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Abstract

Mpyeloid-biased hematopoiesis is a well-known age-related alteration. Several
possibilities, including myeloid-biased hematopoietic stem cell (HSC) clones, may
explain this. However, the precise mechanisms remain controversial.

Utilizing the Hoxb5 reporter system to prospectively isolate long-term HSCs (LT-HSCs)
and short-term HSCs (ST-HSCs), we found that young and aged LT-HSCs co-
transplanted into the same recipients demonstrated nearly equivalent myeloid lineage
output, contrary to the theory of myeloid-biased HSC clones. Transcriptomics indicated
no significant myeloid gene enrichment in aged LT-HSCs compared to their young
counterparts. Instead, transplanting reconstituted young HSCs with the ratio of LT/ST-
HSCs seen in aged mice can significantly skew the lineage output to myeloid cells. In
addition, while the niche environment in the bone marrow minimally affects myeloid-
biased hematopoiesis, aged thymi and spleens substantially hinder lymphoid
hematopoiesis, resulting in further myeloid-domination. Thus, we demonstrate that
myeloid-biased hematopoiesis in aged organisms originates due to alteration of the ratio
between LT-HSCs and ST-HSCs rather than in heterogeneous HSC clones with various

cell fates.
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Introduction

Age-associated changes in individuals are deeply correlated with progressive attenuation
of cellular functions in tissue stem cells of organs (Jones and Rando 2011). In the
hematopoietic system, hematopoietic stem cells (HSCs), which possess self-renewal
capacity and multipotency (Spangrude et al., 1988; Weissman and Shizuru 2008; Majeti
et al., 2007), are responsible for various hematopoietic alterations with age, such as
reduced self-renewal capacity (Morrison et al., 1996) and myeloid-biased hematopoiesis
(Muller-Sieburg et al., 2004; Challen et al., 2010) due to their functional decline. For
example, myeloid-biased hematopoiesis potentially reduces response to infections
(Webster, 2000), reduces vaccination efficacy (Crooke et al., 2019), and increases
myeloid malignancy (Rossi et al., 2008) in aged individuals. To comprehend these age-
associated physiological changes, myeloid-biased hematopoiesis has been studied in
considerable detail.

Based on the experimental observation that transplantation of aged HSCs exhibits more
myeloid-biased differentiation in young recipient mice than transplantation of young
HSCs, this phenotype has been thought to originate in cell-intrinsic changes in the HSC
compartment (Geiger et al., 2013; De Haan and Lazare 2018; Schultz and Sinclair 2016).
A myeloid-biased phenotype after aged HSC transplantation leads to the suggestion that
myeloid-biased HSC clones selectively expand with age (Cho et al., 2008; Pang et al.,
2011). Transcriptome and epigenetic analyses showing that a set of genes related to
myeloid differentiation is significantly enriched in aged HSCs compared to young HSCs
(Rossi et al., 2005; Grover et al., 2016) further supports this hypothesis.

On the other hand, some reports support a different point of view in light of experimental

evidence showing that aged lymphoid-biased HSCs still demonstrate the same level of
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89  lymphopoiesis as their younger counterparts, despite exhibiting a myeloid-biased gene
90 expression pattern (Montecino-Rodriguez et al., 2019). This result highlights the
91 limitations of predicting a pattern of HSC differentiation based upon gene expression
92  patterns. Moreover, myeloid progenitors such as granulocyte-macrophage progenitor
93 (GMP) and common myeloid progenitor (CMP) should also increase with age if the
94  selective expansion of myeloid-biased HSCs leads to an increase of myeloid cells in
95  peripheral blood (PB). However, increment of such progenitors with age was not
96 consistently demonstrated in earlier research (Rossi et al., 2005; Nilsson et al., 2016; Min
97 etal., 2006). Additionally, a mathematical model demonstrated that aging had no effect
98  on the daily production of CMP supplied from multipotent progenitors (MPP) (Busch et
99 al, 2015; Dorshkind et al., 2020).

100  As such, while selective expansion of myeloid-biased HSC clones is the most widely

101 accepted hypothesis to explain myeloid-biased hematopoiesis in aging (Mejia-Ramirez

102 and Florian, 2020; SanMiguel et al., 2020), other mechanisms may exist in light of the

103  inconsistent cellular behavior of progenitor fractions relative to HSCs. To the best of our

104  knowledge, no reports have analyzed kinetics of age-associated changes in HSCs,

105  progenitors, and PB cells simultaneously. Therefore, we started our investigation by

106  examining the correlation between age-related changes in PB and BM to shed light on

107  the mechanism underlying myeloid-biased hematopoiesis that occurs during aging.

108

109  Results

110 The discrepancy of age-associated alternation in peripheral blood and bone marrow

111 calls into question the existence of a myeloid-biased clone
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112 Mouse HSC research on aging has used mice aged 18 months or older (Challen et al.,
113 2010; Cho et al., 2008; D. J. Rossi et al., 2005; Grover et al., 2016; Montecino-Rodriguez
114 et al.,, 2019; Nilsson et al., 2016). However, given that continuous accumulation of
115 cellular stress with age causes a gradual decline of cellular functions, a comprehensive
116  analysis from young to old mice is necessary to unravel mechanisms by which age-
117  associated, myeloid-biased hematopoiesis progress. Hence, we analyzed changes in PB
118  (Fig. S1 A) at multiple time points from young to old mice. These results showed that the
119  percentage of myeloid cells began to change as early as 6 months in mice and continued
120  to increase at a constant rate until the age of > 23 months (Fig. 1 A).

121 It has been reported that myeloid-biased hematopoiesis is caused by a selective increase
122 of myeloid-biased clones in the immunophenotypically defined (surface-antigen
123 defined) HSC fraction (Fig. S1 B) (Beerman et al., 2010). According to this hypothesis,
124 age-associated myeloid hematopoiesis progression in PB would be paralleled by an
125 increase in myeloid-biased HSC clones. Therefore, we examined the frequency of the
126 HSC and progenitor fractions in the BM at multiple time points (Fig. S1, B and C). We
127  found that the frequency of immunophenotypically defined HSC in BM rapidly increased
128  up to the age of 12 months. After the age, they remained plateaued throughout the
129  observation period (Fig. 1 B). On the other hand, in contrast to what we anticipated, the
130  frequency of GMP was stable, and the percentage of CMP actually decreased
131 significantly with age, defying our prediction that the frequency of components of the
132  myeloid differentiation pathway, such as CMP, GMP, and MEP would increase in aged
133  mice if myeloid-biased HSC clones increase with age (Fig. 1 B).

134  Finally, we determined the ratio of each fraction in young mice versus aged mice to

135  compare the age-associated transition pattern of components comprising the myeloid
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136  differentiation pathway. This analysis revealed that age-associated transition patterns of
137  immunophenotypically defined HSC and CMP in BM were not paralleled with myeloid
138  cell in PB (Fig. 1 C). These findings called into question the hypothesis that there is a
139  selective increase of myeloid-biased HSC clones in the aged BM. We then set out to
140  elucidate the mechanism by which myeloid-biased phenotypes arise in the PB of aged
141 mice.

142

143 The long-term observation of 2-year-old LT-HSC’s differentiation does not indicate the
144 expansion of myeloid-biased clones.

145  Numerous studies have claimed that the myeloid-skewed phenotype observed in PB of
146  aged mice is caused by myeloid-biased HSC clones selectively expanded from HSCs with
147  originally heterogeneous differentiation potentials (Beerman et al., 2010; Dykstra et al.,
148  2011; Sudo et al., 2000). Other studies have reported that immunophenotypically defined
149  HSCs possess heterogeneity associated with self-renewal capacity, suggesting the
150  existence of at least two different populations in the HSC compartment, LT-HSCs and
151 ST-HSCs (Morrison and Weissman 1994; Spangrude et al., 1995). Since LT-HSCs have
152  extensive self-renewal capacity, while ST-HSCs lose their self-renewal capacity within a
153  short period, LT-HSCs are thought to persist in the BM throughout life and to enrich age-
154  associated changes compared to ST-HSCs. Therefore, we expect that LT-HSC-specific
195  analyses will help to answer whether myeloid-biased HSC clones exist.

156  We previously reported that Hoxb5 exclusively marks LT-HSCs in young mice (Chen et
157 al., 2016). However, we have not tested in aged mice whether Hoxb5 specifically labels
158  LT-HSCs and helps to distinguish LT-HSCs and ST-HSCs from immunophenotypically

159  defined HSCs (hereafter, bulk-HSCs). To confirm this, we first analyzed expression of
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160  Hoxb5 in bulk-HSC, MPP, Flk2*, and LinScal-c-Kit" populations in aged Hoxb5-tri-
161  mCherry mice. We observed that Hoxb5 was exclusively expressed in bulk-HSCs (Fig.
162 2 A). Then, to verify long-term engraftment, we conducted a transplantation assay
163  utilizing Hoxb5" HSCs and Hoxb5™ HSCs, respectively, isolated from 2-year-old mice
164  (Fig. 2 B). We observed that only recipients receiving aged Hoxb5" HSCs exhibited
165  continuous hematopoiesis 16 weeks after primary transplantation (Fig. 2, C and E; Fig.
166 S2 A). In secondary transplantation analysis, only recipients receiving Hoxb5" HSCs
167  exhibited robust hematopoiesis throughout the period of observation, indicating that
168  Hoxb5 can be used as a specific marker of LT-HSCs in aged mice, as well as young mice
169  (Fig. 2, D and F; Fig. S2 B).

170 A serial transplantation assay with a period of observation longer than 8 months should
171 be long enough to observe further myeloid-biased change. If bulk-HSCs isolated from
172 aged mice are already enriched by myeloid-biased HSC clones, we should see more
173  myeloid-biased phenotypes 16 weeks after primary and the secondary transplantation.
174  However, we found that kinetics of the proportion of myeloid cells in PB were similar
175  across primary and the secondary transplantation and that the proportion of myeloid cells
176  gradually decreased over time (Fig. 2 G). These results suggest the following two
177  possibilities: either myeloid-biased HSCs do not expand in the LT-HSC fraction, or the
178  expansion of myeloid-biased clones in 2-year-old mice has already peaked.

179

180  Direct comparison between young vs. aged LT-HSC differentiation reveals that LT-
181  HSCs exhibit unchanged lineage output throughout life

182  We developed a co-transplantation assay to directly compare the differentiation capacity

183  between young and aged LT-HSCs by co-transplanting ten young GFP* LT-HSCs and
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184  ten aged GFP LT-HSCs into the same recipient mice (Fig. 3 A). Then, we found that the
185  myeloid lineage proportions from young and aged LT-HSCs were nearly comparable
186  during the observation period after transplantation (Fig. 3, B and C). Furthermore, by
187  analyzing the proportion of mature cell types derived from young and aged LT-HSCs in
188  the same donor, we directly compared the capacity for hematopoietic reconstitution in
189  each mature cell type between young and aged LT-HSCs. We confirmed again that the
190  reconstitution ratio was almost the same across all lineages, although bulk hematopoiesis
191 derived from young LT-HSCs predominated (Fig. 3 D). These results indicate that the
192  differentiation potential of LT-HSCs remains unchanged throughout their lives.

193  Several reports have demonstrated that transplanting mixed/bulk-HSCs—a combination
194  of LT-HSCs and ST-HSCs—obtained from old animals results in blatantly myeloid-
195  biased hematopoiesis (Beerman et al., 2010; Dykstra et al., 2011; Sudo et al., 2000). To
196  test this, we co-transplanted bulk-HSCs from young and old mice to corroborate this (Fig.
197  S3 A). As previously described, we observed that aged bulk-HSC exhibited a myeloid-
198  skewed phenotype (Fig. S3 B and C). Additionally, we observed that aged bulk-HSC
199  reconstitution exhibited higher reconstitution of myeloid cells compared to young bulk-
200 HSCs (Fig. S3 D). These findings unmistakably demonstrated that mixed/bulk-HSCs
201  showed myeloid skewed hematopoiesis in PB with aging, while LT-HSCs exhibited
202  unchanged lineage output throughout life.

203

204  LT-HSCs never show myeloid-related gene set enrichment during aging

205  Although the results of co-transplantation of young and aged LT-HSCs did not
206  demonstrate lineage-biased output by LT-HSCs throughout life, enrichment of myeloid

207  genes in aged bulk-HSCs shown by previous studies supports the idea that myeloid-
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208  Dbiased hematopoiesis is caused by selective expansion of myeloid-biased HSC clones (D.
209 J. Rossi et al., 2005; Grover et al., 2016). To compare age-associated myeloid gene
210  enrichment, we isolated bulk-HSC, LT-HSCs, and ST-HSCs from young or aged mice
211 (Fig. 4 A).

212 To ensure the quality of the sorted fraction for subsequent RNA-seq analyses, we verified
213  the Hoxb5 read counts (Fig. S4 A). Cluster dendrograms using the whole transcriptome
214  confirmed that cell fractions isolated from young and aged mice clustered into distinct
215  groups (Fig. 4 B). Then, using sets of aging-related genes, such as inflammation
216  (Liberzon et al., 2015; Pietras 2017), DNA damage (p53 pathway) (Liberzon et al., 2015;
217  D. J. Rossi et al., 2007), cell cycle progression (E2F target) (Liberzon et al., 2015;
218  Kowalczyk et al., 2015), and a common aging signature (Flohr Svendsen et al., 2021), we
219  ran a violin plot analysis on each cell fraction to confirm the occurrence of typical aging-
220 related gene expression changes. We found age-associated changes in inflammation and
221  the DNA damage between cells isolated from young and aged mice, but very similar
222  patterns regardless of cell fraction in young or aged mice. In terms of cell cycle
223  progression and aging signature genes, however, we discovered that only the young LT-
224  HSC fraction differed from other young fractions and tended to represent similar gene
225  expression pattern with aged fractions (Fig. 4 C). Then, taking LT-HSC specific gene
226  expression pattern into account, we looked at expression patterns of specific genes that
227  had been highly validated by experiments as being associated with myeloid-biased HSC
228  (Beerman et al., 2010; Flohr Svendsen et al., 2021; Sanjuan-Pla et al., 2013; Mann et al.,
229  2018). We discovered that expression of these genes is relatively comparable between

230 young and aged LT-HSCs, but not other fractions (Fig. S4 B).

10
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231 A recent comprehensive analysis of mouse HSC aging using multiple RN Aseq data sets
232  claimed that almost 80% of differentially expressed genes are poorly reproducible across
233  data sets (Flohr Svendsen et al., 2021). In fact, we found that almost 80% of genes are
234  not shared when we compare three representative myeloid/lymphoid gene sets (Sanjuan-
235 Plaetal., 2013; Chambers et al., 2007; Pronk et al., 2007). Additionally, most genes were
236  only used in a single gene set (Fig. 4, D and E). By using only genes that were shared in
237 these gene sets, we ran a gene set enrichment analysis (GSEA) to see whether
238  myeloid/lymphoid genes were enriched in aged LT-HSCs or other fractions. Neither aged
239  LT-HSC nor aged ST-HSC exhibited myeloid/lymphoid gene enrichment, while shared
240 myeloid-related genes tended to be enriched in aged bulk-HSCs (Fig. 4, F and G). On
241 the other hand, GSEA analysis using original gene sets, respectively, showed inconsistent
242  results (Fig. S4, C and D).

243

244 A myeloid-biased phenotype in peripheral blood depends on the relative decrease of
245  ST-HSC in the HSC compartment with age

246  While transplantation of aged bulk-HSCs exhibits a myeloid-biased phenotype in PB
247  shown in previous reports (Beerman et al., 2010; Dykstra et al., 2011; Sudo et al., 2000)
248  and our results (Fig. S3), aged LT-HSCs remain stable in terms of the balance of their
249  differentiation potential between myeloid and lymphoid production (Fig. 3). Comparative
250  transcriptome analyses demonstrated that neither LT-HSCs nor ST-HSCs, which are
251  functionally more homogeneous than bulk-HSCs, exhibited myeloid gene set enrichment
252  with age, whereas aged bulk-HSCs tended to show more myeloid gene set enrichment
253  than their young counterparts (Fig. 4). We then tried to figure out what causes the

254  myeloid-biased phenotype in PB after transplantation of bulk-HSCs.

11
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255 Because LT-HSCs in bulk-HSCs exhibit nearly constant level of hematopoiesis
256  throughout life, we hypothesized that ST-HSCs could be the key to discovering
257  mechanisms underlying the myeloid-skewing phenomenon. First, we revisited our
258  previous study (Chen et al., 2016), which demonstrated that transplanted ST-HSCs
259  maintain lymphocyte production while rapidly losing myeloid lineage production in
260 recipients. This result may potentially indicate the presence of HSC clones with a
261  preference for lymphoid differentiation. Given that donor cells obtained from primary
262  recipients receiving ST-HSCs do not undergo hematopoiesis in secondary transplantation
263  (Chen et al., 2016), it is likely that all ST-HSCs have already lost their ability to self-
264 renew and have disappeared from the HSC fraction in primary recipients. To confirm this,
265  we transplanted ten LT-HSCs or ST-HSCs and then analyzed PB and BM (Fig. 5 A). As
266  we previously reported (Chen et al., 2016), donor-derived hematopoiesis eventually
267 becomes lymphocyte-dominant in PB of ST-HSC recipients over time (Fig. 5 B).
268  Subsequently, it was determined that the vast majority of T cell subsets are memory cells
269 (Fig. S, C and D). In addition, unlike recipients receiving LT-HSCs, recipients receiving
270  ST-HSCs lacked any bulk-HSCs in their BM (Fig. 5, E and F). These results strongly
271 suggest that lymphoid-biased hematopoiesis observed after transplantation of ST-HSCs
272 is due to persistence of memory-type lymphocytes in PB, rather than to de novo
273  lymphopoiesis from lymphoid-biased HSC clones. Persistence of memory-type
274  lymphocytes from ST-HSCs may have led us to misinterpret mechanisms underlying
275 myeloid-biased hematopoiesis after aged bulk-HSC transplantation. To verify this
276  hypothesis, we examined kinetics of the LT-HSC/ST-HSC ratio in the bulk-HSC

277  population, revealing the ratio of ST-HSC to LT-HSC decreased with age (Figure S5).

12
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278  Thus, we hypothesized that the relative decrease in the ST-HSC ratio in the aged bulk-
279  HSC fraction would lead to reduction of memory-type lymphocytes and myeloid-biased
280 hematopoiesis following transplantation of aged bulk-HSCs. To test this hypothesis, we
281  isolated LT-HSCs and ST-HSCs from young donor mice and reconstituted them with a
282  2:8 ratio (as in young mice) or a 5:5 ratio (as in aged mice) prior to transplanting them
283  (Fig. 6 A). Four weeks after transplantation, PB analysis revealed that both groups had
284  comparable patterns of hematopoiesis. In contrast, recipient mice transplanted with a 5:5
285 ratio began to exhibit more myeloid-biased hematopoiesis eight weeks after
286  transplantation, and by week 16, they produced significantly more myeloid cells than the
287  other group (Fig. 6, B-D). Additionally, we conducted further investigations to determine
288  whether lymphoid hematopoiesis could be accelerated by alteration of LT-HSC/ST-HSC
289  ratios using cells from aged mice. To verify this, we isolated aged LT-HSCs and ST-
290 HSCs and reconstituted them with a 5:5 ratio or a 2:8 ratio prior to transplantation (Fig.
291  S6 A). Peripheral blood analysis revealed that lymphoid lineage output in the recipient
292  mice transplanted with a 2:8 ratio was significantly greater than those with a 5:5 ratio
293  (Fig. S6 B-D). Based on these findings, we concluded that myeloid-biased hematopoiesis
294  observed following transplantation of aged HSCs was caused by a relative decrease in
295  ST-HSC in the bulk-HSC compartment in aged mice rather than the selective expansion
296  of myeloid-biased HSC clones.

297

298  Age-associated extramedullary changes accelerate myeloid-biased hematopoiesis

299  We found that the fluctuating LT-HSC/ST-HSC ratio in the bulk-HSC compartment
300 corresponded with the myeloid-biased hematopoiesis associated with aging. In contrast,

301  the degree of myeloid bias observed in mice older than 23 months without transplantation

13
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302  (Fig. 1 A;49.0 +23.4%) was significantly greater than in recipient mice receiving young
303 mixed HSCs with a 5:5 ratio 16 weeks after transplantation (Fig. 6 D; 30.8 = 30.8%).
304  This difference indicated that other intrinsic or extrinsic factors might exist in mice older
305 than 23 months to promote myeloid-biased hematopoiesis. To investigate this further, we
306 transplanted ten GFP' young LT-HSCs into young or 2-year-old recipient mice and
307  examined their PB (Fig. 7 A). We limited the observation period to 12 weeks because
308 many aged recipient mice had died prior to that point (Fig. 7 B). PB analysis revealed
309 that aged recipient mice receiving young LT-HSCs produced significantly more myeloid
310  cells than young recipient mice (Fig. 7, C-E). These results suggested that recipient-
311 dependent extrinsic factors, rather than intrinsic factors of transplanted HSCs, had a
312 greater impact on hematopoietic cell differentiation. Then, we examined BM to determine
313  what extrinsic factors affected differentiation of transplanted HSCs. Percentages of CMP
314 and GMP, downstream components of myeloid differentiation, were stable or
315  significantly lower in aged recipient mice than in young recipient mice, just as they were
316  in non-treated aged mice (Fig. 7 F; Fig. 1 B). In addition, the percentage of CLP, a
317  downstream component of lymphoid differentiation, did not differ between young and
318  aged recipients (Fig. 7 F). In contrast to previous studies (Pinho et al., 2018; Ergen et al.,
319  2012), these findings suggested that intramedullary age-associated changes may not have
320  asignificant impact on LT-HSC differentiation.

321  Thymi and spleens of recipient mice were then examined, as these are the structures of
322  lymphoid maturation and production of lymphoid progenitors following migration from
323  BM and prior to their appearance in PB. Donor cells were not microscopically detectable
324  in the majority of aged recipient mice (Fig. 7, G and I), and quantitative analysis using a

325 flow cytometer revealed that the frequency of donor cells in spleens and thymi of aged
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326  recipients was significantly lower than in young recipients (Fig. 7, H and J). These
327  results indicated that the process of lymphoid lineage differentiation was impaired in the
328  spleens and thymi of aged mice compared to young mice, resulting in enhanced myeloid-
329  biased hematopoiesis in PB due to a decrease in the de novo lymphocyte production.
330

331  Discussion

332  Age-related, myeloid-biased hematopoiesis has been suggested as a potential reason for
333  the decline in acquired immunity in the elderly (Geiger et al., 2013). This process has
334 Dbeen linked to an increase in myeloid-biased HSC clones in the bulk-HSC fraction
335 identified by surface antigens through aging. By isolating LT-HSCs and ST-HSCs,
336  respectively, we discovered that age-related changes in the ratio of ST-HSCs to LT-HSCs
337  in bulk-HSC:s is responsible for myeloid-biased hematopoiesis.

338  When aged bulk-HSCs were transplanted into young mice, post-transplant hematopoiesis
339 in recipient mice was significantly biased toward myeloid in PB compared to
340 transplantation of young bulk-HSCs (Beerman et al., 2010; Dykstra et al., 2011; Sudo et
341 al., 2000). Historically, this myeloid-biased hematopoiesis derived from aged bulk-HSCs
342  has been considered as evidence supporting expansion of myeloid-biased HSC clones
343  with aging (Geiger et al., 2013; de Haan and Lazare 2018). Other studies, however,
344  suggest that blockage of lymphoid hematopoiesis in aged mice results in myeloid-skewed
345  hematopoiesis through alternative mechanisms (Montecino-Rodriguez et al., 2019). To
346  clarify the cause for this disparity, we chose to examine the LT-HSC fraction, which
347  persists in the BM for long periods of time and is enriched for aging-related alterations.
348  We discovered that post-transplant hematopoiesis of aged LT-HSCs did not vary from

349  that of young LT-HSCs in terms of differentiation capacity. Expression of myeloid-

15


https://doi.org/10.1101/2024.01.18.576239
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.18.576239; this version posted January 20, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

350 related genes was not significantly altered when LT-HSCs from young and aged mice
351  were compared. Therefore, we inferred that age-related myeloid-biased hematopoiesis
352  cannot be attributed to an increase in myeloid-biased HSCs, at least among LT-HSCs.
353  Given that bulk-HSCs consist of LT-HSCs and ST-HSCs, and that LT-HSCs exhibit no
354 change in differentiation potential with age, we hypothesized that ST-HSCs may be
355  responsible for the myeloid-skewing phenotype in PB. Transcriptomic analysis revealed
356  no enrichment of myeloid-related genes in the ST-HSC fraction, ruling out the possibility
357  of an increase in myeloid-biased HSCs in the ST-HSC fraction. Alternatively, we
358  observed a proportionate decrease in ST-HSCs in bulk-HSCs accompanying an increase
359  in LT-HSCs. We postulated that this relative decrease in ST-HSC ratio is responsible for
360 myeloid-biased hematopoiesis. When isolated LT-HSCs and ST-HSCs from young mice
361  were reconstituted to replicate an aged BM type in terms of the LT-HSC/ST-HSC ratio,
362  we discovered that PB was strongly skewed towards myeloid cells after transplantation
363  of reconstituted HSCs. In contrast, transplantation of reconstituted HSCs with a young
364  BM type resulted in a significantly lymphoid-skewed PB profile.

365 On the other hand, it has been reported that myeloid-biased HSCs have a more persistent
366  capacity for self-renewal (Muller-Sieburg et al., 2004). In fact, in our prior investigation
367 comparing PB 16 weeks post-transplant, myeloid cell production in PB was greater when
368  LT-HSCs were transplanted, while ST-HSC transplantation resulted in a considerable
369 increase in lymphoid cell production (Chen et al., 2016). It is therefore possible that the
370  LT-HSCs and ST-HSCs we isolated utilizing the Hoxb5 reporter system are myeloid- and
371 lymphoid-biased HSCs, respectively. However, the myeloid-producing capacity of LT-
372  HSCs and ST-HSCs 4 weeks post-transplantation is equivalent (Chen et al., 2016). In

373  contrast, 16 weeks after transplantation, ST-HSC transplant recipients demonstrate
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374  negligible myeloid development and a predominance of lymphocytes, unlike LT-HSC
375 transplant recipients (Chen et al., 2016). These characteristics show that early post-
376  transplant ST-HSCs lack the phenotypic of lymphoid-biased HSCs. When ST-HSC-
377  transplanted BM cells are employed as donors for secondary transplantation, no donor-
378  cell-derived hematopoiesis is detected in recipients (Chen et al., 2016). In addition, HSCs
379  are not observed in the BM following transplantation of ST-HSCs (Fig. 5). These results
380 indicate that ST-HSCs lose their capacity for self-renewal earlier after transplantation
381  than LT-HSCs. In addition, phenotypic examination of lymphocytes in PB after ST-HSC
382 transplantation revealed that nearly all of them were memory cells, and that there was no
383  denovo supply of T cells. In other words, ST-HSCs may have been erroneously classified
384  as lymphoid-biased HSCs due to the preservation of memory lymphocytes with a long
385  half-life in the peripheral circulation, despite the absence of de novo hematopoiesis
386  following transplantation of ST-HSCs. These findings suggest that the bias toward
387 myeloid and lymphoid lineages in post-transplant PB is not regulated by heterogeneity of
388  multipotency, but by heterogeneity of self-renewal capacity.

389  Multiple extrinsic factors have been implicated as HSC-independent causes of myeloid-
390 Dbiased hematopoiesis associated with aging. Some findings suggest that cell interaction
391  with niche cells in BM is altered (Pinho et al., 2018), whereas others claim that chronic
392  inflammation in aged mice lowers production of lymphoid progenitors and induces
393  myeloid-biased hematopoiesis (Montecino-Rodriguez et al., 2019; Ergen et al., 2012). To
394  identify HSC-independent causes of myeloid-biased hematopoiesis specifically, we
395 transplanted young LT-HSCs into young or aged mice. Cellular differentiation observed
396  in BM revealed that proportions of GMP, MEP, and CLP are unchanged between young

397  and aged recipients. In contrast, an examination of spleens and thymi, the sites of
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398 lymphocyte maturation, revealed the absence of donor cells in aged recipients. These
399  findings suggest that myeloid cells increase in aging mice due to a relative decrease in
400 the ratio of mature lymphocytes in PB, resulting from inhibition of lymphocyte
401  maturation outside the BM, such as in the thymus and spleen, rather than a significant
402  change in cell differentiation caused by the intramedullary environment. Attempts have
403 been made in the past to restore thymus function in aged mice by administering
404  keratinocyte growth factor (KGF) (S. W. Rossi et al., 2007). Indeed, in aged mice,
405 lymphocyte hematopoiesis recovers, which is consistent with our results that the
406  extramedullary environment influences the myeloid-bias phenotype in PB (S. W. Rossi
407  etal., 2007).

408 It has been clinically documented that recovery of the lymphocyte fraction in PB is
409 delayed in elderly donors, compared to young donors (Gonzalez-Vicent et al., 2017,
410 Baron et al., 2006). Although it is undeniable that this phenomenon may be due to
411 decreased HSC hematopoietic potential, it may also be due to a change in the ratio of LT-
412  HSC/ST-HSCs in bulk-HSCs, as described in our report, which may give the appearance
413  of a myeloid bias in PB after transplantation. It has also been noted that lymphocyte
414  recovery is delayed in elderly patients compared to younger patients (Berger et al., 2008;
415  van der Maas et al., 2021). Age-related loss in thymus and spleen functions has been
416  recorded in humans, implying that the same mechanism is acting as in our mouse
417  observations. If it is possible to assess and regulate the LT-HSC/ST-HSC ratio in donors
418  and thymus/spleen function in recipients in the future, it will help to develop accurate
419  models for predicting lymphocyte recovery after transplantation as well as new

420 transplantation strategies.
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421  In summary, we have demonstrated for the first time that the ratio of LT-HSC/ST-HSC
422  is important in age-related myeloid skewed hematopoiesis as an HSC-dependent factor
423  and that aging-related thymus and spleen dysfunction also contributes significantly as an
424  HSC-independent factor. Furthermore, here we propose a “self-renewal heterogeneity
425 model” as a new mechanism for hematopoietic heterogeneity, including myeloid-biased
426  hematopoiesis in aged mice (Fig. 8). In addition to this report, we have also shown that
427  cellular differentiation in the PB after transplantation can vary by changing
428 transplantation conditions, ultimately altering self-renewal ability (Sakamaki et al., 2021;
429  Nishi et al., 2022). This highlights the significance of deciphering molecular processes
430 that regulate the heterogeneity of HSC self-renewal capacity, which will help to provide
431  a better understanding of the hematopoietic system and the hematopoietic hierarchy in
432  the future.

433

434  Methods

435 Mice

436  Mice with an Hoxb5-tri-mCherry (C57BL/6J background), derived from our previous
437  work (Chen et al., 2016), were harvested for donor cells for transplantation, PB, and BM
438  analysis. CAG-EGFP mice (C57BL/6] background) were bred with Hoxb5-tri-mCherry
439  for transplantation experiments. 8-14-week-old C57BL/6-Ly5.1 mice (purchased from
440 Sankyo Labo Service) were used as recipients for transplantation assays. For aged
441  recipients, 2-year-old CD45.2 C57BL/6]J mice were purchased from CLEA Japan.
442  Supporting BM cells were collected from 8-12-week-old C57BL/6-Ly5.1 x C57BL/6J
443  (Fi mice CD45.17/CD45.2%). All mice were housed in specific pathogen-free (SPF)

444  conditions and were carefully observed by staff members. Mice were bred according to
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445  RIKEN or Kyoto University. All animal protocols were approved by the RIKEN Center
446  for Biosystems Dynamics Research and Kyoto University.

447

448  Flow cytometry, cell sorting, and bone marrow analyses

449  Flow cytometry and cell sorting were performed on a FACS Aria II cell sorter (BD
450 Biosciences) and analyzed using FlowJo™ software (BD Biosciences). Bone marrow
451  (BM) cells were collected from bilateral tibias, femurs, humeri, and pelvises in Ca?*- and
452  Mg**-free PBS supplemented with 2% heat-inactivated bovine serum (Gibco) and 2 mM
453 EDTA (Thermo Fisher Scientific). Cells were passed through 100-pm, and 40-um
454  strainers (Corning) before analysis and sorting. Prior to staining, samples were blocked
455  with 50 ug/mL rat IgG (Sigma-Aldrich) for 15 min. To enrich HSCs and progenitor
456  populations for sorting and bone marrow analyses, cells were stained with APC-
457  eFluor780-conjugated anti-c-Kit (clone: 2B8) and fractionated using anti-APC magnetic
458 Dbeads and LS columns (both Miltenyi Biotec). c-Kit" cells were then stained with
459  combinations of antibodies as described in Supplemental Table 1. All staining was
460 incubated at 4°C for 30 min, except for CD34 staining, which was incubated for 90 min.
461  Samples were washed twice after staining. Prior to flow cytometry or cell sorting, samples
462 were stained with SYTOX Red Dead Cell Stain (Life Technologies) or 7-
463 aminoactinomycin D (BioLegend). Cells were double sorted for purity.

464

465 Transplantation and peripheral blood analyses

466  12-24 hours prior to transplantation, C57BL/6-Ly5.1 mice, or aged C57BL/6] recipient
467 mice were lethally irradiated with single doses of 8.7 Gy or 9.1Gy. For transplantation

468  assays, donor cells were first combined with 2 x 10° whole bone marrow supporting cells

20


https://doi.org/10.1101/2024.01.18.576239
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.18.576239; this version posted January 20, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

469  (C57BL/6-LyS.1 x C57BL/6J Fi mice CD45.17/CD45.2") in 200 uL of PBS with 2%
470 FBS, and then injected into the retro-orbital venous plexus. For evaluation of post-
471  transplant kinetics, PB was collected and analyzed. At each time point, 50 pL. of blood
472  were collected from the tail vein and re-suspended in Ca’'- and Mg**-free PBS
473  supplemented with 2 mM EDTA. Red blood cells were lysed twice on ice for 3 min with
474 BD Pharm Lyse Buffer (BD Pharmingen). Identification of leukocyte subsets was
475 performed by staining with antibodies. Antibody information was described in
476  Supplemental Table 1. For evaluation of lineage output, the frequency of each lineage
477  (NKcell, B cell, T cell, neutrophil, and monocyte) was determined in the whole fraction.
478  The analysis of donor lineage output was restricted to donor cells showing > 0.1% donor
479  chimerism at the last PB analysis to allow reliable detection. The percentage of donor
480  chimerism in PB was defined as the percentage of CD45.1"CD45.2" cells among total
481 CD45.17CD45.2" and CD45.1°CD45.2" cells. PB data represents mice which survived
482  until the last PB analysis.

483

484 Thymus and Spleen analysis

485  Thymi and spleens were harvested and disrupted into a single cell suspension. Cells were
486  passed through 100-um, and 40-pm strainers (Corning). Isolated thymocytes and
487  splenocytes were incubated on ice for 30 min with appropriately diluted antibodies in
488  staining buffer. Identification of B cells in spleens and T cells in thymi was performed
489 by staining with antibodies described in Supplemental Table 1. Prior to flow cytometry
490 or cell sorting, samples were stained with SYTOX Red Dead Cell Stain (Life
491  Technologies).

492
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493  Tissue imaging

494  Freshly dissected spleens and thymi were fixed in 4% PFA (Nacalai tesque) in PBS for
495 24 h at 4°C. After PFA washout with PBS, tissues were cryoprotected with 30% sucrose
496  in PBS for 24 h at 4°C, embedded in Tissue-Tek O.C.T. compound (Sakura Finetek), and
497  snap-frozen in liquid nitrogen. Serial 10-pm longitudinal cryostat sections were obtained
498  using CryoStar NX50 (Thermo Fisher Scientific). Cell nuclei were counterstained with
499  4'.6-diamidino-2-phenylindole (DAPI, 1 pg/mL, Roche). To reduce autofluorescence,
500 tissue sections were treated with Vector TrueVIEW autofluorescence quenching kit
501  (Vector Laboratories). Images were obtained from Leica TCS SP8 (Leica).

502

903  RNA sequencing

504  Total RNA was isolated with Trizol (Thermo Fisher Scientific) and cleaned up using
505 RNeasy MinElute columns (QIAGEN). cDNA libraries were prepared from bulk-HSCs,
506  ST-HSCs and LT-HSCs using a KAPA RNA HyperPrep kit with RiboErase (HMR)
507  (Kapa Biosystems) and sequenced using a Hiseq 1500 (Illumina) to obtain 2 x 127 base-
908  pair (bp) paired-end reads. Three replicates were sequenced for each population. Raw
509 transcriptome sequence data were mapped to the genome (mm10) using HISAT2 (ver
510 2.1.0) (Kim et al., 2015). Alignments were then passed to StringTie (ver 1.3.4d), which
511  was used to assemble and quantify transcripts in each sample (Pertea et al., 2016). EdgeR
512 (ver 3.22.5) was then used to compare all transcripts across conditions and to produce
513  tables and plots of differentially expressed genes and transcripts (Robinson et al., 2009).
514  Normalization with the TMM method was performed with the edgeR package in
515  Bioconductor (https://bioconductor.org/). Genes (12,808 genes) were selected for

916  hierarchical clustering based on the mean of TMM normalized read counts across all
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517  samples’ cells (mean > 1). Then, clustering was performed by using the hclust function
918  for R (distance = Spearman’s correlation’; method = ’ward.D2’). We depicted Venn
519  diagrams and performed GSEA analyses in Figures 4D-G and S4C-D using previously
520 published gene sets after excluding genes that could not be annotated by our
521  transcriptome  dataset. GSEA  was performed using GSEA  software
522  (http://www.broadinstitute.org/gsea) with default settings (Subramanian et al., 2005).
523

524  Quantification and statistical analyses

525  Statistical analyses were performed using ggplot2 in R (version 4.1.2) or Microsoft Excel.
926  Sample size for each experiment and replicate numbers of experiments are included in
927  figure legends. Statistical significance was determined using Welch’s t test. P values <

528  0.05 were considered significant.

929

530 Data and materials availability

931  Sequencing data has been deposited in the Gene Expression Omnibus under accession
532 code GSE226803. Correspondence and requests for materials should be addressed to
533 M.M. (miya75@med.kobe-u.ac.jp).
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803  Figure 1. Comprehensive analysis of hematopoietic alternations with age shows a
804  discrepancy of age-associated changes between peripheral blood and bone marrow
805 (A) Average frequency of myeloid cells (neutrophils, monocytes) and lymphoid cells (B
806 cells, T cells, and NK cells) in PB at the age of 2-3 months (n = 6), 6 months (n = 6), 12-
807 13 months (n = 6), 18 months (n = 6), 20-21 months (n = 5), > 23 months (n = 16).
808  Abbreviation: PB = Peripheral blood.

809 (B) Average frequency of immunophenotypically defined HSC and progenitor cells in
810 BM of 2-3-month mice (n = 6), 6-month mice (n = 6), 12-13-month mice (n = 6), > 23-
811 month mice (n =7).

812 (C) Age-associated changes of immunophenotypically defined HSC and myeloid

813  differentiation components (CMP and myeloid cells in the PB). The ratio of aged to young
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814  frequency was calculated as (the fraction frequency at each aged mice (%)) / (the average
815  fraction frequency at 2-3-month mice (%)). *P < 0.05. **P < 0.01. ***P < 0.001. Data
816  and error bars represent means + standard deviation.
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861  Figure 2. The expansion of myeloid-biased clones was not observed in 2-year-old
862  LT-HSCs after their transplantation.

863 (A) Hoxb5 reporter expression in bulk-HSC, MPP, Flk2", and LinScalc-Kit"
864  populations in the 2-year-old Hoxb5-tri-mCherry mice. Values indicate the percentage of
865 mCherry" cells + standard deviation in each fraction (n = 3).

866  (B) Experimental design to assess the long-term reconstitution ability of Hoxb5"HSCs or
867 Hoxb5 HSCs. Hoxb5" HSCs and Hoxb5  HSCs were isolated from 2-year-old CD45.2
868  Hoxb5-tri-mCherry mice and were transplanted into lethally irradiated CD45.1 recipient
869  mice with 2 x 10° supporting cells (Hoxb5" HSCs, n = 13; Hoxb5  HSCs, n = 10). For
870  secondary transplants, 1 x 107 whole BM cells were transferred from primary recipient
871  mice. Abbreviations: PB = Peripheral blood, RT = Radiation therapy.

872  (C) Percentage chimerism at 16 weeks after receiving ten aged Hoxb5" HSCs or ten aged
873  Hoxb5" HSCs. Each column represents an individual mouse.

874 (D) Percentage chimerism at 16 weeks after whole BM secondary transplantation. Donor
875 whole BM cells for secondary transplantation were taken from mice denoted by * in
876  Figure 2C.

877 (E) Kinetics of average donor chimerism in each PB fraction after primary
878 transplantation.

879  (F) Kinetics of average donor chimerism after secondary transplantation.

880 (G) Kinetics of average donor myeloid output (myeloid proportion in donor cells) in LT-
881  HSC recipient mice after primary and secondary transplantation. *P < 0.05. **P < (0.01.
882  ***P <(.001. Data and error bars represent means + standard deviation.
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885  Figure 3.
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907  Figure 3. Aged LT-HSCs show balanced hematopoiesis throughout life
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908 (A) Experimental design for competitive co-transplantation assay using young LT-HSCs
909  sorted from Hoxb5-tri-mCherry GFP mice and aged LT-HSCs sorted from Hoxb5-tri-
910  mCherry mice. Ten CD45.2" young LT-HSCs and ten CD45.2* aged LT-HSCs were
911  transplanted with 2 x 10° CD45.1*/CD45.2* supporting cells into lethally irradiated
912  CD45.17 recipient mice (n = 8).

913  (B) Lineage output of young or aged LT-HSCs at 4, 8, 12, 16 weeks after transplantation.
914  Each bar represents an individual mouse.

915  (C) Lineage output kinetics of young LT- HSCs or aged LT- HSCs at 4, 8, 12, 16 weeks
916  post-transplant.

917 (D) Competitive analysis of young LT-HSCs vs. aged LT-HSCs lineage output at 4, 8§,
918 12, 16 weeks post-transplant. Competitive ratio was calculated as the proportion of young
919  LT-HSCs derived cells vs. aged LT- HSCs derived cells in each fraction. Abbreviations:
920 Neut = Neutrophils, Mo = Monocytes, B =B cells, T =T cells, and NK = NK cells. Data
921  and error bars represent means + standard deviation. “n.d.” stands for “not detected.”
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952  Figure 4. Myeloid-associated genes were not enriched in aged LT-HSCs compared

953  to their young counterparts
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954  (A) Experimental schematic for transcriptome analysis. LT-HSCs (n = 3), ST-HSCs (n =
955  3), and bulk-HSCs (n = 3) were sorted from young (2-3 months) or aged (23-25 months)
956  Hoxb5-tri-mCherry mice, after which each RNA was harvested for RNA sequencing.
957  (B) Hierarchical clustering dendrogram of whole transcriptomes using Spearman distance
958  and the Ward clustering algorithm.

959  (C) Violin plots showing normalized gene expression levels for each gene set in young
960 and aged LT-HSCs, ST-HSCs, and bulk-HSCs. Expression values for each gene were
961  standardized independently by applying Z score transformation.

962 (D, E) Venn diagram showing the overlap of genes between three myeloid signature gene
963  sets, and lymphoid signature gene sets (A Sanjuan-Pla et al., 2013, Pronk et al., 2007, SM
964  Chambers et al., 2007).

965 (F, G) Signature enrichment plots from GSEA analysis using defined myeloid and
966 lymphoid signature gene sets that overlapped in the three gene sets. Values indicated on
967 individual plots are the normalized Enrichment Score (NES) and g-value of enrichment.
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992  Figure 5. The memory-type lymphocytes in the peripheral blood make it look as if
993 ST-HSCs are lymphoid-biased HSCs
994  (A) Experimental design for assessing the lineage output of young LT-HSCs or ST-HSCs.
995 Ten LT-HSCs, or ten ST-HSCs were isolated from 2-month-old CD45.2 Hoxb5-tri-
996 mCherry GFP mice and were transplanted into lethally irradiated CD45.1 recipient mice
997  with 2 x 10° supporting cells (LT-HSCs, n = 3; ST-HSCs, n = 4).
998 (B) Kinetics of average frequency of lymphoid cells (B cells, T cells, and NK cells) in
999  donor fraction after LT-HSCs or ST-HSCs transplantation.

1000  (C) Gating scheme to identify memory (Central and effector) T cells and naive T cells in

1001 the PB after excluding doublets, dead cells, and non-donor cells.
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1002 (D) Percentage of memory (Central and effector) T cells and naive T cells in donor CD4"
1003  fraction 10 months after LT-HSC or ST-HSC transplantation.

1004  (E) Gating scheme to identify donor cells in bulk-HSC fraction in bone marrow analysis.
1005  (F) Donor chimerism in bulk-HSC fraction 12 months after LT-HSCs or ST-HSCs
1006  transplantation. *P < 0.05. ***P <(.001. Data and error bars represent means + standard
1007  deviation.
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1045  Figure 6. Hematopoiesis after transplantation inclined either toward myeloid or
1046  lymphoid cell production by artificially changing the ratio of LT-HSC/ST-HSC

1047  (A) Experimental design for the transplantation of 2-3-month-old LT-HSCs and ST-
1048  HSCs in a 2:8 ratio (the same ratio as in young mice BM) or 5:5 ratio (the same ratio as

1049  in aged mice BM). Donor cells were transplanted with 2 x 105 CD45.1"/CD45.2*
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1050  supporting cells into lethally irradiated CD45.17 recipient mice (2:8 ratio, n = 18; 5:5
1051  ratio, n =23).

1052  (B) Donor lineage output of young LT-HSCs and ST-HSCs transplanted either in a 2:8
1053  ratio or a 5:5 ratio at 4, 8, 12, 16 weeks post-transplant. Each bar represents an individual
1054  mouse.

1055  (C) Kinetics of average lineage output of young LT-HSCs and ST-HSCs in a 2:8 ratio or
1056  a 5:5ratio at 4, 8, 12, 16 weeks post-transplant.

1057 (D) Frequency of myeloid cells in donor cell fraction. *P < 0.05. **P < 0.01. Error bars
1058  represent standard deviation. Data represent two independent experiments.
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1098  Figure 7. Age-associated physiological changes drive differentiation of LT-HSCs
1099  toward myeloid cells

1100  (A) Experimental design for assessing the impact of age-associated physiological changes
1101 on differentiation of LT-HSCs. Ten GFP* LT-HSCs sorted from young (2-3 months)
1102 Hoxb5-tri-mCherry GFP mice, were transplanted with 2 x 10° CD45.1"/CD45.2*
1103 supporting cells into lethally irradiated young or aged recipient mice. We defined donor
1104  cells as GFP" cells and supporting cells as CD45.17/CD45.2" cells.

1105  (B) Survival rate of recipient mice in each group.

1106  (C) Donor lineage output in young or aged recipient mice 11-12 weeks after transplanting
1107  young LT-HSCs (young recipient, n = 17; aged recipient, n = 10).

1108 (D) Myeloid output (Frequency of donor myeloid cells in donor fraction) in young or
1109  aged recipient mice 11-12 weeks after transplantation.

1110 (E) Kinetics of lineage output from donor LT-HSCs in young or aged recipient mice 4, 8,
1111 11-12 weeks after transplantation.

1112 (F) Average frequency of donor bulk-HSC and progenitor cells in donor c-Kit" cells in
1113 BM (young recipient, n = 8; aged recipient, n = 8). BM samples were taken from mice
1114 denoted by * in Figure 7C.

1115 (G) Representative immunofluorescence images of frozen spleen sections derived from
1116 young or aged recipient mice. Green: donor cells (GFP fluorescence); blue: DNA (DAPI);
1117 Scale bar: 200 pm.

1118  (H) Frequency of donor cells in spleen B cells of young or aged recipient mice (young
1119 recipient, n = 8; aged recipient, n = 8). Spleens are taken from mice denoted by * in Figure

1120 7C.
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1121 (I) Representative immunofluorescence images of frozen thymus sections derived from
1122 young or aged recipient mice. Green: donor cells (GFP fluorescence); blue: DNA (DAPI);
1123  Scale bar: 200 pm.

1124 (J) Frequency of donor cells in thymus T cells of young or aged recipient mice (young
1125  recipient, n = 8; aged recipient, n = 8). Thymi are taken from mice denoted by * in Figure
1126 7C. *P <0.05. ***P <0.001. Error bars represent standard deviation. Data represent two
1127  independent experiments.
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1163  Figure 8. Our new model: Self-renewal heterogeneity model. It has been thought that
1164  there were myeloid (My-) or lymphoid biased (Ly-) HSCs, and that clonal selection of
1165  My-HSCs caused age-associated myeloid biased hematopoiesis. However, in our model,
1166  LT-HSCs represent unbiased hematopoiesis throughout life. ST-HSCs lose their
1167  hematopoietic ability within a short period and memory-type lymphocytes remains in the

1168  PB after ST-HSC transplantation. These remaining memory-type lymphocytes make it
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1169  look as if ST-HSCs are lymphoid-biased (The upper section). As a result, the age-
1170  associated relative decrease of ST-HSCs in bulk-HSC fraction causes myeloid biased
1171 hematopoiesis with age. Additionally, the blockage of lymphoid differentiation at spleen
1172  and thymus accelerates further myeloid biased hematopoiesis in aged mice (The lower
1173  section).
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