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IntroductIon
Age-induced alterations in hematopoiesis, including reduc-
tion in functional B and T lymphocytes and expansion of 
myeloid cells, are associated with numerous hematopoietic 
pathologies (Wahlestedt et al., 2015). These cellular changes 
are associated with and can be driven by age-dependent de-
cline in hematopoietic stem cell (HSC) function (Morrison 
et al., 1996) and biased HSC fate toward myeloerythroid lin-
eages at the expense of lymphoid (Rossi et al., 2005; Beerman 
et al., 2010; Dykstra et al., 2011). The hierarchical structure of 
hematopoiesis defines the production of multipotent progen-
itors (MPPs) from HSCs (Christensen and Weissman, 2001), 
which serve as effector cells to tailor output of myeloid and 
lymphoid lineages. Recently, a major role for the MPP com-
partment in long-term blood production during steady-state 
hematopoiesis has been uncovered by in vivo lineage-tracing 
studies (Sun et al., 2014; Busch et al., 2015), highlighting the 
importance of further study of this compartment and its con-
tribution to hematopoietic aging and pathology.

Within the heterogeneous MPP compartment, the 
brightest ∼25% of Flk2-expressing cells represent lym-
phoid-primed MPPs (LMPPs; Adolfsson et al., 2005). 
Additionally, differential expression of CD150, CD48, and 
Flk2 defines myeloid-biased MPP2 and MPP3 and lym-
phoid-primed MPP4 (Wilson et al., 2008; Cabezas-Wallscheid 

et al., 2014; Pietras et al., 2015). It remains undetermined as to 
whether the process of aging dynamically alters the composi-
tion and functional output of the MPP compartment.

To identify age-dependent cellular and molecular 
changes in the MPP compartment, we systematically exam-
ined MPP composition with aging and combined single-cell 
transcriptome and functional studies of MPP4/LMPP. We 
found that aging induces increased cycling, loss of lymphoid 
priming, and differentiation potential of MPP4/LMPP cells. 
In vivo transplantation of aged LMPPs into a young BM mi-
croenvironment demonstrates cell-autonomous defects in 
lymphoid production and skewing toward myeloid cell pro-
duction. Together, this suggests that early alterations in the 
MPP compartment may be the effectors of lymphoid cell loss 
in aging hematopoiesis.

results and dIscussIon
aging-induced loss of lMPPs
We began by examining alterations in BM frequency of long-
term HSCs (LT-HSC), short-term HSCs (ST-HSCs), MPP2, 
MPP3, MPP4, and LMPPs with age using defined markers 
(Fig.  1  A; Adolfsson et al., 2005; Wilson et al., 2008; Piet-
ras et al., 2015). Analysis of C57BL/6J female mice between 
2 and 28 months old (mo) revealed a significant increase in 
BM frequency of LT-HSCs and ST-HSCs as early as 8 mo 
(Fig. 1 B), consistent with known phenotypic HSC expan-
sion with aging (Rossi et al., 2005). Increased frequency of 
MPP2 was observed at 28 mo, consistent with reported mo-
lecular and functional megakaryocyte/erythroid bias of aged 
HSCs (Grover et al., 2016; Rundberg Nilsson et al., 2016). 

declining immune function with age is associated with reduced lymphoid output of hematopoietic stem cells (Hscs). currently, 
there is poor understanding of changes with age in the heterogeneous multipotent progenitor (MPP) cell compartment, which 
is long lived and responsible for dynamically regulating output of mature hematopoietic cells. In this study, we observe an early 
and progressive loss of lymphoid-primed MPP cells (lMPP/MPP4) with aging, concomitant with expansion of Hscs. transcrip-
tome and in vitro functional analyses at the single-cell level reveal a concurrent increase in cycling of aging lMPP/MPP4 with 
loss of lymphoid priming and differentiation potential. Impaired lymphoid differentiation potential of aged lMPP/MPP4 is not 
rescued by transplantation into a young bone marrow microenvironment, demonstrating cell-autonomous changes in the MPP 
compartment with aging. these results pinpoint an age and cellular compartment to focus further interrogation of the drivers 
of lymphoid cell loss with aging.
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In contrast, a significant, progressive decline in BM frequen-
cies of MPP4 and LMPPs was observed by 12 and 8 mo, 
respectively. To compare this phenotype with previous studies 
of an aging-induced shift in lineage-biased HSC composi-
tion (Beerman et al., 2010; Challen et al., 2010; Dykstra et 
al., 2011), we examined CD150hi (myeloid biased), CD150int 
(balanced), and CD150lo (lymphoid biased) HSCs (Fig. 1 C; 
Beerman et al., 2010; Morita et al., 2010). We observed sig-
nificant increase in frequency of CD150hi HSCs by 12 mo 
and of CD150int HSCs by 28 mo (Fig. 1 D). Although this 
defines an overall myeloid skewing of the HSC compartment 
mediated by expansion of CD150hi HSCs, we find that lym-
phoid-biased HSCs (CD150lo) are not specifically depleted 
with aging. These data suggest that MPP4/LMPP loss with 
aging may be independent of alterations in the lymphoid- 
biased CD150lo HSC compartment.

Downstream lymphoid-committed progenitors includ-
ing common lymphoid progenitors (CLPs) and common 
dendritic cell progenitors (CDPs) are depleted with aging 
(Miller and Allman, 2003; Min et al., 2006; Grover et al., 
2016; Xiao et al., 2016). We observed significant decreases in 
BM frequency of CLPs and M-CSFR− CDPs at 14 and 28 
mo, respectively (Fig. 1 E and Fig. S1), older ages than our 
observed loss of MPP4/LMPP cells, suggesting that loss of 
MPP4/LMPP may underlie reduction in output of commit-
ted progenitors and mature lymphoid cell types with aging.

single-cell transcriptome analysis identifies altered cycling 
and lymphoid priming of aged lMPPs
We performed single-cell RNA sequencing (scRNA-seq) 
using the C1 Autoprep system on LMPPs isolated by FACS 
from 4- and 14-mo mice. After stringent filtering, we retained 
54 and 40 libraries from 4-mo and 14-mo LMPPs, respectively. 
Mean gene expression in single cells was well correlated with 
expression in bulk LMPP cells (Pearson; r = 0.701 ± 0.026; n = 
4). Principal component analysis revealed separation between 
4- and 14-mo LMPPs (Fig. 2 A). Gene set enrichment analysis 
(GSEA) focusing on hallmark gene sets (Subramanian et al., 
2005) identified significant enrichment (P < 0.05; false discov-
ery rate [FDR] < 0.25) of cell cycle–related gene signatures in 
14-mo LMPPs. To further dissect cell cycle state, we scored cells 
via mean expression of G1/S transition, S, and G2/M phase–
specific signatures to define three groups of cells: G0, G1, and 
S/G2/M (Fig. 2 B; Kowalczyk et al., 2015; Tsang et al., 2015). 
The frequency of cells in S/G2/M was significantly increased 
in 14- versus 4-mo LMPPs (67.5% vs. 42.5%; P = 0.0097;  
hypergeometric test), suggesting increased cycling of LMPPs 
with aging. Short-term (1 h) in vivo 5-ethynyl–2’-deoxyuri-
dine (EdU) incorporation experiments directly confirmed in-
creased proliferation of MPP4 cells by 8 mo (Fig. 2 C and Fig. 
S2). Consistent with previously reported reduction in BrdU 
incorporation by aged HSCs (Janzen et al., 2006), we observed 
increased quiescence of LT-HSCs at 28 mo (Fig. 2 D). In MPP3 
cells, we observed increased cycling by 14 mo, demonstrating 
additional cell cycle changes within the MPP compartment.

To interrogate lineage priming and specification in 
our LMPP scRNA-seq data, we performed bulk RNA-seq 
to define a lymphoid-priming signature (genes up-regulated  
in CLPs or LMPPs vs. granulocyte-macrophage progen-
itors [GMPs] at log fold change >2; FDR < 0.05) and a 
myeloid-priming signature (genes up-regulated in GMPs 
vs. CLPs or LMPPs). Testing enrichment of these signatures 
in our scRNA-seq data revealed significant enrichment of 
the lymphoid-priming signature in 4-mo LMPPs (Fig. 2 E). 
Published lymphoid (CLP), pre–granulocyte-macrophage 
(preGM), megakaryocyte progenitor (MkP), and pre-CFU 
erythroid (preCFU-E) gene signatures independently con-
firmed enrichment of a lymphoid (CLP) signature in 4-mo 
LMPPs. To compare relative lymphoid priming between 
single cells, we quantitated the mean expression of lym-
phoid driver genes identified by GSEA in each cell, includ-
ing genes up-regulated during B lymphocyte differentiation 
from LMPPs (Fos, Jun, Gm2a, Tmem173, and Pde4b; Ng et 
al., 2009; Mercer et al., 2011) and the Ebf1-activated gene 
Dusp2 (Vilagos et al., 2012). We observed that the lymphoid- 
priming driver gene score was significantly decreased in 
14-mo LMPPs (Fig. 2 F). On a per-cell basis, 14 out of 40 
(35%) sampled 14-mo LMPPs had a lymphoid priming driver 
gene score below the range observed in 4-mo LMPPs. These 
results suggest a deficiency in expression of lymphoid-priming 
genes as a consequence of aging in the LMPP compartment.

novel culture conditions to concurrently support lymphoid 
and myeloid differentiation
Although myeloid differentiation potential of MPP4/
LMPPs can be interrogated using methylcellulose-based as-
says (M3434), lymphoid differentiation of de novo isolated 
MPP4/LMPPs is not robust in methylcellulose (M3630 with 
stem cell factor [SCF] + flt-3 ligand [Flt3L]; Fig. 3 A). To de-
velop a unified in vitro system to interrogate both lymphoid 
and myeloid differentiation potential, we cultured LMPPs 
for 48  h with several defined growth factor combinations 
(Fig.  3 B). The results of this screen identified a combina-
tion of five growth factors (SCF, IL-7, leukemia inhibitory 
factor [LIF], IL-3, and IL-6) that stimulated B cell differ-
entiation of LMPPs to a greater degree than the previously 
defined combination of SCF, IL-7, and Flt3L (Månsson et 
al., 2007) or when Flt3L was substituted for LIF (SCF, IL-7, 
Flt3L, IL-3, and IL-6; Fig. 3 C). This assay allowed assessment 
of lymphoid potential from ST-HSCs, MPP3, MPP4, and 
LMPPs, also simultaneously supporting myeloid differentia-
tion (Fig. 3, D and E).

single-cell functional analysis reveals 
lymphoid defect in aged lMPPs
To assess functional alterations in LMPPs with aging, we 
adapted our 48-h culture system to a single-cell assay 
(Fig. 4 A). The proportion of single LMPP cells prolifer-
ating in culture increased with aging (Fig.  4 B), and we 
observed significantly higher median number of cells gen-
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Figure 1. MPP composition is altered with aging. (A) FACS gating showing frequency of HSC and MPP subsets in representative 2-mo, 14-mo, and 
28-mo mice. The inset table defines surface markers used for cell isolation. FSC, forward side scatter. (B) Frequency of HSC and MPP subsets in whole BM 
identified by FACS analysis. Bars denote the mean of 2–4 mo (n = 25), 6 mo (n = 5), 8 mo (n = 7), 12 mo (n = 5), 14 mo (n = 3), and 28 mo (n = 10) assessed 
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erated from single LMPPs from 28-mo mice (Fig.  4 C). 
Short-term BrdU incorporation (1  h) at the end of the 
48-h culture period confirmed increased cycling of 28-mo 
LMPPs (Fig.  4  D). After 48-h culture, seeding cells into 
myeloid and lymphoid methylcellulose assays revealed a re-
duction in differentiation potential with aging (Fig. 4 E). 
Interrogating the lineage potential of single LMPPs in this 
assay revealed that cells with lymphoid potential (preB/M 
in M3630 assay) were significantly reduced in frequency 
with aging, and cells with myeloid-restricted potential 
(GM, G, or M in M3434 assay) trended toward increased 
frequency with aging (Fig. 4 F). Together, these data sug-
gest that increased proliferation in the LMPP/MPP4 com-
partment is accompanied by functional lineage skewing, 
impairing lymphoid differentiation and also promoting 
myeloid differentiation.

cell-autonomous in vivo lineage skewing of aged lMPPs
To interrogate functional changes in LMPPs in vivo, we trans-
planted 5,000 LMPPs isolated from 2-mo, 8-mo, or 28-mo 
CD45.2 mice into sublethally irradiated 2-mo CD45.1 recip-
ient mice (Fig. 5 A). We observed significant impairment in 
peripheral blood reconstitution of 8-mo and 28-mo LMPPs 
versus 2-mo LMPPs (Fig. 5 B), confirming an age-dependent 
intrinsic decrease in the ability of LMPPs to sustain pro-
duction of mature progeny. The reconstitution dynamics of 
LMPPs (Fig. S3) demonstrate predominant granulocyte and 
macrophage production at 1 wk after transplant (Fig. 5 C), a 
shift to B cell production at 2 wk (Fig. 5 D) that is dominant 
at 3 wk (Fig. 5 E), and a shift to T cell production initiated 
at 4 wk (Fig. 5 F). We observed that granulocyte produc-
tion was significantly increased from 28-mo mice, whereas 
B cell production was significantly decreased, supporting 
a cell-intrinsic lineage skewing of aging LMPPs toward  
myeloid cell production at the expense of B cell production. 
Together, our data demonstrate an early and progressive loss 
of LMPP/MPP4 cells with aging that may be initiated in-
dependently of alterations in HSCs. Within aged LMPP/
MPP4 cells, increased cycling is concomitant with loss of 
molecular lymphoid priming, and differentiation potential 
is skewed toward the myeloid lineage at the expense of lym-
phoid lineage production.  Although defects in LMPP/MPP4 
are cell autonomous and not fully rescued by transplantation 
into a young microenvironment, future investigation into the 
cell-intrinsic and cell-extrinsic alterations initiating LMPP/
MPP4 loss and lineage skewing with aging will be a critical 
to define the drivers of hematopoietic aging.

MaterIals and MetHods
Mice
C57BL/6J and B6.SJL female mice were obtained from 
and aged within The Jackson Laboratory, with some con-
tributed by D. Harrison, S. Ackerman, and G. Howell (The 
Jackson Laboratory, Bar Harbor, ME). For all experiments, 
mice were used at ages 2–4, 6, 8, 12, 14, or 28 mo. The An-
imal Care and Use Committee at The Jackson Laboratory 
approved all animal studies.

Isolation of hematopoietic stem and progenitor cells
BM mononuclear cells from the iliac crest, femur, and tib-
iae were isolated by Ficoll-Paque density centrifugation 
(GE Healthcare). Mononuclear cells were stained with flu-
orochrome-conjugated anti–c-Kit (clone 2B8), Sca-1 (clone 
E13-161.7), CD16/32 (clone 93), CD34 (clone RAM34), 
CD150 (clone mShad150), Flk2 (clone A2F10), CD48 (clone 
HM48-1), CD127 (clone A7R34), CD115 (clone AFS98), 
mature Lin markers (CD11b, Gr-1, B220, CD3, and Ter119), 
and viability stain (propidium iodide or DAPI). Cells were 
isolated with a FAC SAria flow cytometer (BD) with dou-
blet discrimination or data were collected on an LSR II 
flow cytometer (BD). The purity of sorted populations was 
≥97%. FACS data were analyzed using FlowJo (Tree Star). 
For single-cell assays, single cells were sorted into a 96-well 
plate using an advanced cell deposition unit and visually 
confirmed by microscopy.

scrna-seq library preparation and analysis
LMPPs isolated from pooled 4-mo or 14-mo mice were resus-
pended at a concentration of 200 cells/µl and loaded onto the 
C1 Single-Cell Auto Prep Integrated Fluidic Circuit for cap-
turing 5–10 µm cells (Fluidigm), with loading buffer includ-
ing LIVE/DEAD Viability/Cytotoxicity staining (Thermo 
Fisher Scientific). Images of captured cells were collected with 
a microscope (AxioObserver.Z1; ZEI SS) in brightfield, GFP, 
and CY3 channels using ZenPro software. Single-cell RNA 
extraction and mRNA amplification were performed follow-
ing manufacturer’s recommendations including exogenous 
spike-in controls. cDNA was quantified using the Quant-iT 
PicoGreen dsDNA Assay kit (Thermo Fisher Scientific) and 
a high-sensitivity DNA chip (Agilent Technologies) and was 
diluted to a final concentration of 0.15–0.3 ng/µl. Diluted 
cDNA reaction products were used to generate scRNA-seq 
libraries using the Nextera XT DNA Sample Preparation kit 
(Illumina). After PCR amplification, all samples were pooled, 
purified, and quantified using a high-sensitivity DNA chip. 

in five independent experiments. (C) FACS gating showing frequency of CD150hi, CD150int, and CD150lo HSCs in representative 2-mo and 28-mo mice. (D) 
Frequency of CD150hi, CD150int, and CD150lo HSCs in whole BM identified by FACS analysis. Error bars denote mean ± SEM of 2–4 mo (n = 25), 6 mo (n = 
5), 8 mo (n = 7), 12 mo (n = 5), 14 mo (n = 3), and 28 mo (n = 10) assessed in five independent experiments. (E) Frequency of CLP and CDP subsets in BM 
identified by FACS analysis. Bars denote the mean of 2–4 mo (n = 25), 6 mo (n = 5), 8 mo (n = 7), 12 mo (n = 5), 14 mo (n = 3), and 28 mo (n = 10) assessed 
in five independent experiments. (B, D, and E) P-values were generated by one-way ANO VA with Dunnett’s multiple comparisons test. *, P < 0.05; **, P < 
0.01; ***, P < 0.001. HSCLT, LT-HSC; HSCST, ST-HSC.
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Libraries were paired-end sequenced using a HiSeq 2500 
sequencing system (Illumina). We sequenced 96 libraries per 
rapid-run flow cell, generating ∼15 × 106 reads per library. An 
index for RNA-seq by expectation maximization (RSEM) 
was generated on the basis of the Ensembl mm10 transcrip-
tome downloaded from the University of California, Santa 
Cruz Genome Browser (23,637 total genes). Read data were 

aligned directly to this index using RSEM/bowtie. Quantifi-
cation of gene expression levels in tags per million (TPM) for 
all genes in all samples was performed using RSEM (v1.2.8). 
Before all subsequent analyses, we filtered the data as previ-
ously described (Kowalczyk et al., 2015). First, we filtered out 
cells with <2,500 genes with log2(TPM + 1) > 2. Second, 
we excluded genes that were log2(TPM + 1) < 4 in aggre-

Figure 2. Increased cycling and loss of lymphoid priming in aged lMPP/MPP4. (A) Loading plot of principal components (PC) 1–3 from principal 
component analysis of 4-mo (n = 54) and 14-mo (n = 40) LMPP scRNA-seq data. Percent contribution of each principal component to total variation is 
shown. (B) Mean expression of G1/S transition genes (x axis) and S + G2/M genes (y axis) in each 4-mo (n = 54) and 14-mo (n = 40) LMPP scRNA-seq library. 
Boxed groups represent predicted G0, G1, and S + G2/M cell cycle phases. (C) Frequency of MPP4 in G0/G1, S, or G2/M defined by in vivo EdU incorporation 
and FACS analysis. (D) Frequency of LT-HSCs, MPP2, and MPP3 in G0/G1, S, or G2/M defined by in vivo EdU incorporation and FACS analysis. (C and D) Bars 
denote the mean of 2 mo (n = 3), 8 mo (n = 3), 14 mo (n = 2), and 28 mo (n = 2) in two independent experiments. (E) Enrichment of lymphoid-priming, my-
eloid-priming, MkP, CLP, preGM, and preCFU-E gene signatures in 4-mo (n = 54) versus 14-mo (n = 40) LMPP scRNA-seq data. NES, normalized enrichment 
score. (F) Mean expression of lymphoid-priming driver genes in each scRNA-seq library. Bars denote the mean of 4 mo (n = 54) and 14 mo (n = 40). (C, D, 
and F) P-values were generated by unpaired, two-tailed Student’s t tests. *, P < 0.05; ***, P < 0.001.



Aging alters multipotent hematopoietic progenitors | Young et al.2264

gated data. Third, we centered the data by subtracting from 
each gene its mean expression (log2[TPM + 1]) across all cells. 
After filtering, our dataset included 94 single cell transcrip-
tomes, 54 representing 4-mo LMPPs and 40 representing 
14-mo LMPPs, and 1,467 genes. These libraries had <20% of 
counts mapping to mitochondrial genes (4.64 ± 3.13%; mean 
± SD). Principal component analysis was performed using 
the R stats prcomp() function with variables scaled for unit 
variance and a 0.05 tolerance. GSEA was performed with the 
javaGSEA application (version 2.0.14) with the default set-
tings (Subramanian et al., 2005). Enrichment was considered 
significant if FDR < 25% and P < 0.05. Cell cycle genes were 
defined as those cycling (G1/S, S, and G2/M) in synchronized 
HeLa cells (Whitfield et al., 2002; Kowalczyk et al., 2015). We 
refined this list by only including genes present in our filtered 
dataset. We plotted the mean of the G1/S transition signa-
ture versus the mean of the S + G2/M signatures for each 
cell. Lineage-specific gene sets (CLP, PreGM, MkP, and pre-
CFU-E) were previously published (Sanjuan-Pla et al., 2013). 

Comparison with bulk RNA-seq libraries was performed by 
calculating the geometric mean of all 4-mo or 14-mo LMPP 
scRNA-seq data (log2[TPM + 1]) and comparing with the 
bulk RNA-seq log2(TPM + 1). Pearson correlation coeffi-
cients were calculated based on linear fit.

Bulk rna-seq
Four independent biological replicates of bulk 
LMPPs (20,000–32,000 cells; Lin−Sca-1+c-Kit+-

Flk2+CD150−CD34+), GMPs (30,000–61,000 cells; Lin−Sca-
1−c-Kit+CD150−CD34+CD16/32+), or CLPs (8,500–28,142 
cells; Lin−Sca-1loc-KitloFlk2+CD127+) isolated from 4-mo 
C57BL/6J female mice were sorted directly into 350 µl RLT 
buffer (QIA GEN) and flash frozen. Total RNA was isolated 
(QIA GEN), including DNase treatment. RNA was processed 
using an Ovation RNA-Seq kit (V2; NuGen). After shear-
ing, a TruSeq DNA sample prep kit (v2; Illumina) was used 
to prepare libraries. Libraries were sequenced on the HiSeq 
2000 platform (Illumina) at a sequencing depth of >35 mil-

Figure 3. novel in vitro culture conditions supporting concurrent B cell and myeloid cell production. (A) CFUs per 100 de novo isolated HSC and 
progenitor cell subsets plated into myeloerythroid-promoting M3434 (left) or preB-promoting M3630 (right) methylcellulose media. Results are shown as 
mean ± SEM of ST-HSCs (n = 3), MPP2 (n = 3), MPP3 (n = 3), MPP4 (n = 3), LMPPs (n = 4), CLPs (n = 4), and CDPs (n = 2) in two independent experiments. 
(B) Schematic of in vitro assay design. (C) CFUs per 100 LMPPs after 48-h culture with denoted cytokine cocktails. Results are mean ± SEM of n = 3 in three 
independent experiments. (Right) Representative CFU images. Bars, 200 µm. (D) CFUs per 100 input HSC and progenitor cell subsets after 48-h culture fol-
lowed by plating in M3434 (left) or M3630 (right). Results are shown as mean ± SEM of ST-HSCs (n = 5), MPP2 (n = 3), MPP3 (n = 3), MPP4 (n = 3), LMPPs 
(n = 6), CLPs (n = 6), and CDPs (n = 3) in three independent experiments. GEMM, granulocyte, erythroid, macrophage, and megakaryocyte. (E) Representative 
FACS analysis and Wright-Giemsa staining (inset) of cells isolated from single colonies. Cell surface markers against macrophages (CD11b), granulocytes 
(Gr-1), and B cells (B220) were used. Bars, 10 µm. L, lymphocyte; Mo, macrophage; PMN, granulocyte.
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lion reads per sample. Transcript abundances were estimated 
for each RNA-seq sample using RSEM. Read counts esti-
mated for each gene by RSEM were given as input to the  
R package edgeR for differential expression analysis (Rob-
inson et al., 2010). Genes were considered differentially ex-
pressed among LMPPs, GMPs, and CLPs based on log fold 
change >2 and FDR <0.05 criteria.

In vivo cell cycle analysis
Mice were injected with 50 mg/kg EdU for 1 h before BM 
harvest. Sorted LT-HSCs and MPP2, MPP3, and MPP4 cells 
were processed using a Click-iT Edu Flow Cytometry Assay 
kit (Thermo Fisher Scientific).

liquid culture
Isolated populations were cultured in a 96-well plate in 
a total volume of 50 µl (single cells) or 100 µl (bulk cul-
ture) of IMDM supplemented with 10% FCS and combi-
nations of the cytokines rmIL-3 (10 ng/ml), rmIL-6 (10 
ng/ml), rmSCF (100 ng/ml), rmIL-7 (20 ng/ml), rmFlt3L 
(25 ng/ml; PeproTech), and rmLIF (20 ng/ml; Gibco) for 
48  h at 37°C and 5% CO2. After 48  h, the cellular con-
tents of each well were harvested, washed, resuspended in 
IMDM with 2% FCS, and split in equal volume into the 
CFU assay media described in the next paragraph. For sin-
gle-cell culture, before seeding in the CFU assay, each well 

was examined under an inverted light microscope to count 
the number of cells in each well. For BrdU experiments, 
cells were cultured for 1 h with 10 µM BrdU and analyzed 
using a BrdU Flow kit (BD).

cFu assay
De novo isolated or post–48-h liquid culture cells were 
plated in MethoCult GF M3434, supporting myeloid and 
erythroid differentiation, or MethoCult GF M3630, sup-
porting preB cell differentiation (STE MCE LL Technolo-
gies), supplemented with 0–20 ng/ml rmFlt-3L and 0–100 
ng/ml rmSCF (PeproTech), and cultured at 37°C and 5% 
CO2. Colonies were scored between days 7 and 10 after 
plating, and images were captured using an inverted mi-
croscope (Diaphot 200; Nikon) at 4× with SPOT imag-
ing software (v.5.0.15). Single representative colonies were 
isolated and used to confirm cell lineage by FACS analysis 
for the surface markers CD11b (M1/70), Gr-1 (RB6-8C5), 
and B220 (RA3-6B2) and Wright-Giemsa staining of 
fixed cytospins. Cytospin images were captured using an 
inverted microscope (Eclipse E200-LED; Nikon) at 100× 
with SPOT imaging software.

In vivo transplantation analysis
B6.SJL (CD45.1) recipient mice were sublethally irradiated 
(600 rads) and were reconstituted by sorted donor LMPPs 

Figure 4. Impaired lymphoid differentia-
tion of aged lMPPs in vitro. (A) Schematic of 
single-cell assay design. (B) Frequency of wells 
found to contain one or more cells after 48-h 
culture of single LMPP cells. Dots represent a 
single plate of n = 96 single cells. Bars rep-
resent the mean of n = 2 independent exper-
iments. (C) Number of cells counted per well 
after 48-h culture of single LMPP cells. Dots 
represent individual wells. Bars represent the 
mean of n = 288 collected in three indepen-
dent experiments. (D) Frequency of BrdU+ cells 
after 48-h culture of LMPP cells by FACS anal-
ysis. Dots represent independent experiments, 
and bars represent the mean of n = 3. (E) Fre-
quency of wells found to form CFUs after 48-h 
culture of single LMPP cells and plating in 
methylcellulose assays. Dots represent a single 
plate of n = 96 single cells. Bars represent the 
mean of n = 2 independent experiments. (B–E) 
P-values were generated by one-way ANO VA 
with Holm-Sidak’s multiple comparisons test. 
(F) Frequency of wells found to form CFU-pre-
B/M, CFU-GM, or CFU-preB/M/G after 48-h 
culture of single LMPP cells and plating in 
methylcellulose assays. Results are shown as 
mean ± SEM of n = 2–4 in two independent 
experiments. P-values were generated by two-
way ANO VA with Tukey’s multiple comparisons 
test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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(CD45.2) using retroorbital injection. Multilineage periph-
eral blood reconstitution was monitored weekly based on 
flow cytometric analysis of CD45.2, CD45.1, CD11b, Gr-1, 
B220, and CD3 staining.

statistical analysis
Unpaired, two-tailed Student’s t tests, one-way ANO VA 
(Kruskal-Wallis test) followed by Dunnett’s multiple com-
parisons test or Holm-Sidak’s multiple comparisons test, 
or two-way ANO VA followed by Tukey’s multiple com-
parisons test were used for determining significance of the 
results as appropriate for the data type. *, P < 0.05; **, P 
< 0.01; ***, P < 0.001.

data access
Bulk and scRNA-seq data are deposited in Gene Expression 
Omnibus (accession nos. GSE77736 and GSE77740).

online supplemental material
Fig. S1 shows the flow cytometry gating strategy for 
committed lymphoid progenitor cells. Fig. S2 shows the 
flow cytometry gating strategy for EdU incorporation 
and cell cycle analysis. Fig. S3 shows the flow cytome-
try gating strategy for lineage composition of peripheral 
blood in transplanted mice.
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