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1

Abstract

2

Hematopoietic stem cells (HSCs) are responsible for lifelong maintenance and

3

regeneration of the blood system. With aging, loss of HSC function is a major

4

contributor to decline in overall hematopoietic function, leading to increased rate

5

of infection, poor vaccination response, clonal hematopoiesis, and increased risk

6

of hematologic malignancies. While cellular and molecular hallmarks of HSC

7

aging have been defined1-3, the lack of understanding of the nature and timing of

8

the initiating events that cause HSC aging is a barrier to achieving the goal of

9

extending healthy hematopoietic function into older age. Here we discover that

10

hallmarks of HSC aging and myeloid-biased hematopoiesis accumulate by middle

11

age in mice, and that the bone marrow (BM) microenvironment at middle age

12

induces and is indispensable for hematopoietic aging phenotypes. Using

13

unbiased transcriptome-based approaches, we identify decreased production of

14

IGF1 by cells in the middle-aged BM microenvironment as a factor causing

15

hematopoietic stem and progenitor cell aging and show that direct stimulation

16

with IGF1 rescues hallmarks of hematopoietic aging. Declining IGF1 in the BM

17

microenvironment at middle age represents a compelling target for intervention

18

using prophylactic therapies to effectively extend healthspan and to prevent

19

functional decline during aging.

20
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21

Main

22

Hallmarks of HSC and hematopoietic system aging in mice and humans have been

23

largely defined by the binary comparison between young and old individuals1,2,4-8,

24

limiting the understanding of mechanisms causing aging versus alterations that are

25

consequences of aging. To identify initiating mechanisms of aging, we employed a

26

cross-sectional analysis of C57BL/6J mice. In female mice, we found that by 9-12

27

months of age (corresponding to ~36-45 years of age in humans9) many hallmarks of

28

hematopoietic and HSC aging were observed, including increased frequency of myeloid

29

cells relative to lymphoid cells in the blood7 (Fig. 1A, Extended Data Fig. 1A), increased

30

frequency of phenotypic long-term HSCs (LT-HSCs)10,11 (Fig. 1B, Extended Data Fig.

31

1B, gating strategy shown in Extended Data Fig. 1C), increased frequency of LT-HSCs

32

with γH2AX foci12 (Fig. 1C), and loss of polarity of CDC42 and tubulin13 (Fig. 1D). In

33

male mice, we also observed increased frequency of myeloid cells relative to lymphoid

34

cells in the blood, but this occurred beyond 9-12 months of age (Extended Data Fig.

35

1D), indicating potentially distinct sex-specific dynamics14.

36

To further investigate the extent to which middle-aged LT-HSCs resemble old LT-

37

HSCs, we performed RNA sequencing from young (2mo), middle-aged (12mo) and old

38

(22mo) de novo isolated LT-HSCs. Multidimensional scaling of this data revealed that

39

there is modest overlap between middle-aged and old LT-HSCs, and that these are

40

both distinct from the young LT-HSC signature (Fig. 1E). This indicates that middle-

41

aged and old LT-HSCs are more transcriptionally similar to each other than young LT-

42

HSCs but also that middle age may represent a distinct transcriptional state. To assess

43

progressive changes during aging, we derived clusters from all significantly differentially

3
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44

expressed genes (FDR < 0.05, fold change (FC) > 1.5) (Fig. 1F), modeling distinct

45

patterns of expression from young to middle-aged to old LT-HSCs. Clusters 1, 2 and 3

46

(c1 to c3) represented progressively increased expression, peak expression at middle-

47

age that is sustained in old, or peak expression exclusively in old, respectively. These

48

clusters were enriched for similar gene signatures, including immune and inflammatory

49

response, and TNFα signaling. This suggests that while distinct inflammation-related

50

gene modules are engaged in middle-aged versus old LT-HSCs, the overall

51

inflammatory response is likely progressive and cumulative with age. Cluster 8 (c8),

52

representing genes decreased specifically at middle age, was enriched for gene

53

signatures of IL2-Stat5 signaling, Kras signaling, metabolic network and adhesion,

54

suggesting that these pathways may define a distinct, “middle-aged” transcriptional

55

state. We next examined how middle-aged and old LT-HSC expression signatures

56

relate to previously defined myeloid-biased and lymphoid-biased LT-HSCs signatures15.

57

We observed enrichment of myeloid-biased LT-HSC and depletion of lymphoid-biased

58

LT-HSC signatures in both middle-aged and old LT-HSCs (Extended Data Fig. 1E). In

59

addition, many pathways and processes altered in aged human HSCs (65-75 years

60

old)2 were enriched in middle-aged and/or old mouse LT-HSCs, including increased

61

IFNγ response, TNFα signaling, and the p53 pathway, and decreased IL2-Stat5 and

62

Kras signaling (Fig. 1G). Despite significant overlap at the pathway level, examination at

63

the gene level determined that only five genes overlap between aged human HSCs,

64

middle-aged mouse LT-HSCs, and old mouse LT-HSCs, compared to their respective

65

young controls, including Egr1, Socs3, Selp and Fzd1 (Extended Data Fig. 1F;

66

Supplementary Table 1). While this is greater overlap at the gene level than would be

4
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67

expected by chance (P < 2.26x10-6, Fisher’s Exact Test), these results suggest that

68

overlap at the pathway level is driven to a greater degree by distinct genes in aging

69

mouse HSCs and aging human HSCs that regulate common pathways. Together, these

70

findings support that many molecular hallmarks of HSC aging are conserved at the

71

pathway level between mice and humans, and occur as early as middle age in mice.

72

These findings, and the unique transcriptional state of LT-HSCs at middle age, define a

73

novel platform and molecular signature to identify and evaluate efficacy of interventions

74

to extend hematopoietic and immune system healthspan.

75

Whether HSC-intrinsic or extrinsic changes, or a combination of both factors,

76

cause hematopoietic aging is a matter of ongoing debate3,16-21. To evaluate the relative

77

contribution of HSC-intrinsic versus extrinsic changes at middle age, we performed

78

reciprocal transplantation of young, purified LT-HSCs into middle-aged mice (9 months

79

of age) or middle-aged LT-HSCs (12 months of age) into young mice. Purified LT-HSC

80

transplantation into lethally irradiated recipients requires infusion of mature cells to

81

support hematopoiesis through irradiation recovery. As the age of these “support” cells

82

may also influence LT-HSCs, we tested this as a variable in our experimental design.

83

We analyzed the experiment at 24 weeks post-transplant, a time point at which mature

84

hematopoietic lineage composition in both young and middle-aged recipients had

85

returned to steady-state levels, indistinguishable from native non-transplant, age-

86

matched mice (Extended Data Fig. 2A, B). We found that transplant of young LT-HSCs

87

into middle-aged (9 months) recipient mice (YMM; Fig. 2A) increased myeloid cell

88

production and decreased B and T lymphocyte production without altering overall

89

engraftment level (Fig. 2B, Extended Data Fig. 2C), resembling the transplant of middle-

5
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90

aged LT-HSCs into middle-aged recipient mice controls. This phenotype was not

91

reproduced upon transferring middle-aged “support” cells alone (YMY), indicating that

92

the age of the recipient mouse was causative. In the reciprocal experiment, transplant of

93

middle-aged LT-HSCs (12 months) into young recipient mice (MYY; Fig. 2C) restored

94

myeloid and B cell production as well as engraftment level to that observed in young

95

controls (Fig. 2D, Extended Data Fig. 2D). This phenotype was partially recapitulated in

96

the MMY condition, suggesting that the age of support cells can modify engraftment in

97

young recipient mice.

98

To further evaluate how myeloid-biased hematopoiesis in the peripheral blood

99

related to alterations in the BM, we examined proportions of hematopoietic stem and

100

progenitor cells (HSPCs) at 24 weeks post-transplant. It has been described that old

101

HSCs transplanted into old recipient mice have reduced homing and ability to

102

reconstitute the HSPC compartment and hematopoiesis22. Examining our middle-aged

103

(MMM) versus young (YYY) control groups, we found that middle-aged LT-HSCs

104

transplanted into middle-aged recipient mice have a reduced ability to reconstitute

105

HSPC populations including LT-HSC, ST-HSC and MPP3/4 (Fig. 3A, C). Furthermore,

106

examining the ratio of myeloid-restricted progenitors to LT-HSCs revealed greater

107

proportion of myeloid progenitors relative to LT-HSCs in MMM versus YYY control

108

groups (Fig. 3B, D), which correlates to myeloid-biased hematopoiesis observed in the

109

peripheral blood. In our experimental group of young LT-HSCs transplanted into middle-

110

aged recipient mice (YMM), we observed significantly reduced ST-HSC frequency (Fig.

111

3A) and increased ratio of myeloid-restricted progenitor cells to LT-HSCs (Fig. 3B)

112

relative to YYY controls. In the reciprocal experimental group of middle-aged LT-HSCs

6
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113

transplanted into young recipient mice (MMY), we observed significantly increased ST-

114

HSC frequency (Fig. 3C) and decreased ratio of myeloid-restricted progenitor cells to

115

LT-HSCs (Fig. 3D). This led us to hypothesize that the young BM microenvironment

116

may restore lineage-balanced differentiation of middle-aged LT-HSCs by reducing their

117

myeloid-biased transcriptional program. To test this hypothesis, we performed RNA

118

sequencing on donor-derived LT-HSCs purified from these transplants (Fig. 3E). We

119

found that middle-aged LT-HSCs re-isolated from young recipients transcriptionally

120

cluster with young controls using multidimensional scaling (Extended Data Fig. 3A). Of

121

the 293 significantly differentially expressed genes (FDR < 0.05, FC > 1.5) in young

122

versus middle-aged LT-HSCs re-isolated from control transplants, 102 of these were

123

restored in expression following transplant of middle-aged LT-HSCs into the young

124

recipient BM microenvironment (P < 1x10-16 using Fisher’s Exact Test) (Fig. 3E,

125

Supplementary Table 2). Within these 102 genes, the most abundantly represented

126

group downregulated in middle-aged LT-HSCs in a young microenvironment (MMY)

127

were regulators of myeloid differentiation (ex. Cybb, Ltf, Mpeg1). Genes upregulated in

128

middle-aged LT-HSCs in a young environment were involved in cellular metabolic

129

processes (ex. Pcbd1, Gpt2, Sult2b1). At a pathway level, signatures that correlated to

130

functional rejuvenation included reduction in myeloid differentiation, Cebpα network,

131

and immune system response (Extended Data Fig. 3B). Taken together, these results

132

suggest that at middle age, the BM microenvironment induces and is indispensable for

133

myeloid-biased hematopoiesis.

134
135

Next, we used an unbiased approach to generate a list of candidate cytokines or
growth factors that may be altered in the milieu of the middle-aged BM

7
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136

microenvironment. Our strategy at that time was to utilize known transcriptional changes

137

between young and middle-aged multipotent progenitor cells from our published single-

138

cell RNA-seq data23 as input into Ingenuity Pathway Analysis (IPA) Upstream Regulator

139

analysis. This analysis predicts upstream cytokines and growth factors, increased or

140

decreased, which would result in the observed transcriptional changes. This analysis

141

predicted several upstream signaling molecules potentially altered in the middle-aged

142

BM microenvironment including increased IGF2, and reduced NRG1, IGF1, TGFβ1 and

143

EGF (Fig. 4A). We confirmed by IPA analysis of our RNA-seq data comparing young

144

and middle-aged LT-HSCs (Fig. 1E, F) that IGF1, NRG1, IGF1, TGFβ1 and EGF were

145

also predicted to be significantly enriched as upstream regulators (Supplementary Table

146

3). Reduced IGF1 in the middle-aged BM microenvironment became our top candidate

147

to functionally test based on several experimental observations: (1) of these candidates,

148

only Igf1 and Igf2 were found to be specifically expressed by non-hematopoietic cells in

149

the BM microenvironment based on single-cell RNA-seq24 (Fig. 4B, Extended Data Fig.

150

4A), (2) decreased concentration of IGF1, but no change in IGF2, was observed in the

151

BM fluid of middle-aged versus young mice (Fig. 4C, Extended Data Fig. 4B), (3) the

152

highest expression of Igf1 in the BM was observed in mesenchymal cells (Fig. 4B) and

153

a bulk population of mesenchymal stromal cells (MSCs; CD45- Ter119- CD31- CD51+)

154

(Fig. 4D), subsets of which have been previously identified as niches for hematopoietic

155

stem and progenitor cells25-28, (4) Igf1 expression in bulk MSCs was decreased in

156

middle-aged compared to young MSCs (Fig. 4D), and (5) the major receptor for IGF1

157

signaling, Igf1r, was expressed in hematopoietic stem and progenitor cells (Extended

158

Data Fig. 4C). We then experimentally evaluated whether genetic loss of IGF1 would be

8
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159

sufficient to cause hematopoietic aging phenotypes. We conditionally deleted Igf1 in the

160

environment by transplanting wild-type BM hematopoietic cells into tamoxifen-inducible

161

Igf1-floxed mice (Igf1fl/fl; Cre-ERT2) and administering tamoxifen after recovery from

162

transplantation to avoid the confounding role of Igf1 in irradiation response29. We found

163

that the Igf1-deficient environment increased myeloid cell production and decreased B

164

lymphoid cell production from wild-type hematopoietic cells without altering overall

165

engraftment level (Fig. 4E, Extended Data Fig. 4D). Conditional deletion of Igf1r on

166

donor hematopoietic cells (Igf1rfl/fl; Mx1-Cre) transplanted into wild-type recipient mice

167

also resulted in increased myeloid cell production and decreased B lymphoid cell

168

production without altering overall engraftment level (Extended Data Fig. 4E). These

169

data support a model that a decrease in IGF1 signaling, caused by either reduction in

170

environment-produced IGF1 or reduction in expression of IGF1R on hematopoietic

171

cells, is sufficient to cause myeloid-biased hematopoiesis.

172

To discern the effects of systemic (liver-derived) versus local (BM

173

microenvironment-derived) IGF1 on hematopoiesis, we utilized an inducible Nestin-

174

CreER model30,31. For this experiment, an inducible Cre model was critical given the

175

embryonic lethality of Igf1 knockout mice32 and the importance of Igf1 in skeletal

176

patterning during development33, which could confound interpretation of results when

177

using Cre drivers in the BM microenvironment that are expressed developmentally. We

178

transplanted wild-type BM hematopoietic cells into Igf1fl/fl; Nestin-CreER mice and

179

administered tamoxifen after recovery from transplantation. We found that transplant

180

into Igf1fl/fl; Nestin-CreER recipients increased myeloid cell production and decreased B

181

lymphoid cell production without altering overall engraftment level (Fig. 4F, Extended

9

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.11.198846; this version posted July 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

182

Data Fig. 4F). As the liver is the main source of circulating IGF135 and Igf1fl/fl; Nestin-

183

CreER mice do not induce deletion of Igf1 in the liver (Extended Data Fig. 4G), we

184

conclude that decrease in IGF1 in the local BM microenvironment is sufficient to cause

185

myeloid-biased hematopoiesis.

186

To further evaluate the direct role of BM microenvironment-derived IGF1 on

187

hematopoietic stem and progenitor cells, we analyzed the BM of our transplanted Igf1fl/fl;

188

Nestin-CreER mice at 24 weeks post-transplant. Similar to the phenotype observed upon

189

transplantation of young LT-HSCs into middle-aged recipient mice (Fig. 3A, B), we

190

observed that transplant into Igf1fl/fl; Nestin-CreER mice resulted in decreased frequency

191

of LT-HSCs (Fig. 4G), increased frequency of the myeloid-biased multipotent progenitor

192

MPP3, and increased the ratio of myeloid-restricted progenitor cells to LT-HSCs (Fig.

193

4H). Lastly, we performed short-term co-culture of wild-type, purified LT-HSCs seeded

194

onto Igf1fl/fl; Cre-ERT2 BM-derived stroma (Fig. 4I). We found that co-culture with Igf1-

195

deficient BM-derived stroma caused enhanced production of phenotypic myeloid-biased

196

multipotent progenitor (MPP3) cells at the expense of erythroid-biased MPP2 cells36,

197

assessed by cell surface marker staining and flow cytometry. Together, these results

198

support that decreased production of IGF1 by the middle-aged BM microenvironment is

199

sufficient to cause myeloid-biased hematopoiesis and directly impacts HSPCs.

200

We next asked whether stimulation of middle-aged LT-HSCs with IGF1 could

201

rejuvenate these cells at the functional and molecular levels. We isolated and treated

202

middle-aged LT-HSCs with recombinant IGF1 in vitro for 20 min and found increased

203

phosphorylation of IGF1R and downstream AKT (Fig. 5A,B), supporting that these cells

204

are capable of directly responding to IGF1. IGF1 stimulation of middle-aged LT-HSCs

10
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205

for two days in vitro resulted in reduced myeloid differentiation (Extended Data Fig. 5A).

206

We next tested the effect of IGF1 directly on middle-aged LT-HSCs using a polyvinyl

207

alcohol (PVA)-based culturing method recently shown to maintain and expand

208

functional HSCs37, followed by transplantation into recipient mice (Fig. 5C). A single

209

spike-in of recombinant IGF1 at the start of these cultures resulted in decreased

210

myeloid cell differentiation and increased B lymphocyte differentiation in vivo, without

211

altering overall engraftment level (Fig. 5C, Extended Data Fig. 5B). At a molecular level,

212

short-term (18h) in vitro IGF1 stimulation decreased the frequency of middle-aged LT-

213

HSCs with γH2AX foci (Fig. 5D), and increased polarity of CDC42 and tubulin (Fig. 5E).

214

To examine the immediate transcriptional target genes activated or repressed by IGF1

215

signaling in middle-aged LT-HSCs, we performed RNA-seq after an 18h in vitro

216

stimulation with recombinant IGF1 (Fig. 5F). IGF1 stimulation resulted in differential

217

expression of 154 genes (P (unadj) < 0.015, FC > 1.5) in middle-aged LT-HSCs. Of

218

these, 32 genes were found to be differentially expressed in middle-aged versus young,

219

vehicle-treated LT-HSCs (P < 1x10-16 using Fisher’s Exact Test), including Sla, CD74,

220

Spi1 (PU.1), and Fancc (Supplementary Table 4). At a pathway level, IGF1 stimulation

221

of middle-aged LT-HSCs rescued target genes enriched for PI3K/AKT/mTOR signaling,

222

G2M checkpoint, and xenobiotic metabolism (Fig. 5G), and increased expression of

223

genes enriched in epigenetic-related signatures (Extended Data Fig. 5C). In addition,

224

IGF1 stimulation decreased myeloid-biased LT-HSC and increased lymphoid-biased

225

LT-HSC signatures (Extended Data Fig. 5D). Of note, several pathways were not found

226

to be rescued upon IGF1 stimulation including increased TNFα signaling and IFNγ

227

response, uncoupling these inflammatory pathways from the observed rejuvenation of

11
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228

middle-aged LT-HSCs. Taken together, these results suggest that enhanced local IGF1

229

signaling at middle age can rejuvenate molecular and functional hallmarks of LT-HSC

230

aging.

231
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232

Discussion

233

Here, we have discovered that processes causing impaired hematopoietic function with

234

aging have already been initiated by middle age, including changes in the non-

235

hematopoietic BM microenvironment. This not only establishes the BM

236

microenvironment as a critical component causing hematopoietic aging but also

237

suggests that targeting the BM microenvironment at middle age has strong potential to

238

rejuvenate HSCs and hematopoiesis. Previous studies performing binary comparisons

239

between young and old individuals1,2,4-8 have led to conflicting results with respect to

240

whether HSC-intrinsic or -extrinsic alterations drive aging. Our work supports that, at the

241

time in which some of the hallmarks of aging are first observed, HSC-extrinsic

242

alterations are indispensable for and induce these phenotypes.

243

Previous work by several groups has demonstrated that old HSC function is not

244

improved by transplantation into young recipient mice38-40, suggesting that there is an

245

upper limit on the age at which rejuvenation of aging HSCs by a young BM

246

microenvironment is possible. Our data, both at a functional and transcriptional level,

247

define middle-aged LT-HSCs as being in a unique state where they exhibit some of the

248

hallmarks of HSC aging but remain responsive to extrinsic effects from the BM

249

microenvironment. So, what defines this ‘window of opportunity’ for rejuvenation? While

250

a drop in local IGF1 levels in the milieu of the BM may be potentially used to define the

251

lower boundary, we have also observed that IGF1 levels do not decrease further in old

252

mice and thus cannot be utilized to define the upper boundary of rejuvenation potential,

253

in addition to this being an impractical measurement in live organisms. The

254

transcriptome profiling datasets that we have generated in this study comparing young,

13
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255

middle-aged and old LT-HSCs are an important foundation to begin to predict and

256

evaluate surrogate markers of HSC rejuvenation potential that may be more readily

257

assessed in live organisms. At a mechanistic level, identification of epigenetic-related

258

signatures induced by IGF1 stimulation of middle-aged LT-HSCs supports an intriguing

259

hypothesis that the ‘window of opportunity’ for rejuvenation may be related to the level

260

of HSC-intrinsic epigenetic plasticity.

261

At a mechanistic level, we have discovered that myeloid-biased differentiation,

262

one of the hallmarks of LT-HSC aging, is initiated by declining levels of IGF1 in the local

263

BM microenvironment. While we found reduced myeloid-biased differentiation by

264

stimulating with recombinant IGF1 ex vivo, IGF1 alone did not fully recapitulate the

265

restored HSC function that was achieved by transplanting middle-aged LT-HSCs into a

266

young BM microenvironment. This suggests that additional factors may play a key role

267

in this process. Alternatively, recombinant IGF1 may be insufficient in effectively

268

activating the same downstream pathway(s) that are achieved by locally produced IGF1

269

in vivo. In muscle, heart and skin, it has been demonstrated that local IGF1 plays an

270

autocrine/paracrine role in promoting regeneration and is derived from distinct IGF1 pre-

271

propeptides, distinct from those which contribute to liver-derived, circulating IGF1

272

levels41. In contrast to our reported findings, previous work has demonstrated that both

273

fasting and dietary restriction reduce circulating IGF1 levels and result in beneficial

274

effects on HSC function42,43. This suggests that variables including systemic versus

275

local IGF1, age, and dietary status are relevant variables to be considered in the design

276

of potential prophylactic therapies. We suggest that developing approaches to

277

therapeutically target MSCs to restore local production of IGF1 in the BM

14
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278

microenvironment, or methods to increase downstream AKT or mTOR signaling in

279

middle-aged HSCs, are compelling strategies to preserve healthy function of the

280

hematopoietic system from middle age into older age.

281

Although our study focuses on and provides novel insights into changes that

282

occur in hematopoietic cells at middle age, the changes occurring in the middle-aged

283

BM microenvironment that contribute to these phenotypes have not yet been

284

comprehensively assessed. In particular, while we have defined that Igf1 expression is

285

reduced in a bulk, heterogeneous population of MSCs, and that loss of Igf1 in Nestin-

286

expressing cells in the BM microenvironment can recapitulate middle-aged

287

hematopoiesis phenotypes, we have not comprehensively determined whether there

288

are other subsets of non-Nestin-expressing cells that produce Igf1 and/or play a role in

289

aging HSPC function. Future studies to examine MSC heterogeneity and changes in

290

expression of soluble factors by single-cell RNA-seq, spatial transcriptomics, and

291

lineage tracing will be the ideal approaches to address these questions.

292

Much effort and emphasis has been placed on understanding the role of

293

inflammation in driving aging phenotypes (“inflamm-aging”). The transcriptional studies

294

presented here of young, middle-aged and old LT-HSCs suggest that the impact of

295

inflammation on LT-HSCs is likely progressive and cumulative with age. Our study also

296

demonstrates that rejuvenation of some of the hallmarks of LT-HSC aging at middle age

297

can occur without altering inflammation signatures. This suggests that it may be

298

possible to tease apart pro-regenerative and HSC lineage commitment pathways from

299

inflammation. Whether promoting IGF1 signaling while simultaneously reducing
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300

inflammation would have further benefit in extending hematopoietic healthspan remains

301

to be tested.

302
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303

Methods

304

Mice

305

C57BL/6J female and male mice and B6.SJL-PtprcaPepcb/BoyJ (referred to as

306

B6.CD45.1) mice were obtained from, and aged within, The Jackson Laboratory.

307

Young mice ranged from 2-4mo and middle-aged mice ranged from 9-14mo for

308

experiments, all other ages used are noted in the figures. B6.129(FVB)-Igf1tm1Dlr/J

309

(referred to as Igf1fl/fl) were crossed to B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J (referred

310

to as Cre-ERT2) and were crossed to C57BL/6-Tg(Nes-cre/Esr1*)1Kuan/J (referred to as

311

Nestin-CreER, and B6;129-Igf1rtm2Arge/J (referred to as Igf1Rfl/fl) were crossed to B6.Cg-

312

Tg (Mx1-cre)1Cgn/J mice (referred to as Mx1-Cre). To induce Mx1-Cre recombinase

313

expression, mice were injected once, every other day for five days, by intraperitoneal

314

(IP) injections of 15 mg/kg high molecular weight polyinosinic-polycytidylic acid (pIpC)

315

(InvivoGen). To induce Cre-ERT2 recombinase expression mice received 125 mg/kg

316

tamoxifen for three consecutive days by oral gavage. For liver samples and control,

317

after tamoxifen administration, genomic DNA was extracted from liver, and BM cells for

318

control, for recombination PCR using specified primers (Supplementary Table 5). All

319

mouse experiments and protocols were approved by The Animal Care and Use

320

Committee at The Jackson Laboratory.

321

Peripheral blood analysis

322

Blood was collected from mice via retro-orbital sinus and red blood cells were lysed

323

before staining with CD45.1 (clone A20), CD45.2 (clone 104), B220 (clone RA3-6B2),

324

CD3e (clone 145-2C11), CD11b (clone M1/70), Ly6g (clone 1A8), Ly6c (clone HK1.4),

325

GR-1 (clone RB6-8C5). Stained cells were analyzed on an LSRII (BD) and populations
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326

were analyzed using FlowJo V10. CBCs were performed on collected blood using an

327

Advia 120 Hematology Analyzer (Siemens).

328

Isolation and phenotyping of hematopoietic stem and progenitor cells

329

BM mononuclear cells (MNCs) were prepared from pooled and crushed femurs, tibiae,

330

and iliac crests of each individual mouse. MNCs were isolated by Ficoll-Paque (GE

331

Healthcare Life Sciences) density centrifugation and stained with a combination of

332

fluorochrome-conjugated antibodies: c-Kit (clone 2B8), Sca-1 (clone D7), CD150 (clone

333

TC15-12F12.2), CD48 (clone HM48-1), CD34 (clone RAM34), CD41 (clone MWReg30),

334

EPCR (clone RMEPCR1560), FLT3 (clone A2F10), mature lineage (Lin) marker mix

335

(B220 (clone RA3-6B2), CD11b (clone M1/70), CD4 (clone RM4-5), CD5 (clone 53-7.3),

336

CD8a (clone 53-6.7), Ter-119 (clone TER-119), Gr-1 (clone RB6-8C5)), and the viability

337

stain propidium iodide (PI). For LT-HSC phenotyping, cell frequency was determined

338

based on the following surface marker profiles using a FACSymphony A5 (BD): LT-HSC

339

(SLAM) (Lin- Sca-1+ c-Kit+ Flt3- CD150+ CD48-), LT-HSC (EPCR) (Lin- Sca-1+ c-Kit+

340

CD34- EPCR+), LT-HSC (CD41+) (Lin- Sca-1+ c-Kit+ Flt3- CD150+ CD48- CD41+). LT-

341

HSCs were isolated for all experiments using a FACSAria II (BD) based on SLAM

342

markers. All flow cytometry data was analyzed using FlowJo V10 software.

343

Immunofluorescence Staining of LT-HSCs

344

Staining for γH2AX or CDC42 and tubulin was performed as previously described13,44.

345

As defined by SLAM markers, 2,000 LT-HSCs were sorted directly into 96 well plates

346

containing SFEMII with Pen-Strep and SCF (100 ng/ml), TPO (50 ng/ul), with and

347

without IGF1 (100 ng/ml), (BioLegend, Peprotech and StemCell Technologies) for 16-18

348

hrs at 37oC and 5% CO2. LT-HSCs were plated directly onto retronectin-coated
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349

coverslips and allowed to adhere for 2 hrs at 37oC and 5% CO2. Cells were fixed in 4%

350

PFA (Affymetrix) for 15 mins at 4oC, and permeabilized with 0.2% Triton X-100 (Fisher

351

Scientific) in PBS for 20 mins at room temperature (RT) and blocked with 10% goat

352

serum (Life Technologies) for 20 mins at RT. LT-HSCs were stained with conjugated

353

γH2AX antibody (FITC-conjugated anti-phospho-H2A.X antibody, Biolegend, clone 2F3,

354

1:50 dilution) for 2 hrs at 37oC, washed 3x with PBS and mounted on slides with Gold

355

Antifade with DAPI (Invitrogen). LT-HSCs were stained with rabbit polyclonal anti-

356

CDC42 antibody (Millipore, 1:50 dilution) and rat monoclonal anti-tubulin antibody

357

(Abcam, 1:100 dilution) for 2 hrs at 37oC, then washed 3x with PBS before secondary

358

antibodies, α-Rabbit conjugated with Alexa-568 (Invitrogen, 1:1000 dilution) and α-rat

359

conjugated with Dylight488 (Jackson Immuno Research Inc., 1:100 dilution) for 1 hr.

360

Coverslips were mounted on slides with Gold Antifade with DAPI (Invitrogen). Images

361

were acquired using a Leica SP8 confocal microscope and z-stack images were

362

analyzed using Fiji software. Scale bars in images represent 10μm.

363

RNA-seq library prep and analysis

364

For RNA-seq experiments shown in Fig. 1, young (2mo) and middle-aged (12mo) and

365

old (22mo) LT-HSCs from 3 independent replicates of pooled mice were sorted directly

366

into RLT buffer. For RNA-seq experiments in Fig. 3, donor-derived (CD45.2+) LT-HSCs

367

were re-isolated from 2-4 independent replicates of transplanted mice (YYY, MMY and

368

MMM) and sorted directly into RLT buffer. For RNA-seq experiments shown in Fig. 5,

369

young (2mo) and middle-aged (14mo) LT-HSCs from 3 independent replicates of

370

pooled mice were sorted directly into a 96-well plate for 18hrs in StemSpan SFEM II,

371

SCF (100 ng/ml), TPO (50 ng/ml), Pen-Strep (1%) with vehicle (0.1% BSA in PBS) or
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372

IGF1 (100ng/ml) stimulation at 37oC and 5% CO2 before being centrifuged and

373

resuspended in RLT buffer. Total RNA was isolated from cells using the RNeasy Micro

374

kit (Qiagen). Sample quality was assessed using the Nanodrop 2000 spectrophotometer

375

(Thermo Scientific) and the RNA 6000 Pico LabChip assay (Agilent Technologies).

376

Libraries were prepared by the Genome Technologies core facility at The Jackson

377

Laboratory using the Ovation RNA-seq System V2 (NuGEN Technologies) and Hyper

378

Prep Kit (Kapa Biosystems). Libraries were checked for quality and concentration using

379

the D5000 ScreenTape assay (Agilent Technologies) and quantitative PCR (Kapa

380

Biosystems), according to the manufacturers’ instructions. Libraries for RNA-seq

381

experiments shown in Fig. 1 and Fig. 4, were pooled and sequenced 75 bp paired-end

382

on the NextSeq 500 (Illumina) using NextSeq High Output Kit v2.5 reagents (Illumina).

383

Libraries for RNA-seq experiments shown in Fig. 2, were pooled and sequenced 75 bp

384

single-end on the NextSeq 500 (Illumina) using NextSeq High Output Kit v2 reagents

385

(Illumina). Raw and processed data are publicly available in the Gene Expression

386

Omnibus (GSE144933, GSE144934 and GSE151333). Trimmed alignment files (with

387

trimmed base quality value < 30, and 70% of read bases surpassing that threshold)

388

were processed using the RSEM (v1.2.12; RNA-Seq by Expectation-Maximization)

389

software and the Mus Musculus reference GRCm38. Alignment was completed using

390

Bowtie 2 (v2.2.0) and processed using SAMtools (v0.1.18). Expected read counts per

391

gene produced by RSEM were rounded to integer values, filtered to include only genes

392

that have at least two samples within a sample group having counts per million reads

393

(cpm) > 1.0, and were passed to edgeR (v3.5.3) for differential expression analysis. A

394

negative binomial generalized log-linear model was fit to the read counts for each gene.
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395

The dispersion trend was estimated by Cox-Reid approximate profile likelihood followed

396

by empirical Bayes estimate of the negative binomial dispersion parameter for each tag,

397

with expression levels specified by a log-linear model. Likelihood ratio tests for

398

coefficient contrasts in the linear model were evaluated producing a p-value per

399

contrast. The Benjamini and Hochberg’s algorithm was used to control the false

400

discovery rate (FDR). Unless otherwise, indicated, features with a fold change (FC) >

401

1.5 and an FDR-adjusted P-value < 0.05 were declared significantly differentially

402

expressed. Gene set enrichment analysis (GSEA)45 was performed using previously

403

published human HSC and mouse LT-HSC RNA-seq data2,15. GSEA Molecular

404

Signatures Database (MSigDB) was utilized to analyze differential expression of

405

hallmark gene sets, curated gene sets and gene ontology gene sets

406

(http://software.broadinstitute.org/gsea/msigdb/index.jsp). Clusters of genes in Fig. 1

407

were derived from the input of all differentially expressed genes (DEGs) in the denoted

408

comparisons and compiled based on similarity of gene expression patterns across the

409

three conditions. In detail, for each gene, mean cpm of young, middle-aged and old

410

were calculated. Fold change for each gene was calculated from young to middle-aged,

411

and middle-aged to old by dividing the mean cpm values. A cutoff fold change of 1.2

412

was used to classify groups of genes that were altered in expression (FC > 1.2), or not

413

altered in expression (FC < 1.2), from young to middle-aged, and/or middle-aged to old.

414

Ingenuity Pathway Analysis (Ingenuity Systems;

415

https://www.qiagenbioinformatics.com/products/ingenuity-path- way-analysis/) is a

416

computational tool that uses prior knowledge of expected effects between cytokines or

417

growth factors and their target genes. This analysis was used to examine how many
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418

known target genes of each cytokine or growth factor were present in our young versus

419

middle-aged multipotent progenitor single-cell RNA-seq data24, and also compared the

420

direction of change to what was expected from the literature, to predict likely relevant

421

factors. P-values measuring statistical significance were determined by the software

422

using Fisher’s Exact Test.

423

In vivo transplantation

424

For aging transplantation experiments, B6.CD45.1 female recipient mice (2mo, 9mo or

425

12mo) were lethally irradiated (12Gy gamma irradiation, split dose). 1,000 LT-HSCs

426

from C57BL/6J mice (2mo, 9mo or 12mo) together with 1x106 sorted Sca-1- BM support

427

cells from B6.CD45.1 mice (2mo, 9mo or 12mo) were transplanted intravenously by

428

retro-orbital injection. For the 9mo and 12mo dataset, 5 separate sorts were performed

429

for each to isolate the required cell numbers for donor, support and recipient groups.

430

Each group was comprised from multiple donors and received experimental mice from

431

multiple sort days. For IGF1 mouse model transplantation experiments, 2x106 MNCs

432

from one donor B6.CD45.1 mouse were transplanted into indicated numbers of lethally

433

irradiated Igf1+/+ Cre-ERT2 mice and Igf1fl/fl Cre-ERT2 recipient mice on each of two

434

separate transplant days, or from one donor B6.CD45.1 mouse into indicated numbers

435

of Igf1+/+ Nestin-CreER and Igf1-/- Nestin-CreER mice on one transplant day. For IGF1R

436

mouse model transplantation experiments, LT-HSC (SLAM) from two Igf1Rfl/fl Mx1-cre

437

donor mice or three C57BL/6J control donor mice were sorted into a 96-well plate and

438

expanded for 48 hrs before harvesting the well and transplanting with 2x106 (CD45.1+)

439

MNCs support cells into lethally irradiated B6.CD45.1. Igf1Rfl/fl Mx1-cre received pIpC

440

injections four weeks before transplant and Cre-ERT2 and Nestin-CreER recipient mice
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441

received tamoxifen four weeks post-transplant, as described above. For IGF1 ex vivo

442

treatment of LT-HSCs followed by transplantation experiments, 50 LT-HSC isolated

443

from three pooled C57BL/6J donor mice, after seven days in culture, were mixed with

444

1x106 MNCs from one B6.CD45.1 mouse into indicated numbers of lethally irradiated

445

B6.CD45.1 recipient mice, each in two separate transplant days. Multilineage peripheral

446

blood reconstitution was monitored every four weeks thereafter by flow cytometry

447

analysis of blood samples using a cocktail of CD45.1, CD45.2, CD11b, B220, CD3ε,

448

and Gr-1 on an LSRII (BD). CBCs were performed on peripheral blood samples at 24

449

weeks post-transplant using an Advia 120 Hematology Analyzer (Siemens).

450

IGF1 expression patterns in the BM

451

The expression pattern of Igf1, Igf2, Nrg1, Tgfb1, Egf and Ig1r in hematopoietic stem

452

and progenitor cells and BM microenvironment cells was analyzed utilizing single-cell

453

RNA-seq data obtained from the BM of young WT C57BL/6 mice24.

454

IGF1 and IGF2 concentrations in the BM

455

BM fluid was flushed and isolated from single femurs of female C57BL/6J mice from

456

ages 2 mo to 28 mo. A mouse-specific IGF1 Immunoassay kit (ELISA, R&D Systems)

457

and a mouse-specific IGF2 PicoKine kit (ELISA, Boster biological technology) was used

458

to determine the concentration of IGF1 and IGF2 proteins in the BM.

459

Real-Time PCR

460

Methods for isolation of MSCs, other BM microenvironment and hematopoietic cells

461

were adapted from46. Briefly, BM plugs were flushed and digested in HBSS buffer

462

containing collagenase type IV (2 mg/ml, GIBCO) and dispase (1mg/ml, Sigma) 3x for

463

10 mins at 37oC and 5% CO2. Each digested supernatant fraction was collected and
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464

added to ice-cold FACs buffer. Cell populations were then stained and sorted on a

465

FACSAria II (BD) as follows: hematopoietic cells (Heme; CD45+), endothelial cells

466

(Endo; CD45- Ter119- CD31+), mesenchymal stromal cells (MSC; CD45- Ter119-

467

CD31- CD51+), and other BM microenvironment cells (other non-heme; CD45- Ter119-

468

CD31- CD51-). RNA was isolated using RNeasy microkit or RNeasy minikit (Qiagen)

469

and quantitative PCR was performed using RT2 Green ROX qPCR Mastermix (Qiagen)

470

on Viaa7 (Applied Biosystems) or QuantStudio 7 Flex (Applied Biosystems). All mRNA

471

expression levels were calculated relative to the housekeeping gene, B2M. B2M was

472

chosen as our reference datasets showed no changes in this gene with age. Primer

473

sequences for real-time PCR can be found in Supplementary Table 5.

474

Colony-forming unit (CFU) assay

475

LT-HSCs were isolated and plated in liquid culture with vehicle (0.1%BSA/PBS) or with

476

IGF1 (100ng/ml) for 48 hr before plating in MethoCult GF M3434 (StemCell

477

Technologies) at the indicated numbers and cultured at 37°C and 5% CO2. Colonies

478

were scored between 6- and 14-days post-plating using a Nikon Eclipse TS100 inverted

479

microscope.

480

Isolation and co-culture of MSCs

481

MSCs isolation and culture was adapted from47. Briefly, femurs, tibiae and iliac crest

482

were isolated from 2 mo Igf1+/+ Cre-ERT2 mice and Igf1fl/fl Cre-ERT2 mice and bones

483

were flushed with α-MEM/15% FBS into 10 cm tissue culture treated dishes. Cells were

484

allowed to adhere and grow at 37oC and 5% CO2 for five days. On day five, cells were

485

split 1:3 and allowed to grow to confluence before being split again. MSCs were then

486

used for experiments and not used beyond P5. For co-cultures, MSCs were seeded at
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487

10,000 cells/well in a 48-well plate for 24 hrs to adhere. MSCs were treated with 20 μM

488

4-hydroxytamoxifen (4-OHT) for 24 hrs to activate Cre-ERT2 MSCs and washed 1x

489

before adding 200 purified LT-HSC (Lin− Sca-1+ c-Kit+ Flt3− CD150+ CD48-) sorted

490

into SFEMII, SCF (10ng//ml), IL3 (10ng/ml), IL6 (10ng/ml), and 1% Pen-Strep. Cells

491

were collected and analyzed by flow cytometry on a FACSymphony A5 (BD) four days

492

later.

493

Phospho-flow cytometry

494

Middle-aged LT-HSCs from individual mice were sorted and resuspended in StemSpan

495

SFEM II and divided for stimulation with vehicle (0.1% BSA in PBS) or IGF1 (100ng/ml)

496

for 20 mins at 37oC. LT-HSCs were immediately fixed in 16% PFA for 10 mins at RT.

497

Cells were then permeabilized in ice-cold 100% acetone for 10 mins on ice. Fixed and

498

permeabilized cells were stained with intracellular phospho-IGF1R (pY1131) at 3:100 or

499

phospho-AKT (pS473) at 1:20 dilutions for 30 mins at RT before analysis on FACSAria

500

II (BD).

501

In vitro LT-HSC culture with PVA and fibronectin

502

Methods for maintaining and transplanting LT-HSCs and stimulating with IGF1 were

503

adapted from37. Briefly, 50 LT-HSCs (Lin- c-Kit+ Sca-1+ CD34- CD150+) were plated in

504

a single well of a 96-well fibronectin-coated plate and cultured in 200 ul of medium

505

composed of F12, 1% ITSX, 10 mM HEPES, 1% P/S/G, TPO (100 ng/ml), SCF (10

506

ng/ml) and PVA (1 mg/ml) with vehicle (0.1%BSA in PBS) or IGF1 (100ng/ml) at 37oC

507

and 5% CO2 for seven days before transplant. For transplant, one well was harvested

508

and combined with 1x10^6 BM competitor cells from B6.CD45.1 mice and transplanted
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509

into a single lethally-irradiated B6.CD45.1 recipient mouse. Peripheral blood was

510

analyzed 8wks post-transplant.

511
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Figure Legends

Fig. 1: Hallmarks of LT-HSC aging occur by middle age in mice. (a) Frequency of
myeloid cells (CD11b+), B cells (B220+) and T cells (CD3+) within the blood of female
mice at 2-4mo (n = 15), 6mo (n = 10), 9-12mo (n = 15), 19mo (n = 9) and 23mo (n = 6).
(b) Frequency of LT-HSCs (defined using SLAM markers) in whole BM of mice at 2mo
(n = 5) and 12-14mo (n = 6). (c) Left: Representative images of LT-HSCs from 2mo and
13-14mo mice stained with γH2AX and DAPI. Scale bar, 10 μm. Right: Quantification of
the percentage of LT-HSCs with γH2AX foci from 2mo (n = 3) and 13-14mo (n = 3). (d)
Left: Representative images of LT-HSCs from 2mo and 13-14mo mice stained with
CDC42, tubulin, DAPI, and overlay. Scale bar, 10 μm. Right: Quantification of the
percentage of LT-HSCs with polarized CDC42 and tubulin from 2mo (n = 3) and 1314mo (n = 3). (e) Multidimensional scaling (MDS) plot of the top 500 differentially
expressed genes (DEGs) identified by RNA-seq data from de novo isolated young
(2mo) (n = 3), middle-aged (mid; 12mo) (n = 3) and old (22mo) (n = 3) mice. (f) Left:
Heatmap of expression of all DEGs between young and middle-aged or young and old
LT-HSCs. Denoted clusters (c1-c8) were derived based on similarity of expression
patterns. Right: Expression graphs of selected gene clusters showing trends from young
to middle-aged to old LT-HSCs (dots represent median, bars represent interquartile
range, n represents number of genes in each cluster), along with enrichment of hallmark
gene signatures (S), and selected genes (G) from each cluster. (g) Bar plot
representation of hallmark gene sets enriched in DEGs from aged human HSCs2,
middle-aged (12mo) mouse LT-HSCs and old (22mo) mouse LT-HSCs versus their
respective young controls. (a-d) Dots represent individual mice and bars are mean ±
SEM. All n values refer to the number of mice used. P-values were generated for (a) by
one-way ANOVA with Holm-Sidak’s multiple comparisons test, (b-d) by unpaired, twotailed t test.
Extended Data Fig. 1 LT-HSC aging signatures are observed by middle age in
mice. (a) Frequency of granulocytes (CD11b+ Ly6c+ Ly6g+), monocytes (CD11b+
Ly6c+ Ly6g-) and macrophages (CD11b+ Ly6c- Ly6g+) within the blood of female mice
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at 2mo (n = 4) and 12-14mo (n = 8). (b) Frequency of LT-HSCs defined by markers
including EPCR (left) and CD41 (right) in whole BM of mice at 2mo (n = 5) and 1214mo (n = 6). (c) Flow cytometry gating strategy showing frequency of LT-HSC
populations in representative 2mo and 12mo female mice. (d) Frequency of myeloid
cells (CD11b+), B cells (B220+) and T cells (CD3+) within the blood of male mice at 24mo (n = 30), 7-8mo (n = 9), 9-12mo (n = 18), 19mo (n = 9) and 23mo (n = 9). (e) Left:
Enrichment of a myeloid-biased LT-HSC signature15 in 12mo vs. 2mo LT-HSCs (top)
and in 22mo vs. 2mo LT-HSCs (bottom). Right: Enrichment of a lymphoid-biased LTHSC signature15 in 2mo vs. 12mo LT-HSCs (top) and in 2mo vs. 22mo LT-HSCs
(bottom). NES; normalized enrichment score. FDR; false discovery rate. (f) Venn
diagram of overlapping differentially-expressed genes (P < 0.05, FDR > 1.5) in aged
human HSCs (65-75yo), middle-aged mouse LT-HSCs (12mo) and old mouse LT-HSCs
(22mo) compared to their respective young controls. (a, b, d) Dots represent individual
mice and bars are mean ± SEM. All n values refer to the number of mice used. P-values
were generated for (a, b) by unpaired, two-tailed t tests, (d) by one-way ANOVA with
Holm-Sidak’s multiple comparisons test.
Fig. 2: The middle-aged BM microenvironment is sufficient to cause myeloidbiased hematopoiesis. (a) Schematic of transplantation design using purified LT-HSCs
(CD45.2+) plus support cells (CD45.1+ Sca-1-) into recipient mice (CD45.1+), where
each component can include young (Y; 2mo) or middle-aged (M; 9mo) sources. (b)
Frequency of donor-derived (CD45.2+) myeloid (CD11b+) cells, B cells (B220+) and T
cells (CD3+) in the blood at 24wks post-transplant (n = 7, 8, 7, 9 from left to right). (c)
Schematic of transplantation design, where each component can include middle-aged
(M; 12mo) or young (Y; 2mo) sources. (d) Frequency of donor-derived (CD45.2+)
myeloid (CD11b+) cells, B cells (B220+) and T cells (CD3+) in the blood at 24wks posttransplant (n = 7, 10, 6, 7 from left to right). (b,d) Dots represent individual mice and
bars are mean ± SEM. All n values refer to the number of mice used. P-values were
generated for (b,d) by one-way ANOVA with Holm-Sidak’s multiple comparisons test.
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Extended Data Fig. 2: Myeloid-biased hematopoiesis at middle age is dependent
on the BM microenvironment. (a, b) Left: Frequency of B cells (B220+), myeloid
(CD11b+) cells, and T cells (CD3+) in peripheral blood of young (8wks;2mo) or middleaged (48wks;12mo) control transplants over time (n > 5 for YYY and n = 7 for MMM).
Center: Frequency of B, myeloid and T cells in native, non-transplanted mice agematched to each transplant condition at the 24wks post-transplant time point (n = 10 for
Y, n = 9 for M). Right: Frequency of myeloid cell subsets in peripheral blood of young or
middle-aged control transplants and native, non-transplanted mice age-matched to each
transplant condition (n = 7 for YYY, n = 10 for native Y, n = 7 for MMM, n = 9 for native
M). (c, d) Left: Frequency of donor-derived cells (CD45.2+) in the blood. Center:
Frequency of donor-derived granulocytes (CD11b+ Ly6c+ Ly6g+). Right: Neutrophil
count. All data was obtained at 24wks post-transplant. (a, b) Dots (left panels) and bars
(right panel) are mean ± SEM. (c, d) Dots represent individual mice and bars are mean
± SEM. All n values refer to the number of mice used. P-values were generated for (c,
d) by one-way ANOVA with Holm-Sidak’s multiple comparisons test.

Fig. 3: The young BM microenvironment is sufficient to reduce myeloid bias in
middle-aged HSCs and progenitor cells. (a) Left: Schematic of transplantation design
using purified LT-HSCs (CD45.2+) plus support cells (CD45.1+ Sca-1-) into recipient
mice (CD45.1+), where each component can include young (Y; 2mo) or middle-aged
(M; 9mo) sources. Right: Frequency of donor-derived LT-HSCs, ST-HSCs, MPP2 and
MPP3/4 cells in the BM at 24wks post-transplant (n = 6, 7, 8, from left to right). (b) Ratio
of donor-derived myeloid progenitors (MyPro; CD45.2+ cKit+ Sca-1-) to LT-HSCs
(CD45.2+ SLAM) in the BM at 24wks post-transplant (n = 6, 7, 8, from left to right). (c)
Left: Schematic of transplantation design, where each component can include middleaged (M; 12mo) or young (Y; 2mo) sources. Right: Frequency of donor-derived LTHSCs, ST-HSCs, MPP2 and MPP3/4 cells in the BM at 24wks post-transplant (n = 8,
10, 6, from left to right). (d) Ratio of donor-derived myeloid progenitors (MyPro) to LTHSCs in the BM at 24wk post-transplant (n = 8, 10, 6, from left to right). (e) Left:
Schematic of design to re-isolate donor-derived LT-HSCs for RNA-seq from the
experiment shown in (c). Middle: Venn diagram of overlapping differentially expressed
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genes (FDR < 0.05, FC > 1.5) in middle-aged LT-HSCs in young recipients vs. middleaged recipients, and young versus middle-aged LT-HSC transplant control groups.
Right: Heatmap of expression of 102 overlapping genes in MMM, MMY and YYY
conditions (n = 4, 3, 2, from left to right). (a-d) Dots represent individual mice and bars
are mean ± SEM. All n values refer to the number of mice used. P-values were
generated for (a and c) by Brown-Forsythe and Welch ANOVA with Dunnett’s T3
multiple comparisons test and for (b and d) by one-way ANOVA with Holm-Sidak’s
multiple comparisons test.
Extended Data Fig. 3: Myeloid-biased transcription signature in middle-aged LTHSCs is rescued by a young BM microenvironment. (a) Multidimensional scaling
(MDS) plot of 102 overlapping DEGs identified by RNA-seq data derived from MMM,
MMY and YYY conditions (n = 4, 3, 2, from left to right). (b) Heatmap of gene set
enrichment analysis of middle-aged vs. young LT-HSC transplant controls, and middleaged LT-HSCs transplanted into young vs. middle-aged recipients.
Fig. 4: Reduction in local IGF1 from Nestin-expressing MSCs in the BM
microenvironment causes myeloid-biased hematopoiesis. (a) Upstream growth
factors predicted to be enriched in the middle-aged BM microenvironment by Ingenuity
Pathway Analysis of middle-aged vs. young multipotent progenitor cell scRNA-seq
data23. (b) Expression of Igf1 in BM subsets assessed by scRNA-seq24. For detailed cell
type annotation refer to: https://nicheview.shiny.embl.de. (c) IGF1 concentration in BM
fluid of a single mouse femur from 2-4mo (n = 7), 6mo (n = 6), 12-14mo (n = 5) and 2628mo (n = 6) mice. (d) Relative Igf1 expression in hematopoietic (Heme; CD45+) cells,
endothelial (Endo; CD45- Ter119- CD31+ CD51-) cells, MSCs (CD45- Ter119- CD31CD51+) cells, and other non-heme (CD45- Ter119- CD31- CD51-) cells isolated from
2mo (n = 4) and 14mo (n = 4) mice. (e) Left: Experimental design. Right: Frequency of
donor-derived myeloid cells (CD45.1+ CD11b+) and B cells (CD45.1+ B220+) in the
blood at 24wks post-transplant of WT BM into lethally irradiated WT or Igf1fl/fl; CreERT2
recipient mice (n = 5, 7, from left to right). (f) Left: Experimental design. Right:
Frequency of donor-derived myeloid cells (CD45.1+ CD11b+) and B cells (CD45.1+
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B220+) in the blood at 20wks post-transplant of WT BM into lethally irradiated WT or
Igf1fl/fl; Nestin-CreER recipient mice (n = 6, 5, from left to right). (g) Frequency of donorderived LT-HSCs and MPP3 cells in the BM at 20wks post-transplant of WT BM into
lethally irradiated WT or Igf1fl/fl; Nestin-CreER recipient mice (n = 6, 5, from left to right).
(h) Ratio of donor-derived myeloid progenitors (Myel Pro; CD45.1+ cKit+ Sca-1-) to LTHSCs (CD45.1+ SLAM) in the BM at 20wks post-transplant of WT BM into lethally
irradiated WT or Igf1fl/fl; Nestin-CreER recipient mice (n = 6, 5, from left to right). (i) Left:
Experimental design. Right: Frequency of hematopoietic stem and progenitor
populations after 4d co-culture of WT LT-HSCs with WT or Igf1-/- stroma (n = 3, done in
replicate or triplicate 3 independent times). (c-h) Dots represent individual mice and
bars are mean ± SEM. (i) Dots represent replicates from pooled experiments repeated
in triplicate. P-values were generated for (c) by one-way ANOVA with Holm-Sidak’s
multiple comparisons test, (d, i) by two-way ANOVA with Sidak’s multiple comparisons
test, (e-g) by unpaired, two-tailed t tests.

Extended Data Fig. 4: IGF1 reduction in the BM microenvironment causes
myeloid-biased hematopoiesis. (a) Expression pattern of Igf2, Nrg1, Tgfb1, and Egf in
BM subsets assessed by scRNA-seq24. For detailed cell type annotation refer to:
https://nicheview.shiny.embl.de. (b) IGF2 concentration in BM fluid of a single mouse
femur from 2-4mo (n = 7), 6mo (n = 6), 12-14mo (n = 5) and 26-28mo (n = 7) mice. (c)
Expression of Igf1r in BM cells by scRNA-seq24. (d) Left: Experimental design. Right:
Frequency of donor cells (CD45.1+) and donor-derived T cells (CD45.1+ CD3+) in the
blood at 24wks post-transplant of WT BM into lethally irradiated WT or Igf1fl/fl; CreERT2
recipient mice (n = 5, 7, from left to right). (e) Left: Experimental design. Right:
Frequency of donor cells (CD45.2+), and donor-derived myeloid cells (CD11b+), B cells
(B220+), and T cells (CD3+) in the blood at 24wks post-transplant of WT or Igf1rfl/fl Mx1Cre BM into lethally irradiated WT recipient mice (n = 7, 4, from left to right). (f) Left:
Experimental design. Right: Frequency of donor cells (CD45.1+) and donor-derived T
cells (CD45.1+ CD3+) in the blood at 20wks post-transplant of WT BM into lethally
irradiated WT or Igf1fl/fl; Nestin-CreER recipient mice (n = 6, 5, from left to right). (g) Top
panel: Igf1 recombination PCR, middle panel: Igf1 genotyping PCR and bottom panel:

35

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.11.198846; this version posted July 12, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cre genotyping PCR. Input for all reactions was gDNA isolated from livers of tamoxifentreated Igf1+/+ or Igf1fl/fl; Nestin-CreER mice or recombined control (CNT; Igf1fl/fl; CreERT2) (n = 3, 3, from left to right). (b, d-f) Dots represent individual mice and bars are
mean ± SEM. P-values were generated for (b) by one-way ANOVA with Holm-Sidak’s
multiple comparisons test, (d-f) by unpaired, two-tailed t tests.

Fig. 5: IGF1 stimulation of middle-aged LT-HSCs rescues hallmarks of aging. (a,
b) Quantification of intracellular phospho-flow cytometry analysis of (a) p-IGF1R (n = 6)
and (b) p-AKT (n = 3) following stimulation of 14mo LT-HSCs with IGF1 or vehicle. (c)
Left: Experimental design for 7d ex vivo stimulation of 12mo LT-HSC with IGF1 or
vehicle followed by transplant. Center: Frequency of donor-derived myeloid cells
(CD45.2+ CD11b+) in the blood of recipient mice (n = 13, 10 left to right). Right:
Frequency of donor-derived B cells (CD45.2+ B220+) in the blood of recipient mice at
8wks post-transplant (n = 13, 10 left to right). (d) Left: Representative images of γH2AX
and DAPI-stained 13-14mo LT-HSCs stimulated with IGF1 or vehicle. Scale bar, 10 μm.
Right: Quantification of the percentage of 13-14mo LT-HSC with γH2AX foci after
stimulation with vehicle (n = 3) or IGF1 (n = 3). (e) Left: Representative images of 1314mo LT-HSCs stimulated with vehicle or IGF1 and stained with CDC42, tubulin, DAPI,
and overlay. Scale bar, 10 μm. Right: Quantification of the percentage of 13-14mo LTHSC with polarized CDC42 and tubulin after stimulation with vehicle (n = 3) or IGF1 (n =
3). (f) Left: Experimental design for 18hr in vitro stimulation of 2mo and 14mo LT-HSC
with IGF1 or vehicle followed by RNA-seq. Right: Venn diagram of overlapping
differentially expressed genes in 14mo vs. 2mo LT-HSC and 14mo LT-HSC stimulated
with IGF1 vs. vehicle. (g) Heatmap of gene set enrichment analysis of 14mo vs. 2mo
LT-HSCs, and 14mo LT-HSCs stimulated with IGF1 vs. vehicle. (a-e) Dots represent
individual mice and bars are mean ± SEM. All n values refer to the number of mice
used. P-values were generated for (a-e) by unpaired two-tailed t-test.

Extended Data Fig. 5: IGF1 rejuvenates middle-age LT-HSCs. (a) Total number of
colonies derived from 14mo LT-HSCs stimulated with IGF1 or vehicle (n = 9). M
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(macrophage), G (granulocyte), GM (granulocyte-macrophage), GEMM (mixed
granulocyte-erythroid-macrophage-megakaryocyte). (b) Frequency of donor-derived
cells (CD45.2+) and donor-derived T cells (CD45.2+ CD3e+) in the blood of recipient
mice 8wks post-transplant of 12mo LT-HSC stimulated with vehicle (n = 13) or IGF1 (n
= 10) for 7d ex vivo. (c) List of top Reactome pathways enriched in RNA-seq data of
14mo LT-HSCs stimulated with IGF1 vs. vehicle. (d) Left: Enrichment of myeloid-biased
LT-HSC signature in vehicle- vs. IGF1-treated 14mo LT-HSCs. Center, Right:
Enrichment of lymphoid-biased LT-HSC signatures in IGF1- vs. vehicle-treated 14mo
LT-HSCs. (a, b) Dots represent individual mice and bars are mean ± SEM. All n values
refer to the number of mice used. P-values were generated for (a) by paired two-tailed ttest and (b) by unpaired two-tailed t-test.

Supplementary Materials
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Extended Data Figure 1
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Extended Data Figure 3
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Extended Data Figure 5
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