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INTRODUCTION
Clonal hematopoiesis is an aging-associated condition 

in which hematopoietic stem cells (HSC) have acquired a 
somatic mutation or copy-number alteration that places 
them at a selective advantage. Both favorable and unfavorable 
health conditions have been associated with clonal hemat-
opoiesis. Large clone size [variant allele frequency (VAF) >0.02] 

is associated with increased risk of hematologic malignancy, 
atherosclerosis, cardiovascular disease, type 2 diabetes, and 
osteoporosis (1–3). Many of these conditions have been related 
to abnormal production of proinflammatory myeloid cell 
types such as macrophages and mast cells (4). However, clonal 
hematopoiesis is naturally found in very aged populations 
without compromising survival (5) and is associated with a 
reduced risk of Alzheimer disease (6). Furthermore, clonal 
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ABSTRACT Clonal hematopoiesis resulting from the enhanced fitness of mutant hematopoietic 
stem cells (HSC) associates with both favorable and unfavorable health outcomes 

related to the types of mature mutant blood cells produced, but how this lineage output is regu-
lated is unclear. Using a mouse model of a clonal hematopoiesis–associated mutation, DNMT3AR882/+ 
(Dnmt3aR878H/+), we found that aging-induced TNFα signaling promoted the selective advantage of 
mutant HSCs and stimulated the production of mutant B lymphoid cells. The genetic loss of the TNFα 
receptor TNFR1 ablated the selective advantage of mutant HSCs without altering their lineage output, 
whereas the loss of TNFR2 resulted in the overproduction of mutant myeloid cells without altering 
HSC fitness. These results nominate TNFR1 as a target to reduce clonal hematopoiesis and the risk of 
associated diseases and support a model in which clone size and mature blood lineage production can 
be independently controlled to modulate favorable and unfavorable clonal hematopoiesis outcomes.

SIGNIFICANCE: Through the identification and dissection of TNFα signaling as a key driver of murine 
Dnmt3a-mutant hematopoiesis, we report the discovery that clone size and production of specific 
mature blood cell types can be independently regulated.
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hematopoiesis driven by mutations in the DNA methyltrans-
ferase DNMT3A has been associated with increased survival of 
recipients after bone marrow (BM) transplantation related to 
mutant T lymphoid cell production (7) and maintenance of 
functional T-cell immunity in a supercentenarian (8). Thus, 
rather than developing methods to reduce clonal hemat-
opoiesis altogether, further understanding of the molecular 
basis of both clone size and lineage output has the potential 
to empower strategies to harness beneficial aspects of clonal 
hematopoiesis as well as reduce adverse health risks. Here, 
we used a mouse model of a clonal hematopoiesis-associated 
mutation in DNMT3A (Dnmt3aR878H/+; ref.  9) to study the 
molecular basis of HSC competition and lineage output.

RESULTS
Our group recently found that the middle-aged BM micro-

environment drives HSC aging (10). This work established  
an experimental paradigm to evaluate the potency of 
Dnmt3aR878H/+ HSCs in the aged BM microenvironment and 
identify HSC-extrinsic factors that modulate their selective 
advantage. We transplanted Dnmt3aR878H/+ HSCs into young 
and middle-aged recipient mice (Fig. 1A). Dnmt3aR878H/+ HSCs 
transplanted into aged recipients generated greater long-term 
multilineage hematopoiesis compared with control HSCs 
(Fig.  1B and C; Supplementary Fig.  S1A) and gave rise to 
expanded HSC and multipotent progenitor (MPP) popula-
tions (Fig.  1D and E; Supplementary Fig.  S1B). In addition, 
aged recipients had higher proportions of Dnmt3aR878H/+ 
megakaryocyte and erythroid–primed MPPs (MPPMk/E) and 
lymphoid-primed MPPs (MPPLy; Fig.  1E). The latter was 
consistent with increased mature Dnmt3aR878H/+ B lymphoid 
cells (Supplementary Fig.  S1A). No change in the frequency 
of mature T lymphoid cells was observed, which may be 
explained in part by thymic involution during aging (11). 
Together, we find that Dnmt3aR878H/+ HSCs have enhanced 
selective advantage over wild-type HSCs as well as altered line-
age output in the context of the aged BM microenvironment.

To identify molecular signatures underlying expanded 
Dnmt3aR878H/+ hematopoiesis in the aged BM microenviron-
ment, we performed RNA sequencing (RNA-seq) on inde-
pendent biological replicates of HSCs reisolated from young 
and aged recipient mice. Our experimental design specified 
only a sublethal dose of irradiation to recipient mice to better 
preserve HSC-extrinsic signals from the BM microenviron-
ment (refs. 12, 13; Supplementary Fig. S1C). A greater number 
of differentially expressed genes in Dnmt3aR878H/+ versus con-
trol HSCs were found in aged compared with young recipient 

mice (Fig. 1F). Gene and pathway enrichment analyses identi-
fied TNFα as the top enriched gene signature and predicted 
upstream regulator in Dnmt3aR878H/+ HSCs in aged mice 
(Fig. 1G). Complementary to this, we found increased levels 
of TNFα in the BM fluid of aged compared with young mice, 
as well as mice transplanted with Dnmt3aR878H/+ versus control 
hematopoietic cells (Supplementary Fig. S1D and S1E). This 
is consistent with a previous report that circulating TNFα 
is significantly increased in humans with DNMT3A-mutant 
clonal hematopoiesis, relative to other clonal hematopoiesis 
mutations (14). A previously described TNFα-induced tran-
scriptional program in HSCs, enriched in prosurvival genes 
(15), was elicited in Dnmt3aR878H/+ HSCs in aged mice (Supple-
mentary Fig. S1F). In addition, Dnmt3aR878H/+ HSCs in aged 
mice sustained expression of transcriptional programs that 
define mouse and human HSCs (refs. 16, 17; Supplementary 
Fig.  S1D). In humans, DNMT3AR882H/+ CD34+ hematopoi-
etic stem/progenitor cells (HSPC) were enriched for TNFα 
pathway genes compared with DNMT3A+/+ CD34+ HSPCs 
isolated from the same individuals (Fig. 1H; ref. 18). Several 
TNFα target genes were commonly upregulated in human 
DNMT3AR882H/+ CD34+ HSPCs and mouse Dnmt3aR878H/+ 
HSCs, including JUN and NFKB2 (Fig.  1I). Thus, the selec-
tive advantage of mouse and human DNMT3A-mutant HSCs 
positively correlates with elevated TNFα signaling.

To assess the extent to which TNFα directly promotes 
young Dnmt3a-mutant HSC survival, we added recombi-
nant TNFα to mixed cultures of wild-type and Dnmt3a-
mutant HSCs in media that sustain HSC self-renewal 
(ref.  19; Fig.  2A). TNFα treatment reduced the number of 
control but not Dnmt3aR878H/+ cells produced over the culture 
period (Supplementary Fig.  S2A). After culture, cells were 
transplanted into recipient mice to assess HSC function. 
TNFα-treated control HSCs did not sustain long-term multi-
lineage engraftment (Fig. 2B; Supplementary Fig. S2B–S2E). 
In contrast, TNFα-treated Dnmt3aR878H/+ HSCs increased 
the production of mature hematopoietic cells in the short 
term (4 weeks after transplant) followed by sustained mul-
tilineage engraftment. In addition, TNFα stimulation tran-
siently increased Dnmt3aR878H/+ B lymphoid cell production 
(Fig.  2C and D; Supplementary Fig.  S2B) in contrast to 
myeloid regeneration from TNFα-treated control HSCs, as 
has been previously reported (15). In the BM, we observed 
trends toward reduced HSC, MPPMk/E, and granulocyte- 
macrophage–primed MPP (MPPG/M) populations from TNFα-
treated control HSCs, which was not observed in TNFα-treated 
Dnmt3aR878H/+ HSCs (Supplementary Fig. S2F and S2G). Thus, 
TNFα-driven myeloid regeneration at the expense of HSC  

Figure. 1.  Dnmt3aR878H/+ HSCs engage a TNFα-induced program in the aged BM microenvironment that is conserved in human DNMT3A-mutant clonal 
hematopoiesis. A, Schematic of the experimental design to compare Mx-Cre control and Dnmt3aR878H/+ (R878H/+) engraftment in young (2–4 months) and 
aged (13–15 months) recipient mice. B, Frequency of donor (CD45.2+) cells in the peripheral blood (PB) of recipient mice after transplant. Significance 
was calculated using two-way ANOVA with the Tukey multiple comparisons test. C, Frequency of donor cells in the BM of recipient mice. Significance was 
calculated using one-way ANOVA with the Bonferroni multiple comparisons test. D, Frequency of HSCs and MPPs in donor-derived BM cells. Significance 
was calculated using two-way ANOVA with Fisher’s least significant difference (LSD) test. E, Frequency of MPPMk/E, MPPG/M, and MPPLy in donor-derived 
BM cells. Significance was calculated using two-way ANOVA with Fisher’s LSD test. F, Volcano plots with significantly differentially expressed genes 
(FDR <0.5, logFC >2) within colored boxes (n = 2–4 biological replicates). G, Enrichment of hallmark gene sets (left) and predicted upstream regulators 
(right) in control versus Dnmt3aR878H/+ HSCs in aged recipient mice. IPA, Ingenuity Pathway Analysis. H, Hallmark TNF pathway enrichment across stem 
and progenitor populations between human DNMT3AR882H versus control CD34+ cells. EP, erythroid progenitor; IMP, immature myeloid progenitor; IMP-
GM, granulo-monocytic–biased immature myeloid progenitor; IMP-ME, megakaryocytic-erythroid–biased immature myeloid progenitor; LMPP, lympho-
myeloid–primed progenitor; MEP, megakaryocytic-erythroid progenitor; NP, neutrophil progenitor; PREB, pre–B cell progenitor. I, Overlap of differentially 
expressed genes in DNMT3AR882H versus control CD34+ cells and R878H/+ versus aged mouse HSCs. B–E, Dots represent individual recipient mice; boxes 
show 25th to 75th percentiles; line is median; and whiskers show min to max. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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self-renewal is disrupted in Dnmt3aR878H/+ HSCs. Instead, 
TNFα-treated Dnmt3aR878H/+ HSCs favor lymphoid regen-
eration and maintain their self-renewal. To assess this in 
complementary models, we used tamoxifen-inducible Fgd5-
Cre–driven Dnmt3aR878H/+ mice as well as germline Dnmt3a+/− 
mice to isolate HSCs for TNFα stimulation (Fig. 2E). TNFα 
treatment reduced the number of control but not Fgd5-Cre 

Dnmt3aR878H/+ cells (Fig. 2F) or Dnmt3a+/− cells (Fig. 2G) over 
the culture period. Upon transplant, TNFα-treated Dnmt3a+/− 
HSCs sustained multilineage engraftment at a higher 
frequency than TNFα-treated control HSCs (Fig.  2H). In 
addition, TNFα stimulation transiently increased Dnmt3a+/− 
B lymphoid relative to myeloid cell production (Fig.  2I; 
Supplementary Fig. S2H). Thus, TNFα-induced HSC survival 
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and disrupted myeloid regeneration are broadly relevant to 
Dnmt3a-mutant clonal hematopoiesis.

TNFα signaling occurs through two distinct TNFα recep-
tors: TNFR1 (Tnfrsf1a) and TNFR2 (Tnfrsf1b). Both TNFR1 
and TNFR2 are expressed on HSC and MPP populations and 
are not altered in surface expression between control and  
Dnmt3aR878H/+ mice (Supplementary Fig. S3A–S3D). To deter-
mine which of these receptors are responsible for TNFα-
mediated selective advantage of Dnmt3aR878H/+ HSCs and B 
lymphoid cell production, we crossed Dnmt3aR878H/+ mice 
with Tnfrsf1a or Tnfrsf1b knockout mice (Supplementary 
Fig.  S3E) and tested HSC function by competitive serial 
BM transplantation into aged recipients (Fig.  3A; Supple-
mentary Fig.  S4A–S4F; Supplementary Fig.  S5A–S5F). Loss 
of TNFR1, but not TNFR2, eliminated the selective advan-
tage of Dnmt3aR878H/+ peripheral blood (PB) and BM cells 
in secondary transplant recipients (Fig.  3B; Supplemen-
tary Fig.  S5A). No change in engraftment was observed in 
TNFR1 knockout–only controls (Supplementary Fig.  S6A–
S6F; Supplementary Fig. S7A–S7G), demonstrating that this 
is a specific dependency of Dnmt3aR878H/+ cells. In contrast, 
loss of TNFR2, but not TNFR1, reduced the proportion 
of B and T lymphoid cells and increased the proportion of 
myeloid cells (Fig.  3C and D) without altering overall white  
blood cell production (Supplementary Fig.  S5B). Myeloid-
biased hematopoiesis was also observed in TNFR2 knockout–
only controls but only late in the post–secondary-transplant 

period (Supplementary Fig. S7C), and it did not increase neu-
trophil count (Supplementary Fig. S7B). Thus, distinct TNFα 
receptors mediate Dnmt3aR878H/+ HSC regenerative capacity 
versus lineage output. We compared our TNFR knockout 
phenotypes with pharmacologic pan-TNFα blockade using 
etanercept (Fig.  3E). Etanercept reduced the competitive PB 
advantage of Dnmt3aR878H/+ cells (Fig.  3F), trended toward 
reduction in BM engraftment (Fig.  3G), and reduced the 
frequency of Dnmt3aR878H/+ HSC, MPPMk/E, and MPPLy popu-
lations (Fig.  3H). In contrast, etanercept produced a trend 
toward an increase of Dnmt3aR878H/+ myeloid-primed MPPG/M. 
Thus, pan-TNF inhibition results in a mix of our observed 
TNFR knockout phenotypes—that is, reduced selective advan-
tage of Dnmt3aR878H/+ hematopoiesis as well as myeloid lineage 
bias at the stem/progenitor cell level.

To interrogate the mechanisms by which TNFα signaling 
through different receptors affects Dnmt3aR878H/+ cells, we har-
vested donor-derived HSPCs from secondary transplant recip-
ient mice for single-cell RNA-seq (n = 3–4 biological replicates 
per genotype; Fig. 4A). After quality control filtering (Supple-
mentary Fig. S8A–S8C), a total of 64,830 cells clustered into 
22 populations (Fig. 4B). These clusters were classified based 
on published data to identify HSC, MPP, and lineage-specified 
progenitor subsets (ref. 20; Supplementary Fig. S8D and S8E;  
Supplementary Table  S1). All clusters included cells express-
ing similar levels of Tnfrsf1a as well as Tnfrsf1b (Supplementary  
Fig. S8F). Pseudotime trajectory analysis revealed that myeloid 
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Figure 3.  TNFR1 is required for Dnmt3aR878H/+ HSC self-renewal, while TNFR2 regulates lymphoid cell production. A, Schematic of experimental design to 
test competitive, serial transplant of Mx-Cre control, Dnmt3aR878H/+ (R878H/+), Dnmt3aR878H/+ Tnfrsf1a−/− (R878H/+;TNFR1KO), and Dnmt3aR878H/+ Tnfrsf1b−/− 
(R878H/+;TNFR2KO) in aged (>12 months) recipient mice. B, Frequency of donor cells in PB (left) and BM (right) of recipient mice at 20 weeks after secondary 
transplant. Significance was calculated using Brown-Forsythe and Welch ANOVA with Welch correction. C, Representative flow cytometry plots showing B-cell and 
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**, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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progenitor differentiation from HSCs followed a distinct path 
in Dnmt3aR878H/+ versus control BM (Fig. 4C), whereas eryth-
roid and megakaryocyte progenitor differentiation paths  
were similar. Loss of TNFR1 fully corrected the aberrant 
Dnmt3aR878H/+ HSC to myeloid progenitor differentiation 
trajectory to closely resemble control BM, whereas loss 
of TNFR2 created multiple myeloid differentiation tra-
jectories from Dnmt3aR878H/+ HSCs. These data are highly 
consistent with our functional observations that loss of 
TNFR1 eliminates Dnmt3aR878H/+ selective advantage and 
loss of TNFR2 biases toward myeloid cell production. 
Within subsets of HSPCs, TNF signaling was most enriched 
in Dnmt3aR878H/+ versus control HSCs (Fig.  4D), support-
ing that TNF-induced phenotypes are initiated at the HSC 
level. Indeed, many downstream TNF targets were increased 
in expression in Dnmt3aR878H/+ versus control HSCs, and 
several of these target genes are known to be hypomethyl-
ated in Dnmt3aR878H/+ HSCs (ref.  21; Fig.  4E). Examining 
the proportion of single HSCs that express Tnfrsf1a and/
or Tnfrsf1b transcripts, we found that the majority (∼70%) 

of HSCs had detectable Tnfrsf1a transcript only,  ∼15% 
of HSCs had detectable Tnfrsf1b transcript only, and the 
remaining  ∼15% of HSCs had both Tnfrsf1a and Tnfrsf1b 
transcripts (Supplementary Fig.  S8G). This was modestly 
altered in Dnmt3aR878H/+ HSCs with a trend toward more 
single Tnfrsf1a-expressing HSCs. Knockout of the opposing 
receptor did not transcriptionally alter receptor expres-
sion (Supplementary Fig.  S8H). Focusing on unique tran-
scriptional changes in Dnmt3aR878H/+ TNFR1 versus TNFR2 
knockout HSCs, we found that loss of TNFR1 resulted 
in increased expression of mediators of apoptosis, ini-
tiation factors for DNA repair and checkpoint activation, 
increased expression of Cebpb, and decreased cell division 
(Fig.  4E and F; Supplementary Fig.  S8I). In contrast, loss 
of TNFR2 resulted in increased expression of the apoptosis 
inhibitor Birc2, a decrease in tumor suppressor p53, dys-
regulation of chromatin organization, and decreased B and 
T lymphoid “adaptive immune” signatures. Thus, TNFα–
TNFR1 signaling promotes Dnmt3aR878H/+ HSC competitive 
advantage through evasion of apoptosis, accumulation of 
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DNA damage, self-renewal, and cell cycling. In contrast, 
TNFα–TNFR2 signaling promotes lymphoid cell produc-
tion from Dnmt3aR878H/+ HSCs, and restrains myeloid cell 
production, through chromatin regulation and expression 
of lymphoid-specifying genes.

DISCUSSION
Inhibition of proinflammatory cytokines, including TNFα, 

has been proposed as a generalizable strategy to reduce fit-
ness of clonal hematopoiesis–mutant HSCs and risk of clonal 
hematopoiesis–associated disease states that are related to abnor-
mal production of proinflammatory myeloid cells (22–26). Our 
work suggests that although pan-TNF inhibition does reduce 
Dnmt3aR878H/+ HSC fitness, it also results in more complex and 

potentially detrimental effects due to unrestrained Dnmt3aR878H/+ 
myeloid cell production. This is consistent with the increased 
risk of inflammation reported as a severe side effect of pan-TNF 
inhibitor treatment (28). Here, we have found that targeting 
TNFR1 versus TNFR2 can separate molecular programs dictat-
ing HSC fitness from myeloid cell production such that targeting 
TNFR1 specifically reduces Dnmt3a-mutant HSC fitness while 
maintaining lineage-balanced output (Fig.  4G). Furthermore, 
targeting TNFR1 in wild-type HSCs was not observed to have 
detrimental consequences on hematopoietic output over serial 
transplantation, supporting that TNFR1 is a unique therapeutic 
vulnerability of Dnmt3a-mutant clones. Given that we identified 
subsets of Dnmt3a-mutant HSCs expressing one or both TNF 
receptors, further study is needed to determine the extent to 
which these represent functionally distinct HSC populations.
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Reported potential beneficial aspects of DNMT3A-mutant 
clonal hematopoiesis thus far have been related to lymphoid 
cell production including increased antitumor T cells (7) and 
maintenance of T-cell immunity during aging (5). Here, we find 
that TNFα-driven lymphoid cell production from Dnmt3a-
mutant cells is mediated through TNFR2. Targeting TNFR1 
may additionally provide the benefit of boosting adaptive 
immune function through TNF–TNFR2 signaling, as a lack of 
TNFR1-mediated TNFα clearance can lead to increased ligand 
availability for TNFR2 (27). Our work suggests that TNFR1 
blockade strategies, such as humanized antibodies that have 
been shown to have efficacy in inflammatory disease models 
(28), may be useful in individuals with clonal hematopoiesis 
who are at high risk of progression to myeloid malignancy. 
Together, our work suggests that independently manipulating 
clone fitness and lineage output is possible, which broadens 
the scope and potential of therapeutic strategies to modulate 
favorable and unfavorable clonal hematopoiesis outcomes.

METHODS
Experimental Animals

C57BL/6J [The Jackson Laboratory (JAX) stock #00664, RRID:IMSR_
JAX:000664, referred to as CD45.2+] and B6.SJL-Ptprca Pepcb/BoyJ 
(JAX stock #002014, RRID:IMSR_JAX:002014, referred to as CD45.1+) 
mice were obtained from, and aged within, JAX. Dnmt3afl-R878H/+ 
mice (JAX stock #032289, RRID: IMSR_JAX:032289) were crossed 
to B6.CgTg(Mx1-cre)1Cgn/J mice (JAX stock #003556, RRID:IMSR_
JAX:003556, referred to as Mx-Cre) or C57BL/6N-Fgd5tm3(cre/ERT2)Djr/J 
mice (JAX stock #027789, RRID:IMSR_JAX:027789, referred to as  
Fgd5-Cre). B6.129S-Tnfrsf1btm1/mx; Tnfrsf1atm1/mx mice (JAX stock 
#003243, RRID:IMSR_JAX:003243) were crossed to Dnmt3afl-R878H/+; 
Mx-Cre mice. BM from germline Dnmt3a+/− and control wild-type 
mice were provided by G.A. Challen. The Jackson Laboratory’s Insti-
tutional Animal Care and Use Committee approved all experiments. 
All genotypes of mice carrying the Mx-Cre allele were given poly(I:C) 
every other day for a total of five doses between 2 and 4 months of age 
prior to transplant except where noted below.

Flow Cytometry and Cell Sorting
Single-cell suspensions of BM were prepared by filtering crushed, 

pooled femurs, tibiae, and iliac crests from each mouse. BM mononu-
clear cells were isolated by Ficoll-Paque (GE Healthcare Life Sciences) 
density centrifugation and stained with a combination of fluoro-
chrome-conjugated antibodies from eBioscience, BD Biosciences, or 
BioLegend—CD45.1 (clone A20), CD45.2 (clone 104), c-Kit (clone 
2B8), Sca-1 (clone 108129), CD150 (clone TC15-12F12.2), CD48 
(clone HM48-1), FLT3 (clone A2F10), CD34 (clone RAM34), FcgR 
(clone 2.4G2)—mature lineage (Lin) marker mix, and a viability stain. 
Stained cells were sorted using a FACSAria II (RRID:SCR_018091) or 
a FACSymphony S6 Sorter (BD Biosciences), or analyzed on a FAC-
Symphony A5 or LSR II (RRID:SCR_002159) with Diva software (BD 
Biosciences, RRID:SCR_001456). Surface marker profiles are listed in 
Supplementary Methods. PB samples were stained and analyzed using 
a cocktail of CD45.1, CD45.2, CD11b (clone M1/70), B220 (clone 
RA3-6B2), CD3e (clone 145-2C11), Ly6g (clone 1A8), and Ly6c (clone 
HK1.4) on an LSR II (BD Biosciences). Gating analysis was performed 
using FlowJo software v10 (RRID:SCR_008520).

Transplants into Young and Aged Recipient Mice
Two months after poly(I:C), 2  ×  106 post-ficoll whole BM cells 

from Dnmt3a+/+ Mx-Cre or Dnmt3afl-R878H/+ Mx-Cre donors were trans-
planted into lethally irradiated (10 Gy), young (2–4 months) or 
middle-aged (13–15 months) CD45.1+ recipient mice. All transplant 

recipient mice were monitored every 4 weeks after transplant by flow 
cytometry analysis of PB and were harvested for BM analysis at 40 
weeks after transplant.

Polyvinyl Alcohol Culture and Transplants
Two months after poly(I:C), 25 CD45.2+ HSCs from Dnmt3a+/+ Mx-Cre  

or Dnmt3afl-R878H/+ Mx-Cre donors (CD45.2+) and 25 CD45.1+/CD45.2+ 
HSCs were sorted into a 96-well plate with Ham’s F12 media con-
taining final concentrations of 1× penicillin–streptomycin–glutamine 
(Gibco; cat. #10378-016), 10 mmol/L HEPES (Gibco; cat. #15630080), 
1×  insulin–transferrin–selenium–ethanolamine (Gibco; cat. #51500-
056), 100 ng/mL recombinant murine TPO (BioLegend; cat. #593302), 
10 ng/mL recombinant murine SCF (STEMCELL Technologies; 
cat. #78064), and 1 mg/mL polyvinyl alcohol (Sigma; cat. #P8136; 
ref.  19)  ±  10 ng/mL recombinant murine TNFα (PeproTech; cat. 
#315-01A) and cultured for 7 days at 37°C and 5% CO2. TNFα was 
spiked into the cultures on days 4 and 6. On day 7, half of the wells 
were stained and analyzed by flow cytometry and half of the wells were 
harvested, mixed with 1 × 106 CD45.1+ post-ficoll whole BM cells, and 
transplanted into young, lethally irradiated CD45.1+ recipients. PB 
was tracked monthly for 6 months after transplant via flow cytometry.

Etanercept Transplants
BM cells (1  ×  106) from 2- to 4-month-old Dnmt3a+/+ Mx-Cre or 

Dnmt3afl-R878H/+ Mx-Cre donors were competitively transplanted with 
wild-type CD45.1+ CD45.2+ F1 BM cells in 2- to 4-month-old CD45.1+ 
lethally irradiated recipients. Recipients were allowed to recover for 1 
month and then poly(I:C) was administered every other day for a total 
of five injections to induce Cre expression. Twenty-eight weeks after 
poly(I:C), BM was harvested, and 5 × 106 whole BM cells were trans-
planted into 2- to 4-month-old, lethally irradiated CD45.1+ recipients. 
Twenty-four weeks after secondary transplant, etanercept (25 mg/kg, 
Millipore Sigma; #Y0001969) or PBS was administered intraperito-
neally twice per week for 4 weeks. PB was monitored weekly, and at 28 
weeks after transplant, BM was harvested for analysis.

TNFR Knockout Transplants
CD45.2+ cells (1  ×  106) were competed against 1  ×  106 CD45.1+ 

whole BM cells and transplanted into aged, lethally irradiated 
CD45.1+ recipient animals. One month after transplant, recipients 
received one intraperitoneal injection of poly(I:C) and recombination 
was checked via PCR on PB. One month after poly(I:C), animals were 
bled monthly for 16 weeks. BM was harvested, and 4 × 106 whole BM 
cells were used for secondary transplantation into aged, lethally irra-
diated recipients. PB was analyzed starting 1 month after transplant 
and continued monthly for 20 weeks. BM was harvested and analyzed 
by flow cytometry and Lin− c-Kit+ CD45.2+ cells were sorted by FACS 
for single-cell RNA-seq. Complete blood counts were performed on 
an Advia 120 Hematology Analyzer (Siemens).

Bulk RNA-seq and Analysis
One-month after poly(I:C), 1 × 106 whole BM cells from Dnmt3a+/+ 

Mx-Cre or Dnmt3aR878H/+ Mx-Cre donors were transplanted into sub-
lethally irradiated (6 Gy), young (2 months) or middle-aged (13–15 
months) CD45.1+ recipient mice. Recipients were harvested 4 months 
after transplant for PB and BM analysis. CD45.2+ HSCs were sorted 
directly into RLT buffer (Qiagen) and flash frozen. Total RNA was iso-
lated using the RNeasy Micro Kit (Qiagen) including DNase treatment, 
and sample quality was assessed using a NanoDrop 2000 spectro-
photometer (Thermo Scientific, RRID:SCR_018042) and RNA 6000 
Pico LabChip assay (Agilent Technologies). Libraries were prepared 
using the Ovation RNA-Seq System V2 (NuGen) and Hyper Prep Kit 
(Kapa Biosystems). Library quality and concentration were evaluated 
using the D5000 ScreenTape assay (Agilent) and quantitative PCR (Kapa 
Biosystems). Libraries were pooled and sequenced 75-bp single end 
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on the NextSeq (Illumina, RRID:SCR_014983) using NextSeq High 
Output Kit v2 reagents at a sequencing depth of >30 million reads per 
sample. Trimmed alignment files were processed using RSEM (v1.2.12, 
RRID:SCR_013027). Alignment was completed using Bowtie 2 (v2.2.0, 
RRID:SCR_005476). Expected read counts per gene produced by 
RSEM were rounded to integer values, filtered to include only genes 
that had at least two samples within a sample group having a counts 
per million reads >1, and passed to edgeR (v3.14.0, RRID:SCR_012802) 
for differential expression analysis. The generalized linear model likeli-
hood ratio test was used for differential expression in pairwise compar-
isons between sample groups that produced exact P values per test. The 
Benjamini and Hochberg’s algorithm (P value adjustment) was used  
to control the false discovery rate (FDR). Features with FDR-adjusted  
P < 0.05 were declared significantly differentially expressed. Differen-
tially expressed genes were investigated for overlap with published 
datasets using Gene Set Enrichment Analysis (RRID:SCR_003199), 
and upstream regulators were predicted using Ingenuity Pathway 
Analysis software (Qiagen, RRID:SCR_008653).

Single-Cell RNA-seq and Analysis
Cells were counted on a Countess II automated cell counter 

(Thermo Fisher), and 12,000 cells were loaded onto one lane of a 10X 
Chromium microfluidic chip (10X Genomics). Single-cell capture, bar-
coding, and library preparation were performed using the 10X Chro-
mium version 3.1 chemistry according to the manufacturer’s protocol 
(#CG000315). cDNA and libraries were checked for quality on Agilent 
4200 Tapestation (RRID:SCR_019398) and quantified by KAPA qPCR 
before sequencing; each gene-expression library was sequenced at 
18.75% of an Illumina NovaSeq 6000 (RRID:SCR_016387) S4 flow 
cell lane, targeting 6,000 barcoded cells with an average sequencing 
depth of 75,000 reads per cell. Illumina base call files for all librar-
ies were demultiplexed and converted to FASTQs using bcl2fastq 
v2.20.0.422 (Illumina, RRID:SCR_015058). The Cell Ranger pipeline 
(10X Genomics, version 6.0.0, RRID:SCR_017344) was used to align 
reads to the mouse reference GRCm38.p93 (mm10 10X Genomics ref-
erence 2020-A), deduplicate reads, call cells, and generate cell by gene 
digital count matrices for each library. The resultant count matrices 
were uploaded into PartekFlow (version 10.0.22.0428) for downstream 
analysis and visualization. This included log transformation of count 
data, principal component analysis, graph-based clustering from the 
top 20 principal components using the Louvain algorithm, Uniform 
Manifold Approximation and Projection (UMAP) visualization, and 
pathway enrichment analysis. Trajectory and pseudotime analyses 
were performed using Monocle 3 (RRID:SCR_018685).

Statistical Analysis
No sample group randomization or blinding was performed. All 

statistical tests, including evaluation of the normal distribution of 
data and examination of variance between groups being statisti-
cally compared, were assessed using Prism 9 software (GraphPad, 
RRID:SCR_002798).

Data Availability Statement
All data in this study are deposited in the NCBI Gene Expression 

Omnibus (RRID:SCR_005012) under accession numbers GSE189406 
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