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ABSTRACT 
Alcohol-induced dysregulation of microglial activity is associated with neuroinflammation, 
cognitive decline, heightened risk for neurodegenerative diseases, alcohol dependence, 
and escalation of alcohol drinking. Given the challenge of longitudinally sampling primary 
microglia, we optimized an in vitro method to differentiate peripheral blood mononuclear 
cells (PBMC) from non-human primates (NHP) into microglia-like cells (induced-microglia; 
iMGL). The iMGLs displayed transcriptional profiles distinct from those of monocyte 
progenitors and closely resembling those of primary microglia. Notably, morphological 
features showed that differentiated iMGLs derived from NHPs with chronic alcohol 
consumption (CAC) possessed a more mature-like microglial morphology. Additionally, 
dysregulation in key inflammatory and regulatory markers alongside increased baseline 
phagocytic activity was observed in CAC-derived IMGLs in the resting state. Phenotypic 
and functional assessments following LPS stimulation indicated the presence of an 
immune-tolerant phenotype and enrichment of a CD86+ hyper-inflammatory 
subpopulation in iMGLs derived from ethanol-exposed animals. Collectively, these 
findings demonstrate that in vitro differentiation of PBMC offers a minimally invasive 
approach to studying the impact of CAC on microglial function revealing that CAC 
reshapes both functional and transcriptional profiles of microglia. 
 
Keywords: Microglia, Induced-microglia, Chronic Alcohol Consumption, Non-Human 
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INTRODUCTION 
In 2020, among all the people with Substance Use Disorder, 71% struggled with alcohol 
use1. Additionally, 10.5% of people ages 12 and older (29.5 million people) suffered from 
Alcohol Use Disorder (AUD) in 2022, according to the National Survey on Drug Use and 
Health in the United States2. AUD is a disorder mediated by psychosocial, biochemical, 
and genetic factors and correlates with heightened hospitalization rates3, intensive care 
unit admissions4, and increased incidence of multiple diseases5, including neurological 
diseases6-10. Data from several studies indicate that both acute and chronic alcohol 
consumption (CAC) dysregulate the central nervous system (CNS)-resident cells11, 
leading to behavioral changes, including escalated ethanol use, compulsive seeking, 
dependence12-14, and the risk of post-abstinence drinking11. These impacts are likely 
regulated through changes in the activity of transcription factors and alterations in 
epigenetic regulation, alternative splicing, protein translation, post-translational 
modifications, and changes in neuromodulators and neural circuits15 that together disrupt 
brain homeostasis by affecting various brain-resident cell types, including microglia16. 
Microglia- the brain's resident immune cells- are fetal yolk sac-derived macrophages that 
regulate brain development and tissue homeostasis. They maintain neuronal networks by 
regulating neuronal repair, survival and activity, synapse pruning, and myelination17-19.  
Therefore, disturbances in microglial function might lead to altered cognitive processes20, 
as well as learning and memory deficits21. Alcohol consumption-induced dysregulation of 
microglial responses may enhance alcohol craving and increase the risk of post-
abstinence drinking22 and alcohol dependence23, 24. Studies in rodent models of alcohol 
consumption have shown that depletion of microglia or blockade of microglia activation 
decreased alcohol self-administration, reduced withdrawal-induced anxiety and post-
abstinence drinking, and inhibited proinflammatory gene expression after acute 
withdrawal from binge alcohol24-26.  
However, these findings are mostly derived from rodent models of CAC that do not always 
closely recapitulate human alcohol drinking and its consequences. Since obtaining 
human microglia for comprehensive experiments is unfeasible, alternative methods to 
study the interplay between AUD and microglia dysfunction have been developed. These 
include using immortalized cell lines27, embryonic stem cells (ESC)- and induced 
pluripotent stem cells (iPSCs)-derived microglia in a 2D or 3D organoid culture28 or a co-
culture system with neurons29, 30. However, these models have several limitations31, 32. 
For instance, pluripotent or endothelial stem cells are developmentally far from microglia. 
In addition, some of the commercially available approaches are lengthy, taking 30 to 70 
days33.  
To address these limitations, we optimized a method to differentiate PBMC into microglia 
(induced microglia: iMGLs) based on a previously reported method34-36. It was shown that 
iMGLs are a functionally valid model for studying microglia characteristics37, 38. This 
approach allowed us to derive microglia from PBMC collected from a rhesus macaque 
model of voluntary ethanol self-administration in the absence and after 12 months of 
voluntary ethanol self-administration. This method offers a robust platform for evaluating 
biological outcomes in an outbred species while overcoming common confounders of 
clinical studies such as variation in diet, housing, polysubstance use, and infections. Our 
results show profound changes in morphological profiles and functional characteristics, 
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including cytokine secretion and phagocytosis, as well as transcriptome profiles at resting 
and following stimulation with LPS. 
 
MATERIALS AND METHODS 
 
Animal study and PBMC and brain samples 
We used cryopreserved PBMC obtained from rhesus macaques that engaged in 
voluntary ethanol consumption as described in39-41. Briefly, the animals were introduced 
to a 4% w/v ethanol solution during a 90-day induction period, followed by the option to 
drink a 4% ethanol w/v solution or water for 22 hours/day for one year42, 43. This setup 
yields stable drinking patterns, with approximately 40% of these animals developing into 
heavy or very heavy drinkers. The PBMC samples used in this study were obtained from 
either controls or macaques after 12 months of heavy ethanol consumption (CAC: chronic 
alcohol consumption); PBMC control group: n=11 (7 Female, 4 Male), PBMC CAC group: 
n=11 (6 female, 5 male). The brain samples were obtained from animals after 6 months 
of CAC: n=8 (4 female, 4 male). The samples were acquired through the Monkey Alcohol 
Tissue Research Resource (www.matrr.com). This study was approved by the Oregon 
National Primate Research Center (ONPRC) Institutional Animal Care and Use 
Committee.  
 
Primary microglia isolation 
Primary microglia were isolated from biopsies (0.23±0.08 gram) obtained from three brain 
regions: SFO (subfornical organ; a region in the circumventricular organ (CVO)), area 46 
(a subdivision of the prefrontal cortex), and insula (a region of the cerebral cortex) from 
animals after 6 months of CAC: n=8 (4 female, 4 male). The samples were shipped in 
Hibernate-A medium (Gibco) and processed immediately upon arrival within 24 hours, as 
previously described44, 45. Briefly, the tissues were minced with a scalpel blade and then 
incubated in digestion media (HBSS without Calcium (Ca2+) and magnesium (Mg2+), 5% 
phosphate-buffered saline (PBS), 10µM HEPES, 2mg/mL Collagenase A, 28U/mL 
DNAse 1, 1% Penicillin-Streptomycin) at a ratio of 5 ml digestion buffer for 0.5-1g/tissue 
in a 37°C water-bath for 35 minutes. Every 5 minutes, the sample was removed from the 
water bath and mixed ~20 times by progressively reducing the aperture of the pipette tip 
(transfer pipette, 1000uL pipette tip, 200uL pipette tip 1X, 10uL pipette tip 2X). The sample 
was then filtered through a 70 mm nylon filter, washed with HBSS containing Ca2+/ Mg2+, 
and centrifuged at 300 g for 10 minutes at 4°C, with maximum acceleration and break set 
to half speed. The pellet was then resuspended in 20 mL of DMEM (Dulbecco's Modified 
Eagle Medium) without phenol red, supplemented with 10% FBS and 1% Penicillin-
Streptomycin. Using a 10 mL serological pipette set on slow release, 10 mL of Percoll 
was directly added to the sample dropwise and spun for 30 minutes at 4000 rpm with 
maximum acceleration and break at half speed at 4°C. After centrifugation, the sample 
was separated into three layers: myelin on top, glial cells, erythrocytes towards the 
bottom, and Percoll on the bottom. The glial cells were collected using a transfer pipette 
and washed twice using 25mL of DMEM supplemented with 10% FBS, 1% Penicillin-
Streptomycin, and 25 mM HEPES Buffer, and centrifuged for 10 minutes at 1500 rpm at 
4°C for the first wash and then centrifuged at 10 minutes at 1200 rpm at 4°C for the 
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second wash. Cells were then counted, frozen in a 90-10% FBS/Dimethylsulfoxide 
(DMSO) solution, and stored until samples could be processed as a batch.  
 
PBMC-derived microglia culture/stimulation 
We modified a previously reported method34-36 for generating microglia from PBMCs. 
Briefly, 24-well plates were coated with Poly D-lysine at a final concentration of 50 µg/ml 
overnight at 37°C in a CO2 incubator, shielded from light. The following day, the Poly D-
lysine was removed, and the wells were washed three times with cell culture-grade water 
(Gibco). The plates were then dried. PBMCs were thawed in RPMI-1640 (Roswell Park 
Memorial Institute Medium) supplemented with 10% FBS, 1% Penicillin-Streptomycin, 
and 1% DNase. The cells were counted and mixed with the seeding media (RPMI 1640 
containing 10% FBS and 1% Penicillin-Streptomycin). 1X106 cells were seeded in each 
well with 500 µl of the media. The plates were then incubated for 16 hours at 37°C in the 
incubator. Subsequently, the media was replaced with induction media, which consisted 
of RPMI 1640 supplemented with 1% GlutMAX, human recombinant IL-34 (10 µg/ml), 
human recombinant GM-CSF (5 µg/ml), and 1% Penicillin-Streptomycin. The plates were 
then incubated for an additional 13 days. The media was then replaced with induction 
media. After 24 hours, the cells were collected for RNA extraction or stimulated with 
Lipopolysaccharides (LPS) at a final concentration of 1 µg/ml for 4 hours. 
 
RNA isolation and bulk RNA-seq library preparation 
Differentiated cells were lysed using QIAzol. Total RNA was then isolated using Qiagen’s 
mRNeasy kit following the manufacturer’s instructions, and RNA integrity and 
concentration were determined using Agilent’s 2100 Bioanalyzer. Libraries were prepared 
with New England Biolabs NEBnext Ultra II Directional RNA Library Prep Kit. Briefly, 
NEBNext® rRNA Depletion Kit v2 (Human, Mouse, Rat) was used for rRNA depletion. 
The remaining mRNA was then fragmented, converted to cDNA, and ligated to adaptors. 
~300bp segments were selected using NEBNext Sample Purification Beads, amplified 
via PCR, and multiplexed. Library quality was assessed for concentration, size, and 
quality on Agilent’s 2100 Bioanalyzer. Samples were sequenced on the Novaseq X to an 
average depth of 20 million 100bp reads/sample.  
 
RNA-Seq data analysis 
Bulk RNA-seq data of monocytes obtained from macaques after 12 months of CAC (3 
female) were retrieved from our previous publication46. Microglia libraries and monocytes 
sequences were quality assessed using Fast QC 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), and TrimGalore was 
utilized to remove ligated adaptors and remove low-quality base calls, ensuring a final 
PHRED score of 30 and a minimum length of 70bp. HITSAT47 was utilized to align reads 
to the Macaca mulatta (Mmul_10) reference genome based upon gene annotations 
available on ENSEMBL Biomart48 , and the GenomicFeatures package in R was utilized 
to determine alignment counts. Aligned reads were normalized by transcripts per million 
(TPM). Differentially expressed genes (DEGs) were defined as FDR ≤0.05, and a log fold 
change of ±1 using edgeR49, 50. Functional enrichment of DEGs was completed using 
Metascape51 and Gene Set Enrichment Analysis (GSEA)52. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.05.636708doi: bioRxiv preprint 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1101/2025.02.05.636708
http://creativecommons.org/licenses/by-nc-nd/4.0/


 5 

Immunofluorescence staining 
Cells were seeded as described above in 24-well plates on coverslips. On day 15, 
coverslips were carefully transferred to a new plate and fixed with 4% paraformaldehyde 
(PFA) for 15 minutes at room temperature. Following fixation, cells were washed three 
times with phosphate-buffered saline (PBS) for five minutes each. Cells were then 
permeabilized by incubating coverslips in PBS with 0.2% Triton X-100 for 20 minutes on 
a rocker. After two additional PBS washes, blocking was performed in 5% bovine serum 
albumin (BSA) in PBS containing 0.1% Triton X-100 for 2 hours at room temperature. 
Cells were then incubated with primary antibodies diluted in 1% BSA-PBS containing 
0.1% Triton X-100. Primary antibodies IBA1 (1;1000, FUJIFILM Wako Pure Chemical, 
019-19741) or TMEM119 (1:1000) incubation was conducted overnight at 4°C in a 
humidified chamber. After three washes with blocking buffer (1% BSA-PBS) for 10 
minutes each, secondary antibody Goat anti-Rabbit IgG-Alexa Fluor™ Plus 594-Red 
(Invitrogen) was applied at appropriate dilutions (0.5 µg/ml) in 1% BSA-PBS and 
incubated for 1 hour at room temperature in the dark. Coverslips were then washed three 
times with PBS to remove unbound antibodies. DAPI (1 μg/mL) was applied for 15 
minutes to stain nuclei, followed by two PBS washes. Coverslips were then mounted onto 
glass slides using mounting media (Prolong Gold) and sealed with clear nail polish. Slides 
were allowed to dry overnight and stored at 4°C until imaging. 
 
Morphology analysis 
Images were captured at 40X magnification with a 1 µm step size using z-stack 
acquisition. ImageJ software was used to identify pixels of maximum intensity within each 
z-stack. The 8-bit images were further processed with the ImageJ MicrogliaMorphology 
macro and its corresponding R package53. Briefly, an automatic local or global threshold 
was applied to each image, followed by single-cell microglia segmentation using optimal 
threshold settings. Skeletonization of single cells was performed, and fractal analysis was 
conducted with the FracLac plugin. Images were color-coded using the ColorByCluster 
feature. The 27 morphological features were extracted and plotted to reveal group-
specific morphological differences. These features were further analyzed using the 
MicrogliaMorphologyR package, employing Principal Component Analysis (PCA) and 
clustering analysis to examine cell heterogeneity and identify morphologies unique to 
each group. 
 
Spectral flowcytometry and dimensionality reduction analysis 
Microglia phenotype was established using the following markers; CD14, CD68, HLA-DR, 
CD11b, IBA1, CX3CR1, PU.1, P2RY12, TMEM119, CD16, CD40, CD86, CD163, CD206, 
TREM2, IRF8, and CD115 (GSF1R)54, 55 using the spectral analyzer CyTek Arora. Briefly, 
iMGLs were collected, washed, and incubated with a cocktail including cell surface 
antibodies in presence of Brilliant Stain buffer (50µl/sample, BD Biosciences), TruStain 
FcX Fc Receptor Blocking Solution (5µl/sample, Biolegend), and True-Stain Monocyte 
Blocker (5µl/sample, Biolegend) in 5 ml Tubes for 30 minutes at 4°C in the dark. The cells 
were then washed with PBS and fixed with Tonbo permeabilization solution for 2 hours 
at 4°C in the dark. Cells were then washed with Tonbo Perm buffer and stained with 
intracellular antibodies overnight at 4°C in the dark. Subsequently, the cells were washed 
and resuspended in stain buffer (PBS+ 2% FBS+ 1 mM Ethylenediaminetetraacetic acid 
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(EDTA)). Samples were acquired on CyTek Aurora flow cytometer (5-laser; 355 nm, 
405 nm, 488 nm, 561 nm, and 640 nm) using SpectroFlo Software v2.2.0.2. The cells 
were unmixed using stained beads with the autofluorescence extraction option enabled. 
The unmixed FCS files were used for further data analysis on Flowjo 10.10.0. Briefly, 
undesired events were removed by FlowAI 2.3.256, and batches were corrected using 
cyCombine 1.0.257. For supervised gating, the CD45+CD11b+ population was identified 
as the iMGLs parent population. Cells expressing P2RY12+TMEM119+ were designated 
as iMGLs. The expression of surface and intracellular markers on iMGLs was then 
assessed. The CD45low-to-highCD11blow-to-high population was selected for unsupervised 
analysis to capture all intermediate populations. This population was exported for 
downstream dimensionality reduction using UMAP 4.1.1 (Uniform Manifold 
Approximation and Projection for Dimension Reduction)58 and clustering by FlowSOM 
4.1.059.  PHATE (Potential of Heat-diffusion for Affinity-based Trajectory Embedding)60 
was used to visualize cluster relations.  
 
Phagocytosis 
pHrodo Red E. Coli BioParticles (Invitrogen) was utilized to survey the phagocytic 
capacity of microglia. On day 15, the cells were incubated with pHrodo Red E. Coli 
BioParticles for 4 hours. Cells were then stained for CD45, CD11b, TMEM119, and 
P2RY12 and acquired on the Attune NxT Cytometer (ThermoFisher Scientific). The data 
were analyzed using FlowJo 10.10.0. 
 
Luminex 
The supernatants were collected from differentiated cells before or after LPS stimulation 
on day 15, centrifuged for 10 min at 10000 rpm to remove cell debris, and immediately 
stored at -80. Immune mediator production was determined using a Millipore NHP-

validated 10 plex kit (MCP1, MIP-1β, IL-6, IL-8, IFN-, IL-10, IL-1β, IL4, TNF-α, MIP-1α). 
Data was acquired using a MAGPIX instrument and analyzed using a 5-parameter logistic 
regression with the xPONENT™ software.   
 
Statistical analyses 
We conducted a normality assessment using the Shapiro-Wilk test (alpha=0.05) and 
identified outliers through ROUT analysis (Q=0.1%). If the dataset showed adherence to 
a normal distribution, group differences were assessed using either paired or unpaired t-
tests with Welch’s correction. Multiple comparisons were addressed using the Holm-
Sidak test, which adjusted the family-wise significance and confidence level to 0.05. In 
cases where the data did not meet Gaussian assumptions, group comparisons were 
conducted using the Mann-Whitney test. 
 
RESULTS 
 
Peripheral monocyte-derived microglia serve as a model for studying microglia in 
rhesus macaques. 
The iMGLs were analyzed for their phenotypic, morphological, and functional 
characteristics (Fig. 1A). We first undertook a series of assays to confirm that the 
differentiated microglia exhibit phenotypic and functional characteristics that closely 
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resemble those of primary microglia. The differentiation efficiency was assessed by 
measuring the expression of microglia canonical markers throughout the differentiation 
process. To identify microglia progenitors, we used CD14 as a common marker of 
monocytes and microglia and CX3CR1, which is expected to increase in expression 
throughout the maturation of microglia61. While less than 5% of CD14+CX3CR1+ 
progenitor cells were P2RY12+ TMEM119+ (iMGL) on day 1, this percentage reached 
100% on day 15 (Fig. 1B). This was accompanied by the gradual increase in the 
expression of the microglia marker TMEM119 (Supp Fig. 1A). Additionally, the 
percentage of CD45+CD11b+ cells exceeded 50% on day 15, with over 92% of these cells 
being P2RY12+TMEM119+ (Supp. Fig. 1B). The bright-field and confocal imaging 
showed enhanced expression of microglia canonical markers IBA1 (Fig. 1C) and 
TMEM119 in differentiated microglia (Supp. Fig. 1C). Finally, the functionality of the 
iMGLs was validated by stimulating them with LPS, which resulted in TNF⍺ production 

(Supp. Fig. 1D).  
Next, we assessed the extent to which the transcriptome of iMGLs diverged from that of 
their monocyte progenitors and approached that of primary microglia isolated from rhesus 
macaque through RNA sequencing. The primary microglia were isolated from the 
circumventricular organ (CVO), the prefrontal cortex, and the insula, as these areas play 
a critical role in behavioral regulation62 and decision-making and have been implicated in 
the control of alcohol consumption63, 64. (s)PLS-DA analysis showed that the 
transcriptional profile of iMGLs is distinct from that of monocytes and closely related to 
that of primary microglia (Fig. 1D). Enrichment of genes in components 1, which 
delineated monocytes from both iMGLs and primary microglia were involved in 
inflammatory processes (ex. TNFAIP3, NFKBIZ, NOD2. HIF1A, JUNB). On the other 
hand, genes in component 2 played a role in neuronal health and signaling (e.g., LSAMP, 
MAP6, and DPP10) (Fig. 1E & Supp. Fig.2 A).   
We then directly compared gene expression between primary microglia and iMGLs. The 
few differentially expressed genes (DEGs) upregulated in iMGLs relative to primary 
microglia did not significantly enrich to any GO terms. However, among them, we 
observed genes involved in lipid metabolism (AQP10, CIDEC, FGF21), neurological 
signaling (RLN3, KCNK17), a component of the mitochondrial electron transport chain 
(COX6B2). On the other hand, DEGs downregulated in iMGLs relative to primary 
microglia enriched to terms associated with regulatory (ex. GJA, SRC) and inflammatory 
pathways (ex. IL1B, IL12, TNF), indicating a potentially less mature state of the iMGLs 
(Fig. 1F & Supp. Fig.2B-C). Overall, this observation supports that iMGLs are 
transcriptionally close to primary microglia and, therefore, are an appropriate in vitro 
model to study primary microglia. 
 
Chronic alcohol consumption alters the morphology of iMGLs.  
Chronic alcohol consumption has the potential to disrupt the brain microenvironment 
through sustained activation of microglia65. Activated primary microglia transform from a 
highly ramified shape to a hypertrophic and amoeboid-like shape with increased 
phagocytic and proliferation capacities66-69. To evaluate the impact of CAC on the 
morphology of the iMGLs, confocal images were processed using the ImageJ macro 
MicrogliaMorphology and its R package53, with slight modifications to adapt it to in vitro 
microglia culture. The extracted 27 morphology features were plotted to identify the 
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overall differences between the groups and further evaluated using dimensionality 
reduction and clustering analysis to capture the heterogeneity among the cells to define 
morphologies specific to each group (Fig. 2A). This analysis showed that CAC-derived 
iMGLs possessed an overall lower “circularity” with the enhanced “perimeter” that 
indicates an overall decrease in the presence of ameboid morphology among CAC-
derived iMGLs (Fig. 2B).  
We also detected a significant increase in features describing area and territory span, 
including enhanced “Maximum radius from hull's center of mass” (Fig. 2C). In addition, 
significant increased “Maximum span across hull”, “Max/min radii from hull's center of 
mass”, “Width of bounding rectangle”, “Height of bounding rectangle”, Maximum radius 
from circle's center of mass, “Diameter of bounding circle”, and “Mean radius” in CAC-
derived iMGLs indicated that their overall size was larger than that of controls (p≤0.05) 
(Supp. Fig. 3A), suggestive of enhanced differentiation with CAC. 
In addition, features describing cell shape including “Span ratio of hull (major/minor axis)”, 
“Relative variation (CV) in radii from hull's center of mass”, and “Relative variation (CV) 
in radii from circle's center of mass” (Supp. Fig. 3B), and the branch feature “Maximum 
branch length” (Fig. 2D) were significantly enhanced in CAC-derived iMGLs (p≤0.05). In 
contrast, the “Density of foreground pixels in the hull area” decreased in CAC-derived 
iMGLs (Supp. Fig. 3C). This feature describes the occupancy of cells within their territory 
that represent soma and/or branch thickness53, which is correlated with other 
observations showing the presence of branches in the hull area and fewer ameboid-like 
iMGLs in the CAC-group. 
While these comparisons offer valuable data regarding the general distinctions among 
these groups, they do not fully encapsulate morphological heterogeneity. Therefore, we 
conducted a more comprehensive evaluation by employing dimensionality reduction and 
clustering analysis using MicrogliaMorphologyR 1.153. The heatmap of correlations 
between principal components (PCs) and features revealed that PC1 is negatively 
associated with features reflecting branching complexity and territory span. PC2 captured 
variability driven by cell shape, displaying a negative correlation with “circularity” and a 
positive correlation with “maximum/minimum radii from the center”, the “span ratio of the 
hull”, and branching homogeneity (“relative variation (CV) from the center of mass”). 
Furthermore, PC3 showed a positive correlation with “average branch length”, and PC4 
displayed a negative correlation with the “density of foreground pixels in the hull area” 
indicating cells that are less compact and more spread out or have extensions (Supp. 
Fig. 3D). Plotting PC1 and PC2 revealed notable distinctions between the control and 
CAC-derived iMGLs (Supp. Fig. 3E).  
Subsequently, a fuzzy K-means clustering analysis was conducted to evaluate the first 
four principal components, which generated three clusters (Supp. Fig. 3F).  By scaling 
the average values for all morphology measures across clusters and visual confirmation 
using the ColorByCluster feature in MicrogliaMorphology, we were able to define each 
cluster based on morphology measures in comparison to the other clusters (Fig. 2E&F). 
Cluster 1 had the greatest branching complexity, evidenced by a high number of “slab 
voxels”, “endpoint voxels”, “quadruple points”, “junctions”, “junction voxels”, “branches”, 
and “triple points”. Cluster 1 also had a high territory span and “circularity”. Together, 
these features resemble well-differentiated cells with ramified-like morphology. Cluster 2 
had the lowest “circularity” and an average territory span, and the highest “maximum 
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branch length”, “span ratio of hull (major/minor axis)”, and “Max/min radii from hull's center 
of mass” resembled well-differentiated cells with bipolar-like morphology. Cluster 3 had 
the lowest territory span, “high circularity,” smallest “branch lengths,” lowest branching 
complexity, and territory span, and the highest “Density of foreground pixels in hull area,” 
resembling the “Immature” cells (Fig. 2E&F). The comparison of the frequency of each 
cluster revealed a significantly enhanced bipolar-like morphology in CAC-derived iMGLs 
(p≤0.05) (Fig. 2G). Our observations indicate that PBMCs from the CAC group 
differentiated into iMGLs, exhibiting morphological characteristics consistent with a more 
mature phenotype compared to the control group.  
 
Chronic alcohol consumption alters the phenotype of iMGLs.  
The phenotype of iMGLs was assessed via spectral flow cytometry based on the 
expression of microglia canonical, inflammatory and regulatory markers; CD14, CD68, 
HLA-DR, CD11b, IBA1, CX3CR1, PU.1, P2RY12, TMEM119, CD16, CD40, CD86, 
CD163, CD206, TREM2, IRF8, and CD11554, 55. The CD45+CD11b+ population was 
identified as the iMGL parent population by supervised analysis. Cells expressing 
P2RY12+TMEM119+ were designated as iMGL to assess the expression of surface and 
intracellular markers. The CD45low-to-highCD11blow-to-high population was selected for 
unsupervised analysis to capture intermediate populations (Fig.3A).  
There was no significant difference in the frequency or total number of 
P2RY12+TMEM119+ between the control and CAC samples (Supp. Fig. 4 A). Moreover, 
the frequency of TREM2+ iMGL and the MFI of TREM2 increased in the CAC-derived 
iMGLs (Fig. 3B). TREM2 plays a role in microglia proliferation through regulating 
metabolism70. This was accompanied by increased expression of cell surface markers 
P2RY12, which regulates microglia activation and cytokine release71 (Fig. 3B). In 
contrast, the expression of TMEM119 decreased with CAC (Fig. 3C). The precise 
mechanism of TMEM119 remains unclear; however, its downregulation in reactive 
microglia was reported72. Furthermore, iMGL could be categorized as CD68high and 
CD68low populations (Supp. Fig. 4B). Interestingly, the frequency of the CD68high 
population and MFI of CD68 was significantly increased in the CAC-derived iMGLs (Fig. 
3D & Supp. Fig. 4B). CD68 is a lysosomal marker that was reported to be upregulated 
on activated phagocytic microglia73. Additionally, the expression of inflammatory marker 
CD163 and transcription factor PU.1, which controls microglial viability and function74, 
were modestly enhanced with CAC (Supp. Fig. 4C). In contrast, the transcription factor 
IRF8 was downregulated in iMGLs derived from CAC animals (Fig. 3E), in line with 
reduced expression of CD16, CX3CR1, and CD40 (Fig. 3F & Supp. Fig. 4D). CX3CR1 
expression is regulated by this transcription factor75, 76.  
Next, we investigated iMGLs response to LPS and assessed the expression of markers 
in control- and CAC-derived iMGLs relative to their unstimulated counterparts. The 
expression of TMEM119 increased more following LPS stimulation in iMGLs derived from 
CAC animals compared to those derived from control iMGLs as indicated by MFI (Fig. 
3G). Similar observations were made for CD40 (Supp. Fig. 4E). In contrast, expression 
of CD68 was induced to a lesser extent on CAC iMGLs relative to control iMGLs following 
LPS stimulation (Fig. 3G). Importantly, the expression level of the other canonical, 
inflammatory, and regulatory microglia markers that are expected to be upregulated (e.g. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.05.636708doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.05.636708
http://creativecommons.org/licenses/by-nc-nd/4.0/


 10 

IRF8) or downregulated (e.g. CX3CR1) were not significantly changed, following this 
short-term LPS stimulation. 
An unsupervised analysis of the flow cytometry data using FlowSOM and Marker 
Enrichment Modeling (MEM) delineated 12 clusters. The Potential of Heat-diffusion for 
Affinity-based Trajectory Embedding (PHATE) was then used (Fig. 3H & Supp. Fig. 4F) 
to provide further insight into the developmental trajectory of the clusters, revealing two 
distinct lineages. PoP10, as the main iMGL progenitor cells expressing low CD45 and 
CD11b, gives rise to PoP5 and then PoP2, 3, 4, 6, 7, and 11 with higher IRF8, PU.1 and 
IBA1 expression and lower microglia markers expression. The second lineage from 
PoP10 to PoP0 was accompanied by enhanced expression of microglia markers 
P2RY12, TMEM119, CD115, and CX3CR1 and lower expression of IRF8, PU.1, and 
IBA1(Fig. 3H-J & Supp. Fig. 4G). 
Comparing the frequencies of clusters among four groups -control (CNT) and CAC in non-
stimulated (NS) and stimulated (ST) states -showed that PoP2 (PoP5+HLA-DR+CD86+) 
representing a proinflammatory subpopulation, was significantly enriched in CAC-ST 
samples. In contrast, the frequency of PoP5 (PoP10+CD45+IRF8+IBA1+) was significantly 
lower in CAC-NS compared to CNT-NS, and PoP10 was lower in CAC-ST compared to 
CNT-ST (Fig. 3K, Supp. Fig. 4H-I).  
 
Chronic alcohol consumption alters the function of iMGLs.   
Next, we evaluated the impact of CAC on iMGLs’ production of immune mediators in 
response to Toll-like receptor (TLR) ligand stimulation and their phagocytic activity. Our 

findings revealed a significant reduction in the production of TNF, IL-1, IFN-𝛾, and MIP-
1a as well as a modest decrease in levels of IL-6 and IL-8 in resting iMGLs with CAC 
(Fig. 4A, Supp. Fig. 5A).  Following 4 hours LPS stimulation; we observed a significantly 
enhanced expression of TNF production by control iMGLs in response to LPS Supp. Fig. 
5B). We did not observe a significant change in the secretion of these cytokines in CAC-
derived iMGLs after stimulation compared to their baseline level. Given that the baseline 
levels of these cytokines vary between the two groups, we evaluated the post-stimulation 
cytokine expression by normalizing it to their unstimulated levels, allowing us to compare 
responses. we observed a significant increase in the production of MIP-1b and MIP-1a 
by CAC-derived iMGLs compared to the control (Fig. 4B). However, the TNF production 
was not significantly different between both groups (Supp. Fig. 5C). Importantly, the 

expression of IL-1 which is downstream of LPS-TLR4 was not considerably changed 
(Supp. Fig. 5D). Additionally, the phagocytic capacity of resting iMGLs was assessed 
with pHrodo™ E. coli BioParticles. A modest enhancement in the uptake of E. coli 
particles was observed in iMGLs from CAC animals (Supp. Fig. 5E & Fig. 4C). 
Such variations in the secretion of immune mediators and phagocytosis activity could 
result from alterations in gene expression. Therefore, we analyzed the transcriptome of 
the resting and LPS-stimulated iMGLs using bulk RNA sequencing. While there was a 
large number of shared DEG in response to the LPS challenge, we also identified 272 
unique genes in CAC-derived iMGLs and 85 unique DEG in controls (Fig. 4D). Functional 
enrichment analysis indicated that the DEG specific to controls enriched to processes 
such as “cellular catabolic process,” “positive regulation of cytokine production,” and 
“response to molecule of bacterial origin" (Fig. 4E). Notable genes that were upregulated 
in control-derived iMGL included CD80, CD55, VHL, ERN1, TRIM67, and NR4A1 (Fig. 
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4F). On the other hand, DEGs specific to CAC-derived iMGLs enriched to processes 
associated with negative regulation of immune responses such as "negative regulation of 
cell population proliferation,” “negative regulation of response to stimulus,” and “negative 
regulation of signaling" which could explain the reduced response to LPS. Indeed, the 
expression of several negative regulators of immunological signaling, like DUSP16, 
PIK3IP1, SMAD7, RASA2, and TRIB1, was increased in iMGLs derived from the CAC 
group (Fig. 4E-F). Additional DEG unique to the CAC group mapped to GO terms 
associated with cell migration such as “cell motility,” “cell adhesion,” and “locomotion,” 
including the upregulation of genes such as ST3GAL4, STX4, and SLAMF1 (Fig. 4E-F). 
Finally, DEGs in the CAC group also enriched to “cytoskeleton organization” and “cell 
projection organization” raising the possibility of morphological alterations (Fig. 4E). 
 
DISCUSSION  
Alcohol Use Disorder (AUD) significantly impacts brain function, leading to cognitive 
deficits, such as heightened impulsivity and impaired executive decision-making77, 78. 
Among brain resident cells, microglia are crucial in governing cognitive function20. It was 
shown that the reduction in microglial activity was correlated with an 80% reduction in 
relapse rates, indicating that targeting microglia could mitigate cravings and support 
abstinence maintenance22. Therefore, understanding alcohol-mediated changes in 
microglia phenotype, morphology, and function is crucial for addressing its effects on 
mental health. 
A significant challenge in the study of microglia is the impracticality of obtaining human 
primary microglial cells for research purposes. Alternative approaches include using in 
vitro cultures, such as cell lines, stem cells, or organoids, each with its limitations31, 32.  In 
this study, we transdifferentiated PBMC into microglia-like cells in 2 weeks by optimizing 
a previously reported approach34-36. We found that the transcriptome profile of iMGLs is 
distinct from their monocyte progenitors while showing a strong similarity to primary 
microglia.  
Microglia become activated and proliferate when triggered by brain injury, infection, or 
neuroinflammation. Their morphology transforms from a highly ramified shape into an 
amoeboid shape, facilitating migration to inflammatory sites21. Analysis of iMGLs 
morphology revealed notable enhancements in the ramifications of CAC-derived iMGLs, 
characterized by a reduction in circularity alongside increased size and branching 
complexity. Further clustering analyses indicated a significant expansion of a 
differentiated subpopulation exhibiting a biopolar-like morphology, indicating that CAC-
derived induced iMGLs possess the capability to differentiate into more mature cell 
phenotypes. These morphological differences are probably associated with epigenetic 
differences within their progenitors79.  
Increasing evidence calls into question the use of the oversimplified M1/M2 model when 
describing microglia responses to alcohol80. Furthermore, the traditional immunochemical 
markers used to identify microglial and macrophage phenotypes, such as HLA-DR and 
CD68, lack the specificity needed to distinguish between pro-inflammatory and anti-
inflammatory states reliably81. Therefore, we used an extensive panel to characterize 
phenotypic differences between iMGLs induced by CAC. Our data revealed an elevated 
expression of TREM2, which plays a role in microglia proliferation and migration70. 
TREM2 was also shown to be upregulated in mice models following long-term alcohol 
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exposure82. Inhibiting the TREM2 gene has been shown to improve synapse loss and the 
impairment of long-term potentiation (LTP). Therefore, high expression of TREM2 on 
iMGLs derived from the CAC group can potentially explain the deficits in synaptic 
plasticity and memory seen with prolonged alcohol consumption82. 
We further observed dysregulation in various microglial regulatory markers in CAC-
derived iMGLs at rest, such as elevated expression of P2RY12 and CD68, alongside 
reduced expression of TMEM119, IRF8, CD16, and CX3CR1 levels. P2RY12 is involved 
in microglial chemotaxis and sensing environmental ATP/ADP signals. It plays a crucial 
role in microglial responses to neuronal damage and injury21. CD68 is a lysosomal-
associated membrane protein involved in phagocytosis and degradation of cellular 
debris66. IRF8 regulates microglial activation during inflammation66. CX3CR1 is essential 
to microglia and neuron communication21. The combined regulatory effect of these 
markers may explain the lower basal secretion of TNF and MIP-1a in CAC iMGLs 
compared to controls.  
Microgliogenesis depends on the expression of IRF8 and PU.1, which play crucial roles 
in the lineage commitment and differentiation of microglia61 , notably in developing mature 
CD45+c-kit−CX3CR1+ microglia61. IRF8 primarily regulates the inflammatory response of 
microglia, while PU.1 is essential for their survival and the expression of homeostatic 
genes61, 74, 76. We observed opposite change directions for these two transcription factors 
with CAC. While a modest increase in PU.1 was noted, expression of IRF8 was 
downregulated in line with reduced protein expression of CX3CR1, which is regulated by 
IRF875, 76. This indicates a transition towards maintaining or restoring a homeostatic state 
rather than an activated or inflammatory phenotype. Therefore, while morphology 
analysis indicated the presence of cells with more mature-like morphology in iMGL 
derived from CAC, they exhibited abnormal expression of regulatory markers.  
To investigate how these phenotypic changes affect function, we evaluated the impact of 
CAC on iMGLs cytokine expression and phagocytosis. While the control-derived iMGLs 
responded to LPS stimulation with enhanced TNF production, in contrast to our previous 
studies showing increased inflammatory response by CAC-derived circulating monocytes 
following LPS exposure46, 83, 84 and despite the significant presence of a subpopulation 
with enhanced CD86/HLA-DR expression and heightened expression of MIP-1α and MIP-
1β following stimulation, we did not observe significant changes in other inflammatory 
markers or increased inflammatory cytokine production, including TNF-α and IL-1β upon 
stimulation in CAC-derived iMGLs.  
To understand the molecular basis for the dampened response to LPS by CAC iMGLs, 
we examined gene expression patterns. Genes such as NRBF2, PIK3CG, MTMR14, and 
IRF8, which play critical roles in autophagy, phagocytosis, and inflammation,85-87 were 
upregulated in control-derived iMGLs in response to LPS. In contrast, the expression of 
several negative signaling regulators was upregulated in the CAC iMGLs. Notable 
examples include DUSP16 (which negatively regulates MAP kinase)88, PIK3IP1 (a 
negative regulator of PI3K signaling)89, SMAD7 (which negatively regulates TGF-β 
signaling)90, and RASA2 (a negative regulator of Ras signaling)91. Additionally, 
expression of genes such as CXCR4, which regulates microglia inflammation92, and 
CCL2, which modulates the complement system in microglia93, was downregulated in 
CAC-derived iMGLs, potentially reducing its response to short-term stimulation. 
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Microglia impact neuronal function and maintain neural networks through phagocytosis94. 
Alcohol consumption may impair the homeostatic function of microglia, including 
phagocytosis and pathogen recognition65. Microglial phagocytosis can be detrimental in 
specific circumstances, such as the excessive pruning of synapses observed in 
Alzheimer's disease, while it can be beneficial in other contexts, such as the vital 
clearance of cellular debris following an injury. We observed enhanced phagocytosis 
activity in resting iMGLs with CAC, as previously reported for other induced microglia68. 
This observation aligns with the enhanced expression of CD6873 and TREM295 as well as 
MARCO96 with CAC.  
Although these findings underscore the utility of this approach in investigating CAC-
mediated microglial impairment, it has some limitations. While we compared the iMGLs 
transcriptome to that of primary microglia, we have not compared their phenotype, 
morphology, and function. Additionally, the phagocytosis capacity and morphology need 
to be assessed after LPS stimulation. Our morphology analysis identified three different 
clusters of iMGLs; therefore, as a future direction, we will perform scRNA-seq to identify 
the heterogeneity among iMGLs and its correlation with their progenitor heterogeneity. 
Future studies should also investigate the epigenetic basis of the transcriptional and 
functional changes observed with CAC. Finally, a coculture system with neurons may 
help keep the microglia in niche-like conditions to obtain a more accurate assessment of 
their functions.  
In summary, the results presented in this manuscript show that we successfully derived 
microglia-like cells from PBMC that displayed morphological and transcriptional 
characteristics akin to those of primary microglia. This model allowed us to explore the 
impact of CAC on the transcriptome, morphology, and phenotype of microglia. This model 
serves as a valuable tool for conducting ex vivo mechanistic studies to evaluate the role 
of microglia in substance use disorders. 
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FIGURE LEGENDS 
 
Figure 1- Rhesus macaques PBMC-derived microglia exhibited transcriptional 
similarities to primary microglia. A) Experimental design. B) Frequency of 
CD14+CX3CR1+ cells and P2RY12+TMEM119+ as determined by flow cytometry. C) 
Bright-field imaging (20X) and confocal imaging (40X) of IBA1 staining. D) (s)PLS-DA 
analysis of the transcriptome profile of primary microglia, iMGLs, and monocytes. E) 
Heatmap depicts the expression of genes driving the differences observed along 
Components 1 and 2. F) Downregulated genes in iMGLs compared to primary microglia 
were enriched for immune signaling. 
 
Figure 2- CAC-derived PBMCs differentiated into iMGLs with a more mature-like 
morphology. A) Experimental design for morphology analysis. Confocal images were 
used to determine the morphological features; B) “circularity” and “perimeter”, C) 
“Maximum radius from hull's center of mass”, and D) “Maximum branch length”. E) 
Heatmap of cluster-specific measures on average; the measures were scaled across 
clusters. F) The individual cells were spatially registered back to the original images and 
visually annotated based on morphological classes using the ColorByCluster feature. G) 
Frequency of three identified morphological clusters. For B-D, an unpaired Mann-Whitney 
t-test was used to compare the features (p≤0.05). E and F were generated using the 
default setting of the MicrogliaMorphologyR package unless otherwise specified. See 
Supp. Fig.3 for additional details. 
 
Figure 3- CAC skews iMGL differentiation. A) Full spectral flow cytometry followed by 
supervised and unsupervised analysis was used for phenotyping. Flow cytometry 
determined B) the frequency of TREM2+ iMGLs and expression of the level of TREM2, 
P2RY12, C) TMEM119, D) CD68, E) IRF8, and F) CD16 on iMGLs, as well as the 
frequency of CX3CR1+ iMGLs. G) Expression of TMEM119 and CD68 on iMGLs was 
determined following LPS stimulation. H) Dimension reduction was performed using 
UMAP, following FlowSOM to identify clusters. All the clusters were mapped on the 
PHATE plot. Links between clusters were drawn manually. I) PoPs 10, 9, 8, 0, 5, and 2 
were mapped on CD11b+CD45+ population. J) Heatmap showing the expression level of 
markers across the clusters. K) Bar plot depicts the frequency of clusters across groups. 
Two group comparisons were carried out using an unpaired t-test with Welch’s correction 
(parametric) or Mann- Whitney (non-parametric) test. Error bars for all graphs are defined 
as ± standard deviation (SD). 
 
Figure 4- CAC-derived iMGLs exhibit dysregulated function.  A) Production of TNF, 

and MIP-1 at resting and B) MIP-1b and MIP-1a following LPS stimulation was 
determined by Luminex. Expression after stimulation was normalized to unstimulated 
conditions. C) The phagocytosis ability of iMGLs at resting was assessed by pHrodo™ E. 
coli BioParticles. D) Venn diagram of DEG identified following LPS in control- and CAC-
derived iMGLs E) Functional enrichment of DEGs unique to control or CAC groups using 
Metascape. Size of the bubble indicated number of DEG mapping to the GO term while 
color indicate FDR corrected p value. F) Heatmaps depicting select DEG from each group 
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Supp. Fig.1- Expression of microglia makers enriched in PBMC-derived microglia. 
A) TMEM119 expression throughout differentiation. B) Frequency of CD45+CD11b+ 
progenitor cells and P2RY12+TMEM119+ within this population as measured by flow 
cytometry. C) Confocal imaging of TMEM119 staining of iMGLs.  D) TNF-⍺ expression by 
iMGLs before and after LPS was measured by flow cytometry. 
 
Supp. Fig.2- PBMC-derived microglia exhibited transcriptional similarities to 
primary microglia. A) Functional enrichment of genes driving the differences observed 
in component 1. B) Volcano plot depicting DEGs in iMGLs compared to primary microglia. 
C) Heatmap depicts genes mapping to select downregulated GO terms from Fig.1F and 
all upregulated DEGs (purple). 
 
Supp. Fig.3- CAC transformed iMGLs morphology. A-C) Morphological measures that 
were significantly different between control- and CAC-derived iMGLs (p≤0.05). D) 
Spearman’s correlation of 27 morphology features to the first four PCs followed by 
dimensionality reduction using Principal Components Analysis (PCA) (*abs(R)≥0.55; 
p≤0.05). E) Control and CAC iMGLs were displayed in PCs 1–2 space. F) Cells were 
clustered into three classes using k-means clustering. D-G were generated by 
MicrogliaMorphologyR package using the default setting unless otherwise specified. 
 
Supp. Fig.4-CAC skews phenotype of iMGLs. A) The total count of iMGLs and capacity 
of CD11b+CD45+ progenitor cells to differentiate to TMEM119+P2RY12+ cells was 
determined by flow cytometry. B) iMGLs were categorized into CD68high and CD68low. 
The percentage of CD68 high cells increased on CAC-derived iMGLs. C) Expression of 
CD163 and PU.1, D) CX3CR1 and CD40 was determined on iMGLs. E) Frequency of 
CD40 and CD68high iMGLs were determined following LPS stimulation. F)  FlowSOM tree 
shows the connection of clusters. G) Expression of top markers across clusters. H) Mean 
expression of the population in samples. I) Both groups and identified clusters were 
mapped on the UMAP and PHATE plots. Two group comparisons were conducted using 
either an unpaired t-test with Welch’s correction (for parametric data) or the Mann-
Whitney test (for non-parametric data). Error bars in all graphs represent ± standard 
deviation (SD). 
 
Supp. Fig. 5- Chronic alcohol consumption alters the function of iMGLs. A) 

Production of IL-1 and IFN-𝛾, IL-6 and IL-8 at resting, and B) TNF and IL-6 in control 
iMGLs at nonstimulated (NS) and stimulated (LPS) conditions. C) Production of TNF and 

D) IL-1 after LPS stimulation. Cytokine expressions were normalized to their 
unstimulated counterparts. E) Gating strategy used to determine phagocytic capacity.   
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Figure 1 
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Figure 2 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.05.636708doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.05.636708
http://creativecommons.org/licenses/by-nc-nd/4.0/


 27 

Figure 3 
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Figure 4 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Supplementary Figure 5 
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