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Abstract Calorie restriction (CR) without malnutrition
increases life span and health span in multiple model
organisms. In non-human and human primates, CR
causes changes that protect against several age-related
pathologies, reduces inflammation, and preserves or
improves cell-mediated immunity. However, CR has
also been shown to exhibit adverse effects on certain
organs and systems, including the immune system, and
to impact genetically different organisms of the same
species differentially. Alternately, short periods of
fasting followed by refeeding may result in the prolifer-
ation of bone marrow stem cells, suggesting a potential

rejuvenation effect that could impact the hematopoietic
compartment. However, the global consequences of CR
followed by refeeding on the immune system have not
been carefully investigated. Here, we show that individ-
uals practicing long-term CR with adequate nutrition
have markedly lower circulating levels of total leuko-
cytes, neutrophils, lymphocytes, and monocytes. In 10-
month-old mice, short-term CR lowered lymphocyte
cellularity in multiple lymphoid tissues, but not in bone
marrow, which appears to be a site of influx, or a Bsafe
haven^ for B, NK, and T cells during CR. Cellular loss
and redistribution was reversed within the first week of
refeeding. Based on BrdU incorporation and Ki67 ex-
pression assays, repopulating T cells exhibited high
proliferation in the refeeding group following CR. Fi-
nally, we demonstrated that the thymus was not essential
for T cell repopulation following refeeding. These find-
ings are of potential relevance to strategies to rejuvenate
the immune system in mammals and warrant further
investigation.
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Introduction

Aging is associated with an increased risk of morbidity
and mortality from infection, due to a dysfunction af-
fecting both the innate and adaptive arms of the immune
system (Fontana et al. 2010). Susceptibility to emerging
pathogens and decreased efficacy of vaccines are driven
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in part by this age-related immune decline, termed im-
mune senescence (Parmigiani et al. 2013; Ortman et al.
2014; Nikolich-Žugich 2014). The earliest age-related
change that partially sets the stage for a subsequent
immune decline is the involution of the thymus that
results in a decreased output of naïve T cells into the
periphery as early as before puberty in humans (Koup
et al. 1998; Sempowski et al. 2002; Rudd et al. 2011).
This mandates long-term peripheral maintenance of the
naïve T cell pool (Naylor et al. 2005; Čičin-Šain et al.
2007) that, while initially successful, also fails in the last
third of life (Naylor et al. 2005; Ferrando-Martínez et al.
2011, 2013; Rezzani et al. 2014; Vescovini et al. 2014).
Moreover, pathogen exposure across the life span selec-
tively converts antigen-specific naïve T cells into mem-
ory T cells (Rudd et al. 2011), further pronouncing the
relative dominance of memory lymphocytes with aging.
Similar changes are seen in B-lymphocytes. In addition
to these cell population changes, cell intrinsic defects, as
well as decline in environmental/stromal and soluble
factor-driven coordination of immune homeostasis and
immune responses, result in the exacerbation of age-
related immune decline (Becklund et al. 2016).

Calorie restriction (CR) without malnutrition is the
most robust intervention known to increase life span and
health span in most model organisms investigated to
date (Fontana et al. 2010; Mattison et al. 2012;
Colman et al. 2014). In humans, it causes changes that
protect against multiple age-associated chronic disease
and powerfully reduces inflammation without impairing
the delayed-type hypersensitivity skin response or the
antibody response to vaccines (Heilbronn and Ravussin
2003; Meydani et al. 2016; Most et al. 2017). However,
experimental animal investigation of the consequences
of CR on the immune system has revealed potentially
beneficial, as well as detrimental, effects. In the mouse
model, CR reduced the extent of thymic involution in
old animals (Yang et al. 2009); and in both murine and
non-human primate models, the proportion of naïve
peripheral T cells was increased (Messaoudi et al.
2006). These observations seemingly indicate that CR
could be used as a therapeutic regimen in the elderly to
prevent age-related immune senescence. On the other
hand, studies of infectious challenge in vivo have pro-
duced cautionary results. Several groups, including
ours, have demonstrated that mice living in specific
pathogen-free facilities on lifelong CR regimen
displayed increased mortality compared to ad libitum
fed counterparts in response to sepsis (Sun et al. 2001),

influenza A (Gardner 2005), parasitic infections
(Kristan 2007), and West Nile virus infection
(Goldberg et al. 2015). These studies suggested that in
the face of microbial challenge, both innate and adaptive
immune responses require access to energy to optimally
defend the organism. Collectively, these results suggest
that it is necessary to evaluate modalities of CR that
provide increased longevity and rejuvenating effects in
non-immune tissues, can be adhered to, and do not
compromise the functional integrity of the immune
system.

A variety of CR modalities have been reported to be
associated with lymphopenia (Weindruch et al. 1997;
Meydani et al. 2016) presenting another potential ad-
verse immune effect of CR. As this effect has remained
largely unexplored, we investigated changes in numbers
of a broad array of leukocytes within multiple lymphoid
tissues (lymph nodes, thymus, bone marrow, blood, and
spleens) during 2 months of CR induction. We then
returned animals to ad libitum (AL) feeding and moni-
tored alterations to populations of leukocytes within
these same tissues and tested whether any of the ob-
served changesmay be due to de novo cell production or
to potential cellular redistribution between peripheral
reservoirs.

We here demonstrate that CR resulted in global leu-
kopenia in both rodents and humans, which could be
reversed following return to Bnormal^ or AL feeding.
We further show that after a return to AL feeding, these
cells exhibited rapid proliferation driven by homeostatic
and peripheral factors, without a significant input from
the thymus. We discuss the results in light of potential
modulation of the functional ability of the immune
system during aging.

Results

Caloric restriction in humans results in blood leukopenia

We analyzed multiple health parameters of healthy vol-
unteers practicing long-term CR with adequate nutrition
for an average of 10 years (range 3–20 years) and age-
matched sedentary individuals consuming typical West-
ern diets (WD) (Fryar et al. 2012). Weight, BMI, and
body fat percentages of people on CR versus WD were
significantly lower in both men and women. We also
measured multiple subsets of leukocytes by complete
blood count (CBC) test and found that men and women
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practicing long-term CR have a decrease in total leuko-
cyte count when compared to WD control subjects.
These observations were then broken down to analyze
neutrophils, lymphocytes, and monocytes and all sub-
sets were significantly reduced in comparison to theWD
cohort (Online Resource 1). From these data, we con-
clude that CR drives a reduction in total leukocyte
cellularity, either by sequestration in tissues or a
contraction/elimination during periods of reduced calo-
ries. As these questions cannot be ethically answered in
human CR, we employed a mouse model of CR in
which we induced, in a stepwise manner, a caloric
deficit in 10-month-old C57BL/6 mice for approximate-
ly 2 months and immediately returned mice to AL
feeding for an additional 2 months.

Caloric restriction results in weight loss that is rapidly
reversed

To address the above questions in mice, we elected to
initiate CR at 10 months of age. This age was chosen as
it is analogous to mid-adulthood in humans, based on
studies showing that the effects of calorie restriction are
most beneficial when initiated in early to middle adult-
hood (Messaoudi et al. 2006). Reduction in caloric
intake resulted in weight loss. As our model of acute
calorie restriction has not been fully characterized in
mid-adulthood mice, we first sought to determine the
consequences of restriction on the weight profiles of
mice during and after the reduction of calories. Animals
were weighed prior to feeding, at least twice a week
during induction, maintenance, and cessation of CR. To
calorically restrict mice, AL food was replaced by 3-g
pellets of irradiated NIH-31 chow and administered to
mice once a day. Total food intake was reduced by 40%
of ad libitum diet over 3 weeks, which in our hands is
equal to a total reduction of 1.4 g of food. CR diet
resulted in a steady, gradual, and modest daily loss of
weight to no greater than 20% of starting weight that
was immediately, within 1 day, reversible following
return to AL food access (Online Resource 2)
(Mahoney et al. 2006; Hambly et al. 2015).

Twomonths of calorie restriction results in lymphopenia
and lymphocyte redistribution across multiple lymphoid
organs

To determine how CR affects the distribution of cells of
the immune system, we compared the effect of our 2-

month bout of CR to age-matched littermate AL control
male C57BL/6 mice. We sought to address the basis of
leukopenia observed in CR human cohort. Our primary
hypothesis was that CR induces a redistribution of leu-
kocytes within the host, resulting in lower number of
leukocytes within lymphoid tissues. We further hypoth-
esized that this lost cellularity is reversible following
return to adequate nutrition.We specifically investigated
changes in the lymphocyte compartments: B cells, nat-
ural killer (NK) cells, and T cells, as well as of T cell
subsets (naïve and memory, as defined by CD44 and
CD62L expression), of both CR and AL fed mice across
the blood, bone marrow, spleen, and brachial and ingui-
nal lymph nodes.

We found that CR resulted in a statistically signifi-
cant decrease of all three of these lymphocyte subsets
across the spleen, blood, and pooled brachial and ingui-
nal lymph nodes (Fig. 1a–c). Furthermore, the CR mice
all had spleens that were visibly smaller when compared
to their AL fed counterparts (Online Resource 3). By
contrast, we observed a trend of an increase in the B
cells and T cells within the bone marrow of CR mice
when compared to AL controls (Fig. 1d), although that
trend did not reach significance with the group size used
in our experiments. Thus, in line with our hypothesis
and modeling the results from humans, these data sug-
gest that the induction of CR over a period of 2 months
results in an alteration of the cellularity of multiple
lymphoid tissues. The data also confirm, in our hands,
that lymphoid organ size is affected by the nutritional
state of an animal, as previously demonstrated by others
(Wing et al. 1988; Weindruch and Sohal 1997; Colman
et al. 2009).

Thymic size and cellularity is reduced following
2 months of calorie restriction

Lifelong CR has been shown to improve cellularity of
the old thymus and to reduce its accumulation of adipo-
cytes (Yang et al. 2009). Moreover, thymic output was
improved and the peripheral T cell compartment
contained a higher frequency of naïve T cells in lifelong
CR mice compared to AL controls (Yang et al. 2009).
Therefore, we wondered whether a 2-month period of
CR would induce similar changes in the thymus as seen
in the lifelong model. We found significant decreases in
the absolute numbers of CD4+CD8+ double positive,
CD4+ and CD8+ single positive, and double negative
(DN) thymocytes within the thymi of CR mice in
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comparison to AL fed mice (Fig. 2a). Furthermore, the
main subsets of DN thymocytes (DN1-4, as delineated
by the expression of CD25 and CD44 (Nikolić-Žugić
1991; Godfrey et al. 1993)) were also universally de-
creased in comparison to AL fed controls (Fig. 2b) and
the size of the thymus of CR mice was visibly smaller
than that of AL counterparts (Online Resource 4). These
data demonstrate that a short period of CR results in a
loss of both size and cellularity of the thymus. The lost
cellularity of the thymus is seen in all subsets of the αβ
T lymphocyte lineage analyzed.

Return to ad libitum feeding results in increased blood
cellularity and T cell cycling

We next wished to determine whether the cells lost from
blood and lymphoid organs were capable of rebounding
back to baseline levels following a return to AL feeding.
To that effect, following the completion of the 2-month

period of CR, we returned mice to AL food. At the same
time, mice were given a thymidine analog, BrdU in
drinking water, to label dividing cells and thereby esti-
mate their turnover. Following 1 week of refeeding and
BrdU treatment, we determined the fraction of cells in
the blood that had incorporated BrdU and also
expressed the cell cycle marker Ki67 (actively cycling
cells within the last 2–3 days of analysis) as in our prior
studies (Čičin-Šain et al. 2007). After 1 week of CR
reversal with AL refeeding (CR-RF), both CD4 and
CD8 T cells in the blood rebounded to or above control
levels (Fig. 3a). Furthermore, both the CD4 and CD8 T
cell compartments contained significantly more cells
that were double positive for BrdU and Ki67 relative
to the AL controls that did not undergo CR (Fig. 3b).
These data suggest that when mice are returned to AL
feeding after CR, cells enter into cell cycle and undergo
a proliferative burst as indicated by the increased num-
ber of T cells in the blood in CR-RF mice when

Fig. 1 Lymphoid organ cellularity is decreased after caloric re-
striction. Ten-month-old B6 mice were calorically restricted, as
described in the BMethods,^ for 2 months and lymphocyte subsets
were analyzed by flow cytometry from the a spleen, b blood, c
brachial and inguinal lymph nodes, and d bone marrow of the

femur. Statistical differences were calculated by one-tailed Mann
Whitney U tests by comparing cellularity to age-matched, AL fed
mice. *P < 0.05; **P < 0.01. Data are representative of three inde-
pendent experiments with 2–8 mice per treatment group
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compared to AL counterparts. To evaluate potential
mechanisms of this rebound, we analyzed CD8 T cell
subsets (effector memory, central memory, and naïve;
based on expression of CD62L and CD44) and found
that CD8 central memory (CD62L+CD44+) and naïve
(CD62L+CD44−) T cells contained significantly more
actively cycling (Ki67+BrdU+) cells following
refeeding relative to AL controls (Fig. 3c). These data
are supportive of the hypothesis that during CR, T
lymphocyte populations contract, redistribute, and then,
following return to AL nutrition, undergo homeostatic
proliferation, presumably to fill the void left by
redistributing cells in response to homeostatic cyto-
kines. Based on the fact that CD8 naïve and central
memory cells, but not CD8 effector memory cells, pro-
liferated, we would speculate that this proliferation is
most likely to be driven by IL-7 and not by IL-15.

Lymphoid tissue cellularity returns to AL levels
2 months following return to AL feeding

During the early time point after return to AL feeding, T
cells appeared to have entered cell cycle based upon
BrdU incorporation and Ki67 expression. This observa-
tion led us to ask whether organ size and cellularity lost
during the period of CR return to control sizes? Mice
that were reverted back to AL feeding were maintained
on the AL diet for 2 months and once again, we ana-
lyzed lymphocyte subsets within the blood, bone mar-
row, spleen, and brachial and inguinal lymph nodes. We
found that absolute cell counts of B, NK, and T cells
were not statistically different across tissues between
AL and CR-RF animals (Fig. 4). Similar results were
obtained with thymus cellularity after 2 months of
refeeding. We found that CD4 single positive, double

Fig. 2 Thymic cellularity is decreased after caloric restriction.
Ten-month-old B6 mice treated by CR as in Fig. 1 were analyzed
for thymus lymphocyte subset cellularity by flow cytometry. a
Absolute counts of CD4 single positive, CD8 single positive,
double negative, and CD4/CD8 double positive thymocytes. b
Absolute count of CD4/CD8 double negative thymocyte subsets

(DN1-4), based on CD44 and CD25 expression. Statistical differ-
ences were calculated by one-tailed Mann Whitney U tests by
comparing cellularity to age-matched, AL fed mice. *P < 0.05;
**P < 0.01; ***P < 0.001; ****P < 0.0001. Data are representa-
tive of three independent experiments with 2–8 mice per treatment
group
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negative, and double positive thymocytes exhibited an
absolute increase within the CR-RF groups when com-
pared to AL controls (Fig. 5a). When the double nega-
tive population was analyzed further, we found a statis-
tically significant increase in the DN1 and DN2 popu-
lations (Fig. 5b). However, we found no statistically
significant differences between the DN3 and DN4 pop-
ulations in CR-RF and AL mice. Therefore, following
contraction in both size and cellularity during CR, lym-
phoid organ cellularity equilibrated at pre-intervention
steady state following 2 months of AL feeding.

Thymus is dispensable for the refeeding-triggered T cell
rebound after CR

Our results were consistent with the possibility that
during a relatively short period of CR, lymphocytes
may leave secondary lymphoid tissues and that at least
some of them may reside in the bone marrow, so that
upon refeeding, they can repopulate the same lymphoid

tissues to reestablish homeostasis. However, because
thymus also rebounds post-refeeding, it was possible
that some or even all of the rebounding cells were
originating from the regenerated thymus. To formally
and stringently test this possibility, we performed adult
thymectomy (ATX) on 3-month-old C57BL/6 mice and
then aged them to 10 months of age before inducing our
model of CR and compared results to sham-
thymectomized (Sh-TX) littermates.

ATX mice exhibited weight loss changes in response
to CR induction and return to AL feeding indistinguish-
able from either their sham controls or surgically intact
animals from our initial experiments. Furthermore, fol-
lowing 2 months of CR, ATX mice displayed similar
losses of lymphocytes across multiple tissues. We ob-
served a significant decrease in B cells and NK cells in
the spleen, whereas T cell data trended lower but did not
reach significance (Fig. 6a). In the blood, B cells were
significantly reduced, but NK and T cells were not
(Fig. 6b). Brachial and inguinal lymph nodes displayed

Fig. 3 Peripheral T lymphocytes enter cell cycle after 1 week of
refeeding. Calorically restricted mice were returned to AL food
access and treated with BrdU in their drinking water. The T cell
compartment was analyzed by flow cytometry. a Absolute count
of Tcells per μl of blood. bAbsolute count of Ki67+BrdU+ CD8a
and c CD4 T cells. d–f Absolute count of Ki67+BrdU+ central

memory (CD44+CD62L+), naïve (CD44−CD62L+), and effector
memory (CD44+CD62L−) cells in blood. Statistical differences
were calculated by two-tailed Mann Whitney U tests by compar-
ing cellularity to age-matched, AL fed mice. *P < 0.05. Data are
representative of two independent experiments with 3–7 mice per
treatment group
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the most significantly decreased number of B, T, and
NK cells (Fig. 6c). As in the case of thymus-sufficient
wild-type mice, there were no significant changes in the
cellularity of B, T, or NK cells in the bone marrow (Fig.
6d). Therefore, from these data, we conclude that loss of
the thymus does not alter CR-induced lymphopenia
across the spleen and lymph nodes.

We next reverted mice back to AL food. Two months
post-refeeding of ATX animals, we observed that B,
NK, and T lymphocyte cellularity across the blood,
spleen, lymph nodes, and bone marrow rebounded to
pre-CR levels and was indistinguishable from the AL
fed ATX controls (Fig. 7). These data demonstrate that T
cells return to the organs and restoration of T cell ho-
meostasis is reestablished by 2 months post-refeeding
regardless of the presence of the thymus. We interpret
these data to suggest that T cells contract and/or redis-
tribute to bone marrow and/or other tissues, not sur-
veyed by our study, during periods of a caloric deficit,

and Bcome out of hiding^ when nutritional supply is
reestablished, independent from central (thymic) pro-
duction. It remains to be seen to what extent homeostatic
proliferation following refeeding is necessary for full
restoration of homeostasis in this model of CR and
refeeding.

Discussion

In this study, we report that individuals practicing long-
term CR with adequate nutrition have significantly low-
er circulating levels of total leukocytes, neutrophils,
lymphocytes, and monocytes. In middle-aged 10-
month-old mice, we found that during periods of caloric
restriction, the absolute number of lymphocytes within
the blood, inguinal and brachial lymph nodes, and
spleen is reduced in comparison to AL fed counterparts.
By contrast, the bone marrow of CR animals appeared

Fig. 4 Lymphoid organ cellularity returns to AL levels following
2 months of refeeding. Calorically restricted mice were maintained
on AL food for 2 months after CR treatment. Lymphocyte subsets
were then analyzed by flow cytometry from the a spleen, b blood,
c brachial and inguinal lymph nodes, and d bone marrow of the

femur. Statistical differences were calculated by two-tailed Mann
Whitney U tests by comparing cellularity to age-matched, AL fed
mice. We found no statistical difference in numbers between the
groups. Data are representative of three independent experiments
with 2–8 mice per treatment group
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to be a site of influx, or a Bsafe haven^ for B, NK, and T
cells, the numbers of which were at least intact, if not
elevated in bone marrow. Lymphocyte cellularity within
all organs returned to AL levels as early as a week
following refeeding. Repopulating T cells exhibited
high proliferation in the CR-RF group, based on BrdU
incorporation and Ki67 expression. Finally, we demon-
strated that thymus was not essential for T cell repopu-
lation following refeeding.

Based on the above observations, we propose the
following model of lymphocyte migration following
CR and subsequent refeeding: (1) Upon CR induction,
lymphocytes leave secondary lymphoid organs (SLO)
andmigrate into niches such as the bonemarrow that are
known to protect and maintain different lymphocyte
subsets (dominantly memory T and B cells) in the
course of normal homeostasis. (2) The thymus also
drastically loses cellularity, because early steps in the
αβ T cell development (proliferation at the DN2 and
DN3b/4 stages) require enormous energy expenditure.
(3) Following refeeding, there is an almost instanta-
neous redistribution of cells back to SLO from the bone
marrow and perhaps other niches. (4) In addition to this
redistribution, cells arriving into SLO undergo

homeostatic proliferation, presumably because the
SLO environment has a relative surplus of homeostatic
cytokines, chiefly IL-7, that were not used in situ due to
CR-induced lymphopenia. (5) Thymus cellularity also
rebounds, but thymic production of new T cells is not
essential to the repopulation of SLO.

What mechanisms may be operating behind lympho-
cyte redistribution in the course of different phases of
CR-RF? Emigration out of LN is typically mandated by
downregulation of S1P1 receptor on lymphocytes and is
usually associated with acquisition of chemokine recep-
tors and integrins such as CXCR3, CCR5, and VLA-4
(Nolz et al. 2011) that target T cells to inflamed tissues.
While micronutrients, and in particular vitamins A and
D, have been shown to be involved in programming of
lymphocytes for residence in different tissues (gut vs.
skin, etc.), so far, there are no information on how a
paucity of calories would influence lymphocyte migra-
tion. However, it is likely that the same mechanism is
operating in the reversal of the initial redistribution and
the release of lymphocytes back to the SLO, and for
both of these phases, GLUT-1 or other glucose trans-
porters and/or amino acid transporters (like CD98)
could very well be involved. An alternative, and not

Fig. 5 Thymic cellularity returns to AL levels following 2 months
of refeeding. Calorically restricted mice were maintained on AL
food for 2 months after CR treatment. Thymus subsets were
analyzed by flow cytometry. a Absolute counts of CD4 single
positive, CD8 single positive, double negative, and CD4/CD8
double positive thymocytes. b Absolute count of CD4/CD8

double negative thymocyte subsets, based on CD44 and CD25
expression. Statistical differences were calculated by two-tailed
Mann Whitney U tests by comparing cellularity to age-matched,
AL fed mice. *P < 0.05. Data are representative of three indepen-
dent experiments with 2–8 mice per treatment group
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mutually exclusive, mechanism would have it that upon
refeeding, SLO stromal elements (Thompson et al.
2017) might secrete chemokines to reattract lympho-
cytes to SLO. Studies are currently in progress in our
laboratory to discriminate between these possibilities.

An obvious question of interest in this model relates
to the functional consequences of CR-induced lympho-
penia on immune defense. We and others have shown
that systemic sepsis (Sun et al. 2001), epithelial
(Gardner 2005), and cutaneous (Goldberg et al. 2015)
infections all produce substantially higher mortality in
old mice on lifelong CR. Less is known about vulnera-
bility of mid-life animals in the course of CR induction,
or for that matter, animals that are not held within
specific pathogen free environments (Beura et al.
2016). Certainly, hypocellular LN would delay initial
priming and expansion of effector lymphocytes and that
would have the potential to adversely impact protective

immunity. This issue deserves urgent experimental at-
tention and currently, we are investigating the role of
broader antigen experience in functional immunity dur-
ing aging.

The power of CR in extending life span has been
shown in many models for nearly a century. However,
difficult compliance regimens, reports of uneven effects
of CR in different genetic backgrounds (Liao et al.
2010), and reports of potential adverse effects of CR
upon certain organ systems in certain strains of mice,
including the immune system, have all spurred intense
search for other modalities of nutritional manipulation,
including intermittent dieting (Johnson et al. 2013;
Martin-Montalvo et al. 2013; Cheng et al. 2014;
Ehninger et al. 2014; Brandhorst et al. 2015). In light
of these efforts and our results above, it will be impor-
tant to understand the impact of these manipulations on
functional immunity, to validate appropriate modalities

Fig. 6 Thymectomized mice display CR-induced lymphopenia.
B6 mice were thymectomized in house or at the Jackson Labora-
tory (Bar Harbor, ME) and then subjected to 2 months of CR and
lymphocyte subsets were analyzed by flow cytometry from the a
spleen, b blood, c brachial and inguinal lymph nodes, and d bone

marrow of the femur. Statistical differences were calculated by
one-tailed Mann Whitney U tests by comparing cellularity to age-
matched, AL fed mice. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001. Data are representative of two independent ex-
periments with 4–8 mice per treatment group
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of CR, and to be able to properly manage induction
phases of any dietary regimens that may adversely im-
pact functional immunity.

Methods

Humans

Thirty-four individuals had been on CR for an average
of 10 years (3–20 years). Subjects were instructed by an
experienced research dietician to record all food and
beverages consumed, preparation methods, and approx-
imate portion sizes for 7 consecutive days. Food records
were analyzed by using the NDS-R program (version
4.03_31), which is the Nutrition Data System for re-
search from the Nutrition Coordinating Center at the
University of Minnesota. CR subjects consumed a

variety of nutrient-dense unprocessed foods (i.e., vege-
tables, fruits, nuts, egg whites, fish, poultry, low-fat
dairy products, whole grains, and beans) which supplied
> 100% of the Recommended Daily Intake for all es-
sential nutrients. Refined foods rich in empty calories
and trans-fatty acids were avoided. Energy intake was
30% lower in the CR group (1790 ± 225 kcal/d) than in
the Western diet (WD) group (n = 58) (2540 ± 358 kcal/
d) (P ≤ 0.0001). The percentage of total energy intake
derived from protein, carbohydrate, fat, and alcohol was
22, 51, 27, and 0.2%, respectively, in the CR group and
17, 48, 34, and 1% in the WD group. Height was
measured without shoes to the nearest 0.1 cm. Body
weight and venous blood samples were taken after
subjects had fasted for at least 12 h. Total body fat mass
and fat free mass were determined by dual-energy X-ray
absorptiometry (DXA) (QDR 4500, Hologic, Waltham,
MA). The human study was approved by the Human

Fig. 7 Lymphocyte recovery is not dependent upon the thymus.
Calorically restricted thymectomized mice treated as in Fig. 6
(return to AL food for 2 months after CR) were analyzed exactly
as in Fig. 6. a Spleen. b Blood. c Brachial and inguinal lymph
nodes. d Bone marrow of the femur. Statistical differences were

calculated by two-tailed Mann Whitney U tests by comparing
cellularity to age-matched, AL fed mice. Data are representative
of two independent experiments with 4–8 mice per treatment
group
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Studies Committee of Washington University School of
Medicine, and all participants gave informed consent
before their participation.

Mice

All mice were C57BL/6 and were purchased from Jack-
son Laboratories and held under specific pathogen-free
conditions in the animal facility at the University of
Arizona (UA) for life. All experiments were conducted
by guidelines set by the UA Institutional Animal Care
and Use Committee. Thymectomies were carried out in-
house (cohort 1) or at the Jackson Laboratories (cohort
2), with superimposable results between the cohorts.
Upon necropsy, we validated lack of thymus in all
ATX animals.

Calorie restriction

Mice were introduced to caloric restriction by first
switching to the NIH-31 fortified formula in the form
of 3 g pellets. In a stepwise manner, mice were accli-
mated to two pellets per day to allow for acclimation to
the change in food access (6 g/mouse), followed by a
second and third week reduction to 4.5 g/mouse and 3 g
respectively. Ultimately, mice were reduced to 2.4 g a
day, resulting in approximately a 40% reduction of food
intake (in our hands mice averaged ~ 3.5 g of ad libitum
chow a day) that translated to approximately 20%
weight loss. This diet was maintained until approxi-
mately 20% weight loss, over a period of 2 months.

Leukocyte isolation

At the end of study or at selected time points, mice were
euthanized by isoflurane. Spleens, brachial and inguinal
lymph nodes, and thymi were collected into ice cold
RPMI and accutase treated for 30 min at 37 °C and
mechanically disassociated through 40 μm nylon filters
and re-suspended in RPMI supplemented with 5% fetal
bovine serum (FBS). Bone marrow was obtained from
femur, tibia, and fibula, by clipping the ends of the
bones and pushing PBS through to dislodge marrow.
Marrow was then pushed through a 40-μm nylon filter
with a rubber plunger of a 3-cm3 syringe and re-
suspended in RPMI supplemented with 5% FBS. Blood
was obtained by retro-orbital bleeding from living,

anesthesia-free mice. Red blood cells were
hypotonically lysed. Isolated leukocytes were then
quantified on a Hemavet 950 (Drew Scientific, USA)
and put into 96-well plates for flow cytometric staining.

Flow cytometry

Prior to each collection, voltages were manually cali-
brated to a common template using RainbowBeads (BD
Biosciences, San Jose, CA, USA), to insure accurate
MFI tracking over time. Cells were treated with anti-
body for CD16/CD32 (BD Biosciences) and then
against antibodies for CD3 (17A2), CD4 (RM4-5),
CD8a (53-6.7), CD19 (6D5), Mouse I-1/I-E (M5/
114.15.2), Ki67 (16A8), CD49b (DX5), CD25 (PC61)
(BioLegend, USA), NK1.1 (PK136), CD44 (IM7), and
CD62L (MEL-14) (ThermoFisher, USA). Staining oc-
curred at 4 °C followed by fixation and permeabilization
(BD Cytofix). Fluorescence minus one (FMO) controls
were conducted to determine gating schema. Samples
were run on a Fortessa Flow Cytometer equipped with
four lasers and using DiVa software (BD Biosciences).
Compensation and analysis were performed using
FlowJo software (Tree Star, Ashland, OR, USA).

Statistics

Statistics were performed in Prism 7.0 (GraphPad Soft-
ware, La Jolla, CA, USA). During experiments, analyz-
ing the effects of CR, one-tailed Mann Whitney U tests
with equal SDwere carried out between cell types of CR
and AL groups based upon the hypothesis that CR
groups would have lower values compared to AL coun-
terparts. Two-tailed Mann Whitney U tests with equal
SD were carried out during refeeding experiments. Sig-
nificance is noted as follows throughout: ns = not sig-
nificant, ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05. All error bars shown are SEM. In all cases,
groups compared for significance are overlaid by a bar,
and significance is denoted by the stars as described
above. There were no statistically significant differences
between AL and RF groups for any parameters
measured.
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