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Abstract

Background and aims of study—We have previously demonstrated a requirement for the
presence of a juvenile thymus for the induction of transplantation tolerance to renal allografts by a
short-course of calcineurin inhibition in miniature swine. We have also shown that aged, involuted
thymi can be rejuvenated when transplanted as vascularized thymic lobes into juvenile swine
recipients. The present studies were aimed at elucidating the extrinsic factors facilitating this
restoration of function in the aged thymus. In particular, we tested the impact of sex steroid blockade
by Luteinizing Hormone-Releasing Hormone (LHRH).

Materials and Methods—30 naive animals (25 males and 5 females) were used for measurement
of serum testosterone levels. 3 mature male pigs (aged at 22, 22 and 29 months old) were used to test
the effects of Lupron (LHRH analog) injection at 45 mg (per 70-80kg body weight) as a 3-month
depot on testosterone levels and thymic rejuvenation. Thymic rejuvenation was assessed by
histology, flow cytometric analysis, morphometric analysis and TREC assays.

Results—Hormonal alterations were induced by Lupron and resulted in macroscopic and histologic
regeneration of the thymus of aged animals within 2 months, as evidenced by restoration of juvenile
thymus architecture and increased cellularity. Two animals that were evaluated for TREC both
showed increased levels in the periphery following Lupron treatment.

Conclusion—Treatment of aged animals with Lupron leads to thymic rejuventaion in adult
miniature swine. This result could expanding the applicability of thymus-dependent tolerance-
inducing regimens to adult recipients.
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Introduction

The thymus plays a central role in the development of immunologic tolerance, primarily
through screening against self reactivity in newly arising T cells by contact with dendritic cells
and peripheral antigens expressed in medullary epithelium using the aire transcription factor.
Similarly, central transplantation tolerance to donor antigens following allogeneic
hematopoietic stem cell (HSC) transplantation occurs through negative selection by donor
dendritic cells in the host thymus. We have studied the role of thymus in transplantation
tolerance extensively utilizing MHC inbred miniature swine. Our previous results indicated
that the presence of a juvenile thymus is essential for the rapid induction of the stable thymic-
dependent tolerance that occurs under the influence of a short-course of calcineurin inhibitors
following allogeneic renal transplantation. We have also shown that thymic structure and
function decline with age, resulting in an inability to induce tolerance as well as to regenerate
normal T cell numbers after T cell depletion.

We have recently established a procedure for vascularized thymic lobe transplantation in swine
that permits the transplanted thymus to function immediately after revascularization. Utilizing
this procedure, we have reported that the aged, involuted thymic lobe grafts were rejuvenated
when transplanted into MHC matched juvenile recipients, suggesting that thymic function is
largely controlled by the host environment rather than by the local thymic milieu. However, it
remained unclear whether a single extrinsic factor alone could induce thymic rejuvenation. In
order to investigate a potential extrinsic factor that could be applied clinically, we examined
whether the exogenous administration of Lupron, an LHRH agonist, reversed the natural
involution process of the thymus in mature swine. This information could have practical
implications for expanding the applicability of thymus-dependent tolerance-inducing
transplantation protocols to include adults by rejuvenation of the host thymus.

Materials and Methods

1) Animals

MGH miniature swine represent one of the few large animal species in which breeding
characteristics make genetic experiments possible. 30 naive animals (25 males and 5 females)
were used for measurement of serum testosterone levels. 3 mature male pigs (aged at 22, 22
and 29 months old) were used to test the effects of Lupron injection on testosterone levels and
thymic rejuvenation. These 3 animals were sacrificed at 6 months after LHRH analog (Lupron
supplied by Norwood Immunology Inc. Victoria, Australia) injection.

2) Surgical Procedures

Thymus biopsy—Thymic biopsies were carried out at day 0, 1 month, 2 months, 3 months
and 6 months following Lupron injection. Approximately 1 x 0.5 x 0.5 cm of thymic tissue
was biopsied for histology, morphometric and flow cytometric analyses. Tissues for histology
were stained using hematoxylin and eosin (H&E). Coded samples were examined through a
light microscope by a pathologist.

3) Evaluation of thymic rejuvenation/involution

a) Preparation of thymocytes and peripheral blood lymphocytes (PBLs)—
Biopsied tissue from thymic grafts (100-200 mg) was finely minced in HBSS buffer; the cell
suspension was then filtered through a 200 um nylon mesh. For separation of PBLs, freshly
heparinized whole blood was diluted 1:2 with Hank’s balanced salt solution (HBSS) (GIBCO
BRL, Gaithersburg, MD) and the mononuclear cells were obtained by gradient centrifugation
using lymphocyte separation medium (Organon Teknika, Durham, NC) as previously
described.

Transpl Immunol. Author manuscript; available in PMC 2011 October 1.



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

1duasnuey Joyiny vd-HIN

Hirakata et al.

Results

Page 3

b) Flow cytometry—Fluorescence-activated cell sorter (FACS) analysis of peripheral PBLs
was performed using a Becton-Dickinson FACScan (San Jose, CA) with CellQuest
FACStation software (Becton Dickinson) as previously reported. Phenotypic analysis of cells
was attained by three-color staining with directly conjugated murine anti-swine mAbs, which
were the same as those used for immunohistochemistry (see below). The staining procedure
was performed as follows: 1 x 108 cells were resuspended in flow cytometry buffer (HBSS
containing 0.1% BSA and 0.1% NaNs) and were incubated for 30 min at 4°C with saturating
concentrations of a FITC-labeled mAb. After two washes, the secondary phycoerythrin-
conjugated mAb was added and cells were incubated for 30 min at 4°C. After a further wash,
the final biotinylated Ab was added and incubated for 30 min. The cells were washed, and
cytochrome was added for an 8-min incubation to stain the biotinylated Ab. Cells were washed
twice and then analyzed.

c) Monoclonal antibodies (mAbs) used for phenotypic characterization of cell
populations in thymic tissue and peripheral blood lymphocytes—Thymocyte
development was assessed by immunohistochemistry and FACS analyses using the murine
anti-swine mAbs 74-12-4 (IgG2b, anti-swine CD4), 76-2-11 (IgG2a, anti-swine CD8), 76-7-4
(1gG2a, anti-swine CD1) and anti CD45 RA (1gG1) as previously reported.

d) Morphometric analysis—Morphometric studies were performed on thymic biopsy
samples using NIH Image (Scion Image, Federick, MD) software. Biopsy samples with at least
15 lobules were stained with H&E and the areas of the cortex and medulla were measured to
obtain a ratio of the cortical area to the medullary area (c/m ratio) in the cross-section of the
thymus. An increase in this ratio indicated an increase in the degree of rejuvenation of the
thymus.

e) Quantification of signal joining (sj) TREC in miniature swine—DNA was isolated
from PBLs using DNeasy cell and tissue kit (Qiagen, Valencia, CA). DNA concentration was
determined using Nano-drop spectrophotometer instrument. The sj TREC was quantified using
Stratagene Mx 3005 system. A total of 25ul reaction, included: DNA template, 800nM of
yJa forward primer: 5- TCTAAAGAGGAAGAACAAGGTTGGCG -3/, 800nM of 3-Rec
reverse primer: 5-TGTGCAAAGCTGTGAAATGCTCCC-3" with 200 nM of labeled probe:
5'-/56-FAM/ATGCAGGAGGGCCACGAGTGAAGAGCAGACAGA/ 36-tamsP/-3'and 2x
Master Mix (Stratagene, La Jolla, CA). Cycling conditions included 95°C for 15min, 94°C for
30s, 60°C for 30s, and 72°C for 45s. sjTREC quantification was based on amplification of a
plasmid reference standard. The results were expressed as frequencies (number of sjTREC per
ug tissue of genomic DNA).

(1) Testosterone levels in naive miniature swine

We first measured serum testosterone levels in MGH miniature swine to determine if the levels
changed with age. Testosterone levels in twenty-five male swine of different ages are shown
in Figure 1. The levels start increasing at 5-6 months of age and were consistently higher than
200ng/ml thereafter (indicated with closed diamonds in Fig. 1). The testosterone levels in 5
female MGH miniature swine were undetectable at less than 20ng/dl independent of age
(indicated with square in Fig. 1). Because testosterone levels from female pigs, as shown in
Figure 1, were very low pre-Lupron injection, further analysis was limited to males.

(2) Effects of Lupron injection on testosterone levels and thymic rejuvenation

Our recent study indicated that thymic involution assessed by histology and morphmetric
analysis was seen after 20 months of age in MGH miniature swine. In addition, the results in
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this study demonstrated that testosterone levels in male MGH miniature swine plateau after 6-
months of age. Based upon these data, we chose three naive male miniature swine at 22—29
months of age to test whether the administration of the LHRH agonist Lupron could reverse
the process of thymic involution associated with aging. At the time of Lupron injection, when
the first pig #15630 was 29 months old, it weighed 90 kg; when the second pig #15959 was
22 months old, it weighed 77 kg; and when the third pig #16254 was 22 months old, it weighed
87kg. Lupron was administered subcutaneously at a dose of 45 mg (a 3-month depot) to each
pig. Previous studies by other groups that examined the use of LHRH agonists to induce
medical castration with a short follow-up period (28 days), suggested that a higher dose of
Lupron would be required in swine compared to the clinical human dose. In an attempt to
maximize the effect, we chose a similar dose to the previous report, but used a 3-month depot
formula, similar to the clinical method of administration.

(a) No clinical side effects of Lupron were seen at the high-dose therapy

Since the dose used in this study was twice as high as the human clinical dose (-3 month 22.5mg
for prostate cancer), we carefully monitored liver and kidney function as well as the daily health
condition in these three animals throughout the experimental period. As shown in Table 1, no
obvious changes in liver enzyme and creatinine levels were seen following high-dose Lupron
injection.

(b) Testosterone levels decreased markedly following Lupron therapy in mature male pigs

Testosterone levels in all three mature pigs markedly increased in the first 2 days following
the single injection of high-dose Lupron as a result of the surge induced by the initial rapid
increase in LHRH; 1478ng/dl from 752ng/dl in pig #15630, 2073ng/dl from 803ng/dl in pig
#15959, and 779ng/dl from 491ng/dl in pig #16254 (Fig. 2). These levels decreased to below
baseline values within 10 days and continued to decline over the next 30 days, but did not reach
female testosterone levels until 2 months after the injection (20ng/dl). Thereafter, testosterone
levels approximated those of female pigs. Levels at 6-months were 43ng/dl (day 181) in
#15630, 44ng/dl (day 181) in #15959 and 20ng/dl (day 183) in #16254. This effect was
maintained for up to six months, until these animals were sacrificed as scheduled.

(c) Histologic analysis showed rejuvenation of involuted thymus following Lupron therapy

In order to evaluate Lupron’s effects on the thymus, biopsy specimens were divided for
histology, morphmetric anailysis and FACS examination.

Before Lupron injection, histology of the thymus in these three mature swine showed, in
comparison to young thymi, a hypocellular and atrophic structure (i.e. thin cortical area with
fatty changes), indicating that thymus has undergone involution. The thymus of the 29 month
old pig (#15630. Fig. 3A-a) was more hypocellular than those of the 22-month old pigs (#15959
and #16254. Fig. 3B-a and 3C-a). One month following Lupron injection, histology of the
thymus in #15630 and #16254 showed severe fatty degeneration, suggesting further thymic
involution, possibly as a direct consequence of the initial surge in testosterone (See Discussion),
(Fig 3A-a vs. 3A-b, and Fig. 3C-a vs. 3C-b). Since one side of the cervical thymus was
macroscopically atrophic, we also examined the other cervical lobe during the biopsy to avoid
any sampling error and both thymic lobes were found to be equally atrophic. The thymus in
the other animal (#15959) did not show further involution at the one month biopsy, but
remained atrophic.

At 2 months following Lupron injection, the thymus biopsies showed rejuvenation both grossly
and histologically. The cervical thymic lobe in animal #15630 was slightly thicker (3mm

thickness) at 2 months than that seen at 1-month (1mm thickness) and also slightly thicker than
pre Lupron injection (2mm thickness). The findings were similar in both 22-month old animals,
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although the thymus in one of 22-month old pigs (#15959) did not further involute at one month
post-Lupron. The histology specimens supported the gross findings. Thymic lobules expanded
with an increase in cellularity as shown in Fig 3A-c, B-c and C-c. The cortical area of the
thymus increased in size with a decrease in interlobular space, suggesting active rejuvenation.
Thymus at the 3 month biopsy was similar to that seen at 2 months and the histology specimen
also showed similar findings to those seen at 2 months (Fig 3A-d, B-d, C-d), and a similar
thymic structure was observed at 6 months, although a slight decrease in the cortical zone and
a more obvious medullary zone were noted (Fig 3A, B, C-e). These findings suggested that
thymic rejuvenation had started by 2 months following high-dose Lupron injection and
continued for 4 months.

(d) Morphometric study for evaluation of rejuvenation after Lupron injection supported
histologic findings

To assess the effects of Lupron on aged porcine thymus, morphometric analysis of the thymus
was performed using the NIH Image software on histology photos taken at 40 times
magnification. We calculated the ratio of the area of the whole cortex to the area of the whole
medulla in every specimen from both animals.

The cortex to medulla (c/m) ratio was 0.69 in #15630, 1.12 in #15959 and 1.11 in # 16254
before Lupron injection. These ratios are representative of those seen in age-matched miniature
swine reported previously. Although the ratio was not available at 1 month in #15630 and
#16254 because of marked degeneration of the thymus, it increased to 2.03 in #15630, 2.37 in
#15959 and 2.42 in #16254 at 2-months after injection. Ratios seen in both 22-month old
animals (at time of Lupron injection) were similar to that seen at 4-5 months of age in naive
miniature swine. The increased ratio suggests that the thymus in the 22-month old animals
seemed to be more sensitive to the Lupron effect as compared to that in the 29-month old
animal. Although this ratio started to decrease at 3 months after injection in all three animals,
it remained higher at 6 months after injection than before injection (Fig. 4A). These findings
indicate that peak thymic rejuvenation was seen 2 months following Lupron injection. As we
aimed to test rejuvenation of the thymus and thus designed to end the study after 6 months, we
could not determine the period required for the full re-involution in this study.

(e) Flow cytometry of thymic derived peripheral naive CD45high/CD4 double positive T cell
populations following Lupron

In order to assess the generation of naive T cells as a measure of thymopoesis following Lupron
injection, we analyzed the percentage of CD4/CD45RANSN double-positive cells among CD4
T cells in peripheral blood from these 3 animals. This population was 18.3% of the peripheral
lymphocytes in #15630, 5.3% in #15959 and 8.6% in #16254 before Lupron injection. In
#15630, it decreased to 9.3% at 3-months but then increased back up to 11.7% at 4-months.
However, it decreased again to 5.6% at 6-months. On the other hand, in #15959, it decreased
to 2.5% at 1-month and then it remained stable at between 2.5 and 3.5% until 6-months after
injection. In # 16254, it was 8.6% and decreased to 1.4% at 1-month. However, it increased to
4.8% at 2-months and remained stable at around 5.0% until 6-months after injection (Fig. 4B).

(f) T cell receptor gene rearrangement excision circles (TRECs) for evaluation of thymic
emigrant cells after Lupron injection

We also investigated levels of TRECs as a measure of recent thymic emigrant cells among
PBLs in two animals (Fig. 5). In #15630, the TRECs increased from 52/ug DNA pre-Lupron
to 80/ug DNA one month after Lupron injection, then decreased to 20/ug DNA from the second
to the third month. Consistent with the CDACD45RANYN FACS data, this animal had a large
increase in TRECs to 252/ug DNA by month 4, which then decreased back down to 20/ug
DNA by the 6! month following Lupron administration. The second animal, #15959, had a
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slight increase from 20/ug DNA to 32/ug DNA TRECs 1 month following Lupron injection.
Although there was no increase in the CD4CD45RANAN population by FACS, this animal had
a large increase in TRECs to 244/ug DNA by the third month. These high levels did not persist,
and TRECs fell to 64/ug DNA by the fourth month following Lupron.

Discussion

Data in this study demonstrate that the LHRH agonist is pharmacologically active in MGH
miniature swine as demonstrated by the long-term decrease in testosterone levels in mature
male pigs. The hormonal alterations induced by Lupron injection resulted in macroscopic and
histologic regeneration of the thymus in aged animals by 2 months after depot injection with
restoration of juvenile thymic architecture and increased cellularity. However, we were unable
to demonstrate that the histologic regeneration resulted in a concurrent increase in peripheral
naive T cells based on our analysis of circulating CD45RA positive T cells. The lack of evidence
of recent thymic emigrants in FACS analysis is likely because T cells were not depleted in this
study making recent thymic emigrants a small proportion of total T cells and thus difficult to
detect in the periphery. The two animals that were evaluated showed increased levels of TRECs
in the periphery, suggesting that Lupron did encourage thymopoiesis. However, the elevation
in TRECs was transient, with the levels at 6 months following injection approximately the
same as pre-injection. Testosterone levels were still low at 6 months after injection when TREC
levels returned to baseline, suggesting that LHRH agonist had a direct effect on thymus in
addition to any effect resulting from the decrease in levels of sex steroids. Because testosterone
levels from female pigs prior to Lupron injection were very low, we excluded females from
this study. Further experimental studies would be required to determine whether this strategy
might also be appropriate for the female thymus. Strategies for successful thymic rejuvenation
have been sought for the treatment of autoimmune disorders, reconstitution of the immune
system in HIV/AIDS and post-chemotherapy, and also in the field of transplantation. We have
reported that 12-days of high-dose CyA uniformly induces tolerance to MHC class |
mismatched kidney allografts in juvenile MGH miniature swine. However, the same regimen
fails to induce tolerance if the recipient animal has reached the age of sexual maturity, with
the allografts being rejected. Similar findings on the effect of recipient age on transplant
outcomes have been reported by Martins et al, specifically that chronic rejection develops in
an accelerated manner in elderly recipients, both in rats and in humans. These results suggest
that tolerance inducing protocols would be easier to develop for the pediatric population than
for adults. Therefore, strategies to rejuvenate an adult thymus might result in extending
clinically successful tolerance protocols from the pediatric patient population to adult
transplant recipients.

There have been several other studies attempting to characterize the extrinsic factors in the
microenvironment that cause thymic involution. Zinc has been implicated as an important
factor in thymic involution. Zinc-deficient mice have been shown to have early involution of
the thymus compared to age related controls, and studies in mice and humans have shown that
zinc supplementation can increase thymulin levels, suggesting a mechanism for thymic
regeneration. IL-7 isalso known to be involved in the regulation of thymopoiesis. IL7 produced
by MHC class 11+ thymic epithelial cells has been linked to the survival and proliferation of
thymocytes. IL-7 levels decrease with age. However, while thymopoiesis increased in young
mice that received IL-7, some groups report that exogenous IL-7 treatment to aged mice did
not augment thymopoiesis, while others report an increase in TREC, but no increase in
phenotypically naive T cells. Surgical castration and chemical castration using Luteinizing
Hormone-Releasing Hormone (LHRH) have been shown to have a profound rejuvenating
effect on the thymus in rodent models and more recently humans. Since in this preclinical large
animal model, we aimed to develop a protocol that could be applicable to the adult transplant
population, we chose to administer the LHRH agonist, Lupron to our mature swine. Lupron
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has been used safely and effectively for chemical castration in the treatment of prostate cancer
and therefore could be readily used in humans for rejuvenation of the thymus. Indeed recent
studies in humans treated with an LHRH agonist show good evidence for increased naive T
cells. While we were able to perform thymic biopsies in this study to confirm a thymic basis
for the increase in naive T cells, due to limitations of the clinical trial, thymic biopsies could
not be performed in that study to confirm regeneration of thymic function by LHRH agonist.
Non-invasive procedures such as MRI and CT are reliable tools for volumetric assessment of
the thymus. Because the body habitus of adult swine was prohibitive, we did not include these
radiological assessments in our study. However, because evidence of thymic rejuvenation was
observed in this model, we are extending this study to non-human primates and we will include
volumetric assessment by MRI in these future studies.

Two of three animals showed marked degeneration of their thymus at 1 month following
Lupron injection. When Lupron is used for the clinical treatment of prostate cancer, there is a
transient rise in testosterone levels, with peak levels 50% to 100% over basal levels 72 hours
after Lupron administration. Lupron is occasionally associated with an acute worsening of bone
pain and urinary signs and symptoms during the first week of therapy. The transient rise in
testosterone seen in this study could indicate a surge of hormone release that may accelerate
thymic involution or thymic emptying as suggested by the small increase in TRECs at one
month in 1 of 2 animals. After the first month, as the pituitary became desensitized from the
prolonged LHRH signaling, the testosterone levels decreased, and this hormonal state was
associated with rejuvenation of the thymus, indicating that testosterone levels may be inversely
related to thymus structure and architecture after the administration of Lupron.

Rejuvenation of the thymus with Lupron may augment the patient population that could
potentially benefit from tolerance-inducing protocols that are thymic-dependent. In order to
determine if the pharmacologically rejuvenated thymus has regained the function, in addition
to the architecture, of a juvenile thymus, we plan to examine the ability of aged animals treated
with Lupron to accept MHC-mismatched renal allografts with a short-course of
immunosuppression that routinely induces tolerance in young animals. We will also determine
if thymi of Lupron treated aged animals will support more rapid T cell reconstitution in
irradiated recipients of bone marrow transplants after T cell depletion. This work will expand
on studies by Boyd et al which suggested that LHRH enhances thymus, bone marrow, and
immune system recovery in HSCT patients following myeloablative chemotherapy for
malignant leukemia or lymphoma. We also expect that in these T cell depleted animals,
assessment of recent thymic emigrants by CD45RAhigh/CD4 double positive cells as a
percentage of total T cells will be more accurate.
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ACK ammonium chloride potassium lysing
FACS fluorescence activated cell sorting
H&E hematoxylin and eosin

HBSS Hank’s Balanced Salt Solution

HSC hematopoietic stem cell
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LHRH Luteinizing Hormone-Releasing Hormone

mAb monoclonal antibody

MGH Massachusetts General Hospital

MHC major histocompatibility complex

PBL peripheral blood lymphocytes

TRECs T cell receptor gene rearrangement excision circles
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Figure 1.

Testosterone levels in naive miniature swine as a function of age. Male testosterone levels are

indicated by the diamond, female levels are indicated by the open square.
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Figure 2.

Testosterone levels in three pigs that received Lupron injection. All three animals treated with
Lupron demonstrated a transient increase in testosterone in the first 72 hours. By the second
month, all animals had a marked decrease in testosterone levels and maintained low levels until
the termination of the experiment at 6 months.
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Figure 3.

Histology of thymic biopsy (HE). A) Thymus of 29 month-old male pig # 15630 prior to Lupron
injection (a), 1 month (b), 2 months (c), 3 months after (e) and 6 months after injection. B and
C) Thymus of 22 month-old male pigs # 15959 and 16254 respectively prior to Lupron injection
(@), 1 month (b), 2 months (c), 3 months after (e), and 6 months after injection. Animals #15630
and #16254 had increased atrophy at 1 month, but all animals had rejuvenation of thymic
architecture at 2 months that was durable until 6 months after Lupron injection.

Transpl Immunol. Author manuscript; available in PMC 2011 October 1.



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

1duasnuey Joyiny vd-HIN

Hirakata et al.

Page 14

»

15630
15950

% of COUICDASRA high DP cells in

Months after Lupron injection

Figure 4.

A: Morphometric analysis of the Cortex / Medulla (c/m) ratio for evaluation of thymus
rejuvenation in three pigs. In two animals, the ¢/m ratio decreased in the first month after
Lupron administration, then all three animals hand increased C/M ratios at 2 months until
sacrifice at 6 months, indicating rejuvenation of juvenile thymus architecture in all 3 animals.
B: Percentage of CD4/CD45RA high DP cells in CD4+ T cells in three pigs. One animal
(#15630) had a decrease in CD4/CD45RA high DP cells during the course of the experiment.
The other two animals had a decrease in the percent of DP cells at 1 month, but rose slightly
at the two-month time point where it remained stable until 6 months.
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Levels of TRECs (TREC molecules/ug DNA) in PBMC at Pre and post Lupron injection in

animals #15630 and #15959.
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