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ABSTRACT OF THE DISSERTATION

Analysis of Glial Transcriptomes in Health and Disease

by

Mitchell Krawczyk
Doctor of Philosophy in Neuroscience
University of California, Los Angeles, 2023

Professor Ye Zhang, Chair

Glia are integral components of the central nervous system. Astrocytes, microglia,
oligodendrocytes, and oligodendrocyte progenitor cells are numerous, ubiquitous cells
that perform vital and wide-ranging functions from ion homeostasis to immune defense.
However, neuroscience research historically adopted a neuron-centric framework, so
tools and techniques developed to understand neuronal biology were not as quickly
applied to glia. This dissertation utilizes next generation sequencing of RNA from
various glial cell types to expand our understanding of glial biology in a several different
contexts. In the first chapter, | examined the transcriptomic signatures of acutely purified
human astrocytes at baseline and in pathological contexts because little is known about
the biology of astrocytes in humans in health and disease. Peritumor astrocytes had
decreased expression of synapse-related genes as well as a number of cell surface
receptors, suggesting that astrocytes contribute to circuit dysfunction in the tumor
microenvironment. | also mapped how gene expression of human astrocytes changes

during maturation and aging, and identified sex-specific gene signatures of human



astrocytes. In the second chapter, | tested whether altering the peripheral immune
system would alter glia in the brain. In recent years, there has been a boom in research
uncovering interactions between the immune system and the brain, which was
previously considered an immune-privileged organ. | performed RNA sequencing on
four classes of glia in immunodeficient Rag2’- mice that lack mature T and B cells
required for adaptive immune responses. These mice had altered RNA expression in
oligodendrocytes without notable changes in other cell types, including microglia, the
brain-resident immune cells. These results revealed novel interactions between
lymphocytes and oligodendrocytes. In the third and final chapter, | tested whether the
gene Serpine2 was important for glial transcription in astrocytes and microglia. Serpine2
is substantially expressed in multiple brain cell types, particularly astrocytes, and it
codes for a secreted serine protease inhibitor that regulates several enzymes, including
thrombin. Microglia upregulated antimicrobial genes in the absence of Serpine2,
revealing a novel mechanism by which microglial antimicrobial genes are regulated. In
contrast astrocyte transcriptome did not change in the absence of SerpineZ2. Intriguingly,
| did not find any gene expression associated with Serpine2 in microglia or astrocytes
after presenting an inflammatory stimulus. In total, this dissertation represents multiple
lines of inquiry that improves our understanding of glial transcriptome in health and

disease.



The dissertation of Mitchell Krawczyk is approved.
Baljit S. Khakh
Jessica Rexach
Michael Victor Sofroniew

Ye Zhang, Committee Chair

University of California, Los Angeles

2023



TABLE OF CONTENTS

Abstract of the Dissertation ... i
Table Of CONTENES .. .. v
List of Figures and TabIes ..........ooooiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e vii
ACKNOWIEAGEMENTS ... iX
Y SRR Xii

Chapter 1. Human Astrocytes Exhibit Tumor Microenvironment-, Age-, and Sex-Related

TranscriptomiC SIGNAtUIES..........cooo o 1
1.1 ADSITACT .. 2
1.2 INTrOAUCHION ... 2
1.3 Materials and Methods .........cooooeiii i 5
T4 RESUIS ... 11
1.5 DUSCUSSION ... 24
1.6 REIEIENCES ... .o 40

Chapter 2. Lymphocyte Deficiency Alters the Transcriptomes of Oligodendrocytes, but

Not Astrocytes or MIiCroglia ...........coeveiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 59
2.0 ADSIFACT. ... 60
2.2 INTrOAUCTION ... 60
2.3 Materials and MethOdS ............uuuiiiiiiiiiiiiiiiii e 63
2.4 RESUIES ..t nnne 16
2.5 DISCUSSION ...ttt nnnee 17
2.6 REFEIENCES. ... it 39
Chapter 3. Serpin E2 Regulates Antimicrobial Gene Expression by Microglia.............. 54



B A S AC . e e e #

3.2 INTrOAUCTION ... 55
3.3 Materials and MethOdS ............uuuiiiiiiiiiiiiiiiii e 55
3.4 RESUIES .. 61
3.5 DISCUSSION. ...ttt 64
3.6 REFEIENCES......iiiiiiiiiii e 74

Vi



List of Figures and Tables
Chapter 1:

Figure 1-1 Acute purification of human astrocytes from cerebral cortex................
Figure 1-2 Transcriptomic signature of human astrocytes in the peritumor
MICTOENVIFONMENT ...ttt e e e e e e e e e eeees
Figure 1-3 In situ hybridization validation of human astrocyte RNAseq.................
Figure 1-4 Molecular characterization of human astrocyte maturation ..................
Figure 1-5 Age-associated genes in human astrocytes..........ccccooeeeeiiiiiiiiiceeeeeen.
Figure 1-6 Sexually dimorphic genes in human astrocytes................cccevvvvvnnnnn. 34
Chapter 2:
Figure 2-1 Acute purification of glial cell populations from immunodeficient mice #
Figure 2-2 Differential gene expression of glial cells in Rag2-/- mice .................. #
Figure 2-3 RNAscope of microglial maturation markers and gene set enrichment
ANAIYSIS (GSEA) ... ——— 35
Chapter 3:
Figure 3-1 Acute purification of microglia and astrocytes from Serpine2”’- mice 65
Figure 3-2 Transcriptomes of microglia and astrocytes in Serpine2’- mice ......... #

Figure 3-3 Microglial morphology in Serpine2” mice............ccccooevivinriiennnnnn. 73

Supplementary Information
SI1-1 Human astrocyte metadata
SI1-2 Human astrocyte gene expression (RPKM)

S11-3 Differential gene expression in peritumor astrocytes

Vii



Sl1-4 Cross-validation of differential gene expression in human peritumor
astrocytes

Sl11-5 Differential gene expression of human astrocytes by brain region (temporal
versus frontal cortex)

SI1-6 Associations of disease-linked genes and peritumor astrocyte genes

SlI1-7 Astrocyte receptor genes

S11-8 GO pathways upregulated in peritumor astrocytes

S11-9 Differential gene expression in FCD astrocytes

S11-10 Genes upregulated across maturation of human astrocytes

SI1-11 GO analysis of maturation genes of human astrocytes; human up

SI1-12 Age-associated genes in human astrocytes

S11-13 Differential gene expression of human astrocytes by sex

S|12-1 Rag2 glia gene expression

Sl12-2 Rag2 glia differential gene expression by genotype

S12-3 Rag2 glia differential gene expression by sex

SI2-4 Normal microglia in Rag2’- mice

S12-5 Principal components analysis plots of Rag2 glia

SI3-1 Gene expression of microglia and astrocytes in Serpine2”’- and control mice
SI3-2 Differential gene expression analysis of microglia and astrocytes in
Serpine2’- mice

SI3-3 Gene set enrichment analysis of Serpine2”’- microglia

viii



ACKNOWLEDGEMENTS

First and foremost, | have to thank Dr. Ye Zhang for her mentorship and guidance over
the last six years. She made a work culture centering optimism and compassion while leading
by example with her own incredible work ethic. It was an honor and a pleasure learning from
someone whose enthusiasm easily matches (if not exceeds) that of her trainees. As her first
graduate student, | am amazed at the research program she has built from the ground up.

| am also hugely grateful to the Zhang lab members for the community and scientific
support they provided throughout this process. Our team was small but mighty, and | leaned on
every single lab mate at some point for questions, advice, or just a sympathetic ear. | have to
specifically recognize Jiwen, Marlesa, and Lin, who were all reliable comrades for nearly the
entire length of my PhD work. | learned from you all.

My particular journey also included a number of generous collaborators. It took a village
for the human astrocyte project in particular to obtain such rare and valuable tissue samples.
Special thanks to some of my closest collaborators, Samuel Reyes and Dr. Julia Chang, for
their diligent work; despite the hectic nature of obtaining fresh, human tissue samples, they
were always a source of calm and cheer. Thank you to all the talented surgeons who managed
to collect samples for this valuable research while also handling the awesome responsibility of
their patients’ wellbeing. And of course, thank you to the people who consented to donate their
brain tissue to this research. In the midst of harrowing personal circumstances, they made a
selfless choice for the benefit of us all.

Thank you to the members of my committee, Drs. Baljit Khakh, Jessica Rexach, Michael
Sofroniew, and formerly Michael Gandal. It astounds me that researchers of your stature and
experience would bring your talents to bare on my humble work. | and my research are made
better by your generosity and wisdom.

The community at UCLA played an important role during this long, challenging process.

Dr. Felix Schweizer and Jenny Lee go above and beyond to provide support to the



neuroscience students. This program and this campus also gave me so many friends who
helped make the last six years so much more than a degree: Jill, Ty, Megan, Tanya, Kelly, Amy,
Lyle, Cassie, and Catherine to name a few (there are so many more).

Of course, there are many more people who filled my life and helped keep me sane
throughout grad school. | can never apologize enough for all the time you had to spend listening
to me talk about grad school. Thank you to Katie, Katelyn, Maddy, Sierra, Hadley, Emma,
Larkin, Eliza, Kate, Michael, Ashley, Nick, John, Sixtine, Nisha, Marilyn, and many more for all
the love and laughter that kept me going. My special thanks goes to Elizabeth Cooke for being
my partner in crime. | shared more of this adventure with you than anyone else, and my memory
of this time will always be tied to the memory of our friendship.

Lastly, | have to thank my family. To my mom, Tracy Krawczyk, and my dad, Paul
Krawczyk, you have given me everything | needed to get me this far. To my sister, Olivia
Krawczyk, you are an example to me in so many ways. The words “love” and “support” are too
small to describe everything you all give me. To my grandmother, Patricia Cope, | know you
would have loved to see this, and you are dearly missed.

Chapter 1 was originally published in Journal of Neuroscience in February of 2022
(Volume 42, Issue 8), presented here with minor formatting changes. As the primary author, |
executed nearly all experiments, analysis, figure making, and writing myself, with the following
contributions: Lin Pan, Rana Khankan, and Ye Zhang helped harvest some human astrocyte
samples, Jillian Haney and Michael Gandal advised on analysis of RNAseq data, and Ye Zhang
participated in writing and editing the manuscript.

Chapter 2 is currently in press in PLOS ONE, as of January 2023. Again, | performed the
majority of experiments and analysis, and wrote the resulting manuscript myself with the
following contributions: Lin Pan performed western blots and their quantification (Fig 2-3B),

Alice Zhang aided in animal husbandry, and Ye Zhang assisted in editing the manuscript.



Chapter 3 will be submitted for publication shortly. | performed the majority of
experiments, analysis, and manuscript preparation. Paul Vander performed
immunohistochemistry of Serpine2 mice, including the staining, imaging, and quantification of
microglial markers presented in Figure 3-3. Once again, Alice Zhang assisted in animal
husbandry, and Ye Zhang participated in editing and revising the manuscript.

Finally, | would like to acknowledge the financial support that made this work possible. |
received funds from the lab of Ye Zhang, the ARCS Foundation, and the Neurobehavioral

Genetics T32.

Xi



VITA

EDUCATION
BS Neurobiology, Psychology; University of Washington (summa cum laude) 2012-2016

RESEARCH EXPERIENCE

University of California, Los Angeles, CA 2016-present
Laboratory of Dr. Ye Zhang

University of California, Los Angeles, CA 2016
Laboratory of Dr. Felix Schweizer
University of Washington, Seattle, WA 2014-2016

Laboratory of Dr. Martha Bosma

RESEARCH GRANTS AND FELLOWSHIPS

2018-2022 ARCS Scholar
2021-2022 Neurobehavioral Genetics T32

PUBLICATIONS

M Krawczyk, A Zhang, & Y Zhang. Lymphocyte deficiency alters the transcriptomes of
oligodendrocytes, but not astrocytes or microglia. PLOS One (in press)

D Sapkota, M Kater, K Sakers, K Nygaard, Y Liu, S Koester, S Bass, A Lake, R Khazanchi, R
Khankan, M Krawczyk, A Smit, S Maloney, M Verheijen, Y Zhang, & J Dougherty. Activity
dependent translation dynamically alters the proteome of the perisynaptic astrocyte process.
Cell Reports (2022)

K Leng, | Rose, H Kim, W Xia, W Romero-Fernandez, B Rooney, M Koontz, E Li, Y Ao, S
Wang, M Krawczyk, J TCW, A Goate, Y Zhang, E Ullian, M Sofroniew, S Fancy, M Schrag, E
Lippmann, & M Kampmann. CRISPRI screens in human iPSC-derived astrocytes elucidate
regulators of distinct inflammatory reactive states. Nature Neuroscience (2022) preprint:
https://doi.org/10.1101/2021.08.23.457400

M Krawczyk, JR Haney, et al. Human astrocytes exhibit tumor microenvironment-, age-, and
sex-related transcriptomic signatures. Journal of Neuroscience (2022)
https://doi.org/10.1523/JNEUROSCI.0407-21.2021

J Li, R Khankan, C Caneda, Ml Godoy, MS Haney, M Krawczyk, MC Bassik, SA Sloan, and Y
Zhang. Astrocyte-to-astrocyte contact and a positive feedback loop of growth factor signaling
regulate astrocyte maturation. Glia (2019) https://doi.org/10.1002/glia.23630

KE Miller, K Barr, M Krawczyk, & E Covey. Seasonal variations in auditory processing in the
inferior colliculus of Eptesicus fuscus. Hearing Research (2016)
https://doi.org/10.1016/j.heares.2016.07.014

Xii



Chapter 1

Human Astrocytes Exhibit Tumor Microenvironment-, Age-, and Sex-Related

Transcriptomic Signatures



1.1 Abstract

Astrocytes are critical for the development and function of synapses. There are notable
species differences between human astrocytes and commonly used animal models. Yet, itis
unclear whether astrocytic genes involved in synaptic function are stable or exhibit dynamic
changes associated with disease states and age in humans, which is a barrier in understanding
human astrocyte biology and its potential involvement in neurological diseases. To better
understand the properties of human astrocytes, we acutely purified astrocytes from the cerebral
cortices of over 40 humans across various ages, sexes, and disease states. We performed
RNA sequencing to generate transcriptomic profiles of these astrocytes and identified genes
associated with these biological variables. We found that human astrocytes in tumor-
surrounding regions downregulate genes involved in synaptic function and sensing of signals in
the microenvironment, suggesting involvement of peri-tumor astrocytes in tumor-associated
neural circuit dysfunction. In aging, we also found downregulation of synaptic regulators and
upregulation of markers of cytokine signaling, while in maturation we identified changes in ionic
transport with implications for calcium signaling. In addition, we identified subtle sexual
dimorphism in human cortical astrocytes, which has implications for observed sex differences
across many neurological disorders. Overall, genes involved in synaptic function exhibit
dynamic changes in the peritumor microenvironment and aging. This data provides powerful
new insights into human astrocyte biology in several biologically relevant states, that will aid in

generating novel testable hypotheses about homeostatic and reactive astrocytes in humans.

1.2 Introduction

Astrocytes are a major component of the central nervous system. Though astrocytes
were long regarded as passive support cells, studies of murine astrocytes found they have
active functions that are critical for the development and function of synapses. For example,

astrocyte-secreted factors powerfully induce the formation of functional synapses in vivo and in



vitro, which otherwise largely fails to occur [1-10]. In addition to important roles in synapse
formation, astrocytes contribute to engulfment and elimination of synapses in development [11-
14]. Moreover, astrocytes maintain extracellular potassium levels [15-17] and participate in
recycling neurotransmitters [18], thus maintaining homeostasis at synapses. There is now a
variety of evidence showing that astrocytes help shape circuit functions and behavior [19-27].
Various groups have demonstrated that altering intracellular astrocyte signaling in vivo can
induce abnormal behavior or correct phenotypic behavior in disease models [15, 28-34].
Astrocytes are molecularly and functionally heterogeneous, potentially adapting to diverse roles
they play in different brain regions [35-42].

Astrocyte biology faces an added layer of complexity considering their significant
dynamism in response to insult or injury [43]. Astrocytes undergoing reactive astrogliosis in
response to a challenge can display stark morphological changes, including hypertrophy and
retraction of processes, in addition to a plethora of intracellular alterations [44]. Reactivity is
observed in many neurological disorders including traumatic brain injury, stroke, epilepsy, and
neurodegenerative diseases, and there appears to be disease-specific aspects to this response
[29, 45-49].

Given their many and varied roles in the central nervous system (CNS), astrocytes are
frequently implicated in neurological pathologies [26, 50-57]. Recently, transcriptomic analysis
of neuropsychiatric disease found astrocytic genes included in the gene signatures of autism
spectrum disorder, bipolar disorder, and schizophrenia [58, 59]. Astrocyte reactivity is also
prominent in several neurodegenerative diseases, including Alzheimer disease and Parkinson
disease [48]. In amyotrophic lateral sclerosis (ALS), reactive astrogliosis occurs around
degenerating motor neurons, and this reactivity precedes motor neuron death in the rat SOD1
model of ALS [60]. Further investigation found that overexpressing GLT1 in astrocytes

improved neuronal survival and delayed disease onset in the mSOD1 mouse model of ALS [61].



Our understanding of human astrocytes significantly trails our knowledge of murine
astrocytes [62]. Although the majority of major astrocyte functions appear to be shared between
mice and humans, it is still imperative to narrow this gap in knowledge as researchers continue
to identify important differences between these species in the CNS. Firstly, human astrocytes
are notably larger with more elaborate branching than rodent astrocytes in vivo and in vitro [63-
65]. At the molecular level, previous characterization of human and mouse astrocyte
transcriptomes found many genes specifically expressed by human astrocytes [65, 66]. At a
functional level, behavioral differences were observed in vivo when human glial progenitors
were transplanted into mice [67]. Animal studies have produced, and continue to produce, a
remarkable body of knowledge concerning the many vital astrocytic functions in the brain (e.g.
synapse formation, circuit functions). It is because animal models clearly demonstrate the
importance of astrocyte biology that complementary analysis is also required in humans.

Given the importance of astrocytes in synaptic function, a key question that needs to be
answered is whether genes involved in astrocyte-synapse interactions are stable or exhibit
dynamic changes associated with disease states and age in humans. With the advent of
improved astrocyte purification methodologies, we can now extract highly pure populations of
human astrocytes by targeting the astrocytic cell surface protein HepaCAM using antibodies.
By employing an immunopanning technique, we previously published human astrocyte
transcriptomes of twelve human cortical samples between the ages of 8 and 63 years old [65].
In this study, we acutely purified samples from over 40 patients, which now include astrocytes
from healthy and diseased brain regions. For the first time, we are also presenting samples
under the age of 8, allowing for analysis of human astrocyte maturation, as well as other
biological variables of interest. Here, we describe some of the first transcriptomic data of
human astrocytes in the tumor microenvironment, as well as changes in astrocyte gene
expression associated with maturation, aging, and sex. Among our findings, we see

downregulation of synaptic genes in peritumor astrocytes as well as aging astrocytes.



1.3 Materials and Methods
Human Tissue

Human tissue was obtained with informed consent and the approval of the UCLA
Institutional Review Board. We obtained tissue primarily from brain surgeries at UCLA to treat
epilepsy and tumors, plus one postmortem sample with short postmortem interval (<18 hours).
All samples were from the cerebral cortex, primarily from the temporal lobe (n = 31), but several
samples came from the frontal (n = 9) or parietal lobes (n = 5), or the insula (n =2). Tissue was
immersed in 4° C media (saline or Hibernate-A medium) before transfer to the lab for dissection
and dissociation. Six samples were obtained from surgeries offsite, which were shipped
overnight in 4°C media for dissection and dissociation in the lab. The final cohort includes 7
peritumor samples, 30 epilepsy samples, and 12 controls totaling 49 samples from 41 patients
(see SI1-1). No affected samples came from the same patient that provided a control sample.
Vertebrate Animals

All mouse experimental procedures were performed with approval from the UCLA
Chancellor’s Animal Research Committee in compliance with all federal and state laws and
policies. For in situ hybridization of mouse brain tissue, we used mice at postnatal day 71 (2
females, 1 male) from a C57/BL6 FVB mixed background.
Purification of Human Astrocytes

Human astrocytes were purified using immunopanning, as described in [65]. Briefly, we
dissected gray matter from cortical tissue and enzymatically digested the tissue with papain (20
units/mL) for 80 minutes at 34.5°C. We then rinsed the tissue in a protease inhibitor solution.
We gently triturated the tissue to generate a single-cell suspension, and we passed the cells
over a series of plastic petri dishes that were precoated with antibody. The cell suspension was
incubated at room temperature for 10-15 minutes on each dish, which contained anti-CD45

antibody (BD Pharmingen 550539) to deplete microglia, O4 hybridoma to deplete



oligodendrocyte precursor cells, GalC hybridoma to deplete oligodendrocytes and myelin, or
anti-Thy1 (BD Pharmingen 550402) to deplete neurons. Finally, the astrocyte-enriched cell
suspension was incubated for 20 minutes at room temperature on a dish coated with anti-
HepaCAM antibody (R&D Systems MAB4108) to bind astrocytes. We washed the bound
astrocytes with PBS to remove contaminants, and we immediately harvested RNA by applying
700 uL of TRIzol solution (Thermo Fisher Scientific 15596018). TRIzol solution was then flash
frozen in liquid nitrogen and stored at -80°C to await RNA purification. The total time from
receiving tissue to storing astrocyte RNA took approximately 4 hours.
RNA Library Construction and Sequencing

RNA was extracted from frozen TRIzol using the miRNeasy kit (Qiagen 217004),
according to the manufacturer’s protocol. We checked RNA quality with the 2200 TapeStation
System (Agilent G2964AA) and the RNA high sensitivity assay (Agilent 5067-5579). All RNA
integrity numbers were = 6.5, except RNA samples that were not concentrated enough for
accurate measurement. We then used the Nugen Ovation RNAseq System V2 (Nugen 7102-
32) to generate cDNA libraries, and we fragmented the cDNA using a Covaris S220 focused-
ultrasonicator (Covaris 500217). We amplified and prepared these libraries for sequencing with
the NEB Next Ultra RNA Library Prep Kit (New England Biolabs E7530S) and NEBNext
multiplex oligos for lllumina (NEB E7335S). We performed end repair and adapter ligation, and
we amplified the final libraries using 10 cycles of PCR. The sequencing libraries were verified
using the TapeStation D1000 assay (Agilent 5067-5582). Indexed libraries were pooled and
sequenced using the lllumina HighSeq 4000 sequencer and obtained 18.9 million + 1.6 million
(mean £ SEM) single end, 50 bp reads across four batches.
Read Alignment and Quantification

We mapped reads using the STAR package [68] and genome assembly GRCh38
(Ensembl, release 91), and obtained 77.0% * 5.8% (mean + standard deviation) uniquely

aligned reads in all samples. Reads were counted using the HTSeq package [69], and reads



were subsequently quantified by Reads Per Kilobase of transcript per Million mapped reads
(RPKM) using EdgeR-limma packages in R (SI1-2).
Differential Gene Expression Analysis of Disease and Sex

We analyzed differential gene expression of disease and sex using the DESeq2
package in R, see Figures 2-1, 4-1, & 6-1 [70]. In this analysis, we included all samples and
used the following command to create our linear model: ~ factor(Diagnosis) + Age + factor(Sex)
+ MicroPC + Batch, where Diagnosis was a factor with values [Control, Peritumor, Epilepsy],
Age was a numeric value in years, Sex was a factor with values [Male, Female], and MicroPC
was numeric value measuring microglia contamination. To calculate the “microPC”, we first
determined the gene expression of microglia-specific genes (>10x enriched in microglia vs.
astrocytes) in all samples, using the data from [65]. Then, we performed principal component
analysis (PCA) using the prcomp function in R on the scaled microglia gene expression, and we
took the first principal component (PC1) as a summary measure of microglial gene expression
in each sample. Results were cross-checked with leave-one-out validation, where the analysis
was reiterated with the removal of one sample in each round for a total of 49 iterations. To
determine how robust the analysis is to the effect of brain region, we reran the analysis using
only temporal lobe tissue, see results in SI1-4. We further assessed the effect of brain region
by performing differential gene expression analysis of region in samples from temporal lobe and
frontal lobe (peritumor samples excluded, see SI1-5). We used the linear model: ~
factor(Region) + Age + factor(Sex) + MicroPC + Batch.
Analysis of Human Aging Genes

To identify genes associated with aging astrocytes, we began with genes significantly
associated with Age in the DESeq2 analysis of disease and sex, as described above. In order
to separate genes that change in aging (i.e. later life) from genes that change in development
(early life), we categorized samples in 3 categories, excluding peritumor samples: 0-21 years

old (n = 34), 21-50 years old (n = 3), and 50+ years old (n = 5). We compared younger adults



(21-50) to older adults (50+), and we narrowed the gene list to those with an average
expression > 0.01 RPKM and 1.5-fold differences in the average expression between groups.
This yielded a list of 394 gene entries, 277 of which were protein-coding, see SI1-12.
Analysis of Human Astrocyte Maturation

We analyzed differential gene expression across astrocyte maturation using a two-step
process. First, we performed DESeq2 on samples < 21 years old, excluding peritumor samples
(n = 35). Model: ~ factor(Diagnosis) + Age + factor(Sex) + MicroPC + OligPC + factor(Batch).
The “oligPC” was calculated in the same manner as the microPC using gene expression of
oligodendrocyte-specific genes identified using data from [65]. While it is necessary to use cell-
type specific filters to exclude contamination, excluding oligodendrocyte-enriched genes may
obscure potential lineage relationships between astrocytes and oligodendrocytes [71]. Thus, we
only used these filters for differential expression analysis and included the unfiltered complete
dataset in SI1-2. Finally, we filtered out genes that were 10x enriched in human neurons over
human astrocytes, using data from [65]. This yielded 1,463 gene entries significantly associated
with maturation. We also performed a leave-one-out reanalysis to assess the robustness of the
maturation gene expression findings, see Sl1-4.

The DESeq2 analysis included samples as young as 7 months old, but we could capture
changes from earlier stages in development by using our recently published transcriptomic
profiles of fetal human astrocytes. We compared 4 fetal samples with our near-adult human
samples between 13-21 years old (excluding peritumor, n = 11). For each sample, gene
expression was converted to a percentile, where the most highly expressed gene = 1 and the
least expressed gene = 0. Next, we conducted parallel t-tests with a Benjamini-Hochberg
correction for multiple tests, performed in GraphPad Prism v8. This generated over 10,000 hits.
Finally, we combined the two gene lists using an equal number of genes from each list, (i.e. we

filtered results from the second analysis to the 1,463 top hits by p-value to match the first



analysis), producing a final list of 2,749 genes associated with human astrocyte maturation, see
SlI1-10.
Analysis of Disease-Associated Genes

We tested whether peritumor or maturation gene signatures were enriched with disease-
associated genes. We obtained gene lists for various neurological diseases from a curated
database, Phenopedia [72]. Using these gene lists, we performed Fisher’s exact tests on
differentially expressed genes in peritumor astrocytes and corrected for multiple comparisons
using the Benjamini-Hochberg method. The results are in S11-6.

Mouse Aging Genes and Human Comparison

We accessed mouse astrocyte RNAseq data from the BioProject database
(www.ncbi.nlm.nih.gov/bioproject), accession no. PRINA417856 [73]. We downloaded FASTQ
files of sequenced cortical astrocytes at ages postnatal day 7 (n = 3), 10 weeks (n = 3), and 2
years (n = 2). Reads were aligned with STAR 2.6.0 and genome assembly GRCm38 (Ensembl
release 100). All samples had >70% uniquely mapped reads. We used HTSeq to generate
counts, and then we determined differential gene expression between two ages (day 7 vs. 10
weeks & 10 weeks vs. 2 years) using DESeq2. Model = ~ factor(Age), where Age is a binary
factor.

We used the STRING database (string-db.org) to find and visualize protein-protein
interactions in human and mouse aging-associated genes. For mouse aging genes, we
combined the results of three studies of mouse astrocytes [73-75].

Gene Ontology (GO)

To identify patterns in our various differentially expressed gene lists, we used the online
platform Metascape (metascape.org, [76]). We input all protein-coding genes from our gene
sets, and conducted an enrichment analysis with default settings, with the following
adjustments: reference data sets were limited to GO datasets (Molecular Functions, Biological

Processes, and Cellular Components), and we defined a list of background genes (i.e. the set of



genes expressed in astrocytes that are included in this analysis) as follows: for human
analyses, the background gene list consisted of all genes with expression 20.05 RPKM in 30+%
of our samples. For mouse analyses, the background list consisted of genes with 20.05 RPKM
in 30+% in the mouse samples from [73].

We used Fisher’s exact test to individually test differentially expressed genes in
peritumor astrocytes for enrichment of GO gene sets that were reportedly found in tumor-core
astrocytes [77]: Positive regulation of receptor signaling via JAK/STAT
(G0:0046427/G0O:2000366), Negative regulation of receptor signaling via JAK/STAT
(GO:0046426, GO:2000365), Interleukin-6 mediated signaling pathway (GO:0070102), and
Response to interferon gamma (GO:0034341).

Pro- and anti-inflammatory genes were identified using GO annotations for positive
regulation of inflammatory response (GO:0050729) and negative regulation of inflammatory
response (G0O:0050728) [78-80].

RNAScope In Situ Hybridization

RNAScope in situ hybridization was performed on fresh frozen human tissue collected
from surgeries and fresh frozen mouse tissue harvested after a 10-minute transcardial perfusion
of phosphate buffered saline. Tissues were embedded in OCT compound (Fisher Scientific 23-
730-571) and cut into 20-30 pm-thick sections. RNAScope Multiplex Fluorescent V2 Assay
(ACDBIo 323100) was performed per manufacturer’s protocols. Probes were purchased from
ACDBIo for human and mouse SLC71A3 and TLR4. Images were captured using the Zeiss LSM
800 confocal microscope using at equal power and exposure across all samples stained with
the same set of probes. Photoshop v22.1 was used to enhance brightness for publication.
Statistical Analyses
Differential gene expression was analyzed using DESeq2. Enrichment of GO terms was

analyzed using Metascape. Enrichment of disease-associated genes and peritumor genes was

10



analyzed with Fisher’s exact test in R using fisher.text(). All analyses are detailed under the
corresponding sections above.
Data Deposition

All human RNAseq data is deposited on the Gene Expression Omnibus and will be

made public before publication.

1.4 Results
Purification of Human Cortical Astrocytes in Health and Disease

We obtained human cortical tissue from patients undergoing neurological surgery. Our
final analysis includes 49 samples from 41 patients, with ages ranging from 7 months to 65
years old. Twelve of these samples were taken from normal regions of cortex that were
resected en route to deep-seated pathologies. Nine of these normal specimens were obtained
during surgery for deep epileptogenic foci. In these cases, we confirmed that normal specimens
taken did not include abnormal-appearing tissue using MRI-registered frameless stereotaxy, did
not show abnormal interictal activity on invasive electrode recordings, and did not demonstrate
abnormal histopathologic findings. Two other cases from which normal specimens were
collected were encapsulated, benign tumors, where normal-appearing brain tissue based on
MRI-registered frameless stereotaxy was collected outside a 1 cm margin from the tumor.
Finally, one normal tissue specimen was obtained from a patient at the time of death from a
cardiac condition, without other intracranial pathologies. A similar cohort of control human
astrocytes were sequenced and analyzed previously, where the authors characterized the
baseline characteristics of the human astrocyte transcriptome (Zhang et al., 2016); of note, we
used remaining RNA from 7 of these samples in this study. From this point forward, we refer to
normal brain tissue samples from these sources as “controls”.

In the current study, we sought to compare normal astrocytes against disease-affected

astrocytes. Affected samples included in the analysis fall into two categories of diagnosis: 1) 30
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included brain tissue showing epileptiform activity on intra-operative electrode recordings
surrounding resected focal cortical dysplasia (FCD), a developmental form of epilepsy; and 2) 7
included brain tissue immediately surrounding a brain tumor (including glioblastoma, low grade
glioma, and metastatic breast cancer) based on MRI and visual inspection at the time of surgery
(referred to here as “peritumor”). Specific pathologic diagnoses are presented in SI1-1.

We purified human cortical astrocytes using immunopanning (Fig 1-1A). We removed
white matter and generated a single cell suspension with mechanical and enzymatic digestion.
The single cell suspension passes over antibody-coated Petri dishes that bind contaminating
cell types with cell type specific antigens. This immunopanning protocol uses anti-CD45
antibodies to pull down myeloid cells (i.e. microglia and macrophages), anti-GalC hybridoma cell
supernatant to pull down oligodendrocytes and myelin debris, anti-O4 hybridoma cell
supernatant to bind oligodendrocyte precursor cells (OPCs), and anti-Thy1 antibodies to bind
neurons. Finally, the enriched suspension passes onto a dish coated in anti-HepaCAM
antibodies, a cell-surface glycoprotein enriched in astrocytes. We harvested the astrocyte RNA
from this dish and used it to perform RNA sequencing (RNAseq). The sequenced samples
show high expression of astrocyte marker genes such as GFAP and SLC1A2, and extremely
low expression of neuronal, myeloid, and endothelial genes. There are only slight traces of
some oligodendrocyte-lineage marker genes (Fig 1-1B). Using immunopanning, we obtained
RNA highly enriched for human cortical astrocytes in healthy and diseased states for bulk
RNAseq (SI1-2).

Glioblastoma cells infiltrate surrounding brain tissue. To determine whether our purified
astrocytes from the peritumor regions are bona fide astrocytes or infiltrating glioblastoma cells,
we examined the expression of a glioblastoma marker gene AVIL [81] and did not detect
expression in our peritumor astrocyte samples (S11-2). Furthermore, we compared gene
expression of astrocytes surrounding glioblastoma tissue (infiltrating) and astrocytes

surrounding low grade glioma or metastatic tumors (non-infiltrating). Peritumor astrocyte
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signature genes described below are not more highly expressed by glioblastoma-surrounding
astrocytes than non-infiltrating tumor-surrounding astrocytes (SI1-2). Although we cannot rule
out contamination from a small number of infiltrating glioblastoma cells, the gene signatures of
peritumor astrocytes are likely from predominantly bona fide astrocytes instead of infiltrating
cells.

Peritumor astrocytes downregulate genes involved in synaptic function and genes encoding cell
surface receptors

After sequencing RNA from human astrocytes in FCD and peritumor regions, we
employed differential gene expression analysis to examine their molecular signatures using the
analysis package DESeq2 in R. We used a linear model that included variables for diagnosis,
sequencing batch, age, and sex. To control for potential variance from low level microglial
contamination, we included an additional variable that quantified microglial marker gene
expression by performing principal components analysis (PCA) on microglial marker gene
expression in our dataset. Including the first principal component in the linear model effectively
eliminated significant differential expression of microglial genes.

First, we examined the effect of the brain tumor microenvironment on astrocyte gene
expression. Brain tumors drive considerable changes in the surrounding microenvironment, and
astrocytes themselves are known to readily change state in response to a variety of stimuli [82,
83]. However, transcriptomic changes of peritumor astrocytes in humans have not been
reported, to the best of our knowledge. Using our DESeq2 pipeline, we found 3,131 genes
differentially expressed in peritumor astrocytes, providing a new resource for elucidating
astrocytic changes in the brain tumor microenvironment (SI1-3). The vast majority of these
findings were robust under leave-one-out validation (S11-4) where the analysis was reiterated
with the removal of one sample in each round.

Synaptic gene signatures in peritumor astrocytes
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Many genes related to synaptic function are downregulated in the peritumor region (Fig
1-2A-D), such as the glutamate transporters SLC1A2 and SLC1AS3, which take up the excitatory
neurotransmitter glutamate from the synaptic cleft and maintains excitation-inhibition balance in
the brain [84]. SLC1A2-knockout mice suffer from epileptic seizures and die prematurely [85].
Also downregulated is the gene KCNJ10 encoding the inwardly rectifying potassium channel
Kir4.1, which takes up potassium from the extracellular space after neuronal firing, buffers
potassium levels in the astrocytic syncytium, and modulates neuronal excitability [86]. Patients
with mutations in the KCNJ10 gene suffer from seizure disorders [87]. A large proportion of
human patients with brain tumors also suffer from epileptic seizures, which reduce their quality
of life and sometimes cause death [88]. Our observation of strong reductions of SLC1A2,
SLC1A3, and KCNJ10 in peritumor astrocytes suggest potential involvement of astrocytes in
tumor-associated seizures and reveal astrocytes as novel potential targets for treating these
seizures. A study in a rat model of glioma supports the feasibility of this approach [89].
Furthermore, astrocyte secreted molecules that regulate synapse formation and maturation,
SPARCL1, CHRDL1, and GPC5 are also downregulated in peritumor astrocytes (Fig 1-2B, 2D).
Together, these findings suggest decreased support of synapses in the tumor microenvironment
that could contribute to dysregulation of synaptic activity and emergent clinical symptoms like
seizures. Upregulated genes in peritumor astrocytes include the reactivity-associated genes
GFAP, TIMP1 and VIM, suggesting that astrocytes in the peritumor microenvironment are
reactive in humans.

Cell surface receptors in peritumor astrocytes

Cell surface receptors mediate sensing of signals in the microenvironment. To examine
the expression of genes encoding receptors located on the plasma membrane by peritumor
astrocytes, we used a list of experimentally validated and in silico predicted genes encoding cell
surface receptors [90]. We determined the complete set of transmembrane receptors present in

human astrocytes (S11-7). We found 157 transmembrane receptor genes expressed by human
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astrocytes (average RPKM >1). Of these genes, peritumor astrocytes downregulate one fourth
(40/157) and upregulate only 3/157, suggesting that peritumor astrocytes are impaired in their
ability to receive and respond to external cues (Fig 1-2G).

Synaptic genes and cell surface receptors downregulated in peritumor astrocytes are
associated with psychiatric disease risk

Having discovered genes up- and down-regulated in peritumor astrocytes, we next
assessed whether these genes are involved in other diseases. We used the Phenopedia
dataset for genes associated with various neurological diseases [72] and tested whether genes
up and downregulated in peritumor astrocytes are significantly enriched in genes associated
with the risk of each neurological disorder using Fisher’s exact test followed by correction for
multiple comparisons (Methods). Genes that were downregulated in peritumor astrocytes were
enriched for genes with genetic links to several neurological diseases (SI1-6). Interestingly,
these associations existed primarily among psychiatric disorders (bipolar disorder,
schizophrenia, mood disorders, obsessive-compulsive disorder, depressive disorder, and
anxiety disorder). In addition, genes downregulated in peritumor astrocytes also significantly
overlap with Alzheimer’s disease risk genes, but not with other neurodegenerative disorders
(Parkinson Disease, ALS, Frontotemporal Dementia, and Huntington Disease).

Next, we asked whether synaptic and receptor genes contributed to the association
between peritumor genes and genes associated with psychiatric disease. We tested whether
synaptic genes and receptor genes downregulated in peritumor astrocytes were enriched in
genes associated with risks of the aforementioned six psychiatric disorders and Alzheimer’s
Disease. We found that both synaptic and receptor genes downregulated in peritumor
astrocytes are enriched in genes associated with all six psychiatric disorders, whereas
Alzheimer’s Disease only associated with synaptic genes (S11-6). We conclude that peritumor

astrocytes downregulate receptor and synaptic genes that are associated with psychiatric
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disease risk, highlighting the potential importance of this core group of astrocytic genes in
neural circuit development and function.
Gene ontology of peritumor astrocyte signatures

To find larger patterns in the data, we performed pathway analysis with the online tool
Metascape to identify gene ontology (GO) terms that are enriched in our gene lists (SI11-8).
Among upregulated genes, we found highly significant enrichment of GO terms related to cell
cycle and protein translation, consistent with the presence of proliferative reactive astrocytes in
the peritumor region. Meanwhile, downregulated genes were enriched for an array of functional
terms related to synaptic function as well as cation transport (Fig 1-2C), further supporting the
hypothesis that peritumor astrocytes are defective in supporting or participating in normal
synaptic signaling. Interestingly, both up- and downregulated gene lists are enriched for
extracellular matrix genes (Fig 1-2E), which is notable considering the importance of
extracellular remodeling in tumor expansion and migration as well as synaptic plasticity [91, 92].
Broadly, we see peritumor astrocytes alter extracellular matrix gene expression while
upregulating genes necessary for cell division and translation, and downregulating expression of
genes related to synaptic transmission and ionic homeostasis, revealing potential contribution of
astrocytes to neural circuit dysfunction associated with brain tumors.
Peritumor astrocytes differ from tumor-core astrocytes

To assess whether peritumor astrocytes resemble tumor-core associated astrocytes, we
compared our peritumor astrocyte dataset to a previously published tumor-core associated
astrocyte dataset [77]. Heiland and colleagues reported that tumor-core astrocytes contribute to
an immunosuppressive environment in part due to increased JAK/STAT pathway activation.
Among peritumor astrocytes, however, we did not find significant enrichment of the JAK/STAT
pathway among differentially expressed genes. We also failed to find enrichment of interferon
gamma response genes and interleukin-6 response genes, which were also identified by

Heiland et al. When we examined pro- and anti-inflammatory genes that are differentially
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expressed in peritumor astrocytes, we found that the majority of pro-inflammatory genes were
upregulated (10/11, Fig 1-2F), and the majority of anti-inflammatory genes were downregulated
(16/26, Fig 1-2F). Taken together, these findings suggest a contrast between an anti-
inflammatory signature of tumor-core astrocytes, and an at least partly pro-inflammatory
signature of peritumor astrocytes.
Peritumor astrocytes attenuate core astrocytic genes

To assess whether peritumor astrocytes may lose normal astrocyte function, we
examined genes highly expressed by astrocytes and found that peritumor astrocytes
downregulate several known markers of mature astrocytes (Fig 1-2D). Furthermore, we
examined a list of the top 50 astrocyte markers identified in a meta-analysis of human gene
expression [93]. Peritumor astrocytes significantly downregulated 41/50 genes, with 50/50
trending downward (Fig 1-2H). These results are consistent with a possible loss of normal
astrocytic functions in the peritumor microenvironment.
TLRA4 is expressed by human astrocytes and not mouse astrocytes

To assess changes of peritumor astrocytes using an orthogonal approach, we performed
in situ hybridization with RNAscope. Based on RNAseq, we found that toll-like receptor 4 (TLR4)
was downregulated in peritumor astrocytes. TLR4 is a member of the toll-like receptor family of
pattern recognition receptors, which recognize pathogen-associated molecular patterns and
initiate innate immune responses [94]. Specifically, TLR4 encodes a transmembrane protein
that binds bacterial lipopolysaccharides and triggers innate immune responses to bacterial
infection. Moreover, TLR4 also recognizes endogenous ligands, such as heat shock proteins
and lipoproteins from damaged cells [95]. Previous studies in mice found that TLR4 was highly
enriched in myeloid cells, such as microglia in the brain, but we detected significant mRNA
expression of TLR4 in astrocytes in humans (this study and Zhang et al. 2016). To directly
compare TLR4 expression between species, we performed RNAscope in situ hybridization on

human and mouse cortical tissue. Whereas a small minority of mouse astrocytes expressed
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TLR4 (7%, 4/58 cells, n = 3), a majority of human astrocytes showed expression of TLR4 (62%,
18/29 cells, n = 2, Fig 1-3A, B). Even more strikingly, TLR4" astrocytes in humans contain
larger numbers of TLR4* mRNA puncta than did TLR4* astrocytes in mice (Fig 1-3C). Though
the small sample size does not provide a definitive conclusion, we find evidence of human-
specific expression of TLR4 in astrocytes that corroborates findings from RNAseq, suggesting
enhanced ability of human astrocytes to detect TLR4 ligands, such as signals from bacteria and
damaged cells, compared with mouse astrocytes. Furthermore, this mode of signaling is notably
reduced in peritumor astrocytes.
The transcriptomes of astrocytes in FCD and control do not differ

Next, we examined the transcriptional signature of FCD. FCD is characterized by
abnormalities in neuronal migration during development. Patients with FCD display abnormal
radial and/or tangential lamination in a local region of cerebral cortex. More severe cases
include dysmorphic neurons, and others also develop large and often multi-nucleated cells
called balloon cells [96]. Our DESeq2 analysis found only 24 protein-coding genes significantly
associated with epilepsy, and all but one of those genes (SCN4B) had low expression (an
average expression <1 RPKM; see SI1-9). Samples from FCD patients did not separate from
controls in PCA, hierarchical clustering, or expression of reactive astrocyte markers (data not
shown). Therefore, astrocytes in FCD in humans do not exhibit robust gene expression
changes. However, we cannot exclude the possibility that a small subpopulation of astrocytes
immediately adjacent to FCD lesions have gene expression changes that were undetectable at
the population level. Given the lack of robust differences between control samples and epilepsy
samples, they were used along with control samples in subsequent analyses.
Genes involved in ion transport and calcium signaling change with astrocyte maturation

Developing and mature brains have drastically different cognitive capacities, learning
potentials, and susceptibilities to disease. Astrocytes are critical for the development of neural

circuits, maintenance of homeostasis in adults, and responses and repair in neurological
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diseases [11, 97, 98]. However, cellular and molecular changes of astrocytes during brain
development and maturation in humans are unclear. Previous studies have performed
transcriptome profiling of a small number of samples of human astrocytes from fetuses, children
28 years old, and adults [65]. The gene expression profiles of astrocytes during an important
period of development, birth to 8 years, remain unknown. Therefore, molecular knowledge of
astrocyte development and maturation in humans is incomplete. Here, we recruited patients
throughout development and adulthood (n=16 samples between 0-5 years old; 6 samples
between 6-10 years old; 12 samples between 11-17 years old; and 8 adult samples, excluding
peritumor; SI1-1), purified astrocytes, and performed RNA-seq. We analyzed maturation-
associated genes based on our new RNAseq data using a linear model (DESeq2 R package,
detailed in Methods) and also included fetal data from our previous study [66] after normalizing
data from two studies using percentiles (detailed in Methods). Our final results find 1509
upregulated genes and 1240 downregulated genes associated with astrocyte maturation across
human development (Fig 1-4C, SI1-10). Major astrocyte markers were not highly expressed in
fetal astrocytes, but even the youngest postnatal samples (7 months) showed high expression
of most markers. However, postnatal gene expression continued to evolve. Notably, top genes
changing in the postnatal epoch displayed a shift in expression starting around 8 years old (Fig
1-4A).

To assess the changes associated with astrocyte maturation, we analyzed gene
ontology of up- and downregulated astrocyte maturation genes using Metascape (see SI1-11).
Upregulated genes showed significant enrichment for several GO terms related to ion
homeostasis, as well as lipid metabolism (Fig 1-4B). Many of the genes pertaining to ion
transport are specifically related to calcium transport and signaling (Fig 1-4D), which is intriguing
given the importance of calcium as a signaling molecule, particularly in astrocytes. Therefore,
immature and mature astrocytes may differ in ion transport and calcium signaling, thus altering

many downstream signaling pathways that affect both astrocytes and surrounding neurons in
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development. Downregulated GO terms are almost entirely related to cell cycle and cell
division, which is expected to decline throughout development (Fig 1-4B). We also observe a
general upward trend for several astrocyte marker genes that we would also expect to increase
across maturation (Fig 1-4D).

Characterizing the maturation of human astrocytes directly contributes to our
understanding of human astrocyte biology and brain development, but most existing knowledge
is derived from animal studies. Therefore, it is vital to determine which aspects of human
biology are recapitulated by animal models and which are wholly unique. We compared our
analysis of human astrocyte maturation with a published study that measured mouse astrocyte
gene expression across several ages [73]. We compared astrocyte gene expression data from
mice at an early developmental age, postnatal day 7 (P7), and a young adult timepoint, 10
weeks, and identified 4,417 genes associated with mouse astrocyte maturation. Most of the
mouse and human astrocyte maturation genes we found were not direct orthologues (Fig 1-4C),
and yet both gene lists had remarkably similar patterns based on gene ontology (Fig 1-4B).
Both species downregulate cell division and upregulate ionic transport and calcium signaling
genes across maturation. The conservation of these patterns in evolution suggests the
importance of these astrocytic developmental changes. Based on this analysis, we find that
human and mouse astrocytes share broad outcomes in maturation but differences concerning
the exact pattern of molecular changes. While mouse models may not recapitulate every aspect
of human biology, our data suggest that the maturation of astrocytes in humans can be
accurately modeled in mice.

Human astrocytes downregulate genes involved in synaptic function in aging

Aging is associated with increased risk of cognitive decline and increased susceptibility
to neurodegeneration and stroke. Astrocytes are important for maintaining homeostasis of the
brain. Yet, aging-associated changes in human astrocytes are largely unknown. Characterizing

these changes is the first step in elucidating potential involvement of astrocytes in aging-
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associated cognitive decline and neurodegeneration and developing astrocyte-targeted
treatments. To identify genes with aging-associated expression, we began with genes
significantly associated with age in the DESeqg2 analysis of all samples that we also used to
identify disease-related genes. To identify genes specifically associated with aging (changes
after completing maturation) rather than general age (changes across the entire lifespan), we
grouped samples into groups by age: 0-20 years old; 21-50 years old; and 50+ years old. From
our list of age-associated genes, we extracted genes with average expression >1.5x higher or
lower in the 50+ group vs. the 21-50 group. We further filtered by minimum RPKM level of 0.01
to exclude lowly expressed genes. Thus, we identified 394 (277 protein-coding) genes
significantly associated with aging (S11-12).

As in peritumor astrocytes, we find decreased expression of genes mediating astrocyte-
synaptic interactions in older astrocytes (Fig 1-5A). Most notably, there is a reduction of
SLC1A3, a glutamate transporter that clears glutamate from the extracellular space. Under
normal conditions, SLC1A3 is a highly expressed core marker of adult astrocytes [65]. There is
also a decline in CHRDL1, which codes for an astrocyte-secreted factor that drives synapse
maturation [10]. Aging astrocytes also have lower expression of two genes coding for
glycoproteins found in the extracellular matrix. The first, CSPG5, shapes neurite growth and
localizes around GABAergic and glutamatergic synaptic terminals [99], while the second,
OLMF1, binds synaptic proteins such as synaptophysin and AMPA receptors [100]. Declining
expression of synaptic genes raises important questions about astrocytic roles in age-related
cognitive decline and neurological disease.

Subjects over 50 show additional decreases in genes associated with energy
metabolism (Fig 1-5A). These include genes involved in mitochondrial generation of ATP such
as ATP5A1, an ATP-synthase subunit, MRPL35, a mitochondrial ribosomal component, and
SLC25A5, a transporter that carries ATP out of the mitochondria. We also observe lower

expression of the glycolytic enzyme PGAM1, and SLC13A5, a citrate transporter. Astrocytes
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are known to secrete citrate into the extracellular space where citrate has the ability to chelate
calcium and magnesium ions, which are important to neuronal NMDA signaling [101]. Together,
these gene expression changes are consistent with decreased production of ATP in aging
human astrocytes.

Lastly, we also observe an increase of several genes involved in cytokine signaling and
senescence. These include the cytokines LIF, IL6, and CCL2, as well as cytokine regulator
SOCS3 (Fig 1-5B), which are also found in reactive astrocytes in mice [102]. Therefore, these
changes suggest that aging astrocytes may exhibit differences in interactions with neuronal
synapses, altered energy metabolism, and increased cytokine signaling.

To assess the similarity between human and mouse astrocyte aging, we returned to the
mouse aging dataset from [73]. They reported a list of 58 age-associated genes in mouse
cortical astrocytes. We wanted to determine whether mice recapitulated human changes
related to metabolism, synapses, cytokines and senescence. Due to the short length of the
mouse gene list, we sought to identify trends in the whole dataset. To do so, we first chose
relevant GO terms that captured the trends we observed in humans (“ATP metabolic process”,
“synapse”, “cytokine-mediated signaling pathway”, and “cellular senescence”). Using these
gene lists, we plotted differences in gene expression of all genes between the ten-week-old and
two-year-old mice (Fig 1-5C). There is a prominent right skew in cytokine signaling genes, and
we observe a slight left shift in ATP metabolism genes, suggesting mouse astrocytes also show
signs of upregulating cytokine signaling genes while downregulating metabolic genes in old age.
The distributions for synaptic and senescence genes were highly symmetrical, suggesting no
broad trends associated with age. However, mouse astrocytes could show important changes
in smaller subsets of synaptic or senescence genes upon further analysis. In total, we see

evidence that mouse astrocytes share metabolic and cytokine features of human astrocyte

aging.
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Next, we examined changes in protein-protein interactions in aging astrocytes from
humans and mice using the online tool STRING (string-db.org). We combined differentially
expressed genes from three different studies of aging mouse astrocytes [73-75]. Again, we see
downregulation of mitochondrial ATP metabolism genes in both species, and both species also
upregulated genes involved in inflammation such as cytokine signaling, the complement
pathway, and interferon response pathway (Fig 1-5D). Furthermore, in aging human astrocytes,
inositol triphosphate-calcium signaling pathway and senescence genes are upregulated
whereas growth factor signaling genes are downregulated. In aging mouse astrocytes, mRNA
splicing genes are upregulated and ribosomal translation genes are downregulated.
Region-specific gene signatures in astrocytes

Studies in mice have found regional differences in gene expression, but little is known
about potential differences across the human brain. We compared expression in temporal lobe
(n = 27) and frontal lobe samples (n = 8) and found 64 differentially expressed genes.
Interestingly, Semag3a, a gene expressed at higher levels in ventral than in dorsal spinal cord
astrocytes and repels axons from ventral spinal cords in mice [39] is expressed at higher levels
in the frontal lobe than in the temporal lobe in humans, suggesting potentially conserved roles of
astrocytic Sema3a in region specific axon guidance.

Subtle sexual dimorphism in astrocyte gene signatures

Female and male brains differ in their susceptibility to neurological disorders. For
example, intellectual disability, autism spectrum disorder and Parkinson disease are more
prevalent in men than in women [103, 104], whereas multiple sclerosis, Alzheimer disease, and
anxiety disorder are more prevalent in women than in men [105-107]. The cellular and
molecular mechanisms underlying sexually dimorphic susceptibility to neurological and
psychiatric disorders are largely unknown. While understanding of sexually dimorphic
properties of other brain cells, particularly microglia, is increasing, sexual dimorphism in human

astrocytes has not yet been reported. In our differential gene expression analysis of all 49
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samples, we found 105 genes (40 protein coding) with expression levels significantly associated
with sex (Fig 1-6, SI1-13). This gene list represents the first evidence of sexual dimorphism in
human cortical astrocytes, to the best of our knowledge. Some of these genes are transcription
factors (POU5F 1B, HOXC10) or epigenetic factors, which may globally regulate gene
expression. For example, the lysine demethylases KDM6A and KDM5C located on the X-
chromosome are expressed at higher levels by female than male astrocytes. Females have two
copies of X-chromosome genes and males only have one copy. Most X-chromosome genes are
subjected to X-inactivation in females, where only one copy of the gene is expressed, thus
making expression levels comparable in males and females. Interestingly, KDM6A and KDM5C
expression in female astrocytes are approximately twice as high as in male astrocytes, likely by
escaping from X-inactivation, as has been reported in other cell types [108]. KDM6A
demethylates histone 3 lysine 27 trimethylation, a repressive mark found in promoters and
enhancers, thus contributing to gene activation. KDM5C demethylates histone 3 lysine 4
methylation associated with active promoters and enhancers, thus contributing to gene
repression. Both KDM6A and KDM5C are associated with risk of intellectual disability, a disease
more common in males than in females [109]. Lower expression of these genes in male
astrocytes may make them more susceptible to mutations that reduce demethylase activity,
leading to astrocyte gene regulation defects, neural circuit dysfunction, and intellectual disability.
We also observed a diverse array of differentially expressed genes whose protein products are
located in the plasma membrane, though their functions in astrocytes remain mysterious
(TMEM176B, TMEM143, CD99). Together, this data represents the first evidence that human

astrocytes display a subtle sexual dimorphism at the molecular level.

1.5 Discussion
We generated transcriptomic data of over 40 samples of acutely purified human

astrocytes. These samples vary in age, sex, and disease state, allowing us to analyze these
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features in humans for the first time with RNAseq. Overall, genes associated with synaptic
function change in multiple conditions, highlighting dynamism in astrocyte-synapse interactions
in humans. Together, this data elucidates several fundamental aspects of human astrocyte
biology in health and disease, as well as drawing important comparisons to murine astrocytes.
Molecular Profile of Astrocytes in Human Disease

Prior to the advent of the immunopanning technique, astrocyte purification mainly relied
on serum-selection [110]. In these methods, heterogenous collections of cells were cultured
with serum-containing media that preferentially allowed survival and propagation of astrocytes.
However, these conditions were not physiological, as serum is a component of the blood that
does not cross the blood brain barrier in healthy brain tissue. Astrocytes placed under these
conditions upregulate reactive markers and adopt fibroblast-like morphology in culture [102,
111]. Using this method, it was challenging to study in vivo reactive astrocyte states, as the
signal was masked by the response to serum during in vitro purification. Immunopanning allows
for acute purification without the use of cell culture or serum, maintaining astrocytes in a near-
physiological state [65]. This technique allowed us to characterize the transcriptomic profile of
human astrocytes from two in vivo neurological disorders, FCD, and brain tumor.

Despite previous evidence that some forms of epilepsy can induce astrocyte reactivity
[47], our analysis does not find notable changes in the astrocytes in FCD. This may reflect
differences in disease progression across different kinds of epilepsy. A human study of patients
with FCD only observed astrocyte reactivity in the center of the disorganized cortex, not in outer
regions with milder neuronal phenotypes [112]. Therefore, it is conceivable that human
astrocytes in this epileptic context would not necessarily demonstrate reactivity, and our findings
in FCD should not be generalized to all forms of epilepsy. Additionally, bulk RNA-seq may miss
reactive changes of a small subset of astrocytes.

In stark contrast, peritumor astrocytes demonstrate a robust change in gene expression.

Peritumor astrocytes strongly decrease expression of glutamate transporters (SLC1A2 and
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SLC1A3) that are normally highly expressed in astrocytes and help maintain the excitation-
inhibition balance of the brain. Seizure activity is common in individuals with brain tumors, and
seizures are often the precipitating event that leads to medical treatment [88]. Astrocytes may
contribute to unregulated excitation in the brain by downregulating these important glutamate
transporters. Excessive excitation not only causes harmful seizures; there is recent evidence
that neurons form synaptic structures with tumor cells, and neuronal activity drives further
proliferation and infiltration of tumor cells [113-115]. This raises the exciting possibility of
therapeutically targeting glutamate uptake in astrocytes, in addition to existing anti-seizure
medications. In future studies, it will be vital to determine whether these general patterns hold
for the various classes and origins of brain tumors, and at what stage of disease progression
they appear. Beyond glutamate transporters, peritumor astrocytes downregulate several other
genes that normally support synaptic function, suggesting further impacts on circuit function.

Indeed, our findings portray a general loss of function in peritumor astrocytes. There is a
strong upregulation of cellular proliferation markers in conjunction with near-universal
downregulation of core astrocyte genes. We specifically identified a widespread reduction of
astrocyte receptor genes, which may limit their ability to sense and respond to their
environment.

Interestingly, there may be one important gain-of-function in peritumor astrocytes. A
study of human astrocytes from tumor cores concluded that astrocytes contributed to an
immune-suppressive environment that permitted tumor proliferation and infiltration. Tumor-core
astrocytes showed changes in the JAK/STAT and interferon gamma response as well as
upregulation of the anti-inflammatory cytokine 11-10 [77], which were not present in the peritumor
astrocytes. On the contrary, peritumor astrocytes upregulate many pro-inflammatory genes and
downregulate anti-inflammatory genes. Although loss of synaptic support from peritumor

astrocytes may contribute to circuit disruption and tumor-associated seizure activity, an increase

26



in pro-inflammatory signaling may play a vital role in containing tumor growth and migration by
promoting an immune response.
Human Astrocyte Maturation

Human brain development proceeds through a cascade of complex and reciprocal
interactions between several maturing cell types. For example, neurons largely fail to make
functional synapses in the absence of astrocytes, and astrocytes lack morphological complexity
without the presence of neurons [6, 9]. The developmental trajectory of most major brain cells
has been described by the presence of cell-specific transcription factors that drive cells toward a
specific fate, such as NEUROD1 in neurons and OLIG2 in oligodendrocytes. Although some
important regulators have been identified, astrocyte development and maturation remain less
well understood [36, 116-118]. Previous work compared fetal astrocytes to postnatal astrocytes
that helped identify markers of mature versus immature astrocytes, and here we extend that
work by creating a developmental timeline across postnatal astrocyte maturation in humans.
This provides some of the first insight into how human astrocytes mature past the early stages
of development. We found a shift in astrocytic gene expression around 8 years old that persists
into early adulthood. This time frame coincides with the onset of increased synaptic pruning in
the cortex, as evidenced by a decline in cortical synaptic spine density beginning around
puberty [119-121]. Based on this data, astrocytes adopt functions for the support and
maintenance of synapses before birth, but they adopt new roles in synaptic remodeling during
postnatal maturation. These data also provide new markers to use in untangling astrocytic gene
networks and molecular mechanisms that related to increased synaptic pruning. Pathway
analysis of astrocyte maturation genes identified downregulation of proliferative pathways and
upregulation of pathways related to ion homeostasis and lipid metabolism. We also find these
patterns of astrocyte maturation preserved in mice, even though mice and humans showed
divergent sets of maturation-related genes. This suggests mice and human astrocytes share

many aspects of their developmental arcs, though they may express different sets of genes to
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achieve the same functional goal. Future studies should aim to identify the signaling
mechanisms that drive astrocyte maturation, as aberrations in astrocyte maturation could
contribute to dysfunction in neural circuits and ultimately neurodevelopmental disorders.
Aging in Human Astrocytes

Astrocytes become reactive in age-related neurological diseases such as Alzheimer
Disease [48]. Itis important to determine whether reactivity is induced purely by disease
progression or whether astrocyte reactivity occurs in the course of normal aging, which may
further contribute to aspects of disease progression. We observe declining expression of
synaptic genes, including the glutamate transporter gene SLC1A3. As we noted in peritumor
astrocytes, altered expression of this gene product would impact the balance of excitation-
inhibition in the brain and impair circuit function. Two separate animal studies have identified
increasing expression of reactive markers across age in the mouse brain, both in the cortex and
subcortical regions [73, 74]. We find corresponding evidence in our analysis of aging human
astrocytes where several genes involved in cytokine signaling are upregulated, including CCL2,
IL6, and SOCS3. We also observe a modest increase in senescence markers CDKN1A and
CDKN2A. As our cohort only extends to age 65, further study of astrocytes at more advanced
ages could uncover much larger changes in the astrocyte transcriptome throughout the aging
process. While reactive and senescence markers increase, we observe a decrease in genes
related to energy metabolism. Astrocytes typically provide metabolic support to aid in proper
neuronal function and signaling, so these changes may contribute to age-related declines in
cognition. An important question for further examination is whether a decrease in neuronal
support is reflective of astrocytic dysfunction or declining demand from neurons. Our study does
not have a large cohort of patients in the aging adult group. Given the higher variability of
human data caused by greater genetic and environmental diversity compared with laboratory
mice, future studies with large sample sizes will further expand our understanding of astrocyte

aging in humans.
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Sexual Dimorphism of Human Astrocytes

Many neurological diseases have differences in incidence and prognosis depending on
sex, but little is known about the mechanisms that underlie these differences. Recently, multiple
findings identified sex differences in microglia, but sex differences in astrocytes remain elusive
despite their extensive interactions with microglia. Slight differences in astrocyte number and
morphology were reported in sub-cortical regions of the brain in rats, such as the amygdala
[122, 123]. Here, we report the first evidence of sexual dimorphism in human astrocytes, to the
best of our knowledge. Female cortical astrocytes have higher transcription of several plasma
membrane proteins, including somatostatin receptor SSTR2, a transcriptional target of p53,
PERP, and transmembrane protein TMEM176B. We also observe differential expression of
genes encoding epigenetic regulators located on sex chromosomes, such as demethylases
KDM5C and KDM6A. Though healthy astrocytes demonstrate relatively few sex differences,
further studies should investigate whether underlying differences in epigenetic state could
contribute to sex-specific responses to insult or injury and ultimately underlie sex differences in
neurological disease.

Naturally, limited access to fresh brain tissue limits many studies of the human brain,
including this one, and our findings are not an exhaustive list of changes in human astrocytes.
Further studies are needed to clarify context-dependent expression in human astrocytes in other
diseases and patient populations to identify astrocytic roles in human health and disease. Our
discovery of changes in genes involved in synaptic function across multiple conditions in human
astrocytes is an important step in that direction, and our dataset will provide valuable insight for

further investigation of human biology and novel approaches for neurological disease.

29



i A U
S wwgé%
o — Fiigy

1

Cell Suspension *
anh -CD45 anh GalC anh Thy‘l anti-HepaCAM
Microglia / Oligos and Neurons Astrocytes
Macrophage Myelin Debnis

B RPKM
0 100 200 300 400
Control Focal Cortical Dysplasia Peritumor
mc N N | b M| l |

s;:uz |

Astrooyte
§

o =

MYRF
ASPA
CSPGA
TMEM1 10
meAM
PTPRC
cDés
CLONS,
TEK
PECAMI
coM,

Figure 1-1. Acute purification of human astrocytes from cerebral cortex. A) Diagram of

Endothelial  Myeloid Oligo + OPC  Neuron

human astrocyte purification by immunopanning. Surgically resected tissue underwent
enzymatic digestion and gentle mechanical digestion to generate a single cell suspension.
These cells were passed over a series of plates coated with cell-type-specific antibodies to
deplete microglia, oligodendrocyte-lineage cells, and neurons before finally passing to a plate
that specifically binds astrocytes using an anti-HepaCAM antibody. B) Heatmaps showing the

expression of cell type specific genes in RPKM after RNA sequencing of immunopanned
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astrocytes. All samples are highly enriched in astrocytic genes (red), with little to no expression
of gene markers for neurons, myeloid cells (i.e. microglia or macrophages), oligodendrocyte-
lineage cells, or endothelial cells. Detailed sample info and total gene expression are detailed in

SI1-1 and 1-2.
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Figure 1-2. Transcriptomic signature of human astrocytes in the peritumor
microenvironment. A) Volcano plot showing differential gene expression in human peritumor

astrocytes vs. controls; red = p < 0.05. Full DGE in SI1-3; cross-validation in SI1-4; effects of
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brain region in SI1-5. B) Bar plots of astrocyte genes with changing expression in the peritumor
microenvironment. C) Selected gene ontology terms that are significantly enriched in up- (left)
and downregulated (right) genes in peritumor astrocytes; dashed lines: p < 0.05. Full GO
results in SI1-8. Analysis of synaptic genes and disease-associated genes in SI1-6. D)
Heatmaps of differential gene expression in peritumor astrocytes related to (top) synaptic
function, (middle) astrocyte reactivity, and (bottom) mature astrocyte markers. E) Heatmaps of
extracellular matrix genes with increased (red) or decreased (blue) expression in peritumor
astrocytes, all significant at p < 0.05. F) Normalized gene expression of anti-inflammatory (top)
and pro-inflammatory (bottom) genes that are differentially expressed in peritumor astrocytes (p
< 0.05). G) Normalized gene expression of plasma membrane receptors that are differentially
expressed in peritumor astrocytes (p < .05). Full gene list in SI1-7. H) Normalized gene
expression of the top 50 astrocyte marker genes, identified by Kelley, Nakao-Inoue (93), in

peritumor and control astrocytes. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 1-3. In situ hybridization validation of human astrocyte RNAseq. A) RNAscope in
situ hybridization of TLR4 (yellow) in astrocytes (SLC1A3, red) in both human and mouse
tissues. Scale bar = 50 um. B) Quantification of TLR4+ astrocytes in human and mouse cortical
tissue. Error bars = standard error. C) Histogram depicting the number of TLR4+ puncta in an

astrocytic cell body labeled by SLC1A3 in human and mouse cortical tissue.
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Figure 1-4. Molecular characterization of human astrocyte maturation. Full maturation
DGE results in SI1-10, including FCD samples as they were not substantially different from
controls (S11-9). A) Heatmap of representative genes with changing expression across
maturation (7 months — 21 years old, n = 26). Astrocytic gene expression approaches the

mature pattern around 8 years of age. Plotted as Z-score of gene expression (RPKM); top bar:
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rainbow index of sample ages. B) Selected gene ontology terms enriched in genes that are up-
(left) or downregulated (right) across maturation in both human astrocytes (black bars) and
mouse astrocytes (grey bars, from [73]). Dashed lines: p < 0.05. Full results reported in SI1-11.
C) Venn diagrams quantifying astrocyte maturation-associated genes that are up- (left) and
downregulated (right) in humans (red) and mice (blue). D) Top: heatmap of selected astrocyte
maturation markers colored by percentile change of RNA expression (e.g. A percentile = +100
demonstrates a gene went from the least expressed gene to the most expressed gene) from
fetal human astrocytes [66] to mature human astrocytes (13-21 years old). Bottom: heatmap of

selected calcium signaling genes, same quantification as the heatmap above.
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Figure 1-5. Age-associated genes in human astrocytes. Full expression data presented in
SI1-12. A) Expression of age-associated human astrocyte genes with decreased expression in
older adults (50+ years old) compared to younger adults (21-50 years old). B) Age-associated
human astrocyte genes with increased expression in older adults compared to younger adults.
All genes shown are significantly associated with age, and at least 1.5-fold enriched in younger
or older adults. C) Change in RNA expression of mouse astrocytes (10 weeks old vs. 2 years
old, from [73]) in various gene ontology categories. Gene lists derived from the following GO
annotations, from left to right: GO:0046034, GO:0045202, GO:0019221 and GO:0090398. D)
Protein-protein interaction networks among human (top) and mouse (bottom) age-associated

genes.
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Figure 1-6. Sexually dimorphic genes in human astrocytes. Selected genes that are
significantly associated with sex, including genes encoding transcription factors, epigenetic
modifying enzymes, and proteins localized to the plasma membrane. Full DGE results

presented in SI1-13.
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Chapter 2

Lymphocyte Deficiency Alters the Transcriptomes of Oligodendrocytes, but Not

Astrocytes or Microglia
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2.1 Abstract

Though the brain was long characterized as an immune-privileged organ, findings in
recent years have shown extensive communications between the brain and peripheral immune
cells. We now know that alterations in the peripheral immune system can affect the behavioral
outputs of the central nervous system, but we do not know which brain cells are affected by the
presence of peripheral immune cells. Glial cells including microglia, astrocytes,
oligodendrocytes, and oligodendrocyte precursor cells (OPCs) are critical for the development
and function of the central nervous system. In a wide range of neurological and psychiatric
diseases, the glial cell state is influenced by infiltrating peripheral lymphocytes. However, it
remains largely unclear whether the development of the molecular phenotypes of glial cells in
the healthy brain is regulated by lymphocytes. To answer this question, we acutely purified each
type of glial cell from immunodeficient Rag2’- mice. Interestingly, we found that the
transcriptomes of microglia, astrocytes, and OPCs developed normally in Rag2” mice without
reliance on lymphocytes. In contrast, there are modest transcriptome differences between the
oligodendrocytes from Rag2”- and control mice. Furthermore, the subcellular localization of the
RNA-binding protein Quaking, is altered in oligodendrocytes. These results demonstrate that the
molecular attributes of glial cells develop largely without influence from lymphocytes and

highlight potential interactions between lymphocytes and oligodendrocytes.

2.2 Introduction

The immune system and the nervous system are two vital and intricate biological
systems. In recent decades an additional layer in their complexity is emerging as accumulating
evidence suggests how these two systems interact and influence one another. Although the
brain has been traditionally considered an immune-privileged organ, researchers have reported
the presence of immune cells in the protective layers surrounding the brain, the meninges, as

well as in the perivascular space and choroid plexus [1-4]. Some meningeal immune cells are
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produced locally in the skull bone marrow and display different properties than immune cells
derived from the periphery, suggesting brain-specific roles for the immune cells that occupy this
niche [5, 6]. These meningeal immune cells are poised for direct signaling to the brain through
secreted factors or indirect signaling via border cells. Several lines of evidence implicate
meningeal immune cells in homeostatic brain function. Limiting immune cell migration across
the blood-meningeal barrier using VLA-4 integrin antibody results in cognitive impairment, and
disrupting meningeal T cells via eliminating the deep cervical lymph nodes also impairs learning
[7-9]. One recent study found that meningeal y& T cells induce anxiety-like behavior through the
secretion of IL-17a through activation of receptors on glutamatergic cortical neurons [10]. As the
peripheral immune cells influence the brain, the brain in turn regulates the immune system in
several ways, including the production of hormones. Activation of the hypothalamic-pituitary-
adrenal axis results in the secretion of corticosteroids that inhibit many immune responses [11,
12].

Although the impact of peripheral immune cells on the behavioral output of the central
nervous system (CNS) has been demonstrated, how immune cells affect the cellular state in the
CNS remains elusive. Glial cells including microglia, astrocytes, oligodendrocytes, and
oligodendrocyte precursor cells (OPCs) make up a large portion of brain cells and play key roles
in the development and function of the CNS[13-29]. Of particular note in this study, microglia are
CNS-resident innate immune cells and key players in CNS pathogen defense, homeostasis, and
developmental synapse engulfment and neural circuit refinement [30-39]. Oligodendrocytes
form insulating myelin sheaths around axons, accelerate the propagation of action potentials
along axons, and provide metabolic support to axons [40-48]. Under pathological conditions in a
wide range of neurological disorders, such as stroke, trauma, and CNS autoimmunity, infiltrating
peripheral immune cells release cytokines that impact levels of neuroinflammation and glial cell
states [49]. State changes of glial cells in turn contribute to neuroinflammation, tissue

homeostasis, and neural repair [50]. A long-standing question that remains largely unanswered
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is whether the cellular states of glial cells are regulated by immune cells under homeostatic
conditions in the healthy brain.

Like glia, lymphocytes play a powerful role in many neurological pathologies. Most
notably, lymphocytes have been implicated in the prototypic inflammatory disease, multiple
sclerosis (MS). Lymphocytes are implicated in the causal pathology of MS due to a variety of
experimental observations[51]. Activated myelin-specific T lymphocytes are sufficient to
generate brain lesions in the popular mouse model of MS, experimental autoimmune
encephalomyelitis (EAE)[52]. Though exceedingly rare in homeostasis, peripheral immune cells
can migrate into the brain in a variety of neurological disease states, including stroke, cancer,
where they become central players in the pathology[53, 54]. Peripheral myeloid cells and
neutrophils can be found in the brains of Alzheimer disease patients, and peripheral immune
composition shows changes in Parkinson disease[55, 56]. Inflammation, and therefore immune
cells, are known or suspected to play a role in a huge array of CNS diseases. While their many
roles in disease garner widespread attention, relatively little is known about how immune cells
effect the brain in the absence of disease.

Rag2’ mice are a particularly useful tool for assessing the impact of peripheral immune
cells on the CNS as they lack mature lymphocytes, the central players in adaptive immunity.
Lymphocytes, including T and B cells, serve to recognize potentially hazardous antigens, and
they accomplish this task by expressing a great diversity of receptors to identify the many
possible antigens they may need to detect. Rather than expressing an impossibly large number
of distinct receptor genes, this receptor diversity is accomplished by physical recombination of a
small number of antigen receptor genes; Rag1 and Rag2 are the recombinase enzymes
required for this recombination [57]. In the absence of Rag2, this recombination cannot take
place, so lymphocytes will not create the appropriate receptor array and therefore fail to mature
into functional T and B cells [58]. In the absence of these lymphocytes, researchers have

reported a diverse set of changes in learning and behavior. When trained to associate a tone
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with a foot shock, Rag2” mice show significantly less freezing when presented with the tone,
indicating a fear learning deficit[59]. The freezing response was partially recovered in Rag2™"
that had been reconstituted with CD4+ T-cells. In a social interaction test, Rag2’ mice spent
significantly less time interacting with a conspecific mouse than wildtype mice, and this
phenotype was also rescued with reconstitution of functional lymphocytes[60]. Reconstituted
Rag2™’ also showed less anxiety behavior than naive Rag2” mice, as measured by time in the
open arm of an elevated plus maze. These studies demonstrate that lymphocytes can shape
behavior outside of pathological conditions, though it remains unclear how this influence is
exerted.

In this study we sought to determine whether the homeostatic transcriptome states of
CNS glial cells require signals from lymphocytes. To that end, we acutely purified cortical
oligodendrocytes, OPCs, astrocytes, and microglia by the immunopanning method from
immunodeficient Rag2”’- mice and immunocompetent littermates. We performed RNA-
sequencing to characterize the transcriptome profiles of each of the glial cell types. We found
modest changes in gene expression among oligodendrocytes, though gross myelin
development appears normal. However, we did identify altered localization of an RNA-binding
protein, Quaking, in oligodendrocytes, which binds transcripts for a key myelin gene, MBP[61].
Microg lia, OPCs, and astrocytes show little to no alterations in gene expression in the cortex,
despite a previous study suggesting that lymphocyte depletion altered microglial gene
signatures[62]. Overall, we find little evidence that lymphocytes influence CNS function by
majorly altering the transcriptome profiles of microglia, astrocytes, and OPCs in the healthy

cortex.

2.3 Materials and Methods

Experimental animals
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All animal care and experimentation were approved by the Animal Research Committee
at the University of California, Los Angeles (UCLA) under the approved protocol #R-16-080.
We obtained Rag2” mice from Jackson Laboratory (B6.Cg-Rag2™'-'¢9"/J, #008449) and
crossed with C57BL/6J to establish the breeding colony used in all sequencing and
immunostaining experiments. We ordered 8-week-old male Rag2” mice (B6.Cg-Rag2™'1con/J,
#008449) and controls (C57BL/6J, #000664) from Jackson Laboratory for western blot
experiments. Mice were housed in autoclaved cages and received sterilized food and water.
Both male and female mice were used for experimentation. We used 3-month-old mice for RNA-
sequencing experiments, and approximately 1-year-old mice for RNAscope experiments.
Purification of brain cells

Four classes of brain cells (microglia, OPCs, oligodendrocytes, and astrocytes) were
purified using immunopanning, as described in Zhang 2016 and Zhang 2014 [63, 64]. Briefly,
we anesthetized animals with isofluorane and performed transcardial perfusions with phosphate
buffered saline (PBS) and subsequently dissected cortical grey matter. The tissue was digested
enzymatically with papain (12 units/mL) at 34.5°C for 45 minutes, followed by mechanical
trituration to generate a single cell suspension. Cells were treated with enzymatic inhibitor to
end digestion. We incubated this single cell suspension for 10-15 minutes at room temperature
on a series of petri dishes that were pre-coated with cell-specific antibodies. After incubation,
we washed each dish with PBS to remove contaminants, applied TRIzol to release the RNA,
and flash froze the resulting sample in liquid nitrogen for storage at -80°C. We used the
following series of antibodies to purify each cell class in this order: microglia, anti-CD45 x3
plates (BD Pharmingen 550539); OPCs, anti-PDGFRa x1 plate (BD Sciences 558774)
(harvested for RNA-sequencing) and O4 hybridoma x2 plates (to further deplete OPCs, not
harvested for RNA-sequencing); oligodendrocytes, GalC hybridoma x2-3 plates; astrocytes,
HepaCAM x1 plate (R&D Systems MAB4108). Of note, anti-CD45 can also bind a population of

peripheral macrophages, though this population was reduced by perfusion prior to brain
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dissection. The following sample sizes were collected for each cell class: astrocyte n = 12 [6
control, 6 Rag2-knockout (KO)], microglia n = 12 (6 control, 6 KO), OPC = 11 (6 control, 5 KO),
and oligodendrocyte = 8 (4 control, 4 KO). Samples also included both males and females:
astrocyte 7 male, 5 female; microglia 7 male, 5 female; OPC 7 male, 4 female; oligodendrocyte
5 male, 3 female.
RNA-sequencing library construction and sequencing

RNA was purified from frozen samples using the miRNeasy kit (Qiagen 217004)
according to the manufacturer’s protocol. The resulting RNA was converted to cDNA and
amplified using the Nugen Ovation RNAseq System V2 (Nugen 7102-32), and fragmented using
a Covaris S220 focused-ultrasonicator (Covaris 500217). Final libraries were prepared using
the NEB Next Ultra RNA Library Prep Kit (New England Biolabs E7530S) and NEBNext
multiplex oligos for lllumina (NEB E7335S) according to manufacturer’s protocol. Libraries from
the same cell type from all mice were pooled and sequenced on the same lane using the
lllumina NovaSeq 600 System to obtain 23.2 + 5.74 (s.d.) million 2x50 bp reads per sample.
RNA integrity was measured using the 2200 TapeStation System (Agilent G2964AA) and the
RNA high sensitivity assay (Agilent 5067-5579). All samples had RIN > 7, though some
samples were out of the measurable range.
Read alignment and quantification

We mapped the reads using the STAR package v2.7.8a and genome assembly
GRCm39 (Ensembl, release 104) [65]. Samples had 73.7% + 2.97 (s.d.) uniquely aligned
reads. Reads were quantified using HTSeq v0.13.5 to obtain counts for downstream analysis
[66]. Quantified RNA-seq data can be found in supplemental information (S1).
Differential gene expression analysis with DESeq2

We analyzed differential gene expression of each cell type using gene counts and the
DESeq2 (v1.26.0) package in R [67]. We built our linear model using only two binary variables:

sex and genotype. Full differential gene expression results are reported in the supplemental
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information (S2, S3). Male- and female-enriched genes in oligodendrocytes were also passed
into the online database STRING to identify functional enrichment of these gene sets[68].
Gene Set enrichment analysis (GSEA)

We downloaded GSEA software from www.gsea-msigdb.org, version 4.2.3 [69, 70]. We

used the default settings with the following exceptions. We entered normalized counts for our
expression data, which we calculated using the DESeq2 functions estimateSizeFactors() and
counts(). “Permutation type” was set to “gene_set”. We built our own gene sets based on
scRNAseq analysis published in Pasciuto 2020 [62]. They sequenced cells from MHCII knock-
out mice which have a different form of lymphocyte deficiency[71]. We extracted the genes they
found to be differentially expressed among all MHCII"- microglia vs all control microglia. We
made one gene set of upregulated genes and one gene set of downregulated genes. The gene
sets were trimmed to the top 500 genes ranked by p-values to meet the recommended gene set
size.
Principal components analysis

Principal components analysis (PCA) was performed to visualize RNAseq results in a
low-dimensional space. In R, we converted raw read counts using a log. transformation with the
function “rlogcounts” followed by PCA using the function “prcomp”. Resulting plots are shown in
supplemental data, SI2-5.
RNAscope in situ hybridization

In situ hybridization of microglial markers was performed using the RNAscope Multiplex
Fluorescent V2 Assay (ACDBio 323100). Brain tissue was harvested from approximately 1 year
old mice (3 Rag2*"*, 3 Rag2™") after anesthetization with isoflurane and 10-minute transcardial
perfusion with 4% paraformaldehyde. Brains were postfixed overnight in 4% PFA at 4°C, then
dehydrated in 30% sucrose at 4°C until brains sank. Finally, brains were embedded in OCT
compound (Fisher Scientific 23-730-571) and sectioned at 15 ym thickness and mounted onto

Superfrost Plus slides (Fisher Scientific 12-550-15) before proceeding to the RNAscope assay.
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The assay was conducted as per the manufacturer’s protocol. We used the following probes,
formulated by ACD Bio: Mm-Tmem119 (cat. 472901), Mm-C1qga-C2 (cat. 441221-C2), and Mm-
Junb-O1-C3 (cat. 584761-C3). The cerebral cortex was imaged with a 20x objective in both the
upper cortex (layers 2-3) and lower cortex (layers 4-6) in both the motor and dorsal
somatosensory regions. Images were quantified using ImageJ (2.0.0-rc-61/1.51n with Java
1.8.0_66) [72]. To quantify fluorescence intensity, regions of interest were manually drawn
around microglial soma using microglia-specific markers Tmem119 and C7qa, and intensity was
measured using the “Measure” tool. For microglial-specific markers Tmem119 and C1qa, we
also quantified the area of staining by first applying an equal threshold to all images before
measuring area with the “Measure” tool. Welch’s t test was used to assess differences between
Rag2** and Rag2” tissue.
Data deposition

We deposited all gene expression data to the Gene Expression Omnibus, accession
number GSE210580.
Immunohistochemistry

Brain tissue was fixed and embedded as described for RNAscope. Brains were
sectioned at 15-20 ym and directly mounted onto Superfrost Plus slides (Fisher Scientific 12-
550-15). Sections were permeabilized with a blocking solution made of 0.2% Triton-X and 10%
donkey serum in PBS at room temperature for 30 minutes, then they were rinsed and incubated
with primary antibody diluted in blocking solution overnight at 4°C. The following day, sections
were washed 3 times in PBS and incubated with secondary antibody at room temperature for 90
minutes, followed by 3 PBS washes. Finally, coverslips were added with a mounting solution
containing DAPI. Primary antibodies: anti-MBP, 1:200 (Abcam ab7349), anti-APC clone CC1
(Millipore Sigma OP80); Secondary antibodies: anti-rat 647 (Invitrogen A48272), anti-rat 594

(Invitrogen A-21209), anti-mouse 488 (Invitrogen SA5-10166). Staining was quantified in 1-
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year-old mice (n = 3/group). MBP was quantified in coronal sections approaching the crossing
of the anterior commissure (bregma 0 mm to 0.1 mm).
Western blot

Whole-cell lysates from 2-month-old mouse cortex were lysed RIPA buffer (Thermo
Fisher, cat #89901) containing EDTA-free protease inhibitor cocktail (Sigma, cat #4693159001),
and centrifuged at 12,000 x g for 10 min to remove cell debris. Whole-cell lysates were then
mixed with sodium dodecyl sulfate (SDS) sample buffer (Fisher, cat # AAJ60660AC) and 2-
mercaptoethanol before boiling for 5 min. Samples were separated by SDS-polyacrylamide gel
electrophoresis, followed by transfer to polyvinylidene difluoride membranes (Thermo Fisher,
88520) via wet transfer at 300 mA for 1.5 hours. Membranes were blocked with clear milk-
blocking buffer (Fisher, cat #P137587) for 1 hour at room temperature and incubated with
primary antibodies against MBP (Abcam, cat #ab7349, dilution 1:1000), GAPDH (Sigma, cat
#CB1001, dilution 1:5000), and PLP1 (Millipore, cat #MAB388, dilution 1:500) at 4°C overnight.
Membranes were washed with tris-buffered saline with Tween 20 (TBST) three times and
incubated with either horseradish peroxidase-conjugated secondary antibodies (Mouse, Cell
Signaling, cat #7076S; Rat, Cell Signaling, cat #7077S) (for MBP and PLP1) or Donkey anti-
Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 647 (Fisher,
cat # PIA32787,1:1000) (for GAPDH) for 1 hour at room temperature. After three washes in the
TBST buffer, SuperSignal™ West Femto Maximum Sensitivity Substrate (Fisher, cat #P134095)
was added to the membranes, and these signals were visualized using a ChemiDocTM MP
Imaging system (BIO-RAD). Images were quantified in ImagedJ using the plugin
“pandandPeakQuantification” and normalized to Gapdh expression.
Statistics

Differential gene expression and associated statistical testing was performed using

DESeq2. Gene set enrichment analysis (GSEA) was performed using GSEA software v4.3.2,
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as described above. All other statistical comparisons were performed using Welch’s t-test in
Excel.

2.4 Results

RNA-sequencing of glia from Rag2” mice

Rag2”- immunodeficient mice and wildtype immunocompetent control mice are typically
housed in facilities with different levels of pathogen exposures and other environmental
variables. To compare glial cell states in Rag2”’ and control mice with minimal environmental
confounding factors, we established a single colony of Rag2™ heterozygous mice housed in a
clean facility for immunodeficient mice. We crossed heterozygous parents to generate Rag2™
and Rag2*"* littermate pairs raised with the same maternal care in the same environment for
RNA-sequencing (Fig 2-1A).

We purified each glial cell type from the mouse cerebral cortex using an immunopanning
technique [63, 64]. Cells were separated into a single-cell suspension and then passed over
plates coated with cell type specific antibodies that pull down the cell types of interest (Fig 2-
1B). Compared with the traditional method of culturing glial cells in serum-containing media and
separating them based on the layers in which each cell type is enriched, immunopanning allows
acute purification of glial cells without exposure to serum and allows cells to remain much closer
to a physiological state [63, 64]. Using this method, we collected microglia (anti-CD45),
astrocytes (anti-HepaCAM), oligodendrocytes (GalC hybridoma), and OPCs (anti-PDGFRA)
from 4-6 littermate pairs of Rag2’ and Rag2** mice and performed RNA-sequencing. Using a
panel of cell type-enriched genes, we found that glial samples enriched via immunopanning
have low levels of contamination from other cell types (Fig 2-1C).

Lymphocyte deficiency affects the oligodendrocyte transcriptome and Quaking RNA-binding
protein localization

We analyzed each cell type for differential gene expression using DESeg2. We found

five or fewer differentially expressed genes (multiple comparison adjusted p-value <0.05) in
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astrocytes, OPCs, and microglia from immunocompetent vs. immunodeficient Rag2’- mice. Of
note, the gene Iftap (encoding intraflagellar transport associated protein) overlaps with Rag2 in
the genome, and /ftap is significantly downregulated in all four cell types analyzed. This
observation suggests that the coding and/or regulatory sequences of Iftap is disrupted in Rag2™”
mice.

In contrast to the other three cell classes, oligodendrocytes showed more differentially
expressed genes: 19 upregulated and 180 downregulated genes, of which 16 upregulated
genes and 71 downregulated genes are protein-coding (Fig 2-2A). This suggests a role of
peripheral lymphocytes in maintaining some aspect of oligodendrocyte molecular signatures.

Among the downregulated genes is Man1a2, a gene encoding an enzyme involved in N-
glycosylation of peptides. N-glycosylation occurs on many important peptides expressed by
oligodendrocytes, including myelin oligodendrocyte glycoprotein (MOG) [73]. Rag2”
oligodendrocytes also downregulate Spx, which encodes the neuropeptide spexin, also known
as neuropeptide Q. Spexin has been implicated in a variety of functions, including nociception
and feeding behaviors, though its role in oligodendrocytes has not been described [74].

The upregulated genes include Sema3b, a member of the semaphorin family of genes that
encode axon guidance cues. Interestingly, we also see observed differential expression of Ppia,
which encodes an enzyme that catalyzes isomerization of peptide bonds. Ppia is sometimes
referred to as a housekeeping gene and used as a reference gene in real time quantitative
PCR, so its differential expression is interesting to note [75].

Upon further inspection of oligodendrocytes in the immunodeficient mice at the protein
level, we found a striking change in CC1, a canonical marker of mature oligodendrocytes. We
find that Rag2”- show altered cellular distribution of CC1 within white matter (Fig 2-2B). In
control mice, CC1 labels oligodendrocyte soma, as well as a number of processes. Somatic
expression of CC1 remains in Rag2” mice, but CC1+ processes virtually disappear. CC1

antibodies specifically recognize the RNA-binding protein Quaking (QKI), specifically isoform
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7[76]. QKI in oligodendrocytes is known to bind myelin basic protein (MBP) mRNA, and QKI
disruption was previously shown to prevent MBP export to cytoplasmic processes, ultimately
altering myelination[61].

To assess whether MBP levels were altered in conjunction with QKI localization, we
performed immunohistochemistry experiments and measured MBP in three myelin-rich regions:
the corpus callosum (p = 0.44, mean[control, KO] = 922.6, 762.4, SD[control, KO] = 288.1,
46.3), anterior commissure (p = 0.46, mean[control, KO] = 809.7, 762.0, SD[control, KO] = 80.1,
61.6), and striatum (p = 0.32, mean[control, KO] = 729.7, 698.6, SD[control, KO] = 41.2, 10.1).
We found no difference between immunocompetent and immunocompromised mice in any of
these regions (Fig 2-3A). To assess myelin protein levels using another method, we used
western blots. Again, we found no difference in expression in MBP (p = 0.69, mean[control, KO]
= 4.25, 4.38, SD[control, KO] = 0.55, 0.33) or another key myelin protein, myelin proteolipid
protein, PLP (p = 0.61, mean[control, KO] = 0.20, 0.19, SD[control, KO] = 0.018, 0.021; Fig 2-
3B). This suggests that lymphocytes are not required for gross myelination.

Sexual dimorphism in glial gene expression

Given the increased incidence of autoimmune disorders in women compared to men, we
also examined differential gene expression associated with sex in our dataset. We found genes
that were significantly associated with sex in each cell type, many of which were located on the
X or'Y chromosome (e.g. Kdmbd, Uty, Eif2s3y). Interestingly, oligodendrocytes again showed
the most robust difference with 143 female-enriched genes, and 136 male-enriched genes (S3
File). Using a database of protein-protein interactions, STRING, we found that male-enriched
genes showed functional enrichment for SNAP/SNARE and endosome terms, while female-
enriched genes had functional enrichment for voltage-gated channel and neuronal system
terms[68]. Among the other cell types we found the following numbers of female-enriched/male-

enriched protein-coding genes: astrocytes 1/13, microglia 3/4, OPCs 2/6. We observed that
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Kdmé6a expression was significantly higher in female astrocytes compared to males, which
agrees with our previous findings from RNAseq of human astrocytes[77].
Lymphocyte deficiency does not affect the maturation of microglia

Our RNA-sequencing data revealed that the expression of mature microglia markers
such as Cx3cr1, Tmem119, P2ry12, and Aif1 do not significantly differ between
immunocompetent vs. immunodeficient Rag2” mice. This is somewhat surprising given
microglia are the brain resident immune cells, and they express high levels of receptors for
immune signaling molecules that peripheral lymphocytes could use to pass signals into the
brain. To further assess markers of microglia in immune-compromised mice, we performed
RNA and protein level analysis of microglial markers. First, we reanalyzed our RNAseq data by
identifying a panel of microglial genes, and we generated an aggregate expression score for
each sample (Panel C in SI2-4). There were no differences between Rag2”- and control mice.
Second, we performed RNAscope in situ hybridization to visualize the expression of genes
found in mature microglia: Tmem119, C1qa, and Junb. Once again, we found no differences in
gene expression (Panels A, B in SI2-4). Lastly, we performed immunohistochemistry to
assess protein levels of the microglial markers Iba1, P2ry12, and Cd68, and we continued to
detect no differences in the Rag2” mice (Panel D in SI2-4).

Given the striking lack of aberration among these brain resident immune cells, we asked
whether microglia responded to other changes in peripheral immunity. One such animal model
knocks out a set of major histocompatibility complex class Il (MHCII) genes, which results in the
loss of CD4+ T cells[71]. Rag2” mice, in contrast, lack all mature lymphocytes, including all T
cells and B cells for a more complete depletion of adaptive immune cells. MHCII- animals
show substantial differences in microglia transcription, including downregulation of highly
expressed microglial genes including P2ry12, Itgb5, and Tgfb1[62]. To make a direct
comparison between microglial gene expression in total lymphocyte-deficient Rag2’- mice and

CD4+ T lymphocyte-deficient MHCII-knockout mice in Pasciuto 2020, we took a more
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systematic approach to assess whether the microglial differential gene expression signature
observed in T lymphocyte-deficient MHCII-knockout mice is enriched in microglia from Rag2”
mice. We took all the differentially expressed genes in microglia from MHCII-knockout mice
from the Pasciuto study and performed gene set enrichment analysis (GSEA) using our RNA-
seq data[62]. We found that the up- and down-regulated genes identified in their study did not
show global enrichment in our dataset (Fig 2-2C). That is to say, upregulated genes in MHCII-
knockout microglia did not trend toward higher expression in Rag2” microglia, nor did
downregulated genes in MHCII-knockout microglia trend toward higher expression in
immunocompetent microglia in this current study. This contrast suggests that the exact
complement of peripheral lymphocytes can exert highly varied and perhaps surprising changes

in the brain.

2.5 Discussion

We generated transcriptomic data of acutely purified glial cells from mice lacking
adaptive immune cells and their immunocompetent littermates. We found differentially
expressed genes among oligodendrocytes, while the transcriptome of microglia, astrocytes, and
OPCs remained largely unaltered by the lack of lymphocytes. In oligodendrocytes, we found
altered localization of the RNA-binding protein QKI. Given previous reports of microglia changes
in immune-compromised mice [62], we validated our sequencing results with in situ
hybridization and immunohistochemistry of microglial markers and found no differences in Rag2
' mice. We also performed a bioinformatic analysis of the microglia that failed to detect the
previously reported gene signature found in a different T lymphocyte deficiency model.
Together, these data shed light on the impacts of peripheral immune cells on the brain, and
suggest underappreciated interactions between oligodendrocytes and lymphocytes.

Molecular profile of oligodendrocytes in the absence of adaptive immunity
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Oligodendrocytes were the only cell class in this study to show appreciable differential
expression in Rag2” mice. The differentially expressed genes have a wide variety of functional
roles in the brain that defy easy classification. Pathway analysis of gene expression, including
gene ontology and gene set enrichment analysis, failed to identify larger patterns among these
genes. Among the differentially expressed genes were axon guidance cues (Sema3b),
glycosylation enzymes (Man1aZ2), neuropeptides (Spx), transcription factors (Gli1), and
proteasome components (Psmd5).

At the protein level, we found differences in the expression of RNA-binding protein
Quaking isoform 7, as shown with the classical oligodendrocyte marker CC1. QKI is important
for trafficking various mRNAs, including the key myelin protein gene MBP. In Rag2” white
matter, QKI7 no longer enters the processes, which may be relevant for delivering important
oligodendrocyte transcripts like MBP to sites of myelination. We find that the overall levels of
MBP do not change in adult Rag2” mice, but future studies could investigate potential changes
during myelination in development that may underlie the behavioral phenotypes observed in
these mice.

The link between peripheral immune state and oligodendrocyte transcription may
provide a fruitful new avenue for understanding their interactions under pathological conditions.
Lymphocyte interactions with oligodendrocytes and their myelin sheaths have long been
suspected to be central to the demyelinating pathology of multiple sclerosis [51]. To our
knowledge, this is the first evidence that oligodendrocytes are affected by lymphocytes in the
healthy brain. Further elucidation of the interactions between oligodendrocytes and
lymphocytes in homeostatic conditions could improve our understanding of how these
interactions become maladaptive in a disease state.

Homeostatic microglia are unaltered in total lymphocyte deficiency
In this study, we find that microglia in adult Rag2’ mice under homeostatic conditions

are indistinguishable from microglia in immunocompetent mice in their transcriptome profiles.
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This finding comes in surprising contrast to a previously published report that CD4+ T-cells were
required for microglial maturation [62]. In that study, investigators used an MHCII knockout
mouse model that lacks several genes that make protein products for the major
histocompatibility complex 2. MHCII”- mice specifically lack CD4+ T-cells, while maintaining
other lymphocyte populations including CD8+ T-cells and B cells [71]. Single-cell sequencing of
these cells found that MHCII”- microglia downregulated highly expressed microglial markers
including P2ry12, Itgb5, and Tgfb1. They therefore conclude that microglia from MHCII”- mice
are arrested in an immature state.

In contrast, the Rag2” model used in the current study results in the loss of all mature
lymphocytes, including CD4+ T cells, CD8+ T cells, and B cells [58]. Despite a more
comprehensive loss of adaptive immune cells, microglia from these mice did not show major
transcriptional perturbations. The divergence in these two immunodeficiency models poses
several interesting possibilities that should be explored in future studies. First, various
lymphocyte classes may exert different or even opposing influences on brain cells. Perhaps the
MHCII”- microglia are altered not just by the absence of CD4+ T-cells, but also the influence of
remaining T-cells and B-cells that would otherwise face regulation by CD4+ T-cells. This model
could be compatible with unperturbed Rag2’ microglia, where the relative balance of
lymphocyte classes is maintained (i.e. all present or all absent). Alternatively, MHCII”- may
directly alter microglia. Microglia can express MHCII genes and become antigen presenting
cells, whereas Rag2 is a lymphocyte-specific protein. However, microglial MHCII expression is
largely thought to occur in pathological conditions, and little if any MHCII protein expression has
been found in homeostatic microglia. Furthermore, Pasciuto et al. show that reintroduction of
CD4+ T-cells to MHCII slice culture can partially rescue some downregulated microglia genes,
which argues for a causal role of lymphocytes in MHCII”- microglia. Still, loss of MHCII genes

may exert direct effects on microglia that are absent in the Rag2” model. The distinctions
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between the MHCII and Rag2 models serve as a fruitful ground for further dissection of
lymphocytic influence in the brain.

Neuro-immune interactions represent an exciting frontier of neurobiology that was
previously overlooked. While modern studies now suggest influential roles of peripheral
immune cells in brain function and behavior [4, 10, 59, 60, 78], it is important to understand the
extent and the limits of this influence. These data provide important insight into which brain
cells might interface with adaptive immune cells in non-pathological conditions. Of equal
importance, this study also points to limits of adaptive immune influence in the central nervous
system, and it insinuates that various peripheral immune cells may wield distinct influences

within the central nervous system that remain to be explored.
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Figure 2-1. Acute purification of glial cell populations from immunodeficient mice. A)
Breeding schematic; Rag2*" parents bore offspring that were immunocompetent (Rag2** and
Rag2*") or immunodeficient (Rag2”). All immunodeficient mice and littermate controls were
maintained in the same environment. B) Immunopanning schematic; a single-cell suspension
was generated from the cerebral cortex, then passed over a series of plates coated with cell
type specific antibodies to enrich for specific glial cell populations. C) Heatmap showing
enrichment of cell-specific markers (rows) among the glial samples that we harvested and

sequenced (columns); gene expression is quantified as transcripts per million (TPM), and each
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gene was further normalized to a z-score, defined as (expression in the sample - the average
expression across all samples)/standard deviation; i.e., the number of standard deviations from

the average.
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Figure 2-2. Differential gene expression of glial cells in Rag2’- mice. A) Volcano plots
displaying differential gene expression analysis of oligodendrocytes (top-left), OPCs (top-right),
astrocytes (bottom-left), and microglia (bottom-right). Differential gene expression was

analyzed using DESeq@2, and the resulting fold change and statistical significance are plotted on

79



the x and y axes respectively. Red: p < 0.05; gray line: p =.05. B) Loss of CC1 expression in
cellular processes. Top: Representative images of CC1 in the corpus callosum of control (left)
and Rag2™ (right) mice; Bottom: Insets of control showing CC1+ processes extending from a
CC1+ cell bodies and KO showing only CC1+ soma. Right: Quantification of CC1+ process
density, normalized to average control levels (right, p = 0.0034; mean[control, KO] = 1.0,

0.1246; SDJ[control, KO] = 0.157, 0.081; error bars = SEM). Scale bar = 50 ym.
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Figure 2-3. Normal myelin proteins and microglial gene signature in Rag2’ mice. A)
Immunostaining of MBP. Top: representative images of MBP immunofluorescence in control
(left) and Rag2” (right) mice. Bottom: quantification of MBP fluorescence in 3 myelin rich
regions; no significant differences. B) Western blots of key myelin proteins MBP and PLP. Left:

Images of Western blot of MBP (top), PLP (middle), and reference protein GAPDH (bottom),
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Right: Quantification of signal intensity for MBP and PLP, normalized to GAPDH signal. No
significant differences. All error bars = SEM. C) GSEA output of genes upregulated (left) or
downregulated (right) in MHCII KO microglia reported in Pasciuto 2020. Neither MHCII KO up-
nor downregulated genes are significantly enriched in a comparison of Rag2** vs. Rag2™"

microglia (p = 1, 0.93); NES = normalized enrichment score, FWER = family wise error rate.
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Chapter 3

Serpin E2 Regulates Antimicrobial Gene Expression by Microglia
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3.1 Abstract

Microglia are the brain-resident immune cells responsible for surveilling and protecting
the central nervous system. These cells can express a wide array of immune genes, and that
expression can become highly dynamic in response to changes in the environment, such as
traumatic injury or neurological disease. Though microglial immune responses are well studied,
we still do not know many mechanisms and regulators underlying all the varied microglial
responses. Serpin E2 is a serine protease inhibitor that acts on a wide variety of serine
proteases, with particularly potent affinity for the blood clotting enzyme thrombin. In the brain,
Serpin E2 is highly expressed by many cell types, especially glia, and loss of Serpin E2 leads to
behavioral changes as well as deficits in synaptic plasticity. To determine whether Serpin E2 is
important for maintaining homeostasis in glia, we performed RNA sequencing of microglia and
astrocytes from Serpin E2-deficient mice in a healthy state or under immune activation due to
lipopolysaccharide (LPS) injection. We found that microglia in Serpin E2-deficient mice had
higher expression of antimicrobial genes, while astrocytes did not display any robust changes in
transcription. Furthermore, the lack of Serpin E2 did not affect transcriptional responses to LPS
in either microglia or astrocytes. Overall, we find that Serpin E2 is a regulator of antimicrobial
genes in microglia.
3.2 Introduction

As the resident immune cells of the brain, microglia play indispensable roles in immune
surveillance and defense in the central nervous system. Accordingly, microglia can dynamically
express a broad array of antimicrobial genes to initiate and mount an immune response. While
we often refer to microglia as “activated” or “reactive” while undergoing an inflammatory
response, there are myriad genes and pathways involved and which change based on the
particular environmental stimuli[1-4]. Given the underlying diversity of microglial responses to
pathology, it is important to untangle these responses and identify underlying regulatory

mechanisms that control specific portions of the immune response. While much is known about
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the innate immune functions including antimicrobial functions of microglia, the signals that
regulate the expression of antimicrobial genes by microglia remain largely unidentified.

Serpin Family E Member 2 (Serpin E2, aka Protease-Nexin 1/PN1 or Glia-derived Nexin
1) is a serine protease inhibitor that can inhibit a number of enzymes[5-9]. In mice, it has
particularly high RNA expression in the brain across most major cell types, including microglia,
astrocytes, neurons, oligodendrocyte-lineage cells, and endothelial cells[10, 11]. Transgenic
mice overexpressing Serpin E2 in neurons or lack Serpin E2 entirely develop epileptic activity in
vivo and in vitro[12]. Overexpressing mice showed increases in long-term potentiation in the
hippocampus, while deficient mice showed a reduction[12]. Serpin E2-deficient mice also
showed a deficit in fear extinction after learning to associate a tone with a foot shock, as well as
reduced availability of NR1 subunits in NMDA receptors, suggesting a potential NMDA-
dependent mechanism underlying the behavioral changes[13, 14].

The mechanisms of Serpin E2 activity in the brain are complex and likely multifaceted.
As Serpin E2 can act on several serine proteases, it may modulate the activity of many cellular
signaling pathways [15]. Serpin E2 is a particularly potent inhibitor of thrombin, a key molecule
in the formation of blood clots[5]. Thrombin also participates in other forms of signaling,
including binding with the thrombin receptor PAR1. Experimental activation of PAR1 has been
shown to induce amnesia and reduce LTP in hippocampal slices[16]. Other studies observed
that the loss of Serpin E2 led to upregulation of Sonic hedgehog target genes in vivo[17]. In a
cancer model, Serpin E2 may promote invasiveness via MMP9 and receptor LRP1 activity[18].
Taken together, Serpin E2 is a versatile protein with great potential to regulate a number of
cellular processes.

Serpin E2-overexpressing mice under the Thy1 promoter demonstrate a functional role
of neuronal Serpin E2, but the Serpine2 gene is more highly expressed among glia[10, 11].
Whether and how Serpin E2 impacts glial cells is unknown. In this study, we use Serpine2

deficient mice to examine the impact of Serpin E2 on the transcriptome of astrocyte and
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microglia in healthy and reactive states. We purified microglia and astrocytes from Serpine2
deficient and control mice undergoing inflammatory responses to lipopolysaccharide (LPS)
injection and mice who received a control saline injection. Upon RNA sequencing and
subsequent analysis, we found that loss of Serpine2 results in the upregulation of numerous
antimicrobial genes in microglia. Astrocytes did not show appreciable Serpine2-dependent
changes in transcription, nor did Serpine2 deficiency result in robust changes in LPS-induced
gene expression. Overall, we identify Serpin E2 as a regulator of antimicrobial genes in

microglia, without altering astrocyte transcription or glial responses to inflammatory stimuli.

3.3 Materials and Methods
Experimental animals

All animals were used in compliance with the Animal Research Committee at the
University of California, Los Angeles (UCLA) under the approved protocol #R-16-080. We
obtained Serpine2’ mice from the lab of Dr. Thomas Mariani at the University of Rochester. We
injected two cohorts of mice with 10 mg/kg lipopolysaccharides (LPS) or a control saline solution
(Sigma L6529). Both cohorts consisted of 12 mice, where mice differed by genotype
(Serpine2** vs. Serpine2”) and treatment (LPS vs. saline), resulting in 4 treatment groups with
3 mice per group. The microglia cohort was approximately 1 month old and received IP
injections 48 hours before purifying and harvesting microglia RNA. The astrocyte cohort was
approximately 2 months old and received IP injections 24 hours before purifying and harvesting
astrocyte RNA. The microglia and astrocyte cohorts consisted of 7 males, 5 females and 8
males, 4 females respectively. 30- and 60-day old mice were also used to perform
immunostaining of microglia, detailed under “Immunohistochemistry”.
Purification of microglia and astrocytes

We purified microglia and astrocytes using two distinct approaches. For microglia, we

followed a previously published protocol using douncing and immunopanning that aimed to
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minimize microglial reactive response to the brain dissociation process[19]. Animals received
transcardiac perfusions of ice-cold DPBS (Fisher 14-040-182) for 10 minutes to remove blood
cells from the brain. After harvesting the whole brain, we removed olfactory bulbs before
roughly chopping the tissue and douncing on ice in DPBS supplemented with DNase |
(Worthington LS002007). To remove myelin debris, we brought the dounced cell suspension to
25 mL in a 20% Percoll solution (GE Healthcare 17-0891-01). We spun down the cell
suspension for 15 minutes at 500 g and 4°C to isolate and remove myelin debris. Cells were
resuspended in DPBS with 2 mg/mL milk peptone solids (Sigma P6838). The cell suspension
was incubated for 20 minutes at room temperature on a plastic petri dish coated with anti-
CD11b antibody to bind microglia (Biolegend 101202). The dish was washed with PBS and the
cells were immediately scraped off the dish using 700 uL TRIzol (ThermoFisher 15596018),
which was flash frozen using liquid nitrogen and stored at -80°C.

For astrocytes, we utilized our standard immunopanning protocol. Briefly, we dissected
out the cerebral cortex (a large region with relatively little myelin debris), roughly chopped the
tissue and incubated it for 45 minutes in a papain solution (12 u/mL, Worthington LS003126)
while heated to 34.5°C. Digestion was halted using a trypsin ovomucoid inhibitor (Worthington
LS003086), and tissue was further digested using mechanical trituration with a serological
pipette. The resulting solution was passed through a Nitex filter and spun down at 300 g for 5
minutes. Cells were resuspended in DPBS and incubated on a series of antibody-coated petri
dishes. The cell suspension was incubated on a series of dishes for 10 mins each: anti-CD45
x2-3 to remove microglia (BD Biosciences 550539), anti-O4 hybridoma supernatant x2-3 to
remove oligodendrocyte progenitors, and anti-GalC hybridoma supernatant x2-3 to remove
oligodendrocytes. Finally, the astrocyte-enriched cell suspension was passed to an anti-
HepaCAM dish to pull down astrocytes (R&D Systems MAB4108), and it was incubated at room
temperature for 20 minutes. The dish was rinsed with PBS, and astrocytes were scraped off the

dish with 700 uL TRIzol and immediately flash frozen in liquid nitrogen.
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RNA-sequencing library construction and sequencing

RNA was purified from TRIzol lysates using the Qiagen miRNeasy kit (Qiagen 217004)
according to the manufacturer’s protocol. Purified RNA was converted to cDNA using the
Ovation RNAseq System V2 (Nugen 7102-32), specifically designed for low input. We
fragmented the cDNA using a Covaris S220 focused-ultrasonicator (Covaris 500217), and final
libraries were constructed using the NEB Next Ultra RNA Library Prep Kit (New England Biolabs
E7530S) along with appropriate indexing primers (NEB E7335S). Libraries from the same cell
type were pooled and sequenced together on an lllumina NovaSeq 600 System to obtain
paired-end 50 bp reads. The sequenced libraries had 40M + 13M (s.d.) reads per microglia
sample and 38M + 8.7M reads per astrocyte sample.
Read alignment and quantification

Sequencing data was demultiplexed and aligned to the mouse genome (astrocytes:
GRCm38, release 100, microglia;: GRCm39, release 103) using the program STAR (astrocytes:
v2.6.0c, microglia: 2.7.8a)[20]. Microglia samples had 80.0% £ 2.1 (s.d.) uniquely aligned
reads, and astrocyte samples had 69.1% + 6.6 uniquely aligned reads. After alignment, we
obtained read counts using HTSeq v0.13.5 in RStudio[21]. Full RNA-seq expression data can
be found in the supplemental information (SI 3-1).
Differential gene expression analysis with DESeq2

We performed differential gene expression (DGE) analysis in RStudio using the DESeq2
package (v1.26.0)[22]. For both astrocytes and microglia, we analyzed all samples from the
same cell type together using a linear model that included terms for genotype (wild-type or
Serpine2”) and treatment (LPS or saline). For microglia, we also included a term for sex (male
or female) and RNA integrity, as measured by the 2200 TapeStation System (Agilent G2964AA)
and the RNA high sensitivity assay (Agilent 5067-5579). The resulting analyses of differentially
expressed genes associated with genotype and LPS can be found in supplemental information

(Sl 3-2).
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Gene set enrichment analysis (GSEA)

We performed gene set enrichment analysis using GSEA software version 4.2.3
downloaded from www.gsea-msigdb.org [23]. We used the default settings, with the following
specifications. We input gene counts that were normalized using the estimateSizeFactors() and
counts() functions from the DESeq2 package v1.26.0. Based on our DGE results, we compared
saline-injected wild-type and mutant mice to find transcriptional patterns associated with
Serpine2. We used all gene ontology (GO) datasets that were built into the GSEA software
(c5.all.v7.5.1).

Data deposition

We will deposit all gene expression data to the Gene Expression Omnibus when this
work is submitted as a peer-reviewed manuscript.
Immunohistochemistry

Mice received transcardial perfusions of PBS (10 mins) followed by 4%
paraformaldehyde (10 mins). Brains were post-fixed in 4% PFA overnight at 4°C before being
stored in 30% sucrose for 1-2 nights at 4°C until brains sank. Brains were embedded in OCT
compound (Fisher Scientific 23-730-571) and sectioned at 30 um thickness and stored as free-
floating sections at 4°C prior to staining and mounting. For immunostaining, sections were
blocked and permeabilized with a blocking solution (0.2% Triton X-100 and 10% donkey serum
in PBS) for one hour at room temperature, and then slides were incubated in similar blocking
solution with primary antibodies overnight at 4°C (0.5% Triton X-100 for Iba1, 0.05% Triton X-
100 for P2ry12 and 10% donkey serum in PBS). The following day, primary antibodies were
washed off with PBS, and sections were incubated with secondary antibodies in blocking
solution for 90 minutes at room temperature. Slices were mounted onto Superfrost Plus slides
(Fisher Scientific 12-550-15) and coverslipped with a DAPI-containing media. Primary

antibodies: anti-lba1 (1:200 AbCam ab5076), anti-P2ry12 (1:500 Anaspec AS-55043A);
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Secondary antibodies: Donkey anti-rabbit 488 (1:1000 Life Technologies A21206), dokey anti-
goat 488 (1:1000 Life Technologies A11055).

Iba1 and P2ry12 staining was performed with 3 pairs of mice at P30 and 3 pairs of mice
at P60, and images were acquired in the cerebral cortex using a confocal microscope using a
20x lens. Signal intensity of Iba1 and P2ry12 was measured with the resulting images in ImageJ
after masking with a manual binary threshold to eliminate background. We further quantified
aspects of microglial morphology using images of P2ry12 staining in 3 pairs of mice at P60.
Images were analyzed using the “filaments” function in Imaris software. Following automatic
detection of processes, "over-detected" filaments that did not represent microglial processes
were manually deleted. Measurements of process number and length were quantified and
exported for statistical analysis.
Statistics

Statistical analyses for immunohistochemistry were performed using either R or Excel,
using Welch’s t-test. Statistical analysis of differential gene expression was carried out within
the DESeq2 package, and gene set enrichment analysis was performed using GSEA software

v4.3.2, as previously described.

3.4 Results
Transcriptome profiling of microglia and astrocytes from Serpine2” mice

To examine how the loss of Serpine2 may impact the transcriptome of astrocytes and
microglia, we obtained and bred a colony of Serpine2 knockout mice. We bred sibling pairs of 1
month (microglia) or 2 month (astrocyte) old mice consisting of a Serpine2’- mouse and a
Serpine2** or Serpine2*" littermate. Of the 6 pairs collected per cell type, half were injected with
saline while the other half were given injections of lipopolysaccharides (LPS) to induce systemic

inflammation. This allowed us to ask not only whether Serpine2 impacts homeostatic
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transcription but also whether Serpine2 is required for the robust inflammatory responses that
microglia and astrocytes normally exhibit in response to LPS [24, 25].

We acutely harvested microglia through a combination of douncing and immunopanning
(Fig 3-1A, top). Microglia can rapidly alter their transcription during cell purification protocols in a
temperature dependent manner[26]. To combat technical artifacts, we performed most of the
cell extraction over ice with pre-chilled reagents. Mice were perfused and dissected using ice-
cold PBS. Then, tissue was dounced over ice, which results in the death of most brain cell types
while preserving microglia. Myelin debris was removed by spinning the cell suspension down
through a Percoll solution at 4°C. Finally, the cell suspension was passed over a petri dish
coated with a microglia-binding antibody Cd11b. RNA was harvested from the bound microglia
using TRIzol, which was followed by sequencing.

For astrocytes, we acutely purified cells using an immunopanning method (Fig 3-1A,
bottom). We dissected out the cerebral cortex to exclude myelin rich regions and improve
purification. Tissue was then enzymatically digested in papain before mechanical trituration to
create a single-cell suspension. We passed the cell suspension over a series of antibody-coated
petri dishes to remove unwanted cell types (microglia, oligodendrocyte progenitor cells, and
oligodendrocytes), and we pulled down astrocytes on a dish covered with an astrocyte-binding
antibody for HepaCAM. As with the microglia samples, RNA was harvested using TRIzol,
purified, and sequenced for analysis.

Serpine2”- microglia upregulate antimicrobial genes

After sequencing, we performed differential gene expression analysis of Serpine2™”
microglia using the DESeq2 package in R. When comparing Serpine2’- microglia to controls, we
found numerous genes upregulated in Serpine2-deficient microglia, in addition to the highly
significant downregulation of SerpineZ2 itself. There were 12 protein-coding genes differentially
expressed, and all of them had higher transcription in Serpine2’ compared to controls (Fig 3-

2A, Sl 3-2). Among these genes was Lyz2, which codes for an enzyme that damages bacterial
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cell walls to promote lysis and eliminate microbes[27, 28]. Hp is another upregulated gene that
encodes a protein with antibacterial properties, haptoglobin. Haptoglobin binds hemoglobin and
therefore acts as an iron scavenger that impairs bacterial survival[29]. Seprine2’ microglia also
increased transcription of Lgals3, which encodes Galectin 3, yet another protein with noted
antimicrobial activity. One proposed mechanism of action is that Galectin 3 mediates the
destruction of pathogen containing vacuoles where microbes sometimes propagate within a
host cell[30]. S7100a8 encodes a protein that forms a heterodimer with S100A9 with
antimicrobial properties named calprotectin[31]. Camp encodes cathelicidin antimicrobial
peptide, which is a member of the cathelicidin family of proteins known primarily for their
capacity to kill microbes[32, 33]. Lastly, Serpine2’ mice also upregulate Clec4e, the gene
encoding the protein Mincle which binds microbial ligands and helps initiate the activation of
antigen presenting cells[34].

While examining differentially expressed genes individually, we clearly observed
repeated annotations of antibacterial activity among these upregulated genes. To better
describe this pattern with an unbiased approach, we performed Gene Set Enrichment Analysis
(GSEA)[23]. GSEA uses all the expression data from control and knockout microglia to test
whether various pathways are up- or down-regulated. We tested our data against a over 15,000
ontology gene sets, and we found that Serpine2’ microglia show greater expression of 21 gene
sets (FDR = 0.05), while no gene sets demonstrated higher expression in control microglia (Fig
3-2B, Sl 3-3).

All the significant gene sets pertaining to biological processes concerned immune and
antimicrobial responses, e.g. defense response to bacterium (Fig 3-2C), antibacterial humoral
response, immune response in mucosa. This directly aligns with the results of our differential
gene expression analysis, which also identified upregulation of antimicrobial genes in transgenic
microglia. With the combined results of these analyses, we found that microglia have increased

transcription of antimicrobial genes in the absence of Serpin E2.
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Microglia are known to make distinct morphological changes when they are reactive,
such as thicker and shorter processes[35]. To test whether changes in immune response genes
we observed had corresponding changes in morphology, we performed immunostaining of
canonical microglial markers Iba1 and P2ry12 (Fig 3-3A,C). We found no difference in the
average intensity or area of Iba1 staining (p = 0.95) or P2ry12 staining (p = 0.87, Fig 3-3B&D).
We used P2ry12 staining to quantify aspects of microglial morphology, namely branch number
(p = 0.51) and branch length (p = 0.88, Fig 3-3D). None of these measures showed differences
in transgenic mice compared to controls, indicating that Serpine2is dispensable for microglial
morphology.

Astrocyte transcriptome is unchanged in the absence of Serpine2

Using a similar methodology, we also employed DESeq?2 to identify differential gene
expression in astrocytes from Serpine2’- vs. control mice. In this comparison, there was only
one gene that showed differential expression, aside from the highly significant downregulation of
Serpine2 (Fig 3-1A). However, this gene, Scg2, is only lowly expressed in astrocytes and much
more highly expressed in neurons[10, 11]. Therefore, we did not find evidence that astrocytes
alter their transcriptomes in the absence of Serpin E2. This is somewhat surprising, given that
we previously found astrocytes highly express Serpine2[10, 11].

Microglia and astrocytes respond robustly to LPS in the absence of Serpine2

Microglia and astrocytes are two important classes of glia that are known for their
abilities to dynamically change state in response to environmental stimuli. This is a well-studied
phenomenon variously referred to as “activation” or “reactivity”[35]. Whether or not Serpin E2
played an important role in these cells during homeostasis, it is also critical to know whether it
modulates their responses to pathological conditions. To test this question, we induced a
systemic inflammatory response in Serpine2’- and control animals with injections of
lipopolysaccharides, which are major surface components of many bacteria that trigger a robust

response.
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Differential gene expression analysis found that LPS successfully induced large
transcriptomic changes in both astrocytes and microglia, as expected (Fig 3-1A). Microglia had
over 800 differentially expressed gene entries, while astrocytes had over 2,000. However, when
we looked among LPS-treated animals and compared Serpine2’- to controls, we saw virtually
no evidence that Serpin E2 regulates glial responses to LPS. LPS-treated astrocytes showed no
differential expression associated with genotype, other than Serpine?2 itself. LPS-treated
microglia showed a short list of genes associated with genotype, though only three entries were
protein-coding and all had very low levels of gene expression (Sl 3-2). Additionally, none of
these genes were among the genes that were associated with genotype in our previous analysis
of microglia. Taken together, we find that the loss of Serpine2 can alter gene expression by
microglia in the healthy brain, but it does not change microglial or astrocytic responses to

inflammatory stimuli, at least under the conditions we tested.

3.5 Discussion

We collected and analyzed transcriptomic data from mice lacking the gene for the serine
protease Serpin E2. We examined both microglia and astrocytes, two major populations of glia
with appreciable expression of this gene. Through differential gene expression analysis, we
found that microglia increase the expression of numerous antimicrobial genes, and we further
confirmed this pattern in a follow-up analysis using GSEA. Gross microglial morphology did not
accompany these changes. Despite our previous observation that Serpine2 was expressed
highly in astrocytes, Serpine2’ astrocytes did not change in gene expression[10, 11, 36].
Furthermore, astrocytes and microglia could both become reactive in response to an
inflammatory stimulus, but the presence or absence of Serpine2 did not affect these responses.
Taken together, these findings demonstrate that Serpine2 expression is a regulator of
antimicrobial genes in microglia in the healthy brain, but not an important regulator of astrocyte

transcription or glial responses to inflammatory stimuli.
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Microglia in Serpine2” mice

In our previous studies, microglia appeared to have lower Serpine2 expression when
compared with astrocytes in both mouse and human tissue[10, 11]. Interestingly, this study finds
that microglia do in fact upregulate numerous genes in the absence of Serpine2. A clear
majority of them are involved in immune responses, particularly antimicrobial responses (Lyz2,
Hp, Lgals3, S100a8, Camp, Clec4e). This pattern was further demonstrated by GSEA, which
found a number of immune response pathways upregulated in Serpine2’ microglia, particularly
pathways associated with antimicrobial responses (defense response to bacterium, antibacterial
humoral response, etc.) Based on these data, we conclude that Serpine2 is a regulator of
antimicrobial genes in microglia.

Further experimentation demonstrated the limitations of Serpine2’s influence in
microglia. Microglia did not change in morphology or expression of two major markers, P2ry12
and Iba1. This refutes the idea that these microglia are partially reactive, or “primed”, despite
the increased expression of several immune response genes. In fact, the presence of Serpine2
failed to affect the transcription of immune response genes in microglia after we induced
systemic inflammation with LPS. Therefore, Serpine2 is not a necessary component of
microglial LPS responses, which are multifaceted and arise through many other signaling
pathways. Nevertheless, we have found that SerpineZ2 is capable of exerting an influence on
microglia through a mechanism that remains unclear. It is possible that Serpine2 plays a more
substantial role in regulating microglial responses in other contexts not explored in this study,
such as development, where microglia play vital roles in refining neuronal circuitry[37, 38].
Indeed, some evidence already suggests that Serpine2 affects neuronal progenitor proliferation
in this epoch[39].

Astrocytes in Serpine2” mice
This study did not find evidence that astrocyte transcription is altered by the presence or

absence of Serpine2. Given the high expression of this gene in our previous astrocyte studies,
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this came as a surprise[10, 11]. We also previously reported that Serpine?2 itself was
dynamically expressed in human astrocytes in a tumor context, so we hypothesized that
Serpine2 might play some part in astrocyte reactivity[36]. Interestingly, there was no gene
expression associated with the loss of Serpine2, even when astrocytes did show a robust
response to an inflammatory stimulus.

This raises the question of the function of Serpine2 transcription in astrocytes.
Importantly, Serpin E2 is a secreted molecule and it is expressed by many cell types in the
brain, so astrocytes may produce Serpin E2 for it to act elsewhere in the brain. As Serpin E2 is
a potent thrombin inhibitor involved in the blood clotting pathway, and astrocytic endfeet line
blood vessels of the brain, perhaps expression of Serpine2 is a preemptory strategy for
addressing potential brain bleeds[40]. It would be interesting for future studies to assess
whether Serpine2 expression in astrocytes plays a role in hemorrhagic stroke responses.

Overall, this present study elucidates aspects of microglial biology as well as providing
further knowledge of a protein that is ubiquitously transcribed in the brain. Our findings show
that Serpine2 regulates the expression of antimicrobial genes in microglia. It also describes
limits to the influence of Serpine2, which is important knowledge given the broad expression
and myriad protein-protein interactions of the Serpin E2 protein in the brain. At the same time,
we have uncovered a novel regulator of immune response genes in microglia, and these
discoveries will in turn increase our knowledge of neuroimmune interactions and ultimately the

roles of microglia in neuropathology.
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Figure 3-1. Acute purification of microglia and astrocytes from Serpine2’- mice. A) Cell
purification schematic; top: microglia were collected with a combination of douncing and
immunopanning with anti-Cd11b antibody, bottom: astrocytes were collected with an enzymatic
digestion followed by immunopanning that depleted other cell types before binding astrocytes
using anti-HepaCAM antibody. B) Heatmap of brain cell-specific markers (rows) detected in
immunopanning purified microglia (left) and astrocytes (right) as determined by RNA-

sequencing; gene expression is quantified as Transcripts per Million (TPM).
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Figure 3-2. Transcriptomes of microglia and astrocytes in Serpine2’- mice. A) Volcano

plots of the differential gene expression analysis results for microglia (top) and astrocytes

(bottom) with respect to genotype (left) and LPS response (right). Red = p-adjusted < 0.05. B)

Gene set enrichment analysis (GSEA) results for Serpine2’ microglia, selected terms with

significant enrichment. Dashed line marks p = 0.05 C) GSEA detailed results of one term

significantly enriched in Serpine2’ microglia; NES = normalized enrichment score, FWER =

family-wise error rate.
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Figure 3-3. Microglial morphology in Serpine2’- mice. A) Example images of microglial
marker Iba1 in Serpine2’- and control mice and high magnification insets. Full image scale bar =
100 um, inset scale bar = 50 um. B) Quantification of Iba1 fluorescence in Serpine2’ vs. control
animals. C) Example images of microglial marker P2ry12. Scale bar = 20 ym. D) Quantification
of P2ry12 fluorescence (top) and microglial process morphology as analyzed with Imaris using

images of P2ry12 fluorescence.
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