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ARTICLE INFO ABSTRACT
Keywords: Disease-associated microglia (DAM), initially described in mouse models of neurodegenerative diseases, have
Disease-associated microglia (DAM) been classified into two related states; starting from a TREM2-independent DAM1 state to a TREM2dependent

In vitro model systems
Human microglia
Pharmacological modelling
Functional analysis

state termed DAM2, with each state being characterized by the expression of specific marker genes (Keren-Shaul,
2017). Recently, single-cell (sc)RNA-Seq studies have reported the existence of DAM in humans (Pettas, 2022;
Jauregui, 2023; Friedman, 2018; Mathys, 2019; Tuddenham, 2024); however, whether DAM play beneficial or
detrimental roles in the context of neurodegeneration is still under debate (Butovsky and Weiner, 2018; Wang
and Colonna, 2019). Here, we present a pharmacological approach to mimic human DAM in vitro: we validated in
silico predictions that two different histone deacetylase (HDAC) inhibitors, Entinostat and Vorinostat, recapitu-
late aspects of the DAM signature in two human microglia-like model systems. HDAC inhibition increases RNA
expression of MITF, a transcription factor previously described as a regulator of the DAM signature (Dolan,
2023). This engagement of MITF appears to be associated with one part of the DAM signature, refining our
understanding of the DAM signature as a combination of at least two transcriptional programs that appear to be
correlated in vivo. Further, we functionally characterized our DAM-like model system, showing that the upre-
gulation of this transcriptional program by HDAC inhibitors leads to an upregulation of amyloid p and pHrodo
Dextran uptake — while E.coli uptake is reduced — and a specific reduction of MCP1 secretion in response to IFN-y
and TNF-o. Enhanced amyloid p uptake was confirmed in iPSC-derived microglia. Overall, our strategy for
compound-driven microglial polarization offers potential for exploring the function of human DAM and for an
immunomodulatory strategy around HDAC inhibition.

1. Introduction models of neurodegenerative diseases and were proposed to exist in two
related states: there is an initial DAM1 state that transitions to a TREM2-
Disease-associated microglia (DAM) were first described in mouse dependent state termed DAM2. The DAM1 and DAM2 states are
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characterized by the expression of specific marker genes (Keren-Shaul
et al., 2017). Only recently, single-cell (sc)RNA-Seq studies have re-
ported the existence of DAM in humans (Pettas et al., 2022; Jauregui
et al., 2023; Friedman et al., 2018; Mathys et al., 2019; Tuddenham
et al., 2024). Nevertheless, the question of whether DAM play a bene-
ficial or detrimental role in the context of neurodegeneration remains a
subject of debate (Butovsky and Weiner, 2018; Wang and Colonna,
2019). To date, only one study has proposed an in vitro model system for
human DAM based on the exposure of induced pluripotent stem cell-
derived microglia-like cells (iMGs) to apoptotic neurons, and the in-
vestigators used this model system to assess the phagocytic capacity of
these perturbed cells and to propose the transcription factor MITF as a
regulator of the DAM signature (Dolan et al., 2023). This model system is
a very interesting foray into modeling human DAM but is limited by the
nature of the polarizing agent since it is derived from biological material
and therefore varies over production batches and tissue sources.

Here, we present an alternative, pharmacological approach to mimic
human DAM in vitro, prioritizing tool compounds using an in silico
screening methodology. We first show that DAM1-like and DAM2-like
signatures exist in single-cell and single-nucleus RNA sequencing data-
sets derived from human microglia and then that we can prioritize and
validate compounds which reproduce DAM-like transcriptional signa-
tures in human microglia-like cells in vitro. Namely, we report that two
different histone deacetylase (HDAC) inhibitors lead to higher MITF
expression, engagement of DAM-like signatures, and functional changes
in the target cells (altered phagocytosis and response to inflammatory
stimuli). Further, we begin to dissect the human DAM signature into its
component parts: it appears to consist of at least two transcriptional
programs. We therefore extend a growing pharmacological toolkit for
the microglia community (Tuddenham et al., 2024; Haage et al., 2024)
and illustrate our model system’s potential to further explore human
DAM biology.

2. Results
2.1. Definition of DAM signatures analyzed in this study

We recently generated two datasets derived from single-cell RNA
sequencing (scRNAseq) of freshly isolated live primary human microglia
derived from 74 donors (Tuddenham et al., 2024) and single-nucleus
RNA sequencing (snRNAseq) profiling of frozen dorsolateral prefrontal
cortex from 437 aging and Alzheimer brains (Green et al., 2024). Both of
these independent datasets identified a human microglial subtype that is
enriched for the DAM2 signature: cluster 11 among the live microglia
profiled with scRNAseq (Tuddenham et al., 2024) (Fig. 1A) and micro-
glia 13 in the snRNAseq data (Green et al., 2024) (Fig. 1B).

Here, using the selection of genes prioritized in the original mouse
DAM publication (Keren-Shaul et al., 2017), we further evaluate DAM-
enriched human microglial subtypes by assessing the expression of
these selected DAM1 (APOE, H2-D1, B2M, FTH1, CSTB, LYZ2, CTSB,
TYROBP, TIMP2, CTSD) and DAM2 (ANK, CD9, CD63, SERPINEZ2, SPP1,
CADM1, CD68, CTSZ, AXL, CLEC7A, CTSA, CD52, CSF1, CCL6, LPL,
CTSL, CST7, ITGAX, GUSB, HIF1A) signature genes (Keren-Shaul et al.,
2017) from mouse across our single-cell and single-nucleus human
microglial datasets (Tuddenham et al., 2024; Green et al., 2024)
(Fig. 1C-D). Following gene set enrichment analysis for each set of
signature genes (DAM1, DAM2), the log-normalized expression of each
set was plotted into the respective UMAP of the human microglial sc- or
snRNAseq data. Interestingly, we detected both DAM1 and DAM2
marker gene expression. While the DAM1 signature was more broadly
expressed among human microglia, DAM2 expression was restricted to
more defined groups of cells, characterized by increased expression of
LPL, LGALS1, CD9 and GPNMB (Fig. 1C-D, Fig. S1). These DAM2+ cells
include cluster 11 in live microglia, identified as the DAM-enriched
cluster in the earlier report (Tuddenham et al., 2024).

With regards to the snRNAseq dataset, DAM1 gene expression was
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more restricted to certain aspects of the distribution of microglia, as was
DAM2 (Fig. 1C-D). Interestingly, as also observed in the scRNAseq data,
microglia with DAM2-specific expression were enriched in a region of
the distribution of microglia that is high in DAM1 marker expression,
suggesting that DAM2 might arise from DAM]1, but that not all microglia
transition from a DAM1 to a DAM2 state. At this point, the role of the
observed DAM-like signatures needs to be validated. In this large
snRNASeq dataset, both the DAM1-enriched and the DAM2-enriched
microglia are associated with the amyloid and tau proteinopathies
that define AD (Green et al., 2024).

2.2. Identifying compounds that recapitulate the DAM signatures

To establish a model system using human cells, we deployed an in
silico compound prioritization strategy to identify pharmacological
compounds that may either induce or suppress the respective DAM-like
signatures identified in the human datasets, with the goal of recapitu-
lating and manipulating those cell subsets in vitro and to evaluate their
function as we have previously done for other microglial subtypes
(Haage et al., 2024). In short, we leveraged the Connectivity Map
resource (CMAP) (Subramanian et al., 2017), a transcriptomic atlas
derived from a range of human cell lines exposed to thousands of
pharmacological compounds, to identify molecules that induce or
reduce the transcriptomic signature of our DAM-like human microglial
subtypes identified from the sc- (cluster 11 (Tuddenham et al., 2024), for
full signature see Table S1) or the snRNAseq datasets (microglia 13'?,
Fig. 2A, for full signature see Table S1). Our analysis yielded a specific
set of compounds for each of the queried DAM signatures (excerpt of
selected compounds in Fig. 2B, for full list see Fig. S2A and Table S2A-
B). To select candidate compounds, the common upregulated or
downregulated genes from the two analyses were prioritized, and we
selected five to six predicted compounds from each comparison based on
an absolute tau score > 99.5. The focus of this analysis was initially to
identify compounds mimicking a more general DAM-like human
signature instead of building specific DAM1 and DAM2 in vitro models
since we did not want to overfit our modeling to the primarily mouse-
defined signatures (Keren-Shaul et al., 2017).

Our analysis identified a series of intriguing compounds (Fig. 2B).
One of the top families of positive regulators in our screen were histone
deacetylase (HDAC) inhibitors, including Entinostat and the FDA-
approved Vorinostat, as well as experimental compounds such as
Merck60 and APHA-compound-8. Interestingly, except for Vorinostat,
which is a pan-HDAC inhibitor, many of these drugs are selective HDAC
inhibitors, with HDAC 1/2 being the most common targets (Eckschlager
et al., 2017). Additional compounds predicted to induce the DAM-like
signature include the neural Wiskott-Aldrich syndrome protein (N-
WASP) inhibitor Wiskostatin, the tricyclic antidepressant Trimipramine
and the hypoxia-inducible factor (HIF) inhibitor Flavokavain B (Fig. 2B).
It is interesting to note that HIF-1a was previously predicted as an up-
stream regulator of amyloid plaque-associated microglia and has been
shown to regulate synaptosomal phagocytosis in vitro (Grubman et al.,
2021).

As compounds that downregulate the DAM signature, our in silico
analysis identified: Geranylgeraniol (an intermediate in the mevalonate
pathway), valproic acid (an established treatment for seizures), cholic
acid (a naturally occurring bile acid), Ramipril (an angiotensin-
converting enzyme (ACE) inhibitor), the prodrug Temozolomide (an
alkylating agent currently used in glioblastoma therapy (Stupp et al.,
2005) and Naftopidil (an al-Adrenoceptor Antagonist) (Fig. 2B).

2.3. Validation of prioritized compounds in the human HMC3 model
system

In order to assess the effect of the selected compounds on the
expression of DAM signature genes, the compounds were first titrated on
the human microglia cell 3 (HMC3) microglia-like cell line to determine
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Fig. 1. Examining the disease-associated microglial (DAM) signature across human microglia identifies different patterns of capture of DAM-associated genes be-
tween single-cell (sc-) (Tuddenham et al., 2024) and single-nucleus (sn-) RNAseq (Green et al., 2024) data. A. UMAP of human single-cell microglial clusters
(Tuddenham et al., 2024). Here, microglia from a single-cell dataset derived from 74 human donors are plotted. 12 microglial clusters were identified. B. UMAP of
human single-nucleus microglial clusters (Green et al., 2024). Here, microglia from a single-nucleus dataset derived from 437 human donors are plotted. 16
microglial clusters were identified. C. DAM1 module expression across the sc- (left) and sn- (right) RNAseq datasets. Enrichment of the top 10 genes for the
DAMI1 signature or the top 20 genes for the DAM2 signature from the original publication was calculated on a per-cell basis. Module scores were computed compared
to background genes with similar levels of expression. Individual cells are colored by log-fold change of the gene set. Module scores were plotted on hex-binned
UMAPs. Individual hexagons are aggregates of 50 cells on average, the plotted score per hexagon is the mean of the score across all cells aggregated within each
hexagon. Scores are log-normalized counts, as shown on the color gradient bar. Red/yellow represents the maximal expressed value, while blue/purple represents the
lowest expression values. Selected DAM1 (APOE, CTSD) marker genes were plotted across microglial clusters. D. DAM2 module expression across the sc- (left)
(Tuddenham et al., 2024) and sn- (right) (Green et al., 2024) RNAseq datasets. Enrichment of the top 10 genes for the DAM1 signature or the top 20 genes for the
DAM2 signature from the original publication was calculated on a per-cell basis. Module scores were computed compared to background genes with similar levels of
expression. Individual cells are colored by log-fold change of the gene set. Module scores were plotted on hex-binned UMAPs. Individual hexagons are aggregates of
50 cells on average, the plotted score per hexagon is the mean of the score across all cells aggregated within each hexagon. Scores are log-normalized counts, as
shown on the color gradient bar. Red/yellow represents the maximal expressed value, while blue/purple represents the lowest expression values. Selected DAM2
(CDY, LPL) marker genes were plotted across microglial clusters. (For interpretation of the references to color in this figure legend, the reader is referred to the web
\Lersion of this article.)

doses for each of the compounds that were not toxic to the cells. Spe- independently from the others (Fig. 3). After applying this test, any gene
cifically, an MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium with a positive log2 fold-change (FC) and an FDR <0.05 was considered
bromide) assay was used and drug concentrations with a comparable to be statistically significantly upregulated. For a comparison between
absorption to DMSO-treated HMC3 microglia (control condition) were the different queried signatures, see Fig. S3A. For a full list of differ-
selected for downstream experiments (Fig. S2B-C). Following the se- entially expressed genes between the different treatment conditions, see
lection of the treatment concentration for each drug, HMC3 microglia Table S4A-E.

were exposed for 6hrs and 24hrs. Subsequently, the expression of CTSD When assessing the microglial cluster 11 signature (Tuddenham

(DAM1 marker) as well as SPP1 and CD9 (DAM2 marker genes) were et al., 2024), we noticed that a portion of these markers was highly
assessed via RT-qPCR (Fig. 2C). With regards to the compounds pre- expressed at baseline by DMSO control cells (Fig. 3A). While Vorinostat
dicted to induce the DAM signature, we identified the two HDAC- significantly induced the expression of 26,/89 (29 %) cluster 11 marker

inhibitors Vorinostat and Entinostat as our top candidates. We detec- genes, Entinostat exposure engaged a broader set of genes, significantly
ted significant upregulation of SPP1 expression, particularly after 24 h, inducing 37/89 (42 %) markers that are not expressed under the control
with Vorinostat (p = 0.0009) and Entinostat (p < 0.0001). The effect on condition (DMSO). These data clearly suggest that the DAM signatures
CD9 was more modest: at 6 h for Vorinostat (p = 0.014) and at 24 h for are composed of at least two sets of genes whose transcriptional regu-
Entinostat (p = 0.038). As both compounds belonged to the class of lation is somewhat distinct: these two sets of genes may be co-regulated
HDAC inhibitors and showed significant effects with our screening in the ex vivo contexts from which they were derived, but our molecu-
markers, Vorinostat and Entinostat were selected for further validation larly precise perturbation reveals a difference in regulation of these
experiments. HDAC inhibitors have primarily been studied in cancer; genes. Thus, the cluster 11 signature likely contains several distinct
however, there is growing interest in their use in the field of neuro- transcriptional programs that share regulatory signals in certain con-
degeneration (Shukla and Tekwani, 2020). They have previously been texts, one of which seems to be engaged at baseline by the HMC3 culture
shown to suppress inflammatory responses in microglia (Kannan et al., system. Overall, CD9, PADI2, GSN and CTSB (Fig. 3B) among others
2013). were genes strongly induced by both compounds. CD9 is a key DAM
As it is currently unclear whether DAMs play a beneficial or detri- marker gene (Keren-Shaul et al., 2017), while PADI2 has been associated
mental role in humans, the identification of compounds with the po- with neurodegeneration in microglia (Asaga and Ishigami, 2007). CTSB
tential to downregulate the DAM-like signature is also of great interest. has been reported as a potential major driver of brain aging (Nakanishi,
However, from our selected candidate compounds none showed a 2020).
consistent pattern of downregulating the expression of DAM signature When assessing the expression of the microglia 13 signature (Green
genes (Fig. 2C, lower panel). We therefore proceeded with the DAM- et al., 2024), we also observed a minor subset of these signature genes
inducing drugs focusing on the development of a human DAM in vitro being expressed under baseline conditions (DMSO control), and they
model system and the functional characterization of DAM-like cells. were downregulated upon Entinostat treatment and slightly reduced
In order to further assess the effect of Vorinostat and Entinostat upon Vorinostat exposure (Fig. 3A. However, the majority of the
treatment on the HMC3 microglial-like cell line, we exposed three in- microglia 13 gene signature is engaged by our HDAC inhibitors: Enti-
dependent passages of HMC3 microglia to each of the drugs for 24 h and nostat potently and significantly induced 65/127 of Microglia 13 genes,
generated bulk RNA-Seq data for each compound. Following Principal which is 51 % of the signature. Similar to the results from cluster 11,
Component analysis (PCA), Entinostat-treated cell samples clustered Vorinostat significantly induced a lower percentage of genes belonging
closely together and were distinct from DMSO-treated cells, while to the microglia 13 signature (23/127 genes; 18 % of the signature).
Vorinostat-treated samples clustered between the other two conditions Notably, both Vorinostat and Entinostat induced PADI2: Vorinostat,

E-36 E-78

(Fig. 3C). For analysis, we used the DESeq2 (Love et al., 2014) package Padjusted = 3.69E™", and Entinostat, padjusted = 2.97E"°. Most signifi-
implemented within R (4.4.1) to test for differentially expressed genes cantly, they also both induced MITF (Vorinostat — padj = 9.01E2%;

between the DMSO-treated and compound-treated conditions. Subse- Entinostat — padj = 1.19E2%), a transcription factor recently shown to be
quently, we assessed the expression of different DAM or DAM-like gene an important driver of the DAM signature and a highly phagocytic
sets, namely the mouse-derived DAM1 and DAM2 (Keren-Shaul et al., phenotype in human iPSC-derived microglia-like cells (Dolan et al.,
2017), as well as gene sets defining microglial cluster 11 (from 2023) (Fig. 3B).

scRNAseq data) (Tuddenham et al., 2024) and the microglia 131 sub- When assessing the expression of the original mouse DAM1 and
type (from snucRNAseq data) that were empirically defined from recent DAM?2 signatures (Keren-Shaul et al., 2017), we also observed that a
human datasets (Table S3A). To do so, a Wald test was performed and small fraction of those genes are expressed by DMSO-treated control
we implemented a Benjamini-Hochberg (FDR) value to correct for the cells (Fig. 3A). We further observed a significant induction of both sig-
testing of multiple hypotheses; each gene set was analyzed natures by Entinostat: about 63 % of each signature is engaged (DAM1:
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Fig. 2. Insilico compound screen and validation of transcriptomic modulators for the DAM1/DAM2 signature. A. Graph depicting the in silico approach to identify
compounds mimicking the DAM cluster signatures using the CMAP resource (Connectivity Map resource; '%) followed by a validation approach. B. CMAP pre-
dictions from microglial single-cell RNA-Seq Cluster 11 (Tuddenham et al., 2024), single-nucleus RNA-Seq Microglia 13 cluster (Green et al., 2024), and the
overlapping upregulated gene set. The Connectivity Map (CMAP) was used to identify compounds that are predicted to upregulate or downregulate gene sets
associated with either of the DAM-like clusters from single-cell or single-nucleus data. Heatmaps depict the Z-scored tau score for each compound following query
analysis. Clustering of tau scores across microglial clusters 11, 13, or the merged signature was performed with absolute linkage. C. Screening of identified
candidate drugs via RT-qPCR in HMC3 microglia-like cells. HMC3 cells were exposed to selected compounds predicted to upregulate (upper panel; DMSO control
(1:1000-1:10.000): n = 6; Vorinostat (1 pM): n = 6; Entinostat (10 uM): n = 6; Wiskostatin (1 pM): n = 6; Flavokavain B (10 uM): n = 6; Trimipramine (10 uM): n =
6;) or downregulate (lower panel; DMSO control (1:1000-1:10.000): n = 4; Geranylgeraniol (10 uM): n = 4; Valproic acid (0.9 pg/ml): n = 4; Cholic acid (10 uM): n
= 4; Temozolomide (100 pM): n = 4; Ramipril (10 uM): 0.01 mM n = 8, 0.1 mM n = 4; Naftopidil (10 uM): n = 6) the DAM signature at 6 hrs. or 24 hrs. Selected DAM
marker gene expression (CD9, SPP1, CTSD) was assessed via RT-qPCR. CT values were normalized to HPRT1. Bars represent fold-change gene expression in relation to

DMSO control. For statistical analysis Kruskal Wallis test followed by Dunn’s multiple comparisons test was performed.*p.adj < 0.05; **p.adj < 0.01; ***p.adj <

0.001; ****p.adj < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

5/8 genes; DAM2:10/16 genes). On the other hand, Vorinostat signifi- PTPRG; DAM1/2: CSF1, CTSA), we focused our subsequent analysis on
cantly induced 63 % of the DAM1 and 38 % of the DAM2 signatures the genes that emerged from the previous HMC3 experiments as upre-
(DAM1: 5/8 genes; DAM2: 6/16 genes). Both compounds induced APOE, gulated following Vorinostat- or Entinostat-treatment (depicted in
B2M, TIMP2, CTSB, FTH1 as DAM1 markers as well as the DAM2 Table 1) so as to validate our findings in a second model system. Table 2
markers SPP1, LPL, ITGAX, CD9, CD52 and CADM1 (Fig. 3E; Table 1). presents a subset of genes from Table 1 which we could validate in the
Fig. 3D depicts an overview of the percentage of markers from each Vorinostat-treated iMG model system. We confirmed an upregulation of
signature that are significantly induced by each compound (Vorinostat, 4 Cluster 11 signature genes, 12 Microglia 13 genes, three DAM1/2 gene
Entinostat). Fig. 3E provides an overview of signature-specific markers and 16 iMG2 + 8 genes, including the previously published DAM-
induced by both compounds: Vorinostat and Entinostat. Table 1 pro- relevant transcription factor MITF (Dolan et al., 2023). Fig. 4C high-
vides a detailed overview of all the genes induced by one or both HDAC lights the significantly upregulated genes for each of the queried sig-

inhibitors, grouped into the assessed signatures. natures in Vorinostat-treated iMGs, thereby providing an overview of
Overall, our two prioritized HDAC inhibitors engage overlapping the validated subset of DAM-like genes across our two model systems. In

aspects of the DAM-like signatures; however, these signatures appear to addition to MITF, we identified LIPA, NPL and CADM1 as the most

be complex, consisting of at least 2 sets of genes representing distinct consistent DAM-like markers upregulated across our model systems.

transcriptional programs, one of which is upregulated in the DMSO A full list of differentially expressed genes across different treatment

control condition. The second, larger gene set includes the key marker conditions and model systems is provided under Table S4A-E.

genes for DAMs and is engaged by these compounds. This is not sur-

prising as microglia and microglia-like cells are highly reactive and are 2.5. MITF expression in the DAM model systems

unlikely to be in a homeostatic state in culture (Cadiz et al., 2022).
Nonetheless, the HDAC inhibitors clearly engage an important compo-
nent of the DAM-like signatures, and these signatures need to be refined
to guide future study designs.

The most interesting result is MITF, given that it has been proposed to
be a regulator of the DAM signature by other investigators (Dolan et al.,
2023) and is a member of the microglial 13 signature (Supplementary
Table 1) (Green et al., 2024). Vorinostat and Entinostat induced a highly
significant increase in MITF expression in HMC3 microglia (One-way
ANOVA followed by Dunnett’s multiple comparisons test; Vorinostat: p
= 0.0008; Entinostat: p = 0.0008)(Fig. 4D). The Vorinostat-induced
we tested one of the DAM-inducing compounds, Vorinostat, using the increase in MITF expression was also observed in our iMG-DAM model
induced pluripotent stem cell (iPSC)-derived microglia-like system (Unpaired t-test, Vorinostat — p = 0.0406). Thus, the effect appears to be
(iMG) on Day 28-29 of the iMG differentiation protocol (Abud et al., preserved across the two DAM model systems. These data strengthen the
2017; McQuade et al., 2018) (detailed description in Methods). validity of our model system with regards to prior reports of the role of
Following 24 h of exposure to Vorinostat, iMG from two independent MITF in driving a disease-associated microglia like signature and a
differentiations were harvested and subjected to bulk RNA sequence highly phagocytic phenotype (Dolan et al., 2023). We therefore turned
profiling followed by an analysis assessing the expression of four to the functional evaluation of our compound-driven DAM-like cells, one
different marker sets (Fig. 4) using the same approach as previously of the primary goals of establishing an in vitro model for human DAM.
described for HMC3 microglia (Fig. 3). In addition to the DAM1/DAM2,
cluster 11 and microglia 13 signatures tested above (Keren-Shaul et al., 2.6. Functional characterization of the HDAC-inhibitor induced in vitro
2017; Tuddenham et al., 2024; Green et al., 2024), we also assessed the DAM model
expression of signature genes recently derived from an iMG-derived

2.4. Evaluation of Vorinostat in the iMG model system

To assess the robustness of the effect of our putative tool compounds,

human DAM model following exposure to a preparation of apoptotic To assess the phagocytic phenotypes of our HMC3 microglia-like
neurons among other tested brain intrinsic substrates (Dolan et al., cells, we pretreated cells with Vorinostat, Entinostat or DMSO (con-
2023) (Fig. S4A; Table S3B). The authors of that report identified two trol) for 24 h. This was followed by exposure to three distinct substrates:
cell clusters related to the DAM subtype, which they termed Cluster 2 pHrodo Dextran to monitor macropinocytosis, fluorescently labeled
and 8. As a result, we refer to this signature as iMG Cluster 2 + 8° for the Amyloid beta (Ap) to assess a phagocytic phenotype relevant to amyloid
purpose of this manuscript. Fig. 4A depicts an overview of upregulated proteinopathy as well as pHrodo-labeled Escherichia coli (E. coli) to
genes for the most relevant signatures assessed in the iMG model system assess a phagocytic response associated with acute neuroinflammation.

(cluster1l (Tuddenham et al., 2024), microglia 1311, iMG 2 + 89), while Flow-cytometry was used as a readout (Fig. 5A; Fig. S5A). As an addi-
Fig. 4B depicts the corresponding heatmaps for the signatures that we tional control, we pretreated the cells with Cytochalasin D (Fig. S5B).

evaluated. When assessing macropinocytosis through pHrodo Dextran uptake, we

While Vorinostat treatment of iMGs induced some marker genes observed a significant upregulation of uptake in both Vorinostat- and
from each of the signatures which we did not previously detect in Vor- Entinostat-treated HMC3 cells, with Vorinostat showing a slightly higher
inostat- or Entinostat-treated HMC3 microglia-like cells (cluster 11: increase (Fig. 5B). When assessing the uptake of A, both compounds

DHRS9, GYPC, OLR1, RABAC, SCARB2; microglia 13: AOAH, OLRI, also showed an increase in A uptake in comparison to DMSO control,
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Fig. 3. Bulk RNAseq data from the HMC3 DAM model. A. Heatmaps showing the expression of Cluster 11° (left), Microglia 13! (middle) and DAM1/DAM2
(Keren-Shaul et al., 2017) (right) marker gene sets in bulk RNAseq data generated 24hrs following exposure to DMSO (control; 1:1000 for Entinostat; 1:10.000 for
Vorinostat), Entinostat (purple; 10 uM) or Vorinostat (green; 1 uM). Each column represents a single sample, each row a single gene represented in the respective
marker set. Pairwise differential testing between DMSO control and each of the treatment conditions (Entinostat, 10 uM; Vorinostat, 1 uM) was conducted using a
Wald test with the Benjamini-Hochberg correction (FDR alpha < 0.05). The legend represents Z scores, with lower scores indicated in red and higher scores indicated
in blue. Data represents n = 3 independent experiments for each treatment group with each n for all compounds being performed at the same time. B. Venn di-
agrams depicting significantly upregulated genes across different signatures (DAM1/DAM2!, Cluster 11°, Microglia 13'') comparing significantly induced
signature genes by each treatment condition (Entinostat or Vorinostat) relative to its DMSO control. HMC3 microglia were treated for 24hrs with DMSO as
control (1:1000 for Entinostat; 1:10.000 for Vorinostat), Entinostat (10 uM) or Vorinostat (1 pM) followed by bulk RNA-Seq. Venn diagrams were constructed based
on log2 fold change (FC) expression and padj. C. PCA plot of bulk RNAseq results from HMC3 microglia treated with DMSO, Vorinostat or Entinostat. Principal
component analysis (PCA) was calculated on log-normalized bulk RNA-Seq data derived from compound-treated HMC3 microglia following 24hrs of exposure to
DMSO (control; 1:1000 for Entinostat; 1:10.000 for Vorinostat; white), Entinostat (10 uM; purple) or Vorinostat (1 uM; green). Data represents n = 3 independent
experiments for each of the treatment group with each n for all compounds being performed at the same time. D. Venn diagrams depicting the number of
significantly upregulated genes by Entinostat or Vorinostat for each of the queried marker signatures DAM1 and DAM2?, Cluster 11°, Microglia 131, The
number of significantly upregulated genes across all three replicates for each treatment group (Entinostat or Vorinostat) in comparison to DMSO control was
identified and converted to a percentage of marker genes upregulated/ marker set. Data for DAM1 and DAM2 depicted in purple, for Cluster 11 depicted in violet and
for Microglia 13 depicted in teal. E. Signature-specific markers induced by Vorinostat and Entinostat. Markers significantly induced by Vorinostat and Entinostat
for each signatured are depicted for DAM1/2 (purple/red) (Keren-Shaul et al., 2017), Cluster 11 (violet) (Tuddenham et al., 2024), Microglia 13 (teal) (Green et al.,
%024). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

with Vorinostat (p < 0.0001) inducing again a more pronounced effect To complement our evaluation of phagocytosis, we also evaluated
than Entinostat (p = 0.0274)(Fig. 5C). Interestingly, Ap can be taken up another microglial function: amplification and orchestration of immune
via macropinocytosis and phagocytosis (Maguire et al., 2022). Thus, our responses. We therefore assayed the response of our HMC3 model sys-
two HDAC inhibitors revealed a specialization towards an increased tem to stimulation with two pro-inflammatory cytokines that play an
uptake of soluble substrates, as E. coli phagocytosis was significantly important in brain and systemic inflammation: TNF-o and IFN-y. Spe-
decreased in Vorinostat-treated cells. Entinostat-treated cells did not cifically, we measured a panel of 15 pro-inflammatory cytokines after 12
show a significant decrease in E. coli uptake, although there was a trend and 24 h of stimulation with TNF-a or IFN-y. While the secretion of 14 of
in that direction (Fig. 5C). These effects on A uptake are consistent with the cytokines remained unaffected (Fig. S8-S9), both Vorinostat- and
the prior report of MITF expression contributing to greater phagocytosis Entinostat-treatment significantly (p < 0.0001) reduced monocyte
(Dolan et al., 2023). chemoattractant protein-1 (MCP-1; also known as chemokine (C-C

To validate the functional consequences of HDAC inhibitor treatment motif) ligand 2, CCL2) secretion (Fig. 5D). This effect was more pro-
in a different microglia-like model system, we assessed the uptake of AB nounced with TNF-a stimulation, as the effect persisted over 24 hrs.
in iPSC-derived human microglia (iMGs; Fig. S6). Specifically, we Thus, our two HDAC inhibitors appear to have a relatively targeted ef-
elected to expose iMGs for 24 h to different concentrations of Vorinostat fect on an inflammatory response, one that involves reduced recruitment

(0.05 uM, 1 pM and 0.5 uM) and to subsequently assess their phagocytic of myeloid cells and other leukocytes by MCP-1.
capacity using pHrodoRED-conjugated (RFP-) AB 1-42 fibrils and the

BioTek Cytation 5 platform (Fig. $6). Three independent experiments 3. Discussion

were conducted; we started by testing two doses of Vorinostat (0.1 and

0.5 pM). As we suspected some toxicity of the higher dose, we added an This report presents an approach to study microglia-like cells that
additional lower dose (0.05 uM) to the second and third experiments. express certain elements of the human DAM signatures in a reproducible

For the primary analysis, we used Dunnett’s test to compare the fashion. This is essential to enable the functional characterization of this
proportion of cells that exceeded the median value of the mean fluo- subtype of microglia in vitro in a standardized manner over time and
rescence intensity (MFI) in the DMSO condition at the end of the across laboratories; functional characterization of primary microglia is
experiment. We then combined the results of the individual experiments impractical with current technologies given the difficulty of accessing a
for each dose using a Fishers meta-analysis approach (Supplementary reasonable number of these cells from the human brain. Our in silico

Table S5, Fig. 87A-C), and we see that both, the 0.05 uM (p = 1.94 x analyses identified HDAC inhibitors as a class of molecules with the
1077) and 0.1 pM (p = 1.07 x 10~?) Vorinostat doses yield a significant potential to recapitulate aspects of the RNA signatures seen in this

increase in the uptake of AB1-42 fibrils, confirming the functional subtype of microglia that has been associated with neurodegenerative
changes seen in HMC3 results (Fig. S7). disease in humans and mice (Friedman, 2018; Green et al., 2024; Keren-

One of the limitations of the iMG model system is its variability Shaul, 2017; Mathys, 2019; Pettas, 2022; Tuddenham, 2024). We
(Hasselmann and Blurton-Jones, 2020; Stoberl et al., 2023), and we prioritized two of these molecules, Vorinostat and Entinostat, and vali-
have seen this in our experiments, particularly at the two higher doses of dated our prediction, showing (1) recapitulation of key aspects of the
Vorinostat. We therefore also ran a secondary analysis using a statisti- signatures derived from primary human microglia, (2) induction of
cally more conservative random effects analysis model that accounts for MITF, recently proposed as a regulator of this signature in a study using a
inter-experimental heterogeneity. In this secondary analysis, the 0.5 uM different, less reproducible polarization strategy (Dolan et al., 2023), (3)
Vorinostat condition results remain non-significant, as expected. The substrate-specific alterations of uptake consistent with the proposed
0.1 uM Vorinostat dose condition results are heterogeneous, and, while enhanced phagocytic capacity of DAM-enriched cells (Keren-Shaul et al.,

the effect direction and magnitude remain similar (beta = 0.0491) 2017; Dolan et al., 2023), and (4) a targeted reduction of MCP-1
(Supplementary Table S5, Fig. S7D-F), the summary evidence of the secretion following TNF-o or IFN-y stimulation (Fig. 5E).

three experiments is not significant (p = 0.19). However, the 0.05 uM The two HDAC inhibitors — Vorinostat and Entinostat — yield a
Vorinostat dose results remains significant, as both the second and third reproducible model system, that captures aspects of the various murine
experiments return very consistent results (beta = 0.0486, p = 0.0009). (DAM1,/DAM2') and human (cluster 11°%) signatures, but its transcrip-
Importantly, we note that the effect size of Vorinostat is virtually iden- tional effect resembles most closely the recently identified human

tical for the 0.1 and 0.05 uM doses (beta = 0.0491 and 0.0486 respec- microglia 13!! signature that is proposed to mark a microglial subtype
tively), further supporting the robustness of the effect of Vorinostat in contributing to the accumulation of AD pathology (Green et al., 2024).
enhancing AB 1-42 phagocytosis, even when we deploy a very conser- Further, we describe sharing of marker genes and functional changes
vative statistical model. (increased uptake) with a prior effort to model these signatures in vitro
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Table 1
List of genes altered in HMC3 cells.

Gene Signature Vorinostat Entinostat

treatment treatment

FDR [log2FC] FDR [log2FC]
A2M Cluster 11 0.117 [3.83] 0.00368 [6.10]
ACSL1 Cluster 11 0.066 [0.50] 3.78E1° [1.49]
ANXA5 Cluster 11 0.846 [-0.05] 2.66E°° [0.47]
CALM1 Cluster 11 0.893 [-0.02] 3.49E1° [0.85]
CEBPA Cluster 11 0.394 [0.44] 1.46E%2 [3.76]
CPM Cluster 11, Mic13 2.93E15 [2.47] 5.46E*! [4.04]
CTSB Cluster 11 9.91E1° [0.73] 8.64E%5 [0.99]
CTSL Cluster 11 0.367 [-0.11] 2.64E18 [0.86]
CXCL16 Cluster 11 0.0689 [-0.33] 0.0401 [0.34]
DBI Cluster 11 0.361 [0.12] 3.00E % [0.59]
DHRS9 Cluster 11 0.792 [-0.67] 0.0036 [4.41]
DRAP1 Cluster 11 3.35E7 [0.53] 1.78E7° [-0.82]
FABP5 Cluster 11 0.0416 [0.35] 2.01E* [2.0]
FTL Cluster 11 0.0292 [0.44] 0.525 [0.13]
GSN Cluster 11 1.18E738 [2.08] 1.82E9 [2.34]
HTRAI Cluster 11 2.08E'2 [1.93] 1.13E% [2.92]
LGALS3 Cluster 11 0.00137 [0.35] 4.91E%° [0.9]
LGALS9 Cluster 11 0.567 [-0.34] 2.191° [2.56]
MT2A Cluster 11 0.000294 [0.69] 0.0321 [0.40]
PRDX1 Cluster 11 7.76E°® [0.77] 0.0832 [0.26]
RAMP1 Cluster 11 0.631 [-0.22] 5.04E%® [1.78]
S100A4 Cluster 11 0.00414 [1.17] 0.00768 [1.03]
SDCBP Cluster 11 0.00845 [0.46] 4.56E2 [1.56]
SLC3A2 Cluster 11 7.58E %8 [0.66] 9.21E%® [0.63]
TALDO1 Cluster 11 2.25E%° [0.68] 0.524 [0.09]
TYMP Cluster 11 0.936 [0.05] 1.21E% [1.63]
ADAM28 Micl3 0.803 [-0.62] 0.00974 [4.07]
ADAMTS17 Micl3 0.0331 [2.20] 6.46E %% [4.81]
ADARBI1 Micl3 2.14E3% [1.18] 6.03E2! [0.92]
ADK Micl3 0.241 [-0.15] 0.0118 [0.27]
ASAH1 Mic13, Cluster 11 0.0113 [0.68] 4.28E%® [1.34]
CADM1 Micl3 1.16E¢ [0.48] 1.62E% [0.96]
CD83 Micl3 0.337 [0.25] 1.57E% [1.25]
CHSY3 Micl3 0.118 [1.14] 8.83E7 [2.97]
CPED1 Micl3 6.13E% [1.21] 6.92E% [2.49]
CSGALNACT1 ~ Micl3 7.85E1! [2.24] 9.21E-1° [2.65]
CTTNBP2 Mic13 0.932 [-0.23] 0.000486 [5.09]
CYTH3 Micl3 1.25E%8 [0.744] 4.40E% [1.23]
DENNDA4C Mic13 0.742 [0.07] 0.0063 [0.41]
DPYD Mic13 4.10E° [1.21] 1.32E [1.52]
DSCAM Micl3 0.718 [1.2] 0.00123 [6.80]
DTNA Micl3 1.06 E*4 [1.14] 7.44E17 [2.23]
ELMO1 Mic13 0.0699 [1.95] 5.40E°® [4.96]
EPB41L3 Micl3 0.0264 [1.49] 0.000111 [2.33]
FAM13A Mic13 0.0936 [0.554] 0.00869 [0.78]
FLT1 Micl3 1.00E"7 [2.07] 1.01E%° [4.13]
FMNL2 Mic13 5.42E°° [0.94] 8.03E1° [1.56]
FRMD4B Mic13 0.0443 [0.63] 0.000321 [1.01]
GAS7 Micl3 8.25 E%* [0.49] 1.90E% [1.33]
GPNMB Mic13, Cluster 11 0.717 [0.58] 0.00104 [3.59]
HDAC9 Micl3 6.79 E%* [1.20] 3.78E12 [2.25]
IL6ST Micl3 1.17E% [0.52] 5.07E1! [0.74]
ITPR2 Mic13 0.426 [0.29] 1.83E% [1.47]
LIPA Mic13, Cluster 11 2.25E%7 [1.22] 5.68E [1.48]
MAF Micl3 0.131 [1.38] 3.61E%° [3.57]
MAFB Mic13, Cluster 11 0.515 [0.63] 2.47E%° [4.31]
MITF Micl3 9.01E28 [1.35] 1.19E% [1.23]
MSR1 Mic13, Cluster 11 0.282 [1.66] 0.0445 [2.65]
MTSS1 Micl3 7.01E°° [1.22] 6.90E % [2.58]
NAMPT Micl3 0.0378 [0.26] 1.14E°° [0.55]
NCK2 Micl3 0.299 [-0.16] 2.36E1° [0.79]
NPL Mic13, Cluster 11 0.333 [1.0] 5.98E7 [4.02]
PADI2 Mic13, Cluster 11 3.69E%° [3.87] 2.97E78 [5.66]
PDE3B Micl3 0.153 [1.15] 3.16E% [2.82]
PICALM Mic13 0.0183 [0.30] 0.499 [0.08]
PPARG Mic13 0.0231 [0.66] 0.104 [0.45]
PREX1 Mic13 1.70E%7 [1.32] 1.86E2 [2.27]
RALGAPA2 Mic13 0.0262 [0.73] 1.42E° [1.88]
RASGEF1B Mic13 0.444 [0.70] 0.00105 [2.35]
RASGEFIC Micl3 0.983 [0.02] 3.03E% [2.84]
RGCC Mic13, Cluster 11 0.016 [1.59] 2.48E%° [2.77]
SCIN Mic13, Cluster 11 1.56E° [1.47] 4.79E32 [3.57]
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Table 1 (continued)

Gene Signature Vorinostat Entinostat
treatment treatment
FDR [log2FC] FDR [log2FC]
SDK1 Micl3 0.202 [0.19] 7.06E2* [1.20]
SERPINB9 Micl3 0.00244 [1.79] 1.93E 2 [3.75]
SLC1A3 Mic13 0.00338 [0.47] 4.61E°® [0.80]
SLC9A9 Mic13 0.117 [1.44] 0.0215 [1.88]
SRGAP1 Mic13 0.107 [0.24] 0.0411 [0.28]
SRGAP2 Mic13 0.00118 [0.62] 0.000226 [0.66]
SRGAP2B Mic13 0.215 [0.17] 0.00138 [0.38]
SSBP2 Mic13 0.00121 [0.94] 0.007 [0.75]
ST6GALNAC3  Micl3 0.0207 [2.36] 2.20E° [5.67]
SYNDIG Mic13 0.719 [1.21] 0.00149 [6.75]
TANC2 Mic13 9.03E12 [0.65] 0.000168 [0.34]
TBXAS1 Mic13 0.0806 [0.85] 0.00713 [1.17]
TLN2 Micl3 1.46E'° [1.66] 1.89E%° [3.10]
TMEM163 Mic13 2.97E% [2.6] 3.01E12 [4.01]
WIPF3 Micl3 0.923 [0.12] 6.07E%° [3.17]
XYLT1 Mic13 0.69 [1.2] 0.0425 [4.42]
CADM1 DAM1/2 1.16E° [0.48] 1.62E% [0.96]
CD52 DAM1/2 0.0149 [1.66] 2.72E% [2.56]
CD9 DAM1/2, Cluster 5.16E [1.41] 3.47E7% [2.00]
11
CST7 DAM1/2 0.633 [0.65] 5.74E10 [5.28]
CTSL DAM1/2 0.367 [-0.11] 2.64E78 [0.86]
GUSB DAM1/2 0.937 [0.01] 1.11E% [0.72]
HIF1A DAM1/2 0.01 [-0.21] 2.71E1 [0.51]
ITGAX DAM1/2, Mic13, 7.90E1° [3.04] 1.12E3* [4.57]
Cluster 11
LPL DAM1/2, Micl3, 0.00325 [4.75] 1.41E3 [10.4]
Cluster 11
SPP1 DAM1/2, Cluster 8.65E7 [3.94] 2.39E%° [6.85]
11
APOE DAM1/2, Mic13, 0.0012 [1.13] 4.30E%7 [1.61]
Cluster 11
B2M DAM1/2 2.16E™! [0.56] 5.77E17 [0.68]
CTSB DAM1/2 9.91E1° [0.73] 8.64E%° [0.99]
FTH1 DAM1/2, Cluster 0.0026 [0.29] 5.62E%° [0.36]
11
TIMP2 DAM1/2 1.58E%7 [0.64] 1.57E% [0.62]

Summary of all signature genes induced by Vorinostat and/or Entinostat in
HMC3 microglia-like cells. Italics indicate results of non-significance or negative
regulation. Mic13 = microglia 13 signature (Green et al., 2024).

using apoptotic neurons among other substrates as a polarizing agent in
iMG to yield a DAM-like phenotype (Dolan et al., 2023). We therefore
have addressed the challenge of reproducibility that is intrinsic to the
use of cell-preparation derived reagents. In addition, Vorinostat and
Entinostat are well-characterized tool compounds that can serve as
reference molecular structures for further optimization of desired com-
pound characteristics. Moreover, Vorinostat is approved by the Federal
Drug Administration for the treatment of cutaneous T cell lymphoma
(Olsen et al., 2007), facilitating translation to human study participants.

Our study has certain limitations; first, given the difficulty of
accessing primary human microglia, we used cellular model systems in
our experiments. The use of two distinct human microglia-like models —
the HMC3 cell line and iMG — mitigates this limitation: the two model
systems are complementary and provide consistent results for a subset of
DAM:-like signature genes. Further, since the original DAM signature
(Keren-Shaul et al., 2017) is derived from mice and there is no single,
generally accepted human DAM signature, we elected to evaluate mul-
tiple different signatures that are overlapping. The use of both scRNA-
seq- (cluster 11) (Tuddenham et al., 2024) and snRNAseq- (microglia
13) (Green et al., 2024) derived signatures helps to address the concern
that the type of single cell preparation (living cell vs. nucleus isolation)
could influence the nature of the signature. Our characterization so far
clearly suggests that, while HDAC inhibitors may engage some key DAM
genes, they do not recapitulate the entire signature; additional com-
pounds may be needed to achieve the full reconstitution of the signature.
Nonetheless, HDAC inhibitors offer an entry point into DAM biology that
needs to be investigated further.
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Fig. 4. Bulk RNA-Seq of the human iPSC-derived microglia (iMG) DAM model. A. Volcano Plots depicting the distribution of differentially expressed genes
from different signatures (Cluster 11°, Microglia 13!, iMG Cluster 2 + 8°) for Vorinostat treatment in comparison to DMSO control. iPSC-derived microglia
at Day 28-29 of differentiation were treated for 24hrs with DMSO as control (1:100.000) or Vorinostat (0.1 uM) and were profiled using bulk RNAseq. Volcano plots
depict all genes present in each marker set (Cluster 11°: 89 genes, Microglia 13'!: 127 genes, iMG Cluster 2 + 8 (Dolan et al., 2023): 134 genes) plotted based on log2
fold change (FC) expression and —log10(p value) with the ones significantly upregulated marked in red and, of the most significantly changed genes, a selection of
nine genes was labeled with the gene name. Plots are organized from Cluster 11 (left)®, to Microglia 13 (middle)'?, to iMG Cluster 2 + 8 (right)g. B. Heatmaps
showing the expression of Cluster 11° (left), Microglia 13! (middle) and iMG Cluster 2 + 8° (right) marker sets in bulk RNAseq data generated 24hrs following
compound treatment with DMSO (control; 1:10.000; white) or Vorinostat (green; 0.1 uM). Each column represents a single sample, each row a single gene repre-
sented in the respective marker set. Pairwise differential testing between DMSO control and each of the treatment conditions (DMSO control, 1:10.000; Vorinostat, 1
uM) was conducted using a Wald test with the Benjamini-Hochberg correction (FDR alpha < 0.05). The legend represents Z scores, with lower scores indicated in red
and higher scores indicated in blue. Data represents n = 5 independent experiments per treatment group from one differentiation of iPSC-derived human microglia.
For data replication in a second differentiation see Supple. Fig. 4. C. Venn diagram depicting significantly induced markers across the signatures for Cluster
11°, Microglia 13'! and iMG Cluster 2 + 8° in Vorinostat-treated iMGs. Each circle shows significantly induced markers from each marker set — Cluster 11°
(violet), Microglia 13 (green)'!, iMG Cluster 2 + 8° (orange). Overlays of circles depict induced marker genes shared across different combinations of marker sets.
Percentage indicates ratio of each marker set in relation to the total number of significantly induced markers across all three signatures. D. MITF expression in
HMC3 and iMG DAM models. Violin plots depict the expression of the transcription factor MITF in transcripts per million (TPM) across treatment conditions in
HMC3 microglia (top; DMSO (blue; 1:1000 for Entinostat; 1:10.000 for Vorinostat; white), Vorinostat (1 uM; green), Entinostat (10 uM; purple); n = 3/group) and
iMG (bottom; DMSO (white), Vorinostat (0.1 uM; green); n = 6 per group, one iMG differentiation; for data replication see Suppl. Fig. 4). For statistical analysis of
HMC3 data, one-way ANOVA followed by Dunnett’s multiple comparisons test was performed. For iMG data, unpaired t-test was performed. Each dot represents a
replicate, central interrupted line represents the median and fine dotted lines represent the interquartile range. *p.adj < 0.05, **p.adj < 0.01, ***p.adj < 0.001 test.
(AFor interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Moreover, while RNA signatures provide a very useful entry into the integrated into their dataset (Dolan et al., 2023). Interestingly, in our
characterization of a putative cell subtype or state, they are limited in model systems, we also observed a significant increase of ABCA1, APOE,
their ability to guide further functional studies; therefore, the next LPL, further confirming their results (Table 2, Table S$3). The third
generation of model systems will require validation at the protein level. challenge of studying RNA-defined cell subsets involves the relation of
This is currently limited by the availability of human datasets defining RNA signatures, which are very dynamic, to cellular function. Our data
microglial subsets at the protein level. Second, a signature may define a illustrate this in that Entinostat appears to have a very strong effect on
cell state, but it can be composed of distinct transcriptional programs the RNA signatures when compared to Vorinostat, but Vorinostat has the
that co-occur in a certain context. This is well-described for response to stronger effect when it comes to pHrodoDextran and Ap1-42 uptake
Type I interferons (Mostafavi et al., 2016), in which at least 5 tran- (Fig. 5A-B). This illustrates the limitation of RNA-based signatures in
scriptional programs can be resolved. Our data suggest that this is also studying cellular functions such as Ap1-42 uptake that may be the more
the case for the DAM signatures, as in the context of two different model clinically relevant outcome measure. Nonetheless, the DAM signatures
systems (HMC3 and iMG) and Entinostat or Vorinostat exposure — were critical to the prioritization of these tool compounds.
illustrated in Fig. 3A/4B — there are at least two distinct subgroups of The current literature on human DAM or DAM-like states does not
genes present in each of the signatures. The HDAC inhibitors engage one provide any comprehensive information on whether microglia have to
of these and appear to reduce expression of the other, smaller subgroup transition through the DAM1 state in order to become DAM2. In fact,
of genes that appears to be upregulated in the baseline state of these in until recently, it was not clear whether DAM or DAM-like states existed
vitro model systems in which microglia-like cells are likely to be some- among human microglia (Mathys et al., 2019; Sobue et al., 2021; Sri-
what activated. Further work will be needed to understand the role of nivasan et al., 2020). Driven by technological advances, novel, emerging
each of these two gene subgroups. The larger subgroup, which is datasets all support the existence of DAM-like states in humans
expressed at higher levels following exposure to HDAC inhibitors con- (Tuddenham et al., 2024; Green et al., 2024; Gerrits et al., 2021; Smith
tains most of the key markers that the community has used to define the et al., 2022; Gazestani et al., 2023). In our analysis of our sc- and
DAM signatures. This subgroup also contains MITF which is a tran- snRNAseq datasets with regards to DAM1 and DAM2 signature expres-
scriptional factor that has been recently proposed as a regulator of the sion (Keren-Shaul et al., 2017), we observed microglia with DAM2-

iMG DAM Clusters 2 + 8 (Dolan et al., 2023). MITF expression is specific expression to be focused to regions that also showed a high
enhanced in both of our model systems (HMC3 microglia and iMG) expression in DAM1 marker genes, suggesting that DAM2 might arise
following HDAC inhibitor treatment (Fig. 4D). Whether our functional from DAM1, but that not all microglia might transition from a DAM1 to a

observations are MITF-dependent was not further investigated in our DAM2 state. In fact, the average proportion of DAM2 microglia is ~1 %
context, as on the one hand the proposed MITF pathway inhibitor (Tuddenham et al., 2024) of all microglia in older individuals (Fig. 1C-
ML329 has previously been shown to significantly reduce Af phagocy- D). On the other hand, as DAM1 marker expression is spread across
tosis in iMG (Lee et al., 2024) and, on the other hand, a review of the almost half of our scRNAseq (Tuddenham et al., 2024) dataset, DAM1
ML329 literature returns no description of its mechanism. It is not may represent an aging- or senescence- associated microglial cluster,
known to bind MITF; it was discovered in a high-throughput phenotypic supported by the high expression of CSTB and TIMP2 which have also
screen for compounds altering the promoter activity of melastatin been proposed as markers for senescent microglia (Saul et al., 2022;
(TRPM1) in the MITF-dependent melanoma cell line SK-MEL-5 (Faloon Zhao et al., 2022). The live primary human microglia profiled in this
et al., 2010). Its role as a MITF inhibitor was inferred but not demon- study also undergo more manipulation (the effect of which is minimized
strated (Faloon et al., 2010). by keeping the experimental pipeline on ice) than the nuclei derived

The authors of the study reporting the role of MITF highlight ABCA1, from flash-frozen tissue, and this may contribute to some of the observed
APOE, GPNMB, LPL and TREM2 as key markers that overlap between DAM]1 changes. Similarly, whether DAM represent a subtype of micro-
their iPSC-derived DAM model and human brain biopsy samples when glia or rather a state of reaction as result of a changed microenvironment
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Table 2

List of genes altered in iMG.

Gene Signature Entinostat Vorinostat Vorinostat iMG
HMC3 HMC3 D1: FDR [log2FC]
FDR FDR D2: FDR [log2FC]
[log2FC] [log2FC]
HTRA1 Cluster 11 1.13E28 2.08E 12 D1: 1.83E%8
[2.92] [1.93] [0.41]
D2: 9.37E"7
[0.66]
LIPA Cluster 11, 5.68E 1! 2.2.5E%7 D1: 5.92E°%4
Micl3,iMG 2  [1.48] [1.22] [0.23]
+8 D2: 0.0675 [0.97]
NPL Cluster 11, 5.98E%7 0.333 [1.0] D1: 3.37E™!
Micl3,iMG 2  [4.02] [0.60]
+8 D2: 0.00059
[0.75]
SCIN Cluster 11, 4.79E32 1.56E%° D1: 1.40E %2
Micl3 [3.57] [1.47] [0.58]
D2: 0.012 [1.04]
ADAM28 Micl3 0.00974 0.803 D1: 0.000208
[4.07] [-0.62] [0.21]
D2: 1.78EY7
[0.79]
ADK Micl3 0.0118 0.241 D1:1.17E%
[0.27] [-0.15] [0.41]
D2: 0.0553 [0.46]
CADMI1 Micl3,iMG2  1.62E%° 1.16E%° D1: 5.72E%°
+8,DAM1/2  [0.96] [0.48] [0.18]
D2: 0.00171
[0.53]
FAM13A Micl3 0.00869 0.0936 D1: 0.00168
[0.779] [0.554] [0.71]
D2: 0.0165 [0.98]
HDAC9 Micl3 3.78E12 0.000679 D1: 0.048 [0.16]
[2.25] [1.2] D2: 1.76E1°
[1.56]
MAF Micl3 3.61E%° 0.131 [1.38]  D1: 0.000839
[3.57] [0.25]
D2: 0.000575
[0.54]
MITF Micl3,iMG2  1.19E%% 9.01E%® D1: 0.00452
+8 [1.23] [1.35] [0.41]1D2:
0.000588 [0.95]
NCK2 Micl3 2.36E1° 0.299 D1: 0.0138 [0.28]
[0.79] [-0.16] D2: 0.131 [0.37]
RALGAPA2  Micl3 1.42E1° 0.0262 D1: 2.41E%°
[1.88] [0.73] [0.27]
D2: 0.115 [0.33]
APOE DAM1/2, 4.30E%7 0.0012 D1: 0.345 [0.38]
Mic13, [1.61] [1.13] D2: 0.00136
Cluster 11 [2.42]
LPL DAM1/2, 1.41E13 0.00325 D1: 0.894 [0.05]
Micl3, [10.4] [4.75] D2: 8.17E%°
Cluster 11 [1.46]
ABCA1 iMG 2 + 8 n/a n/a D1: 0.000283
[0.63]
D2: 3.05E°°
[1.77]
ATP6AP2 iMG 2 + 8 n/a n/a D1: 0.00173
[0.19]
D2: 0.025 [0.36]
CREG1 iMG 2 + 8 n/a n/a D1: 0.00018
[0.28]
D2: 0.0121 [0.49]
CYSTM1 iMG 2 + 8 n/a n/a D1: 1.55E18
[0.88]
D2: 8.91E%°
[1.40]
GYPC iMG 2 + 8 n/a n/a D1: 8.78E%
[0.58]
D2: 7.03E%
[0.94]
HSD17B14  iMG 2 + 8 n/a n/a D1: 4.61E7
[0.54]
D2: 3.498 1!
[1.34]
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Table 2 (continued)

Gene Signature Entinostat Vorinostat Vorinostat iMG
HMC3 HMC3 D1: FDR [log2FC]
FDR FDR D2: FDR [log2FC]
[log2FC] [log2FC]
ITM2B iMG 2 + 8 n/a n/a D1: 1.03E"
[0.40]
D2: 3.67E10
[0.86]
OLR1 iMG 2 + 8 n/a n/a D1: 0.0141 [0.16]
D2: 0.000308
[0.54]
PSAP iMG 2 + 8 n/a n/a D1: 0.0362 [0.16]
D2: 0.0151 [0.42]
SCARB2 iMG 2 + 8 n/a n/a D1: 2.43E
[0.56]
D2: 6.66E°°
[0.68]
SLC38A6 iMG 2 + 8 n/a n/a D1: 0.000296
[0.59]
D2: 2.68E°%°
[1.26]
TPP1 iMG 2 + 8 n/a n/a D1: 0.0265 [0.14]

D2: 0.0191 [0.38]

Summary of top marker genes induced by both compounds in HMC3 and two
independent differentiations of iMG (only Vorinostat-treated; D1 = differenti-
ation 1; D2 = differentiation 2). Italics indicate results of non-significance or
negative regulation. Mic13 = microglia 13 signature (Green et al., 2024).

remains to be further defined and discussed by the community
(Stratoulias et al., 2019).

Our in silico analyses (Fig. 2A-B, Fig. S2A) prioritized a broad range
of compounds with HDAC inhibition properties. Our subsequent tran-
scriptomic and functional studies following Vorinostat and Entinostat
exposure have validated this initial observation. This report joins a
growing literature implicating HDAC activity in neurodegeneration and
in microglial function in particular. For example, HDAC inhibition has
been suggested to perturb the state of microglial activation (Suuronen
et al., 2003) and to cause functional changes, including suppression of
cytokine and chemokine (Kuboyama et al., 2017) secretion. Further,
ablation of HDAC1/HDAC2 in mice is reported to enhance microglial
amyloid phagocytosis and to decrease amyloid load in an amyloid pro-
teinopathy model (Datta et al., 2018). Additionally, HDAC2 is impli-
cated in the negative regulation of memory and synaptic plasticity and
has been reported to be increased in postmortem samples from AD pa-
tients (Guan et al., 2009; Graff et al., 2012). Finally, HDAC6 has been
reported to be increased in postmortem samples from individuals with
AD and may be involved in metabolism of tau (Ding et al., 2008).

Aside from enhanced Ap 1-42 uptake which is consistent with pre-
vious reports of the MITF-dependent DAM model that has enhanced
phagocytosis (Dolan et al., 2023), our functional analyses also yielded a
specific downregulation of TNFa- or IFNy-induced MCP-1 secretion in
both Vorinostat- and Entinostat- treated cells. MCP-1 has emerged as a
cytokine with pivotal roles in many CNS disorders: it is present in senile
amyloid plaques and reactive microglia in AD (summarized in (Singh
et al., 2022). Moreover, elevated MCP-1 serum levels are increased in
mild cognitive impairment (MCI) as well as in mild AD (Galimberti et al.,
2006). Additionally, in cerebrospinal fluid (CSF), MCP-1 levels are
significantly increased and positively correlated with phosphorylated
tau and B-amyloid levels (Correa et al., 2011). Thus, microglia enriched
in DAM-related signatures may be having multiple effects in AD,
reducing AB1-42 load and possibly reducing leukocyte recruitment,
rather implying a beneficial than detrimental role in neurodegeneration;
however, further studies are needed to address these hypotheses.

The development of model systems with which to study human DAM
physiology and function bears great potential. Here, we have presented
an initial foray into in silico prioritization of tool compounds that suc-
cessfully predicted HDAC inhibitors as tool compounds that engage a
key DAM regulator, MITF. They present an interesting lead to pursue in
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Fig. 5. Compound-treated HMC3 microglia exhibit substrate-specific endocytic and phagocytic phenotypes as well as differences in secretion of pro-inflammatory
cytokines. A. Vorinostat and Entinostat upregulate pHrodoDextran phagocytosis. HCM3 microglia-like cells were pretreated each compound or DMSO as control
for 24hrs. Subsequently, they were exposed to pHrodo-labeled Dextran for 1hr, and the uptake of pHrodo-labeled Dextran was assessed using flow cytometry. In-
dividual experiments are depicted as individual dots in the bar graphs depicting mean + SEM (Vorinostat — green; Entinostat- purple). Phagocytosis was normalized
to percent DMSO (% DMSO) control and for statistical analysis, log-fold change values in comparison to DMSO-treated control samples were analyzed using one-way
ANOVA followed by Dunnett’s multiple comparison test. *p.adj < 0.05; **p.adj < 0.01. B. Vorinostat and Entinostat induce AB1-42 phagocytosis in HMC3
microglia-like cells. HCM3 microglia were pretreated with each compound or DMSO as control for 24hrs, subsequently exposed to AlexaFluor 647-labeled AB
monomers for 1hr and subsequently the uptake of AlexaFluor 647-labeled AB monomers was assessed using flow cytometry Individual experiments are depicted as
individual dots in the bar graphs depicting mean + SEM (Vorinostat — green; Entinostat — purple). Phagocytosis was normalized to % DMSO control and for sta-
tistical analysis, log-fold change values in comparison to DMSO-treated control samples were analyzed using one-way ANOVA followed by Dunnett’s multiple
comparison test. *p.adj < 0.05; ** p.adj < 0.01. C. Vorinostat reduces phagocytosis of pHrodo-labeled E.coli. HCM3 microglia-like cells were pretreated with
each compound or DMSO as control for 24hrs, exposed to pHrodo-labeled E.coli particles (1hr) and the uptake of pHrodo-labeled E.coli particles was assessed using
flow cytometry. Individual experiments are depicted as individual dots in the bar graphs depicting mean + SEM (Vorinostat — green; Entinostat — purple).
Phagocytosis was normalized to % DMSO control and for statistical analysis, log-fold change values in comparison to DMSO-treated control samples were analyzed
using one-way ANOVA followed by Dunnett’s multiple comparison test. *p.adj < 0.05; **p.adj < 0.01. D. Vorinostat and Entinostat, decrease the secretion of
pro-inflammatory cytokine MCP-1. HMC3 microglia-like cells were pre-treated with Vorinostat or Entinostat for 24hrs, and subsequently stimulated with either
TNF-a (0.3 pg/mL), IFN-y (0.3 pg/mL) or H,O as control for 12 or 24 hrs. Supernatant was collected and MCP-1 secretion assessed using a human pro-inflammatory
cytokine discovery assay. Bargraphs depict measured amount of MCP-1 (mean + SEM) in pg/ml for DMSO control-treated samples (white, light gray, gray) or
compound-treated samples (light green, green dark green (Vorinostat)/light purple, purple, dark purple (Entinostat)). For statistical analysis, one-way ANOVA

Summary graph depicting overall results from this study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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