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SUMMARY

Clonal hematopoiesis of indeterminate potential (CHIP) arises from aging-associated acquired
mutations in hematopoietic progenitors, which display clonal expansion and produce
phenotypically altered leukocytes. We associated CHIP- DNMT3A mutations with a higher
prevalence of periodontitis and gingival inflammation among 4,946 community-dwelling adults.
To model DNMT3A-driven CHIP, we used mice with the heterozygous loss-of-function
mutation R878H, equivalent to the human hotspot mutation R882H. Partial transplantation with
Dnmt3a*878H* hone marrow (BM) cells resulted in clonal expansion of mutant cells into both
myeloid and lymphoid lineages and an elevated abundance of osteoclast precursors in the

BM and osteoclastogenic macrophages in the periphery. DNMT3A-driven clonal hematopoiesis
in recipient mice promoted naturally occurring periodontitis and aggravated experimentally
induced periodontitis and arthritis, associated with enhanced osteoclastogenesis, 1L-17-dependent
inflammation and neutrophil responses, and impaired regulatory T cell immunosuppressive
activity. DNMT3A-driven clonal hematopoiesis and, subsequently, periodontitis were suppressed
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by rapamycin treatment. DNMT3A-driven CHIP represents a treatable state of maladaptive
hematopoiesis promoting inflammatory bone loss.

Graphical abstract
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In brief

DNMT3A mutations associated with clonal hematopoiesis result in elevated osteoclast precursors
in the bone marrow (BM) and osteoclastogenic macrophages in the periphery, along with
aggravated neutrophilic inflammation and impaired T-regulatory activity, which collectively
promote periodontitis and arthritis.

INTRODUCTION

With advancing age, hematopoietic stem and progenitor cells (HSPCs) in the bone marrow
(BM) progressively acquire somatic mutations, some of which may confer a proliferative
advantage to the mutantcell, enabling disproportionate clonal expansion relative to normal
clones. This fitness advantage leads to the generation of genetically distinct progeny,
which constitute an outsized fraction of blood leukocytes and often have altered phenotype
compared with normal leukocytes.1=3 In the absence of apparent hematologic disease, this
condition is designated clonal hematopoiesis of indeterminate potential (CHIP). With a
variant allele fraction (VAF) threshold set at 2%, CHIP-mutant clones are rare in young
adults (<40 years) but increase with age and are detectable in >10% of individuals

older than 65.14-7 CHIP development may also be driven by selective pressure from
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cytotoxic chemotherapy or smoking.8 CHIP carriers have increased risk of not only
hematologic malignancies but also of atherosclerotic cardiovascular disease, heart failure,
and inflammation-related disorders, such as chronic liver or kidney disease.*>9-14 CHIP
mutations typically cause loss of function and occur in several genes, yet predominantly

in three genes encoding epigenetic regulators: DNA methyl-transferase-3A (DNMT3A),

the most frequently mutated gene in CHIP, ten-eleven translocation methylcytosine
dioxygenase-2 (7ET2), and associated sex combs-like-1 (ASXL1).*" The selective clonal
expansion advantage in CHIP may be accompanied by a modest bias toward myelopoiesis in
case of TET2mutations, whereas no specific hematopoietic lineage is preferentially affected
by DNMT3A mutations.1>-17 Similarly, in DNMT3A-driven CHIP in mice, Dnmt3a-mutant
HSPCs expand without apparent bias toward the production of particular types of mature
hematopoietic cells.1® This model is based on the use of mice harboring a heterozygous
mutation (R878H) that causes dominant negative loss of DNMT3A methylation activity18
and is equivalent to the human hotspot heterozygous mutation R882H.19

Since chronic inflammatory diseases are largely driven by inflammatory immune cells,
CHIP-driven alterations to their precursors in the BM are likely to influence multiple
disorders. Periodontitis, a prevalent inflammatory disease of the tooth-supporting tissues,
remains a significant public health burden?%-23 and is epidemiologically associated with
rheumatoid arthritis, 2426 which leads to progressive erosion of cartilage and bone in

the joints.2” An individual’s susceptibility to periodontitis, arthritis, and chronic diseases
in general increases with aging.28-32 We reasoned that CHIP may not merely correlate
with agingl67 but may also contribute causally to inflammatory bone loss disorders,
such as periodontitis and arthritis. This hypothesis was tested both at an observational/
epidemiological and a preclinical/experimental level in the context of CHIP driven by
mutations in DNMT3A, the most frequently mutated gene in CHIP.4-6

Higher periodontitis prevalence in CHIP individuals with DNMT3A mutations

In a community-based cohort of 4,946 adult participants of the Atherosclerosis Risk in
Communities (ARIC) study33:34 ages 52-74 (mean age 62 years), we identified 3.9% of
individuals (7= 191) as CHIP carriers. Similar to published literature,-6 the most common
mutations involved DNMT3A (61.8% of total carriers; n=118), followed by 7E72and
ASXL 1 (Table S1). The majority of CHIP carriers (n= 108, 2.2% of sample, and 56.5%

of total carriers) exhibited VAF > 10% (Table S1). CHIP increased with age and was

more common among current (5.7%) vs. ever smokers (3.6%) (Table S2). CHIP due to
DNMT3A mutations was significantly associated with a diagnosis of severe periodontitis
(stage 1V vs. stages I-I11), as well as quantitative measures of “clinical attachment loss”
and “gingival inflammation” (Table 1). The observed differences in periodontitis and clinical
measures of periodontal disease were robust to adjustments for participants’ age and sex.
For example, when adjusted for age and sex, the prevalence of stage IV periodontitis in
carriers with DNMT3A mutations was (average marginal effect [AME]) 11 percentage
points (95% confidence interval [CI] = 0.0-21.5) higher than in those without CHIP (Table
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S3). In conclusion, DNMT3A CHIP is associated with higher prevalence and severity of
periodontitis.

Clonal expansion of Dnmt3aR878H/* cells promotes naturally occurring periodontal
inflammation and bone loss

Loberg et al. established a DNMT3A-driven CHIP model in mice by transplanting
Dnmt3aR878H+ BM cells at a 50:50 ratio with wild-type (WT) CD45.1 BM cells and
observed significant expansion of Dnmt3a%8784/+ HSPCs relative to Dnmt3a** controls.18
Another BM transplantation (BMT) study, in which DNMT3A-driven CHIP was modeled
with Dnmt3a™"~ BM cells and linked CHIP to osteoporosis, involved the use of non-
competitive BMT (100% Dnmt3a~ BM cells).36 Since R50% is not a typical VAF in
human CHIP,437 we transplanted a clinically relevant fraction (10%) of mutant BM cells.
Specifically, lethally irradiated CD45.1% mice were subjected to competitive BMT with 10%
BM cells from CD45.2+ Dnmt3a3878H/* mice (or CD45.2* Dnmt3a*’* controls) and 90%
WT BM cells from CD45.1* mice. Experimental (designated “10% Dnmt3aR878H/+ BMT”
mice) and control (“10% Dnmt3at*BMT” mice) recipients were sampled for peripheral
blood analysis from 4 to 12 weeks post-BMT (Figure 1A). CD45.2" blood cells expanded
significantly over time in 10%Dnmt3a8R878H*BMT mice relative to 10% Dnmt3a*BMT
controls, in which donor-derived CD45.2* (Dnmt3a**) cells did not expand (Figure

1B). The donor Dnmt3aR878H/* hematopoietic cells produced myeloid (CD11b*), B cell
(CD19%), and T cell (CD3*) lineages (Figure S1A) without affecting the total white

blood cell counts in 10% Dnmt3R878H*BMT mice, compared with controls (Figure S1B),
consistent with earlier observations.’:9:38:39 BM analysis at 12 weeks post-BMT confirmed
that DNMT3A loss of function promoted HSPC expansion. Indeed, CD45.2* HSPCs in
10% Dnmt3a8R878H*BMT mice expanded significantly more than their counterparts in the
control group, representing >50% of the Lin~Scal*cKit* (LSK) population (Figure S1C,
left), whereas the absolute LSK cell numbers were comparable between the two groups
(Figure S1C, right). Analysis of BM extracellular fluid for cytokines associated with
expansion of CHIP-mutant clones340 revealed significantly increased tumor necrosis factor
(TNF) and interferon (IFN)g concentrations in 10% Dnmt3a&R878H*BMT mice (Figure 1C
top); the same cytokines, as well as interleukin (IL)-1b, were elevated in serum (Figure

1C bottom). In summary, competitive BMT with normal and mutant hematopoietic cells
leads to increased systemic inflammation and selective clonal expansion of Dnmit3aR878H/*
HSPCs, which produce both myeloid and lymphoid cells, thus mimicking human DNMT3A-
mediated CHIP.

Young adult mice are periodontally healthy; however, disruption of periodontal tissue
homeostasis, e.g., due to immunoregulatory defects, leads to uncontrolled inflammation

and bone loss (in both mice and humans).#142 To determine whether the clonal expansion
of Dnmit3aR878H/* cells and the associated systemic inflammation (Figures 1B, 1C, S1A,
and S1B) affect periodontal tissue homeostasis, we assessed the alveolar bone levels by
measuring the distance between the cementoenamel junction (CEJ) and the alveolar bone
crest (ABC). 10% Dnmit3a&R878H*BMT mice exhibited a significant increase over the mean
CEJ-ABC distance of the control group (Figure 1D). Consistently, 10% Dnmt3&R878H/*BMT
mice displayed elevated gingival mMRNA expression of pro-inflammatory cytokines (e.g.,
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IL-23 and IL-17) and pro-osteoclastogenic factors (e.g., Tnfsf11/RANKL) (Figure 1E).
Measurement of bone mass of the femur and spine revealed no significant differences
between 10% Dnmt3a3878+*BMT and controls (Figures S1D-S1F), except for a modest
decrease (8.9%) in trabecular bone volume to total bone volume fraction (BV/TV) in

10% Dnmt3aR878H+*BMT mice (Figure S1D, left bar graph). Therefore, naturally occurring
periodontal bone loss in 10% Dnmt3a*878H/* BMT mice could not be attributed to general
bone defects.

We thus next investigated potential local mechanisms in the gingival tissue. We first
performed flow cytometry to assess the frequency (% in total CD45* cells) and

absolute numbers of CD45.2+ Dnmit3a%878H/* myeloid and T cells (key cells involved in
periodontitis#3:44) relative to CD45.2* Dnmt3a** cells. We found significantly increased
abundance (in terms of both frequency and numbers) of CD45.2* Dnmt34%878H/*
neutrophils (Figure 1F), monocytes (Figure 1G), and T cells (Figure 1H), compared

with the abundance of their respective CD45.2* Dnmt3a*™* counterparts. Fluorescence-
activated cell sorting (FACS) analysis of the gingival tissue also revealed the presence

of osteoclastogenic macrophages (OCMs; Ly6Cint I-A*/I-E*CX3CR1NF4/80%) (Figure
11), a macrophage subset that differentiates into osteoclasts in inflamed tissue.*> The
numbers and frequency of CD45.2* Dnmt34*878H* OCM among the total OCM
population were significantly increased in 10%Dnmt3a838783+*BMT mice relative to their
CD45.2* Dnmt3a™* counterparts in 10%Dnmt3a”*BMT mice (Figure 11). In ex vivo
experiments, lipopolysaccharide (LPS)-stimulated Dnmt3a%878H/* splenic neutrophils and
monocytes released higher amounts of IL-1, IL-6, and TNF than their respective
Dnmt3a** counterparts (Figure S1G). Moreover, phorbol myristate acetate (PMA)-
stimulated Dnmi3a8R878H/* peripheral blood neutrophils displayed increased production of
intracellular reactive oxygen species (ROS) relative to Dnmt3a*’* controls (Figure S1H).
However, Dnmt3a&R878H/* and Dnmt3a™* blood neutrophils or splenic monocytes exhibited
comparable ex vivo chemotactic capacity in response to chemokine (C-X-C motif) ligand
(CXCL)1 or CXCL2 (Figure S1I left; neutrophils) or to monocyte chemoattractant protein
(MCP)-1 (Figure S1I right; monocytes). Therefore, the increased periodontal inflammation
and bone loss in 10% Dnmt38R878H*BMT mice could be attributed, at least in part, to

the increased abundance of hyper-inflammatory Dnmt3a%878/+ myeloid cells, including
OCMs. Moreover, in the mutant setting (10% Dnmit3aR878H/*BMT mice), even WT cells
could exhibit altered inflammatory activity, presumably via paracrine stimulation from
neighboring Dnmt3a%8787/+ cells. In support, gingival WT myeloid (CD45.1*CD11b*) cells
isolated from 10% Dnmt3a3878H/*BMT mice exhibited higher mMRNA expression levels of
key inflammatory cytokines than their counterparts from the WT setting (10% Dnmt3a*!
*BMT mice) (Figure S1J).

Clonal expansion of Dnmt3aR878H/* cells exacerbates experimental periodontitis and

arthritis

We next determined whether clonal expansion of Dnmt3a%878H/* hematopoietic cells
exacerbates pathology in induced models of disease. Specifically, 12 weeks post-BMT,

10% Dnmt3aR878H* BMT mice and controls were subjected to ligature-induced periodontitis
(LIP) (Figure 2) or collagen antibody-induced arthritis (CAIA) (Figure 3). Compared
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with controls, 10% Dnmit3&R878H*BMT mice exhibited significantly increased ligature-
induced bone loss (Figure 2A) associated with elevated gingival mRNA expression of pro-
inflammatory cytokines (e.g., IL-6, IL-17, and 1L-23) and pro-osteoclastogenic molecules
(Tnfsf11/RANKL and Tnfrsf11a/RANK) (Figure 2B). Moreover, 10% Dnmt323878H/

*BMT mice displayed significantly increased frequency and total counts of CD45.2*
Dnmit3aR878H* neutrophils (Figure 2C), monocytes (Figure 2D), and T cells (Figure

2E), compared with the frequency and counts of their corresponding counterparts in

10% Dnmt3a*BMT controls. Neutrophils constituted the majority of gingival myeloid

cells (Figures 2C and 2D) and can contribute to inflammatory bone loss by releasing
pro-inflammatory cytokines and ROS.#6 After antibody-mediated neutrophil depletion, bone
loss (Figure 2F) and periodontal inflammation (Figure 2G) were significantly diminished in
LIP-subjected 10% Dnmi3aR878H+*BMT mice and were indistinguishable from bone loss and
periodontal inflammation in similarly treated LIP-subjected 10% Dnmt3a""*BMT mice. The
finding that neutrophil depletion has a greater impact in mice that received mutant clones
substantiates the disease-provoking effect of the R878H mutation in neutrophils.

Ligature removal for 5 days in WT mice previously subjected to 10-day LIP leads to
inflammation resolution and bone regeneration.4”48 Accordingly, 10%Dnmt3a*BMT mice
subjected to the same LIP/resolution model showed ample bone regeneration (Figure

2H). However, by comparison, 10% Dnmi3e&R878H*BMT mice exhibited significantly
diminished bone regeneration (Figure 2H). Consistently, upon resolution, the expression

of inflammatory/osteoclastogenic genes (//1b, 116, I/17a, 1/123a, Tnf, Tnfsfl1, and Tnifrsf11a)
returned to background levels (no significant difference vs. unligated internal control) in

the WT setting, whereas almost all of these genes were still expressed at significantly
higher levels (vs. unligated internal control) in the mutant setting (Figure 21). Moreover,

the expression of transforming growth factor bl ( 7g7b1), which plays a major role

in inflammation resolution and tissue repair,49-20 was significantly lower during the
resolution phase in 10% Dnmt38R878H*BMT mice compared with controls (Figure 21,
bottom right). Macrophages mediate inflammation resolution through phagocytosis of
apoptotic neutrophils (efferocytosis).4® Dnmt3a76767#* BM-derived macrophages (BMDMs)
co-cultured with apoptotic neutrophils (and the opsonin DEL-1-Fc that enhances
efferocytosis®?) released significantly reduced TGF-B1 protein levels relative to Dnmt3a**
BMDM (Figure 2J). In the same efferocytosis system, Dnmt32%676#* BMDM displayed
significantly reduced mRNA expression of 7gfb1 and additional markers of inflammation
resolution (Lxra, Lxrb, Rxra, Abcal, Tgm?2, Axl, Cd36, and Ucp2)* relative to Dnmt3a™*
BMDM (Figure 2K). Therefore, the defective periodontal inflammation resolution and

bone regeneration in the mutant setting (Figures 2H and 2I) could, at least in part, be
attributed to the reduced ability of Dnmt3a-mutant macrophages to generate pro-resolving/
proregenerative molecules upon efferocytosis.

Upon induction of CAIA in 10% Dnmt3a838783/+*BMT mice and controls, the former
exhibited significantly increased clinical arthritis score (Figure 3A) and ankle joint thickness
(Figure 3B), as well as aggravated histopathology in knee joints, as revealed by hematoxylin
and eosin (H&E) assessment of loss of joint architecture, inflammatory cell infiltrate,

and synovial hyperplasia (Figure 3C). Moreover, safranin-O staining of knee joint tissue
sections displayed increased cartilage loss and roughening of the articular surface in the
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mutant setting (Figure 3D). 10% Dnmit3aR878H+*BMT mice also showed elevated cellularity
in the synovium (Figure 3E) with increased abundance of neutrophils (Figure 3F) and
monocytes (Figure 3G). Moreover, 10% Dnmit3&R878H*BMT mice showed significantly
increased frequency and total counts of CD45.2* Dnmt3aR878H/* neutrophils (Figure 3H),
monocytes (Figure 31), and T cells (Figure 3J). Overall, expansion of Dnmt3a-CHIP clones
and infiltration of peripheral tissues with mutant leukocytes aggravates experimentally
induced periodontitis and arthritis.

scRNA-seq reveals insights into inflammatory pathology in DNMT3A-driven CHIP

To better understand how Dnmt3aX878H/* leukocytes exacerbate experimental periodontitis
and arthritis, we performed single-cell RNA sequencing (sScRNA-seq) in sorted
CD45.2*CD11b*, CD45.1*CD11b*, CD45.2*CD3*, and CD45.1*CD3" cells from

10% Dnmt38R878H*BMT and control mice, which were subjected to 5-day LIP or 7-day
CAIA 12 weeks post-BMT. 60,000 CD11b* (CD45.2* or CD45.1%) cells and 8,000

CD3* (CD45.2* or CD45.1%) cells from each tissue—gingiva or synovium—uwere mixed,
respectively (separately for each tissue), followed by scRNA-seq (Figure 4A). Two-
dimensional uniform manifold approximation and projection (UMAP) of 34,335 gingival
cells and 35,174 synovial cells and clustering partitioned cells into 15 clusters (C1-C15)
(Figures 4B and S2A). Annotation by typical marker genes revealed 9 cell types in gingiva
(G) and synovium (S), including neutrophils, monocytes, macrophages, B cells, T cells,
dendritic cells, osteoclasts, natural killer T (NKT) cells, and fibroblasts (likely contaminants)
(Figures 4C and 4D). C1-C4: C6 and C10 comprised neutrophils; C5: macrophages; C8:
T cells; C7 and C11: monocytes; C9: B cells; C12: dendritic cells (DC); C13: NKT

cells; C14: fibroblasts; and C15: osteoclasts (Figures 4B and 4C). The annotation was
validated by the demonstration of expression of cell type-specific markers (Figures S2B
and S2C). Cluster analysis of cell types exhibited two distinct clusters in gingiva: the

10% Dnmt3aR8T8H+BMT-CD45.1 group (WT cells in the mutant setting) was more similar
to the 10% Dnmit3aR878H*BMT-CD45.2 group (mutant cells in the mutant setting) than it
was to the other 2 groups (10% Dnmt3a"*BMT-CD45.2 and 10%Dnmt3at*BMT-CD45.1,
i.e., WT cells (CD45.2" or CD45.1%) in the WT setting) (Figure 4D, bottom left). In the
synovium, the 10% Dnmt3a8R878H/*BMT-CD45.1 group did not cluster with the CD45.2
(mutant) group and was more similar to, although still different from WT cells in the WT
setting (Figure 4D, bottom right). The increased inflammatory environment in the mutant
setting might thus affect WT cell populations in a manner that distinguishes them from WT
cell populations in the WT setting.

To further investigate this notion, we explored intercellular communication networks
(interaction numbers and strength) in CD45.2* (mutant) and CD45.1* (WT) cells from

10% Dnmt3aR878H+*BMT mice by performing comparative CellChat analysis.>! Differential
interactions in cell-cell communication networks between CD45.2* and CD45.1* cells

were determined and visualized, with red and blue color indicating, respectively, increased
and decreased signaling in CD45.2* mutant cells compared with CD45.1* WT cells. The
number and strength of putative signaling interactions within and between myeloid cell
types (neutrophils, monocytes/macrophages, DC) generally increased in gingival mutant
cells (Figure 4E), whereas only the strength of the signaling increased in synovial mutant
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cells (Figure S3D). By contrast, the number and strength of putative signaling interactions
within T cells and between T cells and myeloid cells decreased in both gingival and
synovial mutant cells (Figures 4E and S3D, respectively). There was a slight increase in
putative signaling between myeloid cells (macrophages and DC) and osteoclasts in both
gingiva and synovium (mutant setting) (Figures 4E and S3D). We moreover compared

the information flow (overall communication probability) across CD45.2* (mutant) and
CD45.1" (WT) cells for specific signaling pathways. Remarkably increased information
flow in gingival mutant cells included resistin, midkine (MK), vascular cell adhesion protein
(VCAM), receptor activator of nuclear factor-kB ligand (RANKL), and sialic acid-binding
Ig-like lectin 1 (SN) signaling (Figure 4F). Among them, resistin is a potential biomarker

in periodontitis,52°3 MK and VCAM are putative risk factors for periodontitis,>*>° and
RANKL drives inflammatory bone loss.>6 Remarkably increased information flow in
synovial mutant cells included angiopoietin-like proteins (ANGPTL), lymphotoxin-a (LT),
adiponectin, collagen, and IL-6 (Figure S3E). Of these, LT activates nuclear factor kB
(NF-kB) signaling in chondrocytes and contributes to rheumatoid arthritis®’; adiponectin

is increased in the synovial fluid and promotes arthritis®859; I1L-6 is a therapeutic target

in rheumatoid arthritis.®% Together, there appears to be increased autocrine and paracrine
signaling probabilities between different cell types during experimental periodontitis and
arthritis, and these inferences are consistent with a recent CellChat analysis of DNMT3A-
mutant cells from the peripheral blood of heart failure patients.1 Mutant cells might thus
promote inflammation not only in a cell-intrinsic manner but also via paracrine effects by
activating neighboring WT cells, consistent with our finding that WT myeloid cells from the
Dnmt3a-mutant setting expressed significantly higher levels of //1b, 1/6, 1/23a, and Thfthan
WT myeloid cells from the WT setting (Figure S1J).

Further analysis of the ScCRNA-seq data (with Seurat’s DotPlot function) showed that—in
the gingival mutant setting—CD45.2* (mutant) neutrophils and macrophages expressed
more //1b6, Tnf, and //23a, monocytes expressed more //6, Tnf, 1/23a, and Tnfsfll
(RANKL); DC expressed more 7nf, /123a, and 7Tnfsf11; and T cells expressed more
Tnfsf11and less Ctla4, as compared with their CD45.2* (WT) counterparts in the WT
setting (Figure 4G). Similarly, in the synovial mutant setting, CD45.2* (mutant) cells

in general expressed inflammatory/osteoclastogenic cytokines at higher levels than their
CD45.2" (WT) counterparts in the WT setting (Figure 4H). Moreover, in the gingival
mutant setting, CD45.1* (WT) macrophages expressed more 777, monocytes expressed
more //6and Tnfsf11; and DC expressed more 7nfsf11, compared with their CD45.1*
(WT) counterparts in the WT setting (Figure S3A). In the synovial mutant setting, CD45.1*
(WT) DC expressed more //23arelative to their CD45.1* (WT) counterparts in the WT
setting (Figure S3B). These observations are consistent with our above-described findings
that the R878H mutation renders the affected leukocytes more pro-inflammatory than their
WT counterparts and that WT cells in the mutant setting are more pro-inflammatory than
WT cells in the WT setting. According to Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) analysis, the enriched upregulated genes in CD45.2* (Dnmt3a3878H/)
cells in the mutant setting indicated enhanced activation of several Kyoto encyclopedia

of genes and genomes (KEGG) inflammatory pathways (e.g., “Th17 cell differentiation”
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and “NF-kB signaling pathway”) relative to CD45.2* (Dnmt3a**) cells in the WT setting
(Figures 41 and S3C, for gingiva and synovium, respectively).

For Gene Ontology (GO) analysis, we focused on cell types with critical roles in

bone loss disorders, namely, neutrophils, T cells, and osteoclasts.#3:62-65 GO enrichment
analysis in gingival neutrophils showed that “immune response,” “defense response,” and
related terms were enriched in the significantly upregulated genes in the 10% Dnmt3a%878H/
*BMT-CD45.2 group (vs. 10% Dnmt3a”*BMT-CD45.2 group) (Figure 4J). GO enrichment
analysis in synovial neutrophils did not reveal any significantly enriched GO terms in

the upregulated genes, whereas the “defense response to other organism” and related

terms were among the top 10 enriched GO terms in the significantly downregulated

genes (Figure 4K). GO enrichment analysis of gingival T cells showed that the GO

terms “lymphocyte differentiation” and “regulation of apoptotic process” were among

the enriched terms in the significantly upregulated genes in the 10%Dnmi3aR878H+BMT-
CD45.2 group, whereas “immune system process” and “defense response” were among

the significantly enriched terms in the downregulated genes (Figure 4J). GO enrichment
analysis of synovial T cells showed that “cellular response to cytokine stimulus,” and
“positive regulation of adaptive immune response” were among the top 10 enriched GO
terms in the significantly upregulated genes, whereas there were no enriched GO terms in
the significantly downregulated genes (Figure 4K).

Analysis in all 15 clusters of the expression of Acp5and Ctsk, which are major markers

of osteoclasts,56:67 revealed that these markers were most highly expressed in C15 (Figures
S2B and S2C), hence identified as osteoclasts. It should be noted that gingival tissues
dissected from LIP-subjected mice do contain tartrate-resistant acid phosphatase (TRAP)-
stained osteoclasts in areas adjacent to the underlying bone (Figure S2D); similarly,
osteoclasts are found within the synovium at sites proximal to the bone.58 The frequency
of osteoclasts (C15) in the 10% Dnmt3&R878H+*BMT-CD45.2 group from gingiva and
synovium was increased relative to the 10% Dnmt3at*BMT-CD45.2 control, especially

in the gingiva (2.5-fold; Figure 4D, left). Because the influence of CHIP mutations on
osteoclasts and T cells is less well understood than that on myeloid cells, we next
investigated osteoclastogenesis and T cell function in the context of DNMT3A/CHIP-driven
inflammatory disease.

The R878H mutation is associated with enhanced osteoclastogenesis and impaired Treg
cell immunosuppressive activity

Earlier work has identified a CD11b~/1°Ly6CNi monocytic population in the BM that is
induced upon inflammation and is highly enriched in osteoclast precursors (OCPs).59

FACS analysis to identify this OCP-enriched population in the BM of LIP-subjected

10% Dnmt3aR878H+*BMT mice and controls revealed no significant differences between

the two groups regarding the frequency—among BM cells—of CD11b~1°Ly6CN cells or
their total numbers in the BM (Figure S4A). However, the frequency and total numbers

of CD45.2* CD11b™10Ly6Chi cells in the mutant setting were significantly higher than the
frequency and total numbers of their CD45.2* counterparts in the WT setting (Figure S4B).
Thus, although the presence of the hematopoietic-specific R878H mutation in the BM is not
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associated with expansion of the CD11b™1°Ly6CNi population, within this population, the
donor-derived (CD45.2*) mutant cells in 10% Dnmit3a&R878H+*BMT mice greatly outnumber
their CD45.2* WT counterparts in the WT setting. To determine whether the R878H
mutation in this OCP-enriched population is associated with enhanced osteoclastogenesis,
we performed a RANKL-induced osteoclast differentiation assay. CD11b~/1oLy6Chi cells
sorted from the BM of 10% Dnmit32*878H/*BMT mice yielded more osteoclasts (TRAP*
multinucleated cells [MNCs]) than did CD11b~/1°Ly6Chi cells sorted from the BM of 10%
Dnmt3a"*BMT controls (Figure 5A).

Using FACS, we analyzed the gingival tissue and synovium of LIP- or CAIA-subjected
10%Dnmi3a*BMT and 10% Dnmt3aR878H+*BMT mice for the presence of Ly6CINI-A*/
I-E*CX3CR1NF4/80* cells, an OCP macrophage subset that originates from circulating
BM-derived cells (OCMs).#5 The numbers and frequency of CD45.2* Dnmt3aR878H+ oCcMm
(in the mutant setting) were significantly increased relative to their Dnmt3a*’* counterparts
(in the WT setting) in gingiva and synovium (Figures 5B and 5C). We next interrogated
whether this difference leads to increased osteoclastogenesis. To facilitate the identification
of donor-derived (CD45.2+) osteoclasts, we generated Dnmit3a&R878H*GFP* mice (and
Dnmt3a*"*GFP* controls) by crossing Dnmt3a&R8781/* (or Dnmt3a**) mice with ubiquitin C
(UBC)-GFP transgenic mice.”1:72 The generated mice were used as BMT donors according
to the standard protocol (Figure 1A). We counted the numbers of GFP-labeled CD45.2*
Dnmt3aR878H* and CD45.2* Dnmt3a™* osteoclasts in “10% Dnmt3a&R8781/+*GFP*BMT”
and “10% Dnmt3a** GFP*BMT” mice, respectively, which were subjected to LIP 12 weeks
post-BMT. Compared with controls, “10% Dnmt3a%878H/* GFP*BMT” mice displayed not
only significantly higher numbers of total osteoclasts (TRAP* MNCs) but also significantly
increased frequency of donor-derived (CD45.2* GFP™) osteoclasts (Figures 5D and 5E).
Dnmi3aR878H* osteoclasts were thus present at a higher frequency than Dnmt3a™*
osteoclasts (Figure 5E, right).

Given that IL-17-expressing CD4* T helper 17 (Th17) cells and FOXP3*CD4* regulatory
T (Treg) cells play critical roles in the pathogenesis of both periodontitis and arthritis,83:73
we examined whether the R878H mutation affects the differentiation of naive T cells to
Th17 or Tregs. In a standard naive CD4" T cell differentiation assay based on polyclonal
stimulation with anti-CD3/anti-CD28 and appropriate polarizing cytokines,’* Dnmt3a**
and Dnmi3aR878H splenic naive CD4™ T cells exhibited comparable Th17 differentiation
under the influence of TGF-B1, IL-6, IL-1p, and IL-23 (“pathogenic” conditions’0), as
evidenced by similar frequencies of generated IL-17A*CD4* T cells (Figure 5F) and
comparable expression of additional Th17-associated markers (Figure 5G). Comparable
Th17 differentiation was also observed when “non-pathogenic” (TGF-p1 and I1L-6)
conditions’® were used (Figure 5H). Similarly, Treg-differentiation assays with Dnmt3a™*
or Dnmt3a&R878H/* splenic naive CD4* T cells (stimulated with anti-CD3/anti-CD28 and
IL-2 plus TGF-B174) revealed comparable frequencies of generated CD4*FOXP3* (Treg)
cells in the two groups (Figure 51). Further analysis of markers associated with the Treg
suppressive function showed that the frequencies of CTLA4- and inducible co-stimulator
(ICOS)-expressing (but not of neuropilin-1- and Glucocorticoid-Induced TNFR-Related
[GITR] protein-expressing) cells were markedly decreased in differentiation cultures of
Dnmi3aR878H+ CDA4* T cells compared with those of controls (Figure 5J). To determine if
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the function of Dnmt3aR878H/* Tregs is affected, we sorted Tregs from the induction cultures
of Dnmt3a™* or Dnmt3aR878H* CDA* T cells (Dnmt3a*’* iTregs and Dnmt3a3878H+
iTregs) and compared their immunosuppressive activity. Dnmt3a%878H/* iTregs exhibited
significantly lower ability to inhibit the proliferation of CD4* T cells after 72-h co-culture
than Dnmt3a** iTregs (Figure 5K).

Consistent with increased gingival mMRNA expression of 1L-17 and Th17-inducing cytokines
(e.g., IL-6 and I1L-23) (Figure 1E), 10% Dnmit3a&R878H*BMT mice exhibited significantly
higher frequency and numbers of gingival CD4*IL-17* (Th17) cells than controls (Figure
5L), although the frequency and numbers of gingival CD4*FOXP3* (Treg) cells were
comparable (Figure 5M). Consequently, 10% Dnmi3a8R878H+*BMT mice exhibited a higher
Th17/Treg ratio in the gingival tissue (Figure 5N). Moreover, the percentage of CTLA4-
and ICOS-expressing (but not of neuropilin-1- and GITR-expressing) cells in CD4*CD25*
Treg cells was significantly decreased in the mutant setting (Figure 50). These findings
indicate that the R878H mutation does not affect the induction of Tregs but impairs their
regulatory function, which in turn may contribute to unrestrained Th17 cell expansion

and hence increased release of the pro-osteoclastogenic cytokine IL-17. Consistently,
antibody-mediated neutralization of IL-17 diminished bone loss (Figure 5P) associated

with decreased periodontal inflammation (Figure S4C) in LIP-subjected 10% Dnmt3a%878H/
*BMT and 10%Dnmt3at*BMT mice, with the inhibitory effects being more pronounced

in the mutant setting. Additionally, Treg depletion significantly enhanced LIP-induced

bone loss in 10% Dnmt3a"*BMT mice but not in 10% Dnmt3&*878H*BMT mice (Figure
5Q), which contain functionally impaired Dnmt3a-mutant Tregs (Figure 5K). Consistently,
Treg depletion enhanced periodontal inflammation selectively in 10%Dnmt3a”*BMT mice
(Figure S4D).

Rapamycin inhibits clonal expansion of Dnmt3aR878H/* cells and bone loss

To better understand the impact of the Dnmit3a-R878H mutation on the DNA methylation
status of mature leukocytes, we conducted whole-genome bisulfite sequencing (WGBS)

in splenic CD11b* myeloid cells and CD4* T cells from mutant (Dnmt3a3878H/+) mice

and WT controls. Globally, the methylation levels across the genome in both CD11b*

and CD4" cells from Dnmt3a%878H/* mice were significantly decreased relative to their
counterparts from Dnmt3a** controls (Figures 6A and 6B). The average methylation values
of CD11b* and CD4™ cells from Dnmt3a8%8784/+ mice were significantly lower than those
from Dnmt3a*"* mice at all regions of the genome examined (p < 0.0001; Figures S5A

and S5B). The genome-wide density of DNA hypomethylation in CD11b* and CD4*

cells from Dnmt3aR878H/* mice was similar (Figure 6C), although DNA hypermethylation
levels in CD11b* and CD4* cells were different (Figure 6D). We used Bedtools to

associate differentially methylated regions (DMRs) with genes and performed GO function
analysis (top 15). The most hypomethylated DMRs in the CD11b* and CD4* cells from
Dnmt3a&R878H* mice were enriched in similar GO terms (Figure S5C). Hypermethylated
DMRs in CD11b™ cells from Dnmi3a8R878H/* mice were only enriched in RNA metabolic
process, whereas there were no enriched GO terms in CD4™* cells (Figure S5C). Significantly
enriched KEGG pathway terms of hypomethylated genes (Dnmt3aR8781/* vs. Dnmt3a™*) in
CD11b* (Figure S5D) and CD4* cells (Figure S5E) were similar and collectively indicated
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enhanced activation of inflammatory pathways, osteoclastogenesis, and mechanistic target
of rapamycin (MTOR) signaling in Dnmt3a&*878H* cells. Overall, WGBS analysis revealed
common hypomethylation phenotypes in CD11b* and CD4™ cells from Dnmt3a3878H/+
mice.

The results from our WGBS analysis revealing activation of mTOR signaling are consistent
with a previous report that DNA hypomethylation associated with the R878H mutation

in LSK cells leads to upregulation of mTOR, which in turn promotes overexpression of

the cell-cycle regulator cyclin-dependent kinase-1.7> Consistently, ScRNA-seq analysis of
gingival cells (from LIP-subjected mice; Figure 4A) revealed elevated expression of Mtor
and several mTOR-regulated genes in different cell types (especially osteoclasts) in the
mutant setting, compared with the corresponding cell types in the WT setting (Figure

6E). Furthermore, BM cells from 10% Dnmt3&*878H+*BMT mice at steady state have
significantly increased expression of Mtorcompared with 10% Dnmt3a"*BMT controls
(Figure 6F). Also in line were our observations for upregulated mTOR expression in FACS-
sorted Dnmit3a&R878H* cells—namely, BM LSK cells, splenic CD11b* myeloid cells, and
splenic CD4* T cells—as compared with their Dnmt3a™* counterparts (Figure 6G). The
Dnmt3aR878H cells, especially LSK cells, also exhibited increased expression of mTOR-
requlated genes (Pcna, Eifdebpl, Eifdebp2, Eifdebp3, Hifla, and Cend1’>-"8) (Figure 6G).

Based on the premise that elevated mTOR activation may drive aberrant expansion of
Dnmi3aR878H* clones in our model, we hypothesized that the mTOR inhibitor rapamycin
could reverse the increased bone loss associated with DNMT3A-driven CHIP. Starting
from 2 weeks post-BMT, we treated 10% Dnmt3a™*BMT and 10% Dnmt3a83878H+BMT
mice with PBS control or rapamycin twice per week for 4 weeks, followed by treatments
once a week until sacrifice. CD45.2* (Dnmt3a3878H/*) hematopoietic cells in PBS-treated
10% Dnmt3a8R878H+*BMT mice expanded over time, whereas CD45.2* hematopoietic cells in
PBS-treated 10% Dnmt3a”*BMT mice did not (Figure 6H left). Importantly, the expansion
of CD45.2* blood cells was suppressed by rapamycin in 10% Dnmt3a8R878H+BMT (vs.
corresponding PBS-treated control) with differences reaching statistical significance at

10 and 12 weeks post-BMT (Figure 6H left). By contrast, rapamycin did not affect

the frequency of CD45.2* (Dnmt3a**) cells, within the total CD45* leukocytes, in the
peripheral blood of 10%Dnmt3a**BMT mice (Figure 6H left). The frequencies of CD45.2*
cells within the myeloid (CD11b*) and T cell (CD3*) lineages in 10% Dnmt3aR878H*BMT
mice were also decreased by rapamycin (Figure 6H, middle and right). All recipient groups
were subjected to LIP at 12 weeks BMT. We observed significantly decreased bone loss

in rapamycin-treated relative to PBS-treated 10% Dnmt3aX878H/*BMT mice (Figure 61).

By contrast, rapamycin had no effect on the bone loss developed by 10% Dnmt3a”*BMT
mice relative to their PBS-treated controls (Figure 61). Consistently, rapamycin-treated

10% Dnmi3aR878H+BMT mice also displayed significantly decreased gingival mMRNA
expression of several periodontitis-associated pro-inflammatory cytokines compared with
PBS-treated 10% Dnmt38R878H*BMT controls (Figure S5F). To detect potential effects of
rapamycin on naturally occurring periodontal bone loss, we also measured the bone heights
(CEJ-ABC distance) in the unligated sites of PBS- or rapamycin-treated 10% Dnmt3a*!
*BMT and 10%Dnmi3a&R878H+*BMT mice. Consistent with the data in Figure 1D, PBS-
treated 10% Dnmt3a3878H+*BMT mice experienced significantly higher CEJ-ABC distance
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values than PBS-treated 10% Dnmt3a”*BMT mice, indicating bone loss, which, importantly,
was fully reversed by rapamycin (Figure 6J).

DISCUSSION

Our study has shown that DNMT3A-driven CHIP in mice causes naturally occurring
periodontal inflammation and bone loss, as well as exacerbates experimentally induced
periodontitis and arthritis. These findings suggest that causality may underlie the hereby
established association between DNMT3A-CHIP mutations and periodontitis and perhaps
also the previously proposed association of CHIP and inflammatory arthritides.”9-82 CHIP
is driven mostly by DNMT3A mutations and represents a significant public health risk with
progressively increased prevalence in adults over 60,783 when the severity and prevalence of
chronic inflammatory diseases increase significantly.84:85

Through depletion/intervention experiments, we causally implicated Tregs, IL-17, and
neutrophils, a downstream cellular effector of 1L-17,86 in DNMT3A-driven inflammatory
bone loss. IL-17 neutralization or neutrophil depletion diminished periodontal inflammation
and bone loss in 10% Dnmt3aR878H*BMT mice to levels comparable to those seen in mice
that received exclusively WT BM cells. Moreover, given that 10% Dnmt38R878H*BMT mice
contain dysfunctional Tregs that fail to restrain Th17 expansion, Treg depletion affected
inflammatory bone loss selectively in the WT setting. The elevated Th17/Treg ratio in the
periodontal tissue of 10% Dnmt38R878H*BMT mice is in line with clinical observations

that human carriers of DNMT3A CHIP-driver mutations exhibit significantly elevated Th17/
Treg ratio in peripheral blood.18 Our study overall shows that different hematopoietic cell
types, which are produced downstream of DAVMT3A-mutant hematopoietic progenitors, are
affected in ways that aggravate bone loss.

DNMT3A-driven CHIP exacerbated periodontitis not only by enhancing inflammatory
osteoclastogenesis but also by negatively impacting the host’s capacity to resolve the
periodontal lesion. Indeed, the R878H mutation compromised the ability of efferocytic
macrophages to express key pro-resolving mediators, including 7gfb1. The diminished
capacity of Dnmt3a"*87H/* macrophages to release TGF-B1 protein upon efferocytosis can
be attributed directly to the defective enzymatic activity of mutant DNMT3A. In efferocytic
macrophages, DNMT3A normally methylates and epigenetically represses the phosphatase
DUSP4, thereby leading to prolonged extracellular signal-regulated kinase (ERK)1/2
activation and induction of 7gfb1 expression.8” Therefore, dysregulated efferocytosis
signaling associated with the presence of mutant DNMT3A leads to reduced release of TGF-
B1, which would otherwise contribute to inflammation resolution and bone regeneration.88

Our WGBS analysis revealed common hypomethylation phenotypes in CD11b* and CD4*
cells from Dnmt3a3878H* mice, consistent with a human WGBS study that examined DNA
methylation in peripheral blood cells of patients with germline DNMT73A mutations.89 Their
analysis revealed a focal canonical hypomethylation phenotype, which was most severe with
the dominant negative DNMT3AR882H mutation. The authors concluded that the affected
genes were dysregulated by mechanisms that were not specific to lineage or cell type.89
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Collectively, these previous findings and our present data suggest that the origin of these
changes in mature leukocytes lies in their common hematopoietic progenitors.

Our findings that DNMT3A-driven CHIP increases the severity of experimental
periodontitis and arthritis and earlier mouse studies linking CHIP and cardiometabolic
disorders®39.90 syggest that CHIP may be a common mechanistic basis for inflammatory
comorbidities in old age. Aging is considered a non-modifiable risk factor for periodontitis
and comorbid chronic diseases.?! Our data, however, suggest that the effects of aging

on periodontitis (and comorbidities) could be mitigated by targeting CHIP. Screening

for CHIP may identify individuals with increased risk for severe periodontitis and
comorbidities, including arthritis and cardiovascular disease. These individuals may benefit
from therapeutic interventions aiming to block the aberrant expansion of CHIP clones.
Specific inflammatory cytokines and mTOR signaling have been implicated in the selective
expansion of hematopoietic stem cell (HSC) clones with CHIP-driver mutations’®92-94
(and this study). Enhanced mTOR expression and signaling is evidently a consequence

of DNA hypomethylation in DNMT3A-driven CHIP® (and this study). Therefore, CHIP
may be a reversible process if treated with inhibitors capable of interfering with the

fitness advantage of CHIP-mutant clones. As a proof of concept, we have shown here that
systemic treatment of 10% Dnmt3a&*878H*BMT mice with an mTOR inhibitor (rapamycin)
inhibits the clonal expansion of Dnmt3a%878H/* hematopoietic cells and the development of
periodontal inflammation and bone loss.

Rapamycin, an FDA-approved drug for transplantation indications, has been shown in
experimental models to protect against aging-related pathologies.9® When administered
orally to 20-month-old mice via the diet, rapamycin conferred protection against naturally
occurring periodontal inflammation and bone loss.% Here, systemic rapamycin did not have
a significant effect on the bone levels of normal (10% Dnmt3a*BMT) mice. However,
there are important differences in the experimental designs of the two studies, including

the age (20- to 22-week-old vs. 20-month-old mice) and route of rapamycin administration
(systemic vs. oral). In old mice studied by An et al.,% rapamycin could in principle inhibit
inflammatory bone loss by suppressing the senescence-associated secretory phenotype that
fuels aging-associated inflammation and/or by promoting clearance of senescent cells.%” The
protective effect of rapamycin on naturally occurring and experimentally induced bone loss
in this study could likely be attributed to the drug’s ability to restrain DNMT3A-driven
CHIP and thereby limit the infiltration of hyper-inflammatory Dnmit3a-mutant leukocytes
into the periodontium.

The epigenetic, transcriptomic, and phenotypic alterations in HSPCs and their

mature progeny resulting from loss-of-function CHIP mutations affecting epigenetic
modifiers?39:98-100 have mechanistic parallels with trained immunity.3191 In trained
immunity, exposure to infectious or inflammatory stimuli induces epigenetic rewiring

in hematopoietic progenitors that is propagated to differentiated myeloid cells, which
acquire the capacity to respond more robustly to future challenges, leading to protection
against infections and tumors.192-105 However, trained immunity may be maladaptive when
triggered by a chronic inflammatory condition and may lead to the exacerbation of another,
comorbid inflammatory disease.196-108 This maladaptive epigenetic rewiring associated with
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trained immunity can be long-lasting (for months) but is, in principle, reversible. On the
other hand, an epigenetic state shaped by CHIP mutations on HSPCs and their leukocyte
progeny drives a permanent state of maladaptive inflammation and hence mimics a “fixed”
type of maladaptive trained immunity.

In conclusion, DNMT3A-driven CHIP integrates aging-related alterations in HSPCs and
mature progeny with distinct inflammatory comorbidities. Our study further suggests that
rapamycin may represent an effective intervention to mitigate the fitness advantage of
DNMT3A-CHIP-mutant clones and suppress their impact on chronic inflammatory disease.

Limitations of the study

Our findings that CHIP due to DNMT3A mutations is associated with a higher

prevalence and severity of clinically ascertained periodontal disease lack causality and
directionality. However, a causal relationship is plausible given that the expansion of
Dnmt3a38781* hematopoietic cells in mice caused naturally occurring periodontitis and
exacerbated experimentally induced periodontitis. Yet, we cannot exclude a bidirectional
association between CHIP and periodontitis. This is because periodontitis-associated
systemic inflammation could, at least in principle, exacerbate CHIP (by fueling the
expansion of mutant clones or even influencing the acquisition of somatic mutations

in HSPCs93.109) thereby creating a vicious cycle linking CHIP and the disease. In our
study, we modeled DNMT3A-driven CHIP using mice harboring a heterozygous mutation
(R878H) in hematopoietic cells that is equivalent to the “hotspot” heterozygous mutation
R882H in humans.19 Future studies in mice could investigate additional Dnmt3a mutations
and whether their effects differ from those of the R878H mutation. Although through
depletion/intervention experiments we confirmed the causal involvement in inflammatory
bone loss of neutrophils, Tregs, and the IL-17 pathway, our bioinformatics analyses suggest
that multiple cell types are probably affected by the R878H mutation. Thus, it is uncertain
which population contributes the most to the observed disease phenotype. Although
treatment of mice with rapamycin blocked the aberrant expansion of Dnmt3a-mutant clones
and their adverse impact on inflammatory bone loss, we cannot safely extrapolate these
preclinical findings to human DNMT3A-CHIP carriers. This possibility can be tested in
clinical trials. Potential success is supported by findings that rapamycin suppresses the
proliferation of mTOR-over-expressing human leukemic cell lines harboring DNMT3A
mutations, including at the R882 hotspot,’® based on which our preclinical model was
developed.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, George Hajishengallis
(geoh@upenn.edu).

Materials availability—This study did not generate any unique reagents.
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Data and code availability

. As of the date of publication, all raw read data (FASTQ files) are available in the
NCBI Short-Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra)
under the Bio-Project ID PRINA1002611, and WGBS data are available at the
Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under
the accession number GSE255947. Any other data reported in this paper will be
shared by the lead contact upon request.

. No original code was generated in this study.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTIPANT DETAILS

The Dental ARIC study cohort—The Atherosclerosis Risk in Communities (ARIC)
study is a prospective cohort of cardiovascular disease risk factors and endpoints

that enrolled approximately 16,000 community-dwelling adults in 4 US communities
between 1987 and 1989.115 During the 4t study visit between 1996 and 1998, an

ancillary dental study (Dental ARIC) was carried out among a subset of approximately
6,000 52—-74-year-old dentate participants.116 Dental ARIC received approval by

the UNC-Chapel Hill IRB under #94-0790. The analysis of existing, deidentified

genotype and human periodontal data, which have been deposited on the database

of Genotypes and Phenotypes (dbGaP): https://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/
study.cgi?study id=phs000280.v6.p1, was approved as honhuman subjects research (NHSR)
by the UNC-Chapel Hill (IRB, #11-1035 and #20-1553) and CHIP-related work was
reviewed and approved by the ARIC study publications committee (#3131).

Human clinical data—As part of Dental ARIC, five trained clinical examiners conducted
comprehensive oral examinations that recorded missing teeth and clinical measures of
periodontal health in the entire dentition. For the present study, we used quantitative
measures of periodontal health including the number of remaining teeth, interproximal
clinical attachment loss (CAL), probing depth (PD), and gingival index (GI),117 as well

as person-level periodontitis diagnoses (Stage I/11, 111, and 1V) according to the recent

World Workshop 2017 (WW17) classification.3> Additional sociodemographic, medical, and
lifestyle data for Dental ARIC participants were available including age (measured in years),
sex (male/female), race (European American or African American), current smoking status
(yes/no), diabetes diagnosis or treatment (yes/no), body mass index (BMI) category (normal/
underweight, overweight, obese).

Ascertainment of CHIP carriage status in ARIC—CHIP was previously determined
using whole exome sequencing data using GATK Mutect2118 and ANNOVAR!1? as reported
by Bick et al.8 and Uddin et al.120 Consistent with previous investigations, CHIP was
defined as the presence of pathogenic somatic mutations with variant allele frequency (VAF)
>2% in specific hematologic cancer-driver genes (e.g., DNMT3A, TETZ, ASXL1, JAK2)
among participants without hematologic malignancy or clonal disease. CHIP data were
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generated using DNA that was collected in ARIC visits 1-4, prior to the conduct of the
dental ancillary study.

Mice—WT C57BL/6 and congenic C57BL/6.SJL CD45.1* mice (B6.SJL-Plorc?Pepcll
BoyJ), as well as B6(Cg)- Dnmt3dm1Trow/j (referred to as Dnmt3a1R878H/* mice) and
B6.Cg- Commad10"9(Vavl-icre)AZKiosy (\ay7-jCre mice) were purchased from the Jackson
Laboratory. Loberg et al. modelled DNMT3A-driven clonal hematopoiesis in mice
engineered to express the heterozygous R878H mutation, which resulted in pronounced
expansion of mutant HSPC.18 The mice in this previous work were generated by crossing
Dnmt34"-R878H* mice to MxI-Cre mice and expression of the Dnmt32%878H mutant allele
was induced with polyinosinic-polycytidylic acid (pIpC).18 Systemic administration of
plpC induces type | interferons,121:122 which in turn can induce activation and/or innate
immune training in hematopoietic progenitors,104 thereby potentially confounding CHIP-
driven effects in our inflammatory disease models. To prevent this potential issue, we
crossed Dnmi341"R878H/* mice to VavI-iCre mice and generated Cre* Dnmt3a8R878H/* mice
with constitutive expression of the iCre recombinase (an optimized variant of Cre) and
hematopoietic-specific expression of the heterozygous Dnmit34*878H mutation (referred to as
Dnmt3aR8781* mice). Cre* Dnmt3at"* or Cre™ Dnmit341-R878H/* (collectively referred to as
Dnmt3a*/*) mice were used as controls for BMT. In addition, we generated Dnmit3aR878H/
*GFP* mice (as well as Dnmt3a™*GFP* controls) by using the UBC-GFP transgenic
mice’L72(Jackson Labs) as well. Mice were maintained in individually ventilated cages
under specific pathogen-free conditions on a standard 12-h light/dark cycle. Food and
water were provided ad libitum. Sex- and age-matched mice were used for experiments at
8-10 weeks of age. Because there were no significant differences in the results obtained
with male and female mice, the respective data were pooled per treatment group. Animal
experiments were approved by the Institutional Animal Care and Use Committee (IACUC)
of the University of Pennsylvania and were performed in compliance with institutional,
state, and federal policies.

Ligature-induced periodontitis and bone measurements—L.igature-induced
periodontitis (LIP) in mice simulates severe human periodontitis by generating a local
biofilm-retentive milieu leading to dysbiotic inflammation and pronounced bone loss

via mechanisms that were validated in humans.#3:49.123-128 | |p induces bone loss in
conventional (but not germ-free) mice.126:129 To induce LIP, a 5-0 silk ligature was tied
around the left maxillary second molar tooth for 5 days while keeping the contralateral tooth
(right maxillary second molar) unligated to serve as baseline control.130

Defleshed maxillae were used to measure bone heights, that is, the distances from the
cementoenamel junction (CEJ) to the alveolar bone crest (ABC). Measurements were at

6 predetermined points involving the ligated molar and affected adjacent regions as well

as the corresponding points of the unligated contralateral molar, by means of a SMZ800
stereoscope with digital imaging measurement system (Nikon). To calculate bone loss in
LIP experiments, the six-site total CEJ-ABC distance for the ligated site of each mouse
was subtracted from the six-site total CEJ-ABC distance of the contralateral unligated site.
The results were presented in millimeters, and negative values indicate bone loss relative
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to the baseline (unligated control). For naturally occurring bone loss (in experimental

and control groups that were not ligated), the distance between the CEJ and the ABC

was measured at 6 predetermined points in both sides of the maxilla. The results were
presented as total CEJ-ABC distance in experimental mice as compared to that of the
controls. In “10% Dnmt3a8R878H* BMT* mice, which develop natural bone loss (Figure
1D), the ligature-induced bone loss was calculated against the unligated site that only had
natural bone loss (0 baseline; Figure 2A). This normalization allows a meaningful and fair
comparison with ligature-induced bone loss in *10% Dnmt3a*/* BMT" controls (in other
words, the natural bone loss in “10% Dnmt3e&R878H* BMT’ mice does not confound the
comparison). To enable resolution of periodontitis, which leads to bone regeneration,*” in
some experiments the ligatures were removed after 10 days and the mice were sacrificed
5 days later (day 15). Periodontal bone measurements were performed as described above
and the CEJ-ABC distance data were further transformed to indicate bone gain (or loss, if
negative value) relative to the bone levels of control mice that were sacrificed at day 10, as
we previously described.4’

Collagen antibody-induced arthritis—Collagen antibody-induced arthritis (CAIA)
was induced in mice by i.v. (retro-orbital) injection of 1.5 mg arthritogenic monoclonal
antibodies (5-clone collagen antibody cocktail; Chondrex).131.132 Three days later, mice
were injected i.p. with 50 pg of LPS. Clinical symptoms of arthritis were daily evaluated
visually for each paw using a semiquantitative scoring system graded on a scale of 0-4

per paw by a blinded procedure: 0 for normal; 1 for mild redness, slight swelling of ankle

or wrist; 2 for moderate swelling of ankle or wrist; 3 for severe swelling, including some
digits, ankle and foot; 4 for maximally inflamed joint. The clinical score for each mouse was
the sum of the 4 paw scores for a maximum score of 16. Hind ankle joint thickness was
measured by using a Kéfer pocket dial thickness gauge J 15.

Tissue processing and cell preparations—For BM single-cell suspension
preparation, mouse femoral bones were flushed with ice-cold PBS (Gibco) supplemented
with 5% FBS (Gibco). Cells were forced through 70-um nylon cell strainer to get single-cell
suspension for further flow cytometric analysis. To collect BM extracellular fluid, mice
femurs were flushed with 500 pl ice-cold PBS (Gibco) and the supernatant was harvested
after centrifugation at 300 x g for 5 min at 4°C. To prepare mouse BM-derived macrophages
(BMDM), upon lysis of erythrocytes with RBC lysis buffer (eBioscience), BM cells were
plated and cultured in the presence of recombinant murine granulocyte macrophage colony-
stimulating factor (GM-CSF; 20 ng/ml, R&D Systems). Culture medium was replaced
every two days, and after seven days, differentiated BMDM were used in efferocytosis
experiments.#® To isolate myeloid cells from the spleen, splenocytes were incubated

with biotinylated anti-mouse CD11b antibody (clone M1/70; Biolegend) followed by anti-
biotin microbeads from Miltenyi Biotec. Myeloid cells were positively selected using LS
columns on the magnetic field of QuadroMACS separator according to the manufacturer’s
instructions (Miltenyi Biotec). For isolating splenic T cells, myeloid cells were first removed
by negative selection for CD11b* cells and then T cells were obtained by positive selection
for CD4* (clone GK1.5; Biolegend) cells. To isolate splenic neutrophils, splenocytes were
incubated with biotinylated anti-mouse Ly6G antibody (clone 1A8; Biolegend) followed by
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anti-biotin microbeads from Miltenyi Biotec. Neutrophils were positively selected using LS
columns on the magnetic field of QuadroMACS Separator according to the manufacturer’s
instructions (Miltenyi Biotec). For isolating splenic monocytes, neutrophils were first
removed by negative selection for Ly6G* cells and then monocytes were obtained by
positive selection for Ly6C* (clone HK1.4; Biolegend) cells as we previously described.104
Neutrophils were also isolated from the peripheral blood by using EasySep™ Mouse
Neutrophil Enrichment Kit according to the manufacturer’s directions (STEMCELL).
Gingival tissues around the area of ligature placement (and the contralateral control area)
were harvested on day 5 for analysis. On day 5, gingiva was dissected around the area

of ligature placement and digested for 1h at 37°C with RPMI 1640 medium (Gibco)
supplemented with collagenase 1V (3.2 mg/ml, Worthington) and DNase (0.15 pg/ml,
Roche).133 Single-cell suspensions were obtained by mashing the tissue against a strainer
using plungers and filtered for staining and flow cytometry. Synovial tissues from joints
were digested with 2 mg/mL collagenase type IV (Worthington) and 0.1 mg/mL DNase |
(Roche) in DMEM containing 10% fetal bovine serum and penicillin/streptomycin for 30
min at 37 °C. Single-cell suspensions were obtained by mashing the tissue against a strainer
using plungers and filtered for staining and flow cytometry.

Bone marrow transplantation—BM cells were isolated from C57BL/6 (CD45.2)
Dnmt3a8R878H+ mice and Dnmt3a*/* littermates, as well as from congenic C57BL/6.SJL
(CD45.1) mice. As indicated in Figure 1A, in the experimental group, lethally irradiated
(9.5 Gy) CD45.1 mice received 10% Dnmt3a38784/+ CD45.2 BM cells and 90% WT
CD45.1 BM cells (2x10° Dnmt34R878H/* CD45.2 BM cells and 18x10° WT CD45.1 BM
cells; total of 2x10% BM cells/recipient mouse). The experimental group was designated
“10% Dnmi3aR878H*BMT”. In the control group , lethally irradiated (9.5 Gy) CD45.1

mice received 10% Dnmt3a*/* CD45.2 BM cells and 90% WT CD45.1 cells (2x10°
Dnmt3a*/* CD45.2 BM cells & 18x10° WT CD45.1 BM cells, thus exclusively DNMT3A-
sufficient cells; total of 2x10% BM cells/recipient mouse). The control group was designated
“10%Dnmt3a**BMT’. At 12 weeks post-BMT, “10% Dnmt3aR878H+*BMT” and “10%
Dnmt3a"*BMT’ recipient mice were subjected, or not, to LIP for 5 days*3130 or to CAIA
for 14 days.131.132

Cell depletion and intervention experiments—To deplete neutrophils /7 vivo (in
certain LIP experiments), mice were i.p. injected with 0.4 mg of anti-Ly6G (Clone 1AS8;
Cat# BE0O75-1, BioXCell) or rat 1gG2a isotype control (Clone 2A3; Cat# BE0089,
BioXCell).43:134 To deplete Tregs, mice were i.p. injected with 0.5 mg of anti-GITR (Clone
DTA-1; Cat# BE0063, BioXCell) or rat IgG2b isotype control (Clone LTF-2; Cat# BE0090,
BioXCell). In both cases, treatment was administered 1 day before and 2 days after placing
the ligatures (2 total i.p. injections).13%:136 Depletion efficiency was determined in peripheral
blood 5 days post-LIP. Anti-Ly6G effectively eliminated (by 99+0.7 %, 7=10 mice)
neutrophils (CD11b*Ly6G™), whereas anti-GITR reduced Tregs (CD4+*CD25"FOXP3*)

by 42% (+13.8; 7=10 mice), consistent with earlier observations.134.136 To neutralize
endogenous IL-17, mice were locally microinjected with anti-1L-17A (Clone 17F3;
BioXCell) or mouse 1gG1 isotype control (Clone MOPC-21; BioXCell) at 10 pg /dose, 1
day before and on days 1 and 3 after ligature placement, for a total of three doses.*!
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Treatment of transplanted mice with rapamycin—Two weeks post-BMT, groups

of ‘10% Dnmt3aR878H+BMT” and “10% Dnmt3at*BMT’ mice were administered by

i.p. injection of either PBS (vehicle control; containing 0.69% DMSO to match the
concentration of this solvent in the rapamycin preparation) or rapamycin (LC laboratories) at
4 mg/kg mouse’® twice per week for 4 weeks, followed by the same dose once a week until
sacrifice (/.e., for another 6 weeks).

METHOD DETAILS

Quantitative real-time PCR (qPCR)—Total cellular RNA was isolated from

mouse gingiva using the GeneJET RNA Purification Kit (Thermo Fisher Scientific).

For real-time PCR, total RNA was reverse-transcribed using High-Capacity RNA-to-
cDNA Kit (Applied Biosystems) and real-time PCR with cDNA was performed

using the Applied Biosystems 7500 Fast Real-Time PCR System, according to

the manufacturer’s protocol (Applied Biosystems). TagMan probes and gene-specific
primers for detection and quantification of murine genes investigated in this

study were purchased from Thermo Fisher Scientific: Gapadh, Mm99999915 g1;

116, Mm00446190_m1; //17a, Mm00439618 _m1; //16, Mm00434228 m1; //23a,
MmO00518984 _m1; 7nf, Mm00443258 m1; 7nfsfi1, Mm00441906_m1; 7nfrsflla,
MmQ00437132_m1; Tnfrsfl1b, MmO00435454_m1; Tgfbl, Mm01178820_m1; Mior,
MmO00444968_m1; Pcna, Mm05873628_g1; Eifdebpl, Mm04207378_gl; Eifdebp2,
MmO00515675_m1; Eif4ebp3, Mm01406408_m1; Hifla, MmO00468869 ml; Ccndl,
MmO00432359_m1; Nrih2 (Lxrb), Mm00437265_g1; Nrih3(Lxra), Mm00443451_m1;
Rxra, Mm00441185 m1; Abcal, Mm00442646_m1; 7gmZ2 MmO00436979_m1l; Cd36,
Mm00432403_m1; Ucp2, Mm00627599 m1; Ax/, Mm00437221 ml. Data were analyzed
using the comparative (DDCt) method and were normalized to Gapdh mRNA and are
presented in figures as fold change relative to control, which was assigned an average value
of 1.

Flow cytometry and sorting—Flow cytometric analysis was performed on a

NovoCyte flow cytometer (ACEA Biosciences). For cell surface phenotypic analysis, a
lineage (Lin) cocktail, including monoclonal antibodies against the following molecules
(antibody clone) was used: CD3e (145-2C11), CD11b (M1/70), Grl (RB6-8C5), B220
(RA3-6B2) and TER119 (TER-119). Other antibody reagents used in experiments included
monoclonal antibodies against Scal (E13-161.7), cKit (2B8), CD45.1 (A20), CD45.2

(104), CD3 (17A2), CD19 (6D5), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8), I-A/I-E
(M5/114.15.2), CX3CR1 (SA011F11), CD45 (30-F11), F4/80 (BM8), FOXP3 (FIK-16s),
IL-17A (TC11-18H10.1), CTLA4 (UC10-4B9), ICOS (7E.17G9), neuropilin-1 (3E12),
GITR (DTA-1), CD25 (3C7), IL-17F (9D3.1C8), RORyt (Q31-378) and IL-23R (12B2B64).
Data were analyzed with NovoExpress software (ACEA Biosciences). For FACS analysis

or sorting, different cell types investigated were defined as follows: LSK, Lin~Sca-1*cKit*;
neutrophils, live CD45*CD11b*Ly6G™*; monocytes, live CD45*CD11b*Ly6G~Ly6C™*; Treg,
live CD457CD3*CD4*FOXP3*; Th17, live CD45*CD3*CD4*IL-17A*; osteoclastogenic
macrophages, live CD45*Ly6CIN|-A*/I-E*CX3CR1MF4/80*; BM osteoclast precursors, live
CD11b~1oW Ly6Chi. The percentage of specific CD45.2* cell types was calculated with
regard to the total CD45" (CD45.1* plus CD45.2%) population of that cell type. Cell
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sorting was performed on a FACSARIA™ instrument (Becton, Dickinson Immunocytometry
Systems, USA).

ROS induction and measurement—Peripheral blood neutrophils were stimulated with
10~7 M PMA for 10 min at 37°C and stained using the CellROX Green flow cytometry
assay Kit according to manufacturer’s instructions (Thermo Fisher). The cells were then
washed and ROS production was analyzed by flow cytometry. Mean fluorescence intensity
(MFI) was calculated.

Chemotaxis assay—The chemotaxis of neutrophils towards 10 ng/ml of CXCL1 or
CXCL2, as well as the chemotaxis of monocytes to 20 ng/ml MCP-1, were tested

using a Transwell system with 5-um pores (Corning) according to a previously described
protocol.137 The number of migrated cells in the absence of chemokine was assigned an
average value of 1 and the experimental results were expressed as a ratio (chemotactic
index) relative to this value.

Cytokine measurements—For ex vivo stimulation of splenic monocytes and neutrophils
with LPS, isolated cells were seeded into 96-wells plates and stimulated with 10 ng/ml

of £. coli 0111:B4 LPS (InVivogen) for 24h. The culture supernatants were collected

for measuring IL-1pB, IL-6, and TNF concentrations using mouse ELISA Kits, according

to the manufacturer’s instructions (Invitrogen). ELISA was also used to measure cytokine
concentrations in the BM extracellular fluid and the serum.

Ex vivo mouse T cell differentiation, restimulation and suppressive assay—
All cytokines and antibodies used in these experiments were from BioLegend. Naive

splenic CD4* T cells were isolated using EasySep Mouse Nai“ve CD4* T Cell isolation

kit (STEMCELL). The purity of the isolated CD4* T cells was ~95%. The cells were
activated by plate-bound anti-CD3 (clone 145-2C11; 2 pg/ml) and anti-CD28 (clone

37.51; 1 ug/ml) in the presence of different sets of cytokines in complete RPMI 1640
(Gibco), supplemented with 10% FBS (Atlanta Biologicals), 1% penicillin/streptomycin
(Thermo-Fisher), and 50 uM 2-mercaptoethanol (Thermo-Fisher). For induction of Treg
differentiation (iTregs), CD4* T cells were incubated with TGFb1 (5 ng/ml) and IL-2 (40
ng/ml) for three days. For Th17 polarization under ‘non-pathogenic’ conditions,’ CD4* T
cells were incubated with IL-6 (50 ng/ml) and TGFb1 (1 ng/ml) for three days. For Th17
polarization under ‘pathogenic conditions’7?, CD4* T cells were incubated with IL-6 (50 ng/
ml), TGFb1 (1 ng/ml), IL-1f (10 ng/ml) and 1L-23 (10 ng/ml) for three days. Using EasySep
Mouse CD4*CD25* Regulatory T Cell Isolation Kit Il (STEMCELL), CD4*CD25* cells
were sorted to high purity (>95%) from Treg induction cultures. For Treg suppression

assay, CD4*CD25~ T cells were isolated using CD4 positive selection and CD25 negative
selection (EasySep™ Mouse CD4*CD25* Regulatory T Cell Isolation Kit I1). The cells
(90-95% pure) were labeled with CFSE (5 uM:; Invitrogen) and plated at 2.5x104 cells/well.
Flow cytometry analyzing CFSE dilution was performed by gating on CD4*CFSE™* cells,
stimulated for 72 hrs with anti-CD3 (2 ug/ml) and anti-CD28 (1 ug/ml), which were cultured
alone or with purified Dnmt3a*/* iTregs or Dnmt3a8R878H/* Tregs.

Cell. Author manuscript; available in PMC 2024 July 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 23

Histology—Knee joints were collected and fixed in 4% paraformaldehyde for 3 days,
followed by decalcification in formic acid for 2 to 3 weeks. The tissues were immersed
stepwise in 10%, 20% and 30% sucrose in PBS. The tissues were embedded in Optimal
Cutting Temperature (OCT) media and 10-mm-thick sections were prepared, which were
mounted on SuperFrost Plus slides. Pathology of joints was evaluated by hematoxylin
and eosin (H&E) staining and observation by bright-field microscopy. Cartilage erosion
was evaluated by Safranin-O and Fast Green staining according to the manufacturer’s
protocol (ScienCell). Mouse maxillae with intact surrounding tissue were fixed in 4%
paraformaldehyde for 24h at 4°C, decalcified in formic acid for 2 weeks, followed by
immersing overnight in 30% sucrose in PBS and then embedded in optimal cutting
temperature compound. TRAP staining of coronal tissue sections (8-um thick) was
performed using the TRAP staining kit, as instructed by the manufacturer (Cosmo Bio
USA). Images were captured using a Nikon Eclipse Ni-E microscope. TRAP-positive
multinucleated cells (more than three nuclei) were considered to be osteoclasts.

Osteoclastogenesis—RANKL-induced osteoclastogenesis was performed according

to a standard protocol38 using mouse BM osteoclast precursor cells. BM cells were
flushed from femurs and tibias of mice. After lysis of erythrocytes using RBC lysis

buffer (eBioscience), CD11b™/1°Ly6CN OCPs were sorted using a FACSARIA™ instrument
(Becton Dickinson Immunocytometry Systems, USA). The sorted cells (25 x 103/well in a
96-well plate) were cultured in DMEM media/10% FBS with 100 ng/ml M-CSF and 100
ng/ml soluble recombinant RANKL (R&D Systems) for 5 days to generate osteoclasts. The
cells were fixed and stained for TRAP using an TRAP staining kit (Cosmo Bio USA) and
TRAP-positive multinucleated (= 3 nuclei) cells were counted.138

Efferocytosis—BMDM from Dnmt3a*’* or Dnmt3a676* mice were co-cultured for
3h with apoptotic neutrophils (at a 5:1 ratio of apoptotic neutrophils to BMDM) in the
presence of the efferocytosis opsonin DEL-1-Fc (500 ng/ml).*® The neutrophils were
rendered apoptotic upon overnight culture in HBSS with 1% FBS. TGFb1 protein levels
in culture supernatants were measured by ELISA. For gene expression analysis, BMDM
were washed three times with PBS prior to RNA isolation.*

Microcomputed tomography (microCT)—After fixation in 10% formalin, the femur
bone and 2"d lumbar vertebra were scanned at the Penn Center for Musculoskeletal
Disorders (PCMD) using a mCT 45 (Scanco Medical AG, Brittisellen, Switzerland) with
an isotropic voxel size of 7.4 um, x-ray energy of 55 kVp and 400 ms integration time.

For femur bone and vertebra, a 50-slice-thick region of interest was analyzed with Gaussian
noise filter (sigma=1.2, support=2.0) and global threshold (364 mg HA/cm?3). A 3D standard
microstructural analysis of trabecular bone was performed to quantify bone volume fraction
(BVITV), trabecular number (Th.N), thickness (Th.Th), and separation (Th.Sp). For cortical
bone analysis, cortical bone area (Ct.Ar), total cross-sectional area (Tt.Ar), cortical area
fraction (Ct.Ar/Tt.Ar), cortical thickness (Ct.Th) were quantified. 3D reconstruction and
structural parameters quantification were performed using Scanco Medical software.139
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Single-cell RNA sequencing—At 12 weeks post-BMT, ‘10% Dnmt3aR878H*BMT” and
“10%Dnmt3a"*BMT’ mice were subjected to LIP for 5 days or CAIA for 7 days. Dissected
gingival and synovial tissues were pooled from 5 and 3 mice, respectively, and processed for
sorting (by means of FACSAria cell sorter) of CD11b* and CD3* cells, which were further
sorted into CD45.1* and CD45.2* cells. 60,000 CD45.2*CD11b* or CD45.1* CD11b*

cells and 8,000 CD45.2*CD3* or CD45.1*CD3* cells from each gingiva or synovium were
mixed respectively. The cells were resuspended in 1X PBS containing 0.04% BSA (400
pg/ml) and processed with Chromium Next GEM Single Cell 39 Kit v3.1, 16 rxns (10x
Genomics) at the CAG Sequencing Core of Children’s Hospital of Philadelphia, PA, USA.
Cell suspensions contained more than 99% viable cells, as determined by microscopy. The
cell numbers were adjusted to 700-1200 cells per pl and added to 10x Chromium RT mix
to achieve loading target numbers of around 20,000 cells. cDNA synthesis was performed
per the manufacturer’s instructions, and library preparation and sequencing (Novaseq SP
reagent kit; 100 cycles) were performed using the Novaseq 6000 platform (lllumina) per the
manufacturer’s instructions.

Whole-genome bisulfite sequencing—Splenic CD11b* and CD4" cells were isolated
from Dnmt3a*’* or Dnmt3a&R878* mice using LS columns on the magnetic field of
QuadroMACS Separator according to the manufacturer’s instructions (Miltenyi Biotec).
High-molecular-weight DNA was isolated using MagAttract HMW DNA Kit according

to the manufacturer’s instructions (Qiagen). Whole-genome bisulfite sequencing was
performed using the Zymo-Seq WGBS Library Kit (Zymo research, D5465) according

to the manufacturer’s recommendations at the High Throughput Sequencing Core of
Children’s Hospital of Philadelphia, PA, USA. The sequence was generated on Illumina
NovaSeq 6000 using NovaSeq 6000 S4 Reagent Kit v1.5 (200 cycles) at 40X coverage.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA sequencing analysis—Cell Ranger 6.1.2 (https:/
support.10xgenomics.com/single-cell-gene-expression/software/downloads/6.1) was used to
process raw sequencing results.110 Briefly, Cell Ranger mkfastq pipeline was used to
demultiplex sample index reads to generate FASTQ files for each sequencing library, and
then raw reads were aligned to the mm10 (GENCODE vM23/Ensembl 98) using STAR
aligner with default parameters. Subsequently, data filtering, integration, normalization and
scaling were performed using the R package Seurat version 4.3.0111.140 and dimensionality
reduction and clustering were further done by Uniform Manifold Approximation and
Projection (UMAP) analysis. Low-quality cells were filtered out using the following
criteria: (i) number of detected genes of each cell was required to be larger than 500,

and (ii) percentage of UMIs derived from mitochondrial genes below 10%. The UMI
counts were normalized by library size factors. As a result, Cell Ranger recovered total of
69,509 cells: Gingiva: ‘10% Dnmt38R878H*BMT’-CD45.1, 6,745 cells; “10% Dnmt34878H
*BMT’-CD45.2, 5,303 cells; ‘10% Dnmt3at*BMT’-CD45.1, 9,613 cells; ‘10%Dnmt3at!
*BMT’-CD45.2, 12,674 cells; Synovium: “10% Dnmt3a8R878H+BMT’-CD45.1, 8,663 cells;
“10% Dnmit3R818HBMT’-CD45.2, 9,801 cells; ‘10%Dnmt3a*BMT’-CD45.1, 9,242
cells; and “10% Dnmt3at* BMT’-CD45.2: 7,468 cells. Cluster analysis based on cell

types was performed using Heatmapper4! (Distance measurement method= “Kendall’s
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Tau”, clustering method = “Average Linkage™). Differential expression analysis of genes
was done by FindAllIMarkers function from Seurat package with Wilcoxon test (min.pct

= 0.1, logfc.threshold = 0.25), and indicated genes were presented by Seurat package’s
DotPlot function. Gene Ontology (GO) enrichment analysis of each cluster and major

cell types were performed through rbioapil12 by calling PANTHER (Protein ANalysis
THrough Evolutionary Relationships; http://www.pantherdb.org) enrichment with Fisher test
with FDR-correction, p<0.05. Major plots were generated by default function of Seurat
(v4.3.0) and customized R scripts. Total differentially expressed genes (“10% Dnmt3a%878H/
*BMT’-CD45.2 vs. “10% Dnmt3a"*BMT’-CD45.2) in the various cell types were analyzed
using STRING analysis function, and KEGG pathway terms (p-values corrected for
multiple testing within each category using the Benjamini—-Hochberg procedure; p<0.05)
related to periodontitis and arthritis were displayed. For insights into the differentially
upregulated genes, we used the Search Tool for the Retrieval of Interacting Genes/Proteins
(STRING), a database of known and predicted protein-protein interactions with functional
analysis3(https://string-db.org). CellChat analysis was performed to infer intercellular
communication (CD45.2* [mutant] and CD45.1* [WT] cells from “10% Dnmit3aR878H/
*BMT’ mice) by integrating the data from scRNA-seq analysis with the ligand-receptor
database CellChatDB (v2).51.114 Briefly, we followed the official workflow and converted
our Seurat project into CellChat project and applied the preprocessing functions
‘identifyOverExpressedGenes’ and ‘identifyOverExpressedinteractions” with default setting.
We calculated the communication probability/strength with ‘thresholdedMean’ and filtered
out communications for cell groups with cells less than six. We searched all four
interaction databases- ‘Secreted Signaling’, ‘Cell-Cell Contact’, ‘ECM-Receptor’ and
‘Non-protein Signaling” from CellChatDB. For the main analyses, the core functions
‘computeCommunProb’, ‘computeCommunProbPathway’ and ‘aggregateNet’ were applied
using standard parameters. Finally, all related figures were drawn by available

tool functions including “netVisual_heatmap’, ‘netVisual_diffinteraction’, ‘rankNet” and
‘netVisual_aggregate’.

Whole-genome bisulfite sequencing analysis—The reads were mapped to mouse
genome “mmZ20” using BISulfite-seq CUI Toolkit (BISCUIT), as described in https://
github.com/huishenlab/Biscuit_Snakemake Workflow. The methylation ratios at all CpGs
were analyzed using the “metilene” tool to identify differentially methylated regions
(DMRs).142 The criteria for each DMR included: spanning >10 CpGs; mean methylation
difference between groups >0.2; false discovery rate (FDR) <0.05. The gene annotations
were based on protein-coding genes from Ensembl release 95 and its accompanying
regulatory build.

Statistical analysis

Analytical approach in human studies: We used descriptive methods to examine the
distribution of any CHIP and specifically DNMT3A mutation carriage in the study

sample, overall and across strata of social, clinical, and lifestyle characteristics. We tested
bivariate associations of DNMT3A CHIP status with WW17 periodontitis diagnosis using
chi-squared and non-parametric trend tests43 and with quantitative measures of periodontal
health using Student’s #tests, employing a conventional p<0.05 statistical significance
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criterion. To quantify crude, as well as age- and sex-adjusted differences in periodontitis
(7.e., Stage 1V [severe] periodontitis versus Stages I/1l [initial/moderate] disease) and
relevant quantitative measures attributable to DNMT3A CHIP, we used logistic and linear
regression models and marginal effects estimation44 and reported average marginal effects
(A.M.E.) expressed in absolute changes in percentage points (p.p.) and 95% confidence
intervals (CI). Analyses were done using Stata/MP version 18.0 (StataCorp LLC, Texas,
us).

Mouse studies statistics: After testing for normality, data were analyzed by parametric or
non-parametric tests. Parametric tests included two-tailed unpaired Student’s ftest (when
comparing two groups) and one-way ANOVA followed by a Tukey’s multiple comparison
test (when comparing more than two groups). In a few instances where data did not
follow normal distribution, the non-parametric two-tailed Mann-Whitney U-test was used
for comparison of two groups, and the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test was used for comparison of more than two groups. Two-way repeated
measures ANOVA and Sidak’s or Tukey’s multiple comparisons test were used to analyze
data with multiple comparisons in repeated measures designs. All statistical analyses were
performed using GraphPad Prism software (version 9; GraphPad Inc). Pvalues < 0.05 were
considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clonal expansion of Dnmt3aR878H/+

and naturally occurring periodontitis
(A) Lethally irradiated CD45.1 mice were transplanted with 10% Dnmt323878H/+

CD45.2* BM cells and 90% WT CD45.1* BM cells (10% Dnmt3e&R878H/+*BMT group)
or 10%Dnmt3a®™* CD45.2* BM cells and 90% WT CD45.1* cells (10% Dnmt3a"*BMT
group).

(B) Representative FACS plots (12 weeks post-BMT) and percentage of CD45.2* white
blood cells in peripheral blood at indicated time intervals.

(C-H) All analyses were performed 12 weeks post-BMT.

(C) Cytokine levels in the BM extracellular fluid (top) and serum (bottom) 12 weeks
post-BMT.

(D) Periodontal bone heights (CEJ-ABC distance) 12 weeks post-BMT.

(E) Relative gingival mMRNA expression of indicated molecules.

cells after BMT promotes systemic inflammation
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(F-H) Representative FACS plots (left), percentage (middle), and absolute humbers

(right) of CD45.2* neutrophils (live CD11b*Ly6G*) (F), CD45.2* monocytes (live
CD11b*Ly6C*Ly6G") (G), and CD45.2* T cells (live CD3*) (H).

(I) Representative FACS plots (left), percentage (middle), and absolute numbers (right) of
CD45.2* osteoclastogenic macrophages (Ly6CiNI-A*/I-E*CX3CR1M F4/80%).

Data are means + SD (7= 5-6 mice/group). *p< 0.05, **p < 0.01, ***p< 0.001, ****p <
0.0001. NS, not significant. Two-way ANOVA with repeated measures and Sidak’s post-test
(B); Student’s unpaired t test (C-I) except for (C bottom; IL-1p and IL-6), (E; //Z7aand
11234), and (I right) (Mann-Whitney U test).

See also Figure S1.
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Relative gene expression 2N

Figure 2. Clonal expansion of Dnmt3aR878H/+

periodontitis and impairs inflammation resolution
(A-E) BMT was performed as in Figure 1A, and after 12 weeks, recipient mice were

cells increases the severity of experimental

subjected to ligature-induced periodontitis (LIP).

(A) Bone loss in LIP-subjected mice.

(B) Relative gingival mRNA expression of indicated molecules.

(C-E) Percentage (right) and absolute numbers (left) of CD45.2* neutrophils
(CD11b*Ly6G") (C), CD45.2* monocytes (CD11b*Ly6C*Ly6G™) (D), and CD45.2* T cells
(CD3™) (E) in the gingival tissue.

(F and G) Similar experiment as in (A) and (B) except that, at 12 weeks post-BMT, recipient
mice were i.p. administered anti-Ly6G (or isotype control).

(F) Bone loss in LIP-subjected mice.

(G) Relative gingival mRNA expression of indicated molecules.
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(H and 1) 12 weeks post-BMT 10%Dnmit3a*BMT and 10% Dnmit3aR878H+BMT mice
were subjected to LIP for 10 days followed, or not, by 5 days without ligatures to enable
resolution.

(H) Bone gain relative to the bone heights at day 10.

(1) Relative gingival mMRNA expression of indicated molecules.

(J and K) BMDM from Dnmt3a** or Dnmt3a676H/* mice were allowed to efferocytose
apoptotic neutrophils for 3 h. TGF-B1 protein levels in the supernatants (J) and relative
mMRNA expression of indicated molecules (K).

Data are means + SD (7= 5-6 mice/group). *p< 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001; NS, not significant. Student’s unpaired t test (A, C-E, J, and K) except for (C
right) (Mann-Whitney U test); one-way ANOVA with Tukey’s multiple comparison test (B
and F-1).
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Figure 3. Clonal expansion of Dnmt3aR878H/* cells increases the severity of inflammatory
arthritis

BMT was performed as in Figure 1A, and after 12 weeks, recipient mice were subjected to
CAIA.

(A and B) (A) Clinical arthritis scores and (B) joint thickness at indicated time points.

(C and D) (C) Representative images of H&E and (D) of safranin-O staining of tissue
sections from knee joints harvested on day 7. Scale bars, 500 pm.

(E-G) (E) Total cell numbers and (F) percentage (left) and numbers (right) of neutrophils
(CD45*CD11b*Ly6G™) and (G) of monocytes (CD45*CD11b*Ly6C*LYy6G™) in the
synovium of knee joints on day 7.

(H-J) (H) Percentage (left) and total counts (right) of CD45.2* neutrophils (CD11b*Ly6G"),
(1) CD45.2* monocytes (CD11b*Ly6C*Ly6G™), and (J) CD45.2* T cells (CD3™) in the
synovium.
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Data are means + SD (n7= 6-7 mice/group). *p < 0.05; **p < 0.01; ***p< 0.001; ****p<
0.0001; NS, not significant. Two-way ANOVA with repeated measures and Sidak’s post-test
for comparison with 10% Dnmt3a** BMT mice (A and B); Student’s unpaired t test (E, F, J,
and G-I left); Mann-Whitney U test (G-I right).
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Figure 4. Single-cell RNA sequencing analysis of gingival and synovial cells

(A) Experimental design.

(B and C) Two-dimensional UMAP representation of 69,509 cells, according to (B) sample
origin and results of clustering and (C) results of annotation.

(D) Heatmap visualization of the distribution of sequenced cells in gingiva (top left) and
synovium (top right) and cluster analysis of cell types in gingiva (bottom left) and synovium
(bottom right), normalized for the number of cells per sample in the dataset.

(E and F) CellChat analysis of intercellular communication networks in CD45.2* (mutant)
and CD45.1* (WT) cells from 10% Dnmt3e&R878H+BMT mice.

(E) Heatmap of differential number and strength of possible interactions between any two of
the indicated analyzed cell populations in gingiva (red, increased interaction in mutant cells;
blue, increased interaction in WT cells).
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(F) Visualization of the overall information flow of each indicated signaling pathway by
calculating the sum of communication probability among all pairs of synovial cell groups in
the inferred network. The red and green colors indicate increased enrichment in mutant or
WT cells, respectively.

(G and H) Gene expression levels in distinctly defined CD45.2* cell types from gingiva (G)
or synovium (H).

(1) List of gingival upregulated enriched genes in CD45.2* (Dnmit3aR878H/*) cells in the
indicated KEGG pathway terms analyzed by STRING.

(J and K) Top 10 significantly enriched GO terms sorted by PANTHER based on
significantly upregulated or downregulated genes (in 10% Dnmit3a8R878H/*BMT-CD45.2 vs.
10% Dnmt3at*BMT-CD45.2) in neutrophils and T cells from gingiva (J) and synovium (K)
(Fisher test with FDR-correction, p < 0.05).

See also Figures S2 and S3.
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Figure 5. The R878H mutation is associated with enhanced osteoclastogenesis and impaired Treg

immunosuppressive activity

(A) RANKL-induced osteoclastogenesis using BM-derived OCP (CD11b~/1°Ly6CNi cells)
from 10% Dnmt3aR878H*BMT and 10% Dnmt3at*BMT mice. Representative TRAP-
stained images (left) and numbers of TRAP-positive multinucleated cells (MNCs) (right).

Scale bars, 500 um.

(B and C) BMT was performed as in Figure 1A, and after 12 weeks post-BMT,

recipient mice were subjected to LIP (B) or CAIA (C). Representative FACS plots (left),
percentage (middle), and numbers (right) of CD45.2* Ly6Cin|-A*/I-E*CX3CR1NF4/80*
osteoclastogenic macrophages in gingival tissue (B) or synovium (C). (D and E)

Similar BMT as above using GFP-labeled donor cells. 10% Dnmt3aR8783/+*GFP*BMT and
10% Dnmt3a**GFP*BMT mice were subjected to LIP 12 weeks post-BMT.

(D) Representative TRAP-stained images without (left) and with GFP signal (right).
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(E) Numbers of TRAP* MNCs per area (left) and percentages of GFP* cells in TRAP*
MNCs (right). Scale bars, 100 pm.

(F-H) Naive splenic CD4* T cells from Dnmt3a** or Dnmit3a&R878H/* mice were subjected
to Th17-differentiation assay for 3 days under pathogenic (F and G) or non-pathogenic (H)
conditions’® (see STAR Methods).

(F) Representative FACS plots (left) and percentage (right) of CD4*1L-17A" (Th17) cells.
(G) Percentages of cells expressing the indicated Th17-associated markers.

(H) Percentage of CD4*1L-17A" (Th17) cells (non-pathogenic conditions).

(1 and J) Naive splenic CD4* T cells from Dnmt3a** or Dnmt3aR878H/* mice were
subjected to Treg-differentiation assay for 3 days.

() Representative FACS plots (left) and percentage (right) of induced CD4*FOXP3* (iTreg)
cells.

(J) Percentages of cells expressing indicated markers associated with Treg cell function.
(K) Suppression of carboxyfluorescein succinimidyl ester (CFSE)-labeled CD4*CD25~ T
cell division by Dnmt3a** iTregs or Dnmt3a&R878H/* iTregs.

(L-O) BMT was performed as in Figure 1A, and after 12 weeks, gingival tissue

was processed for FACS. Representative FACS plots (left), percentage (middle), and
absolute numbers (right) of Th17 (live CD3*CD4*1L-17A") cells (L) and of Treg (live
CD3*CD4*FOXP3™*) cells (M). Corresponding Th17/Treg ratio in the gingival tissue (N).
Percentage of CD3"CD4+*CD25" T cells expressing indicated Treg-associated functional
markers (O).

(P and Q) BMT was performed as in Figure 1A, and after 12 weeks, recipient mice were
subjected to LIP after local treatment with anti-IL-17A (or isotype control)

(P) or after systemic treatment with anti-GITR (or isotype control) to deplete Tregs (Q).
Bone loss was determined 5 days post-LIP.

Data are means + SD (77 = 5-6 replicates (mice or cultures)/group). *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001; NS, not significant. Student’s unpaired t test (A—C,
E-J, and L-0O) except for (G; IL-23R) (Mann-Whitney U test); two-way ANOVA with
repeated measures and Sidak’s multiple comparisons test (K); one-way ANOVA with
Tukey’s multiple comparisons test (P and Q).

See also Figure S4.
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Figure 6. Rapamycin inhibits clonal expansion of Dnmt3aR878H/ cells and inflammatory bone
loss

(A-D) Splenic CD11b* and CD4* cells from Dnmt3a** and Dnmt3aR878H* mice (n=4
mice/group) were processed for whole-genome bisulfite sequencing (WGBS). Density plot
of average methylation values from WGBS of CD11b* (A) and CD4* (B) cells. Circos plot
representation of genome-wide density of DNA hypomethylation (C) and hypermethylation
(D) levels in CD11b* and CD4™ cells. The inner track indicates the density of hypo/
hyper-methylation in CD4* cells, and the outer track indicates the density of hypo/hyper-
methylation in CD11b™ cells.

(E) Relative mMRNA expression of Mtorand mTOR-regulated genes in the indicated
CD45.2" cell types from gingiva (data from scRNA-seq; see Figure 4).

(F and G) BMT was performed as in Figure 1A, and cells were analyzed 12 weeks post-
BMT. (F) Relative Mtorexpression in BM cells and (G) relative mRNA expression of
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indicated molecules in BM LSK cells (Lin~cKit*Scal*), splenic CD11b* myeloid cells, and
splenic CD4* T cells from Dnmt3a*’* or Dnmt3aR878H/* mice.

(H-J) BMT was performed as in Figure 1A, and recipient mice were treated with rapamycin
or PBS control (see STAR Methods). 12 weeks post-BMT, all groups were subjected to LIP.
(H) Percentage of CD45.2" white blood cells within total CD45™ cells (left), CD11b*
myeloid cells (middle), and CD3* T cells (right) in the peripheral blood.

(1) Bone loss in LIP-subjected mice (relative to their unligated contralateral sites).

(J) Measurement of CEJ-ABC distance in unligated sites of the same mice.

Data are mean + SD (F and G: 7= 6 mice/group except £ifdebp3in G bottom; n=4-5
mice/group; H-J: 7=5 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
NS, not significant. Student’s unpaired t test (F and G) except in (G) for Pcnain LSK

and CD11b*, Eif4ebplin CD4*, Eif4ebp3in LSK and Ccndl in LSK, CD11b*, and CD4*
(Mann-Whitney U test); two-way ANOVA with repeated measures and Tukey’s multiple
comparisons test (H); one-way ANOVA with Tukey’s multiple comparison test (I and J).
See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC anti-mouse Lineage Cocktail Biolegend Cat#133301

Rat anti-mouse CD16/32 Biolegend Cat# 101302; RRID: AB_312801

Rat anti-mouse cKit (CD117) Biolegend Cat#105808; RRID: AB_313217

Rat anti-mouse Scal (Ly6-A/E) Biolegend Cat#122514; RRID: AB_756199

Rat anti-mouse IL-17A Biolegend Cat#506908; RRID: AB_536010

Mouse anti-mouse IL-17A BioXCell Cat# BE0173; RRID: AB_10950102

Mouse 1gG1 isotype control BioXCell Cat# BE0083; RRID: AB_1107784

Rat anti-mouse Ly6G BioXCell Cat# BE0075-1; RRID: AB_1107721

Rat 1gG2a isotype control BioXCell Cat# BE0089; RRID: AB_1107769

Rat anti-mouse GITR BioXCell Cat# BE0063; RRID: AB_1107688

Rat 1gG2b isotype control BioXCell Cat# BE0090; RRID: AB_1107780

Rat anti-mouse CD45 Biolegend Cat#103128; RRID: AB_493715

Rat anti-mouse CD19 Biolegend Cat# 115510; RRID: AB_313645

Rat anti-mouse CD3 Biolegend Cat#100204, 100206; RRID: AB_312661, RRID:
AB_312663

Armenian Hamster anti-mouse CD3e Biolegend Cat# 100340; RRID: AB_11149115

Syrian Hamster anti-mouse CD28 Biolegend Cat# 102116; RRID: AB_11147170

Rat anti-mouse CD4 Biolegend Cat# 100414, 100404; RRID: AB_312699,
AB_312689

Mouse anti-mouse CD45.1 Biolegend Cat# 110708, 110714; RRID: AB_313497, RRID:
AB_313503

Mouse anti-mouse CD45.2 Biolegend Cat# 109832, 109808; RRID: AB_2565511, RRID:
AB_313445

Rat anti-mouse CD11b Biolegend Cat# 101222, 101212, 101204; RRID: AB_493705,
RRID: AB_312795, AB_312787

Rat anti-mouse Ly6G Biolegend Cat# 127618; RRID: AB_1877261

Rat anti-mouse Ly6C Biolegend Cat# 128006, 128018; RRID: AB_1186135, RRID:
AB_1732082

Armenian Hamster anti-mouse CTLA4 Biolegend Cat#106310; RRID: AB_2087653

Rat anti-mouse CD278 (ICOS) Biolegend Cat# 117424, 117406; RRID: AB_2832419, RRID:
AB_2122712

Rat anti-mouse GITR Biolegend Cat# 126308; RRID: AB_1089125

Rat anti-mouse CD304 (Neuropilin-1) Biolegend Cat# 145206; RRID: AB_2562032

Rat anti-mouse IL-23R Biolegend Cat#150906; RRID: AB_2687346

Mouse anti-mouse IL-17F Biolegend Cat# 517006; RRID: AB_10661903

Rat anti-mouse CD25 Biolegend Cat#101908; RRID: AB_961212

Rat anti-mouse I-A/I-E Biolegend Cat#107614; RRID: AB_313329

Mouse anti-mouse CX3CR1 Biolegend Cat#149020; RRID: AB_2565703

Rat anti-mouse F4/80 Biolegend Cat#123112; RRID: AB_893482

Mouse Anti-Mouse RORyt
Rat anti-mouse FOXP3

BD Pharmingen

eBioscience

Cat# 562683; RRID: AB_2737720

Cat# 17-5773-82, 11-5773-82; RRID: AB_469457,

RRID: AB_465243
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REAGENT or RESOURCE SOURCE IDENTIFIER
Arthritogenic monoclonal antibodies (5-clone collagen Chondrex Cat#53100
antibody cocktail)

Chemicals, peptides, and recombinant proteins

Collagenase, Type 4 Worthington Cat# LS004186
ACK Lysing Buffer Gibco Cat# A1049201
DNase | Roche Cat# 04536282001
LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit Invitrogen Cat# 34964

Streptavidin microBeads

LPS-EB (LPS from E. coliO111.:B4)

DAPI (4°,6-Diamidino-2-Phenylindole,Dihydrochloride)

Rapamycin

GeneJET RNA Purification Kit
CellTrace™ CFSE Cell Proliferation Kit
Recombinant Mouse TGF-B1
Recombinant Mouse IL-6

Recombinant Mouse IL-2

Recombinant Mouse IL-1p
Recombinant Mouse IL-23
Recombinant Mouse M-CSF
Recombinant Mouse GM-CSF
Recombinant Mouse TRANCE/RANK L/TNFSF11
Recombinant Mouse CXCL1/KC
Recombinant Mouse CXCL2/MIP-2
Recombinant Mouse CCL2/JE/MCP-1

Miltenyi Biotec
Invivogen

Thermo Fisher Scientific
LC Laboratories
Thermo Fisher Scientific
Invitrogen

Biolegend

Biolegend

Biolegend

Biolegend

Biolegend

R&D Systems

R&D Systems

R&D Systems

R&D Systems

R&D Systems

R&D Systems

Cat# 130-048-101
Cat# tlrl-eblps

Cat# D1306

Cat# R-5000_1g

Cat# K0731

Cat# C34554

Cat# 763102

Cat# 575702

Cat# 575402

Cat# 575102

Cat# 589002

Cat# 416-ML-010/CF
Cat# 415-ML-010/CF
Cat# 462-TR-010/CF
Cat# 453-KC-010/CF
Cat# 452-M2-010/CF
Cat# 479-JE-010/CF

Critical commercial assays

IL-1B mouse ELISA kit

IL-6 mouse ELISA kit

IFNg mouse ELISA kit

TNF mouse ELISA kit

TGFb1 Human/Mouse ELISA Kit

CellROX Green Flow Cytometry Assay Kit
TRAP Staining Kit

Safranin O Staining Kit

High-Capacity RNA-to-cDNA Kit

NovaSeq 6000 SP Reagent Kit v1.5 (100 cycles)

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

Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Cosmo Bio USA
ScienCell

Applied Biosystems
llumina

10x Genomics

Cat# 88-7013-88
Cat# 88-7064-88
Cat#88-7314-88
Cat# 88-7324-88
Cat#88-8350-88
Cat# C10492
Cat# PMC-AKO04F
Cat# 8348

Cat# 4387406
Cat#20028401
Cat# PN-1000268

Deposited data

Single-cell RNA sequencing data This paper PRINA1002611
Whole genome bisulfite sequencing data This paper GSE255947
Experimental models: Organisms/strains

Mouse: C57BL/6 The Jackson Laboratory Stock#000664
Mouse: C57BL/6-CD45.1 B6.SJL-Ptprca Pepch/BoyJ The Jackson Laboratory Stock#002014
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse: B6(Cg)-Dnmt3atm1Trow/] The Jackson Laboratory Stock#032289
Mouse: B6.Cg-Commd10Tg(Vavl-icre) A2Kio/J The Jackson Laboratory Stock#008610

Software and algorithms

GraphPad Prism 9
NovoExpress software

Cell Ranger 6.1.2
R package Seurat

R package rbioapi
STRING
CellChatDB (V2)

BISCUIT

Graphpad Software
ACEA Biosciences

Zheng et al 110
Stuart et al.111

Rezwani et al.112
Szklarczyk et al.113

Jin et al.>1 and Jin et
al 114

See link in the next cell
in lieu of reference to

the Snakemake workflow
which processes paired-
end WGBS data using
BISCUIT

https://www.graphpad.com/
https://www.aceabio.com

https://support.10xgenomics.com/single-cell-gene-
expression/software/downloads/6.1

https://github.com/satijalab/seurat/releases/tag/
v3.0.0

https://github.com/moosa-r/rbioapi/
https://string-db.org
https://github.com/sgjin/CellChat

https://github.com/huishenlab/
Biscuit_Snakemake_Workflow
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