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Abstract

The thymus is a lymphoid organ that selects T cells for release to the peripheral immune system.
Unfortunately, thymopoiesis is highly susceptible to damage by physiologic stressors and can
contribute to immune deficiencies that occur in a variety of clinical settings. No treatment is currently
available to protect the thymus from stress-induced involution. Leptin-deficient (ob/ob) mice have
severe thymic atrophy and this finding suggests that this hormone is required for normal
thymopoiesis. In this study, the ability of leptin to promote thymopoiesis in wild-type C57BL/6 and
BALB/c mice, as well as in leptin-deficient (ob/ob) and endotoxin-stressed (Escherichia coli LPS)
mice, was determined. Leptin administration induced weight loss and stimulated thymopoiesis in
ob/ob mice, but did not stimulate thymopoiesis in wild-type C57BL/6 nor BALB/c mice. In
endotoxin-stressed mice, however, leptin prevented LPS-induced thymus weight loss and stimulated
TCRa gene rearrangement. Coadministration of leptin with LPS blunted endotoxin-induced systemic
corticosterone response and production of proinflammatory cytokines. Thus, leptin has a selective
thymostimulatory role in settings of leptin deficiency and endotoxin administration, and may be
useful for protecting the thymus from damage and augmenting T cell reconstitution in these clinical
states.

A cute thymic atrophy results from stress in a variety of clinical settings, including bacterial
infection (1), starvation (2), irradiation, or immunosuppressive therapy (3). Induced depletion
of CD4*, CD8* double positive (DP)3 thymocytes can exacerbate T cell deficiencies that occur
in HIV/AIDS, bone marrow and stem cell transplantation, cancer chemotherapy, and bacterial
sepsis (4-6). T cell reconstitution following bone marrow transplantation is frequently
prolonged, and development of strategies to accelerate thymopoiesis is needed to decrease
posttransplant infections (5). There is currently no treatment available to protect the thymus
from induced involution and/or promote postnatal T cell recovery in these clinical settings.

Leptin is the 16-kDa product of the obese (ob) gene that is secreted by adipocytes and functions
primarily as a satiety hormone. In addition to playing this critical role in regulating energy
homeostasis, leptin has also been implicated in modulating innate and adaptive immunity
similar to a cytokine (7). It has recently been appreciated that primary lymphoid tissues, such
as the thymus, contain deposits of adipose tissue capable of producing leptin (8-10). The three-
dimensional structure of leptin consisting of a four a-helix bundle motif is similar to that of
the IL-6 family of cytokines (11), and the leptin receptor, ObR, has close homology with gp130,
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a class I cytokine receptor shared by all members of the IL-6 cytokine family for signal
transduction (12). Leptin's functional receptor is expressed in the hypothalamus where it
regulates the hypothalamus pituitary adrenal (HPA) axis and energy homeostasis, but has
recently been reported to be expressed by all cell types involved in innate and adaptive
immunity (7).

We have previously reported that the IL-6 family of cytokines, including leukemia inhibitory
factor, oncostatin M, and IL-6, are critical mediators of thymic involution associated with aging
and septic shock, and that thymic adipose tissue can produce these cytokines (8,13). Adipose-
derived leptin has been suggested to affect thymic homeostasis and, like other cytokines, leptin
can modulate inflammatory cytokine production (7). Leptin deficiency in the obese (ob/ob)
mouse (14) causes a syndrome of overeating, reduced energy output, hypothermia,
hyperinsulinemia (15), hypercorticosteronemia (16), and reduced immune function (17,18).
Exogenous administration of leptin to these mice results in decreased food intake and weight
loss (12,16,17). ob/ob mice also have decreased thymopoiesis compared with age-matched
controls, with thymic atrophy that is reversed by exogenous leptin administration (18). Leptin
has been postulated to provide a survival signal to developing CD4*, CD8* DP thymocytes

@).

We hypothesized that administration of supraphysiologic doses of leptin would augment
thymopoiesis in normal mice and/or prevent thymic atrophy in a systemic model of endotoxin-
induced thymic involution. However, we found that leptin had little to no effect on
thymopoiesis in normal nonobese mice, but did stimulate thymopoiesis in the setting of LPS-
induced thymic atrophy and leptin deficiency. Thus, leptin is a thymopoietic hormone only in
the setting of induced thymic atrophy.

Materials and Methods

Reagents

Recombinant mouse leptin was purchased from R&D Systems. The Iyophilized protein was
reconstituted at 1 mg/ml with 15 mM sterile HCI, 7.5 mM sterile NaOH, and sterile PBS (pH
7.4). The stock solution was diluted with PBS to 20 pg/100 pl.. Leptin-treated mice received
1 pg/g leptin by i.p. injection. Escherichia coli-derived LPS was purchased from Sigma-
Aldrich (L-2880) and reconstituted at 1 mg/ml in PBS. LPS-challenged mice received 100 pug
of LPS by i.p. injection.

Animals and treatments

Wild-type (WT) C57BL/6 and C57BL/6 ob/ob mice were purchased from The Jackson
Laboratory. BALB/c mice were purchased from the National Cancer Institute-Charles River
Laboratories. All mice were housed in a pathogen-free environment with 12-h light/dark cycles
at 20-25°C in accordance with all Institutional Animal Care and Use Committee and American
Association for the Accreditation of Laboratory Animal Care-approved animal protocols. In
studies of chronic leptin administration, injections were given at 1 ug/g at 8:00 a.m. and 5:00
p.m. daily for 10 days. Mouse weights were recorded regularly just before the time of the
morning injection. On the 11th day, 16 h following the final dose, blood was obtained from
the retro-orbital venous plexus. Serum was isolated by centrifugation for 20 min at 2000 x g
and transferred to a 96-well round-bottom culture plate and stored at —20°C until thawed for
analysis of corticosterone, leptin, insulin, and glucagon levels. Mice were euthanized by
CO, administration for 10 min followed by cervical dislocation. Thymuses were removed and
weighed. Organs were divided into two halves; one-half was placed in a 60-mm tissue culture
dish containing 3 ml of RPMI 1640 (Invitrogen Life Technologies) with 5% FCS (tissue

J Immunol. Author manuscript; available in PMC 2007 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hick et al.

Page 3

medium) and one-half was placed into a 1.8-ml cryotube and snap-frozen in an ethanol/dry ice
bath.

In LPS-induced acute thymic involution studies, BALB/c mice were injected i.p. with 100 ug
of LPS plus or minus leptin (day 0). Replicate groups of animals were bled at various time
points to determine serum cytokine levels before euthanasia for tissue harvest (1 h to 28 days
post-treatment). Mice were euthanized by CO, administration for 10 min followed by cervical
dislocation. Thymus tissues were removed and weighed. Organs were divided into two halves;
one-half was placed in a 60-mm tissue culture dish containing 3 ml of RPMI 1640 (Invitrogen
Life Technologies) with 5% FCS (tissue medium) and one-half was placed into a 1.8-ml
cryotube and snap-frozen in an ethanol/dry ice bath.

Cell isolation and flow cytometry

Thymus tissue was teased to a single-cell suspension through a 70-um cell strainer (BD
Labware) in tissue medium. Thymocytes were centrifuged at 1500 rpm for 5 min and
resuspended in 3 ml of tissue medium for cell counts and immunofluorescent staining. Cell
counts were performed in triplicate on a Coulter Z1 Dual Threshold Cell Counter (Coulter)
and the mean was recorded. Total thymus cell counts were extrapolated based on the percentage
weight of the teased portion of thymus relative to the whole thymus weight. Direct
immunofluorescence staining was performed with anti-mouse directly conjugated mAbs: anti-
CD3 FITC (BD Biosciences), anti-CD4 PE (BD Biosciences), and anti-CD8 CyChrome (BD
Biosciences). Cell suspensions were added to PBS Wash (1x PBS + 1% BSA + 0.1% sodium
azide) and diluted Ab, incubated for 45 min at 4°C, washed, and resuspended in PBS Wash
containing 0.4% (w/v) paraformaldehyde. Immunophenotype data were acquired on a
FACSVantage SE (BD Biosciences), and data analyzed with CellQuest software (Duke
University Human Vaccine Institute Flow Facility, Durham, NC).

Quantitative real-time PCR for mouse signal joint TCR & excision circles (SjTREC)

Total genomic DNA from thymus tissue was extracted using TRIzol Reagent (Invitrogen Life
Technologies) per manufacturer's protocol. DNA was quantified by spectrophotometry (260
nm). Numbers of signal joint murine TREC (MTREC) were quantified as previously described
(19). Briefly, an excess of forward and reverse DNA primers for the mTREC sequence and
DNA probe conjugated to a fluorescent dye was added to genomic thymus DNA. Real-time
PCR using BioRad iCycler 1Q allowed detection and quantification of mMTREC numbers per
1 pg of DNA in each sample. Numbers of mTREC were normalized to reflect levels per
milligram of thymus tissue.

Corticosterone immunoassay

Serum corticosterone levels were determined using a corticosterone ELISA kit purchased from
R&D Systems.

Bead-based ELISAs

Serum glucagon, insulin, and leptin levels were analyzed using the LincoPlex mouse endocrine
immunoassay panel according to the manufacturer's protocol (Linco Research). Serum was
incubated with a mixture of anti-insulin, anti-leptin, and anti-glucagon Abs immobilized on
Luminex spheres followed by a mixture of biotinylated detection Abs and then streptavidin-
PE. Serum cytokine levels were determined by multiplex bead-based assays using BioPlex
mouse cytokine/chemokine kits according to the manufacturer's protocol (Bio-Rad). All bead
assay samples were quantified on the BioPlex protein array reader (Bio-Rad) in the Duke
University Human Vaccine Institute Immune Reconstitution Core Facility (Durham, NC).
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A two-tailed Student t test was used to compare the means between data sets. Differences were
considered significantly different with p < 0.05.

Leptin administration induced thymopoiesis in ob/ob mice, but not in young WT C57BL/6

mice

The impact of daily leptin administration on thymopoiesis in leptin-deficient ob/ob (C57BL/
6 background) vs WT C57BL/6 mice was determined by treating mice for 10 days twice daily
with leptin (1 pg/g; i.p.) or saline as a control. Leptin administration in this regimen resulted
in significant weight loss in both ob/ob and WT C57BL/6 mice during treatment (Fig. 1). On
day 11, 16 h following the final treatment, there was a mean weight change from baseline of
—22% (p < 0.0001) in leptin-treated ob/ob mice, compared with +17% in saline control mice
(Fig. 1A). In WT mice, there was a mean weight change from baseline of —8% on day 11 (p <
0.001) with leptin treatment, compared with +1% in saline control mice (Fig. 1B).

Next, thymus weight, absolute thymocyte number, and thymocyte phenotype in ob/ob and WT
mice were determined 11 days after leptin administration. In WT mice, leptin treatment
significantly lowered thymus weights (p = 0.019) (Fig. 2A) while absolute thymocyte numbers
were not reduced compared with saline controls (Fig. 2B). Thymuses from untreated ob/ob
mice were surrounded with dense adipose tissue, resulting in higher thymus weights in this
group compared with leptin-treated mice. However, as previously reported by others (18),
mean absolute thymocyte numbers were significantly elevated in leptin-treated ob/ob mice
(p = 0.048) compared with saline controls (Fig. 2B).

Data from flow cytometric analyses of thymocyte subset frequencies in leptin-treated ob/ob
mice vs controls demonstrated a significant increase in the percentage and absolute number of
DP thymocytes (p < 0.05) with a trend toward decreased frequencies of double-negative (DN),
CD4" single-positive (SP), and CD8* SP thymocytes compared with saline-treated control ob/
ob mice (Table I). Leptin-treated ob/ob mice also demonstrated a significant increase in the
DP-DN thymocyte ratio compared with saline-treated control mice. Taken together, these data
suggested that leptin treatment enhanced development of DP thymocytes from DN thymocytes
in ob/ob mice.

To quantify thymopoiesis at the level of TCRa gene rearrangement, the absolute number of
mMTREC was determined on genomic DNA extracted from thymus tissue obtained at harvest
from ob/ob mice (19). The mean £ SEM number of molecules of mTREC per milligram of
thymus tissue from leptin-treated ob/ob mice (230,138 + 35,494; n = 4) was 18-fold greater
than the number of mMTREC from saline-treated ob/ob mice (12,767 + 259; n = 4). Thus,
MTREC analysis demonstrated that leptin treatment of ob/ob mice stimulated TCRa gene
rearrangement, and therefore significantly increased thymopoiesis (saline vs leptin treatment;
p =0.013).

Leptin treatment of WT mice induced a slight decrease in the DP-DN thymocyte ratio (p =
0.021), but had no significant affect on absolute numbers of thymocyte subsets compared with
saline administration (Table I, data not shown). mTREC analysis of thymic genomic DNA
indicated no significant difference in thymopoiesis in leptin-treated (119,043 + 30,999; n = 8)
vs saline-treated WT mice (202,789 £ 48,552; n = 6; p = NS). While the results obtained in
ob/ob mice of leptin induction of thymopoiesis validated and extended previous findings (2),
these data demonstrated that leptin did not stimulate thymopoiesis in WT mice.
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Leptin administration did not induce thymopoiesis in BALB/c WT mice

To determine whether the lack of effect of leptin on thymopoiesis in normal mice was strain
specific, the impact of leptin treatment on thymopoiesis was determined in a second commonly
used inbred mouse strain (BALB/c). The BALB/c mouse strain was selected for study because
it is acutely sensitive to LPS-induced thymic involution, and is an excellent model for
identifying agents that modulate thymopoiesis/thymic atrophy during stress (8,13). BALB/c
mice were injected twice daily with leptin (1 ng/g) for 10 days, i.e., the same regimen that was
thymopoietic for ob/ob mice. As observed in ob/ob and WT C57BL/6 mice, leptin treatment
induced satiety and resulted in significant total body weight loss (data not shown). Before
sacrifice on day 11, leptin-treated BALB/c mice demonstrated a mean weight loss of —10%
(p < 0.001) compared with —2% in control BALB/c mice.

Leptin-induced weight loss in BALB/c mice was further studied by determining serum
concentrations of leptin, insulin, glucagon, and corticosterone (Table Il). The results showed
that serum leptin levels were undetectable 16 h following the 10th day of daily treatment.
Insulin levels were significantly reduced on day 11 (p = 0.05) and there was a trend, though
not statistically significant, of increased serum glucagon in leptin-treated mice compared with
saline controls. In contrast, there were no differences in serum corticosterone concentrations
between leptin-treated and saline-control mice. Although leptin-treated BALB/c mice were not
environmentally or pharmacologically stressed, they demonstrated metabolic signs of
starvation/fasting (weight loss, decreased insulin, and a trend toward increased glucagon).

The absence of serum leptin after daily injection suggests that the chronic daily exposure to
supraphysiologic leptin suppressed the endogenous production of leptin in these mice. This
may be due to profound weight loss or a negative feedback loop in the leptin-production
pathway. To verify that our exogenous i.p. treatment with leptin was indeed inducing elevated
serum levels of leptin, we treated groups of mice (n = 5) with saline or leptin and monitored
their serum leptin levels for 24 h (Fig. 3). Following a single exogenous injection of leptin, we
observed a 5-fold increase over endogenous levels (saline control) in serum leptin
concentration within 30 min. Serum leptin rapidly returned to baseline endogenous levels by
4 h post-leptin injection.

Ten days of daily leptin administration to BALB/c mice did not alter thymus size. Thymus
weights (35 + 2 vs 41 + 3 mg) and absolute thymocyte numbers (44 x 106+ 8 x 106 vs 41 x
10%+ 5 x 108 cells/thymus) were similar in leptin-treated compared with saline-treated BALB/
¢ mice (n =9 for leptin, n =7 for saline). All thymocyte subpopulations in the treatment group
remained at levels equivalent to saline controls as did the DP-DN thymocyte ratio (Table I11).
No significant difference in number of mTREC per milligram of thymus tissue was observed
between leptin-treated BALB/c mice (1,545,239 + 322,604; n = 7) and saline-treated BALB/
¢ mice (1,432,916 + 380,791; n = 7). Thus, these findings demonstrated that leptin did not
induce thymopoiesis in normal young BALB/c mice.

Leptin had a thymopoietic effect in the LPS-induced acute thymic atrophy model

Bacterial LPS induces severe acute thymic atrophy that is mediated in part by cytokines and
corticosteroids (1,13). To study the effect of leptin in this model system, we first determined
the kinetics of LPS-induced thymic atrophy. We found thymus weight and cellularity decreased
for 7 days after a single LPS treatment on day 0 (100 pg; i.p.). Following LPS induction of
thymic atrophy over 7 days, a rapid increase in thymopoiesis occurred over the next 10 days.
By 14 days after LPS administration, thymus weights and cellularity rebounded and surpassed
those of saline controls (Fig. 4A). This pattern was mirrored by parallel changes in indicators
of thymopoiesis, i.e., CD4/CD8 DP T cell numbers and mTREC numbers per milligram of
thymus tissue (Fig. 4, B and C).
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To investigate the therapeutic effects of leptin in mice subjected to LPS-induced acute thymic
atrophy, groups of BALB/c mice were given a single i.p. injection of saline or leptin 1 ng/g
with or without 100 pg of LPS, and mice were sacrificed after 1, 7, or 14 days. One day after
LPS challenge, we found that a single dose of leptin administered with LPS resulted in a
significant increase in thymus weight compare with LPS-treated animals that received only
saline (Fig. 5) (p = 0.036), thus suggesting leptin inhibited LPS-induced acute thymic atrophy.
One week after LPS-induced acute thymic atrophy, mice given the single dose of leptin vs
saline control had significantly larger thymuses (p =0.002) (Fig. 5) and atrend toward increased
thymocyte numbers (31 5 x 106 vs 21 + 3 x 106 cells/thymus, p = 0.14; data not shown). By
2 wk after LPS treatment, the thymus had recovered to normal size and the leptin thymopoietic
effect was no longer observed (Fig. 5). Similar to what we observed in Fig. 3 and Table 111
with chronic leptin administration to BALB/c mice, a single dose of leptin had no effect on
thymus weights (p = 0.48) (Fig. 5) or thymocyte numbers (161 + 4 x 106 vs 166 + 3 x 10°
cells/thymus, p = 0.73) in non-LPS-treated BALB/c mice (Fig. 5).

The most striking evidence that leptin augmented thymopoiesis after LPS-induced thymic
atrophy was seen in the number of molecules of mMTREC per milligram of thymus tissue in
LPS-treated mice. mTREC per milligram of thymus tissue dropped significantly 1 day after
LPS challenge alone (saline control 561,166 + 135,366 vs LPS-treated 147,120 + 55,882; p <
0.05, n = 10/group). Mice that received a simultaneous injection of leptin with LPS, had an
equivalent number of MTREC per milligram of thymus tissue compared with saline control or
leptin-only treated animals (saline control 561,166 + 135,366 vs saline/leptin 557,803 +
102,518 vs LPS/leptin 537,751 + 130,768; p = NS, n = 10/group). Taken together, these data
definitively demonstrated that leptin augmented thymopoiesis in the setting of LPS-induced
thymic atrophy.

Leptin reduced peak serum corticosterone levels

Systemic and intrathymic glucocorticoids are critical mediators of stress-induced thymic
atrophy (13). To determine whether leptin modulated LPS-induced elevations in
glucocorticoids, serum corticosterone levels were quantified during the first 24 h after
administration of LPS with or without a single dose of leptin. Mean serum corticosterone
concentrations were significantly elevated in all mice challenged with LPS compared with
saline- or leptin-only controls with a peak response at 4 h. However, coadministration of leptin
significantly blunted this peak corticosterone response (Fig. 6; p < 0.004). These data suggest
that inhibition of serum corticosterone may be part of the mechanism by which leptin protects
the thymus from sepsis (LPS)-induced thymic atrophy.

Leptin modulates inflammatory cytokine responses

In addition to elevated glucocorticoid responses, LPS challenge is also known to initiate a
systemic cytokine cascade that contributes to many aspects of LPS-induced shock and
subsequent thymic damage. To further elucidate mechanistic pathways by which leptin is
thymostimulatory in the setting of LPS-induced thymic involution, serum levels of
inflammatory cytokines (IL-1a, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, I1L-12p40,
IL-12p70, IL-13, IL-17, G-CSF, GM-CSF, KC, MCP-1, MIP-1a, MIP-18, TNF-a, RANTES,
and IFN-y) were quantified at sequential time points (0, 0.5, 1, 2, 4, 6, 12, 18, 24 h) during the
first 24 h after administration of LPS with or without a single dose of leptin.

LPS treatment vs saline or leptin treatment alone or 1-h time point induced significant peak
inductions in serum levels (picograms per milliliter) of all measured cytokines at either 2, 4,
or 6 h and then resolved to basal levels within 12-24 h (Table IV and Fig. 7, p < 0.05 vs saline,
data not shown). Leptin alone had no effect on basal cytokine levels (data not shown). However,
leptin coadministered at the time of LPS challenge had one of two effects on the LPS-induced
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cytokine response profile: 1) no change in relation to LPS-only treated mice (IL-3, IL-9, IL-10,
IL-12p40, IL-13, G-CSF, KC, MCP-1, MIP-1a, MIP-1B, TNF-a, and RANTES) or 2) a
significant blunting of the peak or postpeak cytokine level and a more rapid resolve to basal
levels (Table 1V). Shown in Fig. 7 are kinetic plots of serum IL-1p and IL-12 p70 induction
during the first 12 h after LPS or LPS + leptin treatment showing the significant blunting of
the peak or postpeak serum cytokine levels.

To determine the magnitude and kinetics of exogenous leptin treatment that mediated these
cytokine changes, we quantified the serum level of leptin (picomoles) in LPS- and leptin/LPS-
treated mice (Fig. 7C). As has been reported in the literature, LPS alone induced a mild yet
significant rise in serum leptin at 12 h postinjection. Exogenous administration of leptin to
LPS-treated mice induced a significant rise in serum leptin at 30 min postinjection, similar to
leptin treatment alone (Fig. 3). However, the circulating leptin level in leptin/LPS-treated mice
rapidly resolved to baseline at 2 h and remained at baseline through 12 h postinjection. Together
these data suggest that leptin plays a critical and rapid role in modulating the systemic cytokine
response induced by LPS challenge and subsequent LPS-induced damage to the thymus.

Discussion

This study demonstrated that leptin administration augments thymopoiesis in the setting of
leptin deficiency and LPS-induced shock, but not in normal mice. Previous findings that leptin
treatment of ob/ob mice promoted weight loss while increasing thymus size were validated by
the results of this study, and were extended with the demonstration that leptin stimulated an
increase in MTREC per milligram of thymus tissue in ob/ob mice. Administration of leptin to
ob/ob mice may stimulate production of hemopoietic stem cells, accelerate thymocyte
maturation, protect thymocytes from apoptosis, or effect thymic stromal cells that drive
thymopoiesis. Alone or together, these signals may result in activating thymopoiesis in the
chronically atrophic ob/ob thymus, as evidenced by leptin-induced increases in DP thymocyte
frequency, TCRa gene rearrangement and DP-DN thymocyte ratio. While the absolute number
of DP thymocytes is increased with leptin treatment, this does not directly indicate that leptin
induces maturation of DP from DN thymocytes. It is also possible that leptin rescues thymic
atrophy by preventing cell death and/or promoting cell survival in the DP thymocyte
compartment.

It is important to note that the presentation of mMTREC data as number of copies per milligram
of thymic tissue may be overestimated in these studies. Leptin has a potent effect on thymic
weight, thus, the ratio of thymocyte genomic DNA to thymic tissue DNA would increase when
thymic tissue is reduced by leptin treatment. Furthermore, if leptin promotes DP thymocyte
survival and reduces thymic weight, then there would be an additive effect on the calculated
number of mMTREC.

It has been demonstrated that fasting or malnutrition can induce acute thymic atrophy in normal
mice which can be prevented with leptin treatment (2,20). In the present study, both normal
C57BL/6 and BALB/c mice showed significant weight loss with leptin treatment which may
have been sufficient to result in fasting-induced thymic atrophy. If this were the case, then the
exogenous leptin treatment in WT animals may have modestly stimulated thymopoiesis and
counterbalanced the thymosuppressive effect of satiety caused by the supraphysiologic dose
of leptin, thus resulting in observed stable thymopoiesis. Future studies in which leptin-induced
satiety is inhibited are needed to expand understanding of leptin's impact on thymopoiesis. For
example, gold thioglucose-mediated destruction of the ventromedial hypothalamus would
permit observation of leptin-mediated effects on the thymus in the presence of obesity and in
the absence of leptin deficiency (21). Obesity models in which leptin is increased such as
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carboxypeptidase E mutant mice (Cpefat) or high fat diet-induced obesity may also be of value
to future studies.

The protein hormone leptin has been shown to have emerging effects on the immune system
and has been associated with the impact of endotoxin (LPS) challenge in mice, rats, and
hamsters (22-24). Leptin is the 16-kDa product from the ob gene, and is secreted by adipose
tissue. Leptin-deficient ob/ob mice are severely obese, generally weighing twice that of their
lean littermates (2). They also exhibit suppressed cell-mediated immunity, chronic thymic
atrophy, and decreased numbers of total thymocytes and splenocytes (2). The HPA axis system
is chronically stimulated in ob/ob mice, which results in hypercorticosteronemia (25). Leptin
administration has been shown to reverse hypercorticosteronemia and suppress the HPA axis
(25). Others have shown that starvation-induced leptin deficiency dramatically decreases
survival after LPS challenge (26). It has also been demonstrated that leptin-deficient ob/ob
mice have increased susceptibility to endotoxic shock measured by an increase in LPS-induced
mortality (27).

The thymus is a central component of the immune system responsible for production and
education of new T cells throughout life (5). The state of thymopoiesis is a barometer of the
stress level of the body and is acutely sensitive to atrophy/involution from stress in a variety
of clinical settings, including 1) bacterial infection, 2) starvation, 3) irradiation or
immunosuppressive therapy. Currently, there are no treatments available to protect the thymus
from induced involution and/or promote postnatal T cell recovery in these clinical settings.
Our studies demonstrated that leptin administration at the time of LPS challenge resulted in
significant protection of the thymus from involution.

Given that corticosteroids and inflammatory cytokines have been mechanistically associated
with endotoxin-induced severe acute thymic atrophy (1,13), the impact of leptin on these
pathways was determined. Corticosteroids induce apoptosis of immature thymocytes and play
a critical role in acute thymic involution (28). LPS activates the HPA axis to elevate systemic
corticosteroids (26,29). Leptin in turn has been shown to have a negative feedback effect on
the HPA axis by inhibiting the corticotropin-releasing hormone protein (25). Studies reported
herein demonstrate that leptin blunts peak (4 h) LPS-induced corticosterone and suggested an
active role for leptin in suppressing systemic corticosteroids. This inhibition of corticosteroid
response significantly alleviates the negative impact of LPS on the thymus. However, the
reduction effect was not dramatic enough to fully explain the magnitude of thymostimulatory/
protective effect of leptin in the LPS-induced thymic atrophy model. Thus suggesting other
leptin-driven mechanisms, such as inflammatory cytokines, must be functioning alongside the
suppression of the corticosterone response for thymus protection.

Many cytokines have been implicated in the induction of leptin, and conversely, leptin has
been reported to have many downstream effects on cytokine networks (27). LPS is known to
specifically induce IL-1, TNF-a, IL-6, as well as other inflammatory cytokines (30). Both IL-1
and TNF-a have been shown to independently induce arise in endogenous leptin levels (31).
Specifically, IL-1pB has been indicated as a mediator of leptin induction, since the stimulation
of leptin by LPS and other cytokines is inhibited in IL-1p knockout mice (31). Leptin has also
been reported to up-regulate the IL-1R antagonist, which functions of a negative feedback
signal in the hypothalamus to regulate fever (32). In addition, several proinflammatory
cytokines have been shown to be regulated by leptin, including IL-12 (32,33), IL-6 (32,33),
IFN-y (26,32), and TNF-a (32,33). Leptin has been generally defined in the immune system
to promote phagocytosis, promote the development of the Th 1 subset, and stimulate
hemopoiesis (32).
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Leptin production is enhanced in response to LPS, suggesting an important regulatory role for
leptin in inflammation and LPS-induced shock (22,34). In our study, we demonstrated that
supraphysiologic leptin levels decrease the LPS-induced cytokine response and resulted in
augmentation of thymopoiesis. Data presented in Table IV demonstrate that leptin significantly
inhibits specific LPS-induced cytokines by 15-59%. We speculate that the single dose of leptin
at the time of LPS challenge acutely interferes with the LPS-induced cytokine cascade and
suppresses the overall impact of sepsis on the thymus gland. These findings suggest that leptin
acts in concert with multiple proinflammatory factors during stress to regulate thymopoiesis.
Theses data are compatible with the hypothesis that leptin could be used to therapeutically
protect the thymus from acute stress-induced atrophy.

Finally, it is important to note that leptin only induced thymopoiesis in the setting of LPS- and
leptin deficiency-induced thymic atrophy and not in normal (WT) mice. These data suggest
that LPS treatment and leptin deficiency possibly both simulate expression of a factor required
for leptin's ability to stimulate thymopoiesis that is normally absent in untreated WT mice. In
this regard, it will be of great interest to carry out expression array analysis of genes selectively
induced in LPS-treated and leptin-deficient animals. These studies would determine genes
induced in these settings that might be the factor(s) required for leptin's thymopoietic effect.

In summary, these studies demonstrated that leptin has a selective thymopoietic effect in leptin-
deficient (ob/ob) mice and in LPS-treated mice, but not in normal mice. It is clear that leptin
is needed for proper immune function and inflammatory response since leptin deficient (ob/
ob) and leptin receptor deficient (db/db) mice have reduced immune responses (27,35).
Therefore, leptin plays a pleiotropic role in cytokine modulation and is an important link
between the neuroendocrine and immunologic systems. Leptin administration may be an
important therapeutic strategy to enhance T cell reconstitution in the human clinical settings
of stress and leptin depletion.
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DP

double positive
HPA

hypothalamus pituitary adrenal
TREC

TCR & excision circle
SJTREC

signal joint TREC
MTREC

murine TREC
DN

double negative
SP

single positive
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Effect of leptin on body weight in ob/ob (A) and WT C57BL/6 (B) mice over time. Animals
were given i.p. injections of leptin (1 ng/g body weight) or saline twice daily for 10 days.
Change in body weight data are expressed as mean of percentage change in body weight
(grams) from baseline weight recorded before treatment on day 1 + SEM. ob/ob saline, n = 3;
ob/ab leptin, n = 4; C57BL/6 saline, n = 7; C57BL/6 leptin, n = 9. *, p < 0.05 compared with
saline-treated animals.
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Effect of chronic leptin treatment on thymopoiesis. C57BL/6 and ob/ob (C57BL/6 background)
mice were given i.p. injections of leptin (1 png/g body weight) or saline twice daily for 10 days.
Thymus tissues was dissected from euthanized animals on day 11. Mean thymus weight (A)
and absolute number of thymocytes (B) = SEM are shown for both mouse strains treated with
either saline or leptin. ob/ob saline, n = 3; ob/ob leptin, n = 4; C57BL/6 saline, n = 7; C57BL/
6 leptin, n = 9. *, p < 0.05 compared with saline-treated animals.

J Immunol. Author manuscript; available in PMC 2007 September 25.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hick et al. Page 14

5,000 1 -
4,500 —o—Salu%e
4,000 —a—Leptin
3,500 1
3,000 1
2,500 1
2,000 1
1,500 1
1,000 4
500 4
0 T
0 6 12 18 24

Time Post Leptin Injection (Hours)

Serum Leptin Concentration
(pM)

FIGURE 3.

Effect of exogenous leptin on endogenous serum leptin concentrations in BALB/c mice over
time. Animals were given a single i.p. injection of leptin (1 ng/g body weight) or saline. Serum
leptin levels were determined 0.5, 1, 2, 4, 6, 12, 18, and 24 h after injection (mean picomoles
= SEM); n = 5 mice/time point/group.
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FIGURE 4.

A single administration of E. coli LPS induced acute thymic atrophy with subsequent recovery.
Groups of female BALB/c mice were treated with saline or LPS (100 pg i.p.) on day 0, and
three mice per group were euthanized on days 1, 3, 7, 11, 15, 21, and 28 to monitor
thymopoiesis. Mean thymus weight (A), absolute number of CD4/CD8 DP thymocytes (B),
and molecules of MTREC per milligram of thymus tissue (C) = SEM were determined at each
harvest time. *, p < 0.05 compared with saline-treated controls.

J Immunol. Author manuscript; available in PMC 2007 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hick et al.

[
=
e

Thymus Weight (mg)

100 1
90 1
80 1
70 1
60 1
50 1
40 1
30 1
20 1
10 1

Page 16
| B sine| |7 14Day
D Leptin
*
%*
Saline LPS Saline LPS Saline LPS
FIGURE 5.

Leptin prevents LPS-induced acute thymic atrophy in BALB/c mice. Female BALB/c mice
were simultaneously administered (i.p.) either saline or leptin (1 pg/g body weight) and

challenged with either saline or E. coli LPS (100 pg/mouse). Ten mice per group were

euthanized on days 1, 7, and 14 to monitor the effect of leptin on LPS-induced acute thymic
atrophy. Mean thymus weight + SEM was determined at each harvest time as an indicator of

thymic atrophy. *, p < 0.05 compared with saline-treated controls.
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Effect of leptin on serum corticosterone levels induced by E. coli LPS administration. Female
BALB/c mice were simultaneously administered (i.p.) either saline or leptin (1 pug/g body
weight) and challenged with either saline or E. coli LPS (100 pg/mouse). Serum was obtained
from five animals per group 4 h after above treatment. Serum corticosterone concentration was
determined by ELISA and the data are reported as mean + SEM. *, p < 0.05 compared with

LPS-treated non-leptin controls.
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Effect of leptin on serum IL-1f (A), IL-12 p70 (B), and leptin (C) levels induced by E. coli
LPS administration. Female BALB/c mice were simultaneously administered (i.p.) either
saline or leptin (1 ng/g body weight) and challenged with either saline or E. coli LPS (100
ng/ mouse). Serum was obtained from 10 animals per group 1-12 h after above treatment.
Serum cytokine (picograms per milliliter) and hormone (picomole) levels were determined by
Luminex bead-based array and the data are reported as mean + SD. *, p < 0.05 compared with

LPS-treated controls.
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Frequency and absolute number of thymocyte subsets in wild-type C57BL/6 and ob/ob-deficient mice after

chronic treatment with leptin

C57BL/6
Saline (n=7) Leptin (n=9) Saline (n=2) Leptin (n = 4)
Frequency of T cell subset (%)
CD4'CD8* DP 90+04 88+1 63+5 84 + 32
CD4 CD8 DN 2+0.1 3+0.2 25+5 7+22
DP/DN ratio 50+3 38 + 42 3+1 21+ 72
CD4" sP 6+0.3 8+0.4 9+0.4 7+03
CD8* SP 2+£01 202 3+£0.03 2+£0.2
Absolute number of T cell subset
(x10°)
CD4" CD8* DP 7717 64+ 12 11+5 43+ 17a
CD4 CD8 DN 2+04 2+£0.3 4+01 31
CD4" sP 5+1 5+1 2+06 3+09
CD8* SP 2+04 2+£03 1+£0.2 1+£0.2

aValue of p <0.05 vs saline control.
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Serum concentrations of leptin, insulin, glucagon, and corticosterone in wild-type BALB/c mice after chronic

treatment with leptin

Saline (n =5) Leptin (n =5)
Leptin (pM) 98 + 45 0.0+0.0
Insulin (pM) 188 + 23 89 +172
Glucagon (pM) 8+0.5 18+7
Corticosterone (ng/ml) 170 + 38 140 + 33

a\/alue of p < 0.05 compared to saline-treated mice.
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Lymphocyte Subset Saline (n=7) Leptin (n=9)
Thymocytes
CD4'CD8" DP 86+1 85+1
CD4 CD8 DN 26+0.2 31+03
DP-DN ratio 34+2 30+3
CD4'CD8” SP 9+04 10+1
CD4°CD8* SP 2+01 2+£02
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