC-Derived Human Neurons
Having established that transplanted hiPSC-derived neurons

survived and integrated in the mouse hippocampus, we next
performed snRNA-seq on human transplants. Single nuclei

were isolated from frozen mouse hippocampi containing the hu-

man neuron transplants at 7 MPT. Because of limitations in sin-

gle-nucleus sequencing technology, we could not reasonably

sequence single nuclei from the entire mouse hippocampus

and use solely computational methods to select the human cells.

Instead, we generated a single-nucleus suspension as previ-

ously described, enriched for mCherry+ human neurons within

the mouse brain using fluorescence-activated cell sorting

(FACS) and then performed snRNA-seq library preparation on

the sorted nuclei (Figure 3A) (Krishnaswami et al., 2016). In our

analysis, we first clustered the human cells and checked for
Cell Reports 32, 107962, July 28, 2020 3



Figure 2. The Transplanted iE3/3 and E4/4

Neurons Survive and Functionally Integrate

into the Mouse Hippocampus at 7 MPT

(A–F) Representative immunohistochemical

staining of transplanted iE3/3 and E4/4 neurons for

HNa (A and D), NeuN (B and E), and human SYN (C

and F). Scale bar, 25 mm.

(G and H) Representative immunohistochemical

staining for mCherry+ (red) displayed distal pro-

jections emanating from the transplant core (G)

(scale bar, 500 mm), with a magnified image of the

inset (H) (scale bar, 50 mm).

(I) Whole-cell patch-clamp recordings in ex vivo

slices of transplanted iE3/3 neurons (left) and E4/4

neurons (right) demonstrating capability to fire

action potentials.

(J) Whole-cell patch clam recordings in ex vivo

slices of transplanted iE3/3 neurons (top) and E4/4

neurons (bottom) demonstrating capability to

receive sPSCs. Holding potential is �70 mV.
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batch effects that may have skewed our interpretation of the

snRNA-seq results (Figures S3A–S3D). All major clusters

showed similar proportions of cells contributed from each exper-

imental condition, apart from cluster 9, which we identified as ol-

igodendrocytes (Figure S3D). However, further investigation is

needed to better understand the reason for this phenomenon

and whether apoE4 and variability in lineage commitment or sur-

vival of oligodendrocytes are connected.

Next, we identified different cell types within the snRNA-seq

data (Table S1) by analyzing marker genes defining individual

clusters and cross-referencing those genes with other published
4 Cell Reports 32, 107962, July 28, 2020
datasets (Lake et al., 2016; Mathys et al.,

2019; Mayer et al., 2018; Nowakowski

et al., 2017; Pollen et al., 2015; Yao

et al., 2017). From the transplanted hu-

man nuclei, we identified neurons by the

expression of RBFOX3, SYN1, SYT1,

NRXN3, and SNAP25 (Figures 3B, S3E,

and S3F; Table S1). Within this pan-

neuronal population, we distinguished

excitatory neurons through expression

of NEUROD6 and SLC17A7 and inhibi-

tory neurons by their expression of

DLX1 and GAD1 (Figures 3B, S3E, and

S3F). Within the inhibitory neuron cluster

(cluster 1), we also saw expression of

genes specific to various inhibitory

neuron subtypes, including PVALB and

SST, indicating that this population con-

sisted of various subtypes of more

mature inhibitory neurons. Within the

excitatory neuron clusters (clusters 2–5),

the pattern of gene expression indicated

that these cells were also made up of

various subtypes attributed to different

brain regions. For example, we observed

expression of the upper-layer marker
SATB2 (clusters 2–5), the deeper-layer cortical markers FEZF2

and BCL11B (CTIP2) (clusters 4 and 5), and the hippocampal

granule cell marker PROX1 (cluster 3) (Figure S3E; Table S1).

Within non-neuronal cell clusters, we identified a small propor-

tion as neuronal precursors by EBF1 and ZIC1 expression, as

well as low expression of other neuronal genes (clusters 6–8), ol-

igodendrocytes by PLP1 andMBP (cluster 9), and astrocytes by

GFAP, APOE, AQP4, and SLC1A2 expression (cluster 10) (Fig-

ures S3E and S3F; Table S1). We determined that 87.6% of

transplanted human cells were neurons, 4.5% were oligoden-

drocytes, 4.3% were neuronal precursors, and 3.6% were



Figure 3. Transcriptional Characterization of hiPSC-Derived Human Neurons at 7 MPT

(A) Experimental design for collecting snRNA-seq data from transplanted human neurons. E3KI mice (iE3/3 transplants, N = 6; E4/4 transplants, N = 6). E4KI mice

(iE3/3 transplants, N = 6; E4/4 transplants, N = 5).

(B) Feature plots of classical pan-neuronal (RBFOX3 and SYN1), excitatory neuron (NEUROD6 and SLC17A7), and inhibitory neuron (DLX1 and GAD1) markers.

(C) t-distributed stochastic neighbor embedding (tSNE) clustering of transplanted hiPSC-derived neurons.
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astrocytes (Figures S3G), without differences across donor and

recipient apoE genotypes (Figure S3H).

Having characterized the lineage of transplanted human neu-

rons in vivo and separated them broadly into either excitatory or

inhibitory lineages, we went on to ask the following questions: (1)

How does the environmental (exogenous) apoE4 affect the tran-

scriptional profile of human neurons? (2) How does neuronally

expressed (endogenous) apoE4 affect the transcriptional profile

of human neurons? (3) Is there an interactive effect between

endogenous and exogenous apoE4 on the transcriptional profile

of human neurons? (4) Do these effects differ between excitatory

and inhibitory neuron subtypes?

Differential Responses of iE3/3 and E4/4 Human
Excitatory Neurons to Environmental (Exogenous)
ApoE4
We first examined how exogenous apoE4 in the host brain envi-

ronment affects the transcriptional profile of transplanted human

excitatory neurons, which comprised 78.2% of the total trans-
planted human cells (Figures 4A–4C; Table S2). E4/4 human

excitatory neurons exposed to the apoE4 environment displayed

significant dysregulation of 24 Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways, many of which were synaptic (Fig-

ures 4D and 4E). In contrast, iE3/3 excitatory neurons exposed to

the apoE4 environment displayed significant dysregulation of

just 6 pathways, representing more fundamental cellular pro-

cesses, such as ribosome, spliceosome, and protein processing

(Figures 4D and 4E). This disparity suggests that the effect of the

E4KI brain environment on the transplanted human excitatory

neurons depends strongly on whether the neurons express

apoE4, an effect that could not be uncovered without this in vivo

chimeric disease modeling system.

In addition to the clear dysregulation of synaptic gene expres-

sion of E4/4 neuronal transplants in the E4KI brain, these excit-

atory neurons displayed transcriptional dysregulation of calcium

homeostasis and cyclic AMP (cAMP) signaling (Figure 4D)—pro-

cesses frequently implicated in AD and, in particular, in synaptic

dysfunction linked to Ab pathology. For example, pathological
Cell Reports 32, 107962, July 28, 2020 5



Figure 4. Differential Responses of iE3/3 and E4/4 Human Excitatory Neurons to Environmental (Exogenous) ApoE4
(A) tSNE clustering indicating a human excitatory neuron cluster.

(B) Quantification of cell-type percentages represented in isolated transplanted human neurons (excitatory neurons outlined by the dotted line).

(C) These comparisons were made for apoE-genotype-matched hiPSC-derived excitatory neurons across E4KI and E3KI mouse hosts.

(D) Dotplot displaying the pathways dysregulated by the E4KI mouse host environment in E4/4-hiPSC-derived excitatory neurons and iE3/3-hiPSC-derived

excitatory neurons. Node size indicates the number of genes dysregulated within the pathway. Shared pathways are highlighted in blue.

(E) Many more pathways were dysregulated by the E4KI mouse host environment in E4/4-hiPSC-derived excitatory neurons (right) than in iE3/3-hiPSC-derived

excitatory neurons (left).

(legend continued on next page)
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accumulation of Ab can disrupt calcium signaling through pro-

tein kinase A (PKA)/protein kinase C (PKC) and the cAMP

response-element binding protein (CREB), all of which can

lead to synaptic dysfunction and loss (Alkon et al., 2007; Bastri-

kova et al., 2008; Bezprozvanny and Mattson, 2008; Chapman

et al., 1999; Demuro et al., 2010; Hermes et al., 2010; Kamat

et al., 2016; Kashyap et al., 2019; Mattson, 2004; Morrison and

Baxter, 2012; Popugaeva et al., 2017; Pozueta et al., 2013; Ric-

ciarelli and Fedele, 2018; Selkoe, 2002; Sun and Alkon, 2014;

Tong et al., 2018). When we further examined the genes that

were most common across pathways dysregulated in human

E4/4 excitatory neurons in response to the E4KI brain environ-

ment, we saw an upregulation of genes along multiple layers of

this signaling cascade, including the Ca2+/calmodulin-depen-

dent protein kinase IIA (CAMK2A), multiple adenylate cyclases

(ADCY7 and ADCY9), and multiple isoforms of PKC (including

PRKCA, PRKCAB, and PRKCG) (Figure 4F; Table S2).

The iE3/3 human excitatory neurons transplanted into E4KI

mouse brains, in contrast to the E4/4 human excitatory neuron

transplants, displayed few alterations in calcium homeostasis

(Figure 4D). Instead, we observed evidence of compensatory

processes that would rescue potential calcium dyshomeostasis

in these cells. For example, the ryanodine receptor RYR2, which

releases calcium from the endoplasmic reticulum; phospholi-

pase C (PLCB1), which enhances inositol triphosphate (IP3)-

mediated calcium influx from the extracellular space; and the

NMDA receptor subunit (GRIN2B), which can modulate calcium

influx, were all downregulated (Figure 4G; Table S2) (Abid et al.,

2019; Del Prete et al., 2014; Gibson and Thakkar, 2017; Kadamur

and Ross, 2013; Santulli et al., 2018; Zhang et al., 2016). Alto-

gether, the contrast between the response of E4/4 and that of

iE3/3 human excitatory neurons suggests that iE3/3 excitatory

neurons avoid gene expression changes indicative of calcium

dyshomeostasis and synaptic dysfunction observed in E4/4 hu-

man excitatory neurons in the apoE4 environment.

Differential Responses of Human Excitatory Neurons to
Neuronally Produced (Endogenous) ApoE3 and ApoE4
We next investigated gene expression changes in transplanted

excitatory neurons that result from neuronally expressed

apoE4 (Figure S4A; Table S3). We again saw evidence for a

strong interactive effect between endogenous and exogenous

apoE4 on the transplanted excitatory neurons (Figures S4B

andS4C). In the apoE4 host context, 17 pathways were dysregu-

lated between transplanted E4/4 and transplanted iE3/3 neu-

rons, many of them synaptic. In contrast, in the apoE3 host

context, only two pathways were dysregulated in E4/4

compared with iE3/3 transplants (Figures S4B and S4C). These

findings again suggest that in excitatory neurons, both the diath-

esis of endogenous apoE4 expression and the stress of the

apoE4 environment are necessary to induce the synaptic

dysfunction typically associated with apoE4-expressing neurons

in AD.
(F andG) Genes dysregulated by the E4KImouse environment in E4/4-hiPSC-deriv

in iE3/3-hiPSC-derived excitatory neurons (G). Red points represent an increase

response to the E4KI brain environment. Only genes with a Benjamini-Hochberg

In (C), (D), (F), and (G), Ex denotes excitatory neurons.
Analysis of the genes and pathways dysregulated by neuronal

apoE4 expression in the E4KI brain context again revealed genes

involved in cAMP synthesis and calcium homeostasis (Figures

S4C and S4D). Among them were PRKCA and PRKCG, which

were represented in nearly all dysregulated pathways and were

all significantly upregulated. CAMK2A, CAMK2G, and ADCY9,

all of which affect most dysregulated pathways, were also

altered in the same direction as in the environmental (exogenous)

apoE4 comparison (Figures 4F and S4D). Remarkably, in the

E3KI host brain, all significantly dysregulated pathway genes en-

coded ribosomal subunits, and these ribosomal genes were

consistently downregulated by neuronal apoE4 in the E3KI brain

context, potentially indicating a downregulation of translational

activity (Figure S4E; Table S3).

Differential Responses of iE3/3 and E4/4 Human
Inhibitory Neurons to Environmental (Exogenous) ApoE4
We next looked at how environmental or neuronally expressed

apoE4 affects gene expression in transplanted iE3/3 or E4/4 hu-

man inhibitory neurons, which comprised 9.5%of the total trans-

planted cells (Figures 5A and 5B). We first investigated the

impact of the apoE4 environment on iE3/3 or E4/4 human inhib-

itory neurons (Figure S5A; Table S4). Both iE3/3 and E4/4 human

inhibitory neurons displayed significant KEGGpathway dysregu-

lation when exposed to the E4/4 environment in host E4KImouse

brains. Unlike in excitatory neurons, exogenous apoE4 alone

was sufficient to induce substantial pathway dysregulation in

inhibitory neurons (Figures S5B and S5C). Both iE3/3 and E4/4

human inhibitory neurons had 27 dysregulated pathways in

response to the apoE4 environment (Figure S5C). This result

suggests a selective vulnerability of inhibitory neurons, regard-

less of their apoE genotype, to exogenous apoE4 and the toxic

milieu of the E4KI brain environment.

In examining these dysregulated KEGG pathways, we

observed that iE3/3 human inhibitory neurons exposed to the

E4KI brain displayed dysregulation of many pathways involved

in cell stress, including mitophagy, autophagy, and apoptosis,

as well as neurodegenerative diseases such as Parkinson’s dis-

ease and Huntington’s disease. The gene implicated in the

largest number of dysregulated pathways is MAPK10 (aka

JNK3) (Figure S5D; Table S4), which is activated by cellular

stressors and is known to participate in the development of

NFTs (Yarza et al., 2016). SRC, a non-receptor tyrosine kinase,

was also implicated in multiple pathways (Figure S5D; Table

S4), and Src family tyrosine kinases have been implicated as ge-

netic risk factors in AD, possibly because of their tau phosphor-

ylation activities (Lee et al., 1998; Scales et al., 2011). Finally, we

noted an upregulation in multiple heat shock proteins (HSPs),

including HSP90AA1, HSP90B1, and HSPA6, which are known

to respond to cellular stress and misfolded proteins in general

and relate to tau aggregation in neurodegenerative disease (Fig-

ure S5D; Table S4) (Campanella et al., 2018; Lackie et al., 2017;

Mok et al., 2018; Young et al., 2016). These proteins are uniquely
ed excitatory neurons (F). Genes dysregulated by the E4KImouse environment

in log2 fold change and blue points represent a decrease in log2 fold change in

corrected p < 0.05 are shown. The p values are assigned per cell.
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Figure 5. Differential Responses of Human Inhibitory Neurons to Neuronally Produced (Endogenous) ApoE3 and ApoE4
(A) tSNE clustering indicating a human inhibitory neuron cluster.

(B) Quantification of cell-type percentages represented in isolated transplanted human neurons (inhibitory neurons outlined by the dotted line).

(C) These comparisons were made between E4/4- and iE3/3-hiPSC-derived inhibitory neurons within apoE-genotype-matched mouse hosts. In denotes

inhibitory neurons.

(D) Dotplot displaying the pathways dysregulated in transplanted E4/4 human inhibitory neurons relative to transplanted iE3/3 human inhibitory neurons in the

E4KI mouse host environment and the E3KI mouse host environment. Node size indicates the number of genes dysregulated within the pathway. Shared

pathways are highlighted in blue.

(E) Number of pathways dysregulated by the transplanted human inhibitory neuron apoE4 genotype were similar in the E4KI and E3KI mouse environment, with

little overlap between pathways.

(legend continued on next page)
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upregulated in iE3/3 human inhibitory neurons, but not E4/4 hu-

man inhibitory neurons (Figure S5E; Table S4), in response to the

E4KI brain environment, which suggests the intriguing possibility

that iE3/3 human inhibitory neurons more successfully initiate

adaptive responses to stress than do E4/4 human inhibitory neu-

rons, leaving those E4/4 human inhibitory neurons especially

vulnerable to environmental apoE4.

In E4/4 human inhibitory neurons within the E4KI brain, we

again saw dysregulated pathways indicative of cell stress,

including autophagy and the longevity regulating pathway, but

there were additionally multiple dysregulated pathways related

to protein degradation and secretion (Figure S5C). The transcrip-

tion factors ATF4 and CREB5 were dysregulated in most altered

pathways in E4/4 human inhibitory neurons by environmental

apoE4 and were substantially downregulated in the E4KI brain

context (Figure S5E; Table S4). Both ATF4 and CREB are essen-

tial to synaptic plasticity and memory formation and have been

shown to be dysregulated in AD models and human patients

(Ameri and Harris, 2008; Baleriola et al., 2014; Costa-Mattioli

et al., 2005; Ma et al., 2013; Oliveira and Lourenco, 2016; Ron

and Harding, 2012). Given the essential role of inhibitory neuron

input in regulating synaptic plasticity and memory formation, it is

particularly fascinating that ATF4 and CREB signaling is uniquely

dysregulated in E4/4 human inhibitory neurons in the E4KI host

context, suggesting an interactive effect of endogenous and

exogenous apoE4 on these pathways.

Differential Responses of Human Inhibitory Neurons to
Neuronally Produced (Endogenous) ApoE3 and ApoE4
Finally, we examined gene expression changes in human inhib-

itory neurons caused by neuronally expressed apoE4 across the

E3KI or E4KI host (Figure 5C; Table S5). In contrast to the effect

of neuronal apoE4 expression on human excitatory neurons,

where we found a strong dependence of host apoE genotype,

we found in human inhibitory neurons that neuronal apoE4 alone

is sufficient to induce extensive pathway dysregulation, regard-

less of exposure to the E3KI or E4KI environment (Figures 5D

and 5E). When inspecting the effect of neuronal apoE4 on human

inhibitory neurons in the E3KI mouse brain, we again found dys-

regulation in protein degradation pathways and pathways

involved in fundamental cellular processes, such as p53

signaling, apoptosis, and cellular senescence. In particular, we

saw multiple dysregulated genes that have been previously

implicated in AD inmost dysregulated pathways. These included

CCNE2, which is a member of the cyclin family that contributes

to cell-cycle control (Absalon et al., 2013; Ludwig et al., 2019;

Nguyen et al., 2002); TSC2, which among other functions, con-

tributes to cell-cycle control and has been tied to the mTOR

pathway (Li et al., 2018; Maiese, 2014; Shang et al., 2013); and

MAPK14, a member of the ERK signaling cascade (Figure 5F;

Table S5) (Alam and Scheper, 2016; Bito et al., 1996; Kamat

et al., 2016; Khan and Alkon, 2006; Querfurth and LaFerla,

2010; Silver et al., 2012; Sun and Alkon, 2014; Vitolo et al., 2002).
(F and G) Genes dysregulated by the transplanted human inhibitory neuron apo

transplanted human inhibitory neuron apoE4 genotype in the E4KI mouse environ

represent a decrease in log2 fold change in response to neuronal apoE4. Only gen

assigned per cell.
When we looked at the effect of neuronal apoE4 on human

inhibitory neurons in the E4KI host context, we noted that many

dysregulated pathways were involved in fundamental cell pro-

cesses, such as RNA degradation, the proteasome, and

apoptosis (Figure 5D). When we looked at the genes most heavily

represented in these dysregulatedpathways,we foundsignificant

downregulation of several genes related to misfolded proteins or

the unfolded protein response (UPR), including both HSPA6 and

HSP90AA1; the HSP70 transcription elongation factor EEF1A

(Vera et al., 2014); the protein transporter THOC3, which is neces-

sary for export of HSP mRNAs (Guria et al., 2011; Katahira et al.,

2009); and UBE2J2, which plays an essential role in the ubiquitin

UPR (Figure 5G; Table S5) (Kumar et al., 2015; Scheper and Hoo-

zemans, 2015; Upadhya and Hegde, 2007). HSP family members

have been heavily implicated in the turnover and pathological ag-

gregation of tau (Campanella et al., 2018; Lackie et al., 2017; Mok

et al., 2018; Young et al., 2016), which has previously been shown

to be increased in E4/4 inhibitory neurons (Andrews-Zwilling et al.,

2010;Knoferle etal., 2014;Wangetal., 2018). Thisdownregulation

of multiple HSP family members by neuronal apoE4 in human

inhibitory neurons (Figure 5G) is in sharp contrast to the adaptive

response to host apoE4 that was seen in iE3/3 human inhibitory

neurons (FigureS5D). The coordinateddownregulation ofmultiple

genes involved in chaperoning proper protein folding, as well as

the UPR, suggests that neuronal apoE4 results in a deficit in the

proper folding of proteins and the handling and degradation of

misfolded proteins in human inhibitory neurons.

Human E4/4 Neurons Produce More Ab Aggregates in
E4KI Than in E3KI Mouse Brains
Based on gene expression perturbations revealed from the tran-

scriptomic analysis, which were reminiscent of a response to Ab

toxicity in excitatory neurons, we next investigated whether Ab

is produced and aggregates in or around the transplant area and

whether there are apoE-genotype-dependent effects. There is ev-

idence that human neurons in vitro produce Ab and that E4/4-

hiPSC-derived neurons produce significantly more Ab than E3/

3-hiPSC-derived neurons (Choi et al., 2014; Wang et al., 2018).

However, in traditional 2D in vitromodels, Ab produced by human

neurons does not aggregate, presumably because theAbdiffuses

into the culturemedia (Choi et al., 2014;Wang et al., 2018). Impor-

tantly, without the addition of familial AD (FAD) mutations, neither

E3KI nor E4KI mice produce Ab aggregates in the mouse brain

(Huang, 2010). Therefore, we asked whether human neurons

transplanted into mouse brains develop Ab pathology as a result

of apoE4 exposure. We found 3D6+ Ab aggregates present inside

and near iE3/3 and E4/4 human neuron transplants in both E3KI

and E4KI mice (Figures 6A–6E). Colocalization of Ab staining

with Thioflavin-S staining demonstrated that 3D6+ Ab aggregates

were fibrillar and amyloid plaque-like (Figures 6F–6J). Although

3D6 staining is not exclusive to Ab produced by human cells, we

did see a highly significant difference between the number of

3D6+ aggregates inside and the number outside a 100 mm
E4 genotype in the E3KI mouse environment (F). Genes dysregulated by the

ment (G). Red points represent an increase in log2 fold change and blue points

es with a Benjamini-Hochberg corrected p < 0.05 are shown. The p values are
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Figure 6. Ab from Human E4/4 Neurons

Forms More Aggregates in E4KI Than in

E3KI Mouse Brains

(A–D) 3D6+ Ab aggregates present within and

immediately surrounding human neuronal trans-

plants (arrowheads). Scale bar, 50 mm.

(E) Magnified image of the inset in (D). Scale bar,

25 mm.

(F–I) Thioflavin (green) costaining with 3D6+ ag-

gregates (gray, arrowheads) demonstrates the

plaque-like nature of Ab aggregates. Scale bar,

25 mm.

(J) Magnified image of the inset in (G). Scale bar,

10 mm.

(K) Quantification of percentage of 3D6+ aggre-

gates within or outside a 100 mm perimeter of

human neuronal transplants. E3KI (iE3/3 trans-

plants, n = 16, N = 6; E4/4 transplants, n = 9, N = 5).

E4KI (iE3/3 transplants, n = 12, N = 5; E4/4

transplants, n = 12, N = 4). Data are represented as

mean ± SEM, two-way ANOVA with Sidak’s mul-

tiple comparison test: ****p < 0.0001.

(L) Quantification of the number of 3D6+ aggre-

gates within a 100 mm perimeter per transplant

area. E3KI (iE3/3 transplants, n = 19, N = 6; E4/4

transplants, n = 10, N = 5). E4KI (iE3/3 transplants,

n = 12, N = 5; E4/4 transplants, n = 12, N = 4).

Values are normalized to iE3/3 neurons trans-

planted into the E3KI host. Data are represented

as mean ± SEM, two-way ANOVA with Sidak’s

multiple comparison test, *p < 0.05.
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perimeter of the transplants (Figure 6K). Moreover, when we

looked for 3D6+ aggregates in transplanted mouse brains away

from the transplant area in regions with no mCherry+ cells, we

saw no 3D6+ staining (Figures S6A–S6D). Altogether, these data

strongly indicate that 3D6+ Ab aggregates were produced by the

human neurons. When we quantified the number of 3D6+ Ab ag-

gregates per square micrometer within 100 mmof the transplants,

we saw a significantly higher number of aggregates in E4/4 trans-

plants within E4KI mouse brains than in E4/4 transplants within

E3KI mouse brains (Figure 6L), implicating a stimulatory effect of

exogenously expressed apoE4 in Ab aggregation. There was
10 Cell Reports 32, 107962, July 28, 2020
also a trend toward higher numbers of

3D6+ Ab aggregates per square micro-

meter in E3/3 transplants within E4KI

mouse brains compared with those in

E3/3 transplantswithin E3KImouse brains

(Figure 6L). Therefore, environmental

apoE4appearsmorecritical thanneuronal

apoE4 in promoting human-neuron-

derived Ab aggregation in mouse brains.

Mouse ApoE4 Microglia Contain
Fewer Human-Neuron-Derived Ab
Aggregates Than Mouse ApoE3
Microglia
Because environmental apoE is largely

produced by astrocytes and microglia,

we stained for the microglial marker
IBA1 and the astrocytic marker GFAP to examine differences

in the glial response to human neuronal transplants with different

APOE genotypes. At 7 MPT, staining revealed no significant dif-

ferential infiltration of microglia (Figures S6E–S6I) or astrocytes

(Figures S6J–S6N) into the transplants or toward their perime-

ters, regardless of host or transplant apoE genotype. Costaining

of IBA1 with 3D6 demonstrated that 3D6+ Ab aggregates often

colocalized with mouse microglia (Figures 7A–7D), suggesting

that they were within microglia (Figure 7E). When we measured

colocalization of IBA1+ microglia and 3D6+ Ab aggregates, we

found that there was a significant decrease in the association



Figure 7. Mouse ApoE4 Microglia Contain Fewer Human Neuronal Transplant-Derived Ab Aggregates Than Mouse ApoE3 Microglia,

Regardless of the Transplant ApoE Genotypes

(A–D) IBA1+ microglia (gray) and 3D6+ Ab aggregates (green) within and immediately surrounding transplants. The 3D6+ Ab aggregates not colocalized with

microglia (arrowheads) are dramatically increased in transplants into the E4KI brain (B and D). Scale bar, 25 mm.

(E) Magnified image of the inset in (C). Two arrows indicate that 3D6+ Ab aggregates are inside two IBA1+ microglia. Scale bar, 10 mm.

(F) Quantification of the percentage of 3D6+ Ab aggregates that colocalize with host IBA1+ microglia. E3KI (iE3/3 transplants, n = 17, N = 5; E4/4 transplants, n =

10, N = 4). E4KI (iE3/3 transplants, n = 16, N = 4; E4/4 transplants, n = 16, N = 5). Data are represented as mean ± SEM, two-way ANOVA with Sidak’s multiple

comparison test, **p < 0.01, ****p < 0.0001.
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of Ab aggregates with microglia in E4KI mouse hippocampus

compared with E3KI mouse hippocampus, independent of the

apoE genotype of human neuronal transplants (Figure 7F). These

data suggest that the apoE4 microglia in the E4KI mouse brain

might have impaired phagocytosis of Ab aggregates, leading

to increased accumulation of Ab aggregates in E4KI compared

with E3KI mouse hippocampus.

DISCUSSION

Here we establish via an in vivo chimeric AD modeling system

that exogenously expressed apoE4 and endogenously ex-

pressed apoE4 interact to generate distinct gene expression

changes and differential molecular pathologies in human excit-

atory and inhibitory neurons. We first demonstrated that human

excitatory neurons require both the neuronally expressed apoE4

and the pathological environment of the apoE4-expressing brain

for the most pronounced gene expression changes to occur.

These transcriptomic changes highlight well-characterized path-

ways linked to neurodegeneration, including synaptic dysfunc-
tion and dysregulation of calcium signaling via the PKC cascade

and cAMP. These gene expression changes, unique to excit-

atory neurons, could result from increased intraneuronal Ab

accumulation, which is known to increase intracellular Ca2+

from both extracellular and intracellular sources (Alkon et al.,

2007; Kamat et al., 2016; Kashyap et al., 2019; Popugaeva

et al., 2017; Small, 2009). Alternatively, these gene expression

changes could be a signature of the neuronal response to extra-

cellular events, such as the observed increase of Ab aggregates,

and/or to dysfunctional microglia in their surroundings. Others

have shown that in response to neuronally expressed apoE4,

hiPSC-derived excitatory neurons in vitro dysregulated genes

involved in synaptic function, which were similar to apoE4-

induced gene expression changes in humans (Lin et al., 2018).

Importantly, the chimeric disease modeling system allows us

to go one step further in understanding how the source of

apoE4 may affect synaptic gene expression in vivo. In the

chimeric system, we showed clearly that the most pronounced

gene expression dysregulation in excitatory neurons occurred

only when apoE4 was produced both endogenously and
Cell Reports 32, 107962, July 28, 2020 11
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exogenously, reaffirming the importance of incorporating the

in vivo environment into experiments.

Our data also suggest that inhibitory neurons are more sus-

ceptible to apoE4-mediated gene expression changes than are

excitatory neurons, and both exogenous and endogenous

apoE4 substantially alter their transcription. Furthermore, their

transcriptional response to apoE4 was distinct to that uncovered

in excitatory neurons. Inhibitory neuron responseswere enriched

for the UPR, oxidative stress, and RNA degradation, whereas

excitatory neuron responses were dominated by calcium ho-

meostasis and synaptic function, together suggesting a

neuron-subtype-specific response to apoE4 toxicity. This dysre-

gulation in the UPR could make human inhibitory neurons more

vulnerable to stressors and injuries, pointing to a potential mech-

anism explaining the increased susceptibility of inhibitory

neurons to apoE4’s detrimental effects in AD pathogenesis, as

reported previously (Andrews-Zwilling et al., 2010; Najm et al.,

2019; Wang et al., 2018). Alternatively, this dysregulation of the

UPR could be a downstream effect of some other action that

makes inhibitory neurons especially vulnerable to apoE4. Multi-

ple groups have shown that certain neuron lineages are

selectively vulnerable in the context of various neurodegenera-

tive disorders, and investigating this hypothesis is an intriguing

line of questioning for the future (Fu et al., 2018).

Using this in vivo chimeric AD modeling system, we also

demonstrated that hiPSC-derived neurons without FAD genemu-

tations mimic what we see in human late-onset AD patients and

generate Ab aggregates in vivo and that the E4KI brain environ-

ment leads to increased Ab aggregate accumulation through

increased deposition, decreased clearance, or a combination of

the two. Traditional in vitro 2D models of AD using hiPSC-derived

neurons do not generate Ab aggregates or plaques. Likewise,

E4KI mouse models without FAD gene mutations do not develop

Ab plaques, causing challenges for the in vivo study of apoE4’s

roles in Ab production, accumulation, and clearance in sporadic,

late-onset AD. By taking advantage of this in vivo chimeric

modeling paradigm, we demonstrate that hiPSC-derived neurons

can generate Ab aggregates and plaques without mutations in the

amyloid processing pathway, and that this process is significantly

exacerbated by the apoE4 brain environment.Wedo not see clear

degeneration of transplanted human neurons when exposed to

Ab, as shown elsewhere (Espuny-Camacho et al., 2017). Howev-

er, this is likely an effect of the difference in model systems. More

specifically, the amount of Ab produced in this chimeric disease

model in the context of apoE4 is substantially less than the

amount of Ab produced in APPFAD transgenic mice used in the

other study, in which the former is more representative of spo-

radic, late-onset AD driven by apoE4 and the latter is more repre-

sentative of early-onset FAD. Our apoE4-specific in vivo chimeric

AD model will allow more in-depth studies on human Ab produc-

tion, seeding, aggregation, and clearance and future therapeutic

development, especially for late-onset AD.

Finally, this in vivo chimeric AD modeling system provides

insight into the roles of microglia in human-neuron-derived Ab

aggregate formation and/or accumulation. We showed both

that amyloid plaques are increased in the E4KI host context

and that E4KI microglia colocalize less with Ab aggregates pro-

duced by human neurons. These findings may indicate a deficit
12 Cell Reports 32, 107962, July 28, 2020
in the phagocytic function of apoE4 microglia, as previously re-

ported (Jiang et al., 2008; Lee and Landreth, 2010; Lin et al.,

2018; Yamazaki et al., 2019). Alternatively, Abmight form aggre-

gates inside microglia that are released into the extracellular

space upon microglial death, which may seed plaque formation,

as suggested in some studies (Baik et al., 2016; Shi and Holtz-

man, 2018; Sosna et al., 2018; Spangenberg et al., 2019). In

this case, microglia play a role in generating Ab aggregates,

and apoE4 may predispose microglia to this pathological

process. In the future, microglial ablation experiments, in combi-

nation with hiPSC-derived neuronal transplants, would give us

the opportunity to dissect these two possibilities.

In summary, we have shown that in vivo chimeric disease

modeling using hiPSC-derived neuron subtypes, in combination

with snRNA-seq and immunohistochemistry, can be a powerful

tool for better understanding complex and human-specific dis-

ease mechanisms of AD. This in vivo chimeric AD modeling sys-

tem enables investigation into how diverse brain cell types

interact with human neurons in modulating AD pathologies in

an apoE-genotype-dependent manner in the in vivo environ-

ment. Future experiments using this system will continue to

shed light on human-specific aspects of AD pathogenesis and

potentially lead to novel therapeutics that are only discoverable

by examining human-specific effects of AD pathogenesis in the

in vivo environment.
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Antibodies

Rabbit anti-mCherry Abcam Cat# ab167453; RRID:AB_2571870

Mouse anti-mCherry Abcam Cat# ab125096; RRID:AB_11133266

Rat anti-mCherry Thermo Fisher Scientific Cat# M11217 RRID:AB_2536611

Mouse anti-Human Nuclear Antigen-PE Abcam Cat#ab215755 RRID: N/A

Mouse anti-MAP2 Santa Cruz Biotechnologies Cat# sc-32791; RRID:AB_627948

Mouse anti-TUJ1 Promega Cat# G7121; RRID:AB_430874

Mouse anti-vGlut1 Millipore Sigma Cat#MAB5502 RRID:AB_262185

Rabbit anti-TBR1 Abcam Cat# ab31940; RRID:AB_2200219

Rabbit anti-GABA Sigma Aldrich Cat# a2052; RRID:AB_477652

Mouse anti-OCT-3/4 Santa Cruz Biotechnologies Cat# sc-5279; RRID:AB_628051

Rabbit anti-Nanog Stemgent Cat# 09-0020; RRID:AB_2298294

Mouse anti-TRA-1-81 Millipore Sigma Cat# MAB4381; RRID:AB_177638

Mouse anti-TRA-1-60 Millipore Sigma Cat# MAB4360; RRID:AB_2119183

Mouse anti-HNA Millipore Sigma Cat# MAB1281; RRID:AB_94090

Guinea Pig anti-NeuN Millipore Sigma Cat# ABN90; RRID:AB_11205592

Rabbit anti-NKX2.1 Santa Cruz Biotechnologies Cat# sc-13040; RRID:AB_793532

Moues anti-PAX6 Millipore Sigma Cat# MAB5554; RRID:AB_570718

Rabbit anti-FOXG1 Santa Cruz Biotechnologies Cat# sc-48788; RRID:AB_2231897

Mouse anti-3D6 Elan Pharmaceuticals N/A

Rabbit anti-IBA1 Wako Cat#019-19741 RRID:AB_839504

Mouse anti Human Synaptophysin Millipore Cat# MAB5555 RRID:AB_10553797

Donkey anti-mouse 488nm Thermo Fisher Scientific Cat#A-21202; RRID:AB_141607

Donkey anti-rabbit 488nm Thermo Fisher Scientific Cat#A-21206; RRID:AB_2535792

Donkey anti-mouse 594nm Thermo Fisher Scientific Cat#R37115; RRID:AB_2556543

Donkey anti-rabbit 594nm Thermo Fisher Scientific Cat#A-21207; RRID:AB_141637

Donkey anti-rat 594nm Thermo Fisher Scientific Cat#A-21209; RRID:AB_2535795

Donkey anti-guinea pig 647nm Jackson ImmunoResearch Cat#706-605-148; RRID:AB_2340476

Chemicals, Peptides, and Recombinant Proteins

Hibernate (HEB) medium BrainBits LLC Cat#HAB 500

MACS Smart Strainer Miltenyi Biotech Cat#130-110-915

24-well Coverslips Corning Cat#354085

Mouse-on-Mouse Blocking Reagent Vector Labs Cat#MKB-2213;

Normal Donkey Serum Jackson Labs Cat#017-000-121

Triton-X Millipore Sigma Cat#T8787-250mL

Tween-20 Millipore Sigma Cat#P2287-500mL

Accutase Millipore Sigma Cat#SCR005

NEAA GIBCO Cat#11140-050

Glutamax GIBCO Cat#35050-061

Pen/Strep GIBCO Cat#15140-122

SB Stemgent Cat#04-0010-10

LDN Stemgent Cat#04-0074

Rock Inhibitor Tocris Cat#1254

bFGF Peprotech Cat#100-18C
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EGF Peprotech Cat# AF-100-15

Poly-L-Lysine Sigma Cat#4707

PBS Thermo Fisher Scientific Cat# 14190250

Laminin GIBCO Cat#23017-015

DMEM/F12 GIBCO Cat#11330-032

Neurobasal GIBCO Cat# 21103-049

DAPT Tocris Cat#2634

BDNF Peprotech Cat#450-02

GDNF Peprotech Cat#450-10

Matrigel hESC Qualified Corning Cat#354277

Matrigel Growth Factor Reduced Corning Cat#354230

N2 Supplement Thermo Fisher Scientific Cat#17502048

mTESR Stemcell technologies Cat#85850

B27 Supplement Thermo Fisher Scientific Cat#17504044

Thioflavin-S Sigma Aldrich Cat#T-1892

DNaseI Roche Cat#04536282001

Ketamine Henry Schein Cat#1049007

Xylazine (Anased) Henry Schein Cat#1311139

Isofluorane Henry Schein Cat#029405

Buprenorphine Henry Schein Cat#055175

Ketofen Henry Schein Cat#005487

Avertin (2,2,2-Tribromoethanol) Millipore Sigma Cat#T48402

ProLong Gold with DAPI Thermo Fisher Scientific Cat#P36931

InVivoMab anti-mouse CD40L (CD154)

Clone MR-1

BioXCell Cat#BE0017-1

InVivoMab anti-mouse CTLA-4 (CD152)

Clone 9D9

BioXCell Cat#BE0164

InVivoMab anti-mouse LFA-1a (CD11a)

Clone M17/4

BioXcell Cat#BE0006

Critical Commercial Assays

Chromium Single Cell 30 Library/Gel Bead

kit v3

10x Genomics Cat#1000092

Deposited Data

Kyoto Encyclopedia of Genes and

Genomes (KEGG)

Kanehisa and Goto, 2000 https://www.genome.jp/kegg/kegg1.html

Raw snRNA-seq data This manuscript GEO: GSE152867

Processed snRNA-seq data This manuscript Tables S1, S2, S3, S4, and S5

Experimental Models: Cell Lines

Human: Isogenic ApoE3/3 iPSC line Wang et al., 2018 N/A

Human: ApoE4/4 iPSC line Wang et al., 2018 N/A

Experimental Models: Organisms/Strains

Mouse: ApoE4-KI: B6.129P2-

Apoetm3(APOE*4)Mae N8

Taconic Cat#1549-F

Mouse: ApoE3-KI: B6.129P2-

Apoetm2(APOE*3)Mae N8

Taconic Cat#1548-F

Oligonucleotides

Primer: Junction Forward

CGGTTAATGTGGCTCTGGTT

Mandegar et al., 2016 N/A

Primer: Junction Reverse

GTGGGCTTGTACTCGGTCAT

Mandegar et al., 2016 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: WT-AAV Forward

CGGTTAATGTGGCTCTGGTT

Mandegar et al., 2016 N/A

Primer: WT-AAV Reverse

AGGATCCTCTCTGGCTCCAT

Mandegar et al., 2016 N/A

Recombinant DNA

Plasmid: pCas9-GFP Ding et al., 2013 Addgene Plasmid Cat# 44719

RRID:Addgene_44719

Plasmid: gRNA_AAVS1_T2 Mali et al., 2013 Addgene Plasmid Cat# 41818

RRID:Addgene_41818

Plasmid: CAG-mCherry Chen et al., 2016 Addgene Plasmid Cat# 80946

RRID:Addgene_80946

Software and Algorithms

Seurat v2.3.4 Butler et al., 2018; Stuart et al., 2019 https://cran.r-project.org/web/packages/

Seurat/index.html

Rmagic v1.0.0 van Dijk et al., 2018 https://cran.r-project.org/web/packages/

Rmagic/index.html

limma v3.34.9 Ritchie et al., 2015 https://bioconductor.org/packages/

release/bioc/html/limma.html

gplots v3.0.1 CRAN https://cran.r-project.org/web/packages/

gplots/index.html

Cellranger v2.0.1 10x Genomics https://github.com/10XGenomics/

cellranger

R v.3.4.2 R Core Team, 2019 http://www.R-project.org/

Axon pCLAMP Molecular Devices https://mdc.custhelp.com/app/answers/

detail/a_id/18779/~/axon%E2%84%

A2pclamp%E2%84%A2-10-

electrophysiology-data-acquisition-%

26-analysis-software-download

IGOR Pro WaveMetrics https://www.wavemetrics.com/

Other

BD FACSAria-II BD Biosciences http://www.bdbiosciences.com/

documents/BD_FACSAria_

II_cell_sorter_brochure.pdf

Chromium Controller & Next GEM

Accessory Kit

10x Genomics Cat#120223

Nucleofector II Amaxa Cat# AAB-1001

Illumina NovaSeq 6000 Illumina https://www.illumina.com/systems/

sequencing-platforms/novaseq.html
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Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yadong

Huang (yadong.huang@gladstone.ucsf.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The datasets generated during this study have been deposited to the NCBI Gene Expression Omnibus with the accession code

GSE152867. In addition, processed data are available in the Supplemental Information. The KEGG pathway database used for

pathway analysis is available at https://www.genome.jp/kegg/kegg1.html (Kanehisa and Goto, 2000).
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Mice
Mice with human apoE3 or apoE4 knocked-in at the mouse Apoe locus on a C57BL/6 background were originally obtained from Ta-

conic (Sullivan et al., 2004). All animals were bred in-house using trio breeding producing 8–10 pups per litter on average, which were

weaned at 28 days. Female littermates at 6–7 months of age were randomly assigned to experimental groups. Animals were housed

in a pathogen-free barrier facility on a 12hr light cycle (lights on at 7 am and off at 7 pm) at 19–23�C and 30%–70% humidity. Animals

were identified by ear punch under brief isofluorane anesthesia and genotyped by polymerase chain reaction (PCR) of a tail clipping at

both weaning and perfusion. All animals otherwise received no procedures except those reported in this study. All animal experi-

ments were conducted in accordance with the guidelines and regulations of the National Institutes of Health, the University of

California, and the Gladstone Institutes under IACUC protocol AN117112.

Cell Lines
All hiPSC lines were derived from human skin fibroblasts from female donors and reprogrammed as previously described (Wang

et al., 2018) and were maintained at 37�Cwith 5% humidity. All hiPSC lines were characterized for normal pluripotency gene expres-

sion, apoE genotypes, karyotypes, and capability of differentiating into neural stem cells as well as different types of neurons in

culture. All hiPSC lines were tested negative for mycoplasma.

METHOD DETAILS

Generation of mCherry-expressing hiPSC lines
The E4/4 hiPSC line was generated as described (Takahashi and Yamanaka, 2006; Takahashi et al., 2007) from skin fibroblasts of a

subject with an APOE4 genotype. The isogenic E3/3 hiPSC line was generated from this parental E4/4 hiPSC line as previously

described (Wang et al., 2018). hiPSCs were maintained under feeder-free conditions in mTeSR1 medium (STEMCELL Technologies)

and routinely passaged 1:10–1:15 by brief treatment with Accutase (Millipore). The hiPSC protocol was approved by the Committee

on Human Research at the University of California San Francisco. To achieve constitutive mCherry expression, we knocked in an

mCherry expression cassette into the AAVS1 locus of both the E4/4 hiPSC line and the isogenic E3/3 hiPSC line. pCas9-GFP (Addg-

ene #44719) (Ding et al., 2013), and gRNA_AAVS1_T2 (Addgene #41818) (Mali et al., 2013) were used to target the AAVS1 locus and

insert the CAG-mCherry expression cassette (Addgene #80946) (Chen et al., 2016). Integration of the construct at the proper locus

was analyzed by PCR similarly to previous methods (Mandegar et al., 2016). A Junction PCR spanning the 30 end of the wild-type

sequence and the 50 site of the construct was used to assess proper targeting. Primers for the 30 end of the wild-type sequence

and 50 end of the construct were 50-CGGTTAATGTGGCTCTGGTT-30 and 50-GTGGGCTTGTACTCGGTCAT-30 respectively (ex-

pected product size = 1068bp). Additionally, homozygosity of mCherry integration was tested by PCR spanning the wild-type

sequence. Successfully homozygous integration would result in no band in the PCR gel as the expected sequence was over 8kb

and therefore too large for a successful standard PCR reaction. Primers used included (WT-AAV-F) 50-CGG

TTAATGTGGCTCTGGTT-30 and (WT-AAV-R) 50-AGGATCCTCTCTGGCTCCAT-F’.

Generation of hiPSC-derived neurons
Mixed hiPSC-derived neuronal populations were derived based on methods developed previously from our lab (Wang et al., 2018).

Three 10cm-dishes (Corning) of 85% confluent hiPSCs were dissociated with a 5–8 min treatment of warm Accutase (Millipore). Ac-

cutase was then neutralized by addition of equal volume of N2B27 medium (50% DMEM/F12 (GIBCO), 50% Neurobasal Medium

(GIBCO), 1% NEAA (GIBCO), 1% Glutamax (GIBCO), 0.5% Pen/Strep (GIBCO), 1X N2 Supplement (GIBCO), 1X B27 Supplement

(GIBCO)). The dissociated hiPSCs were centrifuged and re-suspended in N2B27 medium with the addition of 10 mM SB (Stemgent)

and 0.25 mM LDN (Stemgent) as well as 10 mM Rock Inhibitor (Tocris) in a T-175 flask (Thermo Scientific). Flasks were briefly shaken

by hand every hour for the first 3 h after dissociation to aid in the formation of small spheres and prevent large sheets of cells aggre-

gating. After 24 h, hiPSCs formed embryoid bodies (EBs) andwere centrifuged at 200 g for 3min, mediumwas aspirated and spheres

were resuspended in N2B27 medium containing 10 mMSB and 0.25 mM LDN only. This was repeated every 48 h for 10 days. On day

10, the EBs were plated down onto two 10cm dishes coated with growth factor reduced Matrigel (Corning) and allowed to form

neuronal rosettes. The rosettes were sustained in N2B27 media alone and half of the media was replaced every 48–72 h depending

on confluency and media consumption. On day 21, rosettes were dissociated with Accutase for 8–10 min. Accutase was then

neutralized with an equal volume of N2B27 medium, and cells were collected and centrifuged at 200 g for 3 min. The cells were

then resuspended in N2B27 medium supplemented with bFGF (5 ng/mL) (Peprotech) and EGF (20 ng/mL) (Peprotech) and allowed

to form neurospheres in suspension in a T-175 flask. The neurospheres were maintained for 14 more days in suspension with cells

centrifuged and re-suspended in N2B27 medium with 5 ng/mL bFGF (Peprotech) and 20 ng/mL EGF (Peprotech) every 48–72 h de-

pending on media consumption. On Day 35, neurospheres were collected by centrifugation (200 g for 3 min) and resuspened in

Accutase (Millipore) for 8–10 min at 37�C for dissociation with brief, gentle pipetting, as needed. Once spheres were disassociated,

mediumwas added to bring the total volume of the cell suspension up to 40mL, which was filtered through a 40 mmstrainer (Fisher) to

ensure a single cell suspension. The cells were then collected by centrifugation, resuspended in N2B27 medium, and counted to
e4 Cell Reports 32, 107962, July 28, 2020
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determine cell concentration. Once appropriate cell numbers were determined, they were plated at 30,000 cell/cm2 onto tissue cul-

ture plates, or glass coverslips (Corning) for immunocytochemistry, that were pre-coated with Poly-L-Lysine (Sigma, 0.1 mg/mL)

overnight at 37�C, washed 3X with DPBS (GIBCO), and then further coated with Laminin (GIBCO, 6 mg/mL) overnight at 37�C. During
neuronal differentiation, themediumwas supplemented with 10 mMDAPT (Tocris), 10 ng/mLBDNF (Peprotech), and 10 ng/mLGDNF

(Peprotech) for one week, after which DAPT was removed and 10 ng/mL BDNF and 10 ng/mL GDNF were maintained. 75% of the

culture medium was replaced on maturing neurons every 3–4 days.

Immunocytochemistry
Cells plated on glass coverslips were fixed in 4%paraformaldehyde for 15 min and washed three-times for 5 min/wash with 1X-PBS.

Cells were treated with 0.5% Triton-X in PBS for 5 min followed by 1 h blocking with 10% Normal Donkey Serum, 0.5% Triton-X in

PBS before incubation with primary antibodies diluted in antibody dilution buffer (3% Donkey Serum in PBS) overnight at 4�C. Cells
were then washed three-times for 5 min/wash with 1X PBS and incubated for 1-hour at room temperature with fluorescently conju-

gated secondary antibodies diluted in antibody dilution buffer (See Key Resources Table). Cells were mounted with Vectashield Gold

containing DAPI for nuclear staining. Images were collected with an inverted epifluorescence microscope (Keyence).

Transplantation
hiPSC-derived neurons (D42-49; i.e., +1 to +2 weeks of maturation, see Figure S2A) were washed in 1X PBS which was then aspi-

rated and replaced with warm Accutase (Millipore) for 15 min or until neurons dissociated with gentle tapping. Accutase (Millipore)

was neutralized with N2B27 medium to bring total volume > 30 mL and then cells were filtered through a 40 mm strainer (Fisher) to

ensure a single cell suspension. Single cells were then centrifuged and resuspended to concentration of 1000 cells/nL in 1X HBSS

(GIBCO) supplemented with 10 ng/mL BDNF (Peprotech), 10 ng/mL GDNF (Peprotech) and 100 ng/mL DNaseI (Roche) and kept at

4�C until transplantation. ApoE4-KI and apoE3-KI mice were anesthetized with an intraperitoneal injection of ketamine (60 mg/kg)

and xylazine (30 mg/kg) and maintained on 0.8%–1.0% isofluorane (Henry Schein). The head was secured with earbars and a tooth

bar in a stereotaxic alignment system (Kopf Instruments). Fur was removed from the scalp, which was then sterilized with alternating

swabs of chlorhexidine and 70%ethanol. The scalp was opened and sterilized with 3% hydrogen peroxide. Cell suspensions (�1000

cells/nL) were loaded into �60 mm tip diameter, 30� beveled glass micropipette needles (Nanoject, Drummon Scientific Company).

Bilateral rostral and caudal stereotaxic sites were drilled with a 0.5mmmicroburr (Foredom, Fine Science Tools), and the coordinates

used for hilar transplantation were X = ± 1.65, Y = 2.00, Z = 1.7 and X = ± 2.90, Y = 3.20, Z = 2.2, with Z measured from the surface of

the brain (David Kopf Instruments). At each transplantation site,�20nL (�20,000 cells) were injected and allowed to diffuse for 3 min.

There were two hippocampal transplantation sites on each hemisphere (a total of four transplantation sites per mouse). For recovery,

mice were sutured with 6–0 monofilament nonabsorbent nylon sutures (Ethicon), administered analgesics ketophen (5 mg/kg sub-

cutaneously) and buprenorphine (0.0375 mg/kg intraperitoneally), and monitored on a heating pad until ambulatory. Immunosup-

pressants were administered immediately after transplantation (day 0) via intraperitoneal injection followed by injections on day 2,

4, and 6 post transplantation. Immunosuppressants were comprised of a cocktail of anti-mouse CD40L (CD154) (BioXCell), anti-

mouse CTLA-4 (CD152) (BioXCell), and anti-mouse LFA-1a (CD11a) (BioXcell), and all were used at a concentration of 20 mg/kg.

Immunohistochemistry
At 7 months post transplantation (MPT), animals were deeply anesthetized with avertin and perfused with 0.9% saline solution.

Mouse brains were then collected and followed by 48 h incubation in 4% PFA at 4�C, 24 h incubation in 1X PBS, and 48 h in

30% Sucrose (Sigma) or until sunk. Coronal sections were cut on a microtome at a thickness of 30 mm and stored in cryoprotectant

solution (30% Ethylene Glycol, 30% Glycerol, 40% 1X PBS) at �20�C. For immunohistochemical staining, every tenth section was

first transferred to a 24-well plate in PBS and were then washed 3x10min in PBS to remove cryoprotectant solution and another

2x15min in PBS-T (PBS + 0.1% Tween-20 (Sigma)). Slices were then transferred to blocking solution (10% NDS, 0.2% Gelatin

(Sigma), 0.5% Triton-X (Sigma) in PBS) for 1 h at room temperature. After blocking, slices were washed 1x10min in PBS. PBS

was then aspirated and slices were incubated in Mouse on Mouse Blocking Buffer (M.O.M Vectashield kit (1 drop M.O.M IgG/

5mL PBS) for 1 h at room temperature. After M.O.M block, slices were incubated in primary antibody diluted in M.O.M antibody dilu-

tion buffer ([1:12.5] M.O.M Protein Concentrate) at 4�C overnight. After primary antibody incubation, slices were washed 3x10 min in

PBS-T (PBS + 0.1% Tween-20 (Sigma)) and then incubated in fluorescent secondary antibodies diluted in M.O.M antibody dilution

buffer for 1 h at room temperature protected from light. After secondary antibody incubation, slices were washed 3x10 min in PBS

and mounted onto microscope slides and mounted with Vectashield with DAPI (Vector Laboratories). When performing Thioflavin-S

staining, floating sections were stained with 0.015% thioflavin-S in 50% ethanol diluted in PBS for 10 min, washed three-times for

5 min/wash with 1X PBS before mounting. Images of transplants were collected with an LSM 880 confocal microscope (Zeiss)

Electrophysiology
Transplanted mice were deeply anesthetized with isoflurane and decapitated. The brain was rapidly removed from the skull and

placed in the 4�C slicing solution comprised of 110 mM Choline Chloride, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3,

2 mMCaCl2, 1.3 mMNa Pyruvate, 1 mM L-Ascorbic Acid, and 10 mM dextrose. 300mm sagittal sections were cut using a vibratome

(VT 1200s, Leica). Following slicing, the slices were transferred into a vapor interface chamber aerated with 95% O2/5% CO2 gas
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mixture and allowed to recover at 34�C for 1 h before recording. Cultured cells or brain sliceswere placed into a submerged recording

chamber at 34�C perfused at 10 mL/min with oxygenated aCSF solution comprised of 124 mM NaCl, 26 mM NaHCO3, 10 mM

Glucose, 1.25 mM NaH2PO4, 2.5 mM KCl, 1.25 mMMgCl2, and 1.5 mM CaCl2. Patch pipettes were filled with potassium-gluconate

based solution containing 122.5 mMK-gluconate, 8mMKCl, 10mMHEPES, 2 mMMgCl2, 0.2 mMEGTA, 2 mMATPNa, and 0.3 mM

GTPNa. For synaptic current recordings in cultured cells, cesium-based intracellular solution was used containing 130 mM CsCl,

1 mM CaCl2, 2 mMMgCl2, 10 mM HEPES-NaOH, 0.2 mM EGTA-KOH, 2.5 mM Na2ATP and 0.5 mM Na2GTP. Neurons were imaged

using a modified Olympus BXW-51 microscope with a 60x objective (Scientifica Inc, Great Britain). Patch-clamp recordings were

performed using a Multiclamp 700B amplifier (Molecular Devices, CA, USA). The signals were sampled at 10 kHz, low-pass filtered

at 0.2 kHz and digitized using a Digidata 1550B with Axon pCLAMP software (Molecular Devices, CA, USA). Data analysis was

performed using custom software in IgorPRO (Wavemetrics Inc, USA). For cultured cells’ synaptic current recordings, 6-cyano-7-

nitroquinoxaline-2,3-dione (CNQX, 20 mM), D-(–)-2-amino-5-phosphonopentanoic acid (APV, 50 mM) were applied in the ACSF to

selectively block excitatory synaptic currents, and SR95531 (Gabazine, 25 mM) to block GABAA receptor-mediated currents. Spon-

taneous post-synaptic currents (PSCs) were recorded in voltage-clamp configuration at a holding potential of�70mV. For recordings

in ex-vivo brain slices, target neurons were identified by mCherry fluorescence; spontaneous post-synaptic currents (sPSCs) were

recorded in voltage-clamp mode at a holding potential of �70mV

Single nuclei FACS sorting of transplanted human neurons from mouse hippocampi
Hippocampi were isolated from single hemispheres of the transplanted mice at the time of euthanasia, immediately frozen in dry ice

and stored at �80�C. The relative contribution of each transplant condition to the FACS sorting was as follows: E3KI::iE3/3 trans-

plants N = 6; E3KI::E4/4 transplants N = 6;E4KI::iE3/3 transplants N = 6; E4KI::E4/4 transplants N = 5. For isolation of human nuclei,

hippocampi were thawed and incubated in HEB (BrainBits LLC)(1mL/ hippocampi) and kept on ice. 2mL chilled lysis buffer was then

added to the tissue and was homogenized with 21G needle. Tissue was lysed on ice for 15 min and swirled to mix. This was repeated

3 times during incubation. Lysed hippocampi were titrated 5-7 times with 1mL pipette. Lysate was then washed in 30 mm MACS

Smart Strainer to remove large clumps and then centrifuged at 500 g for 5 min are 4�C. Supernatant was aspirated and pellet

was washed with 1mL Nuclei Wash and Resuspension Buffer. Nuclei were centrifuged at 500 g for 5 min at 4�C and supernatant

was then aspirated. The nuclear pellet was resuspended in 500 mL staining buffer (0.5% RNase-free BSA and 0.2 mg/mL RNasin

Plus RNase inhibitory in RNase-free PBS) and incubated for 15 min on ice to allow for blocking of non-specific antibody binding.

100 mL of samples were removed for negative control staining. After blocking, anti-human nuclear antigen antibody conjugated to

phycoerythrin was added to the nuclei solution [1:100] and incubated at 4�C for 30 min rotating. After incubation, samples were

washed by adding 500 mL of staining buffer to each tube and inverting several times. Samples were then collected by centrifugation

for 5 min at 400 g at 4�C. Supernatant was aspirated, and nuclei were resuspended in 500 mL staining buffer for FACS sorting, with

DAPI (0.1 mg/mL) added directly before sorting on Aria FACS sorter (BD Biosciences).

Human cDNA library preparation and sequencing
cDNA libraries were prepared using the Chromium Single Cell 30 Library and Gel Bead kit v3 (10x Genomics: 1000092) according to

the manufacturer’s instructions. Libraries were sequenced on an Illumina NovaSeq 6000 sequencer at the UCSF CAT Core.

Pre-processing and clustering of human-nucleus RNA sequencing samples
The samples were aligned with Cellranger v.2.0.1 to a custom reference genome built from GRCh38-3.3.0 that includes introns, as

nuclear pre-mRNA includes intronic portions. Each of the filtered UMI count matrices was loaded into Seurat v.2.3.4 (Butler et al.,

2018; Stuart et al., 2019). Data were filtered to include only protein coding genes. Cells were filtered to include only cells with

100–1000 genes detected, 100–2000 UMI, and < 0.05%mitochondrial reads. This quality assurance process resulted in a final matrix

of 33,538 genes by 13,648 nuclei. The gene expression matrices were then log-normalized with a scale of factor of 10,000. Highly

variable genes were selected by filtering for an average expression range of 0.25 to 8 and a minimum dispersion of 1.25, resulting

in a list of 2,430 genes. Principal components (PCs) were calculated and visually examined as an elbow plot. The shared-nearest

neighbor graph was constructed using the first 16 PCs and a resolution of 0.2 resulting in a set of 10 distinct clusters. Visualization

of clusters was performed with a t-stochastic neighbors embedding (tSNE), again using the first 16 PCs.

Cell-type assignment of hiPSC-derived neurons from transplants
Data visualization by tSNE revealed clusters where transplanted samples were intermingled, with no discernable evidence of batch

effects by donor or host. Marker genes for each cluster were calculated using the FindAllMarkers function in Seurat, using the Wil-

coxon rank sum test, with the parameters logfc.threshold = 0.25 and min.pct = 0.1. Broad cell classes, such as excitatory and inhib-

itory neurons, astrocytes, and oligodendrocytes were identified on the basis of canonical markers, and markers derived from previ-

ous RNA sequencing data on sorted cell types.

Image analysis
Confocal fluorescent images (z stacks) were acquired using a Zeiss LSM880 Confocal microscope. Image analysis was performed

using custom macros written in the open source Fiji (ImageJ) software. Quantification of 3D6+ puncta was performed by manually
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counting each puncta andmeasuring its distance from the edge of the transplant in order to determine if it was within a 100 mmperim-

eter. Analyses of 3D6+ puncta, 3D6/IBA1 colocalization, as well as Iba-1+ and GFAP+ cell counts were conducted manually, but

blinded to samples, again to exclude the possibility of bias.

QUANTIFICATION AND STATISTICAL ANALYSIS

Where applicable, all statistical details of the experiments including tests used, value of n, definition of center, and dispersion mea-

sures can be found in the corresponding figure legend. Additional description of statistical methods used is detailed on a per-exper-

iment basis below.

MAGIC imputation
The raw counts data were filtered to include only genes with >100 reads across all nuclei, library size and square-root normalized as

previously described (van Dijk et al., 2018). Data were then imputed with the magic function, allowing the function itself to set the

optimal parameters. All feature plots are derived from the Magic imputed dataset.

Gene expression network analysis
Proportion of shared genes in KEGG pathways was calculated using custom software in R, with KEGG annotations from the limma

package.

Groupwise statistics on immunohistochemical analysis
All immunohistochemical statistics were conducted as a two-way ANOVA in Graphpad Prism 7 (Graphpad Software Inc.). When a

central value is plotted it is always ± SEM, as indicated in figure legends. In all cases, n represents the number of transplant images

which were used for quantification and N represents the number of mice from which the transplant images were gathered. All image

quantificationwas based on number of transplant images. Significancewas established as p < 0.05. No datawere excluded based on

statistical tests. p values displayed are from Sidak’s multiple comparisons post hoc tests.
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Figure S1. Genotyping validation and characterization of AAVS1-mCherry E4/4-hiPSC and iE3/3-
hiPSC lines. Related to Figure 1. 
(A) Construct and genotyping strategy for AAVS1 targeting of the mCherry transgene expression 
cassette. The red arrows and blue arrows indicate PCR primers for AAVS1 locus insertion or 
homozygosity, respectively.  
(B and C) PCR genotyping of mCherry-containing hiPSC clones. The expected PCR products for 
correctly targeted AAVS1 locus are ~1000bp (B). Two selected clones with a red asterisk 
underwent a further homozygosity assay and clones with the PCR products of ~650bp are 
heterozygous and the clones without PCR products are homozygous (blue asterisk).  
(D) Phase contrast image of the homozygous AAVS1-mCherry+ iE3/3-hiPSC Clone 4. Scale bar, 
100µm.  



(E–I) Immunocytochemical staining for mCherry (E) and classical pluripotency markers (F–I) in the 
homozygous AAVS1-mCherry+ iE3/3-hiPSC Clone 4. Scale bar, 100µm.  
(J) Karyotype of the homozygous AAVS1-mCherry+ iE3/3-hiPSC Clone 4.  
(K) Phase contrast image of the homozygous AAVS1-mCherry+ E4/4-hiPSC Clone 5. Scale bar, 
100µm.  
(L–P) Immunocytochemical staining for mCherry (L) and classical pluripotency markers (M–P) in 
homozygous AAVS1-mCherry+ E4/4-hiPSC Clone 5. Scale bar, 100µm.  
(Q) Karyotype of the homozygous AAVS1-mCherry+ E4/4-hiPSC Clone 5. 
  



 

Figure S2. Validation of hiPSC-derived neuronal progenitor lineages. Related to Figure 2. 
(A) Schematic of neuronal differentiation strategy. Transplantation was performed when 
neurons were between +1 week (wk) and +2 weeks of maturation.  
(B–D) Immunostaining of iE3/3-mCherry neuronal progenitors at day 21 for classical markers of 
the telencephalon (FOXG1), dorsal cortical progenitors (PAX6), and the MGE (NKX2.1). Scale bar, 
100µm.  
(E–G) Immunostaining of E4/4-mCherry neuronal progenitors at day 21 for classical markers of 
the telencephalon (FOXG1), dorsal cortical progenitors (PAX6), and the MGE (NKX2.1). Scale bar, 
100µm.  



 

Figure S3. Lineage validation of transplanted human cells based on gene expression profile 
derived from snRNA-seq. Related to Figure 3. 
(A) tSNE clustering of transplanted human cells at 7 months post-transplantation. Cluster 1: 
inhibitory neurons, Clusters 2–5: excitatory neurons, Clusters 6–8: neuronal progenitors, Cluster 
9: oligodendrocytes, Cluster 10: astrocytes.  
(B) Quantification of the number of cells per cluster in the transplanted cells. 



(C) tSNE clustering of transplanted human cells grouped by sample.  
(D) Quantification of the fraction of cells from each sample per cluster. 
(E) Heatmap displaying genes representative of lineages present in transplanted human cells. 
(F) Feature plots displaying the distribution of classical markers of lineages present in 
transplanted human cells.  
(G) Quantification of the percent of cell lineages from all transplants combined. 
(H) Quantification of the fraction of cell types present within each transplantation group. 
  



 

Figure S4. Differential responses of human excitatory neurons to neuronally produced 
(endogenous) apoE3 and apoE4. Related to Figure 4. 
(A) These comparisons were made between E4/4- and iE3/3-hiPSC-derived human excitatory 
neurons within apoE-genotype-matched mouse hosts. Ex denotes excitatory neurons.  



(B) Many more pathways were dysregulated by transplanted excitatory neuronal apoE4 
genotype in the E4KI mouse host environment than in the E3KI mouse host environment.  
(C) Dotplot indicating the pathways dysregulated by transplanted excitatory neuron apoE4 
genotype in the E4KI mouse host environment and in the E3KI mouse host environment. Node 
size indicates the number of genes dysregulated within the pathway. Shared pathways are 
highlighted in blue. 
(D and E) Genes dysregulated by transplanted human excitatory neuron apoE4 genotype in the 
E4KI mouse environment (D) and in the E3KI mouse environment (E). Red points represent an 
increase in Log2 fold change and blue points represent a decrease in Log2 fold change in response 
to neuronal apoE4. Only genes with a Benjamini-Hochberg corrected p < 0.05 are shown. P-values 
are assigned on a per-cell basis.      



 

Figure S5. Differential responses of iE3/3 and E4/4 human inhibitory neurons to environmental 
(exogenous) apoE4. Related to Figure 5.  
(A) These comparisons were made for apoE-genotype-matched hiPSC-derived human inhibitory 
neurons across E4KI and E3KI mouse hosts.  



(B) The number of pathways dysregulated by the E4KI mouse host environment was equal in E4/4 
hiPSC-derived human inhibitory neurons and in iE3/3 hiPSC-derived human inhibitory neurons.  
(C) Dotplot indicating the pathways dysregulated by the E4KI mouse host environment in E4/4 
hiPSC-derived human inhibitory neurons and in iE3/3 hiPSC-derived human inhibitory neurons. 
Node size indicates the number of genes dysregulated within the pathway. Shared pathways are 
highlighted in blue. 
(D and E) Genes dysregulated by the E4KI mouse environment in iE3/3 hiPSC-derived human 
inhibitory neurons (D) and in E4/4 hiPSC-derived human inhibitory neurons (E). Red points 
represent an increase in Log2 fold change and blue points represent a decrease in Log2 fold 
change in response to the E4KI brain environment. Only genes with a Benjamini-Hochberg 
corrected p < 0.05 are shown. P-values are assigned on a per-cell basis.       
In panels A, C, D, and E, In denotes inhibitory neurons.  



 

Figure S6. Contribution of mouse cells to Ab staining and response of mouse glial cells to hiPSC-
derived neuron transplants. Related to Figures 6 and 7. 
(A–D) Immunohistochemical staining of Ab (green) in regions distal to the transplant core. Note 
that in the region where there were no mCherry+ (red) human neurons, there was no 3D6+ Ab 
staining. Scale bar, 100µm. 



(E–H) Immunohistochemical staining of IBA1+ (green) mouse microglia in and on the perimeter 
of the mCherry+ (red) human neuronal transplants. Scale bar, 50µm.  
(I) Quantification of the number of IBA1+ mouse microglia per area within the mCherry+ human 
neuronal transplants (left) and number of IBA1+ mouse microglia per area on the perimeter of 
the mCherry+ human transplants (right). Values are normalized to the E3KI brain transplanted 
with iE3/3-neurons (E3KI: iE3/3 transplants, n = 10, N = 3; E4/4 transplants, n = 6, N = 3. E4KI: 
iE3/3 transplants, n = 5, N = 3; E4/4 transplants, n = 7, N = 3).  Data are represented as Mean ± 
SEM, two-way ANOVA with Sidak's multiple comparisons test.  
(J–M) Immunohistochemical staining of GFAP+ (green) mouse astrocytes in and on the perimeter 
of the mCherry+ (red) human neuronal transplants. Scale bar, 50µm.  
(N) Quantification of the number of GFAP+ mouse astrocytes per area within the mCherry+ human 
neuronal transplants (left) and number of GFAP+ mouse astrocytes per area on the perimeter of 
the mCherry+ human neuronal transplants (right). Values are normalized to the E3KI brain 
transplanted with iE3/3-neurons (E3KI: iE3/3 transplants, n = 10; E4/4 transplants, n = 6. E4KI: 
iE3/3 transplants, n = 5; E4/4 transplants, n = 7). Data are represented as Mean ± SEM, two-way 
ANOVA with Sidak's multiple comparisons test. 
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