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Experimental dietary restriction (DR) is based on a 10–30% 
reduction in food intake without leading to malnutrition 
(Omodei and Fontana, 2011). DR has been intensively stud-
ied and was shown to elongate the lifespan of Caenorhabdi-
tis elegans, Drosophila melanogaster, and rats (Fontana et al., 
2010). Studies on inbred laboratory mice revealed that DR 
elongates lifespan in some mouse strains, whereas in others, 
the eff ects of DR were neutral or even resulted in lifespan short-
ening compared with ad libitum (AL)–fed controls (Harper 
et al., 2006). In long-lived nonhuman primates, two studies 
reported on the consequences of long-term DR on over-
all lifespan (Colman et al., 2009; Mattison et al., 2012). In 
both studies, DR did not result in a signifi cant elongation of 

the lifespan compared with AL controls when all primates 
were included in the analysis (Colman et al., 2009; Matti-
son et al., 2012). These results stand in contrast to multiple 
studies having unambiguously documented benefi cial eff ects 
of DR on health parameters and disease prevention in both 
murine models and primates, including suppression of can-
cer development, memory loss, hearing impairments, type 2 
diabetes, hypertension, and heart disease (Shimokawa et al., 
1993; Mattson, 2005; Cohen et al., 2009; Colman et al., 2009; 
Omodei and Fontana, 2011; Mattison et al., 2012).

To better understand the eff ects of DR on health and 
lifespan, it is important to characterize the cellular conse-
quences of DR at the level of adult tissue stem cells. Adult 
stem cells exist in many mammalian organs and tissues. Given 
that stem cells play essential roles in the maintenance of tis-
sue homeostasis and tissue regeneration after damage, it is be-
lieved that age-related changes in stem cell function impact 
tissue aging (Dorshkind et al., 2009; Jones and Rando, 2011; 
Goldberg et al., 2015). Indeed, age-related declines in stem 
cell functionality occur in various tissues (Liu and Rando, 
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2011). However, the eff ects of DR on stem cell function-
ality and aging remain to be characterized in greater detail. 
It was reported that DR enhances muscle stem cell mainte-
nance and activity to regenerate damaged muscle (Cerletti 
et al., 2012). In addition, it was shown that DR augments 
stem cell activity in the intestinal epithelium by stimulating 
mammalian target of rapamycin complex 1 (mTORC1) sig-
naling in the Paneth cells that form a niche for intestinal stem 
cells (Yilmaz et al., 2012).

In the hematopoietic system, DR ameliorated aging-as-
sociated increases in the self-renewal of phenotypic hemato-
poietic stem cells (HSCs) with reduced functionality as well 
as defects in the clearance of nonproliferative (senescent) and 
damaged T lymphocytes (Spaulding et al., 1997a; Chen et al., 
1998, 2003; Ertl et al., 2008). However, DR-fed mice exhibited 
an enhanced susceptibility to infections indicative of impaired 
immune functions (Peck et al., 1992; Gardner, 2005; Kristan, 
2007; Goldberg et al., 2015). Mechanistically, the eff ects of 
DR on HSC functionality remain incompletely understood 
but are infl uenced by genetic factors (Ertl et al., 2008).

In this study, we analyzed the short- and long-term ef-
fects of adult-onset 30% DR on the capacity of HSCs and 
progenitor cells in maintaining hematopoietic repopulation 
and B lymphopoiesis in C57BL/6J mice. The study provides 
the fi rst experimental evidence that long-term DR alters 
the lymphoid cell diff erentiation potential of HSCs and pro-
genitor cells, resulting in immune defects in the context of 
prolonged bacterial infection. However, long-term DR from 
young adulthood to midlife improves the maintenance of the 
repopulation capacity of HSCs by enhancing stem cell qui-
escence. The study identifi es distinct stress signaling factors 
(IL-6 and IL-7) and growth factors (insulin-like growth fac-
tor 1 [IGF1]) that contribute to both the positive and adverse 
eff ects of DR on HSC functionality.

RES ULTS

DR retards HSC aging

HSC aging is characterized by increases in the overall pool 
size of HSCs but decreases in the capacity of HSCs in main-
taining hematopoietic repopulation and lymphopoiesis. This 
associates with a shift in the HSC pool characterized by sub-
stantially increasing numbers of myeloid-biased HSCs that 
predominantly generate myeloid lineages, but relatively little 
increases in lymphoid-biased HSCs that predominantly gen-
erate lymphoid lineages. This shift in the HSC population is 
thought to contribute to myeloid skewing of blood cells and 
decreases in immune functions in response to aging (Mor-
rison et al., 1996; de Haan et al., 1997; Chen et al., 1999; 
Rossi et al., 2005; Chambers and Goodell, 2007; Beerman 
et al., 2010; Florian et al., 2012; Geiger et al., 2013). To an-
alyze the long-term consequences of an adult-onset DR on 
HSCs during aging, 3-mo-old mice were treated with a 30% 
DR, and analysis of HSC number was followed regularly 
after up to 9 mo of the treatment. Although the study pe-
riod ended in midlife (12 mo old) mice, HSCs of mice from 

the AL group already developed typical phenotypes of aging, 
e.g., an increase in HSC numbers and a skewing toward my-
eloid-biased HSCs. Intriguingly, although the phenotypically 
defi ned HSCs (CD150+CD34−c-Kit+Sca-1+lineage− cells = 
CD150+CD34−KSL) increased by approximately fi vefold in 
the AL mice at the age of 12 mo, they increased only very 
mildly in DR mice (Fig. 1 A). Furthermore, the increase of 
myeloid-biased HSCs (CD150hiCD34−KSL) and the imbal-
ance of the HSC pool in AL mice were substantially rescued 
in DR mice maintaining a balanced HSC pool at the age 
of 12 mo (Fig.  1, B and C; and Fig. S1). To further study 
the infl uence of DR on HSC function, transplantation ex-
periments were conducted after mid- (6 mo) and long-term 
(1 yr) DR versus AL diet. Highly purifi ed phenotypic HSCs 
(CD150+CD34−KSL) derived from the DR- or AL-treated 
mice were transplanted along with competitor cells. Inter-
estingly, DR donor–derived HSCs showed a signifi cantly 
stronger repopulating capacity compared with AL donor–
derived HSCs (Fig.  1, D–I). Moreover, serial transplanta-
tion experiments revealed improved self-renewal capacity of 
HSCs derived from DR donors compared with HSCs from 
AL donors (Fig. 1, I and J). Together, these data indicated that 
DR leads to improved maintenance of the functional reserve 
of HSCs during aging. An analysis of the lineage chimerism 
from donor-derived HSCs revealed that DR donor–derived 
HSCs had a greatly enhanced lymphoid output compared 
with AL donor–derived HSCs starting as early as 3–4 wk 
after transplantation (Fig.  1, E, F, H, and I). This improve-
ment in DR donor–derived repopulation capacity was less 
pronounced in the myeloid lineage (Fig. 1, G–I), but in line 
with the overall increase in repopulation capacity, DR donor–
derived HSCs also exhibited an increase in myeloid output 
at later time points after transplantation (Fig. 1 G). Together, 
these data showed that DR not only phenotypically main-
tained a balanced myeloid/lymphoid ratio within the HSC 
pool but also the potential of the HSC pool to generate 
cells of lymphoid lineage.

DR increases HSC quiescence

It is believed that quiescence is a key mechanism contrib-
uting to the prevention of aging- and proliferation-induced 
declines in HSC functionality. Although the majority of adult 
HSCs are resting under physiological status, they regularly 
enter and exit the cell cycle to produce short-lived down-
stream cells in 2–3-mo intervals (Wilson et al., 2008; Sun et 
al., 2014; Busch et al., 2015). These rounds of cell division are 
thought to contribute to the loss of HSC functionality during 
aging (Passegué et al., 2005; Beerman et al., 2013; Flach et 
al., 2014; Walter et al., 2015). HSCs do not have an unlimited 
capacity of self-renewal, which is known to exhaust within 
four to six rounds of serial transplantation–induced replica-
tion stress. Increased HSC cycling was shown to lead to the 
loss of stem cell activity in many genetically modifi ed mouse 
models (El-Deiry et al., 1993; Cheng et al., 2000; Lee and 
Yang, 2001; Hock et al., 2004; Yilmaz et al., 2006; Zhang et 
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al., 2006; Orford and Scadden, 2008). To test whether DR 
infl uences the quiescence of HSCs, the cell cycle status was 
analyzed by fl ow cytometry under DR condition. Notably, 
HSCs exhibited a fast response to DR, leading to a signifi cant 
increase in the percentage of quiescent HSCs (in G0 phase) 
appearing 3 d after initiation of DR (Fig. 2 A). This increase 
in quiescent HSCs persisted as the treatment was applied for a 
longer period (Fig. 2, A and B). Continuous BrdU labeling—a 
protocol known to push HSCs into cell cycle (Wilson et al., 

2008)—provoked strong increases in HSC cycling in AL-fed 
control mice (Fig. 2, C and D). Of note, DR impaired the 
responsiveness of HSCs to BrdU-induced cell cycle activity 
(Fig. 2, C and D). To further test whether DR reduces HSC 
proliferation in response to stress, polyinosinic-polycytidylic 
acid (pIpC)—a known activator of interferon signaling—was 
injected to DR or AL pretreated mice, and HSC cell cycle 
activity was analyzed 16 h after injection. Consistent with a 
previous study (Essers et al., 2009), pIpC signifi cantly activated 

 Figure 1. DR retards HSC aging. (A–C) 3-mo-old mice were fed with DR diet or AL diet. The HSC population was analyzed by fl ow cytometry at the 

indicated time points after dietary intervention (n = 3–5 mice per group per time point; n = 2 independent experiments). Note that the number of HSCs, 

in particular myeloid-biased HSCs, of DR mice was maintained relatively stable, whereas it increased signifi cantly over time during aging in AL mice. In B, 

the signifi cance of the comparison was shown in the lower line for the lymphoid-biased HSCs (CD150lo HSCs) and in the upper line for the myeloid-biased 

HSCs (CD150hi HSCs). Note that the skewing toward myeloid-biased HSCs during aging in AL mice was rescued in DR mice. (C) Representative FACS plots of 

mice treated with 9-mo DR or AL gated from c-Kit+Sca-1+lineage− BM cells. (D–G) 100 HSCs derived from donor mice treated with mid-term (6 mo) DR or 

AL were transplanted along with 2 × 105 total BM cells from competitor mice into recipient mice (n = 4–5 mice per group; n = 2 independent experiments). 

Panels show donor-derived total chimerisms (D), chimerisms of lymphoid lineage (E and F), and chimerisms of myeloid lineage (G) in PB at the indicated 

time points after transplantation. (H–J) 200 HSCs derived from donor mice treated with long-term (1 yr) DR or AL were transplanted along with 2 × 105 total 

BM cells from competitor mice into recipient mice. 4 mo later, 107 BM cells from the primary recipients were transplanted to secondary recipient mice (n = 

4–5 mice per group; n = 2 independent experiments). (H and I) Donor-derived chimerisms in BM 4 mo after primary (H) and secondary (I) transplantation 

(Tx). (J) Representative FACS plots of primary and secondary recipient mice gated from HSCs. HSCs, CD150+CD34−c-Kit+Sca-1+lineage− BM cells; m, months; 

B, B cells; T, T cells; Mye, myeloid cells; w, weeks. Data are displayed as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired 

two-tailed Student’s t test. ns, not signifi cant. 
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HSCs in AL mice (Fig. 2 E). Although responsive to pIpC, 
HSCs of DR mice remained signifi cantly more quiescent 
compared with HSCs of AL mice (Fig. 2 E). Together, these 
fi ndings indicated that DR increases HSC quiescence and re-
duces HSC proliferation in response to stress.

To further investigate how dietary modulation regulates 
HSC cell cycle activity, mice were kept on DR for 3 wk and 
then reexposed to an AL diet (refeeding [RF]). Reaccess to 
an AL diet led to a quick (within 3 d) and overshooting G1 
entry of HSCs, which by far exceeded the percentage of G1 
phase HSCs in mice that were permanently exposed to an AL 
diet (Fig. 2 F). This increase in HSC cycling was still seen at 
14 d of RF (Fig. 2 G). Together, these data revealed a DR-de-
pendent switch of HSCs from proliferation into quiescence, 
which is revertible by RF.

DR leads to suppression of B lymphopoiesis and enhanced 

erythropoiesis/myelopoiesis

The aforementioned data indicated that DR prevents aging-as-
sociated increases in the self-renewal of myeloid-biased HSCs 
(CD150hiCD34−KSL) but to a much lesser extent in lymphoid-bi-
ased HSCs with low CD150 expression (CD150loCD34−KSL), 
thus preventing myeloid skewing of the HSC pool during aging 
(Fig. 1 B). To directly address whether DR would also rescue the 
skewing of hematopoiesis at the progenitor and diff erentiated blood 
cell level, diff erent hematopoietic lineages were analyzed kinetically 
by fl ow cytometry in adult-onset DR mice compared with AL-
fed control mice. In contrast to the benefi cial eff ects at the HSC 
level, DR showed a signifi cant adverse eff ect on B lymphopoiesis, 
indicating a dual role of DR in hematopoietic homeostasis. DR 
had no strong eff ect on the overall cell number of hematopoietic 

 Figure 2. DR increases HSC quiescence. 

(A and B) HSCs were freshly isolated from mice 

that were treated for the indicated time peri-

ods with a DR or AL diet. Cell cycle was an-

alyzed by FACS using Ki67 and DAPI staining 

(n = 3–5 mice per group per time point; n = 

2 independent experiments). (A) Quantifi cation 

of HSCs in G0 phase. Unpaired two-tailed Stu-

dent’s t test was used. (B) Representative FACS 

plots gated from HSCs of mice treated with DR 

or AL for 3 wk. (C and D) Mice were treated 

with DR or AL for 10 d. On day 4, a single dose 

of 180 μg BrdU was injected intraperitoneally, 

and the mice were continuously supplied with 

0.8 mg/ml BrdU in drinking water for the sub-

sequent 6 d (n = 5 mice per group per time 

point; n = 2 independent experiments). 

(C) Quantifi cation of BrdU-incorporated HSCs 

on day 10 (6 d after bolus injection followed 

by continuous supplementation of BrdU). Un-

paired two-tailed Student’s t test was used. 

(D) Representative FACS plots gated from 

HSCs. (E) Mice were treated with DR or AL for 

8 d followed by a single 5-mg/kg dose of pIpC 

injection. 16  h after injection, HSC cell cycle 

activity was analyzed by fl ow cytometry by Ki67 

and DAPI staining (n = 4–5 mice per group per 

time point; n = 2 independent experiments). 

One-way ANO VA analysis was used. (F and G) 

Mice were treated with DR or AL for 3 wk. Af-

terward, half of the mice in the DR group were 

refed AL (RF), whereas the remaining mice were 

continuously treated with the same diet as be-

fore. HSC cycle activity from all groups was 

analyzed 3 d (F) and 14 d (G) after RF by fl ow 

cytometry using Ki67 and DAPI staining (n = 

4–5 mice per group per time point; n = 2 inde-

pendent experiments). One-way ANO VA analy-

sis was used. Note that HSC cycle activity was 

strongly activated upon RF. Data are displayed 

as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P 

< 0.001; ****, P < 0.0001. ns, not signifi cant.
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cells in BM (Fig. 3 A). However, it induced a severe impairment 
of B lymphopoiesis (Fig. 3, B–G). The reduction of B lymphopoi-
esis did not occur in all lymphoid subpopulations simultaneously, 
but aff ected the lineage in a sequential manner starting at early 
progenitor cell level and then going stepwise down the lineage 
toward mature B lymphocytes. Specifi cally, within 3 d of DR, the 
frequency of common lymphoid progenitors (CLPs; IL-7Rα+-

Flt3+c-Kitmid/lowSca-1mid/lowlineage− cells; see Fig. S2 for represen-
tative gating strategy) dropped by 50% (Fig. 3, B and C), and pro–B 
cells (B220+CD24+AA4.1+TER-119−Gr-1−CD11b−CD3−; 
Fig. S3) decreased by ∼25% (Fig. 3, D and E), whereas mature 
B cell numbers in BM remained unchanged at this time point 
(Fig. 3 F). Notably, longer treatment of DR (2 wk) resulted in a 
striking diminishment of lymphoid progenitors (Fig. 3, B–E) and 
a signifi cant decrease of mature B cells in the BM (Fig. 3, F and 
G) as well as in the peripheral blood (PB; Fig. 3 H), accompanied 
by a remarkable shrinkage of spleen and thymus (Fig. 3, I and 
J) and a signifi cant impairment of bacteria clearance upon infec-
tion challenge (Fig. 3 K). When DR persisted >9 mo, a recov-
ery of pro–B cell population occurred, but still remained reduced 
compared with AL mice (Fig. 3 D). Throughout the investigation 

period (up to 9 mo of the treatment), the B lymphoid lineage 
was maintained at a signifi cantly smaller volume compared with 
the AL mice (Fig. 3 F).

In contrast to the suppression of B lymphopoie-
sis, erythropoiesis and myelopoiesis were enhanced in 
DR-treated mice. The number of common myeloid pro-
genitors (CMPs; CD16/32−CD34+c-Kit+Sca-1−lineage− 
cells; Fig. S1), megakaryocyte/erythrocyte progenitors 
(MEPs; CD16/32−CD34−c-Kit+Sca-1−lineage− cells; Fig. 
S1), granulocyte/macrophage progenitors (GMPs; 
CD16/32+CD34+c-Kit+Sca-1−lineage− cells; Fig. S1), pro-
erythroblasts (proEry’s; CD71+TER-119mid cells; Fig. S4), and 
CD11b+ myeloid cells were all elevated in the BM of DR 
mice (Fig.  4, A–G). In line with the increase of erythroid 
progenitor cells, RBCs and hemoglobin were signifi cantly in-
creased in the PB of DR mice (Fig. 4, H and I). The increase 
in erythropoiesis in response to DR persisted throughout the 
observation period (up to 9 mo of DR) and was more prom-
inent than the increase in myelopoiesis (Fig. 4, B, D, H, and 
I), suggesting that DR induces a biased hematopoiesis mainly 
toward erythropoiesis.

 Figure 3. DR leads to a sequential reduc-

tion of lymphopoiesis in BM. (A) Total num-

ber of BM cells of mice treated with DR or AL 

for 2 wk (n = 5 mice per group; n = 2 indepen-

dent experiments). (B, D, and F) Flow cytometry 

analysis of CLPs (B), pro–B cells (D), and B220+ 

cells (F) of BM from mice treated with DR or AL 

for the indicated time periods (n = 4–5 mice 

per group per time point; n = 2 independent 

experiments). Note a sequential reduction 

from early progenitors to downstream differ-

entiated cells. (C, E, and G) Representative 

FACS plots at 2-wk time point gated from 

c-Kitmid/lowSca-1mid/lowlineage− cells (C), 

B220+TER-119−Gr-1−CD11b−CD3− cells (E), 

and total BM cells (G). (H–J) B cell counting in 

PB (H), spleen weight (I), and thymus weight (J) 

of mice treated with DR or AL for 2 wk (n = 5 

mice per group; n = 2 independent experi-

ments). (K) Mice were treated with a DR or AL 

diet for 10 d and injected with bacteria or ve-

hicle control in the feet. Bacterial load was 

measured 1 wk after the bacterial injection (n 

= 6 mice per group; n = 2 independent exper-

iments). CLPs, IL-7Rα+Flt3+c-Kitmid/low

Sca-1mid/low lineage− cells; pro–B cells, B220+

CD24+AA4.1+TER-119−Gr-1−CD11b−CD3− cells. 

Data are displayed as mean ± SEM. *, P < 0.05; 

**, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by 

unpaired two-tailed Student’s t 

test. ns, not signifi cant. 
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Interestingly, the RF of an AL diet to mice that were 
kept for 3 wk on DR led to a strong recovery of B lymphoid 
lineage, again proceeding in a sequential stepwise process 
with the fastest response in CLPs followed by recovery of 
pro–B cells and mature B220+ cells in BM (Fig. 5, A–C). 
RF induced a transiently overshooting recovery response 
characterized by a sequential occurrence of super-normal 
cell numbers (higher than in control mice that were con-
tinuously kept on AL diet) fi rst aff ecting CLPs, followed by 
pro–B cells and then by B220+ cells (Fig. 5, A–C). The over-
shooting recovery response of CLPs was down-regulated to 
subnormal cell numbers when overproduction of down-
stream pro–B and mature B220+ cells became apparent 
(Fig. 5, A–C). It is possible that this overshooting response to 
RF also contributed to the strong enhancement of lymph-
opoiesis at early time points after transplantation of DR 
donor–derived HSCs compared with AL donor–derived 
HSCs into lethally irradiated AL recipients (Fig. 1, E and F).

DR impairs differentiation of lymphoid-biased HSCs 

and early progenitor cells

The aforementioned fi ndings indicated that DR rescues 
aging-induced skewing within the HSC pool by amelio-
rating the aging associated increase in myeloid-biased HSCs 
(CD150hi). The myeloid skewing of the aging HSC pool 
is thought to contribute to aging-induced impairments in 
lymphopoiesis and immune function (Wang et al., 2011). 
Although DR ameliorated myeloid skewing of the HSC 
pool, DR did not result in improved but impaired lymph-
opoiesis and reduced immune function (Fig. 3). These data 
prompted an investigation of the eff ects of DR on the 
lymphoid cell diff erentiation potential of HSCs and early 
progenitor cells. As currently understood, CLPs and CMPs 
have very limited or no self-renewal activity and must be 
continuously replenished by diff erentiation of HSCs. Ana-
lyzing the ratio of CLPs to lymphoid-biased HSCs and the 
ratio of pro–B cells to CLPs revealed a signifi cant reduc-

 Figure 4. DR leads to enhanced erythropoiesis and myelopoiesis in BM. (A–E) Flow cytometry analysis of CMPs (A), MEPs (B), GMPs (C), proEry’s 

(D), and myeloid cells (E) of BM from mice treated with DR or AL for the indicated time periods (n = 4–5 mice per group per time point; n = 2 inde-

pendent experiments). (F and G) Representative FACS plots at 2-wk time point gated from c-Kit+Sca-1−lineage− cells (F) and total BM cells (G). (H and 

I) PB cell counting of RBC (H) and hemoglobin (I) of mice treated with DR or AL for the indicated time periods (n = 4–5 mice per time point per 

group; n = 2 independent experiments). CMPs, CD16/32−CD34+c-Kit+Sca-1−lineage− cells; MEPs, CD16/32−CD34−c-Kit+Sca-1−lineage− cells; 

GMPs, CD16/32+CD34+c-Kit+Sca-1−lineage− cells; proEry’s, CD71+TER-119mid cells; HGB, hemoglobin. Data are displayed as mean ± SEM. *, P < 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired two-tailed Student’s t test. ns, not signifi cant. 
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tion of these ratios in response to DR (Fig. 5, D and E). 
Interestingly, RF rescued the skewed ratio of CLPs versus 
lymphoid-biased HSCs as well as the ratio of pro–B cells 
versus CLPs (Fig. 5, F and G). These data indicated that DR 
signifi cantly compromised the lymphoid cell diff erentiation 
capacity of lymphoid-biased HSCs and early lymphoid pro-
genitor cells. Of note, these inhibitory eff ects outweighed 
the positive eff ect of DR on preventing aging-associated 
myeloid skewing of the HSC pool (Figs. 1 and 3), resulting 
in an overall reduction of peripheral lymphocytes in blood 
and lymphoid organ (Fig. 3, H–J).

DR impairs master regulators of lymphoid 

cell differentiation in lymphoid-biased HSCs 

and proliferation of CLPs

Fate- and lineage-specifying genes are known to precede 
lineage commitment at multipotent stages (Miyamoto et al., 
2002). Lineage commitment of HSCs is regulated by the ex-
pression of lineage-specifi c genes (Cheng et al., 1996; Kondo et 
al., 1997; Muller-Sieburg et al., 2004). To directly test whether 
DR-induced alterations in HSC diff erentiation were mediated 
by cell-intrinsic alteration in the expression of key regulators 
of myeloid/erythroid versus lymphoid cell diff erentiation, the 

 Figure 5. DR impairs lymphoid cell differentiation and enhances erythropoiesis in lymphoid-biased HSCs. (A–C) Mice were treated with DR or AL 

for 3 wk. Afterward, half of the mice in the DR group were refed AL (RF), whereas the remaining mice were continuously treated with the same diet as before. 

The numbers of CLPs (A), pro–B cells (B), and B220+ cells (C) in BM were analyzed by fl ow cytometry at the indicated time points after RF (n = 5 mice per 

group per time point; n = 2 independent experiments). One-way ANO VA analysis was used. Note that a sequential recovery occurred fi rst in CLPs, second in 

pro–B cells, and lastly in B220+ cells after RF. (D and E) Flow cytometry analysis of the ratio of CLPs versus lymphoid-biased HSCs (D) and pro–B cells versus 

CLPs (E) of BM from mice treated with DR or AL for 1 mo (n = 5 mice per group; n = 2 independent experiments). Unpaired two-tailed Student’s t test was 

used. (F–I) Mice were treated with DR or AL for 3 wk. Afterward, half of the mice in the DR group were refed AL for 3 or 14 d, whereas the remaining mice 

were continuously treated with the same diet as before (n = 5 mice per time point per group; n = 2 independent experiments). One-way ANO VA analysis 

was used. (F) Ratio of CLPs versus lymphoid-biased HSCs after RF for 3 d. (G) Ratio of pro–B cells versus CLPs after RF for 14 d. (H and I) The expressions of 

lymphoid-, myeloid-, and erythroid-specifi c genes in lymphoid-biased HSCs (H) and myeloid-biased HSCs (I) were analyzed by qRT-PCR after RF for 3 d (n 

= 3 independent experiments). For each experiment, HSCs were obtained from a pool of three to four mice per group. Data are displayed as mean ± SEM. *, 

P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. ns, not signifi cant.
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expression of candidate genes was analyzed in purifi ed HSC 
populations by real-time PCR. Intriguingly, lymphoid-biased 
HSCs exhibited a signifi cant inhibition of lymphoid-specifi c 
genes (Blnk, Rag1, IL-7Rα, and Ly6d) and an induction of 
erythroid-specifi c genes (Gata1 and Car1) in DR-fed mice 
compared with AL-fed mice (Fig. 5 H). In contrast, myeloid-bi-
ased HSCs did not show strong alterations in the expression 
of lymphoid cell diff erentiation–inducing genes in response 
to DR (Fig. 5 I). However, myeloid-biased HSCs exhibited a 
signifi cant induction of erythroid cell diff erentiation–induc-
ing genes in response to DR, indicating that myeloid-biased 
HSCs contributed to the increase in erythroid cells under 
DR conditions. RF of the mice rescued these alterations in 
the gene expression in lymphoid-biased and myeloid-biased 
HSCs (Fig. 5, H and I). Myeloid-specifi c genes (CEBPα and 
Mpo) were not signifi cantly changed in either lymphoid-bi-
ased or myeloid-biased HSCs in response to DR, but were 
signifi cantly down-regulated in myeloid-biased HSCs upon 
RF (Fig. 5, H and I). These data suggested that DR induces al-
terations in diff erentiation program in HSCs, mainly involving 
suppression of lymphoid cell diff erentiation in lymphoid-bi-
ased HSCs and enhancement of erythroid cell diff erentiation 
in myeloid-biased HSCs and lymphoid-biased HSCs.

To test additional mechanisms that could be involved 
in the skewed hematopoiesis under DR conditions, cell cycle 
status and proliferation were analyzed at early progenitor cell 
stages (CLPs, MEPs, GMPs, and CMPs). The analyses uncov-
ered that DR elevated the number of CLPs in quiescence 
(Fig. 6, A–G), whereas RF stimulated the cell cycle activity 
of CLPs to enter G1 phase (Fig. 6, F and G). These results 
indicated that DR inhibits the cell cycle progression and 
the proliferation of CLPs. In contrast to the result on CLPs, 
DR did not suppress cell cycle activity of MEPs, GMPs, or 
CMPs but led to mild increases in cell cycle activity in the 
population MEPs and GMPs (Fig.  6, H–J), which was di-
minished by RF (Fig. 6, H and I). However, the eff ect size 
of these dietary-induced changes in cell cycle activity was 
very small in these progenitor cell populations, suggesting that 
DR-dependent increases in erythroid output likely involve 
proliferation-independent mechanisms, such as changes in 
diff erentiation of HSCs and early progenitor cells, resulting 
in the generation of higher numbers of MEPs and proEry’s 
producing a higher erythroid output with albeit marginally 
enhanced proliferation rates.

To further analyze DR-mediated eff ects on the reduc-
tion of CLPs in BM, CLP migration and apoptosis were an-
alyzed. DR did not change the rate of CLP migration to 
spleen (Fig. 7 A), the rate of CLP apoptosis (Fig. 7 B), or the 
expression of apoptosis-inducing genes in CLPs (Fig. 7 C). 
Because p53 is a regulator of apoptosis, cell cycle, and diff er-
entiation of HSCs (Kastan et al., 1991; Liu et al., 2009), we 
performed DR on 2-mo-old p53 knockout (p53−/−) mice 
and p53+/+ littermate controls. p53 deletion did not rescue 
DR-induced reductions in the number of CLPs (Fig. 7 D), 
pro–B cells, or B220+ cells (not depicted). Moreover, p53 

gene status did not aff ect DR-mediated suppression of cell 
cycle activity and expression of lymphoid-specifi c genes in 
lymphoid-biased HSCs (Fig. 7, E and F). Also, the deletion 
of Puma (the primary mediator of p53 dependent apopto-
sis; Jeff ers et al., 2003) or the overexpression of Bcl2 (an in-
hibitor of apoptosis; Ogilvy et al., 1999) did not rescue the 
decrease in the number of CLPs (Fig. 7, G and H), pro–B 
cells, or B220+ cells (not depicted) in response to DR con-
ditions. Collectively, these data indicated that DR-mediated 
decreases in lymphopoiesis were not mediated by apoptosis 
but involved p53-independent suppression of cell cycle ac-
tivity of HSCs as well as p53-independent alterations in the 
diff erentiation of HSCs.

DR-mediated suppression of IGF1 contributes to increases in 

HSC quiescence but not the skewing of HSC differentiation

The aforementioned fi ndings indicated that DR prevents 
aging-induced myeloid skewing within the HSC pool but 
at the same time strongly impairs the lymphoid cell diff eren-
tiation capacity of HSCs and CLPs, whereas diff erentiation 
of HSCs into erythroid/myeloid cells is maintained at high 
levels irrespective of dietary regiments. It is known that DR 
suppresses several systemic factors, including growth factors 
and infl ammatory factors. The data on cell cycle analysis and 
apoptosis suggested that DR-induced increases in G0 resi-
dency could contribute to this impairment in diff erentiation. 
Because systemic factors are known regulators of HSC ac-
tivity (Ju et al., 2007; Song et al., 2012), we sought to test 
whether alteration in systemic factors mediates the roles of 
DR on hematopoiesis. To this end, we studied the outcome 
of supplementing several systemic acting factors in mice ex-
posed to DR. The liver senses the nutrient status and regulates 
energy metabolism, cell proliferation, and diff erentiation by 
IGF1 secretion (Fontana et al., 2010; Parrella et al., 2013). 
Genetic reduction of insulin/IGF1 signaling was shown to 
elongate lifespan in lower-model organisms and female mice 
(Kenyon et al., 1993; Holzenberger et al., 2003; Bartke, 2005; 
Fontana et al., 2010). Insulin/IGF1 signaling is suppressed in 
response to DR, and this is believed to be one of the major 
mechanisms promoting improvements in health span in re-
sponse to DR (Thissen et al., 1994; Fontana et al., 2010; Hen-
ning et al., 2013; Harvey et al., 2014). However, its role on 
hematopoiesis in the context of persistent DR has not been 
reported. We observed a decreased serum IGF1 level in DR-
fed mice compared with AL-fed mice (Fig.  8 A). Of note, 
DR-mediated reductions in IGF1 levels were independent of 
p53 gene status (Fig. 8 B). To understand the role of IGF1 sig-
naling on hematopoietic homeostasis under DR conditions, 
recombinant IGF1 protein or vehicle control was adminis-
tered to DR-fed mice. IGF1 injection reverted the increase 
in quiescence of HSCs in DR-fed mice to almost the same 
level as in AL-fed mice (Fig. 8 C). However, this reversion in 
cell cycle did not rescue the impairment of lymphopoiesis but 
rather induced an even further enhancement of myelopoie-
sis/erythropoiesis in DR mice (Fig.  8, D–G). These results 
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indicated that DR-induced suppression of IGF1 contributes 
to the increase in HSC quiescence but not to the impairment 
in lymphopoiesis in response to DR.

Suppression of IL-6/IL-7 contributes to the impairment of 

lymphopoiesis in response to DR

Several interleukins are known mediators of lymphopoiesis, 
such as IL-6 and IL-7. In particular, IL-7 is a nonredundant 
cytokine, which is essential for T and B cell development 
(Alpdogan et al., 2001; Mackall et al., 2011). It is important 
for proliferation, diff erentiation, and survival of B and T 
cell precursors (Akashi et al., 1998; Corcoran et al., 1998). 
IL-7– or IL-7Rα–defi cient mice or anti–IL-7 antibody–
treated mice all display severely impaired B- and T cell de-
velopment (Peschon et al., 1994; von Freeden-Jeff ry et al., 
1995). Of note, serum levels of IL-7 were strongly reduced 
in response to DR, and this response was completely res-
cued by RF (Fig. 9 A). To test whether down-regulation 
of IL-7 contributed to the impaired B lymphopoiesis in 
DR-fed mice, DR-fed mice were treated with daily in-

jections of IL-7 or vehicle controls. Intriguingly, IL-7 in-
jection signifi cantly reverted the DR-mediated reduction 
of CLPs (Fig. 9 B) and pro–B cells (not depicted), as well 
as the DR-mediated increases in the number of MEPs 
in BM (Fig.  9  C). This rescue in the skewing of hema-
topoiesis in DR-fed mice was associated with a reduc-
tion of quiescence of CLPs (Fig.  9 D) and an induction 
of proliferation of pro–B cells (not depicted) in response 
to IL-7 supplementation. Interestingly, IL-7 injection also 
rescued the cell diff erentiation of lymphoid-biased HSCs 
into CLPs and diff erentiation of CLPs into pro–B cells in 
DR-fed mice (Fig. 9, E and F), accompanied by a rescue 
in the skewed expression of genes that control lymphoid 
cell diff erentiation versus genes controlling erythroid cell 
diff erentiation in HSCs (Fig. 9 G).

IL-6 is another cytokine that plays an important role 
in hematopoiesis, including B cell development (Hirano et 
al., 1986; Patchen et al., 1991). In accordance with previous 
studies (Spaulding et al., 1997b; Chung et al., 2002; Ugo-
chukwu and Figgers, 2007; You et al., 2007), we also ob-

 Figure 6. DR selectively inhibits proliferation of 

lymphoid progenitors. (A–E) Mice were treated with 

DR or AL for 6 d. On day 4, a single dose of 180 μg 

BrdU was injected intraperitoneally, and the mice 

were continuously supplied with 0.8 mg/ml BrdU in 

drinking water for the subsequent 2 d (n = 5 mice per 

group; n = 2 independent experiments). Percentage 

(A) and absolute number (B) of BrdU− cells in the frac-

tion of CLPs. Percentage (C) and absolute number (D) 

of BrdU+ cells in the fraction of CLPs. Unpaired two-

tailed Student’s t test was used. (E) Representative 

FACS plots gated from CLPs. (F–J) Cell cycle activity 

analysis of CLPs (F), MEPs (H), GMPs (I), and CMPs (J) 

in mice treated with DR or AL for 3 wk or refed for 3 d 

after 3 wk of DR (n = 4–5 mice per group; n = 2 inde-

pendent experiments). One-way ANO VA analysis was 

used. (G) Representative FACS plots gated from CLPs. 

Data are displayed as mean ± SEM. *, P < 0.05; **, P < 

0.01; ***, P < 0.001; ****, P < 0.0001. ns, not signifi cant.
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served a suppression of IL-6 expression in the serum of DR 
mice (Fig.  9 H). Similar to experiments on IL-7, injection 
of IL-6 rescued the production of CLPs in DR-fed mice 
(Fig. 9  I). These data indicated that the lowered expression 
of IL-7 and IL-6 contribute to the skewed diff erentiation of 
HSCs under DR condition.

It is known that DR elevates serum levels of corticos-
terone in rats and mice (Klebanov et al., 1995; Han et al., 
2001; Harper et al., 2006), possibly resulting from a stress 
response triggered by DR. Because glucocorticoids suppress 
immune activity, we investigated the possible contribution 
of hypercorticism to the skewing in hematopoiesis/lymph-
opoiesis in response to DR. To this end, adrenalectomy 
(ADX) or sham operation was conducted. 10 d after the 
surgery, mice were treated with DR or AL. In line with pre-
vious studies (Han et al., 2001; Harper et al., 2006), serum 
levels of total corticosterone were signifi cantly elevated in 
DR mice compared with the AL mice in the sham-oper-
ated group, whereas corticosterone levels were signifi cantly 
reduced in the ADX group both in DR- and AL-fed mice 
(Fig.  9  J). ADX partially rescued the reduction of CLPs 
(Fig.  9  K) but not the inhibition of cell cycle activity of 
CLPs (Fig. 9 L) and pro–B cells (not depicted) or the in-
creases in erythropoiesis in mice exposed to DR conditions 
(Fig. 9 M). Moreover, the DR-induced skewing in the ex-
pression of genes that control lymphoid cell diff erentiation 
versus genes controlling erythroid cell diff erentiation in 
HSCs was not rescued by ADX (Fig. 9 N). Also, the serum 
levels of IL-7 and IL-6 were not aff ected by ADX (Fig. 9, 
O and P). Together, these data indicate that DR-induced 
hypercorticism contributes to DR-induced alteration in 
hematopoiesis/lymphopoiesis. However, removal of corti-
coids by ADX could not revert DR-mediated suppression 
in lymphopoiesis to the same extent as the supplementation 
of IL-6 and IL-7 and had no eff ect on the induction of 
erythropoiesis in DR-exposed mice, which was instead fully 
reverted by IL-7 supplementation. It would be interesting 
for future studies to further delineate IL-6/IL-7–dependent 
processes, corticosteroid-dependent processes, and interac-
tions between these processes in altering HSC diff erenti-
ation in response to DR.

DIS CUS SION

The current study provides the fi rst experimental evidence 
that long-term application of 30% DR, the best-studied 
anti-aging intervention across diff erent species, induces ben-
efi cial and adverse eff ects on HSC aging and hematopoiesis/
lymphopoiesis. The study shows that despite having benefi cial 
eff ects on retarding decline in the repopulation capacity of 
HSCs during aging, DR severely impairs lymphopoiesis by 
impairing the diff erentiation of lymphoid-biased HSCs and 
lymphoid progenitor cell proliferation. The study identifi es 
specifi c systemic acting factors (e.g., decreases in IL-6, IL-7, 
and IGF1) that mediate benefi cial and adverse eff ects of DR 
on HSC function and hematopoiesis.

 Figure 7. Impairment of lymphopoiesis is not the result of CLP mo-

bilization or apoptosis. (A and B) FACS analysis of CLPs in spleen (Spl) of 

2-mo-old mice treated for 2 wk with a DR or AL diet. (A) Absolute number 

of CLPs in BM (n = 4 mice per group; n = 2 independent experiments). 

(B) Percentage of apoptosis (Annexin V positive and DAPI negative) in the 

fraction of CLPs (n = 5 mice per group; n = 2 independent experiments). 

Unpaired two-tailed Student’s t test was used. (C) qRT-PCR analysis of the 

mRNA expression of the indicated apoptosis-inducing genes in the fraction 

of freshly isolated CLPs from BM of 2-mo-old mice treated for 2 wk with 

a DR or AL diet (n = 4 independent experiments). For each experiment, 

CLPs were extracted from a pool of three mice per group, and expression 

levels were normalized to β-actin and set to 1 in CLPs derived from AL 

diet–treated mice. Unpaired two-tailed Student’s t test was used. (D–F) 

2-mo-old p53−/− mice and p53+/+ mice (littermates) were treated with DR 

or AL for 2 wk (n = 3–4 mice per group; n = 2 independent experiments). 

(D) Total number of CLPs analyzed by FACS. (E) Cell cycle activity analysis 

of HSCs analyzed by Ki67 and DAPI staining. (F) qRT-PCR analysis of the 

expression of lymphoid-specifi c genes in lymphoid-biased HSCs. One-way 

ANO VA analysis was used. (G) FACS analysis of the total number of CLPs 

from 8-mo-old Puma−/− mice and Puma+/+ mice (littermates) that were 

treated with a DR or AL diet for 2 wk (n = 3 mice per group; n = 2 indepen-

dent experiments). One-way ANO VA analysis was used. (H) FACS analysis 

of total number of CLPs from 7-mo-old Bcl2 transgenic mice and age- and 

gender-matched WT mice that were treated with a DR or AL diet for 2 wk (n 

= 3–4 mice per group; n = 2 independent experiments). Data are displayed 

as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by 

one-way ANO VA. ns, not signifi cant.
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DR increases HSC quiescence and retards HSC aging

The long-term self-renewal capacity of adult HSCs is not 
unlimited, and quiescence is believed to be a major mecha-
nism to maintain HSC homeostasis (Wilson et al., 2008). In 
agreement with this hypothesis, it was shown that increasing 
HSC cycling leads to exhaustion of stem cells in many genet-
ically modifi ed mouse models (Qian et al., 2007; Yoshihara et 
al., 2007; Thorén et al., 2008; Wilson et al., 2008). Moreover, 
replication stress was shown to exhaust the self-renewal and 
functionality of HSCs by replication-induced reactive oxygen 
species levels and DNA damage (Walter et al., 2015), a process 
that appears to be accelerated by increases in replication stress 
during aging (Flach et al., 2014).

Previous studies estimated the doubling time of individ-
ual HSCs to be 17.8–145 d (Bradford et al., 1997; Cheshier 

et al., 1999; Kiel et al., 2007; Wilson et al., 2008), although 
there exists a predominantly dormant subpopulation (<1,000 
cells per mouse, dividing only fi ve times during lifetime), 
which is unlikely to signifi cantly contribute to daily main-
tenance of adult hematopoiesis as a result of their extremely 
rare production of progeny (Wilson et al., 2008; Sun et al., 
2014; Busch et al., 2015).

This study revealed a previously unknown eff ect of DR 
to increase HSC quiescence. To date, DR is discussed as one 
of the viable interventions that could eventually be applied to 
mankind to increase health and lifespan (Cheng et al., 2014; 
Longo and Mattson, 2014). Decreasing the fraction of cycling 
HSCs by DR could contribute to its health-promoting ef-
fects by reducing the overall turnover of the HSC pool. In 
support of this hypothesis, our study showed that long-term 

 Figure 8. IGF1 injection reverts the increases in HSC quiescence but not the suppression of lymphopoiesis in mice exposed to DR. (A) ELI SA-determined 

serum level of IGF1 in mice treated with DR or AL for 4 d or refed with an AL diet for 3 d after 4 d of DR (n = 3–4 mice per group; n = 2 independent 

experiments). (B) ELI SA-determined serum level of IGF1 in 2-mo-old p53−/− mice and p53+/+ mice (littermates) that were treated with DR or AL for 2 wk (n 

= 3–4 mice per group; n = 2 independent experiments). (C–G) Mice were treated with a DR or AL diet for 8 d. In parallel, recombinant human IGF1 protein 

or vehicle control was subcutaneously injected twice per day at a dose of 500 μg/kg (n = 4 mice per group; n = 2 independent experiments). FACS analysis 

was performed 24 h after the last injection on freshly isolated BM cells: percentage of HSCs in the indicated cell cycle stages (C), total numbers of CLPs 

(D), pro–B cells (E), MEPs (F), and proEry’s (G) per million total BM cells are show. AL con, control-injected AL mice; AL IGF1, IGF1-injected AL mice; DR con, 

control-injected DR mice; DR IGF1, IGF1-injected DR mice. Data are displayed as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by 

one-way ANO VA. ns, not signifi cant. 
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DR prevented the induction of typical aging phenotypes of 
HSCs characterized by an increase in the pool size of phe-
notypically defi ned HSCs, skewing toward myeloid-biased 

HSCs versus lymphoid-biased HSCs, and impairments in the 
repopulation capacity of HSCs. Mechanistically, the improved 
maintenance of the repopulating activity of HSCs during 

 Figure 9. IL-7 or IL-6 injection reverts suppression of lymphopoiesis in mice exposed to DR. (A) ELI SA-determined serum level of IL-7 in mice 

treated with DR or AL for 7 d or refed with AL diet for 3 d after 7 d of DR (n = 3–4 mice per group; n = 2 independent experiments). One-way ANO VA. 

(B–G) 2-mo-old mice were treated with DR or AL diet for 9 d. In parallel, mouse IL-7 protein or vehicle control was subcutaneously injected for 9 d at a dose 

of 50 μg/kg once per day (n = 5 mice per group; n = 2 independent experiments). Mice were sacrifi ced for analysis 24 h after the last injection. (B–D) FACS 

analysis was performed on freshly isolated BM cells to determine the total number of CLPs (B) and MEPs (C), and the percentage of CLPs (D) of DR mice in 

the indicated phases of the cell cycle (FACS analysis by Ki67 and DAPI staining). (E and F) the ratio of CLPs versus lymphoid-biased HSCs (E) and of pro–B 

cells versus CLPs (F). (G) The mRNA expression levels of genes that are associated with lymphoid cell differentiation and erythroid cell differentiation were 

determined by qRT-PCR in freshly isolated lymphoid-biased HSCs under the indicated treatment conditions. One-way ANO VA (B, C, and E–G) or unpaired 

two-tailed Student’s t test (D) was used. (H) ELI SA-determined serum level of IL-6 in mice treated with DR or AL for 7 d or refed with AL diet for 3 d after 7 d 

of DR (n = 3–4 mice per group; n = 2 independent experiments). One-way ANO VA was used. (I) 2-mo-old mice were treated with a DR or AL diet for 5 d. In 

parallel, mouse IL-6 protein or vehicle control was subcutaneously injected into mice daily at a dose of 50 μg/kg (n = 4 mice per group; n = 2 independent 

experiments). The total number of CLPs was determined by FACS analysis, 24 h after the last injection. One-way ANO VA analysis. (J–P) ADX or sham surgery 

was performed on 2-mo-old mice. 10 d after operation, mice were treated with DR or AL for 9 d (n = 4–5 mice per group; n = 2 independent experiments). 

Mice of the indicated cohorts were analyzed as follows: (J, O, and P) ELI SA-determined serum levels of total corticosterone (J), IL-7 (O), and IL-6 (P); (K–M) 

FACS analysis of the total number of CLPs (K) and MEPs (M) per million BM cells and of the percentage of CLPs (L) of DR mice in different stages of the 

cell cycle (by Ki67 and DAPI staining); (N) expression of lymphoid- and erythroid-specifi c genes in lymphoid-biased HSCs of mice of the indicated cohorts. 

One-way ANO VA (J, K, and M–P) or unpaired two-tailed Student’s t test (L) was used. AL con, control-injected AL mice or sham-operated AL mice; AL IL-7, 

IL-7–injected AL mice; DR con, control-injected DR mice or sham-operated DR mice; DR IL-7, IL-7–injected DR mice; AL IL-6, IL-6–injected AL mice; DR IL-6, 

IL-6–injected DR mice; AL ADX, AL mice with ADX; DR ADX, DR mice with ADX. Data are displayed as mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 

****, P < 0.0001. ns, not signifi cant.
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early aging by long-term DR may involve the DR-mediated 
reduction of oxidative stress–induced damage (López-Lluch 
et al., 2006; Qiu et al., 2010). HSCs in quiescence were shown 
to reside in a state of low metabolic activity characterized 
by glycolytic activity and low rates of oxidative phosphor-
ylation–dependent glucose metabolism (Suda et al., 2005, 
2011). In addition, HSC proliferation by itself was shown to 
induce reactive oxygen species levels that in turn aggravate 
DNA damage and HSC exhaustion in the context of DNA 
repair defi ciencies (Walter et al., 2015). It is possible that 
DR-induced quiescence of HSCs contributes to the ben-
efi cial eff ects of DR, delaying the functional exhaustion of 
HSCs during aging by the suppression of both cell cycle ac-
tivity and metabolic activity.

Aging is a lifelong process that lasts from adulthood until 
advanced age. This study reveals DR-dependent eff ects during 
early aging until midlife. However, the observed eff ects of 
long-term DR that occur until midlife (reduced increase in 
HSC number, reduced myeloid skewing, and improved 
repopulation capacity) resemble a rescue of changes in the 
hematopoietic system that also characterize advanced aging. 
It remains to be investigated whether DR would continue to 
aff ect these phenotypes until advanced age.

DR impairs lymphoid cell differentiation but induces 

erythroid/myeloid cell differentiation of HSCs 

and early progenitor cells

Despite the benefi cial eff ect on HSC maintenance, this study 
shows that DR leads to a severe impairment of lymphopoie-
sis. Interestingly, there is a sequential suppression (in response 
to DR) and recovery (in response to RF) of B lymphopoiesis 
starting at the earliest lymphoid progenitor cell level (CLPs) 
and proceeding through intermediate stages toward mature B 
cells. This sequential alteration in B lymphopoiesis in response 
to DR is distinct from other stresses (such as irradiation) that 
suppress the lymphoid lineage, mainly involving apoptosis of 
downstream lymphocytes (Yin et al., 2000; Dainiak, 2002). 
In contrast, DR-induced suppression of lymphopoiesis is 
not associated with apoptosis induction but originates from 
a suppression of diff erentiation and proliferation starting at 
the tip of the hierarchy—the lymphoid-biased HSCs and 
early lymphoid progenitor cells (CLPs). This suppression of 
lymphopoiesis in response to DR coincides with a suppres-
sion of expression of key genes that regulate lymphoid fate 
determination as well as with impaired proliferation of early 
lymphoid progenitor cells.

In contrast to the suppression of B lymphopoiesis, 
erythropoiesis/myelopoiesis was enhanced upon DR. Long-
term DR leads to an elevated expression of erythroid-specifi c 
genes in HSCs, and rates of erythroid/myeloid progenitor 
cell proliferation remain high in response to DR in contrast 
to the suppression of lymphoid progenitor cell proliferation. 
Previously, it was shown that hematopoietic progenitor cells 
(GMPs) undergo apoptosis upon extreme DR (fasting mice 
for 24 h; Warr et al., 2013), and repeated fasting (fasting mice 

for 48 h) and RF cycles were found to reverse age-dependent 
myeloid bias (Cheng et al., 2014). However, as shown in this 
study, moderate long-term DR does not result in myeloid 
progenitor cell apoptosis but strongly impairs B lymphopoiesis 
by impairing HSC diff erentiation and progenitor cell prolif-
eration. Together, these results show that constant and moder-
ate DR has a very diff erent impact on HSCs and progenitor 
cells compared with cycles of extreme DR (fasting) and RF.

Down-regulation of growth factors such as IGF1 is 
generally considered as one of the key mechanisms of 
DR-mediated eff ects in other model systems. This study 
shows that IGF1 suppression contributes to DR-induced 
HSC quiescence but does not regulate the impairment of 
B lymphopoiesis, which is rather related to the suppression 
of IL-7 and IL-6 in response to DR. Of note, IL-7 injection 
rescued not only the DR-induced inhibition of proliferation 
of lymphoid progenitors and the lymphoid cell diff erentiation 
block of HSCs, but it also reduced the enhancement of eryth-
ropoiesis and therefore reverted the skewing in hematopoiesis 
under long-term DR. IL-7 and IL-6 are produced by various 
types of cells from multiple organs including thymus, muscle, 
skin, intestine, and adipose tissue (Mackall et al., 2011; Hara et 
al., 2012; Mihara et al., 2012), many of which are known to 
be aff ected by calorie restriction (Loewenthal and Montagna, 
1955; Mittal et al., 1988; Lyra et al., 1993; Devlin et al., 2010; 
Clevers, 2012; Yilmaz et al., 2012). The reduced levels of IL-6/
IL-7 under DR conditions are likely the result of systemic 
changes in multiple organs and appear to contribute to the 
saving of energy expenditure in dietary restricted situation.

Collectively, the current study provides experimental 
evidence for a dual role of DR in maintaining HSC repop-
ulation capacity during aging but skewing the capacity of 
HSCs and early progenitor cells to maintain balanced dif-
ferentiation toward lymphopoiesis and erythropoiesis/my-
elopoiesis. Historically, there have been observations of low 
blood lymphocytes and increased RBCs in mammals under 
DR (Hishinuma and Kimura, 1990; Walford et al., 2002; Ritz 
and Gardner, 2006). To our knowledge, this study provides 
the fi rst mechanistic understanding of immune-suppressive 
eff ects of DR, which are regulated by a reduction of specifi c 
cytokines, resulting in altered expression of fate determina-
tion genes and impaired proliferation of lymphoid (biased) 
stem and progenitor cells. HSCs stand at the tip of the hier-
archy of the hematopoietic system and, as such, are the main 
cell type to adjust hematopoiesis to diff erent challenges, in-
cluding the here-disclosed response to mild metabolic stress 
induced by DR, resulting in suppression of B lymphopoiesis 
and enhanced erythropoiesis. This adjustment of HSCs could 
evolutionarily be important for the body to adapt to energy 
stress in times of low food availability because RBCs are the 
transporters of oxygen, which is a fundamental component 
of the respiratory chain to effi  ciently produce energy. How-
ever, the suppression of lymphopoiesis and immune func-
tions might also represent a relevant side eff ect contributing 
to the failure of long-term DR to elongate the lifespan in 
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long-lived mammals despite improving health parameters 
(Mattison et al., 2012).

MAT ERI ALS AND MET HODS

Mice and dietary intervention.  C57BL/6J mice were ob-
tained from Janvier. p53 knockout mice, Puma knockout 
mice, and Vav-Bcl2 transgenic mice were maintained on a 
C57BL/6J background (Donehower et al., 1992; Ogilvy et 
al., 1999; Jeff ers et al., 2003). Mice were maintained in the 
animal facilities of the Leibniz Institute on Aging on a 12-h 
light/12-h dark cycle. Mice were housed individually and re-
ceived a regimen of either an AL diet (fed with an unlimited 
amount of food) or a DR diet (fed daily with an amount of 
food corresponding to 70% of the amount of food consumed 
by body weight– and gender-matched mice in the AL group). 
The provided food amount was constant over the whole DR 
period. All mouse experiments were approved by the state 
government of Thüringen (protocol number 03-006/13).

BrdU administration.  BrdU (Sigma-Aldrich) was administered by 
180 μg/mouse intraperitoneal injection as a single dose followed 
by supplying drinking water at a concentration of 0.8 mg/ml.

pIpC administration.  pIpC (Sigma-Aldrich) was administered 
by 5-mg/kg intraperitoneal injection as a single dose.

Flow cytometry.  Mice were sacrifi ced, and BM was fl ushed 
from all hind limbs and pelvis with sterile PBS. BM cells were 
resuspended in a 150-mM ammonium chloride solution to 
lyse the red cells. Afterward, cells were washed, counted, and 
incubated with fl ow cytometric antibodies. Phenotypic cell 
surface markers for HSCs, CMPs, GMPs, and MEPs were de-
tected using a lineage cocktail (biotinylated anti-B220, 
-CD11b, –Gr-1, –TER-119, -CD3, -CD4, and -CD8 anti-
bodies; BioLegend) and Alexa Fluor 700–conjugated an-
ti-CD34 (eBioscience), APC-conjugated anti-CD150 
(BioLegend), PE-Cy7–conjugated anti–c-Kit (eBioscience), 
Pacifi c blue–conjugated anti–Sca-1 (BioLegend), FITC-con-
jugated anti-CD16/32 (BioLegend) antibodies, and streptavi-
din-APC-Cy7 (BioLegend). Phenotypic cell surface markers 
for CLPs were detected using a lineage cocktail (biotinylated 
anti-B220, -CD11b, –Gr-1, –TER-119, -CD3, -CD4, and 
-CD8 antibodies) and PerCP-Cy5.5–conjugated anti–
IL-7Rα (eBioscience), PE-conjugated anti-Flt3 (BioLegend), 
APC-conjugated anti–c-Kit (BioLegend), PE-Cy7–conju-
gated anti–Sca-1 (BioLegend) antibodies, and streptavi-
din-APC-Cy7. Phenotypic cell-surface markers for pro–B 
cells were detected using a lineage cocktail (biotinylated anti–
Gr-1, -CD11b, –TER-119, and -CD3 antibodies) and 
APC-Cy7–conjugated anti-CD19 (BioLegend), Pacifi c blue–
conjugated anti-B220 (BioLegend), PE-conjugated anti-CD43 
(BD), APC-conjugated anti-AA4.1 (eBioscience), FITC-con-
jugated anti-CD24 (BioLegend) antibodies, and streptavidin–
Alexa Fluor 700. Phenotypic cell surface markers for proEry’s 
were detected using APC-conjugated anti–TER-119 (eBio-

science) and PE-conjugated anti-CD71 (BioLegend) anti-
bodies. Phenotypic cell surface markers for diff erentiated BM 
cells were detected using PE-conjugated anti-B220 (BioLeg-
end), APC-Cy7–conjugated anti-CD11b (BioLegend), 
FITC-conjugated anti–Gr-1 (eBioscience), APC-conjugated 
anti-CD4 (BioLegend), and PerCP-Cy5.5–conjugated 
anti-CD8 (BioLegend) antibodies. After staining, cells were 
analyzed on a fl ow cytometer (FACS LSR Fortessa; BD).

For cell cycle analysis, BM cells were fi rst stained with 
certain antibody combinations to label populations of inter-
est. For HSCs, a lineage cocktail as described in the previ-
ous paragraph and Alexa Fluor 700–conjugated anti-CD34, 
PE-conjugated anti-CD150 (BioLegend), APC-conjugated 
anti–c-Kit, PE-Cy7–conjugated anti–Sca-1 (BioLegend), and 
PerCP-Cy5.5–conjugated anti-CD48 antibodies and strepta-
vidin–APC-Cy7 were used. For CLPs, a lineage cocktail as 
described in the previous paragraph and PerCP-Cy5.5–
conjugated anti–IL-7Rα, PE-conjugated anti-Flt3, 
APC-conjugated anti–c-Kit, PE-Cy7–conjugated anti-Sca-1 
antibodies, and streptavidin-APC-Cy7 were used. For CMPs/
GMPs/MEPs, a lineage cocktail as described above and PE-
Cy7–conjugated anti-CD16/32, Alexa Fluor 700–conjugated 
anti-CD34, APC-conjugated anti–c-Kit, PE-conjugated 
anti–Sca-1 antibodies, and streptavidin-APC-Cy7 were used. 
For pro–B cells, a lineage cocktail (biotinylated anti–Gr-1, 
-CD11b, –TER-119, and -CD3 antibodies) and APC-Cy7–
conjugated anti-CD19, Pacifi c blue–conjugated anti-B220, 
APC-conjugated anti-AA4.1, PE-conjugated anti-CD24 
(BioLegend) antibodies, and streptavidin–Alexa Fluor 700 
were used. After staining, cells were fi xed and permeabi-
lized with the Cytofi x/Cytoperm Fixation/Permeabilization 
Solution kit (BD) according to the manufacturer’s instruc-
tions. Afterward, cells were incubated with FITC-conjugated 
anti-Ki67 antibody (BD) for 1 h on ice and incubated with 
DAPI/PBS medium to stain for DNA contents. BrdU stain-
ing was performed using the BrdU Flow kit (BD) according 
to the manufacturer’s instructions.

HSC sorting.  BM cells were incubated with APC-conjugated 
anti–c-Kit antibody, and c-Kit+ cells were enriched using an-
ti-APC magnetic beads and LS columns (Miltenyi Biotec). 
The positively selected cells were then stained for HSC mark-
ers using a lineage cocktail as described in the previous sec-
tion and Alexa Fluor 700–conjugated anti-CD34, Brilliant 
Violet 605–conjugated anti-CD150 (BioLegend), PE-Cy7–
conjugated anti-CD48 (BioLegend), APC-conjugated anti–
c-Kit, and PE-conjugated anti–Sca-1 (BioLegend) antibodies 
and streptavidin-APC-Cy7. After staining, cells were sorted 
on a cell sorter (FAC SAria III; BD).

BM transplantation.  100 or 200 FACS-purifi ed HSCs from 
Ly5.2 donor mice mixed with 2 × 105 BM cells from Ly5.1 
mice were injected via tail vein into lethally irradiated 
Ly5.1/5.2 recipient mice. 4 mo after primary transplantation, 
107 BM cells from the primary recipients were transplanted 
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into secondary recipient mice (Ly5.1/5.2). BM analysis was 
performed 4 mo after transplantation.

PB cell counting.  PB was collected from the tail vein contain-
ing a minimal volume of 0.5 M EDTA. PB cell count was 
performed on cell counter (model 2000; AL Systeme) accord-
ing to the manufacturer’s instructions.

Staphylococcus aureus infection.  Mice were inoculated sub-
cutaneously with 2 × 107 CFU of S. aureus 6850 bacteria by 
injecting 50  μl of the cell suspension (4 × 108 cells/ml in 
PBS) into the left hind footpad. Six mice per group (AL and 
DR) were infected. Mice were sacrifi ced by CO2 asphyxia-
tion 1 wk after infection, and CFU counts of footpads were 
determined. Colonies were counted after incubation of 
homogenized tissue overnight at 37°C.

RNA isolation and cDNA synthesis.  Total RNA was isolated 
from freshly sorted cells by using MagMAX-96 Total RNA 
Isolation kit (Ambion). A DNA digestion step was included 
during the RNA purifi cation process. Reverse transcriptions 
were performed to synthesize fi rst-strand DNA by using the 
GoScript reverse transcription system (Promega).

Quantitative real-time PCR (qRT-PCR).  qRT-PCR was per-
formed with an ABI 7500 Real-Time PCR System (Applied 
Biosystems). iTaq SYBR green supermix with Rox (Bio-
Rad Laboratories) was used. mRNA expression of genes was 
normalized to β-actin in each sample and was normalized 
to 1 in the AL group. Primer sets for the detection of sin-
gle genes are listed as follows. β-actin–F, 5′-CTA AGG CCA 
ACC GTG AAA AG-3′; β-actin–R, 5′-ACC AGA GGC ATA 
CAG GGA CA-3′; Rag1-F, 5′-TCC CAG CAC ACT TTG 
TGA AA-3′; Rag1-R, 5′-GGG ATC AGC CAG AAT GTG 
TT-3′; IL-7Rα–F, 5′-CGA AAC TCC AGA ACC CAA GA-
3′; IL-7Rα–R, 5′-AAT GGT GAC ACT TGG CAA GAC-3′; 
Blnk-F, 5′-TCC CAT TTA ATT CGA CGT TTG-3′; Blnk-R, 
5′-AGC ATA CCA GGG CTT ACCG-3′; Ly6d-F, 5′-TCT 
GCT CGT CCT CCT TGT CT-3′; Ly6d-R, 5′-GTG CAC 
ACG TGA CAT CGAA-3′; CEBPα-F, 5′-AAA CAA CGC 
AAC GTG GAGA-3′; CEBPα-R, 5′-GCG GTC ATT GTC 
ACT GGTC-3′; Mpo-F, 5′-TCG ATG GAA TGG GGA GAA-
3′; Mpo-R, 5′-TCC CGG TAT GTG ATG ATC TG-3′; Ga-
ta1-F, 5′-GAG CTG ACT TTC CCA GTC CTT-3′; Gata1-R, 
5′-CAC ACA CTC TCT GGC CTC AC-3′; Car1-F, 5′-CAG 
AAA GTA CTT GAT GCT CTA AAC TCA-3′; Car1-R, 5′-
AAG TAG GTC CAG TAA TCC AGA GATG-3′; Bbc3-F, 
5′-TGG AGG GTC ATG TAC AAT CTC TT-3′; Bbc3-R, 5′-
GTT GGG CTC CAT TTC TGG-3′; Pmaip1-F, 5′-CAG ATG 
CCT GGG AAG TCG-3′; Pmaip1-R, 5′-TGA GCA CAC 
TCG TCC TTC AA-3′; Bok-F, 5′-AGT GGC AGG CCA CAT 
CTT-3′; Bok-R, 5′-CCA CGG AAT ACA GGG ACA CTA-3′; 
Bax-F, 5′-GTG AGC GGC TGC TTG TCT-3′; Bax-R, 5′-
GGT CCC GAA GTA GGA GAG GA-3′.

ELI SA.  ELI SA for detecting IGF1, IL-6, IL-7, and total corti-
costerone was performed using the IGF-I mouse/rat ELI SA kit 
(Mediagnost), the Mouse IL-6 Quantikine ELI SA kit (R&D 
Systems), the Mouse IL-7 Quantikine ELI SA kit (R&D Sys-
tems), and Corticosterone EIA kit (ARB OR ASS AYS), 
respectively, according to the manufacturer’s instructions.

Administration of IGF1, IL-7, and IL-6.  Recombinant human 
IGF1 (Mecasermin [Increlex; Tatzend Apotheke]) was subcu-
taneously injected into mice twice per day for 8 d at a dose of 
500 μg/kg. Recombinant murine IL-7 protein (antibodies 
online Inc.) was subcutaneously injected into mice daily for 9 
d at a dose of 50 μg/kg. Recombinant murine IL-6 protein 
(PeproTech) was subcutaneously injected into mice daily for 
5 d at a dose of 50 μg/kg.

ADX.  Mice were anesthetized with 95 mg/kg ketamine and 8 
mg/kg xylazin, and adrenal glands from both sides were 
removed. Sham operation was performed with the same sur-
gical steps without removing the adrenal glands. 1% NaCl was 
provided in drinking water throughout the experimental 
period after the surgery to both operation 
and sham operation groups.

Statistics.  Prism 6.0 software (GraphPad Software) was used 
for all statistical analysis. The unpaired two-tailed Student’s t 
test and one-way ANO VA was used to calculate p-values for 
two-group datasets and multigroup (more than two groups) 
datasets, respectively.

Online supplemental material.  Fig. S1 shows the FACS gating 
strategy of HSCs and myeloid/erythroid progenitors in fl ow 
cytometry analysis. Fig. S2 shows the FACS gating strategy of 
CLPs in fl ow cytometry analysis. Fig. S3 shows the FACS 
gating strategy of pro–B cells in fl ow cytometry analysis. Fig. 
S4 shows the FACS gating strategy of B cells, myeloid cells, 
and proEry’s in fl ow cytometry analysis. Online supplemental 
material is available at http ://www .jem .org /cgi /content /
full /jem .20151100 /DC1. 
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Figure S1. Gating strategy of HSCs and myeloid/erythroid progenitors in fl ow cytometry analysis.
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Figure S2. Gating strategy of CLPs in fl ow cytometry analysis.

Figure S3. Gating strategy of pro–B cells in fl ow cytometry analysis.
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Figure S4. Gating strategy of B cells, CD11b+ cells, and proEry’s in fl ow cytometry analysis.
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