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Abstract 

Allogeneic HSCT is a valuable treatment option for many malignant and nonmalignant 

disorders. A significantly limiting factor for a favorable outcome following HSCT is the 

prolonged T-cell deficiency following transplant, which is primarily due to thymic injury 

caused by the intense chemotherapy/radiation-conditioning regimen given prior to 

transplant. The submitted work details the development of novel approaches to restore 

thymic function and enhance T-cell reconstitution following bone marrow transplantation 

(BMT). The preclinical research described in this dissertation investigates the therapeutic 

potential of combinatorial administration of keratinocyte growth factor, androgen 

regulators and general radioprotectants in restoring thymic function and T-cell 

reconstitution following BMT. The data suggest that pre-conditioning treatment of BMT 

recipients with combinations of these agents lead to rapid and durable restoration of 

thymic function and accelerated peripheral reconstitution of donor-derived, naïve CD4 

and CD8 T-cells. Importantly, enhanced T-cell reconstitution correlates with superior 

antigen-specific CD4 and CD8 T-cell responses in vivo. This work also describes 

research aimed at characterizing the kinetics of depletion and recovery of thymic 

epithelial cells (TEC) following BMT and elucidating the role of thymocyte:TEC 

crosstalk in promoting TEC regeneration. A more thorough understanding of this process 

will allow for the identification of more focused targets for therapies aimed at promoting 

thymic and T-cell reconstitution following BMT. Taken together, this work has generated 

novel findings that will advance the field of immune reconstitution following bone 

marrow transplantation. 
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Chapter 1 

Introduction 

 

The Thymus: 

The thymus is the primary site for T-cell development. The unique epithelial 

architecture of the thymus creates the optimal environment to support the growth, 

maturation and selection of thymocytes (i.e., developing T-cells) that continually supply 

the periphery with T-cells throughout life. Thymic stroma is broadly and functionally 

defined as all hematopoietic and non-hematopoietic cells that comprise the structure of 

the thymus and provide the supportive matrix on which thymocytes develop. In this 

regard, thymic stroma is directly responsible for the establishment and maintenance of 

the peripheral T-cell compartment1. The heterogeneous composition of thymic stromal 

cells fluctuates over time and in response to various physiological conditions2,3. Early 

studies utilized immunohistochemical techniques to classify thymic stroma based upon 

keratin expression: cytokeratin+ cells represent thymic epithelial cells (TEC) and 

cytokeratin- cells are made up of a mixture of mesenchymal cells, macrophages and 

dendritic cells4-7. More recently, flow cytometric analysis of enzymatically digested 

cellular preparations have allowed for a more detailed phenotypic and quantitative 

characterization of thymic stromal components6,8. Figure 1 provides a summary of the 

most commonly used markers to characterize thymic stroma in the mouse.  
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Figure 1: Summary of the most commonly used markers to characterize hematopoietic 

and non-hematopoietic components of mouse thymic stroma 
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TEC directly support thymopoiesis and mediate central tolerance. TEC provide 

critical cytokines (e.g., IL-7, c-kitL, NotchL)9-16 to enhance thymocyte proliferation and 

survival; growth factors (e.g., IGF-1, KGF, CXCL12)10,17-21 to support thymocyte and 

TEC function; and chemokines (e.g., CCL25, CCL21, CCL19)3,18,22-24 to direct 

thymocyte ingress, migration and development. Extracellular matrices produced by TEC 

provide the physical supportive matrix on which thymocytes migrate and develop25. 

Compelling data suggest that TEC may control the entry of early thymic progenitors and 

the size of the thymic niche22,23,26. TEC found in the cortex (cortical TEC; cTEC) and 

medulla (medullary TEC; mTEC) are both critically important for maintaining proper 

thymic function. cTEC support the differentiation and migration of the earliest 

thymocytes (DNDP) and are the primary mediators of positive selection27. mTEC 

provide chemotactic/survival signals to mature SP thymocytes, and, along with medullary 

dendritic cells, mediate negative selection22,27. The functional importance of division of 

the thymus into cortical and medullary regions is underscored by the conservation of 

clear cortical-medullary separation from the first known thymus of cartilaginous fish until 

humans28,29. Injury to the microarchitectural organization of thymic stroma can result in 

immune deficiency (due to lack of T-cell production) and autoimmunity (due to defective 

central and peripheral tolerance). 

 

Thymus phylogeny and organogenesis: 

During evolution, the thymus appeared concomitantly with lymphocytes that 

express antigen-recognition receptors formed by the “random” joining of variable (V), 

diversity (D), and joining (J) gene segments1,30. The thymus presumably arose to satisfy 

the need for self-nonself discrimination by lymphocytes expressing a highly diverse 

repertoire of antigen receptors, which is a hallmark of adaptive immunity1,30,31. The 

thymus is only found in vertebrates, with the earliest known thymus appearing in 

cartilaginous fish (e.g., sharks)1,30,31. The number and position of thymi differs between 

animal species; for example, chickens have seven thymi lining their neck, while sharks 

have five separate thymi1. Humans and mice have a single thymus made of two bilateral 

lobes located in the thoracic region of the chest1. The recent discovery of a thymus 

located in the cervical region of mice has reinvigorated interest in the enigmatic “cervical 
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thymus”32,33. The existence of the cervical thymus has been previously documented in 

humans, but has not been thoroughly studied32,34-37. While interesting, the cervical 

thymus is beyond the scope of this dissertation and will not be discussed further. 

Most of the information available regarding the development of the thymus 

during embryogenesis has been gleaned from studies in the mouse and chicken, while 

comparatively little information is available regarding human thymus development. 

However, because many signaling pathways are highly conserved between mouse and 

man, there is a great deal of similarity between what is known for human TEC 

development when compared to its mammalian relative31. In mice, thymus organogenesis 

can be divided into four temporal stages: (1) positioning; (2) budding/outgrowth; (3) 

detachment of thymic anlage from endoderm; and (4) patterning, differentiation and 

migration38,39. In mice, positioning of the earliest thymic primordium occurs between 

embryonic day 9 through day 10.5 (e9-10.5) at the endodermal layer of the third 

pharyngeal pouch40. Considerable debate regarding the embryonic origin of the thymic 

epithelium lasted for many years; however, collective evidence using independent 

experimental approaches have all but confirmed that all TEC are derived solely from the 

endodermal germ layer1,41-45. Non-epithelial (i.e., keratin-) thymic mesenchyme, 

however, may be partially derived from ectoderm46-48.  

Budding and outgrowth of the earliest thymic anlage from the third pharyngeal 

pouch begins at e11.549,50. At this same time, expression of the forkhead or winged-helix 

(FoxN1) transcription factor is first detectable49,50. The ability of primordial thymic 

epithelium to support T-cell development is absolutely dependent upon transcriptional 

activation of FoxN1, and its expression is subsequently maintained in TEC for the 

remainder of life1,49-51. Therefore, FoxN1 is considered one of the most clearly defined 

markers for endodermal cells that are committed to the TEC lineage. Functional loss of 

FoxN1 results in athymia in mice, rats and humans and is commonly referred to as the 

“nude” phenotype50. Expression of FoxN1 is regulated by several cell-autonomous and 

non-cell-autonomous factors, including bone morphogenic protein-4 (BMP4), Winged 

helix transcription factor-4 (Wnt4) and Wnt5b52,53. These and other important growth 

factors act in trans on developing TEC and are primarily derived from neural crest-

derived mesenchymal cells that lie directly adjacent to the budding thymic anlage1.  
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Two important growth factors for TEC development are members of the 

fibroblast growth factor (FGF) family—FGF7 (also referred to as keratinocyte growth 

factor, KGF) and FGF-1021,54,55. The common receptor for these factors, FGFR2-IIIb, is 

almost exclusively expressed on the TEC compartment of the thymus10,21,55. Mice 

rendered genetically deficient for FGF-10 or FGFR2-IIIb do not develop a functional 

thymus54. Interestingly, the thymic phenotype seen in KGF-deficient mice is not as 

severe, which is likely due to the redundant function of FGF-1020. The functional 

properties of KGF are discussed in more detail later in this chapter. 

As mentioned above, the initial patterning of the embryonic thymus and its ability 

to attract hematopoietic cells is dependent upon FoxN1, but is independent of 

hematopoietic colonization. However, the immature thymus initiates patterning and 

differentiation into defined medulla and cortex only with the influx of hematopoietic cells 

at e121,39,52. The initial patterning involves the maturation of immature CK5+CK8+ TEC, 

which constitute the majority of TEC at this stage, into CK5-CK8+ cTEC or CK5+CK8- 

mTEC56-58. It has long been known that TEC maturation is disturbed in mice with early 

blockade in thymocyte differentiation, an observation that has been explained by the 

concept of “thymic crosstalk.”59-69. The specific signals provided by thymocytes to cTEC 

remain elusive, however recent studies have shed some light on the crosstalk signals 

necessary for mTEC maturation69-72. This idea is addressed further in Chapter 5 where I 

test the hypothesis that thymocyte-derived signals are necessary to support the re-

generation of TEC following depletive conditioning regimens.  

 

Thymopoiesis: T-cell development 

T-cells are generated in the thymus. The thymus does not contain self-replicating 

T-cell progenitors and therefore depends upon steady migration of hematopoietic stem 

cells (HSC) from the bone marrow. The specific migratory thymic seeding progenitor has 

been difficult to characterize because of its scarcity and short residence in the 

bloodstream. Thus its exact phenotype remains a matter of debate. However, it is well 

accepted that T-cell progenitors migrate to the thymus where they encounter Notch 

ligands primarily on TEC  and commit to the T-cell lineage and mature through 

sequential stages characterized by CD4, CD8, CD25 and CD44 expression. Early thymic 
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progenitors (ETP; CD4-CD8-CCR9+ckithiCD44hiCD25-Sca-1+IL7Rα-) enter the thymus at 

the corticomedullary junction73. From there, they migrate outward through the cortex 

then back toward the medulla as they sequentially differentiate through the DN1 

(CD44+CD25-), DN2 (CD44+CD25+), DN3 (CD44-CD25+) and DN4 (CD44-CD25-) 

stages74. For conventional αβ-TCR expressing T-cells, rearrangement of the T-cell 

receptor (TCR) β chain begins at the DN3 stage74. DN3/4 thymocytes expressing a 

functionally rearranged TCRβ chain that productively pairs with a pre-TCRα chain on 

the cell surface continue their maturation to the CD4+CD8+ “double positive” (DP) stage 

and begin TCRα chain rearrangement74. DP thymocytes are subjected to positive 

selection on self-peptides presented by MHC on the surface of cTEC74. Only a small 

fraction of DP thymocytes (<5%) are positively selected while the vast majority of DP do 

not receive a positively selecting TCR-mediated signal and undergo apoptosis due to 

neglect74. Positively selected DP thymocytes downregulate either CD4 or CD8 to become 

“single positive” (SP) thymocytes and migrate into the medulla. CD4+ or CD8+ SP 

thymocytes expressing a TCR that reacts strongly with self-peptide:MHC complexes on 

the surface of mTEC and/or medullary dendritic cells (DC) are deleted from the 

repertoire via negative selection74. Because mTEC have the unique ability to express 

tissue-restricted antigens (TRA)—self-peptides that normally would only be expressed in 

specific peripheral tissues—and the fact that DC can cross-present these same antigens, 

negative selection is remarkably successful at eliminating potential autoreactive T-cell 

clones and thus maintaining central tolerance. Recent evidence from McCaughtry et al., 

also suggests that negative selection can occur in the cortex, which may act as an 

additional barrier to maintain central tolerance, especially following depletive regimens 

that significantly reduce mTEC numbers75. Thymocytes complete their maturation in the 

medulla (approximately 4-5 days) prior to their export into the peripheral blood as naïve 

CD4+ and CD8+ T-cells76. This is illustrated in Figure 2.  

 

 

 



 
 

7 

Figure 2: Schematic illustration of T-cell development in the thymus, adapted from77. 

Thymocytes undergo a distinct pattern of migration as they pass through the various 

stages of differentiation prior to their export into the periphery as mature T-cells. 
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Comparably less is known about T-cell development in humans and the cellular 

markers used to delineate thymocyte subsets are different than those for mice. T-cell 

development in humans is thoroughly reviewed in 78. Briefly, CD34hiCD38loCD44+CD1a- 

T-cell progenitors seed the thymus from the peripheral blood at the corticomedullary 

junction and enter the thymic cortex78. These earliest progenitors are thought to maintain 

multilineage potential, before they mature into CD34hiCD38loCD44+CD1a+ thymocytes 

that are fully committed to the T-cell lineage78. Maturation continues with upregulation 

of CD4 to the intermediate single positive stage (CD4+CD1a+), followed by the early 

(CD4+CD1a+CD8α+β-) and late (CD4+CD1a+CD8α+β+) double positive stages78. 

Conflicting data argue for TCRβ chain rearrangement beginning at different stages78-82. 

Nonetheless, a small percentage of DP thymocytes are positively selected in the cortex 

and further mature to become CD4+ or CD8+ SP thymocytes, at which point they migrate 

into the medulla and are subject to negative selection78. Surviving thymocytes complete 

their maturation in the medulla and are exported into the peripheral blood as mature, 

naïve CD4+ or CD8+ T-cells78. 

 

Hematopoietic Stem Cell Transplantation (HSCT): 

During an HSCT, an intense regimen of chemotherapy and/or radiation precedes 

infusion of healthy HSC derived from a separate donor. The “transplant” of healthy HSC 

replaces the recipients’ HSC that are depleted as a side effect of pre-HSCT 

conditioning83. HSCT originated in 1952 from research endeavors to define treatments 

for the downstream effects of radiation exposure84,85. The earliest experiments 

demonstrated that transfusion of bone marrow (BM) following lethal radiation could 

rescue mice from radiation exposure84,85. Additional studies from the same era showed 

that myeloablative doses of radiation combined with BM rescue could eliminate tumor 

growth and lengthen the periods of tumor-free survival86. HSCT became a viable 

treatment for malignant and non-malignant blood disorders after the discovery of human 

histocompatibility antigens in 1958 and the development of immunosuppressive drugs to 

control graft-versus-host-disease (GvHD)83. The breadth of diseases treatable by HSCT 

has expanded to include autoimmune and metabolic disorders, thus extending the 

therapeutic potential to a larger and more diverse patient population87. 
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The first and most commonly performed type of HSCT is the allogeneic HSCT 

(alloHSCT). The most important factor and predictor of successful engraftment with 

minimal GvHD is the selection of an allogeneic donor with proper matching of major and 

minor histocompatibility leukocyte antigens (HLA)83. The closer the match, the greater 

the chance of successful engraftment with minimal complications associated with GvHD. 

In alloHSCT, the transplanted HSC are derived from a non-autologous donor, which 

includes parents, siblings, outside relatives and unrelated donors83. BM remained the 

primary source for donor stem cells in allogeneic HSCT (i.e., bone marrow transplant, or 

BMT) until the mid-1990s when mobilized peripheral blood (using the cytokines 

granulocyte colony stimulating factor (G-CSF) or granulocyte/macrophage colony 

stimulating factor (GM-CSF)) became an option for the isolation of HSC88. The first 

report describing the use of umbilical cord blood (UCB) as a source of allogeneic HSC 

for transplantation to treat pediatric leukemia was published in 1995 by physicians at the 

University of Minnesota89. Due to the relatively small graft product in UCB, this 

approach was initially limited to pediatric HSCT recipients90. More recently, the 

combination of two, unrelated and partially matched UCB products has allowed for the 

wide use of UCB transplants to treat children and adults91. Each source of HSC comes 

with unique immunological benefits and drawbacks that are beyond the scope of this 

dissertation but are reviewed in83.  

Another type of HSCT is the autologous HSCT, where HSC are isolated from the 

recipient’s own BM, PB or UCB, purged of malignant and/or undesired cell populations 

and “re-grafted” into the pre-conditioned recipient83. UCB transplantation can be 

considered autologous if the UCB stem cells of the recipient have been cryogenically 

stored from birth. Autologous HSCT generally has the highest success rate in terms of 

engraftment and minimal GvHD83. The least common form of HSCT is a syngeneic 

HSCT. Stem cells in this form of transplant are derived from an identical twin92. The vast 

majority of all preclinical (murine) studies on alloHSCT have focused almost solely on 

BMT83. Models of BMT will be used for all studies described in this dissertation.    

The three most significant barriers to a successful HSCT are (1) graft rejection (i.e., 

Host Versus Graft reaction), (2) GvHD and (3) infectious complications due to delayed 

immune reconstitution83. Graft rejection occurs by known and unknown mechanisms, but 
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is thought to be caused by recognition of histocompatability antigens on transplanted 

donor cells by chemoradioresistant host-derived NK cells, NKT-cells, TCR-γδ+ T-cells, 

and/or CD4+ and CD8+ T-cells93-97. Graft rejection most commonly occurs following 

transplant of cells from related HLA-mismatched or unrelated HLA-matched donors83.  

GvHD accounts for ~15% of deaths after alloHSCT83. For GvHD to occur, there 

must be mismatch in histocompatibility antigens between donor and host, the graft must 

contain immunocompetent cells, and the host must be incapable of rejecting the graft98. 

GvHD is a highly inflammatory disease and can occur in acute or chronic form. Acute 

and chronic GvHD are distinctly different as they occur via unique mechanisms and 

target different tissues. Acute GvHD is the most severe form and is associated with a 

Th1-mediated adaptive immune response that generally develops within the first 100 

days following HSCT and targets the skin, liver, intestine, lung, thymus and secondary 

lymphoid tissues99. Chronic GvHD is relatively poorly characterized (compared to acute 

GvHD), however contains Th2-autoimmune characteristics, including autoantibody 

formation99. The pathophysiology of acute and chronic GvHD and its effects on the 

outcome of HSCT are thoroughly reviewed in99. 

Infectious complications account for ~17% of deaths following HLA-identical 

sibling HSCT and ~21% following HLA-matched unrelated HSCT83. The high 

susceptibility of transplant recipients to neutropenic infections early post-HSCT has been 

substantially reduced through the widespread and prophylactic use of G-CSF or GM-CSF 

along with anti-bacterial and -fungal agents83. However, viral (e.g., Cytomegalovirus and 

Epstein Barr virus) and fungal (Candida sp. and Aspergillus fumigatus) infections that are 

generally controlled by T-cells remain significant causes of morbidity and mortality 

following alloHSCT100-104. The high frequency of opportunistic infections following 

alloHSCT is a direct consequence of delayed reconstitution of lymphocytes, especially B 

cells and CD4+ T-cells105. Imbalances in the immune system (e.g., prolonged deficiency 

of FoxP3+CD4+ regulatory T-cells) can also result in insufficient control of GvHD105. 

Indeed, rapid and complete T-cell reconstitution positively correlates with overall 

survival following alloHSCT106,107.  
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Negative effects of the pre-HSCT conditioning regimen on the thymus  

An effective conditioning regimen for the HSCT recipient is critical to transplant 

success. Preparative conditioning for the recipient generally includes multiple rounds of 

cytotoxic drugs (chemotherapy) combined with whole-body irradiation. The primary 

desired goals of the intense conditioning prior to transplant are to (a) eradicate malignant 

cells if needed, (b) eliminate/suppress the recipient’s immune system to avoid graft 

rejection, (c) minimize GvHD, (d) maximize graft-versus-leukemia (GvL) effects if 

needed, and (e) minimize toxicity to other tissues83.  

Significant research has focused on optimizing pre-HSCT conditioning regimens 

to eradicate malignant cells while sparing healthy tissues. Rapidly proliferating epithelial 

tissues (e.g., mucosal surfaces) are particularly susceptible to conditioning-induced 

damage/depletion. It has recently become appreciated that TEC are also a proliferative 

cell compartment (mTEC > cTEC) in the steady state2,3,21,108. The reported levels of TEC 

proliferation differ between studies and range from 8% (1 week BrdU) to 23% (3 days 

BrdU), which translates to a half-life of four weeks or six days, respectively3,108,109. Our 

own data suggest that approximately 10-15% (5 days BrdU) of cTEC and mTEC are 

proliferating in thymi of young mice (110 and unpublished data). Nevertheless, constant 

TEC turnover raises the important question of whether TEC, particularly mTEC, are 

depleted following chemoradiotherapy-induced depletion108,110. Earlier studies suggested 

that TEC are directly susceptible to radiation-induced depletion, however these 

observations were limited to immunohistochemical techniques, which precluded 

quantitative analyses and provided differing conclusions. All studies concur that 

thymocytes are more susceptible to depletion than TEC. Some studies reported that 

UEA1+ mTEC and medullary DC are most susceptible to depletion111-113, while other 

studies have reported an increase in K5+K8+ TEC throughout the cortex114,115, increase in 

subcapsular cells115 or collapse of cortex with no alteration in cTEC numbers116. More 

recently, two published reports have confirmed that TEC are depleted by radiation and 

chemotherapy using quantitative flow cytometric techniques2,110. In line with these 

observations is the inverse correlation between the intensity of pre-HSCT conditioning 

and T-cell reconstitution following HSCT117. TEC can also be targeted for destruction 
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during acute GvHD, which compiles injury to the thymus and further delays T-cell 

reconstitution following alloHSCT118.  

 

Factors affecting thymic and T-cell reconstitution following HSCT: 

In addition to significant thymic damage, peripheral T-cells are massively 

depleted by chemoradiotherapy and reconstitution of the T-cell compartment following 

alloHSCT occurs via thymic-dependent and -independent pathways. These are not 

mutually exclusive pathways, but they produce distinctly different outcomes119. T-cell 

reconstitution through peripheral expansion of host- or graft-derived T-cells is relatively 

rapid and results in a population of T-cells expressing a skewed oligoclonal TCR 

repertoire with a high degree of self-Ag-specificity and an activated/memory phenotype 

(CD62LlowCD45RA-CD45RO+ in humans; CD62LlowCD45RBlowCD44hi in mice)120-125. 

This expansion is driven by the high availability of cytokines and antigenic stimulation in 

the lymphopenic environment following HSCT117. Rapid peripheral expansion post-

HSCT can be followed by a sharp decline in overall T-cell numbers as many activated T-

cells undergo apoptosis126.  

On the other hand, a population of naïve T-cells expressing a fully diverse TCR 

repertoire tolerant to both donor and host antigens can only be restored via renewed 

thymopoiesis121,127,128. In mice, a naïve phenotype is characterized as 

CD44lowCD62LhiCD45RBhi and in man, quantification of naïve T-cells defined as 

CD44lowCD62LhiCD45RA+CD45RO- is a useful indicator of renewed thymic function 

following HSCT127,128. Thymic activity can be further measured by PCR-based detection 

of T-cell receptor excision circles (TREC), which are episomal DNA circles generated by 

excision of signal sequences during VDJ recombination of TCR α and β chains129-131. 

Because episomal TREC are diluted with subsequent cell divisions, they are only 

detected in recent thymic emigrants (RTE). Accordingly, increased levels of TREC in 

bulk peripheral T-cells indicates restored thymopoiesis and export of RTE into the 

peripheral blood121,122,132,133.  

Thymic activity is strongly and negatively influenced by age133. In rodents, 

thymic involution begins around four weeks of age, continues throughout life and is 

characterized by a loss of total (thymocyte and stromal) cellularity and diminished thymic 



 
 

13 

output3,133. In humans, the thymus reaches maximal productivity in early childhood and 

declines over time. Thymic involution in humans is characterized by TEC loss, a 

reduction in cellular density, an increase in the proportion of perivascular/adipose tissue 

to epithelial tissue, a dramatic decrease in thymocyte proliferation, which all culminates 

in diminished thymic output121,128,134. By 40-50 years of age, the thymus is producing less 

than 10% of its maximal capacity135,136. The age of the HSCT recipient similarly affects 

the rate of thymic recovery and the overall capacity for thymic renewal following 

ablative conditioning. Lethally irradiated aged mice do not recover thymic activity to the 

extent exhibited by young mice20,137. Renewed thymopoiesis in children following HSCT 

can occur by 6 months, however thymic regeneration in adolescent and older HSCT 

recipients is markedly slower128,138. For adults, each decade of life significantly lowers 

the expectancy of thymic renewal following ablative conditioning121,139,140. CD4+ T-cell 

recovery in middle-aged and elderly HSCT recipients may require 2-5 years, and even 

decades, thus placing these patients at a high and prolonged risk for infectious 

complications121,122,141,142.  

Thymic productivity in the steady state and following depletive conditioning 

regimens is also limited by the availability of functional T-cell progenitors143. Indeed, 

age-related thymic insufficiency has been partly attributed to a loss of functional marrow 

progenitors with age133,144,145. In this regard, the source of transplanted stem cells can 

affect the recovery of thymic function following HSCT. Renewed thymopoiesis, and 

thus, naïve T-cell reconstitution occurs most readily in recipients of GM-CSF-mobilized 

peripheral blood stem cell grafts, followed by UCB stem cell grafts, then adult bone 

marrow stem cell grafts117.  

 

Strategies to enhance thymic renewal and T-cell reconstitution following HSCT 

A complete restoration of T-cell numbers and function is absolutely dependent 

upon active thymopoiesis following HSCT. This is particularly true for the CD4 T-cell 

compartment in humans121,122,128,146. Only through renewed thymopoiesis can a 

“normally” diverse repertoire of T-cells repopulate the periphery. Without a diverse, 

thymic-derived population of naïve T-cells, vaccine responses and infectious disease 

clearance remain impaired indefinitely139,146,147. Moreover, inadequate recovery of T-cells 
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places the HSCT recipient at a higher risk for developing autoimmune complications 

following transplant148. Thus, strategies are clearly needed to enhance thymic 

regeneration and T-cell reconstitution following alloHSCT. The most effective pathway 

toward recovery of thymic function following cytoreductive conditioning is through the 

restoration of functional TEC. Prospective interventional therapies have aimed at 

expanding TEC numbers or augmenting TEC function in an effort to durably enhance 

thymopoiesis. Alternatively, a few approaches that directly promote thymocyte survival 

and/or proliferation have proven beneficial. Many of the current treatment modalities for 

restoring thymic function following HSCT have been designed to harness the activity of 

the endogenous cytokines, growth factors and hormones that promote thymopoiesis. 

Several of these are described below, with greater detail provided for the factors that are a 

part of my dissertation research. 

 

Cytokines important for proper thymic function and driving thymic regeneration 

Interleukin-7 (IL-7) is constitutively expressed by TEC and supports survival of 

developing thymocytes149-156. In mice, the IL-7 receptor complex (IL7Rα/γc) is expressed 

on DN1, DN2, DN3 and SP thymocytes as well as mature T-cells in the 

periphery154,155,157,158. In humans, IL-7R complex is expressed on all stages of thymocyte 

development78. Post-BMT administration of recombinant IL-7 early post-transplant 

enhances thymocyte cellularity and induces expansion of peripheral T-cells in murine 

models of syngeneic and allogeneic BMT and in human HSCT recipients159-164. In mice, 

IL-7 additively restores thymic cellularity following BMT when combined with androgen 

blockade165. Recent work from the Surh laboratory demonstrated that administration of 

recombinant IL-7 pre-complexed with an anti-IL-7 monoclonal antibody (mAb) 

dramatically increased activity of the protein in vivo. Their data suggested that IL-7:mAb 

complexes exhibit a longer half-life in vivo and raised the question of whether this 

approach may hold therapeutic benefit for restoring thymic function following BMT166. 

Our laboratory is currently investigating the combined benefit of IL-7:mAb complexes 

plus keratinocyte growth factor (KGF, see below) for additive potential to improve 

thymic recovery and T-cell reconstitution following allogeneic BMT. Our preliminary 

data suggests that naïve CD4 and CD8 T-cells in lymph nodes and spleen are additively 
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increased with combined administration of KGF and IL-7 complexes (RMK and BRB, 

unpublished data). While potentially beneficial, therapeutic use of IL-7 requires repeated 

administration of recombinant IL-7, which can be costly and cumbersome. Moreover, 

unwanted side effects have been reported, including predisposition of the HSCT recipient 

to autoimmunity or exacerbation of GvHD167-170. Preclinical studies are necessary to 

determine if IL-7:mAb complexes are associated with similar negative side effects.  

Interleukin-2 (IL-2) is expressed by a yet to be definitively identified cell 

population in the thymus. The “low affinity” IL-2 receptor complex (IL-2Rβ/γc) is 

expressed on DN thymocytes and exogenous IL-2 can increase thymocyte 

proliferation171. Post-transplant administration of low dose IL-2 to recipients of 

autologous or allogeneic HSCT did not significantly improve T-cell reconstitution, but 

did improve NK cell numbers. Moreover, high levels have been associated with an 

increased risk of developing GvHD172.  

Interleukin-15 (IL-15) is not generally considered to be an important cytokine in 

the thymus, but is more important as a homeostatic survival/proliferative factor for NK, 

NKT and memory CD8 T-cells in the periphery173. Repeated administration of IL-15 

enhances peripheral expansion of memory phenotype CD8 T-cells following allogeneic 

BMT174. Although IL-15 is less toxic than IL-2, it can aggravate GvHD if the stem cell 

graft is not depleted of T-cells174,175.  

Stem cell factor (SCF), also known as c-kit ligand (c-kitL), is produced by TEC 

and the receptor for SCF (SCFR/CD117) is expressed on ETP, DN1 and DN2 

thymocytes12-15. Mice deficient for SCF or SCFR suffer from profound thymic 

hypocellularity caused by lack of thymocyte survival68,176. Exogenous SCF 

administration in normal rodents induces a transient neutrophilia, lymphocytosis and 

bone marrow hyperplasia, but this therapy has not been tested in the HSCT setting177,178. 

Fms-like kinase-3 ligand (Flt3L) is expressed by stromal cells in the bone marrow 

and thymus179-184. The receptor for Flt3L (Flt3/Flk2) is expressed on common lymphoid 

progenitors and a subset of DN1 thymocytes in mice as well as immature 

CD34+CD4+CD8+ and CD2+CD3- thymocytes in humans73,185-187. Flt3L is required for 

thymocyte regeneration following radiation and exogenous administration following 
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BMT enhances thymic-dependent and -independent T-cell reconstitution in 

rodents184,188,189. 

 

Growth factors important for proper thymic function 

Insulin-like growth factor-1 (IGF-1) can be secreted by hematopoietic cells, BM 

stromal cells and TEC171,190. IGF-1 receptor is expressed on thymocytes and T-cells, and 

in humans T-cell recovery following alloHSCT positively correlates with serum levels of 

IGF-1171. Administration of IGF-1 to syngeneic or allogeneic BMT recipients enhances 

thymic renewal and T-cell recovery without exacerbation of GvHD17,190. However, the 

pleiotropic effects of IGF-1 on balancing metabolism and energy storage have thus far 

limited its widespread use for post-HSCT therapies.  

Growth hormone (GH) is produced primarily by the anterior pituitary gland, but 

also by human cTEC and thymocytes191-193. The GH receptor is expressed by both 

hematopoietic and nonhematopoietic cells in the thymus191,194. Exogenous GH 

administered to murine HSCT recipient results in multilineage lymphocyte 

reconstitution195,196. Interestingly, it has been shown that GH mediates the majority of its 

hematopoietic effects indirectly through IGF-1 production192. 

Ghrelin is an orexogenic hormone that also regulates inflammation and T-cell 

activation197. Ghrelin and ghrelin receptor are expressed in the thymus, but 

downregulated with age197. Exogenous addition of ghrelin to aged mice restores thymic 

defects, however ghrelin has not been tested in the setting of thymic renewal following 

HSCT197. 

 

Keratinocyte growth factor (KGF)  

KGF (a.k.a., fibroblast growth factor-7) is a 28-kDa member of the fibroblast 

growth factor family that controls cell migration, proliferation and differentiation in 

several cell types198. KGF is heparin-binding growth factor that is primarily produced by 

mesenchymal cells (e.g., fibroblasts), but also by certain thymocyte subsets and γδ-TCR-

expressing dendritic epidermal T-cells in the skin and intestine199,200. KGF binds 

exclusively to the epithelial cell-specific splice variant of the fibroblast growth factor 

receptor-2 family, FGFR2-IIIb199. FGFR2-IIIb is a tyrosine kinase receptor that is 
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expressed in epidermis and oral, GI, lung and thymic epithelium10,54,55,201,202. KGF is 

strong epithelial mitogen that is critical to maintenance of mucosal barrier function198. 

Endogenous KGF is upregulated in epithelial tissues following injury and acts in a 

paracrine manner to promote epithelial regeneration and healing198. The rapidly 

proliferating epithelium in oral and gastrointestinal tissues is particularly susceptible to 

chemoradiotherapy-induced damage203-205. Preclinical studies have demonstrated that 

administration of exogenous KGF augments the regenerative capacity of oral and 

intestinal mucosa following chemotherapy and radiation and thus significantly reduces 

mortality related to intestinal mucositis206-217. In fact, recombinant human KGF recently 

became the first clinically approved agent (as KepivanceTM, Amgen) for the treatment of 

oral mucositis associated with high intensity conditioning prior to HSCT218. A phase III 

clinical trial showed that, in addition to its direct effects on mucositis, KepivanceTM 

treatment resulted in a trend toward lower blood-borne infections post-HSCT218. This 

finding is due at least in part to the preservation of mucosal barrier function, but may also 

be attributable to improved immune recovery following transplant. Unfortunately, the 

authors did not measure T-cell reconstitution during the study; however, this possibility is 

addressed in Chapters 2 and 3 of my dissertation.  

The mechanisms for KGF-mediated preventative/regenerative benefit for 

epithelial tissues are not fully understood and are dependent upon the timing of 

administration. However, these effects can be generally categorized into three broad 

areas. First, KGF administered prior to chemotherapy and/or radiation regimen has 

profound cytoprotective effects including upregulation of detoxifying enzymes207,219-222 

and pro/anti-apoptotic factors223-230. Second, KGF administered both prior to and 

immediately following pre-HSCT conditioning modulates the cytokine profile that shifts 

the balance toward an anti-inflammatory Th2 profile231-234. Third, KGF administered 

prior to and/or immediately following chemoradiotherapy enhances tissue regeneration 

via improved epithelial regrowth, migration, spreading and formation of tight 

junctions208,210,211,215,235-237. 

 KGF administration induces TEC proliferation and promotes thymocyte 

differentiation in the steady state21. KGF also restores TEC defects associated with 

aging11,20,21. These observations in addition to the protection mediated by KGF on other 
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epithelial tissues, prompted our laboratory to investigate the role of KGF in promoting 

repair/regeneration of the thymus following HSCT. Preclinical murine studies showed 

that restoration of thymocyte cellularity in KGF-/- HSCT recipients was significantly 

delayed compared with KGF+/+ HSCT recipients20. Exogenous administration of KGF 

rapidly and durably restored thymic function and T-cell reconstitution in murine and non-

human primate models of congenic and allogeneic BMT and autologous HSCT10,110,201. 

Moreover, pre-treatment with KGF prevents TEC damage and ameliorates mortality in 

several murine models of GvHD201,231. Preclinical data demonstrating the broad effects of 

KGF on enhancing thymic function and T-cell reconstitution, even in the setting of 

ongoing GvHD, highlight the potential benefit KGF in the clinic. Shortcomings of KGF 

therapy include the fact that, although thymocyte cellularity is rapidly restored, enhanced 

T-cell reconstitution requires up to eight weeks following BMT10,20. Additionally, KGF 

treatment results in strong skewing toward an anti-inflammatory Th2 environment, and 

such a shift in immune balance can inhibit Th1-mediated immune responses against 

viruses, fungi and intracellular bacteria233. These potential shortcomings prompted us to 

study combined therapeutic approaches with KGF pre-treatment to augment thymic 

renewal and reduce the need for KGF administration. 

 

The effects of sex steroids on thymic function and thymic renewal 

The link between the thymus and the reproductive system was first reported in 

1904 in a study describing enlarged thymi on castrated and ovariectomized cattle238. 

Since that time, the impact of the endocrine system on immune function has been 

thoroughly studied. The major “players” in regards to their effects on thymic function are 

leutenizing-hormone-releasing-hormone (LHRH) and the sex steroids, estrogen and 

androgen/testosterone. This is illustrated in Figure 3.  
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Figure 3: Schematic illustration of how the hypothalamic, endocrine, and reproductive 

systems connect with the immune organs (adapted from239)  
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LHRH is a decapeptide produced by the hypothalamus to stimulate the pituitary 

gland to secrete leutenizing hormone (LH) and follicle stimulating hormone (FSH)239. LH 

and FSH induce gonadal expression of estrogen and testosterone240. Estrogen and 

androgen directly inhibit thymic and T-cell function, while LHRH affects thymic 

function directly and indirectly. LHRH receptor is expressed by thymocytes, peripheral 

blood lymphocytes and splenocytes in most mammalian species241-244. Collective data 

suggest that LHRH is a positive modulator of thymic function as it can directly increase 

thymocyte proliferative capacity241. Conversely, inhibition of LHRH binding (using an 

LHRH antagonist peptide) reduces thymocyte cellularity and proliferation245-247. 

Receptors for estrogen and androgen/testosterone are expressed by thymocytes, T-cells 

and TEC239,248. Increases in systemic estrogen levels—e.g., during pregnancy, puberty or 

following exogenous estrogen administration—reduce thymic function249-254. Estrogens 

negatively impact production of thymic precursors in the bone marrow, ingress of early 

thymic progenitors into the thymus and thymocyte survival252-254. Testosterone exerts 

rapid and profound immunosuppressive effects on the thymus by directly promoting 

apoptosis of thymocytes and thymic stromal cells255-257. Androgen/testosterone and 

estrogen also inhibit B-cell development, however this is beyond the scope of this 

dissertation and is reviewed elsewhere258. 

The increased production of sex steroids with age is thought to be a primary cause 

of age-dependent thymic involution observed in mammals171,239. Chimeric studies in 

rodents suggest that age-related thymic atrophy and castration-mediated thymic recovery 

depend upon androgen receptors expressed on TEC259-261. This involution is characterized 

by a decrease in thymic size, diminished thymopoietic capacity and reduction in thymic 

output of naïve T-cells129,262,263. The impact of reduced thymopoietic capacity becomes a 

crucial clinical issue in the setting of immune depletion, such as following pre-HSCT 

chemoradiotherapy conditioning. Indeed, there is a higher infection-related mortality rate 

in adults compared with pediatric HSCT recipients264.  

In rodents, sex steroid ablation via surgical gonadectomy or chemical castration 

(using a LHRH agonist, or LHRH-A) completely reverses age-related thymic atrophy and 

restores T-cell function145,265-268. Re-administration of testosterone or estrogen prevents 

this thymic renewal and T-cell reconstitution249,269,270. Sex steroid ablation can also 
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enhance thymic renewal and peripheral T-cell recovery following autologous, syngeneic 

and allogeneic HSCT22,110,145,165,271,272. Results from a recent phase II clinical trial in 

humans demonstrated that administration of a clinically approved LHRH-A—leuprolide 

acetate, a.k.a., LupronTM—following pre-HSCT chemoradiotherapy significantly 

enhanced T-cell reconstitution post-HSCT272. Lupron is a synthetic nonapeptide analog 

of LHRH administered as a three-month deposition that initially and transiently hyper-

stimulates the pituitary gland. This hyperstimulation desensitizes the gland to further 

stimulation by endogenous LHRH, which results in castration levels of sex steroids 

lasting for approximately three months in humans following a single injection239. Chronic 

administration can suppress sex steroid production indefinitely. Chapter 2 of this 

dissertation describes our published preclinical research in a murine model of allogeneic 

BMT demonstrating the additive benefit for improving thymic function, thymic output, 

and T-cell numbers/function following BMT in recipients that are pre-treated with a 

combination of KGF and Lupron.  

 

Alternative approaches to speed T-cell recovery following HSCT: 

An additional approach to speed thymic and T-cell recovery post-BMT is directly 

targeted at protecting TEC from p53-mediated apoptosis induced by pre-BMT radiation. 

P53 is most widely known as a tumor suppressor protein, and permanent deficiency of 

p53 leads to early cancer development in both mice and men273-275. In normal tissues, p53 

protein induces apoptosis or growth arrest in response to a variety of stress signals, 

thereby eliminating damaged and potentially dangerous cells from tissues and preserving 

the overall genomic stability of the organism276. The massive cellular loss in lymphoid, 

hematopoietic and epithelial organs (including the thymus) following chemoradiotherapy 

is largely determined by p53-mediated apoptosis277. This factor limits the intensity of 

conditioning that can be administered and thus the potential for efficacious eradication of 

malignant cells. Temporary inhibition of p53 has been suggested as a therapeutic strategy 

to prevent damage to normal tissues during treatment of p53-deficient tumors and thus to 

ameliorate harmful side effects of chemoradiotherapy276,278. Indeed, p53 is functionally 

inactivated or lost in the majority of tumors279-283. A small molecule (pifithrin-β or PFT-

β) was recently isolated for its ability to reversibly block several p53 functions in vitro 
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and in vivo278. PFT-β reversibly inhibits p53-mediated apoptosis and p53-dependent 

transcription of Cyclin G, p21/waf1 and mdm2276. A single administration of PFT-β 30 

minutes prior to radiation protects mice from lethality following total body 

irradiation276,278,284,285. Importantly, the inhibition of p53 with PFT-β is transient, with 

p53 function returning to normal levels within 24 hours of PFT-β administration278. 

Transient p53 inhibition as a means to alleviate conditioning-related side effects has 

gained additional support from recent data suggest that PFT-β treatment prior to 

chemoradiotherapy actually enhanced tumor eradication through antiangiogenic 

effects277,286. These findings combined with our results described in Chapter 3 

demonstrating the effects of PFT-β on promoting thymic renewal following HSCT 

indicate that treatment with PFT-β may provide more therapeutic benefit than initially 

expected.  

In addition to promoting thymic protection and regeneration following HSCT, 

another valuable approach to rapidly restore T-cells following HSCT is the co-

administration of committed T-cell precursors with HSC during transplant. Ex-vivo 

production of committed αβ- and γδ-lineage T-cell precursors from murine embryonic 

stem cells, murine BM-derived lineagenegSca-1posCD117hi (LSK) stem cells, human 

CD34+ thymocyte progenitors, and human BM/UCB stem cells can be achieved by co-

culture with the OP9 stromal cell line engineered to express the Notch ligand, delta-like-1 

(OP9-DL1)287-296. In a recent study, murine LSK were cultured for three to four weeks on 

OP9-DL1 before DN2 phenotype T-cell precursors were sorted from culture and injected 

alongside purified HSC or T-cell-depleted BM cells into lethally irradiated allogeneic 

HSCT recipients. Reconstitution of donor-derived T-cells post-BMT was significantly 

improved with addition of OP9-DL1-derived pre-T-cells297. Similar benefit has been 

observed in a xenograft HSCT model using human UCB CD34+ cells pre-cultured for 

five to seven days on OP9-DL1 cells298. Because murine cell culture systems are not 

ideally suited for use in the transplant clinic, soluble forms of Notch ligands have also 

been investigated. LSK stem cells pre-cultured for four weeks in the presence of a fusion 

protein consisting of the extracellular domain of DL-1 and Fc portion of human IgG1 

demonstrate accelerated engraftment into the thymus of irradiated congenic recipients299. 

Similarly, human UCB-derived CD34+CD38- stem cells pre-cultured with immobilized 
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DL-1 for four weeks successfully engrafted in the thymi of NOD/SCID and 

NOD/SCID/β2µ-/- mice300. Taken together, the data suggest that co-administration of pre-

T-cells alongside HSC may represent a valuable approach to speeding T-cell 

reconstitution post-HSCT. Future therapies may combine this approach with treatments 

aimed at restoring the TEC compartment to maximize thymopoietic capacity following 

HSCT. Indeed, preclinical studies have shown that KGF administered in combination 

with pre-T-cells further enhances T-cell recovery following HSCT297. Additional benefit 

of pre-T-cells early post-BMT may include “crosstalk” signals to regenerating TEC 

following HSCT. This possibility is addressed in the studies described in Chapter 5. 

  

Thesis Statement: 

Allogeneic HSCT is a valuable treatment option for many malignant and 

nonmalignant disorders. A favorable outcome following HSCT is severely inhibited by 

the prolonged T-cell deficiency following transplant. Opportunistic fungal and viral 

infections occur at high frequency in BMT recipients. Current modalities used to treat T-

cell deficiency in the clinic include the administration of proteins to stimulate T-cell 

expansion or the direct infusion of T-cells isolated from a donor into the BMT recipient. 

The benefits of these therapies are relatively short-lived, require repeated administration, 

and can in fact exacerbate other transplant-related side effects. Therefore, the most 

promising approach to provide rapid and durable T-cell reconstitution is centered on 

restoring thymic function following BMT. The primary goal of my dissertation research 

is to understand the basic mechanisms of thymic and T-cell reconstitution following 

BMT in an effort to develop effective strategies to more rapidly restore immune function 

in this setting. 

Chapter 2 of this dissertation addresses the hypothesis that two individual 

agents—KGF and Lupron—could additively or synergistically circumvent the profound 

T-cell deficiency seen in allogeneic murine BMT recipients. The data suggest that pre-

conditioning treatment of BMT recipients with these two clinically approved agents 

normalized TEC numbers and thymic architecture, which lead to supranormal 

thymopoiesis, increased thymic output and accelerated peripheral reconstitution of donor-

derived, naïve CD4 and CD8 T-cells with a broad TCR-Vβ repertoire. Importantly, 
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combined therapy enabled a B-cell humoral response to a CD4 T-cell dependent 

neoantigen challenge early post-BMT and superior in vivo antigen-specific CD8 T-cell 

responses against the live intracellular pathogen, Listeria monocytogenes.  

Chapter 3 of this dissertation is focused on testing the hypotheses that temporarily 

blocking the activity of p53 with the transient p53-inhibitor, PFT-β, during radiation 

therapy can spare TEC from radiation-induced damage. These studies also address 

whether combined treatment with PFT-β plus KGF could additively restore thymic 

function following both congenic and allogeneic BMT. We report that transiently 

blocking p53 function during radiation protected certain subsets of TEC from depletion, 

and combined treatment with KGF plus PFT-β additively enhanced TEC recovery. These 

effects on TEC lead to a more rapid and durable restoration of thymic function and 

reconstitution of donor-derived, naïve CD4 and CD8 T-cells in the lymph nodes and 

spleen. Additive numbers of T-cells in KGF+PFT-β-treated BMT recipients were at least 

partly due to enhanced recovery of T-cell zone stromal cells, and correlated with a 

superior immune response against L. monocytogenes infection.  

Although the studies described in Chapter 2 and 3 demonstrate that administration 

of various pharmacological agents can hasten T-cell reconstitution post-BMT, prolonged 

T-cell deficiency is not eliminated. Chapter 4 describes research aimed at characterizing 

the kinetics of depletion and recovery of TEC following BMT and elucidating the role of 

thymocyte:TEC crosstalk in promoting TEC regeneration. A more thorough 

understanding of this process will allow for the identification of more focused targets for 

therapies aimed at promoting thymic and T-cell reconstitution following BMT.  
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FOREWORD 

Myeloablative conditioning results in thymic epithelial cell (TEC) injury, slow T-

cell reconstitution, and a high risk of opportunistic infections. Keratinocyte growth factor 

(KGF) stimulates TEC proliferation and, when given pre-conditioning, reduces TEC 

injury. Thymocytes and TEC express androgen receptors and exposure to androgen 

inhibits thymopoiesis. In this study, we have investigated whether TEC stimulation via 

pre-conditioning treatment with KGF and leuprolide acetate (LupronTM), two clinically 

approved agents, given only prior to conditioning would circumvent the profound TEC 

and associated T-cell deficiency seen in allogeneic bone marrow transplant (BMT) 

recipients. Only combined treatment with KGF plus Lupron normalized TEC subset 

numbers and thymic architecture. Thymopoiesis and thymic output were supranormal, 

leading to the accelerated peripheral reconstitution of naïve CD4 and CD8 T-cells with a 

broad Vβ repertoire and decreased homeostatic T-cell proliferation. Combined therapy 

facilitated T:B cooperativity and enabled a B-cell humoral response to a CD4 T-cell 

dependent neoantigen challenge early post-BMT. In vivo antigen-specific CD8 T-cell 

responses and clearance of a live pathogen was superior with combined versus individual 

agent therapy. Thus, KGF combined with androgen blockade represent a novel approach 

to restore thymic function and facilitates the rapid recovery of peripheral T-cell function 

following allogeneic BMT. 
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INTRODUCTION 

Allogeneic bone marrow transplantation (BMT) is a valuable treatment option for 

malignant and nonmalignant disorders301,302. Following myeloablative conditioning, a 

favorable outcome depends upon successful immune reconstitution, including the de 

novo generation of a polyclonal population of naïve T-cells in the thymus83,117,121,122,302. 

Mature T-cell generation is substantially delayed post-BMT, primarily due to thymic 

injury induced by pre-BMT chemoradiotherapy and graft-versus-host disease 

(GvHD)117,122. Fungal and viral infections normally controlled by T-cells can occur at 

high frequency in BMT patients, resulting in significant morbidity and mortality303. Thus, 

strategies are needed to speed thymopoiesis post-BMT.  

Normal thymopoiesis involves a program of thymocyte differentiation and 

maturation through sequential stages characterized by CD4 and CD8 expression—CD4-

CD8- (“double negative”, DN), CD4+CD8+ (“double positive,” DP), and CD4+ or CD8+ 

(“single positive,” SP)—culminating in the export of mature CD4+ and CD8+ T-cells into 

the periphery74. The thymic stroma is composed primarily of a three-dimensional matrix 

of cortical and medullary thymic epithelial cells (TEC)27. TEC directly support 

thymocyte development and selection but are susceptible to BMT-conditioning-induced 

damage, impairing the ability of the thymus to produce T-cells for prolonged periods of 

time after BMT2,10,111,304. 

Several growth factors regulate the development, proliferation and function of 

TEC throughout life, including Fibroblast Growth Factor-7 (FGF-7), also known as 

keratinocyte growth factor (KGF)11,21,305. KGF is an epithelial growth factor mainly 

produced by mesenchymal cells in the thymus and binds exclusively to a specific 

member of the fibroblast growth factor receptor-2 family, FGFR2-IIIb (KGFR), which is 

expressed in the thymus by TEC54. KGF can aid in the protection and/or repair of 

epithelial cells in murine models of radiation- and chemotherapy-induced injury and is 

FDA-approved for the prevention of oral mucositis associated with chemoradiotherapy 

and BMT199,218,306. Murine studies have demonstrated that thymic injury and prolonged 

immune deficiency can be prevented by KGF pre-treatment in models with and without 

GvHD10,20,201. KGF also has been shown to facilitate engraftment and abrogate GvHD-

induced lethality in murine BMT recipients231. 
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The thymic atrophy that occurs with advancing age has been partly linked to 

physiological changes in sex steroid hormone production307-309. Androgen receptors (AR) 

are expressed on TEC, certain thymocyte subsets and mature T-cells although the exact 

mechanisms by which androgens exert their effects on thymopoiesis and T-cell 

homeostasis/function are not fully understood259,260,310-312. Physical castration of aged 

mice results in a complete restoration of thymic size and function to pre-pubertal levels 

and mice castrated pre-BMT restore thymopoiesis and peripheral T-cell numbers more 

rapidly than sham-castrated recipients145,165,265,266,271. While physical castration has been 

proven effective in the murine model, methods of chemically induced castration are more 

directly translatable to the human BMT setting. Disrupting sex steroid production using a 

LHRH agonist (LHRH-A) rapidly results in long-lasting changes in sex steroids similar 

to that of surgical castration313. Leuprolide acetate (Lupron) is a potent LHRH-A that is 

currently used in the clinic to treat prostate cancer and LHRH-A has been tested as a 

single agent in a pilot study of autologous and allogeneic HSCT recipients and shown to 

increase levels of naïve CD4+ T-cells in the periphery in a cohort of patients314.  

The receptor distribution of FGFR2-IIIb and ARs on TEC indicates the potential 

for additive effects from combined treatment with KGF and Lupron. We hypothesized 

that pre-BMT androgen blockade via chemical castration could act in an additive fashion 

with KGF to enhance thymic recovery and T-cell reconstitution in allogeneic BMT 

recipients. This study focuses on two currently FDA-approved agents (rhuKGF, 

KepivanceTM and leuprolide acetate, LupronTM). We report that combined pre-BMT 

treatment resulted in a restoration of thymic architecture, number and subset distribution 

of TEC. These changes led not only to additive effects on restoring thymopoiesis, thymic 

output and recovery of peripheral naïve CD4 and CD8 T-cell numbers but also in vivo 

responses to neoantigen and challenges with a live pathogen. These findings suggest a 

novel, clinically translatable approach to accelerate the recovery of functional immune 

system recovery following BMT. 
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MATERIALS AND METHODS 

Animals 

C57BL/6 (H-2b; termed B6) and [C57BL/6xBalb/c]F1 (H-2d/b; termed CB6F1) male mice 

were purchased from the Jackson Laboratory (Bar Harbor, ME) and used at 8 weeks of 

age as BMT recipients or controls (nonBMT controls). Donor female BALB/c (H-2d) or 

C57BL/6.Ly5.1 mice of the same age were purchased from the National Cancer Institute 

(Frederick, MD). Mice were housed in specific pathogen-free facilities. All protocols 

were approved by IACUC at UMN. 

 

KGF Administration and Chemical Castration 

rhuKGF (kindly provided by Amgen, Thousand Oaks, CA) was administered 

subcutaneously for 3 consecutive days (5 mg/kg per day) prior to radiation treatment as 

previously reported10. Leuprolide acetate (Lupron, TAP Pharmaceuticals, Lake Forest, 

Illinois), a LHRH agonist that ablates sex steroid hormone production, was injected as a 

3-month deposition into the hind leg of B6 recipients 13 days prior to TBI at a dose of 0.8 

mg/mouse based upon dose response studies in the same model demonstrating 

equivalency in day 28 post-BMT thymopoiesis in doses of 0.4, 0.8 and 1.2 mg/mouse266 

(and data not shown).  

 

BM Transplantation 

Single cell suspensions of BM cells obtained from femurs and tibiae of Balb/c 

(allogeneic) or B6.Ly5.1 (congenic) donors were CD4/8-depleted as described315 and 107 

(allogeneic) or 5x106 (congenic) CD4/8-depleted BM cells were intravenously 

administered to recipients that had received 11 Gy total body irradiation (TBI) from a 

cesium source 24h prior to BMT.  

 

Lymphocyte Flow Cytometry 

Thymocytes, splenocytes and lymph nodes were suspended in 2% FCS/PBS and 106 cells 

were incubated with appropriate fluorochrome-conjugated monoclonal antibodies (BD 

Pharmingen, San Jose, CA) for 30 minutes at 4ºC. A total of 104-105 live events were 
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acquired on a FACScalibur flow cytometer (BD Pharmingen, San Jose, CA) and analyzed 

with FlowJo software (TreeStar, San Jose, CA).  

 

TEC analysis by FACS  

TEC were isolated and analyzed as described6,8. Individual thymi were removed and 

small capsule incisions were made, followed by gentle disruption in ice-cold RPMI to 

deplete majority of thymocytes. Thymi were then incubated twice for 15 min in 0.1% 

collagenase-D plus 0.125% DNase-I (Roche, Indianapolis, IN), followed by incubation 

for 30 min in 0.1% collagenase/dispase plus 0.125% DNase-I (Roche). Supernatants from 

the final two enzymatic digestions were pooled and analyzed with the following 

antibodies: CD45-PerCp, Ly51/CDR1-FITC, MHC-II-PE (BD Pharmingen), and 

biotinylated-Ulex-europaeus-agglutinin-1 (UEA-1) (Vector Labs, Burlingame, CA) plus 

streptavidin-conjugated-Cy5 (Molecular Probes, Eugene OR). Anti-AIRE antibody was a 

generous gift of H. Scott (Monash University, Australia) and was detected with mouse 

anti-rat IgG2c-Cy5 (BD Pharmingen). 

 

BrdU incorporation assays 

Mice were injected intraperitoneally with 200µl of a 5mg/ml solution of BrdU/PBS on 

days 3, 10 or 22 post-BMT, and subsequently given BrdU in their drinking water for 5 

days (0.8 mg/ml). Recipients were sacrificed on indicated days and TEC or T-cells were 

assessed for BrdU incorporation using the BrdU Flow Kit (BD) and the Alexa-647-

conjugated monoclonal anti-BrdU antibody (clone PRB-1, Invitrogen). At least 5x104 

CD45- (for TEC analyses) or total live events (for lymphocyte analyses) were acquired by 

FACS. 

 

Detection of recent thymic emigrants 

Anesthetized mice were injected in one thymic lobe with 10µl of a 5mg/ml solution of 

sulfo-NHS-LC biotin in PBS (Pierce, Rockford IL). After 24h, thymus and spleen were 

stained with streptavidin-conjugated-Cy5 and other markers and analyzed by flow 

cytometry as described76.  
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Immunofluorescence microscopy 

Intact thymi embedded in OCT (Sakura, Tokyo, Japan) were snap-frozen in liquid 

nitrogen and stored at –80ºC. Cryosections (7µm) were fixed by air-drying overnight, 

blocked with 10% normal horse serum/PBS (Jackson Immunoresearch, West Grove, PA) 

and stained with rabbit-anti-mouse cytokeratin-5 (K5) antibody (Covance, Berkeley, CA) 

plus a cychrome-5-conjugated goat-anti-rabbit antibody (Molecular Probes) and 

biotinylated mouse-anti-mouse K18 (Progen Biotechnik, Heidelberg, Germany) plus 

Alexa-555-conjugated streptavidin (Molecular Probes). Sections were mounted under a 

cover slip with DAPI anti-fade solution (Molecular Probes) and imaged on the following 

day at RT using an Olympus FluoView 500 Confocal Scanning Laser Microscope 

(Olympus, Center Valley, PA). Identification of TEC subsets according to marker 

expression was done as previously reported201.  

 

Immunization with KLH and quantification of serum immunoglobulin 

Mice were injected i.p. with 50µg KLH (CalBiochem, La Jolla, CA) in Complete 

Freund’s Adjuvant (Sigma) followed three weeks later with 50µg KLH in Incomplete 

Freund’s Adjuvant (Sigma). After 7 days, peripheral blood was collected by retro-orbital 

bleeds and analyzed for total and KLH-specific IgG1 levels by ELISA316. 

 

Listeria monocytogenes infection  

The recombinant L. monocytogenes strains Lm-OVA and ΔactA-Lm-OVA317 (attenuated) 

expressing full-length chicken ovalbumin were kindly provided by Dr. S.S. Way 

(University of Minnesota). Mice were inoculated with early logarithmic phase (O.D.600 of 

0.1) bacteria grown in brain heart infusion broth at 37ºC. Mice were injected 

intravenously with 106 CFU of ΔactA-Lm-OVA (primary) or 105 CFU of Lm-OVA 

(secondary) diluted in 200µl PBS.  

 

Quantification of Lm-OVA-specific CD8 T-cells  

MHC-I-DimerX:mouse-Ig-PE was purchased from BD and purified OVA257-64 

(SIINFEKL) peptide was purchased from Anaspec, San Jose, CA. MHC-I-

DimerX:mouse-Ig:OVA257-64 conjugates were prepared according to manufacturer’s 
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instructions (BD). Peripheral blood was incubated with DimerX:mouse-Ig:OVA257-64-PE 

plus antibodies for other markers (all from BD) and 5x103 donor CD8 T-cells were 

collected and analyzed by flow cytometry. 

 

Determination of L. monocytogenes CFU 

Mice were immunized intravenously with 105 CFU and rechallenged with 2x106 CFU of 

Lm strain 2C318 diluted in 200µl PBS. Four days after secondary infection, livers were 

removed and homogenized in 0.05% Triton X-100/PBS (Sigma, St. Louis, MO). Serial 

dilutions were plated onto BHI plates and Lm colonies were enumerated after 24-48h at 

37ºC.  

 

Statistical Analysis 

Differences between treated and untreated BMT groups were analyzed by a two-tailed, 

paired Student’s t-test with unequal distribution.  
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RESULTS 

Combined pre-treatment with KGF and Lupron additively restores thymopoiesis 

early after allogeneic BMT 

KGF administered prior to TBI and BMT enhanced thymopoiesis and peripheral 

T-cell reconstitution following BMT with maximal benefit observed in the periphery two 

months post-BMT10. To determine whether KGF and androgen blockade prior to BMT 

could act in an additive fashion to more rapidly restore thymopoiesis, allogeneic murine 

BMT recipients of rigorously T-cell-depleted BM cells were either left untreated (BMT 

Control) or pre-treated with KGF, Lupron or KGF+Lupron prior to transplant. On d28 

post-BMT, total thymocyte cellularity was ~50% reduced in BMT controls compared 

with age/sex-matched, unmanipulated B6 controls (nonBMT Control) (Figure 1A). Mice 

treated with KGF or Lupron abrogated the reduction in thymocyte cellularity seen in 

BMT controls. Combined treatment with KGF+Lupron showed an additive increase in 

thymic cellularity to numbers that were significantly greater than untreated, KGF- or 

Lupron-treated BMT recipients and nonBMT controls (Figure 1A). The relative 

distribution of thymocyte subsets was not affected by any treatment with KGF and/or 

Lupron; therefore, concomitant increases in the DN, DP, CD4+ SP and CD8+ SP subsets 

were observed (Figure 1A-E). Additive effects of KGF+Lupron were maintained through 

at least d56 post-BMT (Supplemental Figure S1A-E).  

Since both donor-derived and residual host-derived thymocytes might contribute 

to thymic cellularity early post-BMT, we assessed thymocyte chimerism. On d28 post-

BMT, >95% of thymocytes were of donor origin, increasing to >99% by d56 (data not 

shown). Therefore, increased thymic cellularity was due to increased numbers of donor-

derived thymocytes, not preservation of host-derived thymocytes. 

 

Combined pre-treatment with KGF and Lupron maximally restores TEC post-BMT 

To determine whether protection/restoration of TEC was responsible for the 

enhancement of thymopoietic recovery observed on d28 post-BMT, absolute numbers of 

TEC, defined as CD45-MHC-II+ cells, were quantified in thymi of allogeneic BMT 

recipients left untreated or pre-treated with KGF, Lupron or KGF+Lupron and compared 

to nonBMT controls. Regardless of pre-treatment, TEC were severely depleted as early as 
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d7 post-BMT (>75%) and TEC numbers remained significantly reduced through d14 

post-BMT when compared with nonBMT controls (data not shown). On d26 post-BMT, 

all BMT groups had still reduced total TEC numbers compared with nonBMT controls 

except for KGF+Lupron-treated BMT recipients that had restored TEC to levels above 

untreated BMT recipients and to similar numbers compared with nonBMT controls  

(Figure 2A). With the exception of Lupron-treated BMT recipients, cortical TEC (cTEC; 

CD45-MHC-II+Ly51+) were restored to normal levels at this time point (Figure 2B). 

Medullary TEC (mTEC; CD45-MHC-II+Ly51-) remained depleted in all groups except 

for the KGF+Lupron BMT recipients that had similar mTEC numbers compared to 

nonBMT controls (Figure 2C).  

Within the medulla, two distinct mTEC subpopulations can be identified based 

upon MHC-II expression and binding to the lectin Ulex Europaeus Agglutinin-1 (UEA-

1)--mTEClo (CD45-MHC-IIloLy51-UEA-1+) and mTEChi (CD45-MHC-IIhiLy51-UEA-

1+)6,8. Both mTEC populations were reduced in number by ≥ 50% in untreated, KGF- or 

Lupron-treated BMT recipients compared with nonBMT controls on d26 post-BMT 

(Figure 2D-E). However, KGF+Lupron treatment resulted in comparable mTEClo and 

mTEChi numbers as nonBMT controls and 1.5-fold (mTEClo) and 4-fold (mTEChi) higher 

than untreated BMT controls (Figure 2D-E). Numbers of AIRE+ mTEChi, known to be 

critical for the negative selection of thymocytes with autoreactive specificities108, were 

significantly reduced (~3-fold) in untreated and Lupron-treated BMT recipients 

compared with nonBMT controls. AIRE+ mTEChi numbers were restored in KGF- and 

KGF+Lupron-treated BMT recipients to levels similar to nonBMT controls (Figure 2F). 

Medullary dendritic cells in the thymus, also involved in negative selection108, were 

severely depleted following BMT and were significantly and maximally restored by d26 

post-BMT in KGF+Lupron-treated BMT recipients (data not shown).  

To determine whether the increased numbers of TEC observed on d26 post-BMT 

were due to enhanced TEC proliferation at an earlier time point, mice were injected 

between d10-14 post-BMT with the thymidine analogue BrdU, which is incorporated into 

DNA of replicating cells. In agreement with the relative TEC numbers observed on d26 

post-BMT, total TEC, cTEC and mTEChi showed the greatest levels of proliferation in 

the thymi of BMT recipients treated with KGF+Lupron (Figure 2G-J).  
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In addition to the loss of TEC, immunofluorescence microscopy showed a loss of 

clear compartmentalization of cortex and medulla in the thymi of untreated BMT 

recipients on d28 post-BMT (Supplemental Figure S2). In contrast, nonBMT controls 

displayed well organized and densely clustered cortical and medullary regions with a 

distinct cortico-medullary boundary, a finding largely recapitulated in KGF+Lupron-

treated BMT recipients (Supplemental Figure S2). All groups had restored thymic 

architecture by d56 post-BMT (Supplemental Figure S2).  

 

Pre-treatment with KGF and Lupron results in enhanced T-cell reconstitution in 

the lymph nodes and spleen by d35 post-BMT.  

To determine whether improved thymopoiesis induced by KGF and Lupron 

resulted in higher numbers of peripheral T-cells, lymph nodes of BMT recipients were 

analyzed for CD4+ and CD8+ T-cells on d35 post-BMT. CD4+ and CD8+ T-cell numbers 

in untreated BMT recipients were reduced ~50% and ~75%, respectively, compared with 

nonBMT controls, and were partially restored in BMT recipients pre-treated with KGF or 

Lupron alone (Figure 3A,C). Combined, these treatments provided an additive increase in 

CD4+ and CD8+ T-cells that was significantly greater than either agent alone (Figure 

3A,C), completely eliminating CD4+ and virtually eliminating CD8+ T-cell lymphopenia. 

Because small numbers of radioresistant host-derived peripheral T-cells still remained at 

this time point, we specifically quantified naïve, donor-derived, CD4+ and CD8+ T-cells 

to assess the contribution of thymus-derived T-cells to reconstitution of peripheral T-

cells. Additive increases of donor-derived, naïve CD4+ (H2Kd+CD4+CD45RBhiCD44lo) 

and CD8+ (H2Kd+CD8+CD62LhiCD44lo) T-cells were observed in BMT recipients treated 

with KGF+Lupron that were significantly greater than was observed in untreated, KGF- 

and Lupron-treated BMT recipients, respectively (Figure 3B,D). By day 60 post-BMT, 

untreated BMT recipients had restored their CD4+ T-cell compartment to nonBMT 

control levels while Lupron- and KGF+Lupron treated BMT recipients maintained 

comparatively higher numbers of total and naïve CD4+ T-cells (Supplemental Figure 

S3A,B). Donor-derived, naïve CD8+ T-cells remained significantly reduced through d60 

post-BMT in all BMT groups (compared with nonBMT controls) except those pre-treated 

with KGF+Lupron (Supplemental Figure S3C,D).  
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Similar to the lymph node findings, combined treatment with KGF+Lupron 

resulted in complete reconstitution of splenic T-cell numbers at d35 post-BMT. Whereas 

there were highly significant (>4-fold) reductions in total CD4 and CD8 T-cells in the 

spleen of untreated BMT recipients compared with nonBMT controls (Figure 3E,G), 

combined treatment completely prevented the state of T-cell lymphopenia, resulting in 

the highest increase in total CD4 and CD8 T-cells, which appeared additive for total CD8 

T-cells but not for total CD4 T-cells (Figure 3E,G). Compared to BMT controls, naïve, 

donor-derived CD4 T-cells were significantly increased by KGF (3-fold), Lupron (4-fold) 

and KGF+Lupron (5-fold), reaching levels that were no longer significantly lower than 

nonBMT controls (Figure 3F). Significant increases in naïve, donor-derived CD8 T-cells 

were observed with KGF or Lupron (3-fold), and KGF+Lupron (5-fold) compared with 

untreated BMT recipients (Figure 3H). Total and naïve, donor-derived CD8 T-cell 

numbers remained deficient through d60 post-BMT and only the combined treatment 

resulted in a significant restoration of these cells compared to untreated controls 

(Supplemental Figure S3G,H). These data demonstrate that combined treatment with 

KGF+Lupron prior to BMT additively and durably enhances recovery of donor-derived, 

naïve CD4+ and CD8+ T-cells in both lymph nodes and spleen post-BMT. Analysis of 

TCR Vβ repertoire by flow cytometric analysis representing 12 Vβ alleles confirmed that 

KGF and Lupron do not affect the diversity of TCR Vβ usage in donor-derived T-cells 

compared to nonBMT controls (Supplemental Figure S4).  

 

Combined pre-treatment with KGF and Lupron result in enhanced thymic output 

and less homeostatic proliferation early post-BMT. 

Since KGF and Lupron each may increase peripheral T-cell expansion, we sought 

to determine the relative contributions of thymic export and peripheral homeostatic 

expansion to the observed increased numbers of total and naive peripheral CD4 and CD8 

T-cells found in secondary lymphoid organs. Thymic export was quantified at d28 post-

BMT by detection of intrathymically biotin-labeled, donor-derived T-cells that had 

recently emigrated to the spleen76. Consistent with higher naïve splenic CD4 T-cell 

numbers, we observed a significant and almost significant increase in the export of 

donor-derived CD4 T-cells into the periphery in BMT recipients treated with KGF and 
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Lupron, respectively, compared to the untreated BMT controls (Figure 4A). Although 

thymic export of donor-derived CD8 T-cells was not significantly improved with KGF or 

Lupron alone, there was a significant and additive increase in the export of donor-derived 

CD4 and CD8 T-cells into the periphery in KGF+Lupron treated BMT recipients on d28 

post-BMT, consistent with higher naïve CD4 and CD8 T-cell numbers in this group 

(Figure 4A,B).  

To correlate thymic output with the degree of homeostatic proliferation (HP) 

occurring in peripheral lymphoid organs, BrdU was given continuously in the drinking 

water between d30-35 post-BMT. BrdU incorporation with upregulation of CD44 in CD4 

and CD8 T-cells in the spleen and lymph nodes was measured. An inverse relationship 

was observed between the number of recently exported CD4 and CD8 T-cells into the 

periphery around d28 post-BMT and the degree of HP detected in peripheral lymphoid 

organs between d30-35 post-BMT (Figure 4C-E). The higher donor-derived, naïve CD4 

and CD8 T-cell numbers are likely due to increased thymic output rather than higher 

levels of HP. 

 

Pre-treatment with KGF and Lupron enhances T-dependent antibody responses 

early post-BMT 

The prolonged CD4+ T-cell deficiency following BMT can preclude the 

generation of normal immune responses to T-cell-dependent B cell antigens319. Since 

KGF+Lupron treated BMT recipients had normalization of donor naïve CD4 T-cells and 

donor B-cells by day 35 post-BMT (data not shown), we sought to determine whether 

this treatment could enhance a humoral immune response against a T-cell-dependent 

neoantigen challenge given on d28 post-BMT. Mice were immunized with KLH plus 

adjuvant, rechallenged two weeks later with KLH and serum immunoglobulin levels 

measured after seven days. Total and KLH-specific IgG1 levels were ~50% lower in 

untreated BMT recipients compared with nonBMT controls and pre-treatment with KGF 

or Lupron only marginally improved T-cell dependent B-cell isotype switching as 

measured by anti-KLH specific IgG1 antibody levels (Figure 5A,B). BMT recipients 

treated with KGF+Lupron produced significantly greater amounts of total and KLH-

specific IgG1 antibody reaching levels comparable to nonBMT controls (Figure 5A,B). 
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The early increases of peripheral donor T-cells and B-cells in BMT recipients pre-treated 

with KGF+Lupron permits the normal generation of a CD4 T-cell dependent B-cell 

immunoglobulin isotype switched response to KLH even when given as early as d28/d42 

post-BMT.  

 

Pre-treatment with KGF and Lupron enhances functional immune response against 

L. monocytogenes post-BMT 

To determine whether improved immune reconstitution induced by pre-BMT 

treatment with KGF and/or Lupron would permit a functional immune response to 

challenge with a live intracellular pathogen post-BMT, mice were immunized with 106 

CFU of an attenuated strain of Listeria monocytogenes. To monitor pathogen specific 

immune responses, a congenic BMT system was utilized with Listeria monocytogenes 

(Lm) engineered to express chicken ovalbumin (ΔactA-Lm-OVA). Thus, activated, Lm-

specific CD8 T-cell responses were quantifiable in peripheral blood by MHC class-

I:OVA tetramer binding to donor-derived, CD44+ CD8 T-cells 

(Ly5.1+CD8+CD44+Kb:OVA257-264
+). Seven days after primary infection, KGF- or 

Lupron-treated BMT recipients contained modestly higher numbers of donor-derived, 

OVA-specific CD44+ CD8 T-cells compared with untreated BMT recipients and 

treatment with KGF+Lupron resulted in additively higher numbers that were significantly 

greater than all other BMT groups (Figure 6A). Post-mortem necroscopic analysis 

revealed that all BMT and nonBMT groups had effectively cleared this attenuated strain 

by 3 weeks post-infection (data not shown). 

To investigate the effects of KGF and Lupron on a secondary immune response 

against Lm-OVA, mice were rechallenged 42d after primary infection with 105 CFU of 

the non-attenuated parent strain, Lm-OVA. Three days later, we restimulated splenocytes 

from infected animals ex vivo with soluble OVA257-264 and found that only KGF+Lupron-

treated BMT recipients demonstrated a comparable number of IFNγ+ CD8 T-cells as 

nonBMT controls, ≥ 2-fold higher than all other groups (Figure 6B).  

In separate experiments, untreated, KGF-, Lupron- or KGF+Lupron-treated 

allogeneic BMT recipients were assessed for clearance of Lm as measured by CFU 

determination in livers of infected animals four days after secondary infection. Untreated 
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BMT recipients contained significantly higher bacterial burdens than nonBMT controls 

and KGF or Lupron administered as single agents prior to BMT resulted in a marginal 

benefit for decreasing liver CFU (Supplemental Figure S5). Notably, KGF+Lupron pre-

treated BMT recipients significantly reduced the CFU burden from the liver to levels that 

were comparable to nonBMT controls (Supplemental Figure S5).  
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DISCUSSION 

We report a novel therapy given entirely prior to the BMT conditioning regimen 

that combines the administration of KGF and the LHRH-agonist (Lupron) to enhance 

thymopoiesis and peripheral T-cell recovery and function in BMT recipients. Compared 

to untreated BMT recipients, KGF+Lupron treatment additively increased thymocyte and 

peripheral T-cell recovery. Thymic architecture and TEC were significantly restored in 

KGF+Lupron-treated recipients early post-BMT, improving peripheral donor-derived T-

cell reconstitution due to increased thymic output. KGF+Lupron pre-treated BMT 

recipients mounted a superior immune response to the neoantigen, KLH, and cleared a 

live infection with Lm more effectively than other treatment groups.  

In rodents and non-human primate models of chemoradiotherapy and BMT, KGF 

pre-treatment has been shown to augment thymopoiesis in an IL-7-dependent 

fashion10,20,320. Since TECs are KGFR+, the putative mechanism of action proposed was 

stimulation of TEC proliferation and/or repair from radiation-induced injury10. In 

untransplanted mice, KGF administration increased TECs numbers21. Thus, KGF may 

induce the expansion of a TEC progenitor population that, in turn, may rapidly mature to 

restore TEC numbers following BMT conditioning. Androgen blockade by physical 

castration can reverse the thymic atrophy accompanying aging and can improve 

thymopoietic recovery in rodents undergoing allogeneic BMT145,165,266,271. While our 

experiments focused on male mice, gonadal hormone blockade should be effective in 

females since Lupron has been successfully used to treat hormone–related disorders in 

women321. ARs are expressed on TEC, non-TEC thymic stromal cells, thymocytes and 

peripheral T-cells165, although chimeric studies have indicated that the restorative effect 

of castration on the thymus required AR expression on TEC259,260. Since castration-

induced enhancement of post-BMT thymopoietic recovery was KGF-independent165, 

these data suggest that each agent acts through distinct mechanisms.  

Thymic cellularity is tightly controlled by the availability of thymic stromal 

niches to support thymocyte maturation26,27. While studies have demonstrated TBI-

induced TEC depletion10,111,304, this is the first to quantitatively analyze TEC subset 

depletion and recovery by FACS following TBI and BMT. TBI-induced TEC depletion is 

not surprising in light of other data illustrating that TEC, especially mTEC, are 
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dynamically proliferating in the steady state108. The equivalent loss of TEC observed in 

all BMT groups early post-BMT (d7, d14) indicates that KGF+Lupron likely accelerates 

the restoration rather than the protection of TEC compartment from TBI-induced 

depletion. KGF and Lupron appeared to act in concert to restore more rapidly TEC 

numbers without disrupting thymic architecture and may have provided for a larger 

stromal scaffold to support thymopoiesis. These proliferation events may have occurred 

early post-BMT based upon earlier studies demonstrating maximal TEC proliferation at 

1-3 days after discontinuation of KGF given under steady state, nonBMT conditions21. 

KGF has been shown to be mitogenic for both cTEC and mTEC and can act to restore the 

thymic disorganization associated with aging and BMT (14; GAH, unpublished data). A 

large percentage of UEA-1+ mTEC express FGFR2-IIIb21. While expression patterns of 

AR on TEC subsets have not been described, androgen removal is mitogenic for mTEC3. 

It is thought that mTEChi encompass mature, post-mitotic TEC that are derived from 

immature mTEClo 108. Our findings of a large number of BrdU+ mTEChi in KGF+Lupron-

treated BMT recipients are consistent with the interpretation that these cells are the 

progeny of mTEClo recovering from depletion and maturing to reconstitute mTEChi cells. 

Thus, KGF+Lupron appears to maximally enhance mTEChi regeneration post-BMT, 

including the AIRE+ subset, critical for the expression of tissue-restricted antigens needed 

for negative repertoire selection of autoreactive T-cell clones during thymopoiesis322.  

 The additive increase in thymic cellularity in recipients pre-treated with 

KGF+Lupron correlated with increased thymic export of T-cells into the periphery. 

Previous studies have shown that KGF treatment and androgen blockade (physical 

castration), when analyzed individually, could increase thymic cellularity and enhance 

thymic output21,165,265. In untransplanted mice, thymic export is a direct function of 

thymic cellularity323. Our data suggest that the same relationship holds true following 

BMT, even though the thymus is damaged and exports T-cells into a lymphopenic 

environment. In agreement with an enhanced thymic output in KGF+Lupron treated 

mice, we observed by d35 post-BMT additive increases in donor-derived, naïve CD4 and 

CD8 T-cells in both spleen and lymph node. Because T-cell-depleted BM was used, all 

donor-derived T-cells with a naïve surface phenotype must have been generated in the 

thymus in this transplant model. The BMT models employed in these studies do not 
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result in GvHD clinically or histologically. Because androgen blockade by physical 

castration pre-BMT does not exacerbate GvHD in other models and KGF has been shown 

to ameliorate thymic damage and lethality due to GvHD165,201,231, KGF+Lupron may 

represent a viable clinical approach to speeding immune reconstitution even in the setting 

of GvHD risk. 

Higher export of naïve T-cells in KGF+Lupron-treated BMT recipients also 

correlated with a decrease in HP observed in secondary lymphoid organs of these mice. 

T-cells derived from lymphopenia-induced peripheral expansion or expansion driven by 

exogenous cytokines generally result in expansion of a limited number of peripheral T-

cell clones and can create “holes” in the TCR repertoire117,174,324,325. In our studies, TCR 

Vβ diversity was not skewed by KGF and/or Lupron. Therefore, KGF+Lupron in the 

clinical BMT setting may speed reconstitution of a diverse naïve peripheral T-cell 

compartment capable of responding to a wider array of pathogens post-BMT.  

Poor immune responsiveness among BMT recipients leads to suboptimal 

responses to immunization for extended periods of time117,319. In myeloablated 

autologous hematopoietic graft recipients, KLH responses were decreased up to 16 

months319. Although all BMT groups mounted similar primary anti-KLH IgM responses 

(data not shown), indicating that B-cell function was sufficient, only KGF+Lupron 

provided maximal benefit for enhancing T:B cooperativity with higher total IgG1 and 

KLH-specific IgG1 antibody titers indicative of isotype switching mechanisms requiring 

CD4 T-cell help326. The demonstration that pre-treatment with KGF+Lupron improved 

the T-cell-dependent antibody response suggests a potential for KGF and Lupron as 

adjunct to immunization in BMT recipients. 

Low peripheral CD4 and CD8 T-cells numbers results in poor immune 

responsiveness and increased susceptibility to and severity of infection among BMT 

recipients303,327. Similarly, we observed a severe defect in the ability of untreated murine 

BMT recipients to clear Lm from the liver, whereas KGF+Lupron pre-treated BMT 

recipients cleared Lm from these sites as efficiently as nonBMT controls. Consistent with 

this defective clearance, untreated BMT recipients showed <50% of Lm-reactive CD8 T-

cells compared with nonBMT controls and BMT recipients pre-treated with 

KGF+Lupron following a secondary infection. This same trend was observed when 
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analyzing the percentage of IFNγ+ cells within the Kb:OVA-reactive CD8 T-cell 

compartment (data not shown). Because adaptive immunity against many intracellular 

pathogens involve highly conserved T-cell responses328-330 the enhanced Lm immunity 

would likely be extended to a wider spectrum of viral and intracellular bacterial 

pathogens that pose a serious threat to BMT recipients. In this regard, we have shown 

that KGF-treated non-human primate BMT recipients develop improved responses to a 

challenge with simian immunodeficiency virus compared to untreated BMT recipients320. 

T-cell responsiveness to CD3 signals also has been shown to be drastically diminished 

post-BMT compared to healthy controls and cytomegalovirus reactivation post-BMT has 

been associated with dysfunctional antigen-specific CD8 T-cells327,331. In contrast, 

peripheral T-cells from castrated mice are hyper-responsive to antigen and CD3/28 

signaling early after castration, although this effect lost by 7-weeks post-castration265. 

While heightened sensitivity to antigenic stimulation of T-cells following androgen 

blockade may have played a role in driving early peripheral T-cell reconstitution, it is 

likely not a major contributor to improved CD8 T-cell responses to Lm late post-BMT.  

In summary, combined KGF and androgen blockade was highly effective in 

speeding thymic recovery and peripheral T-cell reconstitution post-BMT. Treated BMT 

recipients were resistant to a pathogenic challenge and relatively early after engraftment 

were capable of T:B-cell cooperativity in generating antibody responses to a neoantigen. 

Since KGF and Lupron are being used as single agents in the context of human BMT, our 

data suggests future clinical trials designed to determine the safety and efficacy of 

combining these agents for facilitating immune recovery post-BMT. 
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Figure 1. Pre-treatment with KGF combined with androgen blockade additively 

restore thymopoiesis early after allogeneic BMT. Lethally irradiated B6 recipients of 

allogeneic (Balb/c) bone marrow were left untreated (BMT Control) or pre-treated with 

KGF, Lupron or KGF+Lupron and analyzed for thymocyte cellularity at day 28 post-

BMT alongside age/sex-matched, unmanipulated B6 controls (nonBMT Control). Data 

shown are mean absolute numbers ± SEM of (A) total thymocytes and of the thymocyte 

subsets: (B) CD8-CD4- double-negative, (C) CD8+CD4+ double-positive, (D) CD4+CD8- 

single-positive, and (E) CD4-CD8+ single-positive. The data are representative of 4 

independent experiments with 4-5 mice per group; *, p<0.05 compared with untreated 

BMT recipients; #, p<0.05 compared with KGF-treated BMT recipients. 
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Figure 2. Combined pre-treatment with KGF and androgen blockade maximally 

restores numbers of total TEC and mTEC subsets by day 26 post-BMT. (A-F) 

Lethally irradiated B6 recipients of allogeneic (Balb/c) bone marrow were left untreated 

(BMT Control) or pre-treated with KGF, Lupron or KGF+Lupron and analyzed for 

absolute numbers of TEC and TEC subsets at day 26 post-BMT. Single cell suspensions 

were prepared from enzymatic digests of individual thymi and used to determine (A) total 

thymic epithelial cells (TEC; CD45-MHC-II+), (B) cortical TEC (cTEC; CD45-MHC-

II+Ly51+), (C) medullary TEC (mTEC; CD45-MHC-II+Ly51-), (D) UEA-1+ mTEClo 

(CD45-MHC-IIlowLy51- UEA-1+), (E) UEA-1+ mTEChi (CD45-MHC-IIhighLy51- UEA-1+), 

(F) AIRE+ mTEChi (CD45-MHC-IIhighLy51- AIRE+). (G-J) Total TEC and individual 

TEC subsets were assessed for proliferation by continuous administration of BrdU in the 

drinking water (0.8mg/ml) between day 10 and 14 post-BMT at which point (G) Total 

TEC, (H) cTEC, (I) mTEClo and (J) mTEChi subsets were analyzed for BrdU 

incorporation. Data shown are the mean numbers of TEC ± SEM or mean percentages of 

BrdU+ TEC ± SEM and are representative of one experiment of 4 mice per group; *, 

p<0.05 compared with BMT controls; #, p<0.05 compared with KGF-or Lupron-treated 

BMT recipients. 
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Figure 3. Combined pre-treatment with KGF and androgen blockade significantly 

restore numbers of total and donor-derived, naïve CD4+ and CD8+ T-cells in lymph 

node and spleen by day 35 post-BMT. Lethally irradiated B6 recipients of allogeneic 

(Balb/c) bone marrow were left untreated (BMT Control) or pre-treated with KGF, 

Lupron or KGF+Lupron and analyzed for the presence of T-cells in the lymph nodes and 

spleen at day 35 post-BMT alongside unmanipulated age/sex-matched B6 controls 

(nonBMT Control). Mean absolute numbers ± SEM of (A,E) total CD4+ T-cells, (B,F) 

naïve (CD45RBhighCD44low) CD4+ T-cells, (C,G) total CD8+ T-cells, and (D,H) naïve 

(CD62LhighCD44low) CD8+ T-cells in the lymph nodes and spleen are shown. Lymph node 

data is represented here by pooled cells from 2 inguinal, 2 axillary and mesenteric lymph 

nodes. Data are representative of 3 experiments, each with 4 mice per group; *, p<0.05 

compared with BMT controls; #, p<0.05 compared with KGF-treated BMT recipients. 
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Figure 4. Enhanced thymocyte cellularity in KGF+Lupron-treated BMT recipients 

correlates with increased T-cell export into the periphery and diminished 

homeostatic proliferation early post-BMT. (A, B) Lethally irradiated B6 recipients of 

allogeneic (Balb/c) bone marrow that were left untreated (BMT Control) or pre-treated 

with KGF, Lupron or KGF+Lupron were intrathymically injected (one thymic lobe) with 

biotin at 28 days post-BMT. After 24 hours of in vivo labeling, the export of thymus-

derived (A) CD4 and (B) CD8 T-cells into the periphery was assessed by staining total 

splenocytes with fluorescently labeled streptavidin in combination with monoclonal 

antibodies specific for CD4 and CD8. Absolute numbers of recent thymic emigrants 

(RTE) were normalized to absolute numbers of donor-derived CD4+ or CD8+ T-cells in 

(A) and (B), respectively. (C-F) Homeostatic proliferation in the CD4+ and CD8+ T-cell 

compartment was also assessed between day 30-35 post-BMT. Treated and untreated 

BMT recipients and nonBMT controls were injected i.p. with BrdU (1mg) on day 30, 

followed by continuous administration of BrdU in the drinking water (0.8mg/ml) through 

d35 post-BMT at which point CD4+ and CD8+ T-cells were analyzed for BrdU 

incorporation and concomitant upregulation of CD44, thus indicating that proliferation 

had occurred within the 5-day labeling window. Data shown are the mean percentages of 

BrdU+CD44+ ± SEM of total CD4+ T-cells (C,E) and CD8+ T-cells (D,F) isolated from 

the spleens and lymph nodes of these mice. These data are representative of one 

experiment with 4 mice per group; *, p<0.05 compared with BMT controls; #, p<0.05 

compared with KGF- or Lupron-treated BMT recipients. 
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Figure 5. KGF treatment and androgen blockade prior to BMT enhance the 

secondary humoral immune response to KLH after allogeneic BMT. Lethally 

irradiated C57BL/6 recipients of allogeneic (Balb/c) bone marrow were left untreated 

(BMT Control) or pre-treated with KGF, Lupron or KGF+Lupron and immunized at day 

28 post-BMT with 50 µg keyhole limpet hemocyanin (KLH) in Complete Freund’s 

adjuvant (KLH/CFA) alongside unmanipulated age/sex-matched C57BL/6 controls 

(nonBMT Control). Two weeks after primary immunization (equivalent to day 42 post-

BMT), mice were rechallenged with 50 µg KLH in Incomplete Freund’s adjuvant 

(KLH/IFA). Serum was then collected after 7 days and analyzed for (A) total IgG1 and 

(B) KLH-specific IgG1 antibody levels by ELISA. Data shown are mean µg IgG1 per mL 

serum ± SEM from one experiment with 4 mice per group; *, p<0.05 compared to 

untreated BMT controls. 
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Figure 6. Combined pre-treatment with KGF and androgen blockade prior to BMT 

significantly improves CD8 T-cell responses against Listeria monocytogenes after 

allogeneic BMT. Lethally irradiated C57BL/6 Ly5.2+ recipients of congenic (C57BL/6 

Ly5.1+) bone marrow were left untreated (BMT Control) or pre-treated with KGF, 

Lupron or KGF+Lupron and immunized at day 42 post-BMT alongside unmanipulated 

age/sex-matched B6 controls (nonBMT Control). For primary immunization, 106 CFU of 

an attenuated strain of L. monocytogenes that express recombinant full-length chicken 

ovalbumin (∆actA-Lm-OVA) was intravenously injected. (A) Absolute numbers of 

donor-derived Ly5.1+CD44+CD8+ Kb-OVA257-64-specific T-cells were quantified in 

peripheral blood of infected animals by FACS 7 days after primary infection. (B) 

Immunized mice were then rechallenged with 105 CFU of the virulent parent strain, Lm-

OVA, 42 days after primary infection. After 3 days, isolated splenocytes of infected 

animals were restimulated ex vivo for 5h with OVA257-64 and donor-derived CD8 T-cells 

were analyzed for IFNγ production by FACS. *, p<0.05 compared with untreated BMT 

controls; #, p<0.05 compared with KGF- and Lupron-treated BMT recipients. 
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Supplemental Figure S1. Additive benefit of KGF pre-treatment and androgen 

blockade on restoring thymopoiesis is maintained through day 56 post-BMT. 

Lethally irradiated B6 recipients of allogeneic (Balb/c) bone marrow were left untreated 

(BMT Control) or pre-treated with KGF, Lupron or KGF+Lupron and analyzed for 

thymocyte cellularity at day 56 post-BMT alongside age/sex-matched, unmanipulated B6 

controls (nonBMT Control). Data shown are mean absolute numbers ± SEM of (A) total 

thymocytes and of the thymocyte subsets: (B) CD8-CD4- double-negative, (C) 

CD8+CD4+ double-positive, (D) CD4+CD8- single-positive, and (E) CD4-CD8+ single-

positive. The data are representative of 4 independent experiments with 4-5 mice per 

group; *, p<0.05 compared with untreated BMT recipients; #, p<0.05 compared with 

KGF-treated BMT recipients. 
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Supplemental Figure S2. Pre-treatment with KGF and androgen blockade restore 

thymic architectural organization by day 26 post-BMT. Lethally irradiated B6 

recipients of allogeneic (Balb/c) bone marrow were left untreated (BMT Control) or pre-

treated with KGF, Lupron or KGF+Lupron. (A-B) Immunofluorescence staining of 

thymic sections for the cytokeratins, K18 (red) and K5 (blue) identified mature cortical 

TEC (K18+K5-) within the cortical region of the thymus (“C”) and mature medullary 

TEC (K18-K5+) located within the medullary region of the thymus (“M”). These methods 

were used to assess maintenance of thymic architectural organization into distinct cortical 

and medullary regions in BMT recipients at (A) day 28 and (B) day 56 post-BMT. (i, iv) 

Thymic sections from an unmanipulated, age/sex-matched B6 control (nonBMT Control) 

illustrates a clear distinction between cortex and medulla. (ii) BMT controls show a loss 

of this clear compartmentalization while (iii) KGF-, (iv) Lupron- and (v) KGF+Lupron-

treated BMT recipients demonstrate thymic architectural organization similar to nonBMT 

controls. (B, vi-x) By day 56 post-BMT all groups exhibited similar architectural 

organization, i.e., corticomedullary distinction, compared with nonBMT controls. Data 

are representative of two experiments with 3 mice per group. Images were acquired on an 

Olympus FV500 confocal microscope using 10x/0.40 objective lens with associated 

Olympus Software and processed with Adobe Photoshop. 
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Supplemental Figure S3. Combined pre-treatment with KGF and androgen 

blockade significantly restore numbers of total and donor-derived, naïve CD4+ and 

CD8+ T-cells in lymph node and spleen through day 60 post-BMT. Lethally irradiated 

B6 recipients of allogeneic (Balb/c) bone marrow were left untreated (BMT Control) or 

pre-treated with KGF, Lupron or KGF+Lupron and analyzed for the presence of T-cells 

in the lymph nodes and spleen at day 60 post-BMT alongside unmanipulated age/sex-

matched B6 controls (nonBMT Control). Mean absolute numbers ± SEM of (A,E) total 

CD4+ T-cells, (B,F) naïve (CD45RBhighCD44low) CD4+ T-cells, (C,G) total CD8+ T-cells, 

and (D,H) naïve (CD62LhighCD44low) CD8+ T-cells in the lymph nodes and spleen are 

shown. Lymph node data is represented here by pooled cells from 2 inguinal, 2 axillary 

and mesenteric lymph nodes. Data are representative of 3 experiments, each with 4 mice 

per group; *, p<0.05 compared with BMT controls; #, p<0.05 compared with KGF-

treated BMT recipients. 
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Supplemental Figure S4. KGF treatment and androgen blockade prior to BMT does 

not affect diversity of TCR Vβ  expression in thymus-derived T-cells post-BMT. 

Lethally irradiated C57BL/6 Ly5.2+ recipients of congenic C57BL/6 Ly5.1+ bone marrow 

were left untreated (BMT Control) or pre-treated with KGF, Lupron or KGF+Lupron. 

Blood samples taken from BMT recipients and age/sex-matched, unmanipulated male 

C57BL/6 controls (nonBMT Control) were stained with monoclonal antibodies against 

Ly5.1 (donor), CD3 and TCR Vβ at day 60 post-BMT. The percentage of Vβ-positive 

cells among donor-derived CD3+ lymphocytes is shown. TCR Vβ17ais an indicator of 

intact negative selection as this TCR is generally deleted in an intact thymus of C57BL/6 

mice and is therefore detected at very low frequency in the nonBMT controls. Data 

shown are mean ± SEM from one experiment of 5 mice per group. 
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Supplemental Figure S5. Combined pre-treatment with KGF and androgen 

blockade prior to BMT significantly enhances immune-mediated clearance of 

Listeria monocytogenes after allogeneic BMT. Lethally irradiated (Balb/c x B6)F1 

recipients of allogeneic (Balb/c) bone marrow were left untreated (BMT Control) or pre-

treated with KGF, Lupron or KGF+Lupron and immunized at day 42 post-BMT 

alongside unmanipulated age/sex-matched B6 controls (nonBMT Control) with 105 CFU 

of L. monocytogenes strain 2C. After 28 days, mice were rechallenged with 2x106 CFU  

and livers were collected 4 days after secondary infection. Bacterial CFU were 

determined by plating of serial dilutions of organ homogenates onto BHI agar. Baseline 

for the y-axis was set to indicate the limit of detection (L.O.D., approximately 100 

organisms) for this assay. Data are representative of two independent experiments, each 

with 4-5 mice per group and time point; *, p<0.05 compared with BMT controls. 
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Chapter 3 

 

Temporary P53 Inhibition and Keratinocyte Growth Factor Additively Improve 
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FOREWORD 

Myeloablative conditioning prior to bone marrow transplantation (BMT) results 

in thymic epithelial cell (TEC) injury, slow T-cell reconstitution, and a high risk of 

opportunistic infections. TEC are susceptible to radiation-induced damage/depletion, 

which directly contributes to the slow recovery of thymopoiesis following BMT. 

Keratinocyte growth factor (KGF) stimulates TEC proliferation and, when given pre-

conditioning, reduces TEC injury; however, certain TEC subsets are refractory to KGF’s 

effects and functional T-cell responses are not fully restored in KGF-treated BMT 

recipients. In this study, we have investigated whether transient inhibition of p53 (using a 

short-lived p53 inhibitor, PFT-β) given immediately prior to radiation therapy could 

potentially spare TEC from radiation-induced damage and whether combined treatment 

with KGF and PFT-β could additively protect/restore thymic function and output post-

BMT, and thus circumvent the profound TEC and associated T-cell deficiency seen in 

BMT recipients. Results from these studies suggest that combined treatment with KGF 

plus PFT-β additively enhances TEC number early following congenic BMT that leads to 

improved thymic function. Enhanced thymic function correlates with additively higher 

numbers of donor-derived, naïve CD4 and CD8 T-cells in the periphery by six weeks 

post-BMT. Additive numbers of T-cells in KGF+PFT-β-treated BMT recipients were at 

least partly due to KGF+PFT-β-mediated protection/restoration of T-cell zone 

fibroblastic reticular cells (FRC) in lymph nodes and correlated with a superior immune 

response against L. monocytogenes infection. These findings were also extendable to a 

clinically relevant murine model of allogeneic BMT. Taken together, these findings 

suggest that transient p53-inhibition combined with KGF may represent a novel approach 

to promote rapid and durable thymic recovery and T-cell reconstitution following BMT.  
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INTRODUCTION 

Allogeneic bone marrow transplantation (BMT) is widely used to treat many 

malignant and nonmalignant disorders301,302. The intense chemoradiotherapy condition 

that precedes the infusion of donor HSC inflicts considerable damage on the thymus 

severely delaying reconstitution of peripheral CD4+ and CD8+ T-cells following 

BMT83,117,121,122,302. Because of this, BMT recipients are at increased risk of opportunistic 

fungal and viral infections, which represents a significant cause of morbidity and 

mortality303. The thymic stroma is composed primarily of a three-dimensional matrix of 

thymic epithelial cells (TEC), fibroblasts, macrophages, dendritic cells and additional 

mesenchymal cells27. TEC directly support thymocyte development and selection. 

Critical signals are supplied by TEC to developing thymocytes directing their thymic 

ingress22,332, survival24,333, trafficking24, selection74, and export24. Pre-BMT conditioning 

depletes TEC, which impairs the ability of the thymus to produce T-cells for prolonged 

periods of time after BMT2,10,111,304. The most promising approach to durably restore T-

cells following BMT is through restoring TEC and thus thymic function. Therefore, novel 

strategies to speed recovery of thymopoiesis post-BMT are mandated.  

Following ingress of early T-cell progenitors (ETP) into the thymus at the 

corticomedullary junction, a developing thymocyte undergoes a distinct pattern of 

differentiation and migration through sequential stages characterized by CD4 and CD8 

expression. CD4-CD8- (“double negative”, DN) thymocytes mature to become 

CD4+CD8+ (“double positive,” DP) at which point they undergo positive selection on 

self-peptides expressed in the context of MHC-I and MHC-II on cortical epithelial cells 

(cTEC). The small percentages of DP thymocytes (<5%) that receive a positively 

selecting survival signal continue their maturation into CD4+ or CD8+ (“single positive,” 

SP) thymocytes and migrate into the thymic medulla. Negative selection of self-reactive 

SP thymocytes occurs in the medulla and is primarily mediated by medullary TEC 

(mTEC) and medullary dendritic cells (DC)27. Immature CD4+ and CD8+ T-cells reside in 

the medulla for 4-5 days where they complete their maturation prior to their export into 

the periphery as mature T-cells74.  

Keratinocyte Growth Factor (KGF) is a member of the acidic fibroblast growth 

factor family (FGF-7) and primarily functions to control cell migration, proliferation and 
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differentiation in epithelial tissues. Endogenous KGF is upregulated in mucosal tissues 

following injury and exogenous KGF enhances protection and repair of epithelial cells in 

murine models of radiation- and chemotherapy-induced injury198,209,210,221,228,232. KGF 

recently became the first agent to be FDA-approved for the prevention of oral mucositis 

associated with chemoradiotherapy and HSCT199,218,306. In the thymus, KGF is produced 

by mesenchymal cells and binds exclusively to a specific member of the fibroblast 

growth factor receptor-2 family, FGFR2-IIIb (KGFR) expressed by TEC10,55. KGF is a 

powerful mitogen for TEC21. Pre-treatment with KGF can prevent thymic injury and 

prolonged T-cell deficiency in murine models of BMT with and without 

GvHD10,11,20,21,201,305. KGF has also been shown to facilitate engraftment and abrogate 

GvHD-induced lethality in murine BMT recipients231. In short, KGF has proven to be an 

effective therapy for general amelioration of BMT-related side effects, however KGF 

treatment fails to completely restore the mTEC compartment and functional T-cell 

responses post-BMT110. 

P53 is most widely known for its role as a tumor suppressor protein and is a key 

factor in the DNA damage response in mammalian cells. In normal tissues, p53 protein 

induces apoptosis or growth arrest in response to a variety of stress signals, thereby 

eliminating damaged and potentially dangerous cells from the organism277. The massive 

cellular loss induced by chemoradiotherapy in lymphoid, hematopoietic and epithelial 

organs is in part determined by p53-mediated apoptosis277. Additionally, p53 is 

inactivated in the majority of diagnosed tumors276. Thus, temporary inhibition of p53 has 

been suggested as a therapeutic strategy to prevent damage of normal tissues during 

treatment of p53-deficient tumors and thus to ameliorate harmful side effects of 

chemoradiotherapy278. To this end, a small molecule (pifithrin-β or PFT-β) was recently 

isolated for its ability to reversibly block p53-dependent transcriptional activation in 

vivo278. Administration of PFT-β abrogated apoptosis in intestinal epithelia and protected 

mice from lethality following total body irradiation276. Importantly, the inhibition of p53 

with PFT-β is transient, with p53 function returning to normal levels within 24 hours of 

PFT-β administration278.  

 We hypothesized that (1) temporary inhibition of p53 function with PFT-β could 

protect TEC from conditioning-induced damage and thus speed thymopoietic recovery 
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following lethal irradiation and that (2) combined administration of KGF and PFT-β 

could additively restore thymic function post-BMT. This study focuses on one currently 

FDA-approved agent (rhuKGF, KepivanceTM) and another (PFT-β) that is currently 

undergoing clinical trials for ameliorating the general side effects of chemoradiotherapy. 

We report that combined treatment with KGF and PFT-β prior to congenic BMT resulted 

in an additive restoration of cTEC and mTEC, which lead to improved recovery of 

thymopoiesis, thymic output and recovery of peripheral naïve CD4 and CD8 T-cells. The 

additive increase in CD4 and CD8 T-cells in KGF+PFT-β-treated BMT recipients 

correlated with enhanced recovery of T-cell zone fibroblastic reticular cells (FRC) in 

lymph nodes. In an allogeneic model of BMT, KGF+PFT-β additively enhanced the 

recovery of thymocyte cellularity compared with untreated BMT recipients or each agent 

alone and significantly enhanced peripheral T-cell recovery. Importantly, improved T-

cell reconstitution in PFT-β and KGF+PFT-β-treated BMT recipients correlated with 

superior in vivo responses to the live pathogen, Listeria monocytogenes. These findings 

suggest that combined treatment with KGF plus PFT-β may represent a novel, clinically 

translatable approach to accelerate immune recovery following BMT. 
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MATERIALS AND METHODS 

Animals 

C57BL/6 (H-2b; termed B6) and [C57BL/6xBalb/c]F1 (H-2d/b; termed CB6F1) female 

mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and used at 8 weeks 

of age as BMT recipients or controls (non-BMT controls). Donor female BALB/c (H-2d) 

or C57BL/6.Ly5.1 mice of the same age were purchased from the National Cancer 

Institute (Frederick, MD). Bim+/- and Bim-/- mice backcrossed >10 generations onto 

C57BL/6 background were kindly provided by Dr. P. Bouillet (Walter and Eliza Hall 

Institute, Melbourne, Australia) and maintained in-house. Mice were housed in specific 

pathogen-free facilities. All protocols were approved by IACUC at UMN. 

 

KGF and PFT-β administration 

rhuKGF (Amgen, Thousand Oaks, CA) was administered subcutaneously for 3 

consecutive days (5 mg/kg per day) prior to radiation treatment as previously reported10. 

Pifithrin-beta (PFT-β) was provided by Dr. Andrei Gudkov (Roswell Park Cancer Center, 

Buffalo, NY). PFT-β was stored as 20mg/ml DMSO solution at -20°C until day of use. 

PFT-β was mixed with PBS prior to injection and administered at a dose of 25 mg/kg by 

intraperitoneal injection of 200λ 30-45 minutes prior to the start of TBI. This dose and 

timing of administration is based upon previous dose response studies demonstrating 

optimum inhibition of p53 transcriptional activation with minimal toxicity (REF and data 

not shown).  

 

BM Transplantation 

Single cell suspensions of BM cells obtained from femurs and tibiae of BALB/c 

(allogeneic) or B6.Ly5.1 (congenic) donors were depleted of CD4+ and CD8+ T-cells by 

incubation with 20µg/ml of monoclonal anti-CD4 (clone GK1.5, ATCC) and anti-CD8 

(Clone 2.43, NTCC) for 20 min at 4°C followed by incubation for 45 min at 37°C with 

10% v/v rabbit serum complement. Following extensive washes, BM cells were 

recounted and 107 (allogeneic) or 5x106 (congenic) CD4/8-depleted BM cells were 

intravenously administered to recipients that had received 9 Gy (C57BL/6) or 10Gy 
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(CB6F1) total body irradiation (TBI) from a gamma radiation X-ray source 24h prior to 

BMT.  

 

Lymphocyte analysis by FACS 

Single cell suspensions of thymocytes, splenocytes and lymph nodes were prepared by 

gentle homogenization in the “GentleMACS” Dissociator using the GentleMACS “C” 

tubes (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were washed, filtered 

through 70-micron nylon mesh and resuspended in 2% FCS/PBS. 1x106 - 2x106 cells 

were incubated with appropriate fluorochrome-conjugated monoclonal antibodies (BD 

Pharmingen, San Jose, CA) for 30 minutes at 4ºC. Antibodies routinely used were CD4, 

CD8, CD3, TCRβ, CD11c, B220, CD45.1, CD62L and CD44 (eBioscience). A total of 

≥105 live events were acquired on a FACScalibur flow cytometer (BD Pharmingen, San 

Jose, CA) and analyzed with FlowJo software (TreeStar, San Jose, CA).  

 

TEC analysis by FACS  

TEC were isolated and analyzed as described with minor modifications6,8. Briefly, 

individual thymi were removed and small capsule incisions were made. Thymi were then 

incubated twice for 20 min in 0.1% collagenase-D plus 0.125% DNase-I (Roche, 

Indianapolis, IN) at 37°C, followed by two incubations for 20 min in 0.1% 

collagenase/dispase plus 0.125% DNase-I (Roche) 37°C. During incubations, the 

suspensions were gently disrupted with a glass Pasteur pipet every 5-10 minutes to 

release TEC. Supernatants from enzymatic digestions were pooled and analyzed with the 

following antibodies: CD45-PerCp-Cy5.5, EpCAM-PE, Ly51/CDR1-biotin plus 

streptavidin-conjugated-PE/Cy7, MHC-II-Pacific Blue (all from eBioscience, San Diego, 

CA), and FITC-conjugated Ulex-europaeus-agglutinin-1 (UEA-1) (Vector Labs, 

Burlingame, CA). Anti-AIRE antibody was a generous gift of H. Scott (Monash 

University, Australia) and was detected with mouse anti-rat IgG2c-Cy5 (Southern 

Biotech, Birmingham, Alabama). 

 

 

 



 
 

74 

Detection of recent thymic emigrants 

Anesthetized mice were injected in one thymic lobe with 10µl of a 5mg/ml solution of 

sulfo-NHS-LC biotin in PBS (Pierce, Rockford IL). After 24h, thymus and spleen were 

stained with streptavidin-conjugated-PE/Cy7 and other markers to identify donor-

derived, naïve CD4 and CD8 T-cells and analyzed by flow cytometry as described76.  

 

Immunofluorescence microscopy 

Tissues were embedded in OCT (Sakura, Tokyo, Japan), snap-frozen in liquid nitrogen 

and stored at –80ºC. For thymic sections, 8-µm cryosections were fixed in acetone at 

room temperature for 5 minutes, blocked with 10% normal horse serum/PBS (Jackson 

Immunoresearch, West Grove, PA) and stained with Ly51/CDR1-FITC (BD 

Pharmingen) and purified polyclonal rabbit-anti-mouse cytokeratin-5 (CK5) (Covance, 

Berkeley, CA) plus Cy5-conjugated goat-anti-rabbit IgG (Molecular Probes). Sections 

were mounted under a cover slip with DAPI anti-fade solution (Molecular Probes). 

Images were stored at 4ºC overnight and imaged the next day using an Olympus 

FluoView 500 Confocal Scanning Laser Microscope (Olympus, Center Valley, PA). 

 For lymph node analysis, 8µm cryosections were air-dried overnight and then 

fixed in ice-cold acetone for 10 minutes. Endogenous peroxidase activity was quenched 

with 0.3% (v/v) hydrogen peroxide for 1 hour at room temperature. Sections were then 

rehydrated/blocked with 0.1% (w/v) BSA plus 2% (v/v) normal mouse and donkey serum 

(Jackson Immunoresearch) in PBS for 1 hour at room temperature, followed by treatment 

with a biotin-streptavidin blocking kit according to manufacturer’s instructions (Vector 

Labs). Sections were stained with primary antibodies against gp38 (purified clone 8.1.1 at 

1:300, ATCC, Manassas, VA) and CD45R/B220-FITC (clone RA3-6B2, BD 

Pharmingen) for 3 hours at room temperature. Visualization of gp38 was accomplished 

using the Tyramide Signal Amplification kit #42 (TSA tagged with Alexafluor-555) per 

manufacturer’s instructions. Slides were mounted with VECTASHIELD Hard Set 

Mounting Medium with DAPI (Vector Labs) stored at 4ºC overnight and imaged the next 

day using an Olympus FluoView 500 Confocal Scanning Laser Microscope (Olympus, 

Center Valley, PA). All images mages were processed for size on Adobe Photoshop 

(Adobe, San Jose, CA). 
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Listeria monocytogenes infection and determination of CFU in organs 

The recombinant L. monocytogenes strains Lm-OVA and ΔactA-Lm-OVA317 (attenuated) 

expressing full-length chicken ovalbumin were kindly provided by Dr. S.S. Way (U of 

Minnesota). Strain 2C318 was kindly provided by C. Contag (Stanford University). Mice 

were inoculated with early logarithmic phase (OD600 of 0.1) bacteria grown in brain heart 

infusion broth at 37ºC. For congenic BMT studies, mice were immunized intravenously 

with 106 CFU ΔactA-Lm-OVA and rechallenged with 105 CFU of Lm-OVA diluted in 

200µl PBS. For allogeneic BMT studies, mice were immunized intravenously with 106 

CFU Lm strain 2C and rechallenged with 105 CFU of Lm strain 2C diluted in 200µl PBS. 

Three days after secondary infection, livers and spleens were removed and homogenized 

in 0.05% Triton X-100/PBS (Sigma, St. Louis, MO). Serial dilutions were plated onto 

BHI plates and Lm colonies were enumerated after 24-48h at 37ºC.  

 

Quantification of Lm-OVA-specific CD8 T-cells  

MHC-I-DimerX:mouse-Ig-PE was purchased from BD Pharmingen; and purified 

OVA257-64 (SIINFEKL) peptide was purchased from Anaspec, San Jose, CA. MHC-I-

DimerX:mouse-Ig:OVA257-64 conjugates were prepared according to manufacturer’s 

instructions. RBC-lysed peripheral blood was incubated with DimerX:mouse-Ig:OVA257-

64-PE for 1 hour at 4ºC, washed, and then incubated with antibodies for remaining surface 

markers (BD) and 104 donor CD8 T-cells were collected and analyzed by flow cytometry. 

 

Statistical Analysis 

Differences between treated and untreated BMT groups were analyzed by a two-tailed, 

paired Student’s t-test with unequal distribution.  
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RESULTS 

Combined pre-treatment with KGF plus PFT-β  additively restores all TEC subsets 

by four weeks after congenic BMT 

TEC play a critical role in supporting thymocyte development. We first 

investigated the effects of temporary p53 inhibition on protection/recovery of total TEC 

(defined as CD45-EpCAM+MHCII+) following lethal total body irradiation (TBI) and 

bone marrow transplant (BMT). Lethally irradiated congenic BMT recipients of T-cell-

depleted BM cells were left untreated (BMT Controls), or treated with KGF, PFT-β or 

KGF+PFT-β prior to transplant. Two weeks after BMT, TEC were quantified by flow 

cytometry. Total TEC numbers were depleted ~75% in untreated BMT recipients 

compared with age/sex-matched, unmanipulated B6 controls (non-BMT controls) (Figure 

1A). BMT recipients treated with KGF or PFT-β partially abrogated this reduction 

maintaining significantly higher numbers of TEC compared with untreated BMT 

controls. Interestingly, combined treatment with KGF+PFT-β resulted in an additive 

increase in total TEC (Figure 1A). 

The two major subsets of TEC include cortical TEC (cTEC; defined as CD45-

EpCAM+Ly51+UEA1-MHCII+) and medullary TEC (mTEC; defined as CD45-

EpCAM+Ly51-UEA1+/-MHCII+). While mTEC were ~90% depleted in untreated BMT 

recipients compared with non-BMT controls at two weeks post-BMT, the cTEC 

compartment had been restored to near normal levels (Figure 1). This is in agreement 

with the relative amounts of steady-state proliferation reported for each TEC subset 

(mTEC>>cTEC) and therefore the associated susceptibility to radiation-induced cell 

damage and death (108 and RMK and BRB, unpublished data). KGF treatment induced 

cTEC numbers to supranormal levels with an additive increase when combined with 

PFT-β administration (Figure 1B). Although numbers of mTEC in thymi of all BMT 

recipient groups were significantly lower than non-BMT controls, PFT-β-treated BMT 

recipients maintained significantly higher numbers of mTEC compared with untreated 

BMT recipients, indicating a protective effect for this highly proliferative TEC 

compartment (Figure 1C). Numbers of UEA1+MHCIIhiAIRE+ mTEC, known to be 

critical for the negative selection of thymocytes with autoreactive specificities, were 

significantly reduced (>90%) in untreated BMT recipients compared with non-BMT 
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controls, and were modestly (but significantly) restored in PFT-β and KGF+PFT-β-

treated BMT recipients (Figure 1D). KGF-treatment alone did not confer benefit for the 

mTEC compartment at this time point (Figure 1C,D). 

In situ TEC analysis by immunofluorescence staining of thymic sections at two 

weeks post-BMT also revealed that untreated BMT recipients showed a dramatic loss of 

mTEC “islands” while these mTEC were protected in PFT-β-treated BMT recipients 

(compare Figure 1I with J,L—areas inside white dotted lines). In agreement with the 

FACS data, KGF treatment appeared to have minimal effect on the mTEC compartment 

compared with untreated BMT recipients (Figure 1K). Interestingly, thymi from BMT 

recipients treated with combined KGF and PFT-β contained a higher frequency of TEC 

that co-expressed markers for both cTEC and mTEC, a phenotype that is thought to 

represent “immature” TEC that can give rise to mature cTEC and mTEC (Figure 1M, 

white arrowheads).  

To investigate whether the presence of “immature” TEC in thymi of KGF+PFT-

β-treated BMT recipients at two weeks post-BMT leads to a later increase in mature 

cTEC and mTEC, we quantified total TEC, cTEC and mTEC by flow cytometry at four 

weeks post-BMT. Numbers of total TEC remained significantly (~50%) diminished in 

untreated BMT recipients compared with non-BMT controls, while BMT recipients that 

were pre-treated with KGF or PFT-β alone maintained significantly higher numbers of 

total TEC (Figure 1E). Moreover, and in contrast to untreated BMT recipients, BMT 

recipients treated with combined KGF+PFT-β additively increased numbers of total TEC, 

cTEC and mTEC with a complete restoration of the mTEC numbers compared with non-

BMT controls (Figure 1E-G). Numbers of UEA1+MHCIIhiAIRE+ mTEC remained ~70% 

depleted in untreated BMT recipients compared with non-BMT controls, but were 

completely restored in KGF+PFT-β-treated BMT recipients (Figure 1H). Taken together, 

the data suggest that combined treatment with KGF plus PFT-β maximally improves 

recovery of the TEC compartment following radiation-induced depletion and BMT. 
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Pre-treatment with KGF and PFT-β  enhances thymocyte cellularity and thymic 

output following congenic BMT 

To investigate whether improved TEC regeneration leads to enhanced recovery of 

thymic function, we next quantified total thymocyte cellularity at two weeks post-BMT. 

Total thymocyte numbers at two weeks post-BMT were significantly reduced (4-fold) in 

untreated BMT recipients compared with non-BMT controls (Figure 2A). Thymocyte 

cellularity in KGF-, PFT-β- and KGF+PFT-β-treated BMT recipients was significantly 

increased above untreated BMT recipients (Figure 2A). Subset distribution—DN, DP, 

CD4 SP and CD8 SP—was undisturbed by any treatment and the levels of donor 

chimerism were equal (~70%) among all BMT groups regardless of treatment (data not 

shown). At four weeks post-BMT, untreated BMT recipients had restored their total 

thymic cellularity in agreement with the kinetics of the congenic BMT model. At this 

time point, the effect of PFT-β treatment alone on thymocyte cellularity were no longer 

evident; however, thymocyte cellularity in KGF- and KGF+PFT-β-treated BMT 

recipients was significantly greater (2-3 fold) than all other BMT groups and non-BMT 

controls (Figure 2B). 

We next sought to determine whether the enhanced TEC and thymocyte recovery 

in BMT recipients treated with KGF, PFT-β and KGF+PFT-β resulted in higher export of 

recent thymic emigrants from the thymus into the periphery. Thymic export was 

quantified five weeks post-BMT by detection of intrathymically biotin-labeled, donor-

derived T-cells in the spleen as described76,110. Export of CD4 and CD8 RTE into the 

spleen was dramatically reduced in untreated BMT recipients (≥ 5-fold reduction) 

compared with non-BMT controls (Figure 2C,D). We observed a significant increase in 

the export of donor-derived CD4 T-cells into the periphery of BMT recipients treated 

with either PFT-β or KGF+PFT-β, but not KGF alone (Figure 2C). However, thymic 

export of donor-derived CD8 T-cells was significantly improved in BMT recipients pre-

treated with KGF, PFT-β or KGF+PFT-β compared with untreated BMT recipients 

(Figure 2D). These findings taken together indicate that although thymocyte cellularity is 

restored in untreated BMT recipients by four weeks post-BMT, complete thymic 

function, which culminates in RTE export, remains deficient. Additionally, the data 
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suggest that faster TEC regeneration provided by KGF and/or PFT-β may be 

consequently enhancing support of thymocyte differentiation and export. 

 

Combined pre-treatment with KGF plus PFT-β  additively enhanced peripheral T-

cell reconstitution following congenic BMT 

BMT recipients typically experience prolonged defects in peripheral T-cell 

reconstitution that can be readily identified by examining cellularity of the lymph node 

compartment. To determine whether improved recovery of TEC and thymocyte 

cellularity/export induced by KGF and PFT-β resulted in enhanced peripheral T-cell 

reconstitution, lymph nodes of congenic BMT recipients were analyzed for CD4 and 

CD8 T-cells at six weeks post-BMT. CD4 and CD8 T-cell numbers in untreated BMT 

recipients were reduced ≥75% compared with non-BMT controls (Figure 3A,C). CD4 T-

cells were partially restored in BMT recipients pre-treated with KGF (3-fold increase) or 

PFT-β (2-fold increase) alone, but were additively increased (5-fold) and completely 

restored in BMT recipients pre-treated with combined KGF+PFT-β (Figure 3A). KGF or 

PFT-β treatment resulted in a significant (2-fold) increase of CD8 T-cells, while 

combined therapy of KGF+PFT-β provided an additive boost (5-fold) in CD8 T-cell 

reconstitution at this time point (Figure 3C). Because a small fraction of radioresistant 

host-derived T-cells remain in the periphery at this time point, we specifically quantified 

naïve, donor-derived CD4 and CD8 T-cells to assess the contribution of thymus-derived 

T-cells to reconstitution of the peripheral T-cell compartment. Similar to total CD4 and 

CD8 T-cell numbers, additive increases of donor-derived, naïve CD4+ 

(CD45.1+CD4+CD3+CD62LhiCD44lo) and CD8+ (CD45.1+CD8+CD3+CD62LhiCD44lo) T-

cells were observed in BMT recipients treated with KGF+PFT-β (Figure 3B,D). In 

addition to enhancing T-cell reconstitution, KGF and PFT-β pre-treatment each resulted 

in 2-fold increases in donor-derived dendritic cells and B-cells in the lymph nodes, with 

additively higher (4-fold) numbers when KGF+PFT-β were administered in combination 

(Figure 3E,F). Importantly, similar results for all lymphoid subsets were observed in the 

spleen (data not shown). Taken together, these data demonstrate that combined treatment 

with KGF+PFT-β prior to BMT additively improved reconstitution of donor-derived, 

naïve CD4+ and CD8+ T-cells in the periphery post-BMT.  
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Enhanced T-cell reconstitution in BMT recipients pre-treated with KGF plus PFT-β 

correlates with improved recovery of T-cell zone fibroblastic reticular cells  

The additive increase of CD4 and CD8 T-cells detected in lymph nodes of 

KGF+PFT-β pre-treated BMT recipients above KGF or PFT-β alone was surprising 

because thymic output was not additively increased (compare Figure 3 with Figure 4). 

We hypothesized that this may be partly due to enhanced survival and/or homing of T-

cells in BMT recipients treated with combined KGF and PFT-β. Fibroblastic reticular 

cells (FRC) located in the T-cell zones of secondary lymphoid organs (SLO) directly 

provide cytokine and chemokines to support the ingress and survival of naïve CD4 and 

CD8 T-cells334-336. Because it is likely that FRC are susceptible to damage/depletion 

following radiation/BMT, we next examined lymph node sections by 

immunofluorescence microscopy to determine whether pre-treatment with KGF and/or 

PFT-β enhanced recovery of FRC in T-cell zones. We probed lymph node sections for 

expression of the glycoprotein, gp38, which accurately identifies both T-cell and B-cell 

zone FRC334,335. Co-staining with the B-cell marker, CD45R/B220 denoted B-cell zones 

to provide an architectural frame of reference for our analysis. Compared with non-BMT 

controls, lymph nodes of untreated BMT recipients exhibited a loss of reticular staining 

in the B220-negative areas (i.e., T-cell zones) (Figure 4A vs 4E). Pre-treatment with KGF 

appeared to partially restore gp38 staining density in T-cell zones, however PFT-β alone 

did not provide detectable benefit for restoring FRC using this method of analysis (Figure 

4A vs 4B,C). The density of gp38 staining in the T-cell zones of lymph nodes isolated 

from BMT recipients treated with KGF plus PFT-β was strikingly greater than all other 

BMT groups, and was comparable to the intensity of staining in non-BMT controls 

(Figure 4A vs 4D and 4E). While these descriptive findings do not provide quantitative 

evidence, they do suggest that pre-treatment with KGF+PFT-β maximally enhanced 

recovery of T-cell zone FRC that may provide critical survival signals for newly derived, 

naïve CD4 and CD8 T-cells in the lymph nodes. 

Restoration of the FRC compartment following viral infection-induced depletion 

requires accumulation of CD4+CD3-CD11c-B220- lymphoid tissue-inducer (Lti) cells in 

SLO335. At six weeks post-BMT, KGF+PFT-β treated BMT recipients had additively 

restored (congenic BMT) and completely restored (allogeneic BMT) numbers of Lti cells 
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in lymph nodes (Figure 4F,G). This data suggests that accumulation of Lti in lymph 

nodes may have improved recovery of FRC available to support homeostatic survival of 

newly exported, naïve CD4 and CD8 T-cells.  

 

Pre-treatment with PFT-β  or KGF+PFT-β  enhances functional immune response 

against L. monocytogenes following congenic BMT 

To determine if improved immune reconstitution induced by pre-BMT treatment 

with KGF and/or PFT-β would permit a functional immune response to challenge with a 

live intracellular pathogen, mice were immunized with 106 CFU of an attenuated strain of 

Listeria monocytogenes (Lm) engineered to express chicken ovalbumin (ΔactA-Lm-

OVA). Activated Lm-specific CD8 T-cells were quantified in peripheral blood by MHC 

class-I:OVA257-264 tetramer binding to CD44+ CD8 T-cells eight days after primary 

infection (i.e., peak of response). Untreated BMT recipients contained ~4-fold fewer 

numbers of responding OVA-specific CD44+ CD8 T-cells compared with non-BMT 

controls, while KGF-treated BMT recipients showed only a modest increase above 

untreated BMT controls (Figure 5A). Pre-treatment of BMT recipients with PFT-β or 

KGF+PFT-β resulted in higher numbers of OVA-specific CD44+ CD8 T-cells that were 

comparable with non-BMT controls (Figure 5A). Post-mortem necroscopic analysis 

revealed that all BMT and non-BMT groups had efficiently cleared this attenuated strain 

by three weeks post-infection (data not shown). 

To investigate the effects of KGF and PFT-β on a secondary immune response 

against Lm, untreated, KGF-, PFT-β- or KGF+PFT-β-treated BMT recipients were 

rechallenged five weeks after primary infection with 105 CFU of the virulent parent 

strain, Lm-OVA. Three days later, we assessed for clearance of Lm as measured by CFU 

determination in livers and spleens of infected animals. While non-BMT controls had 

entirely cleared all traces of infection from both liver and spleen, untreated BMT 

recipients contained significantly higher bacterial burdens in liver (≥6-fold) and spleen 

(≥4-fold) (Figure 5B,C). BMT recipients treated with KGF or PFT-β contained similar 

bacterial burdens in the liver compared with untreated BMT recipients while a slight 

benefit was observed in KGF+PFT-β-treated BMT recipients, albeit not to significant 

levels (p = 0.10; Figure 5B). KGF-treated BMT recipients showed modestly improved 
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clearance from the spleen compared with untreated BMT recipients, while PFT-β and 

KGF+PFT-β-treated BMT recipients had significantly reduced the bacterial burden in 

spleen (Figure 5C). These data suggest that enhanced peripheral T-cell reconstitution in 

KGF+PFT-β-treated BMT recipients correlates with an improved immune response to 

pathogenic challenge in vivo, especially as determined by clearance from the spleen. 

 

Combined pre-treatment with KGF plus PFT-β  additively restores thymocyte 

cellularity following allogeneic BMT 

With the insight into the general biology of transient p53 inhibition on restoring 

thymic function and peripheral T-cells following BMT gained from the congenic BMT 

model, we next performed additional experiments to determine if such findings could be 

extended to a clinically relevant allogeneic BMT model. Allogeneic murine BMT 

recipients of rigorously T-cell-depleted BM cells were either left untreated or pre-treated 

with KGF, PFT-β or KGF+PFT-β prior to transplant. At four weeks post-BMT, total 

thymocytes were ~50% reduced in untreated BMT recipients compared with non-BMT 

controls (Figure 6A). Mice treated with KGF or PFT-β completely (KGF) or partially 

(PFT-β) abrogated this reduction in thymocytes (Figure 6A). Combined treatment with 

KGF+PFT-β resulted in an additive increase in thymic cellularity to numbers that were 

significantly greater than untreated, KGF- and PFT-β-treated BMT recipients as well as 

non-BMT controls (Figure 6A). The relative distribution of thymocyte subsets was not 

affected by treatment with KGF and/or PFT-β; therefore, concomitant increases in the 

DN, DP, CD4+ SP and CD8+ SP subsets were observed (Figure 6B-E). Importantly, the 

additive effects of KGF+PFT-β were also observed at 8 and 12 weeks post-BMT, 

demonstrating the durability of these effects in an allogeneic BMT setting (Figure 6F-J 

and data not shown). Since both donor-derived and residual host-derived thymocytes 

might contribute to thymic cellularity early post-BMT, we assessed thymocyte 

chimerism. By four weeks post-BMT, >90% of thymocytes were of donor origin, 

increasing to >99% by eight weeks (data not shown). Therefore, increased thymic 

cellularity was due to increased numbers of donor-derived thymocytes, not preservation 

of host-derived thymocytes. 
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Combined pre-treatment with KGF plus PFT-β  additively improves T-cell 

reconstitution following allogeneic BMT.  

To determine whether improved thymopoiesis induced by KGF and PFT-β 

resulted in higher numbers of peripheral T-cells, lymph nodes of BMT recipients were 

analyzed for CD4+ and CD8+ T-cells at six weeks post-BMT. CD4+ and CD8+ T-cell 

numbers in untreated and BMT recipients were reduced ~75% and ~90%, respectively 

(Figure 7A,C). KGF pre-treatment resulted in partial, but significantly improved 

restoration of total CD4+ (2-fold) and CD8+ (2-fold) T-cells compared with untreated 

BMT recipients; however, PFT-β pre-treatment alone did not confer any benefit for 

restoring CD4+ or CD8+ T-cell numbers (Figure 7A,C). Interestingly, combined pre-

treatment with KGF+PFT-β improved reconstitution of CD4+ (3-fold) and CD8+ (4-fold) 

T-cells to levels above those achieved with KGF treatment alone (Figure 7A,C). In fact, 

the CD4+ T-cell compartment was almost completely restored in KGF+PFT-β-treated 

BMT recipients (Figure 7A). Reconstitution of naïve (CD62LhiCD44lo) CD4+ and CD8+ 

T-cells was also maximally improved with combined KGF+PFT-β pre-treatment (Figure 

7B,D). Lastly, numbers of DC and B-cells were significantly increased only in 

KGF+PFT-β pre-treated BMT recipients compared with untreated BMT recipients 

(Figure 7E,F). Collectively, these data demonstrate that, following allogeneic BMT, 

combined pre-treatment with KGF+PFT-β maximally enhances the recovery of 

peripheral CD4+ and CD8+ T-cells post-BMT to a greater degree than either KGF or 

PFT-β alone.  

 

Pre-treatment with KGF and PFT-β  enhances functional immune response against 

L. monocytogenes following allogeneic BMT 

To investigate the effects of KGF and PFT-β on a secondary immune response 

against Lm in the allogeneic BMT setting, untreated, KGF-, PFT-β or KGF+PFT-β-

treated allogeneic BMT recipients were immunized with 5x104 CFU of Lm 2C at four 

weeks post-BMT and rechallenged with 2x106 CFU Lm 2C five weeks later (i.e., nine 

weeks post-BMT). After three days, we assessed for clearance of Lm as measured by 

CFU determination in livers and spleens of infected animals. While non-BMT controls 
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had nearly completely cleared infection from both liver and spleen, untreated and KGF-

treated BMT recipients contained significantly higher (~3 log increase) bacterial burdens 

in both organs compared with non-BMT controls (Figure 8A,B). BMT recipients treated 

with PFT-β alone or with combined KGF+PFT-β had significantly reduced the bacterial 

burden in both liver and spleen (Figure 8A,B). In fact, KGF+PFT-β-treated BMT 

recipients cleared Lm from the spleen as effectively as non-BMT controls (Figure 8B). 

Thus, consistent with higher numbers of peripheral T-cells observed in Figure 6, 

allogeneic BMT recipients that are pre-treated with PFT-β or combined KGF+PFT-β are 

able to mount a superior in vivo immune response to secondary infection with an 

intracellular pathogen. 

 

PFT-β-mediated effects on restoring thymocyte cellularity post-BMT are 

independent of the Bim pro-apoptotic pathway in thymic stroma 

Bim protein is a pro-apoptotic molecule belonging to the BH3-only family of 

proteins and is thought to promote apoptosis in a p53–independent manner337. 

Importantly, bim is expressed in the thymus338. To determine whether the beneficial 

effects of interventional p53-inhibition on thymocyte recovery post-BMT are dependent 

upon, or complement bim function, age/sex-matched cohorts of untreated or PFT-β-

treated, lethally irradiated bim+/- and bim-/- mice (on C57BL/6 background) were 

transplanted with T-cell depleted allogeneic (Balb/c) BM or left unmanipulated (non-

BMT controls). Similar to our previous observations in Figure 5, bim+/- (i.e., wild-type) 

BMT recipients contained significantly fewer thymocytes compared to non-BMT 

controls, but were significantly restored with PFT-β pre-treatment (Figure 9A). Bim-/- 

thymocytes appeared to be partially refractory to radiation-induced depletion; 

nevertheless, PFT-β treatment resulted in significantly higher numbers of thymocytes 

compared with untreated bim-/- BMT recipients (Figure 9A).  

To more directly study whether PFT-β operates independently of the bim pathway 

in thymic stroma, bim+/- and bim-/- mice were first transplanted with wild-type congenic 

BM to create chimeric mice in which loss of bim function is restricted to host 

components in the thymus (e.g., TEC). Complete donor chimerism (>95% donor) was 

confirmed after twelve weeks by FACS analysis of peripheral blood (data not shown). 
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Lethally irradiated chimeric mice were then transplanted a second time with congenic 

BM and either left untreated or pre-treated with PFT-β. Cohorts of age/sex-matched 

chimeric mice were left unmanipulated and used as non-BMT controls. Thymocyte 

cellularity at four weeks post-BMT was significantly reduced (3-fold) in untreated BMT 

recipients of both chimeric groups compared with non-BMT controls, suggesting that the 

loss of pro-apoptotic bim in TEC does not protect from thymocyte depletion following 

TBI and BMT (Figure 9B). Interestingly, PFT-β treatment significantly restored 

thymocyte cellularity in both chimeric groups, indicating that the PFT-β works 

independently of the bim pathway in thymic stroma (Figure 9B).  
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DISCUSSION:  

The current treatment modalities available for speeding T-cell reconstitution 

following HSCT generally require repeated infusion of proteins or donor lymphocytes. 

Such therapies are cumbersome, costly and plagued by negative side effects. We report a 

novel approach to restore thymic function and peripheral T-cell numbers following BMT 

combining reversible and transient p53 inhibition with the potent epithelial mitogen, 

KGF. Both agents are given entirely prior to radiation and BMT. Combined treatment 

with KGF and PFT-β prior to congenic BMT additively restored numbers of cTEC and 

mTEC numbers and improved thymopoietic recovery. Rapid restoration of thymic 

cellularity and output lead to additive increases in donor-derived, naïve CD4 and CD8 T-

cells in the periphery. In an allogeneic model of BMT, KGF+PFT-β additively enhanced 

the recovery of thymocyte cellularity and peripheral CD4 and CD8 T-cells compared 

with untreated BMT recipients. Importantly, following both congenic and allogeneic 

BMT, improved T-cell reconstitution in KGF+PFT-β-treated BMT recipients correlated 

with superior in vivo responses against Listeria monocytogenes.  

KGF pre-treatment has been shown to improve thymopoietic recovery following 

murine and non-human primate models of BMT in an IL-7-dependent manner10,20,110. It is 

generally thought that this occurs via KGF-induced proliferation of FGFR2-IIb+ TEC to 

expand the stromal niche available to support thymocyte development110. Indeed, 

thymocyte development is tightly controlled by the size of the thymic stromal 

niche24,25,332. We observed a significant loss of TEC, particularly mTEC, lasting at least 

four weeks after BMT. KGF and PFT-β pre-treatment individually improved cTEC and 

mTEC recovery, while combined administration of KGF+PFT-β additively enhanced 

both cTEC and mTEC recovery by four weeks post-BMT. Improved TEC regeneration 

translated to increased thymocyte cellularity and RTE output. Thus, KGF and PFT-β may 

act together to rapidly restore the stromal scaffold necessary to support development and 

export of newly derived T-cells. 

KGF pre-treatment significantly enhanced cTEC regeneration following BMT and 

combined KGF+PFT-β was additive in restoring cTEC numbers. Rossi et al., 

demonstrated that cTEC are FGFR2-IIIb+ and that KGF administration to healthy animals 

leads to expansion of FGFR2-IIIb+ TEC (directly) and DN2/3 thymocytes (indirectly 
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through TEC)21. Data from several reports support the notion that thymocytes supply 

crosstalk signals that support cTEC development and function57,66,67,339,340. Thus, KGF-

mediated expansion of cTEC and thymocyte crosstalk signals (delivered by supranormal 

numbers of thymocytes) may act in concert to expand the cTEC niche following BMT. 

Furthermore, combined administration of PFT-β may protect a small number of cTEC 

from depletion that can also be expanded by KGF and crosstalk-mediated signaling. 

In untreated murine BMT recipients, mTEC remain severely reduced for an 

extended period of time following BMT (Ref110 and Figure 1). Only in KGF+PFT-β-

treated BMT recipients were mTEC restored to non-BMT levels by four weeks post-

BMT. Of particular importance are UEA1+MHCIIhiAIRE+ mTEC that mediate central 

tolerance against self-antigens. The early restoration of this compartment through 

KGF+PFT-β treatment could restore central tolerance mechanisms following BMT, 

especially for the first supranormal wave of KGF-boosted mature SP thymocytes. Mature 

SP thymocytes are typically retained in the medulla for a relatively short period of time 

of only four to five days, but must “experience” a vast array of self-antigens within this 

time frame76. Higher numbers of UEA1+MHCIIhiAIRE+ mTEC could increase probability 

of exposure to the necessary tissue-restricted antigens. The recent evidence suggesting 

that thymus-derived donor T-cells cause chronic GvHD, which is an autoimmune-like 

condition, highlight the importance of restoring central tolerance mechanisms following 

BMT341,342. It should be noted that there currently are no data available that directly 

quantify mTEC in humans as there are in mice; however, it is assumed that human TEC 

are equally susceptible to pre-BMT conditioning-induced depletion.  

In mice, generation of a complete mTEC niche requires thymocyte crosstalk 

signals provided by mature SP thymocytes3,60,62,63,69-71. Thus, we hypothesize that the 

additive and complete restoration of mTEC numbers by four weeks post-BMT in 

KGF+PFT-β is likely due to PFT-β-mediated protection (evident at 2 weeks post-BMT) 

combined with expansion driven by mature SP thymocytes (evident by four weeks post-

BMT). Figure 10 illustrates our working hypothesis to explain the additive restoration of 

cTEC and mTEC in BMT recipients pre-treated with KGF plus PFT-β. TEC recovery in 

PFT-β pre-treated BMT recipients may not be as robust as in KGF+PFT-β-treated BMT 

recipients, because the former group lacks the early and late crosstalk signals derived 
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from KGF-expanded thymocytes. We hypothesize that the additive restoration of TEC in 

KGF+PFT-β-treated BMT recipients is at least partly due to thymocyte crosstalk-

mediated expansion of radioprotected TEC. Additional studies aimed at elucidating the 

role of thymocyte crosstalk in mTEC regeneration post-BMT are described in Chapter 4 

of this dissertation.  

Reconstitution of a polyclonal population of donor-derived, naïve T-cells 

following ablative conditioning and BMT is absolutely dependent upon renewed thymic 

function and export117. At five-weeks post-BMT, the level of thymic output in untreated 

BMT recipients was diminished 10-fold compared with non-BMT controls. Only 

KGF+PFT-β pre-treated BMT recipients significantly increased thymic output of both 

CD4 and CD8 T-cells by this time point. Despite the fact that thymic output was not 

additively increased in KGF+PFT-β treated BMT recipients above KGF or PFT-β alone, 

numbers of naïve CD4 and CD8 T-cells were additively greater by six weeks post-BMT. 

T-cell zone FRC provide key survival cues to naïve CD4 and CD8 T-cells and it was 

recently reported that FRC are depleted during acute viral infections334,335. We postulated 

that radiation/BMT could damage/deplete FRC and thus investigated the possibility that 

BMT recipients pre-treated with combined KGF plus PFT-β had restored FRC in T-cell 

zones of the lymph nodes. Indeed, we observed that intensity of gp38-staining for T-cell 

zone FRC was markedly reduced in lymph nodes of untreated BMT recipients. On the 

other hand, lymph nodes of KGF+PFT-β-treated BMT recipients contained comparable 

numbers of T-cell zone FRC to non-BMT controls. Also by six weeks post-BMT, 

KGF+PFT-β treated BMT recipients had maximally restored numbers of Lti cells in 

lymph nodes, suggesting that accumulation of Lti in the lymph node may have improved 

recovery of T-cell zone FRC.  

Low numbers of peripheral CD4 and CD8 T-cells combined with general T-cell 

dysfunctions (e.g., impaired CD3 responsiveness)327 following BMT increase the BMT 

recipient’s susceptibility to opportunistic infections and negatively correlates with 

survival following BMT104,106,121,331,343. In the present study and in our previous work, 

untreated BMT recipients were unable to mount an effective immune response against 

Listeria monocytogenes (Lm) as evidenced by the lack of donor-derived 

Kb:OVA+CD44+CD8+ T-cells in the peripheral blood following primary Lm infection and 
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inadequate clearance of the pathogen from liver or spleen following secondary infection. 

Interestingly, and in agreement with our previously published report, pre-treatment with 

KGF significantly improved T-cell reconstitution following congenic and allogeneic 

BMT, but did not augment an immune response against Lm110. An effective immune 

response to Lm and similar intracellular pathogens generally requires a robust Th1 pro-

inflammatory response328,329. On the other hand, KGF treatment has been shown to skew 

toward a Th2 anti-inflammatory environment, which may consequently inhibit responses 

against certain pathogens231,233,234. However, while a Th2 anti-inflammatory environment 

may be detrimental for mounting immune responses against viruses and other 

intracellular pathogens, it is beneficial for acute GvHD prevention. Indeed, KGF can 

ameliorate incidence and severity of acute GvHD, a pathological condition driven by Th1 

immune response201,231,233,234. This illustrates the careful balance that must be considered 

when investigating pharmacological agents for transplant-related conditions, and the need 

for additional therapies to augment the proven benefit of KGF. 

The models of BMT employed in this study do not result in GvHD (clinically or 

histologically); however, KGF administration can ameliorate thymic damage and lethality 

associated with GvHD201,231,233,234. In addition to the Th2-skewing described above, 

prevention of GvHD pathologies by KGF is also due to protection of epithelial tissues 

(e.g., mucosa and thymus) from radiation damage201,231,233,234. Epithelial protection has 

been proposed to reduce the translocation of resident microflora and pro-inflammatory 

bacterial oligopeptides into systemic circulation following intense chemoradiotherapy198. 

PFT-β also protects epithelium from conditioning damage, so an additional benefit of 

combined treatment with KGF+PFTβ could be the sparing of epithelium from radiation-

induced damage.  

Several in vivo experimental models have clearly demonstrated that the protective 

functions provided by p53 for tumor suppression in the steady state are the cause of 

deleterious side effects following intense chemotherapy and/or radiation. Reversible 

pharmacological suppression of p53 with PFT-β has been successfully used to prevent 

certain conditioning-related side effects in the mouse without higher incidence of tumor 

development and is currently the focus of clinical trials in humans276,278,285. The high 

incidence of cancer observed in p53-deficient mice and men have raised concerns 
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regarding the safety of p53 inhibition for clinical use276. However, collective preclinical 

data argue that temporary and reversible inhibition of p53 with pharmacological 

inhibitors such as PFT-β does not predispose recipients to develop tumors276,278,284-

286,344,345. Moreover, there is accumulating evidence that p53 may actually represent a 

treatment resistance factor in p53-sufficient tumors and tumor stroma by increasing 

survival following genotoxic stress presumably through providing a reversible window of 

growth arrest for DNA repair286. Thus, transient inhibition of p53 during radiation 

conditioning regimens may in fact promote eradication of solid tumors through 

destruction of stromal support and/or the tumor itself286. These observations combined 

with the data presented here suggest indicate that PFT-β administration may provide 

more therapeutic benefit than initially expected.  

Because of the fact that p53 performs a wide array of cellular functions to 

maintain genetic stability, ongoing efforts are aimed at identifying pharmacological 

modulators of p53 that can specifically inhibit singular functions of p53276. With this 

approach, therapy can be targeted to ameliorate the harmful side effects of 

chemoradiotherapy in specific tissues while leaving others unaffected. A newer candidate 

molecule (PFT-µ) reversibly inhibits p53 binding to mitochondria, but does not affect 

p53 transactivation functions345. PFT-µ may hold promise for certain tissues in which p53 

transactivation appears to play a protective role (e.g., for intestinal epithelium)276,345. 

Interestingly, preliminary data from our lab indicate that treatment with PFT-µ does not 

enhance restoration of thymic function following allogeneic BMT (RMK and BRB, 

unpublished observations). This suggests that temporary blockade of p53 transactivation 

functions is critical for the radioprotective effect observed in the TEC compartment. 

In summary, reversible and temporary blockade of p53 in combination with KGF 

is highly effective in restoring thymic function following both congenic and allogeneic 

BMT. Combined treatment with KGF+PFT-β maximally enhanced TEC and thymocyte 

recovery leading to a more rapid and durable restoration of peripheral CD4 and CD8 T-

cells. Improved T-cell reconstitution correlated with superior primary and secondary 

immune responses against L. monocytogenes infection. Our data suggest the possibility 

for future clinical trials to investigate the safety and therapeutic value of combined 

treatment with KGF and PFT-β on immune recovery following BMT. 
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Figure 1. Combined pre-treatment with KGF plus PFT-β  additively restores all 

TEC subsets by four weeks after congenic BMT. (A-F) Lethally irradiated B6 

recipients of congenic (B6 Ly5.1+) bone marrow were left untreated (BMT Control) or 

pre-treated with KGF, PFT-β or KGF+PFT-β and analyzed for absolute numbers of total 

TEC and TEC subsets at (A-D) two weeks and (E-G) four weeks post-BMT. Single cell 

suspensions were prepared from enzymatic digests of individual thymi and used to 

determine (A,E) total thymic epithelial cells (TEC; CD45-EpCAM+MHC-II+), (B,F) 

cortical TEC (cTEC; CD45-EpCAM+MHC-II+Ly51+), (C,G) medullary TEC (mTEC; 

CD45-EpCAM+MHC-II+Ly51-), and (D,H) AIRE+ mTEChi (CD45-EpCAM+UEA-

1highMHC-IIhighLy51- AIRE+). Data shown are the mean numbers of TEC ± SEM and are 

representative of three experiments of 4 mice per group; *, p<0.05 compared with BMT 

controls. (I-M) Immunofluorescence staining of thymic sections for the cytokeratin-5, K5 

(red) and Ly51 (green) identified mature cortical TEC (Ly51+K5-) and medullary TEC 

(Ly51-K5+). These methods were used to assess recovery of distinct cortical and 

medullary TEC populations in BMT recipients at two weeks post-BMT. Data are 

representative of two experiments with 3 mice per group. Images were acquired on an 

Olympus FV500 confocal microscope using 10x/0.40 objective lens with associated 

Olympus Software. 
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Figure 1 
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Figure 2. Pre-treatment with KGF and PFT-β enhances thymocyte cellularity and 

thymic output following congenic BMT. Lethally irradiated B6 recipients of congenic 

(B6 Ly5.1+) bone marrow were left untreated (BMT Control) or pre-treated with KGF, 

PFT-β or KGF+PFT-β and analyzed for thymocyte cellularity at (A) two and (B) four 

weeks post-BMT alongside age/sex-matched, unmanipulated B6 controls (non-BMT 

Control). Data shown are mean absolute numbers ± SEM of total thymocytes. The data 

are representative of 3 independent experiments with 4 mice per group. (C,D) At five 

weeks post-BMT, cohorts of BMT recipients and non-BMT controls were intrathymically 

injected (one thymic lobe) with biotin. Following 24 hours of in vivo labeling, the export 

of donor-derived (C) CD4 and (D) CD8 recent thymic emigrants (RTE) from the thymus 

into the periphery was quantified by staining lymphocytes from spleen with fluorescently 

labeled streptavidin in combination with monoclonal antibodies to identify RTE as 

streptavidin+CD4+CD3+CD62Lhi or streptavidin+CD8+CD3+CD62Lhi. Data shown are 

absolute numbers of RTE from spleen that were normalized to the proportion of biotin-

labeled thymocytes in each mouse and are representative of one experiment with 6 mice 

per group; *, p<0.05 compared with untreated BMT recipients. 
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Figure 2 

 

 

 

 



 
 

96 

 

Figure 3. Combined pre-treatment with KGF plus PFT-β  additively restores 

numbers of total and donor-derived, naïve CD4+ and CD8+ T-cells in lymph node by 

six weeks post-BMT. Lethally irradiated B6 recipients of congenic (B6 Ly5.1+) bone 

marrow were left untreated (BMT Control) or pre-treated with KGF, PFT-β or 

KGF+PFT-β and analyzed for the presence of T-cells, dendritic cells (DC) and B-cells in 

the lymph nodes at six weeks post-BMT alongside unmanipulated age/sex-matched B6 

controls (non-BMT Control). Mean absolute numbers ± SEM of (A) total CD4+CD3+ T-

cells, (B) naïve (CD62LhighCD44low) CD4+CD3+ T-cells, (C) total CD8+CD3+ T-cells, (D) 

naïve (CD62LhighCD44low) CD8+CD3+ T-cells, (E) DC (CD4-CD3-CD11c+), and (F) B 

cells (CD4-CD8-CD11c-B220+) in the lymph nodes are shown. Lymph node cells were 

pooled from inguinal, axillary and mesenteric lymph nodes. Data are representative of 3 

experiments, each with 4 mice per group; *, p<0.05 compared with BMT controls; **, 

p<0.01 compared with BMT controls. 
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Figure 3 
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Figure 4. Combined pre-treatment with KGF plus PFT-β maximally restores T-cell 

zone FRC and Lti following BMT  

(A-E) Immunofluorescence staining of peripheral lymph node cryosections for B220+ B-

cells (green) and gp38+ fibroblastic reticular cells (FRC, red) was used to assess the 

relative abundance of gp38+ FRC in T-cell zones of (A) untreated, (B) KGF-treated, (C) 

PFT-β-treated, (D) KGF+PFT-β-treated BMT recipients and (E) unmanipulated, age/sex-

matched B6 control (non-BMT Controls). A white, dashed line encircles the B220-

negative, T-cell zones. (F,G) Lymphoid tissue inducer cells (CD4+CD3-CD11c-B220-) 

were quantified by flow cytometry in lymph nodes of untreated, KGF-, PFT-β-, and 

KGF+PFT-β-treated BMT recipients six weeks following (F) congenic or (G) allogeneic 

BMT alongside non-BMT Controls. For FACS analysis, lymph nodes cells were pooled 

from inguinal, axillary and mesenteric lymph nodes. Data are representative of 2 

experiments with 4 mice per group. *, p<0.05 compared with BMT controls. 
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Figure 4 

 

 

 

 

 

 



 
 

100 

 

Figure 5. Pre-treatment with PFT-β  or KGF+PFT-β  significantly improves primary 

and secondary immune responses against Listeria monocytogenes following congenic 

BMT. Lethally irradiated B6 recipients of congenic (B6 Ly5.1+) bone marrow were left 

untreated (BMT Control) or pre-treated with KGF, PFT-β or KGF+ PFT-β and 

immunized at four weeks post-BMT alongside unmanipulated age/sex-matched B6 

controls (non-BMT Control). For primary immunization, 106 CFU of an attenuated strain 

of L. monocytogenes that express recombinant full-length chicken ovalbumin (∆actA-Lm-

OVA) was intravenously injected. (A) Absolute numbers of CD44+CD8+ Kb-OVA257-64-

specific T-cells were quantified in peripheral blood of infected animals by FACS 8 days 

after primary infection. (B) Immunized mice were then rechallenged with 105 CFU of the 

virulent parent strain, Lm-OVA, five weeks after primary infection. After 3 days, 

bacterial CFU in liver and spleen were determined by plating of serial dilutions of organ 

homogenates onto BHI agar. *, p<0.05 compared with BMT controls. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

102 

Figure 6. Combined pre-treatment with KGF plus PFT-β  additively restores 

thymocyte cellularity after allogeneic BMT. Lethally irradiated B6 recipients of 

allogeneic (balb/c) bone marrow were left untreated (BMT Control) or pre-treated with 

KGF, PFT-β or KGF+PFT-β and analyzed for thymocyte cellularity at (A) four and (B) 

eight weeks post-BMT alongside age/sex-matched, unmanipulated B6 controls (non-

BMT Control). Data shown are mean absolute numbers ± SEM of total thymocytes. The 

data are pooled from five independent experiments with 4-5 mice per group; *, p<0.05 

compared with BMT controls; #, p<0.05 compared with KGF- and PFT-β-treated BMT 

recipients. 
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Figure 6 
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Figure 7. Combined pre-treatment with KGF plus PFT-β  additively restores 

numbers of total and naïve CD4+ and CD8+ T-cells in lymph node by six weeks 

following allogeneic BMT. Lethally irradiated CB6F1 recipients of allogeneic (BALB/c) 

bone marrow were left untreated (BMT Control) or pre-treated with KGF, PFT-β or 

KGF+PFT-β and analyzed for the presence of T-cells in the lymph nodes at six weeks 

post-BMT alongside unmanipulated age/sex-matched CB6F1 controls (non-BMT 

Control). Mean absolute numbers ± SEM of (A) total CD4+CD3+ T-cells, (B) naïve 

(CD62LhighCD44low) CD4+ T-cells, (C) total CD8+CD3+ T-cells, (D) naïve 

(CD62LhighCD44low) CD8+ T-cells, (E) dendritic cells (CD4-CD3-CD11c+), and (F) B 

cells (CD4-CD8-CD11c-B220+) in the lymph nodes are shown. Lymph node cells were 

pooled from inguinal, axillary and mesenteric lymph nodes. Data are representative of 2 

experiments, each with 4 mice per group; *, p<0.05 compared with BMT controls. 
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Figure 7 
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Figure 8. Pre-treatment with KGF and PFT-β  significantly improves immune 

clearance of Listeria monocytogenes after allogeneic BMT. Lethally irradiated CB6F1 

recipients of allogeneic (balb/c) T-cell-depleted bone marrow were left untreated (BMT 

Control) or pre-treated with KGF, PFT-β or KGF+ PFT-β and immunized at four weeks 

post-BMT alongside unmanipulated age/sex-matched CB6F1 controls (non-BMT 

Control). For primary immunization, 5x104 CFU of L. monocytogenes (strain 2C) was 

intravenously injected. Immunized mice were rechallenged with 2x106 CFU of Lm-2C, 

five weeks after primary infection. Then after 3 days, bacterial CFU in liver and spleen 

were determined by plating of serial dilutions of organ homogenates onto BHI agar. , 

mouse succumbed to infection; *, p<0.05 compared with untreated BMT controls. 
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Figure 8 
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Figure 9. PFT-β  works independently of the bim pro-apoptotic pathway in TEC.  

(A) Lethally irradiated bim+/- (H2bCD45.2+Thy1.2+) or bim-/- (H2bCD45.2+Thy1.2+) 

recipients of allogeneic balb/c (H2dCD45.2+Thy1.2+) bone marrow were left untreated 

(BMT Control) or pre-treated with PFT-β and analyzed for thymocyte cellularity at four 

weeks post-BMT alongside unmanipulated age/sex-matched bim+/- or bim-/- controls 

(non-BMT Control). (B) [B6bim+/-] and [B6bim-/-] chimeric mice were first created 

by reconstituting lethally irradiated bim+/- or bim-/- recipients with congenic (B6.Ly5.1) 

BM cells. Complete donor chimerism of the hematopoietic system was confirmed at 

twelve weeks post BMT (data not shown). Chimeric mice were then lethally irradiated 

and reconstituted with T-cell-depleted congenic (B6.PL) BM and analyzed for thymocyte 

cellularity at four weeks post-BMT alongside unmanipulated age/sex-matched bim+/- or 

bim-/- controls (non-BMT Control). *, p<0.05 compared with untreated BMT controls. 
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Figure 9 
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Figure 10. Working model of proposed mechanism for additive benefit of TEC 

regeneration in KGF+PFT-β-treated BMT recipients.  
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Figure 10 
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INTRODUCTION 

TEC provide chemotactic, survival and selection signals to direct developing T-

cells during their maturation27. Conversely, developing T-cells supply critical signals to 

developing TEC during thymus development27. Mouse strains with arrested thymocyte 

development exhibit defects in TEC cellularity and maturation, especially in the mTEC 

compartment3,56,57,66,67,72,339,340. For example, RagKO mice have a hypocellular thymus 

with virtually no mTEC, presumably because mTEC precursors lack necessary 

thymocyte-derived signals to direct their development and expansion3. The specific 

signals provided by developing T-cells to TEC remain poorly defined, however several 

candidate molecules have been identified including ckit/L, CD40/L and RANK/L27,69,71.  

Previous work suggests that TEC are depleted following sublethal 

irradiation111,304. However, these reports have relied upon immunohistochemical 

techniques, which are limited to subjective interpretation and are prone to inconsistencies 

caused by variability in the microscopic fields examined. The dramatic loss of thymic 

volume following ablative conditioning (primarily due to the drastic loss of thymocytes) 

compounded with differences in tissue preparation further increase the probability of 

inconsistent observations amongst different fields of view and different laboratories. 

These limitations have hindered accurate and reproducible quantitative measurements of 

TEC depletion and recovery following radiation and/or chemotherapy. Newer protocols 

that release TEC into single cell suspensions through gentle enzymatic digestions have 

allowed for accurate quantification of TEC in pooled thymi using flow cytometric 

methods6,8. We have further modified/optimized these published protocols for detailed 

and reproducible phenotypic and quantitative analyses of TEC in individual thymi before 

and after radiation110. 

In 2006, Zakrzewski et al., demonstrated that co-administration of OP9-DL1-

derived T-cell precursors alongside purified HSC in an allogeneic BMT model 

significantly enhanced recovery of thymocyte and peripheral T-cell297. Two intriguing 

points were illustrated by the data in this study but were not specifically discussed by the 

authors. First, the thymi with the highest engraftment of transferred T-cell precursors also 

contained the highest proportion of donor HSC-derived thymocytes. Second, thymocyte 

cellularity was significantly improved >3 months post-HSCT, well after all T-cell-
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precursor-derived thymocytes had been exported into the periphery as naïve T-cells. 

These two findings indicate that the early presence of thymocytes (i.e., from transferred 

T-cell precursors) following BMT may speed the recovery of general thymic function 

possibly by supporting TEC regeneration.  

This chapter describes a set of experiments designed to examine the kinetics of 

TEC depletion and recovery following radiation and BMT using flow cytometric 

techniques. Further, we have examined the role of thymocyte-derived signals for 

promoting TEC recovery following depletion. The data presented here does not represent 

a complete story, but lays the groundwork for a more detailed analysis of TEC depletion 

and recovery following radiation and BMT. A more thorough understanding of the 

factors involved in TEC renewal following BMT will undoubtedly lead to the discovery 

of novel therapies for speeding T-cell reconstitution post-HSCT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

115 

MATERIALS AND METHODS 

Animals 

C57BL/6.PL-Thy1a/CyJ (CD45.1-Thy1.1+; termed B6.PL) female mice were purchased 

from the Jackson Laboratory (Bar Harbor, ME) and used at 8 weeks of age as BMT 

recipients or controls (non-BMT controls). Donor female C57BL/6 (CD45.1-Thy1.1-; 

termed B6) and C57BL/6.Ly5.2 (CD45.1+Thy1.1-; termed B6.5.1) mice of the same age 

were purchased from the National Cancer Institute (Frederick, MD). Donor Rag-1/2-

deficient (CD45.2+Thy1.1-; termed RagKO) mice were bred in house. All mice were 

housed in specific pathogen-free facilities and all protocols were approved by IACUC at 

UMN. 

 

BM Transplantation 

Single cell suspensions of BM in RPMI 1640 were obtained from femurs and tibiae of B6 

or RagKO mice. BM from B6 donors was depleted of CD4+ and CD8+ T cells by 

incubation with 20µg/ml of monoclonal anti-CD4 (clone GK1.5, ATCC) and anti-CD8 

(Clone 2.43, NTCC) for 20 min at 4°C followed by incubation for 45 min at 37°C with 

10% v/v rabbit serum complement. Following extensive washes, cells were recounted 

and 5x106 BM cells were intravenously administered to B6.Thy1.1+ recipients that had 

received 9 Gy total body irradiation (TBI) from a gamma radiation X-ray source 24h 

prior to BMT.  

 

FACS sorting and seeding of HSC onto OP9-DL1 monolayers: 

HSC (lineage-ckithiSca1+) were FACS-sorted from B6.Ly5.1 (CD45.1+Thy1.1-) animals 

and seeded at 5x104 cells/well onto 60% confluent monolayers of OP9-DL1 stromal cells 

in culture media containing 20% (v/v) fetal calf serum, 1% (v/v) penicillin/streptomycin, 

5ng/ml of recombinant mouse Flt3L and 5ng/ml recombinant human IL-7 (both from 

R&D Systems). Lineage markers in “dump” gate included: CD3/4/8/19/11c/11b, NK1.1, 

Gr-1, TCRγδ, and Ter119 (eBioscience). Developing T-cell precursors were passaged 

and seeded onto fresh OP9-DL1 stromal cells every 3-4 days for a total of 21-28 days of 

culture. In some experiments, cohorts of lethally irradiated B6.Thy1.1+ recipients were 

injected with B6.CD45.1+ T-cell precursors alongside RagKO BM on day 0. 
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Thymocyte and TEC analysis by FACS 

Thymocytes and TEC were released into single cell suspensions using a previously 

published enzymatic digestion protocol with minor modifications6,8. Briefly, individual 

thymi were removed and small capsule incisions were made. Thymi were then incubated 

twice for 20 min in 0.1% collagenase-D plus 0.125% DNase-I (Roche, Indianapolis, IN) 

at 37°C, followed by two incubations for 20 min in 0.1% collagenase/dispase plus 

0.125% DNase-I (Roche) 37°C. During incubations, the suspensions were gently 

disrupted with a glass Pasteur pipet every 5-10 minutes to release TEC. Fragments were 

allowed to settle and supernatants were stored on ice with addition 6-ml FACS/EDTA 

buffer (2% FCS + 5mM EDTA in PBS) added to neutralize enzymes. Digestion 

supernatants from individual thymi were pooled, washed in FACS/EDTA buffer, and 

resuspended in 4-ml FACS/EDTA and stored for 10 minutes at 4°C to disaggregate 

clumping cells. Cell suspensions were then passed through 100-micron nylon mesh to 

remove debris and washed through with another 4-ml of FACS/EDTA buffer. 5x106 cells 

were stained with antibodies for TEC markers including: CD45-PerCp-Cy5.5; EpCAM-

PE, Ly51/CDR1-biotin plus streptavidin conjugated to PE/Cy7, MHC-II-Pacific Blue (all 

from eBioscience, San Diego, CA), and FITC-conjugated Ulex-europaeus-agglutinin-1 

(UEA-1) (Vector Labs, Burlingame, CA). Thymocyte FACS was performed with 

antibodies to CD45.1, CD3, TCRβ, Thy1.1, CD4, CD8, CD11c, CD44, CD25, 

RANKL/TRANCE (eBioscience). Anti-AIRE antibody was a generous gift of H. Scott 

(Monash University, Australia) and was detected with mouse anti-rat IgG2c-Cy5 

(Southern Biotech, Birmingham, Alabama). A total of 3x106 live events were acquired 

for TEC analysis and 1x106 for thymocyte analysis on a LSR-II flow cytometer (BD 

Pharmingen, San Jose, CA) and analyzed with FlowJo software (TreeStar, San Jose, CA).  

 

Statistical Analysis 

Differences between treated and untreated BMT groups were analyzed by a two-tailed, 

paired Student’s t-test with unequal distribution.  
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RESULTS 

Optimization of enzymatic digestion protocol to obtain TEC and thymocytes 

In 2002, Gray et al. were the first to publish a protocol for obtaining single cell 

suspensions of TEC from dissected thymus tissue8. This protocol relied on pooling 

several thymi for digestion and a laborious thymocyte depletion step prior to digestion, 

which precluded accurate quantification of TEC from individual thymi. Because our 

analyses required reproducible quantification of TEC in individual thymi, we first 

optimized the protocol for this purpose. Briefly, thymi were removed from euthanized 

mice and small incisions were made into the thymic capsule. The initial thymocyte-

depletion step was eliminated from the digestion procedure to minimize loss of cTEC that 

can occur during this step6. Instead, thymi were placed directly into a 2-ml mixture of 

collagenase-D plus DNase-I and incubated for 20 min at 37°C with gentle agitation every 

5-10 minutes. After 20 minutes, fragments were allowed to settle and supernatant was 

removed to be stored on ice with an equal volume of enzyme-neutralizing buffer. This 

digestion step was repeated once followed by two incubations in a mixture of 

collagenase/dispase plus DNase-I for 20 min at 37°C. This protocol provided highly 

reproducible numbers of TEC (defined as CD45-EpCAM+MHC-II+), cTEC (defined as 

CD45-EpCAM+MHC-II+Ly51+UEA1-) and mTEC (defined as CD45-EpCAM+MHC-

II+Ly51-UEA1+/-) from age/sex-matched mice isolated on several different occasions 

(Figure 1).  

 

TEC are depleted early following radiation and BMT 

Having observed that we could isolate reproducible numbers of TEC from 

individual thymi with this adapted protocol, we next investigated changes in TEC 

populations following radiation and BMT. For these studies, we administered the typical 

“lethal” dose of irradiation to C57BL/6 mice (9 Gy) and reconstituted with congenic T-

cell-depleted bone marrow cells110. Total TEC numbers were reduced >10-fold through 

two weeks post-BMT (Figure 2A). The dramatic loss of total TEC was mostly due to loss 

of mTEC, which were nearly undetectable at 4-12 days post-BMT (Figure 2C). On the 

other hand, recovery of cTEC numbers peaked at day 10 and cTEC appeared to be nearly 

restored to pre-BMT levels by 12 days post-BMT (Figure 2B). Collectively, these data 
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confirm and extend upon previous immunohistochemical reports for TEC loss by 

providing quantitative evidence for TEC depletion following radiation and BMT. 

 

Thymocyte-derived signals are necessary to support TEC regeneration following 

radiation and BMT 

To examine the role of TEC:thymocyte crosstalk in TEC regeneration following 

radiation-induced depletion, lethally irradiated adult B6 mice were reconstituted with 

either T-cell-depleted B6 (B6B6) or RagKO (RagKOB6) BM cells and monitored for 

TEC recovery weekly from 1-4 weeks post-BMT. Because RagKO thymocytes cannot 

progress past the DN2/3 stage of development52, this experimental approach allows us to 

compare TEC recovery in the thymus of an irradiated animal with normal versus 

interrupted thymocyte development. As expected, total TEC were equally depleted in 

both BMT groups at one week post-BMT compared with non-BMT controls (Figure 3A). 

The greatest loss was observed in the mTEC compartment (Figure 3C). Surprisingly, the 

kinetics of recovery for total TEC, cTEC and mTEC were almost identical in RagKOB6 

and B6B6 animals through two weeks post-BMT (Figure 3A-C). This observation did 

not agree with the original hypothesis that TEC require thymocyte crosstalk to drive their 

regeneration. However, closer examination of the thymus at this time point revealed that 

donor chimerism in BMT recipients of RagKO BM was <10% and suggested that an early 

trend toward recovery in this group may be due to crosstalk signals provided by 

radioresistant host-derived (i.e., B6) thymocytes. Indeed, by three weeks post-BMT when 

the thymi of RagKOB6 animals consisted of >60% RagKO-derived thymocytes, total 

TEC numbers were significantly lower in RagKOB6 compared with B6B6 animals 

(Figure 3A,F). Surprisingly, cTEC numbers in B6B6 animals in this set of experiments 

were not fully restored by two (or even four) weeks post-BMT, which appears to be in 

contrast to the results described in Figure 2. This data may imply that cTEC recovery 

temporarily “peaks” around 10 days post-BMT, followed by a “crash” in cTEC numbers 

that is not fully restored until later than four weeks post-BMT. Results from a previously 

published study would agree with this interpretation2. Analysis of cTEC numbers at 

intermediate time points would be necessary to more clearly define the kinetics of cTEC 

recovery.  
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Compared with non-BMT controls, B6B6 animals had restored >50% of their 

cTEC and mTEC numbers by four weeks post-BMT; however, it should be noted that 

animals from this group had a “normal” ratio of cTEC:mTEC (Figure 3A-C,E). At four 

weeks post-BMT, the hypocellular thymi from RagKOB6 animals contained >95% 

donor-derived, immature (i.e., DN) thymocytes (Figure 3F and data not shown). 

Accordingly, thymi from RagKOB6 animals showed significantly lower numbers of 

cTEC and mTEC compared with B6B6 animals (Figure 3). Recovery of terminally 

differentiated the AIRE+ mTEChi compartment was also significantly delayed in 

RagKOB6 animals compared with B6B6 animals at three and four weeks post-BMT 

(Figure 3D). Taken together, these data strongly support the hypothesis that the presence 

of thymocytes beyond the DN2/3 stage of development is critical to support regeneration 

of TEC following radiation and BMT.  

 

Addition of pre-T cells to RagKOB6 animals transiently increases cTEC 

regeneration following BMT 

Given the importance of thymocyte-derived signals in driving TEC regeneration 

following BMT, we were next interested in determining whether co-administration of 

committed T-cell precursors along with RagKO BM at the time of transplant could restore 

the lack of TEC recovery following radiation and BMT observed in RagKOB6 animals. 

For these experiments, we utilized the OP9-DL1 stromal cell line that, with addition of 

IL-7 and Flt3L, can support the development of T-cell precursors from purified HSC ex 

vivo289,292,297. This culture system routinely provided a four to five thousand-fold 

expansion of cells and >85% expressed a DN2/DN3 phenotype (Figure 4B-D). Irradiated 

B6 recipients were reconstituted with 5x106 T-cell-depleted BM cells from either B6 or 

RagKO mice as described above. Cohorts of RagKOB6 animals also received 8x106 T-

cell precursors derived from a four-week culture on OP9-DL1 stromal cells. This dose of 

T-cell precursors had been previously reported as an optimal dose for homing and 

engraftment following radiation and BMT297. B6B6 and RagKOB6 animals were also 

compared with B6 and RagKO non-BMT controls. The experimental schema for these 

experiments is illustrated in Figure 4A. In agreement with previous reports, transferred T-

cell precursors efficiently engraft in the thymus by two weeks post-BMT (Figure 5). By 
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three weeks post-BMT, the progeny of these cells had presumably been exported into the 

periphery or remained in the thymus as mature SP thymocytes (Figure 6).  

Cellularity of all TEC subsets in B6B6 animals was reduced compared with B6 

non-BMT controls at two and three weeks post-BMT, with the greatest loss observed in 

the mTEC compartment (Figure 7D-G). By eight weeks post-BMT, cTEC and mTEC 

numbers in B6B6 animals were equivalent to non-BMT controls (Figure 7H-K). 

RagKOB6 animals that had received T-cell precursors significantly increased cTEC 

numbers by three weeks post-BMT when compared with RagKOB6 that did not receive 

additional cells (Figure 7F). This benefit was transient, as these effects were lost by eight 

weeks post-BMT (Figure 7J). Nevertheless, RagKOB6 and RagKO + pre-TB6 animals 

appeared to equivalently restore their cTEC compartments by eight weeks post-BMT 

(Figure 7J). On the other hand, mTEC recovery was not enhanced by provision of T-cell 

precursors to RagKOB6 animals at two or three weeks post-BMT (Figure 7C,G). Thymi 

of RagKOB6 and RagKO + pre-TB6 animals contained markedly diminished numbers 

of mTEC through eight weeks post-BMT (Figure 7K). This data also demonstrates that 

any benefits provided by co-transferred T-cell precursors for promoting TEC recovery in 

RagKOB6 animals are transient and limited to the cTEC compartment. 

Interestingly, numbers of cTEC and mTEC in thymi from RagKOB6 animals at 

eight weeks post-BMT were significantly greater than numbers of mTEC in RagKO non-

BMT controls (Figure 7I-K). This finding suggests that there may be different signals 

required for mTEC development versus mTEC regeneration following depletion. 

Alternatively, transient signals provided by radioresistant host-derived thymocytes may 

be enough to support some mTEC regeneration.  

 

mTEC regeneration following BMT correlates with increased numbers of RANKL+ 

CD4 and CD8 SP thymocytes 

Two recent reports have suggested a role for mature RANKL+ SP thymocytes in 

positively regulating the size and maturation of the mTEC compartment in the postnatal 

thymus69,71. To determine whether frequency of mature SP thymocytes correlated with 

mTEC recovery in our model of radiation-induced depletion, we quantified RANKL+ 

CD4 and CD8 SP thymocytes at three weeks post-BMT in RagKOB6 and B6B6 
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animals compared with non-BMT controls. There were supranormal increases in numbers 

of CD4+CD3+RANKL+ (3-fold) and CD8+CD3+RANKL+ (7-fold) thymocytes in B6B6 

animals compared with B6 non-BMT controls (Figure 8). This indicates that an injured 

postnatal thymus may require supranormal numbers of these cells to provide inductive 

signals to a regenerating mTEC niche. Even thymi from RagKOB6 animals contained 

modestly higher numbers of RANKL+ SP thymocytes compared with B6 non-BMT 

controls; however these were 100% host-derived (Figure 8). These cells may be 

responsible for the low numbers of mature mTEC that are indeed detected in the thymus 

of RagKOB6 animals at this time and later (Figure 7). In line with this, we observed 

more mTEC in thymi of RagKOB6 animals compared with RagKO non-BMT controls, 

which cannot produce RANKL+ SP thymocytes (Figures 7). Addition of T-cell precursors 

to RagKOB6 animals did not increase numbers of CD4+CD3+RANKL+ or 

CD8+CD3+RANKL+ thymocytes in thymi of RagKOB6 animals, although 60% of the 

RANKL+ SP thymocytes in RagKO + pre-TB6 animals were the direct progeny of 

transferred T-cell precursors (Figure 8).  
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DISCUSSION 

The thymic dysfunction following BMT is largely due to negative effects of the 

pre-BMT myeloablative conditioning regimen on thymic stroma, especially TEC. The 

question of whether TEC are directly depleted by myeloablative conditioning (e.g., 

intense chemoradiotherapy) was posed in a recent report showing that TEC are a 

proliferative cell population in the steady state108. To date, studying the effects of 

chemoradiotherapy on TEC has been hindered by the lack of reliable and consistent 

techniques to isolate TEC from individual thymi. In this report, we use a protocol 

optimized for TEC isolation from individual thymi to confirm the idea that TEC are 

severely depleted by radiation. This data corroborates previous immunohistochemical 

data and extends the findings to provide quantitative analysis of TEC loss2,111,304. Our 

data also provide further insight into the greater radiosensitivity of mTEC (particularly 

UEA-1+ mTEC) compared with cTEC and the kinetics of recovery post-BMT. Lastly, we 

provide evidence that, similar to TEC development during embryogenesis, postnatal TEC 

regeneration following radiation/BMT requires thymocyte-derived crosstalk signals.  

We were intrigued by the longstanding idea that cTEC and mTEC development 

are disturbed in mice with early blockade in thymocyte differentiation59-69. This 

observation birthed the hypothesis that regeneration of mTEC and cTEC following 

ablation would be similarly dependent upon thymocyte crosstalk1,39,52. Indeed, this 

proved to be true. Two recent reports highlight the importance of signaling between 

RANK (on TEC) and RANKL (on SP thymocytes) for promoting mTEC 

development69,71. The supranormal numbers of RANKL+ SP thymocytes in thymi of 

B6B6 animals compared with B6 non-BMT controls indicates that a regenerating 

mTEC compartment following radiation/BMT may require “extra” help to support 

recovery of mTEC cellularity. Conversely, the lack of appreciable numbers of RANKL+ 

cells in thymi of RagKOB6 animals could partially explain the significant inhibition of 

mTEC regeneration following radiation/BMT.  

Ex vivo-derived T-cell precursors have been proven useful for speeding early T-

cell recovery in murine models of allogeneic BMT and are currently entering clinical 

trials for autologous HSCT in humans297,299,300. We hypothesized that additional benefit 

of this approach may reside in crosstalk-induced TEC regeneration. Although T-cell 
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precursors co-infused with RagKO BM cells efficiently engrafted in the thymus, they did 

not durably improve cTEC or mTEC cellularity. This may be due to the transient 

residence of transferred T-cell precursors in the thymus (<21 days). Alternatively, 

engraftment of transferred T-cell precursors into the irradiated thymus may provide 

signals to enhance TEC function rather than numbers. Quantitative RT-PCR (qRT-PCR) 

analysis of FACS-sorted cTEC and mTEC will be used in future studies to determine 

whether expression of genes necessary to support thymopoiesis is altered by the early 

presence of T-cell precursors in the thymus following BMT. Genes of interest would 

include IL-7, SCF, Flt3L, Delta-like-1/4, Jagged-2, and P-selectin24. Future studies will 

also vary the timing for administration of T cell precursors tested pre-sorted PSGL-1hi T-

cell precursors to enhance homing/engraftment in the thymus332. One caveat to later 

administration of T-cell precursors (i.e., later than day 0) might be limited engraftment of 

transferred cells into a more “full” thymic niche26. 

 Collectively, these data have important clinical ramifications. First, the 

regeneration of the UEA1+AIRE+ mTEC compartment is critical for maintaining central 

tolerance following BMT27. This is especially true in light of two recent reports 

suggesting that donor derived T-cell originating in the thymus post-BMT are primary 

mediators of chronic GvHD118,342. UEA-1+ mTEC are also important for the thymic 

renewal driven by other therapeutic approaches, including androgen withdrawal and IGF-

1 administration17,22. Characterizing the effects of pre-BMT conditioning on cTEC is 

equally critical, as cTEC directly support early thymocyte development and selection.  

The data presented in this chapter are only the beginning of the road toward a 

deeper understanding of the effects of radiotherapy on the TEC compartment. However, 

the techniques described in this report should provide a useful set of tools for further 

investigation into these clinically relevant questions. 
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Figure 1. Optimized protocol for isolating TEC from individual thymi yields 

reproducible TEC numbers. TEC were isolated from individual thymi removed from 

age/sex-matched mice according to the protocol described in Materials and Methods on 

five different days (n=4 thymi/day). The data were then pooled to demonstrate that the 

optimized protocol yields consistent and reproducible numbers of total TEC, cTEC and 

mTEC. Data shown are mean absolute numbers ± SEM of total TEC, cTEC and mTEC. 
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Figure 1 
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Figure 2. TEC are dramatically depleted for the first two weeks post-BMT. Lethally 

irradiated B6.PL recipients of T-cell-depleted BM from congenic B6.5.1 donors were 

analyzed for TEC numbers at 0, 4, 6, 8, 10 and 12 days post-BMT (n=4 thymi/day). 

Shown are means absolute numbers ± SEM of (A) total TEC (CD45-EpCAM+MHC-II+), 

(B) cTEC (CD45-EpCAM+MHC-II+Ly51+UEA1-) and (C) mTEC (CD45-EpCAM+MHC-

II+Ly51-UEA1+/-). 
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Figure 2 
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Figure 3. TEC remain depleted through four weeks post-BMT and require 

thymocyte crosstalk for their regeneration. Lethally irradiated B6.PL recipients of T-

cell-depleted BM from congenic B6.5.1 or RagKO donors were analyzed for TEC 

recovery weekly from 1-4 weeks post-BMT (n=4 thymi/day). Analysis of (A) total TEC 

(CD45-EpCAM+MHC-II+), (B) cTEC (CD45-EpCAM+MHC-II+Ly51+UEA1-), (C) 

mTEC (CD45-EpCAM+MHC-II+Ly51-UEA1+/-), (D) AIRE+ mTEChi (CD45-

EpCAM+MHC-IIhiLy51-AIRE+) and (E) cTEC:mTEC ratios for each time point. TEC 

recovery is expressed as the percentage of non-BMT controls (± SEM) that were 

harvested alongside BMT recipient groups. (F) Chimerism of donor BM-derived 

thymocytes was measured weekly post-BMT. Shown are means percentage ± SEM at 

each time point 
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Figure 3 
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Figure 4. Illustration of experimental schema including phenotype profile and 

expansion kinetics of OP-9-DL1-derived T-cell precursors prior to infusion. (A) 

Experimental approach for deriving T-cell precursors from B6.5.1 HSC by culturing on 

the OP9-DL1 stromal cell line with IL-7 and Flt3L and infusing into lethally irradiated 

recipients of RagKO bone marrow (RagKOB6 animals). (B, C) Phenotype of cultured 

cells after (B) two and (C) four weeks of culture on OP9-DL1 stromal cells. (D) 

Expansion of T-cell precursors over four weeks of culture on OP9-DL1 stromal cells. 

Data shown are representative of two independent experiments. 
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Figure 4 
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Figure 5. Transferred T-cell precursors efficiently engraft in the thymus by two 

weeks post-BMT. Lethally irradiated B6.PL recipients of T-cell-depleted BM from 

congenic B6.5.1 BM, RagKO BM or RagKO BM plus OP9-DL1-derived (B6.5.1) T-cell 

precursors were analyzed for thymocyte recovery at two weeks post-BMT and compared 

with B6.PL and RagKO non-BMT controls (n=4 thymi/day/group). (A) Total, (B) DN, (C) 

DP, (D) CD4 SP and (E) CD8 SP thymocytes were quantified and mean absolute 

numbers ± SEM of thymocytes are shown. 
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Figure 5 
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Figure 6. Progeny of transferred T-cell precursors that remain in the thymus at 

three weeks post-BMT have exited the thymus or differentiated into mature CD4 

and CD8 SP thymocytes. Lethally irradiated B6.PL recipients of T-cell-depleted BM 

from congenic B6.5.1 BM, RagKO BM or RagKO BM plus OP9-DL1-derived (B6.5.1) T-

cell precursors were analyzed for thymocyte recovery at three weeks post-BMT and 

compared with B6.PL and RagKO non-BMT controls (n=4 thymi/day/group). (A) Total, 

(B) DN, (C) DP, (D) CD4 SP and (E) CD8 SP thymocytes were quantified and mean 

absolute numbers ± SEM of thymocytes are shown. 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

136 

Figure 7. Co-administration of T-cell precursors with RagKO bone marrow 

transiently increases cTEC numbers by three weeks post-BMT. Lethally irradiated 

B6.PL recipients of T-cell-depleted BM from congenic B6.5.1 BM, RagKO BM or RagKO 

BM plus OP9-DL1-derived (B6.5.1) T-cell precursors were analyzed for TEC recovery at 

two, three and eight weeks post-BMT (n=4 thymi/day/group). Data shown are mean 

absolute numbers ± SEM of (A,E,I) total TEC (CD45-EpCAM+MHC-II+), (B,F,J) cTEC 

(CD45-EpCAM+MHC-II+Ly51+UEA1-), (C,G,K) mTEC (CD45-EpCAM+MHC-II+Ly51-

UEA1+/-), and (D,H,L) UEA-1+ mTEChi (CD45-EpCAM+MHC-IIhiLy51-UEA-1+).          

*, p<0.05 compared with RagKOB6 animals; #, p<0.05 compared with RagKO non-

BMT controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

137 

Figure 7 
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Figure 8. mTEC regeneration correlates with supranormal numbers of RANKL+ SP 

thymocytes. Lethally irradiated B6.PL recipients of T-cell-depleted BM from congenic 

B6.5.1 BM, RagKO BM or RagKO BM plus OP9-DL1-derived (B6.5.1) T-cell precursors 

along with B6.PL and RagKO non-BMT controls (n=4 thymi/day/group) were analyzed 

for absolute numbers of (A) CD4+CD3+RANKL+, (B) CD4+CD3+RANKL+ and (C) total 

RANKL+ SP thymocytes at three weeks post-BMT. Data shown are mean absolute 

numbers ± SEM of thymocytes. 
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Figure 8 
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Chapter 5 
 

Concluding Remarks 
 
 

The intense pre-HSCT conditioning regimen of chemotherapy and radiation is 

necessary to eradicate malignant cells and avoid graft rejection. Unfortunately, severe 

toxicity to “bystander” tissues remains a major complication leading to significant 

morbidity and mortality post-transplant83. Ongoing efforts of many preclinical and 

clinical laboratories are aimed at optimizing cytotoxic drug and radiation regimens to 

target malignancy while sparing healthy tissues. The TEC compartment of the thymus is 

particularly susceptible to radiation toxicity. Because TEC directly support T-cell 

development, TEC loss results in a prolonged T-cell deficiency following transplant and 

the consequently high incidence of opportunistic infections limits the efficacy and safety 

of HSCT. This dissertation addresses this major shortcoming in the field by detailing the 

development of novel approaches to restore thymic function and enhance T-cell 

reconstitution following HSCT in addition to experiments to gain deeper insight into 

endogenous signals necessary for TEC regeneration following HSCT.  

Previous work in murine models of BMT showed that KGF and androgen 

blockade as individual agents could significantly prevent thymic injury and prolonged 

immune deficiency following transplant10,20,165,271. The broad expression of KGF and 

androgen receptors on cells involved in the “axis” of T-cell production prompted us to 

investigate the additive potential of combined treatment of KGF and androgen blockade 

on restoring thymic function and T-cell numbers post-BMT. Androgen blockade via 

physical castration clearly does not translate well into the clinic, so we achieved 

castration levels of sex steroids through the use of a chemical LHRH agonist, leuprolide 

acetate. Combined administration of KGF plus Lupron lead to additive, rapid and durable 

restoration of thymic function and accelerated peripheral reconstitution of donor-derived, 

naïve CD4 and CD8 T-cells with a broad TCR-Vβ repertoire. Arguably the most 

important readout of T-cell reconstitution following BMT is the ability to mount an 

effective immune response against pathogenic challenge. In this regard, we demonstrated 

that additively enhanced T-cell reconstitution in KGF+Lupron-treated BMT recipients 

leads to a superior immune response against a neoantigen vaccine and a live pathogen in 
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vivo. Leuprolide acetate (a.k.a., LupronTM) has been safely used in the clinic for decades 

to treat various hormone-related disorders and a very recent clinical study demonstrated 

that Lupron treatment improved naïve CD4+ T-cells in autologous and allogeneic HSCT 

recipients272. KGF is routinely used in the clinic for the treatment of severe mucositis 

associated with intense pre-HSCT conditioning198. Thus, our data encourages future 

clinical trials designed to determine the safety and efficacy of combining these agents for 

facilitating immune recovery post-BMT in humans. 

Pre-treatment with KGF can prevent thymic injury in murine models of BMT 

with and without GvHD; however, KGF treatment fails to completely restore the mTEC 

compartment and functional T-cell responses are not restored in KGF-treated BMT 

recipients110. Moreover, the negative side effects of hormonal manipulation (e.g., with 

Lupron administration) in terms of quality of life can offset and, for some patients, 

outweigh any positive therapeutic benefit. In Chapter 3, we exploited a novel compound 

(PFT-β) for its ability to reversibly and transiently inhibit p53 function and thus 

ameliorate harmful side effects of chemoradiotherapy in murine models276,278,284,286. In 

fact, PFT-β is entering clinical trials for this purpose276. Administration of PFT-β was 

shown to abrogate apoptosis in certain epithelial tissues and protect mice from lethality 

following total body irradiation276. Importantly, the inhibition of p53 with PFT-β is 

reversible and transient278. Accordingly, there has been no reported increase in tumor 

frequency in animals treated with PFT-β. 

Given our direct observation that TEC (particularly mTEC) are highly 

radiosensitive, we hypothesized that temporary inhibition of p53 function with PFT-β 

could protect TEC from conditioning-induced damage/depletion. We further postulated 

that combining KGF and PFT-β would allow for KGF-driven expansion of 

radioprotected TEC by direct action on FGFR2-IIIb+ TEC and/or indirectly via 

thymocyte crosstalk signals. We report that combined treatment with KGF and PFT-β 

additively restored cTEC and mTEC, which lead to improved recovery of thymopoiesis, 

thymic output and recovery of peripheral naïve CD4 and CD8 T-cells. We propose that 

TEC recovery in PFT-β-treated BMT recipients was not as robust as in KGF+PFT-β-

treated BMT recipients, because the former group lacks the later crosstalk signals derived 

from KGF-expanded thymocytes. Interestingly, we also observed enhanced recovery of 
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T-cell zone FRC in lymph nodes of KGF+PFT-β-treated BMT recipients. FRC help to 

maintain SLO integrity and are critical for survival of naïve CD4 and CD8 T-cells and 

efficacious immune responses against intracellular pathogens334,335. It is possible that 

recovery of FRC in T-cell zones were at least partly responsible for the additive 

reconstitution of naïve peripheral T-cells and boosted immune responses against L. 

monocytogenes.  

Future studies could take advantage of the general radioprotective properties of 

both KGF and PFTβ to test the effects of combined KGF+PFT-β administration on 

prevention of acute and chronic GvHD. KGF+PFT-β may prevent acute GvHD via 

protection of epithelial barrier integrity and a shift toward a Th2 anti-inflammatory 

environment. Moreover, this approach may also inhibit chronic GvHD by promoting 

rapid recovery of mTEC to restore central tolerance to host antigens. Collectively, our 

data suggest the possibility for future clinical trials to investigate the safety and 

therapeutic value of combined treatment with KGF and PFT-β on immune recovery 

following BMT in models with and without GvHD. 

Thymocytes supply critical signals to support TEC development and mouse 

strains with arrested thymocyte development exhibit defects in TEC cellularity and 

maturation, especially in the mTEC compartment3,56,57,66,67,72,339,340. The results from the 

studies described in Chapters 3 and 4 had indicated that thymocyte crosstalk similarly 

plays a role in driving TEC regeneration following radiation-induced depletion. In an 

effort to more thoroughly elucidate this role, we reconstituted lethally irradiated animals 

with BM from wild-type mice or from mice that cannot progress past immature 

thymocyte stages.  

Flow cytometric techniques allowed us to circumvent the limitations of 

immunohistochemical techniques that have to date hindered quantitative measurement of 

TEC following depletive regimens. Importantly, our quantitative data corroborates and 

builds upon previous immunohistochemical data showing TEC loss2,111,304. The elevated 

radiosensitivity of mTEC (particularly UEA-1+ mTEC) has important clinical 

ramifications in light of two recent reports suggesting that donor derived T-cell 

originating in the thymus post-BMT are primary mediators of chronic GvHD118,342. The 

data presented in Chapter 4 only scratch the surface of a deeper understanding of the 
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effects of radiotherapy on the TEC compartment. However, the techniques described in 

this report should provide a useful set of tools for further investigation into these 

clinically relevant questions. 

 The work described in this dissertation has explored the therapeutic potential of 

combinatorial administration of several pharmacological compounds that, as individual 

agents, are FDA-approved or are presently the focus of ongoing clinical trials. Our 

preclinical data thusly warrant the consideration for future clinical trials to test the 

efficacy and safety of these therapeutic combinations. Further, we have provided 

quantitative insight into the depletive effects of radiotherapy on TEC and the role of 

“crosstalk” in mediating TEC regeneration. In short, have generated novel findings that 

will hopefully serve to advance the field of immune reconstitution following bone 

marrow transplantation.  
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