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The Role of STAT5 in Hematolymphoid Development in vivo.

Jonathan W. Snow

Hematolymphoid development is regulated by multiple systems delivering signals

from physiologic inputs. Among these are cytokines delivering signals to target cells

through activation of cognate cell surface receptors. The role of specific signaling

molecules utilized by cytokines in hematolymphoid development in the context of the

organism has not been fully elucidated.

We hypothesized that Signal Transducer and Activator of Transcription 5

(STAT5), a signal transduction molecule activated by many cytokine receptors in

hematopoiesis, would play a significant role in the efficient performance of this process

in vivo. Using STAT5A/5B-deficient mice, we found this molecule to be critical in

maintaining wild-type levels of multiple blood lineages at steady-state, due to cell

autonomous defects in hematopoietic progenitors, perhaps related to decreased survival

of these cells.

Examination of STAT5A/5B-deficient mice expressing a Bcl-2 transgene

revealed that ectopic expression of Bcl-2 was not sufficient to rescue all hematopoietic

defects seen in STAT5A/5B-deficient mice, indicating alternate biological roles of

STAT5 in early hematopoietic progenitors.

Suspecting that defects in cells other than hematopoietic progenitors were

contributing to hematopoietic defects in these mice, we found that loss of tolerance in

these mice leads to an autoimmune pathology affecting multiple processes including

:
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hematolymphoid development. STAT5's toleragenic role may be contributing to the

homeostatic survival of CD4"/CD25 regulatory T cells. We were also able to show that

hematopoietic defects in STAT5A/5B" mice could be rescued with transplant of wild

type bone marrow, indicating that STAT5A/5B-deficiency in non-hematopoietic tissue

did not adversely affect hematolymphoid development at steady-state.

Finally, we wished to explore the role of STAT5 as a molecular effector of IL-7

receptor activation in normal lymphocyte development. Using mice expressing an IL-7

transgene, we found a STAT5-dependent role for this cytokine in the preferential

development of CD8' T-cells. In addition, we found that heterozygosity of STAT5 was

able to provide protection from the IL-7-induced lymphomas found in these Tg IL-7

mice.

Taken together, these discoveries will add significantly to our understanding of

cytokine-dependent signal transduction, in particular that of STAT5, in hematolymphoid

development in vivo. In addition, these findings will contribute to our understanding of

this molecule as a therapeutic target.
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Chapter 1

Introduction



Hematolymphoid Development

Hematolymphoid development can be simply defined as the process through

which mature cells of the major blood lineages, including red blood cells, platelets,

neutrophils, basophils, eosinophils, mast cells, monocytes / macrpophages, dendritic

cells, natural killer cells, B-cells, and T-cells, are derived from a small population of

hematopoietic stem cells (HSC) throughout the lifespan of the organism (Fig. 1). Pictured

is a simplified schematic, which represents the differentiation of HSC to mature blood

cells via intermediate populations, such as the common lymphoid progenitor (CLP),

common myeloid progenitor (CMP), granulocyte-monocyte progenitor (GMP),

megakaryocyte-erythroid progenitor (MEP), and lineage-committed progenitors. The º
populations making up the current proposed hierarchy have been defined in recent years

by their prospective isolation and functional characterization. However, the paradigm of a º

three compartment hematopoietic system was put forth over 40 years ago [1] after the º
ability of bone marrow to provide radioprotection in mice was appreciated [2,3] and the

~first attempts at human bone marrow transplantation had been initiated [4]. This model

proposed a stem cell population, a population of progeny cells with progressively more

restricted self-renewal capacity and differentiative potential, and the mature cells of the

blood lineages. The first experimental support for these concepts was initiated by in vivo

spleen colony assays began in the early 1960’s [5-7]. In addition, the concepts of a

myeloid-lymphoid split, and a further granulocyte-monocyte split from other myeloid

lineages, have long been proposed, based on in vivo transfer assays [8], in vitro colony

types observed in response to defined growth factors [9], the existence of multipotential
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cell lines [10], clinical observations, and assumptions concerning the functional closeness

of mature cells.

The HSC are operationally defined as cells competent to reconstitute the

hematopoietic system of a recipient individual [11] and they are unique in two ways:

firstly, they possess the potential to differentiate into all hematopoietic lineages (and

although considered controversial, perhaps into cells of other tissues [12-16]), and

secondly, they have a remarkable, albeit limited, capacity for self-renewal. Indeed, one

HSC from a donor animal has the ability to repopulate the hematopoietic system of a

lethally irradiated recipient mouse [17] and to give rise to progeny with long-term

repopulating ability [18]. The HSC-containing population can be quantified and / or

separated using a number of different criteria, most notable of which is that pioneered by

I. L. Weissman and colleagues using the presence or absence of various surface proteins

to delineate HSC identity. In this paradigm, it is widely accepted that cells fitting a

lineage marker dim (Lin"Sca-1", c-kit' profile are in fact HSC [19]. Other common

approaches utilize surface binding of lectins such as WGA [20] or exclusion of vital dyes

such as rhodamine 123 [21] and Hoechst3342 [22]. HSC have been isolated in humans as

well (reviewed in [23]).

There are a number of assays for testing HSC number / function, which all rely on

measuring the long-term output of mature hematopoietic cells. These assays include long

term reconstitution, competitive repopulation, colony-forming-unit-spleen (CFU-S) based

assays, long-term culture initiating cell assay (LTCIC), cobble-stone-forming cell assay

(CAFC) (reviewed in [24]). The major limitation with these assays is that defects in HSC



or post-HSC progenitors lead to reductions in the read-out and may lead to overdrawn

conclusion in terms of the stage of defect.

The HSC population is itself rather heterogeneous and can be separated into at

least three subpopulations in mice, the long-term-HCS (LT-HSC), the short term-HSC

(ST-HSC), and the multipotenital progenitor (MPP) based on surface expression of other

markers Mac-1 and CD4 (25]. The long-term HSC (LT-HSC) type has the ability to fully

reconstitute hematopoiesis for the lifespan of the organism. The short term HSC (ST

HSC) has limited self-renewal activity and can only repopulate all hematopoietic lineages

for 8-10 weeks, while the multipotenital progenitor (MPP) has no self-renewal activity,

and is therefore not a stem cell per se, and can only transiently repopulate multilineage

hematopoiesis [25]. In addition, different activation states based on alternate markers, *º
such as CD34 [26] and CD38 [27], and Flt3 [28,29] can be observed. In addition, strain

**

differences can affect the markers used [30]. º

Post-HSC progenitors include the CLP and CMP, which are restricted to -
lymphoid and myeloid lineages respectively and have limited, if any, self-renewal f. º

-- "
-**potential. CLP have the ability to give rise to B-cells on stromal layers and T-cells in fetal

thymic organ cultures (FTOC) as well as B-cells, T-cells, NK cells, and dendritic cells

[31,32] in vivo. In addition, transplant of this sub-population can provide protection from

CMV infection post HSC transplant [33]. CMP have the ability to give rise to in vitro

colonies consisting of CFU-Mix, burst-forming units-erythroid (BFU-E), CFU

megakaryocyte (CFU-Meg), CFU-megakaryocyte / erythroid (CFU-Mege), CFU

granulocyte / macrophage (CFU-GM), CFU-granulocyte (CFU-G) and CFU-macrophage

(CFU-M) as well as cells from all myeloid lineages in vivo [34]. In addition, this sub



population can provide protection against fungal infection post HSC transplant [33]. This

cell type gives rise to two progenitor subsets with further restricted myeloid potential, the

GMP and the MEP. MEP give rise to CFU-Meg, BFU-E, or CFU-Mege colonies in vitro

and in vivo [34,35]. In addition, these cells are sufficient to provide short-term

radioprotection in lethally irradiated mice [36]. GMP give rise to CFU-M, CFU-G, or

CFU-GM colonies in vitro and granulocytes and macrophages in vivo [34]. CMP have

been isolated in humans as well [37].

Lineage-committed progenitors undergo specialized terminal differentiation

processes in the bone marrow, and in the case of T-cells, in the thymus. The committed

progenitors for B-cells [38], T-cells [39], and mast cells [40] have been isolated by

surface phenotype, but the analogous progenitors for all other lineages have not been

identified to date. Mature cells of the given lineages are highly specialized in both

structure and function.

Important caveats to this schematic include the possibility that there are multiple

pathways to derive some populations [41]. In addition, the schematic may be more

accurately portrayed as a continuum rather than as discreet populations. Also, alternate

models, such as the sequential model, have been proposed [42] and the current paradigm

is still subject to debate [43-46].

Hematopoiesis demonstrates ontological changes in location and functional output

during embryonic development. Fetal hematopoiesis is derived from both extraembryonic

and intraembryonic tissue. Extraembryonically derived hematopoiesis is found in the

yolk sac at day E7 [47] and is thought to be transient in nature. These hematopoietic cells

are derived from the hemangioblast, a precursor that also gives rise to endothelial tissue
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or endothelial cells themselves [14]. The first intraembryonic hematopoietic cells, also

found around day E7, are derived from the para-aortic-splanchnopleura (PAS) / aorta

gonad-mesonephros region (AGM) [47], probably from specialized endothelial cells [14].

Starting at day 10, these HSC move to the fetal liver, where they remain until they

colonize the bone marrow and to some extent the spleen. As work from multiple groups

show, fetal hematopoiesis is likely to follow rules that are similar to those for adult

hematopoiesis, but with some distinctions [48]. Fetal liver HSC are defined by alternate

markers [49] and are functionally disparate. They possess increased competitive

repopulating ability [50]. Also, they possess distinct differentiative potential, as

exemplified by the differences in the mature cells produced such as VY3 and V4 T-cells,

Bla B-cells, and primitive macrophages that cannot be produced by adult HSC [51-54].

Also, differences in potential are demonstrated by the differential lineage relationships of

the post-HSC progenitors derived from fetal liver HSC [55-57]. In addition, it is currently

unclear whether there is a developmental switch converting fetal HSC to adult HSC or

whether they are derived separately [48].

Although some functional aspects of the mammalian hematopoietic system are

found in very early organisms from the Kingdom Animalia, the first recognizable forms

are observed in organisms possessing true coelums, the Coelenterata, within the

bilaterally symmetric organisms. Specialized blood cells that produce and transport

oxygen-binding proteins (replacing soluble proteins in hemolymph) are first found in true

coelumates, however only sporadically in various Phyla until Chordata.[58].

Cells involved in the professional performance of scavenging and innate

immunity arose in coelumates as well. In D. melanogaster, there are at least two

*: º
ººf{
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“hemocyte” lineages produced during embryogenesis from the mesoderm, and later in a

specialized tissue known as the lymph gland, already demonstrating a divergence in

production sites during ontogeny [59]. The plasmatocytes are small rounded cells that are

able to phagocytose apoptotic cells, foreign material, and pathogens, as well as to

produce anti-microbial peptides. The second cell, called the crystal cell, is involved in the

encapsulation of pathogens by melanization [60].

In addition, hemostasis, the process of maintaining the integrity of a circulation

system, is first noted in these organisms. In D. melanogaster, this role is also undertaken

by crystal cells. The melanization cascade, although not equivalent to the vertebrate

clotting cascade, shares functional and some molecular similarities [61].

It is within the Craniata, of the Phylum Chordata, that hematopoiesis first closely

resembles the same process found in mammals. In the jawed fish, Danio rareo, there are

red blood cells [62) and thrombocytes [63], which share some structural features with

mammalian platelets. In addition, D. rareo have a clotting cascade analogous to that

found in mammalian organisms [64]. Multiple myeloid cell types with segmented nuclei

join macrophages in innate immunity [65] and the adaptive branch of the immune system

is first evident in jawed vertebrates, the Gnathostomata. It is now speculated that

lymphocyte-like cells arose following genome duplication events and that the subsequent

ability to rearrange Ig and TCR followed the genomic insertion of a transposase [66].

Although hematopoieis occurs in the kidney, secondary lymphoid organs such as the

spleen and thymus are detected in jawed fish [67]. In addition, all Craniata possess a

highly regulated vasculature system with endothelial cells [68]. These cells stem from the

hemangioblast, a common ancestor with hematopoietic cells [62]. Perhaps most striking

º
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is the presence of the sequential program of hematopoietic development, with stem cells

and multipotential progenitors, in these organisms [62].

Many of the molecular mechanisms controlling both the differentiation and

function of hematopoietic cells are conserved throughout phylogeny. Transcription

factors, which are involved in the specification of stem cells and the commitment and

differentiation of various lineages in mammals, such as GATA and RUNX family

homologes, are found in both fish and flies [62,69]. Cytokines and cytokine signaling

pathways, such as the JAK-STAT pathway [70,71], are also shared among these species.

In short, hematopoiesis is both extremely old and conserved in its function, organization,

and molecular regulation.

Homeostatic Regulation

Regulation of this rather complex developmental process is carried out by

multiple inputs and strives to balance the somewhat opposing goals of hematopoiesis: to

maintain a quiescent population of HSC available for continuing hematopoietic

production through out the lifespan of the organism and to maintain a dynamic

homeostasis in the production of the various hematopoietic cells with their different and

opposing functions as dictated by the physiologic needs of the organism. The physiologic

requirements of the organism are defined as the size of the peripheral compartment of a

given lineage needed to optimally accomplish its function. Homeostasis is maintained by

modulating two factors: the rate of production of a given lineage, and the half-life of the

mature cells (Figure 2).



The half-life of mature cells of a given lineage at steady-state is highly variable

depending on the lineage and ranges from a few hours for mature granulocytes [72], to a

few days for platelets [73], to a few weeks for erythrocytes [74,75], and from a few days

to up to years for lymphocyte [76-78] in the mouse. The half-life of mature cells can be

altered by modulating their survival and in the case of erythrocytes and platelets, their

removal by the reticuloendothelial system.

Both the total number of cell produced and the distribution of production among

various cell lineages are dictated by the organismal requirements. At steady state, it has

been estimated that 2.4 x 10° cells must be generated per day to maintain homeostasis in

the mouse [79]. At steady state, distribution of production for a given lineage is inversely

proportional to the half-life of the lineage and the size of the compartment, so :

granulocyte progenitors are the predominant lineage committed population in the bone

marrow. Regulation of production is operationally achieved by altering the expansion of
: ºmulti-potential and / or committed progenitors that are forbearers of the lineage or {

lineages needed (as well as mature cells in the case of lymphocytes). : .
**

Physiological stressors can lead to the alteration of the size of the peripheral ****

compartment, the half-life of mature cells of a given lineage, and the production of

mature cells by progenitors. These stressors include genetic lesions and environmental

causes. The size of the peripheral compartment of a given lineage can be affected by

alterations in the environmentally dictated demand for a given lineage, for example

infection or change in pC2. The half-life of mature cells can be affected by the inability

of mature cells to respond to appropriate stimuli and abnormalities leading to decreased

survival of mature cells, either genetic or acquired. In addition, destruction of cell can be



mediated by non-specific blood loss, selective destruction of mature cells by pathogens,

or aberrant immune response. The rate of production of mature cells can be affected by

supply of appropriate stimuli and the ability of progenitors to respond to them, defects in

the machinery that specifies lineage commitment, defects in the uptake and storage of

various molecules necessary for development by support cells or utilization of these

molecules by progenitors. In addition, selective destruction of progenitors by pathogens

or aberrant immune response can occur as well.

Biologically, the regulation of production consists of controlling the behavior of

HSC, post-HSC progenitors, and lineage committed progenitors. For HSC that translates

into controlling the rate at which quiescent cells differentiate, self-renew, apoptose, or

mobilize into peripheral tissue and home to bone marrow [80]. For post-HSC-progenitors º
-

and lineage committed progenitors that translates into controlling the rate at which cells
**

differentiate, proliferate, apoptose, or mobilize into peripheral tissue and home to bone s

marrow (Figure 3). ;~
Mechanistically, these biological behaviors are regulated utilizing two different {I, -

cº--- * *

---approaches. First, hematopoietic cells can be controlled by soluble mediators either in

systemic feedback loops or in microenvironments within the sites of hematopoietic

production. Soluble mediators include two basic classes of molecules. First, protein

mediators include growth factors and chemokines. Cytokines, TGFB family members,

and ligands for receptor tyrosine kinases are involved in positive or negative regulation of

proliferation, survival, and differentiation. Chemokines are involved primarily in the

regulation of chemotaxis. Second, non-protein molecules are involved in controlling

proliferation, survival, differentiation, and chemotaxis. Hematopoietic cells can also be
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controlled via cellular interactions with mediators anchored to other cells and to

extracellular matrix components (ECM). These mediators include cytokines or

chemokines anchored to cells or to ECM, involved in the same regulation as above. In

addition, transmembrane ligands for the TNF family of death receptors, and

transmembrane adhesion molecules such as integrins, lectins, and sialomucins are

involved in the regulation of proliferation, survival, differentiation, and adhesion.

Cytokines and Receptors

One broad class of soluble mediators are the helical cytokines, which comprise a

large family of small molecular weight glycoproteins with an anti-parallel four-helix

bundle structure with diverse biological activities [81,82]. The study of these molecules

as regulators of hematopoiesis was initiated with in vitro colony assays in the presence of

conditioned media [83,84]. Their subsequent purification and characterization in vitro,

the elucidation of their physiologic role through the use of purified protein

administration, transgenics, and gene targeting in mice, and their clinical utility, has

solidified this family of molecules as critical for the efficient regulation of

hematolymphoid development. Some features of this family include, pleotropic effects,

synergism with other factors, and, often, redundancy of function. Cytokines also tend to

act at multiple stages in hematopoietic development. For example, many act on the HSC

themselves, such as granulocyte-colony stimulating factor (G-CSF), interleukin-6 (IL-6),

interleukin-11 (IL-11), thrombopoietin (TPO), and leukemia inhibitory factor (LIF) [85]

Others, such as erythropoietin (EPO), TPO, and G-CSF, act on lineage-committed

11



progenitors exclusively or in addition to their earlier effects [86-88]. For a comprehensive

review of in vivo roles of various cytokines see [89].

There are two families of cytokines known as type I and type II. Cytokines that

utilize class I cytokine receptors in particular play an indispensable role in controlling

hematopoietic development and function. These Class I, or hematopoietin, receptors have

the following characteristics. In the extracellular domain, the receptors share a number of

conserved cysteine residues and a characteristic WSXWS domain [82,90). With the

exception of these characteristics, cytokine receptors are fairly diverse, and can be

subdivided, based on order of oligimerization, structural similarities, and shared subunits,

into the GH family, ■ c family, gp130 family, gp130 related family, and the Yc family.

Intracellularly, most of the sub-family members possess a conserved multi-domain Jak

binding region and a number of distal tyrosines. Activation of these receptor complexes

involves ligand-induced dimerization and conformational shifts [82].

Ligand-induced activation of cytokine receptors has been hypothesized to have a

number of potential biological effects on target cells within the hematopoietic system,

including regulation of the actions of proliferation, apoptosis, mobilization / homing, and

differentiation mentioned above.

Cellular division is the result of a tightly regulated cell cycle in which DNA is

doubled and the cellular components divided, resulting in two daughter cells. The cell

cycle is regulated by an independently acting system that controls downstream processes

corresponding to the different phases of the cell cycle. Quiescent cells are in G0. These

cells move into G1 to initiate the protein synthesis required for DNA synthesis. To pass

the G1/S transition, cyclin proteins are upregulated by extrinsic and intrinsic factors.

- - - -
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These proteins interact with cyclin dependent kinases, which direct downstream cell

cycle processes via phosphorylation of target molecules, including Rb-E2F complexes,

releasing its inhibition of entry into the cell cycle, and DNA synthesis machinery. After

S-phase, G2 represents a gap in the cycle during which DNA synthesis is checked for

completion. Other cyclin/cdk complexes regulate the checkpoint before M-phase, during

which the physical act of cell division, mitosis, occurs [91]. Cytokine-mediated control of

proliferation occurs at the G1/G0 to S transition, as cells committed to S-phase are

largely insensitive to growth factors. Growth factors regulate this transition through

upregulation of members of the Cyclin D family to contribute to the formation of cyclin /

cyclin dependent kinase (cdk) complexes noted above. In addition, cytokines are known

to be involved in the regulation of cdk-inhibitiors of the INK4 class (p16, p19) and

KIP/CIP class (p21, p27), which antagonize cdk activity [92].
* *

Mobilization of HSC and progenitors into the periphery and its’ converse, homing
º

** *

to hematopoietic niches, are processes with unclear physiologic relevance, but huge "
** = -

clinical applications. Homing of hematopoietic stem and progenitor cells to the bone ■ .. .
--
*"marrow occurs naturally in development as these cells migrate from the fetal liver

beginning at E17 [93] and mobilized progenitors appear to continue to home at low levels

throughout life. The process of homing to hematopoietic niches is best understood for

bone marrow and it is thought to be regulated by interactions of the chemokine SDF-1

with its receptor CXCR4 [94,95] and upregulation of adhesion molecules, especially 31

integrins (VCAM) [96,97] and sialomucins such as CD34 [98]. Mobilization of stem and

progenitor cells into the peripheral blood and secondary sites of hematopoiesis such as

the spleen and liver has been known for over 40 years [99] and the physiologic relevance
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of this process has been explored [100,101]. Mobilization is generally considered to

involve disruption of the same pathways utilized to achieve homing of the cells to

hematopoietic niches. Cytokine-mediated control of homing and mobilization consists of

increasing or decreasing the expression or function of the chemokine and adhesion

molecules that mediate these processes. Administration of a number of cytokines,

including G-CSF, interleukin-3 (IL-3), granulocyte / macrophage-colony stimiltaing

factor (GM-CSF), TPO, fins-like tyrosine kinase 3 ligand (Flt3L), stem cell factor (SCF),

and interleukin-8 (IL-8), as well as myeloablation via radiation and cytotoxic drugs

increases the rate of mobilization of these cells. Mobilization via G-CSF has been the

most extensively studied and may be a common pathway for mobilization. G-CSF

mobilizes neutrophils as well as progenitors. However, this process is not a non-specific

release of bone marrow cells, as other cells such as eosinophils are not released [102]. G

CSF is thought to operate indirectly on progenitors by causing the G-CSF receptor

dependent release of proteases. These proteases cleave proteins important for the

adhesion of stem and progenitor cells within the bone marrow [103-105], such as VCAM,

known to be important in mobilization [106]. In addition other mechanisms may be

important, such as the downregulation of SDF-1 concomitant with upregulation its

receptor [107,108], or upregulation of other proteases in non-hematopoietic cells [109] or

directly impacting function of adhesion molecules [110].

Differentiation can be divided into two processes in hematopoietic development.

The first is the decision of differentiation versus self-renewal for stem cells. The

regulation of this process likely involves transcription factors that help to maintain

“stemness”, such as homeobox genes [111,112) and Ikaros family members [113], as
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well as extrinsic factors that promote self-renewal division over differentiation division,

including members of the Notch [114,115), Wnt [116), TNF-0. [117], and bone

morphogenic protein (BMP) [118] families. In addition, molecules that maintain

quiescence, such as TGF-B [119,120], appear to positively affect stem cell maintenance

perhaps through regulation of cdki p21 [121]. The role of cytokines in this process is

thought to favor differentiation division [122], although some combinations are reported

to expand stem cells [123]. The molecules involved are not well understood and efforts

are now being made to define stem cell specific molecules, which may be important

[124]. The second process of differentiation is the decision to commit to a specific

lineage (or set of lineages) from multiple choices for multi-potential progenitors. Lineage

specification is currently thought to involve positive regulation of a specific lineage ."

program [125] concomitant with negative regulation of alternate lineage programs [126]
* *

by transcription factors within the cell. Recent evidence supports a model in which * *

multipotential progenitors are “primed”, i.e. express lineage specific transcription factors t"
* -

for multiple lineages simultaneously [127-129]. Competing factors are known to * --> -
***

****antagonize the transcriptional activity of one another at the protein level, hypothetically

resulting in dominance of one factor, which is then reinforced. This leads to the

downregulation of other factors and the lineage of the dominant factor is chosen at the

expense of others [11]. The role of cytokine receptor signaling in differentiation and

commitment to a specific lineage path and the subsequent differentiation is a point of

much debate. Two paradigms have been proposed and consist of the stochastic and the

instructive models. There is compelling evidence for each of these and there is also the

possibility that elements of both models may be applicable. The stochastic model states
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that the lineage of a progenitor cell is “chosen” in a random manner by the cell and that

the ensuing differentiation is an intrinsic program without need for any external signals

for its completion. In this model cytokine receptors merely allow the cell to escape

apoptosis and to proliferate. Swapping of the cytoplasmic tails of cytokine receptors in

vivo results in normal lineage commitment in multiple cases [130,131]. Bcl-2 can rescue

differentiation of some multipotential progenitor cells in the absence of cytokine

signaling in vitro [132] and in vivo [133,134]. These data collectively imply a purely

survival function for cytokines.

However, there is a large body of evidence that supports an instructive model.

The instructive model states that a progenitor cell is instructed to follow a specific lineage

path and that the differentiation program will not move to fulfillment in the absence of

these receptor-specific signals. This model implies that proliferative, anti-apoptotic, and

specific differentiative signals can all be generated by cytokine receptors. There is also a

large body of results supporting this model. The combination of cytokines given in the

medium can dramatically skew the number of lineage-committed precursors toward a

particular lineage [135]. Furthermore, ectopic expression of various cytokines or

receptors can result in lineage-specific gene expression in cell lines [136-138] and

transdiffierentiation to myeloid lineages in CLP and Pro-T cells [139]. Thus, these

findings assign some level of differentiation instruction to certain cytokine receptors.

In addition, some evidence supports a compromise of these two models. Bcl-2 can

only rescue specific differentiation phenotypes in another G-CSF-dependent cell line

[140]. This result implies that at this stage in lineage commitment, there is an intrinsic

“program” that directs some differentiation processes, while another program requires
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direct and specific G-CSF receptor signals. Retroviral delivery of a constitutively

activated EPO receptor with EPOR, GHR, or c-mpl cytoplasmic tails result in

erythrocytosis, while receptors with G-CSFR resulted in half of the animals displaying

anemia and neutrophilia [141].

Apoptosis and cytokine-mediated regulation of this process will be discussed in

detail in Chapter 3.

Signaling Pathways

Cytokine receptors utilize multiple downstream signaling pathways to effect

biological outcomes. Many cytokine receptors utilize catalytic domains located within

their cytoplasmic tails to transduce signals [82]. However, cytokine receptors of the Class

I family do not possess any nascent enzymatic activity, but instead rely on associated

kinases of the Janus (JAK) and Src family for generating intracellular signals. The JAK

kinases are required for cytokine receptor signaling as their removal in vitro or in vivo

abolishes all downstream signaling [81]. Upon ligand-induced dimerization, the

associated JAK kinases cross-phosphorylate each other, undergo a conformational shift

that increases their activity, and phosphorylate the cytoplasmic tyrosine of the cytokine

receptors. These tyrosines serve as docking sites for SH2 domains on other signaling

molecules, which are then phosphorylated by the JAK kinases and other associated

kinases.

Downstream pathways that are recruited and triggered by cytokine receptors

include signal transducers and activators of transcription (STAT), the Ras / mitogen

activated protein kinase (MAPK) pathway, the phosphatidylinositol 3-kinase (PI3K) /

17
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Akt pathway, and the PI3K/phospholipase CY (PLCY) pathway, Src kinases family

members, the Pyk2 pathway, and perhaps others not yet characterized (Figure 4)

[81,142]. The relative contribution of each of these pathways to the biological outcomes

executed by various cytokines in vivo requires further study.

Cytokine receptors are also subject to multiple pathways of negative regulation.

First, receptor-mediated endocytosis and degradation limit the lifespan of receptors on the

cell surface. Second, critical tyrosine residues are dephosphorylated by receptor activated

phosphotases, such as SHP. Finally, members of the CIS family interfere with binding of

proteins to SH2 domains on the receptor and target various components of the receptor

complex for degradation (reviewed in [143]).

How this family of receptors generates specificity in biologic outcomes has been a

point of considerable interest. It probably involves the combination of multiple

mechanisms including spatial and quantitative limits on availability of the cytokine,

restricted receptor expression, and the state of the target cell [81]. In addition, although

these pathways are often studied or considered as separate entities, it is important to

recognize that they are actually subunits of highly interconnected networks. Signals from

multiple different inputs, both within the cytokine receptors family and from other

sources activate overlapping sets of pathways that together effect biological outcomes.

Processing of the combination of incoming signals likely results from both summation of

inputs as well as the temporal characteristics of the pathways [144,145].

STAT Factors
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The discovery of the JAK-STAT pathway [146] appeared to offer one mechanism

through which cytokine receptors could selectively upregulate distinct target genes and

be responsible for specific biological behaviors through the mechanism of distinct

intracellular signaling pathways. STATs are cytoplasmically located, latent transcription

factors that are activated by JAK kinases and receptor tyrosine kinases. There are seven

STAT proteins, denoted STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and

STAT6. STAT proteins share some basic structural features, including an N-terminal

domain important for tetramerization, a coiled-coil domain, a DNA binding domain, a

linker domain, an SH2 domain, and a C-terminal domain containing both a critical

tyrosine residue and a transactivation domain. The SH2 domain of STAT proteins is

involved in recruitment to phosphotyrosines on the cytoplasmic tails of receptors.

Differences in SH2 domain structure are thought to lead to the specificity of STAT

receptor interactions [147,148]. In addition, there is evidence that STATs can be recruited

to bind to the JAK kinases directly [142]. Upon binding to a phosphotyrosine motif in an

activated receptor complex, the STAT protein is phosphorylated on the C-terminal

tyrosine. The molecule then homo-oligimerizes with other STAT molecules allowing

translocation into the nucleus perhaps through internalization of a nuclear import signal.

Once in the nucleus, STATs bind DNA and increase the transcription of target genes by

binding to specific DNA sequence motifs known as the Y-interferon-activated site (GAS).

[142,149-151].

STAT proteins are thought to display different target specificity dependent on the

dimerization partners and whether dimerization or tetramerization is involved [152]. In

addition, STAT proteins often accomplish transcriptional activation in conjunction with



other nuclear factors. Various genes have been shown to be upregulated by STAT

molecules, including those involved in cell cycle progression, anti-apoptosis, and

regulation of cytokine signaling (reviewed in [153]).

The realization that there were a very limited number of these proteins and that

many were activated by multiple cytokine receptors with different functions, reduced the

emphasis for the one STAT, one function-model. However, STAT signaling is still

thought to be important for contributing to specificity of signaling by cytokine receptors.

Specificity of signaling is though to de dependent on the receptor-specific STAT
-- -

---

complexes activated, cell-specific expression of STAT proteins, crosstalk between º :

receptors, and interaction with co-factors. > * ,

STAT5 º
One member of the STAT family, STAT5, was first characterized as mediating .

º - *

signal transduction from the prolactin (PRL) receptor [154,155]. This molecule has *
- º -" º

subsequently been shown to be activated by diverse cytokine receptors involved at º º
multiple levels within the hematopoietic system and in other tissues (Figure 5) in addition --- .

to receptor tyrosine kinases and non-receptor tyrosine kinases [156-159]. The widespread

engagement of its two isoforms, STAT5A and STAT5B, has implicated STAT5 as a

potentially important component of cytokine receptor signaling in hematopoietic cells. º
-

Cell culture studies supported a role for STAT5 in hematolymphoid development. For
-

example, STAT5 was shown to be involved in EPO-induced proliferation of TF-1 cells

[160] and in IL-2 mediated survival of 32D cells [161]. STAT5 has also been implicated
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in both interleuken-3 (IL-3)-induced proliferation and G-CSF-induced differentiation in

32D cells [162] and the proliferation and survival of Baf2 cells [163]. º

STAT5 is known to upregulate the proteins in hematopoietic cells that are ` .

involved in the regulation of proliferation, such as Cyclin D1 [164], c-myc [165], Cyclin º
º

D2 [166], and p21 [167]; survival, such as Bcl-X [168-170], Bcl-2 [164], pim-1 [171], / {

and fas [172]; and growth factor signaling, such as oncostatin-M (OSM) [173] and IL-
|

2Ro. [174]. STAT5 also upregulates transcription of multiple genes involved in the n

specific function of non-hematopoietic cells, including 3-casein [175], 3-lactoglobulin
* * * * *

[176], bile acid co-transporter [177], insulin [178], and aromatase [179]. In addition, º
-

a "

STAT5 upregulates cytokine—induced suppressor (CIS), a protein involved in the - &

negative regulation of cytokine signaling [180,181). Naturally occurring forms of STAT5

that are truncated and function as dominant negatives have been found [182-184]. º
-- * s º

STAT5 is known to interact with a number of nuclear factors, which may add to * * ~, - *

its function, such as the glucocorticoid receptor and N-myc interactor (NMI) [185,186]. º
To determine physiologic relevance of STAT5 in cytokine signaling, various gene º -

deficient mice were generated. Mice deficient for either STAT5A [187] or STAT5B _**** º
[188] were found to exhibit dramatic defects in specific non-hematopoietic tissues, which

demonstrated indispensable roles for these two isoforms in mammary gland development,

and body growth and liver gene expression, respectively. These models confirmed the
- -

role of STAT5 in signal transduction from growth hormone (GH) and PRL receptors that
*

had been demonstrated in cell culture. In addition, these models demonstrated a

divergence of function for the two molecules in vivo. However, the individual isoform

deficient mice possessed only subtle alterations in the regulation of hematopoietic cells
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[189-191], which led to the hypothesis that they could compensate for each other in this

context. Despite the expectations that a compound knock-out would reveal importance in

hematopoietic development, mice deficient in both the STAT5A and STAT5B isoforms

were reported to have no further defects in the production of mature blood cells of

various lineages with the exception of decreased numbers of peripheral T-cells [192].

However, some evidence of additional hematologic dysregulation was evident in these

animals, such as reduced bone marrow colony counts in vitro and notable extramedullary

hematopoiesis [192,193]. In addition, marked fetal anemia in vivo as well as defects in

EPO-dependent production and survival of fetal liver hematopoietic colonies in vitro

were subsequently reported [194].

A certain expectation of importance for STAT5 in hematolymphoid development

had been dictated by its profiles of activation by class I cytokine receptors and extensive

in vitro data demonstrating its key role in signaling by this family of receptors. However,

in vivo evidence produced by multiple groups provided an unclear and contradictory

picture of the importance of this molecule in hematolymphoid development. Elucidating

the role of STAT5 in vivo at the start of this work was a critical objective in the fields of

cytokine receptor biology and hematopoietic development. This was an important aim,

not only for determining the role of STAT5 and the cytokines that activate it in this

process, but for furthering our understanding of the molecular mechanisms of cytokine

signaling in general. The goal of this project was therefore to extensively characterize the

functions of STAT5 in vivo using mouse genetics and rigorous assays for hematopoietic

development in order to clarify these issues.
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Figure Legends

Figure 1. Hematopoietic development proceeds through stages of increasingly

restricted developmental potential and proliferative capacity. Pictured is a simplified

schematic, which represents the differentiation of HSC to mature blood cells via

intermediate populations, such as the common lymphoid progenitor (CLP), common

myeloid progenitor (CMP), granulocyte-monocyte progenitor (GMP), megakaryocyte

erythroid progenitor (MEP), and lineage-committed progenitors.

Figure 2. Homeostasis in hematopoietic development is set by the physiologic needs

of the organism. The physiologic requirements of the organism is defined as the size of

the peripheral compartment of a given lineage needed to optimally accomplish its

function (box). Homeostasis is maintained by modulating two factors: the rate of

production of a given lineage, and the half-life of the mature cells (arrows).

Figure 3. Hematopoietic cell production is regulated by controlling the biological

behavior of progenitor cells. Biologically, the regulation of production consists of

controlling the behavior of HSC, post-HSC progenitors, and lineage committed

progenitors. That translates into controlling the rate at which quiescent cells differentiate,

self-renew, proliferate, apoptose, or mobilize into peripheral tissue and home to bone

marTOW.

23



Figure 4. Type I cytokine receptors activate multiple dounstream signal

transduction pathways. Downstream pathways that are recruited and triggered by

cytokine receptors via their JAK kinases include the signal transducers and activators of

transcription (STAT) pathway (black), the Ras / mitogen activated protein kinase

(MAPK) pathway (gray), the phosphatidyl-inositol 3-kinase (PI3K) / Akt pathway, and

the PI3K/phospholipase CY (PLCY) pathway (white), as well as Src kinases family

members, the Pyk2 pathway, and others not yet characterized.

Figure 5. STAT5 is activated by a diverse array of cytokine receptors. STAT5 has :
-

*

been shown to be activated by diverse cytokine receptors involved at multiple levels º
- -

> -

within the hematopoietic system and in other tissues in addition to receptor tyrosine * * * º >

kinases and non-receptor tyrosine kinases (not shown). : . .
º -

* ...
* *

------" " --- º
-----"
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Figure 5
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Introduction

Cytokines of the type 1 family receptors are themselves catalytically inactive and

require the presence of an associated kinase to signal to the cell upon ligand-induced

activation. The primary group of kinases thought to provide this role in vivo is that of the

Janus kinase (JAK) family. One class of downstream molecules that is phosphorylated

and activated by these kinases, is the signal transducer and activator of transcription

(STAT) family of transcription factors.

One STAT in particular, STAT5, was hypothesized to be extremely important in

cytokine signaling transduction in vivo, due to its ubiquitous activation and apparent

importance in cytokine-mediated responses in vitro. However, mice deficient for one or

both isoforms of STAT5 appeared to exhibit only minor hematopoietic defects upon first

examination [1-6].

However, some evidence of additional hematologic abnormalities was evident in

these animals, such as reduced bone marrow colony counts in vitro and notable

extramedullary hematopoiesis [6,7]. In addition, marked fetal anemia in vivo as well as

defects in EPO-dependent production and survival of fetal liver hematopoietic colonies in

vitro were subsequently reported [8].

The contradictory results of these previous studies led to a controversy in defining

the role that STAT5 played in hematolymphoid development in vivo. In addition, the

difficulty of interpreting subtle phenotypes of gene-deficient mice is well appreciated.

We hypothesized that the resolution and rigor of the assays used previously to examine

the state of hematolymphoid development in STAT5A/5B-deficient mice in vivo might

have lead to incomplete assessment of the hematopoietic health of these mice.

º
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The goal of this project was to utilize assays of hematopoietic progenitor function

in vivo in conjunction with detailed phenotypic analysis of progenitor subsets in

STAT5A/5B-deficient mice for an analysis of more breadth and depth in evaluating the

role of STAT5 in hematolymphoid development. We found that in contrast to previous

results there were steady state hematopoietic abnormalities, including multilineage

cytopenias in these mice. In addition, we found a marked reduction in the number and

function of early multilineage progenitor cells. Most striking was the complete lack of

competitive repopulating potential of HSC from these mice.

These data helped to provide further evidence that STAT5 plays an important role

in hematolymphoid development in vivo. Although the absence of this molecule does not

lead to a complete block in production of mature blood cells, it does play an important

role in maintaining the number and function of progenitor cells and normal levels of º

peripheral blood cells at steady state. These results also underscore the necessity for

careful and complete analysis of gene-deficient mice in cases where the molecule may
- - - - - ºhave a non-essential, but significant role. º
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HEMATOPOIESIS

STAT5 promotes multilineage hematolymphoid development in vivo through
effects on early hematopoietic progenitor cells

heightened proliferation activity in the
HSC fraction, suggesting the action of
homeostatic mechanisms to maintain suf

ficient levels of diverse blood cell types
for viability. Thus, STAT5 normally sus
tains the robust hematopoietic reserve
that contributes to host viability through
crucial survival effects on early progeni
tor cells. (Blood. 2002;99:95-101)
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complex, translocate into the nucleus, and increase the transcrip
tion of target genes by binding to specific DNA sequence motifs.”
Various genes have been shown to be up-regulated by STAT
molecules, including those involved in cell cycle progression,
antiapoptosis, and regulation of cytokine signaling."

One member of the STAT family, STAT5, is activated by diverse
cytokine receptors involved at multiple levels within the hematopoi
etic system. The widespread engagement of its 2 isoforms,
STAT5A and STAT5B, has implicated STAT5 as a potentially
important component of cytokine receptor signaling in this tissue.
Cell culture studies have suggested a possible role for STAT5 in
hematolymphoid development. For example, STAT5 was shown to
be involved in erythropoietin-induced proliferation of TF-1 cells."
STAT5 has also been implicated in both the IL-3–induced prolifera
tion and G-CSF-induced differentiation in 32D cells.” Surpris
ingly, therefore, mice deficient in either STAT5A* or STAT5B"
were found to exhibit dramatic defects in specific nonhematopoi
etic tissues, but only subtle alterations in the regulation of
hematopoietic cells.” Moreover, mice deficient in both the
STAT5A and STAT5B isoforms were reported to have no further
defects in the production of mature blood cells of various lineages
with the exception of decreased numbers of peripheral T cells."
However, some evidence of additional hematologic dysregulation
was evident in these animals, such as reduced bone marrow colony
counts in vitro and notable extramedullary hematopoiesis.” In
addition, marked fetal anemia in vivo as well as defects in
erythropoietin-dependent production and survival of fetal liver
hematopoietic colonies in vitro were subsequently reported.”
Finally, an increase in apoptosis of cultured STAT5A/5B-deficient
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PO Box 419100, San Francisco, CA 9414-9100; e-mail: mgoldsmith Q
gladstone.ucsf.edu.
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The transcription factor signal transduc
ers and activators of transcription 5
(STAT5) is activated by numerous cyto
kines that orchestrate blood cell develop
ment. Multilineage peripheral blood cyto
penias were observed in adult mice
lacking both isoforms of STAT5 (STAT5A
and STAT5B) as well as accelerated rates
of apoptosis in the bone marrow. Al
though the hematopoietic stem cell (HSC)
population was preserved in a number of

these mice, the post-HSC progenitor
populations were diminished and a
marked reduction in functional progeni
tors (spleen colony-forming units) was
detected. Competitive bone marrow trans
plantation studies in vivo revealed a pro
found impairment of repopulation poten
tial of STAT5-null HSCs, leading to
complete lack of contribution to the my
eloid, erythroid, and lymphoid lineages.
These abnormalities were associated with

Introduction

Hematolymphoid development is a complex process controlled by
multiple positive and negative regulatory systems to maintain
homeostasis. This process begins with hematopoietic stem cells
(HSCs), which possess a high proliferative capacity, a differentia
tive potential encompassing all hematopoietic lineages, and the
ability to repopulate the hematopoietic system of a bone marrow
ablated animal for its lifespan. In response to unknown signals,
HSCs undergo a differentiation program, yielding cells that have
short-term repopulating activity. These cells subsequently give rise
to multilineage progenitors that are restricted to either the myeloid
(common myeloid progenitor, or CMP) or lymphoid (common
lymphoid progenitor, or CLP) lineages.” Lineage-specific differen
tiation of these pluripotent cells and further expansion produces
mature cells of a given lineage.”

Cytokines that use class I cytokine receptors play an indispens
able role in controlling hematopoietic development and function.
Many of these cytokines act on the HSCs themselves, such as
granulocyte colony-stimulating factor (G-CSF), interleukin-6 (IL
6), IL-11, thrombopoietin (TPO), and leukemia-inhibitory factor."
Others, such as erythropoietin, TPO, and G-CSF, act on lineage
committed progenitors exclusively or in addition to their earlier
effects.” How this family of receptors generates specificity in
biologic outcomes while employing shared intracellular signaling
pathways has been a point of considerable interest. The discovery
of the JAK-STAT pathway appeared to offer one mechanism
through which cytokine receptors could selectively up-regulate
distinct target genes and be responsible for specific biologic
behaviors. STATs are cytoplasmically located, latent transcription
factors that dimerize on phosphorylation by an activated receptor
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bone marrow progenitors in the presence of granulocyte
macrophage colony-stimulating factor was also described.”

In view of these provocative findings and the fact that compen
satory mechanisms may mask the biologic action of a particular
molecular component in vivo, we examined the hematologic status
of STAT5A/5B-deficient mice in depth. Our studies uncovered an
important role for STAT5 in hematopoiesis at an early progenitor
stage in vivo. In these mice, marked impairment in hematopoietic
potential affecting diverse blood lineages is linked to significant
abnormalities in central and peripheral hematolymphoid tissues.

Materials and methods

Handling and characterization of mice

STAT5A/5BT/− mice" were obtained from Dr James Ihle (St Jude
Children's Research Hospital, Memphis, TN) and back-crossed onto a
C57BL/6 background at least 3 generations. Mice were housed in a
pathogen-free rodent barrier facility and received mouse chow and acidified
water ad libitum. All studies were performed on 8- to 10-week mice unless
otherwise specified, and littermates were always used as wild-type controls.
Peripheral blood was obtained via cardiac puncture, and EDTA-treated
samples were used for complete blood counts (IDEXX Veterinary Service,
Sacramento, CA). Bone marrow was harvested by flushing femurs and
tibias into 6 mL phosphate-buffered saline (PBS) containing 2% fetal
bovine serum, and cell counts were determined after ACK (NH4Cl) lysis by
trypan blue exclusion.

Flow cytometry

All antibodies were obtained from Pharmingen (San Diego, CA), and the
following clones were used: Sca-1 (E13-161.7), Ly-76 (Ter-119), Gr-l
(RB6-8C5), CD3 (145-2C11), CD41 (MWRegiQ), CD45.1 (A20), CD45.2
(104), B220 (RA3-6B2), and CD11b (M1/70). For blocking nonspecific
binding to Fc receptors, purified antibody to CD16/CD32 (2.4G2) was used
at 1:100 for 3 minutes. Subsequently, antibodies to surface markers of
interest were used at 1:60 dilution. Apoptosis staining was performed by
using Annexin V-GFP” (generously provided by Dr Joel Ernst, University
of California, San Francisco, CA) in conjunction with antibodies to selected
surface markers as well as one of 2 DNA dyes, ToPro (Molecular Probes,
Eugene, OR) or 7-AAD (Pharmingen, San Diego, CA). DNA content was
assessed by an initial incubation with antibodies to selected surface
markers, followed by a 30-minute fixation and permeabilization step using
2% formaldehyde in H20, a 30-minute exposure to ToPro in the presence of
1 mg/mL RNase (Sigma, St Louis, MO), and fluorescence-activated cell
sorter (FACS) analysis using a slow acquisition. All FACS analyses were
performed by using a FACScalibur, and all sorting was performed by using
a FACSvantage (Becton Dickinson).

Bone marrow transfer studies

Recipient mice were 8-week-old sex-matched C57BL/6 obtained from
Jackson Laboratories (Bar Harbor, ME). Recipients were y-irradiated from
a Cesium source in two 450-rad doses 4 to 5 hours apart. Spleen
colony-forming unit (CFU-S) studies were performed as previously de
scribed.” Briefly, whole bone marrow cells from donor mice were injected
via tail vein, spleens were harvested 8 or 12 days after transfer, and
macroscopic colonies were enumerated. Mice receiving the transplants
were maintained on 2.5 mg/100 mL Sulfatrim Pediatric Suspension
(Alpharma, Baltimore, MD). Competitive repopulation studies were per
formed as previously described.” Lin"Sca-1" tester cells (CD45.2°),
derived from wild-type littermate or STAT5A/5B-' whole bone marrow,
were sorted by using antibodies to Sca-1 and Ter-119, Gr-1, CD3, B220, and
CD1 lb. Competitor whole bone marrow from congenic B6. SLJ (CD45.1".)
mice was harvested as above. Tester and competitor cells were mixed at
various ratios (see “Inferior competitive repopulating capacity of STAT5A/
5B-deficient HSCs”) and injected into irradiated recipients, prepared as
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above. After 8 to 10 weeks, chimeric mice were killed, and peripheral
blood, spleen, thymus, and bone marrow were collected and analyzed by
FACS for contribution of CD45.1 *- and CD45.2’-derived cells to
selected lineages.

Homing assay

Cell labeling with 5- and 6-carboxyfluorescein diacetate succinimidyl ester
(CSFE) was performed as described previously.” Briefly, whole bone
marrow from donor mice was labeled in PBS at a final concentration of 15
HMCSFE (Molecular Probes). After 12 minutes at 37°C, further dye uptake
was prevented by adding a quarter volume of fetal bovine serum. Cells were
washed twice with PBS, and 5 × 10°CFSE-labeled cells were injected into
the tail vein of recipient mice that had been irradiated 18 hours before
injection. Bone marrow was harvested 23 hours after injection, stained with
lineage markers and Sca-1 as before, and the number of CFSE’ cells in
each subset was enumerated by FACS.

Statistical analysis

Data are presented as mean + SEM. Statistical significance was assessed by
2-sided Student t test.

Results

Adult STAT5A/5B-deficient mice exhibit cytopenias affecting
multiple peripheral blood lineages

We characterized the peripheral blood compartment of adult
STAT5A/5B-deficient mice and found significant abnormalities in
multiple blood lineages. At 8 weeks of age, STAT5A/5BT' mice
exhibited significantly decreased numbers of erythrocytes in periph
eral blood compared with wild-type littermate controls (Figure
1A). Platelets, a second myeloid lineage, were also reduced in these
mice, although this effect was less profound (Figure 1B). A marked
decrease in lymphocyte number in peripheral blood was also
observed (Figure 1C); both T cells and B cells were decreased in
STAT5A/5B-deficient animals (data not shown). Finally, although
no significant difference in peripheral neutrophil counts was
detected (Figure 1D), we observed a significant reduction in mature
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Figure 1. Multilineage cytopenias in adult STAT5A/5B-deficient mice. Complete
blood counts were performed on whole peripheral blood from STAT5A/5B-- and
STAT5A/5B“ mice. (A) Hematocrit (P< 001). (B) Platelets (P = .01). (C) Lympho
cytes (P = .003). (D) Neutrophils (P = 1.0).
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neutrophils (Gr-1") in the bone marrow (see below). Thus, the
absence of STAT5A/5B was associated with abnormalities in

multiple blood cell lineages.

STAT5A/5B-deficient mice have hypocellular bone marrow and
a defect within early progenitor cells

Such broad defects in peripheral blood cell numbers in STAT5A/5B
deficient mice could be due to accelerated peripheral consumption
or destruction of mature cells, to a lowered capacity to produce
mature cells, or to a combination of these 2 mechanisms. The
multilineage character of the effects we observed suggested that a
primary pathophysiologic defect might be in the bone marrow,
where both unique and shared precursors for these cell types exist.
Gross examination of bone marrow in STAT5A/5B-deficient mice

revealed generalized hypocellularity compared with wild-type
mice (Figure 2A). This 2-fold decrease in total nucleated cells in
the bone is consistent with the hypothesis that a central defect in the
bone marrow is responsible for the pancytopenia observed in
the periphery.

Various cytokines that trigger STAT5 activity are critical for the
regulation of hematopoiesis at all levels of differentiation, includ
ing stem cells, multipotent progenitors, lineage-committed progeni
tors, and mature blood cells. We therefore sought to determine the
specific developmental stage(s) in which the functional effects of
STAT5 are manifested in the bone marrow. We used FACS analysis
to subset bone marrow cells by expression of canonical surface
lineage-defining markers (lin) and Sca-1 (Figure 2B). The HSCs,
which are defined as cells that have both the capacity for
self-renewal and the ability to reconstitute the multilineage hemato
poietic system, are found within the lin"Sca-1" fraction.” This
population was increased as a percentage of total nucleated bone
marrow cells in STAT5A/B-deleted mice compared with controls
but was unchanged in absolute terms (Figure 2C). In contrast, the
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Figure 2. Decreased total nucleated cells in the bone marrow of STAT5A/5B
deficient mice. Total nucleated cells were obtained from both hind legs, and cell
counts were determined after red blood cell lysis. Subsetting was performed
according to surface expression of lineage-defining markers and Sca-1. Absolute
values were generated by multiplying gated percentages by total nucleated cell
numbers. (A) Total nucleated cells (P= .002). (B) Representative FACS analysis to
quantitate bone marrow subsets. (C) The lin"Sca-1" compartment, containing
HSCs (P = .7). (D) The lin"Sca-1” compartment, containing post-HSC progeni
tors (P= .002). PE indicates phycoerythrin, FITC, fluorescein isothiocyanate.
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Figure 3. Decreased short-term radioprotective ability of whole bone marrow
despite preserved homing of HSCs from STAT5A/5B-deficient mice. (A) irradi
ated recipients received either 2.5 x 10° STAT5A/5B*** whole bone marrow cells
(n = 6), 2.5 x 10° STAT5A/5B-- whole bone marrow cells (n = 8), or no donor cells
(n = 3). Survival rates are shown as a Kaplan-Meyer plot. (B) Irradiated recipients
received 5 x 106 CFSE-labeled whole bone marrow cells from a STAT5A/5B"
donor (n = 3) or a STAT5A/5B-- donor (n = 3). Bone marrow was harvested 23
hours after transplantation, and the absolute number of CFSE’ cells within the HSC
(lin"/Sca-1") gate per mouse was determined.

lin"Sca-1"s" population, containing CLPs,” CMPs,' and oligopo
tent progenitors, was dramatically decreased in STAT5A/5B
deficient animals (Figure 2D). Also, we observed that the absolute
number of mature neutrophils (Gr-1") in the bone marrow was
decreased (wild type = 12.5 × 10° it 4.1 per 2 hind legs and
knock-out = 5.5 × 10° t 1.6 per 2 hind legs) as well as progeni
tors for neutrophils (Gr-1") (wild type = 10.4 × 10° t 3.0 per 2
hind legs and knock-out = 5.2 × 10° it 1.1 per 2 hind legs),
erythrocytes (Ter 119°) (wild type = 6.6 × 10° it 0.96 per 2 hind
legs and knock-out = 3.3 × 10° t 0.79 per 2 hind legs), and B
cells (B220°) (wild type = 12.6 × 10° it 2.1 per 2 hind legs and
knock-out = 5.0 × 10° = 0.71 per 2 hind legs). Therefore, the
absence of STAT5A/5B results in a marked decrease in lin"Sca
1" cells as well as in specific lineage marker-positive cells in the
bone marrow despite preservation of the earlier lin"Sca-1* HSC.

A number of short-term bone marrow transfer assays were
performed to assess the functional capabilities of bone marrow
from the STAT5A/5B-deficient mice. Lethally irradiated wild-type
mice typically die of hematopoietic failure between 7 and 18 days
after irradiation unless they are given new hematopoietic progeni
tors from a donor animal. Therefore, one functional assay deter
mines the radioprotective ability of whole bone marrow from a
donor mouse. A dose of 2.5 × 10° transplanted whole bone marrow
cells from wild-type littermate control mice provided radioprotec
tion to 100% of lethally irradiated recipient mice for 20 days
(Figure 3A). In contrast, the same dose of whole bone marrow from
a STAT5A/5B-deficient donor provided radioprotection to only
12.5% of recipient mice through the same period (Figure 3A),
demonstrating that these cells have markedly decreased reconstitut
ing capacity as indicated by radioprotective effects. To determine
whether this phenotype derives from defects in homing or in
postengraftment expansion and hematopoiesis, irradiated recipi
ents were injected with wild-type or STAT5A/5B-deficient whole
bone marrow that had been labeled with the membrane dye CFSE.
We found that the number of CFSE’ cells in the HSC-containing
lin"/Sca-1" fraction that had homed to the bone marrow after 23
hours was comparable when whole bone marrow from either
STAT5A/5B-deficient or wild-type littermate donors was injected
(Figure 3B).

A second, direct, functional assay for progenitor cells is the in
vivo CFU-S assay,” in which macroscopic colonies in the spleens
of irradiated recipients are counted 8 or 12 days after bone marrow
transfer.” We detected a pronounced reduction in CFU-S (day 12)
colonies per donor in the STAT5A/5B-deleted mice relative to
wild-type littermate controls (Figure 4A), which indicates an
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Figure 5. Increases in apoptosis and in the proportion of cells in S/G2/M in bone
marrow of STAT5A/58-deficient mice. Whole bone marrow from the indicated mice
was stained for apoptosis or DNA content measurements in conjunction with
antibodies to lineage markers and Sca-1. (A) Percentage of apoptotic cells in the lin'
(P = 04), lin"Sca-1” post-HSC progenitors (P = 03), and lin"Sca-1" HSC
(P = .04) subsets in STAT5A/5B-- and STAT5A/5B*** mice are shown.
(B) Percentage of cells with more than 2n DNA content for the lin' (P = 2),
lin"Sca-1” post-HSC progenitors (P = .01), and lin"Sca-1" HSC (P = .005)
Subsets are shown

Inferior competitive repopulating capacity of
STAT5A/5B-deficient HSCs

A rigorous functional test of stem cell fitness is the competitive
repopulation assay, which measures the capacity of “tester” HSCs
to reconstitute the hematopoietic system of irradiated recipient
mice in direct competition with wild-type “competitor” bone
marrow cells.” For the representative experiment shown, we
injected 2500 lin"Sca-1" tester cells from STAT5A/5B-deficient
mice or wild-type littermate control mice, carrying the CD45.2
allele, together with 2 × 10° whole bone marrow competitor cells
derived from congenic mice carrying the CD45.1 allele. An
additional control group received 2 × 10° whole bone marrow
competitor cells alone to establish the level of ablation achieved by
the irradiation regimen. After 10 weeks, peripheral blood, thymus,
spleen, and bone marrow were harvested for analysis of hematopoi
etic lineages by using various antibodies to lineage markers and to
the 2 alleles of CD45. At this ratio of input cells, which was
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Figure 6. Absence of STAT5A/5B-'- contribution (CD45.2°) to granulocytes
(Gr-1*) in peripheral blood after competitive repopulation. Peripheral blood from
irradiated recipients receiving competitor cells only (A), competitor cells plus
STAT5A/5B" tester cells (B), or competitor cells plus STAT5A/5B-'- tester cells
(C) were analyzed 10 weeks after initiation of competitive repopulation assay.
Peripheral blood was stained for CD45.1, CD45.2, and Gr-1 after red blood cell lysis
and shown here are representative dot-plots portraying CD45.1 versus CD45.2
expression within the Gr-1" gate.
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Figure 4. Reduction in CFU-S activity in bone marrow from STAT5A/5B-deleted
mice. Whole bone marrow was obtained from the hind legs of donor mice, 7.5 x 10"
(day 12) or 2 x 10° (day 8) cells were injected into irradiated recipients, and colonies
were counted on the indicated days after transfer. Absolute CFU-S values were
calculated by using the total nucleated cell counts from the donor mice. (A) CFU-S
day 12 (P< .001). (B) CFU-S day 8 (P< .001)

abnormality in the early pluripotent progenitors. We observed a
similarly dramatic decrease in CFU-S (day 8) per donor in
STAT5A/5B-'- mice (Figure 4B), which indicates an abnormality
in lineage-committed progenitors. Moreover, spleen colonies de
rived from STAT5A/5B-deficient donor cells were markedly smaller
in size, both macroscopically and microscopically, compared with
those produced by wild-type donor cells, reflecting that fewer
progeny cells are produced per colony (data not shown). The
reduction in both number and size of spleen colonies in these
experiments indicates a marked functional impairment in both
multilineage progenitors and lineage-committed progenitors in
mice lacking STAT5A/5B.

Bone marrow deficiency involves increased apoptosis, rather
than decreased proliferation

In principle, the cellular effects described might be caused by
various mechanisms, including decreases in the rates of prolifera
tion, survival, or differentiation of selected progenitor popula
tions. We used cell labeling with Annexin-V in conjunction with
a DNA dye, To-Pro, to measure rates of apoptosis in the bone
marrow. The absence of STAT5A/5B was associated with an
increase in the rate of apoptosis of unfractionated bone marrow
(31.1% + 2.65%) relative to wild type (17.6% + 0.73%). This
2-fold increase in cell death was seen in both the lin' population
as well as the lin"Sca-1"s” population (Figure 5A), whereas
the lin"Sca-1" compartment showed only a modest increase in
the rate of apoptosis (Figure 5A). To measure proliferation, we
used ToPro in conjunction with cell surface markers to quanti
tate DNA content in bone marrow by using DNA content more
than 2n as an indirect measure of the proportion of cells
undergoing cell cycle. An insignificant increase in the propor
tion of cells with DNA content more than 2n was observed
among the unfractionated whole bone marrow population of
STAT5A/5B-deficient bone marrow (17.2% + 1.79%) in com
parison to the wild-type marrow (13.4% + 1.01%). Lin" cells
likewise showed little change in proliferation activity in STAT5A/
5B-deleted mice (Figure 5B). In contrast, both the early
lin"Sca-1*** and the lin"Sca-1" subsets exhibited a 2-fold
increase in the percentage of cells with DNA content more than
2n in STAT5A/5B-deficient mice (Figure 5B). Together, these
findings provide evidence of globally decreased cellular sur
vival (represented as increased apoptosis) in bone marrow cells
in the absence of STAT5A/5B, with a concurrent increase in
cellular proliferation among the least differentiated
hematopoietic cells.
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weighted to favor tester cells, wild-type tester cells (CD45.2")
gave rise to approximately 80% of all cellular lineages in all tissues
examined, including Gr-1* (Figure 6), and other specific lineages
within peripheral blood, including T cells (CD3") and B cells
(B220°) (Figure 6A). As is commonly observed, residual radiore
sistant CD3* T cells from the recipient mouse are detected in all
groups, including those mice that received competitor cells alone
(Figure 7A). Likewise, bone marrow cells representing the granulo
cyte (Gr-1*), B-cell (B220"), megakaryocyte (CD41*) lineages,
and erythroid progenitors (Ter-119°), as well as thymocytes
(CD3°), were predominantly CD45.2" (Figure 7B). In contrast, at
the same input doses, STAT5A/5B-deficient tester cells failed to
give rise to significant numbers of cells of any lineage within
peripheral blood, spleen, thymus, or bone marrow (Figures 6 and 7
and data not shown); in no case was the CD45.2" signal greater
than that of the background observed in animals not receiving tester
cells. Complete competitive failure was also observed in 2 other
independent experiments with highly backcrossed donors (G4 and
G7, respectively).

Finally, because STAT5A/5B-deficient mice exhibited broad
hematopoietic deficiencies, we sought to identify the earliest stage
of differentiation at which defects were evident in the competitive
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Figure 7. STAT5A/5B-deficient HSCs p inferior petitive repop
capacity. Peripheral blood, thymus, and bone marrow were harvested from irradiated
recipients 10 weeks after receiving either 2 x 10° competitor cells only ("No Tester,"
n = 2), 2 x 10" competitor cells plus STAT5A/5B" tester cells ("STAT5A/5B”
Tester," n = 3), or 2 x 10° competitor cells plus STAT5A/5B -- tester cells ("STAT5A/
5B" Tester," n = 6). FACS analysis was performed by using lineage markers and
CD45.1 and CD45.2, and the results for the indicated lineage-specific subsets are
displayed. (A) Peripheral blood cells positive for Gr-1" (P< .001), B220" (P< .001),
or CD3" (P = .002). (B) Cells from hematolymphoid organs, including bone marrow
cells expressing for Gr-1 (P< .001), B220 (P = .001), Ter-119 (P = .001), or CD41
(P< .001) and thymocytes expressing CD3 (P< .001). (C) Bone marrow cells from
the ■ in" (P< .001), lin"Sca-1” (P< .001), and linº"Sca-1" (P< .001) subsets:
in this case CD45.2° cells were scored according to CD45.1-phenotype.
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repopulation assay. We failed to detect lin"Sca-1" cells, lin"Sca
1*g/lo cells, or lint cells derived from STAT5A/5B-deficient cells at
levels significantly above background (Figure 7C). Therefore,
STAT5A/5B-deficient cells are inferior to wild-type cells in their
ability to occupy the limited niche available for stem cells, early
pluripotent cells, and oligopotent progenitor cells. The STAT5A/
5B -/ HSCs thus failed to compete effectively with wild-type
competitor cells in the same tissue environment in the production
of progeny cells representing diverse hematolymphoid lineages.
Overall, STAT5A/5B-deficient cells exhibit a profound defect in
HSCs that is independent of both nonhematopoietic cell genotype
and indirect effects mediated by mature cells, such as T cells.

Discussion

The transcription factor STAT5 is activated by multiple and diverse
cytokines on binding to their cognate receptors, including several
that act on the hematopoietic system. However, mice deficient for
STAT5A, STAT5B, or both were reported to have surprisingly
subtle deficiencies in hematolymphoid development, including
reduction in peripheral T cells,” impaired fetal erythropoi
esis,” and decreased survival of monocyte progenitors.” Because
numerous and complex regulatory pathways impinge on hematolym
phoid development in vivo, we sought to define the hematologic
features of STAT5A/5B-deficient mice to determine whether

compensatory mechanisms may mask greater contributions of
STAT5 in hematopoiesis in vivo.

The first phase of our characterization revealed multilineage
effects in peripheral blood at steady state, including marked
decreases in erythrocytes and reduced numbers of circulating
platelets. We also observed significant lymphopenia affecting both
T cells and B cells. Moreover, although there was no abnormality in
levels of peripheral blood neutrophils, a substantial decrease in the
pool of mature neutrophils in the bone marrow was observed. In
addition, histologic analysis of whole long bones and spleen in
STAT5A/5B-deficient mice revealed extramedullary hematopoiesis
in the enlarged spleens that was nearly exclusively erythropoietic
tissue, as well as an exaggeration of myelopoiesis and few
erythropoietic cells within intramedullary tissue in bone (data not
shown). Hematologic stress in the mouse characteristically induces
a myelopoietic dominance within bone marrow sites and height
ened erythropoiesis within extramedullary sites such as the spleen.”
Therefore our histologic findings may represent further evidence of
hematopoietic stress in these mice. We note that our peripheral
blood analysis of STAT5A/5B-deficient mice differs from the
initial characterization of these mice.” One possible explanation is
the age of the mice examined, because the influence of maturity has
not been studied. Another possible factor is genetic background,
because hematopoiesis is likely influenced by numerous strain
specific determinants. In any event, our findings indicate that there
are defects in the circulating levels of 3 distinct blood lineages
associated with signs of overall hematopoietic stress.

Multilineage cytopenia can be caused by hyperactive consump
tive mechanisms broadly affecting peripheral blood cells, by
multiple and independent defects affecting production or survival
of individual cell types, or by a central bone marrow defect
affecting progenitor cells that are common to multiple lineages.
The scope of the blood cell abnormalities evident in STAT5A/
5BT' mice was most consistent with a central hematopoietic
defect. Although STAT5A/5B-deficient mice possessed marked
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bone marrow hypocellularity overall, the cell population contain
ing HSCs (lin"Sca-1") was preserved quantitatively, whereas
cells of more restricted differentiation potential were profoundly
reduced. Collectively, these findings based on cellular representa
tion within the bone marrow strongly suggest that the absence of
STAT5A/5B leads to a quantitative loss in the population of cells
that contain the CMP." the CLP” oligopotent progenitors, and
lineage-committed progenitors.

To complement the flow cytometry data, we performed several
in vivo reconstitution assays. The short-term radioprotection assay
showed a severe defect in the ability of whole bone marrow from
STAT5A/5B-deficient mice to protect a recipient from radiation
induced hematopoietic failure. In addition, we found that the
reduction in the functional capability of the bone marrow from
STAT5A/5B-deficient mice was not due to decreased homing
ability. We used a second assay, the CFU-S assay, to quantitate
early progenitor cells on the basis of functional criteria. These
experiments revealed a dramatic reduction of hematopoietic colo
nies derived from STAT5A/5B-deficient animals. These results

support our earlier finding that there is a diminution of the population
(lin"Sca-1”) within the bone marrow reported to contain oligopo
tent or lineage-committed cells and demonstrate that STAT5A/5B is a
regulator of the biology of early progenitor cells.

A decrease in the overall cell numbers in STAT5A/5B-deficient

bone marrow could be caused by various mechanisms involving
insensitivity of hematopoietic progenitors to one or more cyto
kines, including a reduction in survival half-life, a decrease in
proliferation potential of progenitors, or an impaired execution of
differentiation programs. We detected an increase in the rate of
apoptosis in both the lin" and lin"Sca-1” fractions of bone
marrow in STAT5A/5B-deficient mice. Although these studies do
not elucidate the precise mechanism of antiapoptosis, impaired
regulation of Bcl-X” or other antiapoptotic mediators may be
operative. We also detected an increased proportion of bone
marrow cells in the S/G2/M phases of the cell cycle, a feature
present in both the HSC and post-HSC populations. We propose
that this increase in the proportion of cycling cells represents part
of a compensation mechanism seeking to counter relative ineffec
tive hematopoiesis in STAT5A/5B-deficient mice. Alternatively,
slowed rates of progression through cell cycle in vivo might also
underlie our results, as prolonged in vitro doubling times have been
reported for STAT5A/5B-deficient progenitors.” Finally, progeni
tors from STAT5A/5B-deficient mice have been shown to differen
tiate fully to mature cells in vitro,” implying that there is no
absolute loss of differentiation potential of progenitor cells in the
absence of STAT5A/5B. Overall, these findings provide evidence
of globally decreased cellular survival in bone marrow cells in the
absence of STAT5A/5B, with a concurrent increase in the proportion of
cycling cells among the least differentiated hematopoietic cells.

To establish definitively the abnormalities in the stem cells of
STAT5A/5B-deficient mice, we applied the most rigorous func
tional assay for stem cell fitness, the competitive repopulation
assay.” Cells from STAT5A/5B"' animals were unable to give
rise to significant numbers of cells of any lineage in any tissue
examined, despite being introduced at a dose that yielded wide
spread reconstitution by STAT5A/5B" cells. Additionally, these
experiments addressed the cell autonomy of the STAT5A/5B
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mediated defect in these cells. Because the STAT5A/5BT' stem
cells compete poorly with wild-type competitor cells in the same
biologic environments, the functional defect evidently is indepen
dent of both nonhematopoietic cell genotype and indirect effects
mediated by mature cells such as T cells.

Thus, these analyses of the role of STAT5 in hematopoiesis in vivo
reveal that STAT5A/5B is an important positive factor that promotes
HSC fitness and multilineage hematopoiesis. Relative insensitivity to
cytokines such as G-CSF, TPO, growth hormone, IL-3, or others that act
on progenitors could be responsible through either a reduction in the
overall signal intensity or the loss of specific signals mediated by these
cytokines. Bone marrow from STAT5A-deficient mice was shown to
produce fewer in vitro colonies in the presence of fit?-ligand, a cytokine
known to be important for hematopoietic progenitor homeostasis.” At
the cellular level, STAT5 may provide an antiapoptotic signal that lifts
the threshold of survival in the context of internal and external apoptotic,
antiapoptotic, proliferative, and differentiative signals. At the organismal
level, this effect translates into lower viability of bone marrow hemato
poietic cells, which likely results in fewer cells produced per stem cell
that enter the differentiation program. In the context of lineage-specific
defects shown in our analysis of post-HSC populations and in earlier
reports regarding STAT5 deficiency, it remains unknown to what degree
the cytopenias seen in these mice are attributable to the HSC, multilin
eage, or lineage-specific effects. In fact, evidence from some models in
which stem cells or multilineage progenitors are affected” suggests
that defects at these stages alone may not induce mulitlineage cytopenias
in some contexts. Nevertheless, our findings establish a novel and
important role for STAT5 in the regulation of these early hematopoietic
cells. This role is quantitative and nonessential, but genetic modifiers
may control the degree of severity. These modifying loci could be
responsible for multiple compensation mechanisms, such as extramedul
lary hematopoiesis and increases in bone marrow proliferation, which
together allow the organism to achieve levels of hematopoietic produc
tion that are compatible with life but reduced nonetheless.

Further studies in these animals may promote better understand
ing of the molecular pathogenesis of some forms of bone marrow
failure. Additionally, STAT5 may act in a similar manner in human
hematopoiesis and would thus be an attractive target for therapy in
hematologic settings. Cytokine therapy is often used to ameliorate
the phenotypes of lineage-specific and multilineage cytopenias, but
it may be associated with increased rates of leukemic transforma
tion in some settings.” Perhaps directed activation of specific cytokine
mediated intracellular signals would serve to increase blood cell
production without a concomitant rise in the rate of transformation.
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Chapter 3

Transgenic Bcl2 is Not Sufficient to Rescue All Hematolymphoid Defects in

STAT5A/5B-deficient Mice
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Introduction

The relative physiological importance of various biological tasks mediated by

cytokines and the specific signaling pathways responsible for these distinct biological

outcomes are still areas of intense research. Recent studies have focused on the

importance of maintenance of survival as the chief biologic consequence of cytokine

signaling. The cytokine dependent, multilineage-potential cell line, FDCP-mix, is rescued

for differentiation into multiple lineages with ectopic expression of bcl-2 [1]. Complete

rescue of defects in two mouse models lacking IL-7 and M-CSF respectively, by

transgenic expression of hEcl-2 provided further in vivo evidence for the paradigm that

cytokines act predominantly through the provision of survival signals [2,3]. These studies

seemed to indicate that differentiation and proliferation could be regulated by intrinsic

factors or by alternate extrinsic factors in the absence of cytokine signaling as long as

survival signals were provided ectopically.

Apoptosis is composed of three interconnected pathways that ultimately lead to

activation of the caspases, cysteine proteases that cleave cellular targets resulting in

programmed cell death of the target cell. The receptor-mediated pathway involves

signaling by pro-apoptotic receptors of the TNF receptor family that activate initiator

caspases via death-domain interactions, which in turn activate the effector caspases that

then destroy the cell. The receptor-mediated pathway is triggered in cells to maintain

homeostasis such as through Fas / FasL-dependent destruction of erythroid progenitors

by more mature progenitors [4]. The cytotoxic pathway involves the delivery of

granzymes to cells by T-cells via perforin-pores in the cellular membrane. These

granzymes activate the cellular caspase system. The cytotoxic pathway is utilized to kill
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damaged cells such as virally infected cells. The mitochondria-mediated pathway

involves the disruption of mitochondrial membrane. This ultimately leads to the release

of cytochrome c, which combines with Apaf-1 to initiate effector caspase activation. In

addition, mitochondrial dysfunction can lead to alteration in other parameters, such as

cellular redox. The mitochondrial pathway can be triggered by multiple pathways linked

to the overall health of the cell, such as DNA damage through the p53 pathway, as well

as a cell’s physiologic value, such as the death by neglect of megakaryocyte progenitors

at limiting concentrations of TPO [5]. Pro-survival action of cytokines in hematopoietic

progenitors is thought to impinge on regulation of these pathways at multiple levels [6],

but most importantly through regulation of the mitochondrial-dependent pathway.

Cytokines affect mitochondrial health by modulation of members of the Bcl-2 family
- -

either through transcriptional regulation or biochemical modification. This family is . . .

composed of pro-survival and pro-apoptotic members, which may act through a putative

channel-forming activity [7–11].

Mounting data from multiple groups, using a model deficient for STAT5, º **

indicated that the major role of this molecule in hematolymphoid development in vivo --- -
was linked to the maintenance of target cell survival. Lineage specific progenitors from

both the erythroid and myeloid lineages as well as multilineage progenitors from

STAT5A/5B-deficient mice display higher rates of apoptosis [12-16]. Mechanistically,

STAT5 is thought to act at the level of Bcl-2 family members by upregulating pro

survival family members, such as Bcl-X, Bcl-2, and A1 [17-21]. Cytokine dependent

upregulation of pro-survival Bcl-2 family members has been shown to depend on STAT5

º

67



in vitro [13-15]. In fact, overexpression of these molecules in vitro can ameliorate the

apoptosis observed in selected lineage specific progenitors [14,15].

The goal of the following study was to utilize combinatorial genetics to attempt to

complement the loss of STAT5 in with the transgenic expression of Bcl-2. The results

indicate that while peripheral blood counts are normalized in STAT5A/5B-deficient mice

in the presence of the Bcl-2 transgene, that the majority of defects in the bone marrow,

including hypocellularity and inferior competitive repopulating ability are not rescued by

the presence of the transgene.

These results indicate that our understanding of the role of STAT5 in cytokine

mediated biological outcomes is incomplete and must be revised to accommodate the

importance of STAT5 in promoting other biological pathways.
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Abstract

Cytokines bind high affinity receptors expressed on hematopoietic cells to initiate

signaling cascades that regulate differentiation, proliferation, and survival. Previous

studies have established a role for STAT5 in transducing survival signals for

hematopoietic progenitor cells in response to cytokines. To determine if constitutive

expression of a member of the Bcl-2 family of anti-apoptotic proteins could compensate

for the loss of STAT5, we utilized combinatorial genetics to generate STAT5A/5B

deficient mice expressing a Bcl-2 transgene. Although Bcl-2 expression restored

peripheral blood counts to normal in STAT5A/5B" mice, we noted a striking failure of

this transgene to correct defects in hematopoietic stem and progenitor cells. These data

imply important effects of STAT5 in addition to survival in modulating hematopoietic

cell fates.
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Introduction

STAT5 is activated by diverse cytokine receptors involved at multiple levels

within the hematopoietic system. The widespread engagement of its two isoforms,

STAT5A and STAT5B, has implicated STAT5 as a potentially important component of

cytokine receptor signaling in this context [1]. In fact, mice deficient in both the STAT5A

and STAT5B isoforms were shown to have multiple defects in hematopoietic

development affecting all stages of differentiation from the hematopoietic stem cell

(HSC) [2–4] to lineage-committed progenitors [5-7]. In addition, some abnormalities in

the function of mature hematopoietic cells have been described in mice either singly or

doubly deficient for the STAT5 isoforms [7–14].

The biological mechanism responsible for many of these defects, specifically in

hematopoietic progenitors, is thought to be a reduction in cytokine-mediated survival of

these cells in the absence of STAT5 [15,16]. For example, erythroid progenitors lacking * . . . .

STAT5A/5B exhibited increased apoptosis in vivo and in vitro in response to

erythropoetin (EPO) [5,6]. Similarly, committed myeloid progenitors lacking

STAT5A/5B demonstrated increased cell death in vitro in response to granulocyte /

macrophage-colocy-stimulating-factor (GM-CSF) or interleukin-3 (IL-3) [7]. Finally,

early multipotential progenitors in STAT5A/5B-deficient mice exhibited increased

apoptosis in vivo [2]. The relevant molecular targets of STAT5 in hematopoietic

progenitors that are responsible for these survival effects are thought to consist of anti

apoptotic members of the Bcl-2 family of proteins, predominantly Bcl-X [5-7, 15-17].
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Members of this family of proteins are important for regulating mitochondrial

homeostasis, by positively or negatively impacting mitochondrial compartmentalization

of cytochrome c [18-20], a major junction point in the cellular decision to apoptose.

Combinatorial genetics to explore whether a survival factor can rescue defects

resulting from the loss of a cytokine signaling was first employed to show that the

hematopoietic defects of op/op mice and IL-7 receptor-deficient mice could be rescued

by transgenic expression of a human Bcl-2 [21,22] and has since been used extensively to

interrogate the ability of this family of survival factors to complement loss of cytokine

signaling molecules [23–26]. To determine the role of Bcl-2 expression in mediating the

contributions of STAT5 to hematopoiesis, we generated STAT5A/5B-deficient mice in

which a Bcl-2 transgene was expressed from the constitutive fl-actin promoter [27]. We

found that ectopic expression of Bcl-2 was not sufficient to rescue all the hematopoietic
* -

º

defects in STAT5A/5B-deficient mice.

… * * * * *
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Materials and Methods

Handling and Characterization of Mice.

STAT5A/5B" mice [8] were obtained from Dr. James Ihle (St. Jude Children's Research

Hospital, Memphis, TN) and back-crossed onto a C57Bl/6 background at least 9

generations. Mice with a murine Bcl-2 transgene expressed under the control of human B

actin promoter and Bcl-2-deficient mice have been described[27,28]. Mice were housed

in a pathogen-free rodent barrier facility and received mouse chow and acidified water ad

libitum. All studies were performed on 6–8 week old mice unless otherwise specified,

and littermates were always used as wild-type controls. Peripheral blood was obtained via

cardiac puncture, and EDTA-treated samples were used for complete blood counts

(IDEXX Veterinary Service, Sacramento, CA). Bone marrow was harvested by flushing * *

femurs and tibias into 6 ml phosphate buffered saline (PBS) containing 2% fetal bovine * ...,

serum (FBS) and 2 mM EDTA, and cell counts were determined after ACK (NH4Cl) ‘. º
lysis by trypan blue exclusion. Single cell suspensions of spleens were generated by º º *

arºura- ->

passing them through a 70 pum nylon mesh strainer into 5 ml PBS containing 2% FBS and

2mM EDTA, and cell counts were determined after ACK (NH4Cl) lysis by trypan blue

exclusion.

Flow Cytometry.

All antibodies were obtained from Pharmingen (San Diego, CA), and the following

clones were used; Sca-1 (E13-161.7), Ly-76 (Ter-119), Gr-1 (RB6-8C5), CD3 (145

2C11), B220 (RA3-6B2), CD11b (M1/70), c-kit (2B8), CD45.1 (A20), CD45.2 (104),

76



Bcl-2 (3F11). For blocking non-specific binding to Fc receptors, purified antibody to

CD16/CD32 (2.4G2) was used in at 1:100 for 3 minutes. Subsequently, antibodies to

surface markers of interest were used at 1:60 dilution. For intracellular staining of Bcl-2,

cells were stained for expression of surface markers, then fixed and permeabilized for 1 h

at 25°C in 1% paraformaldehyde (PFA) with 0.1% Tween-20, washed, stained for 30

minutes at 25°C with anti Bcl-2 antibody at a 1:5 dilution, then washed. All FACS

analyses were performed using a FACSCalibur and all sorting was performed using a

FACSVantage (Becton Dickinson).

Competitive Repopulation Studies.

Recipient mice were 8 - 10 week old C57BL/6 obtained from Jackson Laboratories (Bar

Harbor, ME). Recipients were Y-irradiated from a Cesium source in two 450 rad doses

4–5 hrs apart. Transplanted mice were maintained on 2.5 mg/100 ml Sulfatrim Pediatric

Suspension (Alpharma, Baltimore, MD) in the drinking water. Competitive repopulation

studies were performed as previously described.[29] Whole bone marrow (CD45.2’),

derived from wild-type littermate or STAT5A/5B", with or without the Bcl-2 transgene,

were mixed at a 1:1 ratio with competitor whole bone marrow from congenic B6.SLJ

(CD45.1") and injected into irradiated recipients, prepared as above. After 10-12 weeks,

chimeric mice were sacrificed and peripheral blood and bone marrow were collected and

analyzed by FACS for contribution of CD45.1" and CD45.2’ derived cells to selected

lineages.

Statistical Analysis.
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Data are presented as mean + SEM when appropriate. Statistical significance was

assessed by two-sided Student's t-test.

78



Results

Bcl-2 transgene is expressed in mature cells and progenitor subsets in the bone

Inarrow

To determine the ability of exogenously expressed Bcl-2 to rescue hematopoietic

defects in STAT5A/5B-deficient mice, we used mice expressing Bcl-2 under the fl-actin

promoter to generate STAT5A/5B-deficient mice expressing this transgene. To show that

the Bcl-2 transgene under control of the fl-actin promoter was expressed in hematopoietic

progenitors and mature blood cells, we performed intracellular staining for Bcl-2 on

various bone marrow subsets from Bcl-2-deficient mice crossed with the fl-actin-Bcl-2

transgenic line [27,28]. We detected robust Bcl-2 expression in lineage-positive bone

marrow cells, in the Lin"Sca-1"c-kit' fraction containing post-HSC, including

common lymphoid progenitors (CLP), common myeloid progenitors (CMP), and º

oligopotent progenitors, and in the lin"Sca-1"c-kit' fraction containing HSC(30] (Fig. º
1). ---

Expression of transgenic Bcl-2 rescues cytopenias in adult STAT5A/5B-deficient

mice.

We then examined peripheral blood lineages from STAT5A/5B" and

STAT5A/5B" mice without (-Tg) or with (+Tg) the Bcl-2 transgene. As shown

previously, [2,3] STAT5A/5B", -Tg mice displayed cytopenia affecting a number of

peripheral blood lineages, including a marked drop in hematocrit, platelets, and

79



+/--lymphocytes. When we examined peripheral blood lineages from STAT5A/5B" and

STAT5A/5B" mice with (+Tg) the Bcl-2 transgene, we found that Bcl-2 expression

restored erythrocyte and platelet and lymphocyte numbers to levels equivalent to wild

type in STAT5A/5B" mice (Fig 2A-2C). Both erythrocytes and lymphocytes in

STAT5A/5B", (+Tg) mice demonstrated trends of reduced numbers compared to

STAT5A/5B" mice with the Bcl-2 transgene that were not statistically significant. The

number of neutrophils was not significantly different between STAT5A/5B", -Tg mice

and STAT5A/5B", -Tg mice (Fig. 2D). A similar equivalence was observed in the

number of neutrophils in STAT5A/5B", +Tg compared to STAT5A/5B", +Tg mice (Fig

2D.). Thus the presence of Bcl-2 fully rescues all the values of peripheral blood lineages,

supporting the hypothesis that a major role of STAT5 in hematopoiesis is indeed to

modulate cell survival.

º
Expression of the Bcl-2 transgene does not rescue hypocellular bone marrow and ºt -

incompletely rescues defects in progenitor subsets in STAT5A/5B-deficient mice ** * *
*** *-*** -- ºr "--

sºurº-sº

To determine whether defects in hematopoietic progenitors observed previously

in STAT5A/5B-/- mice would be rescued by the ectopic expression of Bcl-2, we

examined the bone marrow of mice without (-Tg) or with (+Tg) transgene. As shown

previously, STAT5A/5B-deficient mice possessed a hypocellular bone marrow compared

with wild-type mice [2,3] (Fig. 3). This defect in cellularity was not rescued by

transgenic expression of Bcl-2 (Fig. 3).
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We next performed FACS analysis of bone marrow from mice of each

STAT5A/5B and Bcl-2 Tg genotype to quantify various progenitor subsets within the

bone marrow by expression of surface lineage-defining markers (Lin), Sca-1, and c-kit.

The Lin"Sca-1"c-kit' population was increased, but not to a statistically significantly

degree, in STAT5A/5B", -Tg mice compared to STAT5A/5B", -Tg mice (Fig. 4A).

Presence of the Bcl-2 transgene reduced this subset of cells in STAT5A/5B-deficient

bone marrow to numbers comparable to wild-type (Fig. 4B). The Lin"Sca-1"c-kit'

population was substantially decreased in STAT5A/5B", -Tg mice compared to

STAT5A/5B", -Tg mice (Fig. 4C). Ectopic expression of Bcl-2 did not restore this

subset of cells in STAT5A/5B-deficient bone marrow (Fig. 4D). Thus the presence of the

Bcl-2 transgene does not rescue bone marrow cellularity or the number of post-HSC

progenitors in STAT5A/5B-deficient mice, while the number of HSC was returned to

normal in the these mice.

Inferior competitive repopulating capacity of STAT5A/5B-deficient HSC is not º
-

agº. **
rescued by presence of the Bcl-2 transgene.

We next performed competitive repopulation experiments to determine whether

expression of the Bcl-2 transgene would complement the defective competitive

repopulating potential of STAT5A/5B-deficient HSC [2,3]. Tester cells of each

STAT5A/5B and Bcl-2 Tg genotype were mixed with congenic CD45.1" wild-type

C57BL/6 competitor cells at a 1:1 ratio and injected into irradiated recipients. Peripheral

blood and bone marrow were harvested from recipient mice 10 weeks later and the

relative contribution of the tester and competitor populations to different hematopoietic
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+/-Hlineages was assessed by FACS. At this ratio of input cells, STAT5A/5B", -Tg tester

cells (CD45.2’) and STAT5A/5B", +Tg tester cells gave rise to greater than 50% of the

differentiated cells within peripheral blood, including granulocytes (Gr-1"), T-cells

(CD3’), B-cells (B220'), and monocytes (Mac1"/Gr-1) (Fig. 5A, 5B). By contrast,

STAT5A/5B", -Tg tester cells were impaired in their ability to repopulate these lineages

in recipient mice (Fig. 5A). Expression of the Bcl-2 transgene did not significantly

enhance the repopulating potential of STAT5A/5B-deficient bone marrow (Fig. 5B). We

observed similar results in peripheral blood assayed at 4 weeks post-transfer (data not

shown).

Previous studies demonstrated minimal contribution by STAT5A/5B-deficient

tester cells to the Lin"Sca-1", HSC-containing, population in competitive repopulation

experiments [2]. We observed that the presence of the Bcl-2 transgene did not increase

the contribution by STAT5A/5B-deficient tester cells to this compartment and therefore

was unable to rescue the restricted ability of STAT5A/5B-deficient HSC to fill a limited *

“niche” in the bone marrow (Fig. 6A, 6B) as previously described. :
******** *
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Discussion *

Previous evidence from multiple groups has established a role for STAT5 in

providing survival signals for hematopoietic progenitor cells in response to cytokines

[2,5-7]. In particular, STAT5 has been shown to upregulate the transcription of Bcl-2 and * *

Bcl-X [1,17]. In addition, erythroid cell lines unable to activate STAT5 have increased º,

rates of apoptosis [31] and mice deficient for one or both isoforms of STAT5 have

increased cell death in specific hematopoietic cells, leading to marked hematopoietic

defects (2,5-7]. To determine the extent to which constitutive Bcl-2 expression can

substitute for STAT5 in fulfilling its role in hematopoiesis, we examined STAT5A/5B

deficient mice without (-Tg) or with (+Tg) a Bcl-2 transgene, under the control of the 3

actin promoter [27].

We have shown that ectopic expression of a Bcl-2 transgene rescues some, though * º

not all of the hematopoietic defects in STAT5A/5B-deficient mice. Restoration of normal
* * *s - * *

***peripheral blood counts is consistent with previous data showing an important role for ºtt
*

STAT5 in providing protection from apoptosis in lineage-committed progenitors and *-i-º-º:º
--" -

mature cells through upregulation of Bcl-2 family members. A role for Bcl-2 family -"

members in the survival of erythroid progenitors [32,33] and megakaryocytes [34,35] has

been reported and STAT5 has been implicated in contributing to the upregulation of Bcl

x in erythroid progenitors [5,6], granulocyte and macrophage progenitors [7], and mast

cell progenitors [17]. In addition, the lifespan of mature T-cells and B-cells has been

shown to be sensitive to the level of Bcl-2 family members [24,36,37] and STAT5 may

play a role in the physiologic regulation of these molecules [38,39].
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Recent studies have also defined a role for STAT5 in multipotential progenitors

and in HSC [2,3,7). There is widespread expression of Bcl-2 family members in

multilineage progenitors and HSC (reviewed in [40]) and regulation of these cells

depends in part on an apoptosis that can be modulated by levels of Bcl-2 [40-42].

Interestingly, the Bcl-2 transgene failed to rescue defects in these compartments. Thus,

while the absence of STAT5 does lead to increased apoptosis in these cells [2,7], it

appears that other STAT5-dependent biological responses are of equal importance to in

these cells.

These data support the existence of additional functions of STAT5A/5B that are

unrelated to promoting survival through Bcl-2 family members. Consistent with this

conclusion, STAT5 has been implicated in the regulation of hematopoietic cell

proliferation in studies of mice deficient for one or both isoforms [4,10,17,43] and

STAT5 has been shown to upregulate genes that positively regulate the cell cycle, such as
!.

c-myc and cyclin D1 [39,44]. However, in our initial studies, we found that proliferation *
* -

did not appear to be affected in the Lin"/Sca-1" and Lin"/Sca-1 populations from º - * : - - - -

STAT5A/5B-deficient mice by DNA content [2]. In addition, the proportion of cells in ------

cycle and rate through the cycle was not decreased in these populations from

STAT5A/5B" mice as assessed by Brdu incorporation (data not shown). This evidence

against a role for proliferation defects in hematopoietic progenitors in STAT5A/5B

deficient mice could be explained by the heterogeneous nature of the populations

examined, which may contain subsets of cells, irrelevant to efficient hematopoietic

development, with increased proliferation. In fact, there is a population of Lin"/Sca

1"/ckit cells that is dramatically increased in the bone marrow of STAT5A/5B" mice

º

84



that appears linked to an autoimmune phenotype observed in these mice (Chapter 4). In *

addition, loss of STAT5 could result in cell cycle dysfunction that is not measured by our

assays [17]. Therefore, impairment of this or some other biological process in the absence

of STAT5A/5B may underlie the persistent hematopoietic defects.

It is interesting to note that the Bcl-2-independent role of STAT5 appears largely

dispensable in steady-state hematopoiesis for maintaining wild-type peripheral blood

counts. It is possible that the addition of hematopoietic stress, such as cytotoxic drugs,

might reveal defects in maintaining peripheral blood counts in these mice. It also implies

that defects in early progenitors can be overcome in maintaining peripheral blood counts,

at least in a non-competitive setting, if later progenitors and mature cells function

normally.

It is formally possible that all of the effects of STAT5A/5B are mediated through

survival pathways, and that Bcl-2 is unable to substitute for other family members under

all circumstances. Indeed, other anti-apoptotic proteins, such as Bcl-X, may be the
** ** ** -

relevant target molecule in some progenitors [5-7]. However, this seems unlikely, as the * * - - - - - - *sº:--- *** **** ----

.º!.
sºurc--" --interchangeability of these two family members has been shown [45]. Additionally

transgenic expression of Bcl-2, or a related family member, would likely not provide

protection from cell death caused by a Bcl-2 insensitive mechanism, such as that caused

by absence of T-Cell Receptor (TCR) in Ragl” mice or by negative selection [46,47].
-

Bcl-2 is also a well characterized inhibitor of proliferation and may compound *

proliferation defects resulting from the loss of STAT5 [42,48,49]. Finally, variable g- º

hematopoietic effects of transgenic Bcl-2 observed depending on the species origin of the ! .

Bcl-2 protein, the promoter controlling the transgene [41,50], and perhaps position effects ----
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may complicate interpretation. However, combinatorial genetics has been used

extensively to explore the ability of Bcl-2 to rescue defects resulting from the loss of

cytokine signaling as noted above [21-26].

In summary, our data imply activities of STAT5A/5B in HSC and hematopoietic

progenitors that are unrelated to its ability to suppress apoptosis. Further study will be

necessary to identify other functions of STAT5A/5B targets and specifically how they

influence early hematopoietic progenitors.
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Figure Legends

Figure 1. Bcl-2 Transgene under control of the 3-Actin promoter is expressed in z

HSC, post-HSC, and lineage positive cells in the bone marrow. Bone marrow from -

Bcl-2” mice expressing the Bcl-2 Transgene was analyzed using FACS for intracellular

Bcl-2 staining in conjunction with surface expression of lineage-defining markers, Sca-1,

and c-kit. Samples stained with isotype control (solid line) and anti Bcl-2 antibody

(dotted line) are shown. ----

Figure 2. Multilineage cytopenias in adult STAT5A/5B-deficient mice are rescued º

by ectopically expressed Bcl-2. Complete blood counts were performed on whole • * * * º >

peripheral blood from STAT5A/5B" and STAT5A/5B" mice without (-Tg) or with . . . ----

(+Tg) the Bcl-2 transgene. (A) Hematocrit. (B) Platelets. (C) Lymphocytes. (D) º
-

Neutrophils. For STAT5 A/5B", -Tg, n = 7, for STAT5A/5B", -Tg, n = 9, for STAT5 º º,
A/5B", +Tg, n = 7, for STAT5A/5B", +Tg, n = 4. .."

Figure 3. Decreased total nucleated cells in the bone marrow of STAT5A/5B

deficient mice is not rescued by the presence of the Bcl-2 Transgene. Total nucleated
-

cells were obtained from one femur and tibia and cell counts were determined after red

blood cell lysis for bone marrow from STAT5A/5B" and STAT5A/5B" mice without (-
-

Tg) (A) or with (+Tg) (B) the Bcl-2 transgene. For STAT5 A/5B", -Tg, n = 3, for
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STAT5A/5B", -Tg, n=3, for STAT5 A/5B", +Tg, n = 3, for STAT5A/5B", +Tg, n =

4.

Figure 4. Presence of the Bcl-2 Transgene incompletely rescues progenitor defects in

the bone marrow of STAT5A/5B-deficient mice. Subsetting was performed based on

surface expression of lineage-defining markers, Sca-1, and c-kit. Absolute values were

generated by multiplying gated percentages by total nucleated cell numbers. The

Lin"Sca-1"/c-kit' compartment, containing HSC, from mice without (-Tg) (A) or with

(+Tg) (B) the Bcl-2 transgene and the Lin"Sca-1"/c-kit' compartment, containing

post-HSC progenitors, from mice (-Tg) (C) or with (+Tg) (D) the Bcl-2 transgene are

shown. For STAT5 A/5B", -Tg, n = 3, for STAT5A/5B", -Tg, n = 3, for STAT5

A/5B", +Tg, n = 3, for STAT5A/5B", +Tg, n = 3.

Figure 5. Transgenic Bcl-2 does not rescue inferior competitive repopulating

capacity of STAT5A/5B-deficient bone marrow. Peripheral blood was harvested from

irradiated recipients 10 weeks after receiving either 5x10’ competitor cells only ("No

Tester", n=6), 5x10’ competitor cells plus 5x10°STAT5A/5B", -Tg tester cells

("STAT5A/5B"-TgTester", n=6), or 5x10’ competitor cells plus 5x10° STAT5A/5B", -

Tg tester cells ("STAT5A/5B", -Tg Tester", n=6) (A) or 5x10’ competitor cells only

("No Tester", n=5), 5x10’ competitor cells plus 5x10°STAT5A/5B", +Tg tester cells

("STAT5A/5B", +Tg Tester", n=5), or 5x10’ competitor cells plus STAT5A/5B", +Tg

* * * *
**

---

****

*** -- * *.**

ºnnarrºr- º
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tester cells ("STAT5A/5B", +Tg Tester", n=8)(B). FACS analysis was performed using

lineage markers and CD45.1 and CD45.2, and the results for the indicated lineage

specific subsets are displayed. Peripheral blood cells positive for Mac-1(Gr-1), Gr-1",

B220', or CD3' are shown.

Figure 6. Transgenic Bcl-2 does not rescue inability of HSC from STAT5A/5B

deficient bone marrow to occupy stem cell niches. Bone marrow cells was harvested

from irradiated recipients 10 weeks after receiving either 5x10’ competitor cells only

("No Tester", n=6), 5x10’ competitor cells plus 5x10°STAT5A/5B", -Tg tester cells

("STAT5A/5B"-Tg Tester", n=6), or 5x10’ competitor cells plus 5x10° STAT5A/5B", -

Tg tester cells ("STAT5A/5B", -Tg Tester", n=6) (A) or 5x10’ competitor cells only

("No Tester", n=5), 5x10° competitor cells plus 5x10°STAT5A/5B", +Tg tester cells

("STAT5A/5B", +Tg Tester", n=5), or 5x10’ competitor cells plus STAT5A/5B", +Tg

tester cells ("STAT5A/5B", +Tg Tester", n=8)(B). FACS analysis was performed using

lineage markers, Sca-1, and CD45.1 and CD45.2. CD45.2’ cells in the Lin"Sca-1"

subset were scored based on CD45.1 phenotype.
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Figure 5
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Figure 6
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Chapter 4

Loss of Tolerance and Autoimmunity Affecting Multiple Organs

in STAT5A/5B-deficient Mice
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Introduction

The design of the adaptive immune system has evolved to meet a world of

pathogens whose antigenic guise cannot be fully known before a first encounter. The

system requires that lymphocytes be generated to maximize the number of epitopes seen

as foreign by their antigen receptors. The organism uses a system of imprecise

recombination within the antigen receptor genes and nucleotide addition and removal at

key points that will contact antigen to generate specificity for 25 million [1] never before

encountered foreign epitopes by T-cells (and probably similar numbers for B-cells). The

danger of this system is found in the fact that random generation of lymphocytes specific

for so many epitopes will result in lymphocytes that are specific for self-antigens. When

triggered by antigen, autoreactive lymphocytes can attack normal tissue and cause

damage via multiple effector mechanisms, including soluble factors, such as cytokines

and antibodies, and cell to cell mediators, such as death receptors and cytotoxic killing

molecules [2].

The organism has developed a number of physiologic checkpoints to block both

the development of autoreactive lymphocytes and the initiation and progression of

pathologic adaptive immune responses against normal tissue. Breakdown of multiple

checkpoints may be necessary to cause a long-term autoimmune pathology. One

mechanism is central tolerance, the process of deletion of lymphocytes that express

antigen receptors with high reactivity to self antigen [2]. Central tolerance is not

considered to be wholly efficient [3] and peripheral tolerance mechanisms exist in

addition [4].
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Peripheral tolerance has reached new levels of complexity in recent years and

consists of multiple regulatory mechanism acting on a number of checkpoints. First,

sequestration is used to keep some self-antigens from ever being seen by the immune

system in a process called immunologic ignorance [4].

Second, the innate immune system helps the immune system to direct its activity

to situations where pathogens are involved. Cells of the innate immune system are

activated by a combination of pattern receptors on innate immune cells [5] and “danger”

signals from damaged cells [6]. Innate recognition of a threat is translated to lymphocytes

through the antigen presenting cell (APC) system to help regulate whether antigens are

seen by the adaptive immune response. Dendritic cells normally perform antigen

collection in peripheral tissues, and, matured by microbial products or cellular damage

signals [7], present the foreign antigens to T-cells in the context of a second signal from a

B7 family member that is required for activation (at least for naïve T-cells)[8]. In the

absence of a pathogen dendritic cells are not matured, but circulate carrying self-antigen

with no second signal [9]. This leads to T-cell anergy or even deletion in the absence of

the second signal [4]. Also, other cells of the innate immune system, such as NK and

NKT-cells are thought to play a role in modulating autoimmune initiation and

progression, although not well understood [4].

Third, self-reactive thymic escapees are maintained in a quiescent state by one or

more populations of regulatory T-cells, currently defined by multiple phenotypes

including CD4"CD25" and CD4"CD45RB". These T-cells are thought to arise in the

thymus through intermediate affinity interactions with self-peptide that are not high

enough to trigger deletion, but instead render the cells unresponsive in the classical sense,
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but able to suppress the activation of self-reactive T-cells in the periphery via suppressor * *

cytokines, cell-cell interactions, or both. In addition, these cells may be derived from ‘.

conventional Of T-cells in the periphery as well (reviewed in [10-12]).

Finally, dampening of existing immune responses is utilized to block a normal

immune response from becoming a context for initiation of an autoimmune response by

epitope spreading. First, negative feedback loops such as IL-2 mediated upregulation of

Fas on activated T-cells helps to limit the size of a response [13]. Secondly, phenotypic

skewing helps to maintain balance in the Th1/Th2 subset polarization and restrict the

character of an immune response [4].

Many cytokines have been implicated in regulating these mechanisms of tolerance º
in vivo. IL-2 has been especially interesting to investigators, as it appears to have such

-
| ".

contradictory roles. IL-2 was isolated as a T-cell growth factor and was proposed to •. -

positively regulate T-cell numbers in vivo. However, as mice deficient for IL-2 or any
-

•

one of its receptor components spontaneously develop autoimmunity [14-17], it is clearly

responsible for more complicated actions in vivo. In IL-2 receptor B" mice, two current
*

models account for the breakdown in tolerance. The first model is that activation of this *****

receptor is important for the upregulation of Fas on activated T-cells leading to activation -

—induced cell death (AICD) and elimination of self-reactive cells [13, 18-20]. The second :

model is that a reduction in an IL-2-dependent subset of CD4"/CD25" "regulatory T

cells" causes a disruption in the maintenance of peripheral tolerance to multiple self º
antigens [12 and refs therein,21].

f
The downstream signaling components used by the IL-2 receptor in regulating

*

peripheral tolerance in vivo have not been elucidated [22-25]. One signal transduction |
-

-
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pathway utilized by the IL-2 receptor to transmit signals into biological actions of target

cells is the JAK-STAT pathway, with the major activated STAT being STAT5. Because

of this we posited that a loss of tolerance in the adaptive immune system might lead to

autoimmune pathology, which might contribute to hematopoietic abnormalities observed

in these mice.

The following study was designed to interrogate the role of lymphocytes in the

hematopoietic defects observed in STAT5A/5B-deficient mice. We found a striking

correlation between T-cell infiltration of the bone marrow and the most severely affected

mice in skewing of progenitor subsets. We then found that this infiltration represented a

more generalized autoimmune phenomenon affecting multiple organs. Both early death

and the pathology observed in these mice could be corrected by the genetic removal of

lymphocytes indicating a prominent role of these cells in the etiology of the disease. We

found similar pathology extant in IL-2 receptor [3-deficient mice, implying that it was

STAT5's role downstream of this cytokine that was responsible for the effects observed.

We also found a reduction in the IL-2-dependent CD4"CD25" regulatory T-cell

population in STAT5A/5B-deficient mice, which appeared to be due to decreased

survival of these cells. As these cells are critical for the maintenance of peripheral

tolerance, it appears that STAT5 is important for the IL-2-mediated maintenance of

tolerance in vivo through survival effects on these cells.
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Abstract

STAT5 has previously been reported to be dispensable for the maintenance of

tolerance in vivo. However, in examining hematopoiesis in mice lacking both isoforms of

STAT5, STAT5A and STAT5B, we noted that a subset of these mice demonstrated

dramatic alterations in several bone marrow progenitor populations concomitant with

lymphocytic infiltration of the bone marrow. In addition, cellular infiltration affecting the

colon, liver, and kidney was observed in these mice. Survival analysis revealed that

STAT5A/5B" mice exhibited early death. The increased mortality and the pathology

affecting multiple organs observed in these mice were abrogated on the RAG1"

background. In light of the similarities between STAT5A/5B-deficient mice and mice

unable to signal through the IL-2R, we hypothesized that the tolerizing role of

STAT5A/5B was triggered via activation of the IL-2R. In agreement with this, we found

that IL-2Rf chain-deficient mice exhibited similar hematopoietic abnormalities. As IL-2

signaling is thought to contribute to tolerance through maintenance of a CD4"/CD25"

regulatory T-cell population, we examined these cells and observed a numerical reduction

in STAT5A/5B" mice along with a higher rate of apoptosis. These data provide strong

evidence for a requirement for STAT5 in the maintenance of tolerance in vivo.

, ra' ºs- º
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Introduction

Autoreactive T-cells normally are eliminated by central mechanisms of tolerance - * -

in the thymus, or are subsequently destroyed or rendered anergic by the complex system º
of peripheral tolerance. Tolerance in the periphery involves multiple cell types and - .

signaling networks to avoid the generation of cell-mediated or humoral immune

responses against self-antigens by lymphocytes that have escaped central tolerance

mechanisms [1-3]. Cytokines that utilize type I cytokine receptors, such as IFNY, IFNO/3,

IL-2, IL-4, IL-10, IL-12, play a critical role in this system by regulating the type,

strength, and duration of normal immune responses, and in arresting the initiation and

progression of pathogenic immune responses [2,4-6]. In particular, the role of IL-2 and its

receptor in maintaining tolerance in lymphocytes is well established, as mice deficient for

IL-2 or any one of its receptor components spontaneously develop autoimmunity [7–10].

The downstream signaling components used by the IL-2R in regulating peripheral

tolerance in vivo have not been elucidated [2,11-13]. One signal transduction pathway

utilized by the IL-2R to transmit signals into biological actions of target cells is the JAK- º

STAT pathway. STATs are cytoplasmically located, latent transcription factors that irº ºr º

dimerize upon tyrosine phosphorylation by an activated receptor complex, translocate

into the nucleus, and modulate the transcription of target genes by binding to specific

DNA sequence motifs [14,15]. Disruption of a number of STAT factors such as STAT3

in myeloid cells [16] and STAT6 [17], normally activated by IL-10 and IL-4,

respectively, has revealed that the activation of these transcription factors can be •

important for the maintenance of tolerance by these cytokines. However, the main STAT

family member activated by the IL-2R, STAT5, has not been shown to be important in
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the maintenance of tolerance in vivo [11,12]. Initial characterization of mice deficient for

STAT5A/5B detected no evidence of autoimmunity [18], despite the presence of

activated lymphocytes in these mice.

STAT5 is activated by diverse cytokine receptors involved at multiple levels * - /

within the hematopoietic system. The widespread engagement of its two isoforms, º
STAT5A and STAT5B, has implicated STAT5 as a potentially important component of .*

cytokine receptor signaling in this context. Surprisingly, therefore, mice deficient for

either STAT5A [19] or STAT5B [20] were found to exhibit only subtle alterations in the
-

º
regulation of hematopoietic cells [21-23]. In contrast, mice deficient for both the

- - -

STAT5A and STAT5B isoforms, were shown to have multiple defects in hematopoietic 2.-

development at all stages of differentiation from the hematopoietic stem cell (HSC) [24- ■ º

26] to lineage-committed progenitors [27-29). In addition, some abnormalities in the
- - -

function of mature hematopoietic cells have been described in mice both singly and
-

º
doubly deficient for the STAT5 isoforms [18,29-35]. These findings provided a basis for º º

-

considering the possibility that abnormalities in T-cell maturation and or homeostasis in wº

the setting of impaired activation could lead to dysregulation and aberrant cell function. --- º -
In our studies of the role of STAT5 in hematopoietic development we noticed -- *

significant variability in the expressivity of multiple hematopoietic phenotypes that

prompted us to investigate the possibility that defects in cells other than the

hematopoietic progenitors contribute to the spectrum of hematopoietic abnormalities in

STAT5A/5B-deficient mice. We found that a subset of STAT5A/5B-deficient mice

exhibited autoimmune pathology very similar to mice lacking IL-2 or its receptor

components, characterized by lymphocytic infiltration of multiple organs, including the
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bone marrow. This disease correlated with decreased numbers of CD4"/CD25 regulatory

T-cells, which undergo apoptosis at increased rates in the absence of STAT5. Our

findings provide definitive evidence that STAT5 is critical for the maintenance of

tolerance in vivo. In addition, our findings indicate that regulatory T-cells require the

activation of STAT5, most likely by the IL-2R, to maintain their own homeostasis in vivo

and that reduction of this population may contribute to the loss of tolerance evident in

these mice.

-
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Materials and Methods

Handling and Characterization of Mice.

STAT5A/5B" mice [18] were obtained from Dr. James Ihle (St. Jude Children's

Research Hospital, Memphis, TN) and back-crossed onto a C57BL/6 background at least

6 generations. IL-2RB" mice [7] were generously provided by Dr. Tak Mak (Ontario

Cancer Institute, Toronto, Ontario, Canada). RAG1" mice were purchased from Jackson

Laboratories (Bar Harbor, ME). Mice were housed in a pathogen-free rodent barrier

facility and received mouse chow and acidified water ad libitum. All studies were

performed on 6–8 week old mice unless otherwise specified, and littermates were always

used as wild-type controls. Peripheral blood was obtained via cardiac puncture, and

EDTA-treated samples were used for complete blood counts (IDEXX Veterinary Service,

Sacramento, CA). Bone marrow was harvested by flushing femurs and tibias into 6 ml

phosphate buffered saline (PBS) containing 2% fetal bovine serum (FBS) and 2 mM

EDTA. Single cell suspensions of spleens were generated by passing them through a 70

pum nylon mesh strainer into 5 ml PBS containing 2% FBS and 2mVM EDTA. Cell counts . . . .
is a sº--º"

were determined after ACK (NH4Cl) lysis by trypan blue exclusion.

Flow Cytometry.

All antibodies were obtained from Pharmingen (San Diego, CA), and the

following clones were used; Sca-1 (E13-161.7), Ly-76 (Ter-119), Gr-1 (RB6-8C5), CD3

(145-2C11), B220 (RA3-6B2), CD11b (M1/70), c-kit (2B8), CD4 (RM4-5), CD8 (53

6.7), CD25 (7D4), CD62L (MEL-14), CD44 (IM7), Bcl-2 (3F11), Brdu (3D4). For

blocking non-specific binding to Fc receptors, purified antibody to CD16/CD32 (2.4G2)

º
! .
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was used in at 1:100 for 3 minutes. Subsequently, antibodies to surface markers of

interest were used at 1:60 dilution. Apoptosis staining was performed using Annexin-V-

GFP (generously provided by Dr. Joel Ernst, University of California, San Francisco

[36]) along with other antibodies to surface markers in 1.5 mM CaCl2. For intracellular

staining of Brdu, cells were stained for expression of surface markers, then fixed and

permeabilized for 1 h at 25°C in 1% paraformaldehyde (PFA) with 0.1% Tween-20,

washed, incubated with 10mg/ml DNAse 1 for 30 minutes at 37°C, washed, stained for

30 minutes at 25°C with anti Brdu antibody at 20 pil per sample with 7 pil FCS, then

washed. For intracellular staining of Bcl-2, cells were stained for expression of surface

markers, then fixed and permeabilized for 1 h at 25°C in 1% PFA with 0.1% Tween-20,

washed, stained for 30 minutes at 25°C with anti Bcl-2 antibody at a 1:5 dilution, then

washed. All FACS analyses were performed using a FACSCalibur and all sorting was

performed using a FACSVantage (Becton Dickinson).

Histology.

Tissues were prepared by fixation in 1% PFA. Leg bones were decalcified in 19%

EDTA for 10 days with changing of solutions every other day. Tissues were then

dehydrated and embedded in paraffin. Hematoxilin and eosin staining was performed on

5 pum thick sections.

Statistical Analysis.

Data are presented as mean E SEM when appropriate. Statistical significance was

assessed by two-sided Student's t-test.

rº-ºs-->
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Results

Severe alterations in bone marrow progenitor populations in a subset of STAT5A/5B

deficient mice, coincident with infiltration of memory CD4 and CD8" T-cells.

FACS analysis of the bone marrow compartment of STAT5A/5B-deficient mice

at 6-7 weeks of age revealed a wide range in the severity of alterations in the

representation of two progenitor subsets found among cells that have low expression of

lineage-commitment markers: (a) the Sca-1"/c-kit' population, which contains the HSC;

and (b) the Sca-1'■ c-kit' post-HSC myeloid progenitors, which include the common

myeloid progenitor (CMP), megakaryocyte-erythroid progenitor (MEP), and granulocyte

macrophage progenitor (GMP) [37,38]. Contour plots of c-kit and Sca-1 expression

portray the normal distribution of the progenitor subsets from a typical STAT5A/5B"

animal, and abnormal distribution in a moderately affected STAT5A/5B" animal and a

severely affected STAT5A/5B" animal (as based on the criteria below) (Fig. 1). These

plots reveal a dramatic increase in the relative representation of the HSC-containing

population as well as a substantial decrease of the post-HSC myeloid progenitor

population in the severely affected animal; similar, though less severe, changes were ºr--"

evident in the moderately affected STAT5A/5B-deficient animal. When we examined

these subsets in absolute terms, we found that the STAT5A/5B" mice could be separated

into two groups based on the absolute number of cells in the Sca-1"/c-kit' HSC

containing population. We classified 4/10 of STAT5A/5B" mice as severely affected and

the remaining 6/10 STAT5A/5B" mice as moderately affected. There was a greater than

two-fold increase in the Sca-1"/c-kit' population in the severely affected STAT5A/5B"

mice compared to either the moderately affected STAT5A/5B" mice or STAT5A/5B"
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mice (Table 1). We further found that all STAT5A/5B" mice possessed numbers of Sca

1/c-kit' cells that were well below wild-type littermates. Since the Sca-1'■ c-kit' post

HSC myeloid progenitor population represents a direct product of the Sca-1"/c-kit' HSC

population, we calculated the number of the post-HSC myeloid progenitors per HSC in

each of these groups as another means to represent the severity of the block at this stage

of hematopoiesis. Severely affected STAT5A/5B" animals had a greatly decreased

number of post-HSC myeloid progenitors per HSC (0.684 + 0.28) compared to

moderately affected STAT5A/5B" animals (2.02 + 0.15) or STAT5A/5B" animals (6.83

+ 0.69). These data reveal that based on criterion of absolute number of cells in the Sca

1"/c-kit' population, the STAT5A/5B" genotype segregates into two fundamental

groups.

In order to determine whether abnormalities in mature lymphocytes in a subset of

animals might contribute to the existence of a bimodal distribution in STAT5A/5B

deficent mice, we examined lymphocyte subsets within the bone marrow of these mice.

FACS analysis revealed that the mice with the most severe alterations in bone marrow

progenitor subsets also had a substantial increase in the absolute numbers of memory

CD4' (Fig 2A) and CD8 (Fig. 2B) T-cells in the bone marrow compartment (severely

affected animals represented by open circles) compared with the moderately affected

STAT5A/5B" mice (closed circles) and wild-type littermates. There was a four-fold

increase in the number of activated/memory CD3"/CD4' (CD62L"/CD44") T-cells [39]

in the severely affected animals (36.5x10' + 9.7x10" cells) compared to the moderately

affected animals (7.94 x10' + 2.9 x10" cells, p=0.0064) and STAT5A/5B" animals

(6.43 x10' + 0.69 x10" cells, p = 0.004). Similarly there was a four-fold increase in the

as " -- " -
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number of activated/memory CD3"/CD8' (CD62L"/CD44") T-cells in the severely

affected animals (16.3 x10' + 5.7x10" cells) compared to the moderately affected

animals (3.66x10' + 0.82 x10" cells, p=0.023) and the STAT5A/5B" animals (3.63

x10' + 0.38x10" cells, p = 0.039). The presence of increased numbers of activated /

memory T-cells in bone marrow implied that these cells had been activated and homed to

this tissue in response to some foreign or self antigen localized to the bone marrow. The

association of this infiltration with striking abnormalities in progenitor subsets implied

that the presence of memory T-cells might contribute to the phenotypic alterations

observed in the bone marrow.

Cellular infiltration is observed in other organs of severely affected STAT5A/5B-deficient

mice.

To determine whether the T-cell infiltration we observed in the bone marrow

represented systemic pathology, we performed histological analyses of other organs,

including liver, colon, and kidney. We observed significant cellular infiltration in all

organs examined from the STAT5A/5B-deficient mice that exhibited increased numbers

of T-cells in the bone marrow, as described earlier. The colon was the most severely

affected organ, with massive mononuclear and polymorphonuclear cell infiltration of the

lamina propria (Fig. 3A). The inflammation was associated with disruption of the

architecture of the tissue including elongation of the crypts and widening of the gap

between crypts. In the kidney, there was mononuclear cell infiltration of the tubular

interstitium (large arrow) and sporadic alterations of glomerular architecture; primarily

cell loss and apparent shrinkage (small arrow) were also noted (Fig. 3B). The liver

-a ºrº º
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exhibited mononuclear cell infiltration surrounding the vasculature of the portal triad

with few cells seen invading the parenchyma (Fig. 3C). In addition, using blood

chemistry analysis, we found that values for Lactose Dehydrogenase (LDH) and

Aspartate Aminotransferase (AST) were increased in STAT5A/5B-deficient mice,

consistent with liver disease. Levels of blood urea nitrogen (BUN) were increased, while

levels of bicarbonate (TCO2) were decreased in STAT5A/5B" mice, both consistent with

renal disease. Finally, values for albumin were decreased in STAT5A/5B" mice,

consistent with kidney disease, liver disease, or both (Fig. 4). We did not observe

infiltration of either the colon or the kidney in moderately affected STAT5A/5B-deficient

mice or in STAT5A/5B wild-type littermates. However, we did observe a cellular

infiltration of the liver parenchyma in one of the moderately affected STAT5A/5B

deficient animals, which had the characteristics of extramedullary hematopoietic foci

(data not shown). Mononuclear and polymorphonuclear cell infiltration of multiple

organs observed coincidentally with histologic destruction of the tissues in affected

organs suggested the possibility that a more global breakdown of the maintenance of

tolerance might be occurring in STAT5A/5B-deficient mice.

Reduced survival in STAT5A/5B-deficient mice is rescued on an immunodeficient RAG1

deficient background

We found that STAT5A/5B-deficient mice died spontaneously as early as 6 weeks of age

and that greater than 70% (14/19) of these mice were dead by 20 weeks of age (Fig. 5A).

Based on the mononuclear cell infiltration we detected in the livers, colons, and kidneys

as well as the CD4 and CD8' T-cell infiltration we observed in the bone marrow, we

º
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hypothesized that the premature deaths were linked to infiltration by lymphocytes. To test

the hypothesis of a cause and effect relationship, we crossed the STAT5A/5B-deficient

mice onto an immunodeficient RAG1" background. Preliminary evidence indicated that

both STAT5A/5B" and STAT5A/5B" mice on the RAG1" background were more
+/-Hsusceptible to infection compared to mice on a RAG1" background. This phenomenon

was likely due to the neutropenia (Fig. 6C) and NK cell deficiencies [31] observed in

these mice that increased the immunocompromised state of the RAG1" background. To

reduce the confounding effects of infection-related deaths on our assessment of the role

of lymphocytes in STAT5A/5B-deficient mice, we measured survival curves for the

various STAT5A/5B genotypes on both RAG1" and RAG1" backgrounds in the

presence of antibiotics administered through the drinking water. We observed that while

greater than 70% (5/7) of STAT5A/5B" mice on the RAG1" background died by 20

weeks, only 9% (1/11) of the STAT5A/5B" on the RAGI* background had succumbed

by the same time period (Fig. 5B). Furthermore, cºmmºn of euthanized STAT5A/5B

deficient mice on the RAG” background revealed no evidence of mononuclear cell

infiltration in any organs (data not shown). These data demonstrate that the pathologies ****

observed in multiple tissues are dependent on the presence of lymphocytes. In addition,

as the removal of lymphocytes rescued the early death exhibited by STAT5A/5B

deficient mice, these data suggest that the early death is linked to infiltration of these

organs by lymphocytes.

Removal of lymphocytes rescues anemia and neutrophilia, but not thrombocytopenia in

adult STAT5A/5B-deficient mice.
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In order to examine the role that the autoimmune pathology in STAT5A/5B

deficient mice influenced the hematopoietic abnormalities observed in these mice, we

examined the peripheral blood of STAT5A/5B" and STAT5A/5B" mice on a RAG1"

background. In peripheral blood lineages, we found that STAT5A/5B" (RAG1") mice

showed a slight decrease in erythrocytes compared to STAT5A/5B" (RAG1") (F ig.

6A). This represents a dramatic rescue of severe anemia in STAT5A/5B" mice on a

RAG1" background. Platelets in STAT5A/5B" (RAG1") mice showed a greater than

30% decrease compared to STAT5A/5B" (RAG1") mice (Fig. 6B). Lymphocytes were

not assessed on the RAG1" background. Finally, neutrophils were decreased modestly in

STAT5A/5B" (RAG1") mice compared to STAT5A/5B" (RAG1") (Fig. 6C). Removal

of lymphocytes in STAT5A/5B-deficient mice results in rescue of severe anemia, no

increase in platelets, and a reduction that is not statistically significant, in neutrophils.

These data indicate that lymphocytes, probably within the context of the autoimmunity,

cause the most severe decreases in erythrocytes in STAT5A/5B" mice. However,

correction of autoimmunity cannot rescue platelets in STAT5A/5B" mice. In addition, it

appears that the trend of increased neutrophils in STAT5A/5B" mice is due to the

presence of lymphocytes.

Removal of lymphocytes does not rescue hypocellular bone marrow and partially rescues

defects in progenitor subsets in STAT5A/5B-deficient mice

To examine the effects of the autoimmune phenomenon on hematopoietic

progenitors in STAT5A/5B" mice, we examined the bone marrow in STAT5A/5B" and

STAT5A/5B" mice on a RAG1" background. Removal of lymphocytes by crossing

7
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onto the RAG1" background did not increase bone marrow cellularity of STAT5A/5B"

mice compared to STAT5A/5B" mice (Fig. 7A).

We then used FACS analysis to subset bone marrow cells by expression of

surface lineage-defining markers (lin), Sca-1, and c-kit. We found no alteration in the

fractional representation (Fig. 7B) of the HSC or post-HSC myeloid progenitor subsets in

the bone marrow of these mice compared with STAT5A/5B" animals on the RAG”

background. There is a non-significant trend for the HSC containing population to be

increased in STAT5A/5B" (RAG1") mice compared to STAT5A/5B" (RAG1") mice

(Table 1). This population was equivalent in STAT5A/5B" (RAG1") compared to

STAT5A/5B" (RAG1") in absolute terms (Fig. 7C), representing a correction of the

increase in this population found in STAT5A/5B" (RAG1") compared to

STAT5A/5B" (RAG1") mice (Chapter 3). As shown previously, the post-HSC

containing population is substantially decreased in STAT5A/5B" (RAG1") compared to

STAT5A/5B" (RAG1") mice (Chapter 3). The number of these cells in STAT5A/5B"

(RAG1") remained decreased compared to STAT5A/5B" (RAG1") mice (Fig. 7D).

However, there appeared to be a partial rescue in the number of these cells in the absence

of lymphocytes. Correction of the immune mediated effects by crossing onto a RAG1"

background results in reduction of HSC and partial rescue of post-HSC progenitors.

It is interesting to note that removal of lymphocytes from STAT5A/5B" mice by

crossing onto a RAG2" background does not rescue the competitive repopulation defects

[40].

Mice deficient for IL-2R3-chain exhibit similar abnormalities in the bone marrow.

** * *
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Previous reports indicate some hematopoietic progenitor abnormalities in mice lacking

IL-2 [41,42], with mononuclear cell infiltration in the colon and liver and anemia in mice

deficient for IL-2 [9], IL-2Ro. [8], or IL-2R3 [7] similar to that observed by us in

STAT5A/5B-deficient mice. We speculated that, if IL-2 signaling was responsible for the

tolerizing effect of STAT5, mice deficient in IL-2 signaling would manifest the same

specific bone marrow alterations that we had observed in the STAT5A/5B-deficient mice.

Indeed, we found that at 6 weeks of age, mice deficient for IL-2 receptor■ exhibited

bone marrow abnormalities including T-cell infiltration and alterations in the

representation of lineage marker dim progenitor populations. The phenotypes appeared

more severe in these mice and displayed a higher penetrance, as all IL-2 receptor B

deficient mice examined were markedly affected (n = 6). FACS contour plots portray the

distribution of the progenitor subsets from a wild-type littermate and a typical IL-2

receptor B” animal (Fig. 8A), which reveal a dramatic increase in the representation of

the HSC-containing population and a substantial decrease of the post-HSC myeloid

progenitor population in the IL-2 receptor B.’ animal. Specifically, IL-2 receptor B" mice

had a greater than eight-fold increase in the absolute number of Lin"/Sca-1"/c-kit' cells

(59.1 x 10' + 6.7x10" cells), compared to IL-2 receptor 3" mice (7.22 x10' + 0.61 x10"

cells, p = 0.00025) (Fig. 8B). We further noted that these animals had greater than a five

fold lower absolute number of Lin"/Sca-17c-kit' cells (1.37x10' + 0.99 x10° cells)

compared to wild-type littermates (742 x10' + 0.58x10° cells, p=0.0019) (Fig. 8C).

These data demonstrate that loss of IL-2 signaling by deficiency in the IL-2 receptor B

chain also result in significant abnormalities in bone marrow progenitors.

rº- sº
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As in the STAT5A/5B" mice, these abnormalities in the bone marrow were

associated with a substantial increase in the absolute numbers of activated / memory

CD4" and CD8" T-cells in the bone marrow compartment. We detected a greater than 27

fold increase in the absolute number of activated / memory CD3"/CD4"

(CD62L"/CD44") T-cells in IL-2 receptor B” mice (174x10' + 19 x10" cells) compared

to wild-type littermates (6.33 x10' + 1.1 x10" cells, p=0.00013) (Fig. 8D). We also

observed a 46-fold increase in the number of activated/memory CD3"/CD8"

(CD62L"/CD44") T-cells in IL-2 receptor Bº animals (132x10' + 54x10" cells)

compared to wild-type littermates (2.84x10' + 0.37x10" cells, p=0.054) (Fig. 8E).

These data showed that IL-2 receptor B" mice and STAT5A/5B" mice exhibited similar

hematopoietic abnormalities in the bone marrow. These data, in conjunction with other

similarities noted in these animals, suggest that loss of tolerance in these two mouse

models results from defects in the same mechanism of maintaining tolerance.

STAT5A/5B-deficient mice have reduced numbers of CD4"/CD25" regulatory T-cells in

secondary lymphoid organs and in peripheral tissue.

Since the multiorgan autoimmunity seen in the STAT5A/5B" mice was

strikingly similar to that seen in IL-2RB" mice, we hypothesized that the same

mechanism for disruption of tolerance might be involved in both types of gene-targeted

mice. One model to account for the loss of tolerance in these mice is that a reduction in

an IL-2-dependent subset of CD4"/CD25" "regulatory T-cells" causes a disruption in the

maintenance of peripheral tolerance to multiple self-antigens [43-47]. We therefore

examined STAT5-deficient mice for the number of T-cells expressing these markers both

rº->
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in a secondary lymphoid organ, the spleen, and in an affected end-organ, the bone

marrow. We observed that there was an approximately four-fold decrease in both CD25" º

and CD25 CD4 cells in the spleen, such that the relationship of CD4"/CD25' to

CD4"/CD25 cells was preserved (Fig. 9A). In contrast, the absolute number of

CD4"/CD25 cells in the bone marrow was unaffected by STAT5A/5B-deficiency mice -

while the absolute number of CD4"/CD25" in this tissue was reduced two-fold in

STAT5A/5B" mice compared to wild-type mice (Fig. 9B). To exclude the possibility

that CD4"/CD25" cells had down-regulated CD62L and thus represented activated naïve

cells that confounded quantitation of regulatory T-cells [48], we also examined the

expression of CD62L. We found that 78.1% of CD4"/CD25' cells in the spleens of º

STAT5A/5B" animals were CD62L", while only 33.8% of these cells in the spleens of i

STAT5A/5B" mice were CD62L" (Fig. 9C). Therefore, by this analysis, there was in -

fact a relative reduction in the actual number of regulatory T-cells versus non-regulatory º ~

T-cells in the spleens of STAT5A/5B-deficient animals. Similar results for CD62L **
º

expression were observed in the bone marrow. In accordance with our model and the * ,

conclusion of others that IL-2 was important for the regulation of this population [43,45], -º º
we found that the number of CD4'/CD25"/CD62L" cells in the spleen of IL-2 receptor

-

B" mice was reduced compared to wild-type littermates (data not shown). Thus, the :

overall reduction of regulatory T-cells in STAT5A/5B" mice may contribute to a loss of º

peripheral tolerance in these mice, thereby causing the multiorgan autoimmunity - -,

observed in a manner similar to mice that lack all IL-2R signaling.
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CD4"/CD25' regulatory T-cells have increased rate of apoptosis and decreased Bcl-2

expression in STAT5A/5B-deficient mice. s

To determine how STAT5 may contribute to maintenance of CD4"/CD25' cells,

we examined both proliferation and apoptosis of this subset in vivo. We observed an

approximately two-fold increase in the proportion of CD4"/CD25"/CD62L" cells in the - i.

spleen staining positive for Annexin-V in STAT5A/5B" mice compared to wild-type

mice (Fig 10A). In addition, in vivo labeling with Brdu revealed that the proportion of

CD4"/CD25"/CD62L" cells in the spleen that were Brdu", and thus had incorporated

BrdU during DNA synthesis in the periphery, was increased in STAT5A/5B" mice

compared to STAT5A/5B" mice (data not shown). Therefore, despite an apparent ability º
to undergo homeostatic proliferation in secondary lymph organs, the regulatory T-cell

population in STAT5A/5B" mice has a higher rate of cell death, which correlates with
- ----

the reduction in their numbers in these animals. In addition, we also observed an

approximately two-fold increase in the proportion of CD4"/CD25"/CD62L" cells in the
* * * =

º

spleen staining positive for Annexin-V in IL-2RB" mice compared to wild-type mice
-

\

(data not shown). To determine whether Bcl-2 might play a role in the regulation of sº- º
apoptosis in regulatory T-cells, we then examined its expression in these cells by -

intracellular FACS. We found that nearly all of these CD4"/CD25"/CD62L" cells in the

spleen expressed Bcl-2 protein in wild-type mice (Figure 10B, left panel), while fewer

than half of CD4"/CD25"/CD62L" cells in the spleen of STAT5A/5B-deficient mice

expressed Bcl-2 protein above background (Figure 10B, right panel). An even more

striking reduction in the proportion of CD4"/CD25"/CD62L" cells expressing the Bcl-2

protein above background was observed in IL-2RB" mice compared to wild-type mice |
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(data not shown). These data indicate that STAT5 contributes to the homeostasis of

gCD4"/CD25' regulatory T-cells in part through survival effects that may be mediated

through Bcl-2. Similar results observed in IL-2RB" mice suggests that IL-2 may be the
y

cytokine that provides the STAT5-dependent survival signals to the regulatory T-cells

that are critical for their homeostasis. ~. º

-
º

ºr---

S.
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Discussion

Since STAT5 is activated by a diverse array of cytokine receptors, we

hypothesized that defects that are non-cell-autonomous to early progenitors might º
contribute to the complex, and variably expressed, hematologic defects in STAT5A/5B

deficient mice. Specifically, we posited that a loss of tolerance in the adaptive immune

system might lead to autoimmune-mediated effects on hematopoiesis. Three lines of

evidence led us to this hypothesis: (a) an autoimmune etiology has been postulated to be

responsible for a number of human diseases that affect the function of hematopoietic

progenitor cells and interfere with their ability to produce mature cells of the

hematopoietic lineages, such as aplastic anemia, pure red cell aplasia, and paroxysmal 7,

nocturnal hemoglobinuria [49-52]; (b) the role of IL-2 and its receptor system in the

maintenance of tolerance has been well established [7–10,13], and mice lacking IL-2
- -

manifest hematopoietic abnormalities affecting bone marrow [41,42]; and (c) the *
º

º

importance of STAT5 activation by the IL-2R system has been well documented in vitro sº
and in vivo [11,12]. --> º

In a higher resolution examination of the early progenitor compartment of the º-sº

bone marrow of STAT5A/5B-deficient mice, we established two phenotypic categories, º º
which we termed moderately affected and severely affected. The two most striking º:

characteristics of the severely affected mice were dramatic increases in the HSC

containing population and low production of post-HSC myeloid progenitors despite the º
increased HSC population. We found that the severely affected mice exhibited a dramatic º

-

increase in the number of activated / memory CD4 and CD8' T-cells infiltrating the

bone marrow. Since STAT5A/5B" mice are lymphopenic, this infiltration of T-cells
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represents a heightened recruitment of lymphocytes into this tissue rather than a new

equilibrium reached with an increased total T-cell pool. T-cells localized aberrantly in the

bone marrow could cause the progenitor effects observed either by inhibiting the

productive capacity of HSC or by reducing the number of post-HSC. Further study is

required to determine whether these effects are caused by antigen-specific autoimmunity

or by bystander effects and whether the effector cells that are responsible for pathology

are CD4" or CD8' T-cells [4,53-55].

We found that the immune cell infiltration was a more general phenomenon as we

observed it in all organs examined, including colon, kidney, and liver. In both the colon

and the kidney, this infiltration resulted in architectural abnormalities, which could have

resulted in compromised function of these tissues. These severe abnormalities in multiple

organs most likely contribute to the 70% incidence of premature death observed in

STAT5A/5B-deficient mice by 20 weeks of age. The longitudinal analysis indicates that

the cross-sectional analysis performed at 6 to 7 weeks of age detected the presence of

disease in only a fraction of those animals that would ultimately develop pathology.

Crossing the STAT5A/5B-deficient mice onto the RAG1" background abrogated severe º-
º :

anemia, the incidence of early death, and any visible alterations in bone marrow, colon,

kidney, and liver in STAT5A/5B" animals. This observation indicated that lymphocytes

were necessary for the infiltration disease in these animals, although certainly the

complex effects of STAT5 deficiency on other cell types such as the bone marrow

progenitors [18,24,25,27-31] may also play a role in the pathology observed in these

Organs.

º

º--

,
*i.
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The lymphocytic infiltration of the colon and liver, the anemia, as well as the

recognized role of STAT5 in IL-2 signaling implicated impaired signaling by this

cytokine as the cause of loss of tolerance in STAT5A/5B-deficient mice. In further

support of this, all IL-2RB" mice possessed bone marrow characteristics similar to the

severely affected STAT5A/5B" mice. In addition, the severity of the abnormalities in the

IL-2R3-deficient mice was markedly higher compared to the defects in STAT5A/5B

deficient mice. The increased penetrance and severity of pathology in the IL-2RB" mice

might be explained by one or more differences between STAT5A/5B" and IL-2RB"

mice. First, loss of STAT5 signaling may not fully disable IL-2 signaling competence,

while loss of the 3 subunit of the IL-2R would have more profound effects on the

complex downstream signaling pathways. This distinction might allow persistence of a

portion of the toleragenic effect of IL-2R signaling in the STAT5A/5B-deficient mice.

Second, loss of STAT5 has more wide ranging effects on lymphocytes than loss of IL

2R3 [18,24,30,31] that may result in reduced incidence of autoimmunity or a reduced

ability of effector populations to cause damage. In any event, it would appear that STAT5

is an important mediator of IL-2-mediated tolerance maintenance. * * *

Currently, loss of tolerance in the absence of IL-2 or any of its receptor

components is thought to be due to loss of two tolerizing mechanisms. First, activation of

the IL-2R is important for upregulation of Fas and activation-induced cell death (AICD)

[6,34,56,57]. Second, there is a requirement for this cytokine in the maintenance of a

population of CD4"/CD25 regulatory T-cells [43-45,58,59]. Reduced number and/or

function of these regulatory cells have been observed in multiple mouse models of

autoimmunity [46,47,60]. Furthermore, such cells possess the capacity to inhibit
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responses of CD4"CD25 T-cells in vitro [61-63]. The dependence of such regulatory T

cells on the presence of IL-2 and intact receptor components has been shown both in vivo

and in vitro [43,45-47]. However, the signaling molecules downstream of IL-2 and its

cognate receptor that are important for the regulation of these cells and the mechanisms

by which these signals affect cell number are not well understood [13]. A representational

loss of CD4"/CD25' cells has been reported in the spleens of DO11.10 STAT5A

deficient mice [33], but the relevance of this observation to the role of STAT5 in the

maintenance of tolerance has not been explored. In the present study, we found that there

were reductions in the number of CD4"/CD25' regulatory T-cells in both the spleen and

an end-organ tissue, the bone marrow, in STAT5A/5B" animals. These data suggest that

STAT5 is indispensable for the maintenance of this population in vivo, which may

contribute significantly to the loss of tolerance in these mice.

Interestingly, although all STAT5A/5B-deficient animals exhibited reduced

numbers of these cells, not all of the mice developed autoimmune pathology or

succumbed to premature death. This observation fits with evidence that reduction in these

regulatory T-cells may not be sufficient to cause autoimmunity [64]. Since many of the

phenotypes seen in STAT5A/5B-deficient mice exhibit varying degrees of expression in

individual mice, development of autoimmunity may require a convergence of multiple

threshold effects

The mechanism by which IL-2 contributes to the maintenance of these cells in

vivo is under intense investigation. Defects in thymic development, or in peripheral

proliferation or survival, could all be involved. Our finding that a greater proportion of

CD4"/CD25"/CD62L"regulatory T-cells were apoptotic in STAT5A/5B-deficent
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animals compared with littermates implies that STAT5 may be important for the survival

of the cells. These data are consistent with earlier work by us and others that showed

STAT5 to be an important mediator of survival signals in multiple cell types [24,27-29).

In addition, this hypothesis was further supported by the observation that a smaller

proportion of the CD4"/CD25"/CD62L"cells were positive for Bcl-2 protein, which may

be an important target of STAT5 in providing survival signals. IL-2 has been shown to

provide anti-apoptotic signals to cell lines in vitro [65] and to activate Bcl-2 transcription

through STAT5 [66]. These findings are consistent with the known role for STAT5 as a

mediator of survival signals in other cell types [27-29). However, other STAT5

dependent mechanisms could be important for providing increased survival in these cells, 2

such as upregulation of other Bcl-2 family members or the IL-2RO. chain [67]. The

finding that these cells in IL-2RB" mice also have increased apoptosis and decreased
- -

expression of Bcl-2 suggest that the IL-2R mediates effects on regulatory T-cells in part
* --

though modulation of their survival, perhaps through STAT5-dependent effects.

Additionally, these data suggest a novel role of apoptosis in the cytokine-mediated ~ *

homeostasis of this cellular population [46,47]. . -

Use of the Bcl-2 transgenic mice would be one way to test the hypothesis that

Bcl-2-mediated increases in survival can complement for loss of STAT5 in these º º

“regulatory T-cells”, increasing their numbers and preventing autoimmunity in *

STAT5A/5B-deficient mice. Corrections of certain hematologic pathologies in º

STAT5A/5B-deficient "Tg mice, such as the increases in the HSC population and the t

anemia (Chapter 3), lend some evidence to this hypothesis although further studies are
- *

necessary. |
-
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Our data support a model in which IL-2 contributes to the survival of - .

CD4'/CD25"/CD62L"regulatory T-cells in vivo, through receptor mediated activation of

STAT5. The reduction in the number of these cells contributes to loss of tolerance in

STAT5A/5B-deficient animals, leading to a lymphocyte-dependent autoimmune disease

affecting multiple organs. One sequela of this disease is the lymphocyte-dependent

perturbation of the hematopoietic system, contributing to the complex hematologic

phenotypes seen in STAT5A/5B-deficient mice.

These data provide the first evidence that STAT5 is important for the maintenance

of tolerance in vivo, which adds a new function to the growing list that this transcription -, -

factor plays in the context of the organism. Whether STAT5 plays its toleragenic role º -

f

downstream of the IL-2R exclusively, or whether other receptors are involved, must be - - -

further explored. In addition, the extent of the cell types involved in STAT5-dependent –

maintenance of tolerance and the downstream genes through which STAT5 mediates
º

º s

these affects need further study.
-

rº

x -

** * /... . .

* * * -
-
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Figure Legends

Figure 1. The HSC and post-HSC abnormalities in STAT5A/5B" mice exhibit

variable expressivity. Subsetting was performed according to surface expression of

lineage markers (Lin), Sca-1, and c-kit for the Lin"/Sca-1"/c-kit' population, which

contains the HSC; and the Lin"/Sca-17c-kit' population, containing post-HSC myeloid

progenitors. Representative contour plots showing Sca-1 and c-kit surface expression by
+/-Hlineage marker dim cells for a typical STAT5A/5B" animal, a moderately affected

STAT5A/5B" animal, and a severely affected STAT5A/5B" animal.

Figure 2. STAT5A/5B" mice with severe hematopoietic abnormalities exhibit bone

marrow infiltration by memory CD4 and CD8 memory cells. Subsetting was

performed according to surface expression of CD4 or CD8 in combination with CD44

and CD62L. Absolute values were obtained by multiplying gated percentages by total

nucleated cell numbers. Closed circles represent animals from the STAT5A/5B" group

(n = 6) and from the STAT5A/5B" Moderate group (n=6), while open circles represent

animals from the STAT5A/5B" Severe (n=4) group in Table 1. (A) Memory CD4 cells

in bone marrow and (B) Memory CD8' cells in bone marrow.

Figure 3. Mononuclear cell infiltration in multiple organs of severely affected

STAT5A/5B-deficient mice. Histological analysis of Hematoxilin and Eosin sections

from colon (A), kidney (B), and liver (C) of both STAT5A/5B" and STAT5A/5B" mice

that were previously defined as severely affected reveal infiltration of these tissues by

mononuclear cells in the STAT5A/5B" mice. All images are at 20x magnification.

tº ºr "
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Figure 4. Blood chemistry analysis reveals dysfunction in multiple organs. Plasma

was collected and assays for AST (A) (p < 0.01), LDH (B) (p<0.05), BUN (C) (p<

0.01), TCO2 (D) (p<0.05), and Albumin (E) (p<0.01), are shown. For STAT5A/5B"

mice (n=11) and for STAT5A/5B" mice (n=13).

Figure 5. An immunodeficient background fully abrogates the lethality of

STAT5A/5B deficiency. (A) Survival analysis of STAT5A/5B" mice (n=18) and

STAT5A/5B" mice (n=19). (B) Survival analysis of STAT5A/5B" mice (n=9) and

STAT5A/5B" mice (n=11) on the RAG1" background and STAT5A/5B" mice (n=14)

and STAT5A/5B" mice (n=11) on the RAG1" background in the presence of antibiotics.

Figure 6. An immunodeficient background rescues anemia and neutrophilia, but not

thrombocytopenia in STAT5A/5B deficiency. Complete blood counts were performed

on whole peripheral blood from STAT5A/5B" and STAT5A/5B” mice on the RAG1*

background... (A) Hematocrit (STAT5A/5B" (RAG"), n=11, STAT5A/5B" (RAG"),

n=10). (B) Platelets (STAT5A/5B" (RAG"), n=11, STAT5A/5B" (RAG"), n=10). (C)

Neutrophils (STAT5A/5B" (RAG"), n=6, STAT5A/5B" (RAG"), n=7).

Figure 7. An immunodeficient background does not rescue bone marrow cellularity

or progenitor subsets in STAT5A/5B-deficient mice. Total nucleated cells were

obtained from one femur and tibia and cell counts were determined after red blood cell

- -

>
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lysis for bone marrow from STAT5A/5B" (n=4) and STAT5A/5B" (n=4) mice on the -
RAG1" background (A). Subsetting was performed based on surface expression of

lineage-defining markers, Sca-1, and c-kit. (B) Representative contour plots showing

Sca-1 and c-kit surface expression by lineage marker dim cells for STAT5A/5B" mice º

and STAT5A/5B" mice on the RAG1" background are shown. Absolute values were

generated by multiplying gated percentages by total nucleated cell numbers. The

lin"Sca-1"/c-kit' compartment, containing HSC (C), and the lin"Sca-1"/c-kit'

compartment, containing post-HSC progenitors (D), from STAT5A/5B" mice (n=4) and -

STAT5A/5B" mice (n=4) on the RAG1” background are shown. --- - -

Figure 8. IL-2Rfl-deficient mice manifest severe hematopoietic abnormalities like
-

:

those in STAT5A/5B-deficient mice. Subsetting and generation of absolute values was
-

performed as above. (A) Representative contour plots showing Sca-1 and c-kit surface º
expression by lineage marker dim cells for an IL-2RB" (n=4) and an IL-2RB" (n=4)

animal are shown. Scatter Plots showing absolute values for (B) HSC, (C) Post-HSC

myeloid progenitors, (D) Memory CD4 cells in bone marrow, and (E) Memory CD8" - ■ º ~ :

cells in bone marrow of both IL-2RB" and an IL-2RB' animal are shown. -

Figure 9. STAT5A/5B-deficient mice have reduced numbers of CD4"/CD25°

regulatory T-cells. Total nucleated cells obtained from either the spleen (STAT5A/5B" º
mice (n=4) and STAT5A/5B" mice (n=4)) or the bone marrow (STAT5A/5B" mice t

(n=3) and STAT5A/5B" mice (n=4) were analyzed. Subsetting was performed according
=

to surface expression of CD4 and CD25. Plots showing CD4"/CD25 and CD4"/CD25"
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subsets in both the spleen (A) and the bone marrow (B) are shown. (C) Surface - .

expression of CD62L on CD4"/CD25' cells in the spleen is shown.

Figure 10. Increased apoptosis and decreased Bcl-2 expression in regulatory T-cells •

from STAT5A/5B-deficent mice. CD4+/CD25+/CD62L"splenocytes were stained for º
either the surface expression of Annexin-V (A) or intracellular Bcl-2 (B) with dotted

lines representing isotype control and solid lines representing anti-Bcl-2 antibody

staining of STAT5A/5B" mice (n=3) and STAT5A/5B" mice (n=3).

f
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Table 1. Absolute Number of Cells in Lin" Progenitor Subsets (x 10')'

Sca-1"/c-kit' Sca-1'■ c-kit'

STAT5A/5B" 4.1 + (0. 23) 27.7+ (2.5)

STAT5A/5B?"

Moderate 5.09 + (1.2) 9.75 + (1.8)"

Severe 13.4 + (1.9)*" 8.45 + (2.8)"

*Table 1. Absolute number of lin" progenitor subsets (x10').
Total nucleated cells obtained from hind legs. Absolute values were obtained
by multiplying gated percentages and total nucleated cell numbers.
"p < 0.05 compared to STAT5A/5B"
"p < 0.05 compared to STAT5A/5B" Moderate

:
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Figure 4
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Figure 10
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Introduction

Normal hematopoietic development is absolutely dependent on external stimuli

for fulfilling its varied functions, from the maintenance of a quiescent stem cell pool to

the homeostatic production of the mature cells of all the blood cell types. These signals

are derived from two sources: cells and tissues remote to the site of hematopoietic

development, and cells of the microenvironment at the site of hematopoietic

development.

Cells that are responsible for providing these signals from both sites are

heterogeneous with regards to derivation, function, and signals provided to the

hematopoietic progenitor cells. Remote acting cells that produce endocrine-acting

molecules in response to local physiologic stimuli are comprised of both

hematopoietically derived cells, such as T-cells producing interleukin-3 (IL-3) [1], and

non-hematopoietically derived cells, such as kidney cells of the proximal convoluted

tubules producing erythropoietin (EPO) [2].

Cells that create the microenvironment found at the sites of primary

hematopoiesis are also of hematopoietic and non-hematopoietic origin. The

hematopoietic cells include macrophages [3,4], dendritic cells [5], NK cells [6], T-cells

[7,8], and feedback regulation, mediated by progenitor cells themselves [9]. The non

hematopoietic cells, which are often termed “stromal cells”, include a heterogeneous mix

of myo-fibroblasts and endothelial-like cells [10,11]. Current dogma describes the myo

fibroblast cells as a group of mesenchymal cells that include adipogenic cells,

chondrogenic cells, osteogenic cells, and the progenitors for these cells, all of which

probably contribute to hematopoietic development. It is believed that a single
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mesenchymal stem cell (MSC) gives rise to cells of all these lineages in a developmental

hierarchy akin to the hematopoietic system. However, interrelationships between these

cells remain unclear [12-14]. The endothelial like cells are derived from a common

precursor with hematopoietic cells, the hemangioblast, which may or may not remain in

adult bone marrow after fetal development [15,16].

Stromal cells have largely been characterized in vitro due to their rarity and they

are in part defined by their ability to support some aspects of hematopoietic development

in culture. This work, in conjunction with histological data and transplant studies, has

identified heterogeneity with respect to support characteristics among stromal cells and

spatial differences within the bone marrow, supporting the concept that specialized niches

exist to help direct hematopoiesis. This hypothesis had been introduced by the work of N.

S. Wolf and J. J. Trentin, establishing that microenvironment could play a major role in

the regulation of hematopoietic cell differentiation [17]. The differences in hematopoietic

progenitor cell distribution observed within the marrow, with lineage-specific

microenvironments and a gradient of maturation from the most primitive cells near the

endosteum to the mature cells near the central sinus (reviewed in [18]), have also º

supported these concepts.

Stromal cells are thought to perform their role through a combination of the

production of ECM components, both soluble and membrane bound growth factors, and

membrane associated adhesion molecules. However, the further characterization of these

cells and the applicability of in vitro data to in vivo function has been hampered by the

absence, until recently, of the ability for prospective isolation of pure populations and the
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technical difficulty of transplantation experiments with cells that do not readily engraft or

repopulate [10,11].

However, the importance of stromal cells in hematopoietic development is

undisputed. The classic example in vivo is the work of E. A. McCulloch and colleagues,

exploring the sl/sl naturally occurring mouse mutation. This case helped to define both

the relationship between hematopoietic cells and their stromal environment and the

methodology to test stromal effect in vivo. In the sl/sl mouse, there is a mutation that

results in hematopoietic defects that are not rescued [19] by transplant of wild-type

marrow, demonstrating that the defect is not intrinsic to hematopoietic cells [20]. The

defect was later characterized as a mutation in the stem cell factor (SCF) gene [21], the

protein product of which provides critical survival signals for hematopoietic stem and

progenitor cells. In this case, non-hematopoietic stroma inefficiently provides important

growth signals to hematopoietic progenitors. The reciprocal mutation in the w/w mouse

[19], later found to affect the gene for the receptor of SCF, c-kit, leads to a defect

intrinsic to hematopoietic cells [22]. These two cases laid the foundation for the “seed

and soil” concept in both clinical and experimental hematology [23]. In addition, the sl/sl

case demonstrated that reduction in the number or function of stromal cells in the bone

marrow microenvironment adversely affect hematopoietic development and that

reciprocal transplants are critical for establishing the contribution by hematopoietic and

non-hematopoietic cells to the hematopoietic defects observed in mouse models,

especially in the context of germ-line deletion of a gene.

In STAT5A/5B-deficient mice, there are broad hematopoietic defects affecting

multiple lineages. Due to the ubiquitous activation of STAT5 in various tissues in the
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mouse it appeared likely that defects in non-hematopoietic tissue might influence the

hematopoietic phenotype in these mice. Specifically, STAT is activated by multiple

receptors, such as those for EGF and PDGF [24-31], that have been shown to act on both

the mesenchymal cells and the endothelial cells thought to be important in supporting

hematopoietic development at the site of primary hematopoiesis. In addition, effects on

hematopoiesis indirectly produced by loss of STAT5 in tissues more distant from the site

of hematopoietic development, such as the liver [32,33], could not be ruled out.

In the following study, the effects of the loss of STAT5 in non-hematopoietically

derived elements on hematopoietic development are assessed by transplanting wild-type

bone marrow into mice deficient for STAT5A/5B. At high doses of transferred marrow,

engraftment, repopulation, and steady state hematopoiesis is identical between

STAT5A/5B" and STAT5A/5B" recipients. This result indicates that loss of STAT5 in

non-hematopoietic tissue does not adversely affect steady state hematopoiesis.

This study provides evidence that the role of STAT5 in hematolymphoid

development is confined to effects that are cell autonomous to hematopoietic cells. These

data provide the first evidence that the defects in non-hematopoietic organs and tissues in

STAT5-deficient mice do not adversely affect hematolymphoid development. In addition

these results show that STAT5 is dispensable for the biology of bone marrow stroma

cells, at least with regards to their ability to support hematolymphoid development.
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Abstract

Objective: STAT5A/5B-deficient mice exhibit defects in multiple cell types and tissues.

In particular, the hematopoietic defects in these mice are widespread, affecting multiple

lineages and multiple stages of development. Previous studies indicate that deficiencies

intrinsic to hematopoietic cells contribute substantially to the observed defects. However,

in light of the broad effects of STAT5 in the context of the organism, we sought to

investigate the possibility of STAT5-dependent environmental influence of non

hematopoietic origin on hematopoietic development in these mice.

Material and Methods: We transplanted wild-type bone marrow into STAT5A/5B

deficient mice to determine the effects of loss of STAT5 in non-hematopoietic tissue on

hematopoietic development.

Results: We observed that transplant of wild-type marrow completely corrects

hematopoietic defects in STAT5A/5B-deficient recipient mice, including peripheral

blood counts, bone marrow cellularity, and reductions in specific progenitor subsets.

Conclusion: These results indicate that loss of STAT5 in tissues of non-hematopoietic

origin does not adversely affect hematolymphoid development at steady state in these

mice.
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Introduction

We and others have reported multiple hematopoietic defects in mice deficient for

both isoforms of STAT5, STAT5A and STAT5B [1-4,51,6]. Results have demonstrated

that STAT5A/5B-deficient mice manifest a cell-autonomous abnormality in bone marrow

progenitor cells [1,6,7]. However, we observed high variability in the severity of

hematopoietic phenotypes among STAT5A/5B-deficient mice. In addition, bone marrow

transfer (BMT) of STAT5A/5B-deficient bone marrow into wild-type recipients revealed

that although hematologic abnormalities could largely be transferred with bone marrow

cells, recipients expressed these defects to a lesser degree ([1] and data not shown). Since

STAT5 is triggered by a diverse array of cytokine receptors, we hypothesized that

defects, which are non-cell-autonomous to early progenitors, might contribute to the

complex, and variably expressed, hematologic defects in these mice. Subsequently, we

demonstrated a role for STAT5 in the maintenance of tolerance in mice through survival

effects on regulatory T-cells. Loss of tolerance in the absence of STAT5 leads to immune

mediated effects at multiple levels of hematolymphoid development (Chapter 4).

Crossing STAT5A/5B-deficiency onto a RAG1" background did not alleviate all of the

hematopoietic defects in these mice (Chapter 4) leaving open the possibility that defects

in non-hematopoietic cells might play a role in addition to the cell-autonomous defects

previously described.

However, no attempts have been made to date to address the possibility that the

absence of STAT5 in non-hematopoietic tissue could indirectly contribute to the

hematopoietic defects observed in STAT5A/5B-deficient mice. There is published

evidence for a role for STAT5 in multiple tissues that could indirectly affect

167



hematolymphoid development. First, stromal cells in the bone marrow play an

indispensable role in the support and fine regulation of hematopoiesis. This

heterogeneous population of cells that reside in the bone marrow provides support to

hematopoietic cells in the form of soluble factors such as cytokines, extracellular matrix

components, and cell-to-cell interactions [8,9]. Defects in the number or function of

stromal cells has been shown to adversely affect hematopoiesis in multiple mouse

models, including the classic example of anemia in the sl/sl naturally occurring mouse

mutation [10]. The maintenance and function of stromal elements in the bone marrow are

tightly controlled by mechanisms similar to those by hematopoietic cells, including

cytokines such as granulocyte / macrophage-colony stimulating factor (GM-CSF) [11],

interleukin-3 (IL-3) [11], epidermal growth factor (EGF) [12-14], platelet-derived growth

factor (PDGF) [12-14], and erythropoietin (EPO) [15,16]. STAT5 is known to be

activated by these cytokines, including PDGF [17-19), EGF [18,20,21], IL-3 and GM

CSF [22,23], and EPO [24,25]. We hypothesized that partial loss of signaling by these

receptors in stromal cells might reduce their ability to provide adequate and appropriate

support for hematolymphoid development in vivo.

Second, multiple tissues not considered to provide direct support to hematopoietic

cells, but with potential physiologic effects on hematolymphoid development are affected

by loss of STAT5A/5B, including liver [2,26), bone [27], and adipose tissue [28]. In

addition, growth hormone (GH) signaling is severely impaired in STAT5A/5B-deficient

mice as is production of its mediator, insulin-like growth factor (IGF-1) [2]. There is

some evidence that the pituitary axis provides protection from stress to the hematopoietic

system among others via these molecules, through effects on non-hematopoietic tissue

-
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[29-31]. Some or all of these defects may contribute indirectly to the hematopoietic –
g

defects observed in these mice.

To address the possibility that defects in tissues of non-hematopoietic origin could -

compound known cell-autonomous defects of hematopoietic progenitors to generate the v

phenotypes observed in STAT5A/5B-deficient mice, we utilized BMT studies, thereby

creating a model of loss of STAT5 specifically in non-hematopoietic tissue. Bone

marrow transplantation has been used extensively to explore the tissue specificity of

hematopoietic defects [32-35) in the past.
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Methods

Handling and Characterization of Mice. STAT5A/5B" mice [2] were obtained from

Dr. James Ihle (St. Jude Children’s Research Hospital, Memphis, TN). RAG1" mice on a

C57BL/6 background were purchased from Jackson Laboratories (Bar Harbor, ME). Mice

were housed in a pathogen-free rodent barrier facility and received mouse chow and

acidified water ad libitum. All studies were performed on 8–10 week mice unless

otherwise specified, and littermates were always used as wild-type controls. Peripheral

blood was obtained via cardiac puncture or axial artery, and EDTA-treated samples were

used for complete blood counts (IDEXX Veterinary Service, Sacramento, CA). Bone

marrow was harvested by flushing femurs and tibias into 6ml phosphate buffered saline

(PBS) containing 2% fetal bovine serum (FBS), and cell counts were determined after

ACK (NH4Cl) lysis by trypan blue exclusion.

Flow Cytometry. All antibodies were obtained from Pharmingen (San Diego, CA), and

the following clones were used; Sca-1 (E13-161.7), Ly-76 (Ter-119), Gr-1 (RB6-8C5),

CD3 (145-2C11), CD117/c-kit (2B8), B220 (RA3-6B2), CD11b (M1/70). For blocking

non-specific binding to Fc receptors, purified antibody to CD16/CD32 (2.4G2) was used

in at 1:100 for 3 minutes. Subsequently, antibodies to surface markers of interest were

used at 1:60 dilution.

Bone Marrow Transplant Studies. Donor mice were 6-10 week old C57Bl/6 or

congenic B6.SJL-Ptrcapep3b/Boy J (B6/Boy J) obtained from Jackson Laboratories (Bar

Harbor, ME). Recipients were Y-irradiated from a Cesium source in two 450 rad doses

*
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4–5 hrs apart. For steady state studies, 1x10° whole bone marrow cells were transferred

into STAT5A/5B"(RAG1") mice or STAT5A/5B"(RAG1") and hematologic

parameters were assessed at 8 weeks post-transfer. Transplanted mice were maintained

on 2.5 mg/100 ml Sulfatrim Pediatric Suspension (Alpharma, Baltimore, MD) in the

drinking water.

* * *...

* * * *
- *
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Results

White blood cells in the peripheral blood of recipients are donor derived.

In order to assess the effect of loss of STAT5A/5B in non-hematopoietic tissue on

hematolymphoid development, we performed BMT of bone marrow cells from wild-type

donors into STAT5A/5B" and STAT5A/5B" mice. We performed these transfers on a

RAG1-deficient background to remove effects of T-cells remaining after irradiation, in

light of our findings of autoreactive T-cells in STAT5A/5B-deficient mice (Chapter 4).

To assess the derivation of leukocytes in the peripheral blood of recipient mice, we

transplanted bone marrow from B6/Boy J congenic mice, expressing the CD45.1 allele, in

one set of experiments, and assessed expression of this donor-derived allele on cells of

various peripheral blood lineages. In the representative plot displayed, CD45.1 is

expressed on the majority of all lymphocytes (Fig. 1A) and of all myeloid cells (Fig. 1B)

in both STAT5A/5B"(RAG1") and STAT5A/5B"(RAG1") mice at 8 weeks post

transplant, indicating that all hematolymphoid development was donor derived in these

mice.

Reduced peripheral blood counts in STAT5A/5B-deficiency can be completely

rescued by bone marrow transfer of wild-type cells.

At 8 weeks post transfer, we characterized the peripheral blood compartment of

recipient mice, and found no significant alterations of peripheral blood counts in any

blood lineages examined. At 8 weeks post-transfer, STAT5A/5B"(RAG1") recipients,

receiving BMT from wild-type donors, exhibited equivalent numbers of erythrocytes in

peripheral blood compared with STAT5A/5B"(RAG1") littermate control recipients
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(Fig. 2A). Platelets were also equivalent in these mice (Fig. 2B). No decrease in

lymphocyte number in peripheral blood was observed (Fig. 2C); neither T-cells nor B

cells were decreased in the STAT5A/5B"(RAG1") recipients (data not shown). Finally,

no significant difference in peripheral neutrophil counts was detected (Fig. 2D). BMT of

wild-type bone marrow cells thus can restore normal hematolymphoid development in

STAT5A/5B-deficient mice. In addition, the absence of STAT5A/5B in non

hematopoietic tissue evidently does not contribute to abnormalities in any blood cell

lineages observed in STAT5A/5B-deficient mice.

STAT5A/5B"(RAG1") mice receiving wild-type bone marrow cells have normal

bone marrow cellularity and normal progenitor subsets.

Gross examination of bone marrow from STAT5A/5B"(Raglº") recipients

receiving wild-type BMT revealed equivalent cellularity compared with

STAT5A/5B"(RAG1") recipients (Fig. 3A). The absence of a clear decrease in total

nucleated cells in the bone marrow indicates that the reduction in total nucleated cells

observed in the bone marrow of STAT5A/5B-deficient mice [1,6] can be explained

primarily by defects in hematopoietic progenitor cells and their progeny. We used FACS

analysis to subset bone marrow cells by expression of canonical surface lineage-defining

markers (lin), Sca-1, and c-kit. The hematopoietic stem cells (HSC), which are defined as

cells that have both the capacity for self-renewal and the ability to reconstitute the

multilineage hematopoietic system, are found within the lin"Sca-1"c-kit' fraction [36].

This population was unchanged in absolute terms in STAT5A/5B"(RAG1") recipients

compared to STAT5A/5B"(RAG") recipients (Fig. 4A). The lin"Sca-1 c
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kit'population, containing common lymphoid progenitors (CLP),[37] common myeloid

progenitors (CMP),[38] and oligopotent progenitors, was also similar in absolute terms in

STAT5A/5B"(RAG1") recipients compared to STAT5A/5B"(RAG1") recipients (Fig.

4B). In addition, we observed no difference in the number of progenitors for B-cells

(B220) (Fig. 4A), erythrocytes (Teri 19) (Fig. 4B), or neutrophils (Gr-1") (Fig. 4C).

Although there was a trend of decreased numbers of mature neutrophils (Gr-1") in the

bone marrow of STAT5A/5B (RAG1") mice (6.38 + 1.25 x 10°) compared to

STAT5A/5B"(RAG1") mice (10.3 + 3.04 x 10"), this did not turn out to be significant.

Finally, there was no difference in the number of mature macrophages (Mac1"/Gr-1)

(STAT5A/5B"(RAG1") = 1.04+ 0.157 x 10", STAT5A/5B"(RAG1") = 1.31 + 0.075 x

10°) in the bone marrow. Therefore, transfer of wild-type bone marrow into STAT5A/5B.

*(RAG1") largely rescued hematopoietic defects observed in STAT5A/5B-deficient

mice. Furthermore, these data suggest that the absence of STAT5A/5B in non

hematopoietic tissue does not affect steady state hematolymphoid development.

º
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Discussion

As firmly established by the classic paper by E. A. McCulloch and colleagues

examining the cellular basis of the sl/sl defect in hematopoiesis, non-hematopoietic cells

are indispensable for contributing to the hematopoietic niche in the bone marrow and for

normal hematolymphoid development [10]. In order to determine the role of loss of

STAT5A/5B in non-hematopoietic cells on the defects in hematolymphoid development

observed in STAT5A/5B-deficient mice, we performed BMT to generate mice with

specific loss of STAT5 in non-hematopoietic tissues. After BMT, we observed normal

peripheral blood values, as well as rescue of bone marrow cellularity and progenitor

subset abnormalities that were previously observed in STAT5A/5B-deficient mice. Thus,

STAT5A/5B appears largely dispensable in non-hematopoietic tissues for normal

hematolymphoid development.

These findings indicate that the any potential defects in stromal elements in the

marrow microenvironment due to the loss of STAT5 are not severe enough to affect their

ability to support hematopoiesis at steady-state. The implications of these results are: (1)

that the cytokines thought to be important for stromal growth and function in vitro may

not be relevant for regulating these populations in vivo, and / or (2), that STAT5 is

dispensable for signaling by these cytokines through their cognate receptors in the setting

of stromal cells. Perhaps other signaling components downstream of these receptors are

responsible for the effects documented by them in vitro or there is redundancy with other

signaling molecules in vivo.

In addition, known defects in tissues distal to hematopoietic development do not

disrupt the function of these tissues in a way that adversely affects hematolymphoid
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development. Thus, although the function of the liver, bone, adipose tissue, as well as

response by non-hematopoietic tissues to the pituitary axis are known to be disrupted in

STAT5A/5B-deficient mice, these defects appear unimportant to the maintenance of

normal hematopoietic values in these mice.

Stromal cells have been shown to require the presence of hematopoietic cells for

formation of colonies in vitro [39]. The studies shown here do not address the role that

defects in STAT5A/5B-deficient progenitors could have on stromal cells, which might in

turn affect hematopoietic development. In addition, these studies do not address indirect

affects of the autoimmunity on hematolymphoid development through immune-mediated

damage of non-hematopoietic cells, since we used a RAG1" background to avoid this

confounding variable. In addition, these studies used high doses of donor bone marrow

cells and interrogated hematopoiesis at steady state (i.e. 8 weeks post-transplant), so it is

conceivable that limiting doses of bone marrow or examination of these mice under

hematopoietic stress conditions, such as 5-FU treatment for progenitor cell depletion,

phenylhydrazine treatment for red blood cell depletion, or treatment with monoclonal

antibodies for depletion of mature cells of other blood lineages, could illuminate defects

not observed in our studies.

It is important to note that although rare donor-derived stromal cells can be found

in recipients in both mice and humans, contribution of these cells to hematopoietic

development in BMT recipients is thought to be minimal [9,40,41]. These data therefore

demonstrate that hematopoietic defects observed in STAT5A/5B-deficient mice can be

completely corrected through provision of wild-type bone marrow via BMT. These

t º
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results indicate that loss of STAT5 in non-hematopoietic tissue is largely dispensable for - - -

normal steady-state hematopoietic development in vivo. º
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Figure Legends

Figure 1. Complete donor engraftment of peripheral blood lineages in BMT

recipient mice. STAT5A/5B" (RAG”) and STAT5A/5B" (RAG”) mice (CD45.2’)

were transplanted with wild-type bone marrow from Boy■ mice (CD45.1") and

representative plots of the percent of (A) lymphoid cells (both CD3' and B220" cells) and

(B) myeloid cells (both Gr-1" and Mac-1" cells) positive for CD45.1" are shown.

Figure 2. Multilineage cytopenias are rescued in adult STAT5A/5B" (RAG") mice

receiving BMT. Complete blood counts were performed on whole peripheral blood from

STAT5A/5B" (RAG") (n=5) and STAT5A/5B" (RAG") (n=5) mice transplanted with

wild-type bone marrow. (A) Hematocrit (p = 0.95). (B) Platelets (p = 0.65). (C)

Lymphocytes (p = 0.55). (D) Neutrophils (p = 0.48).

Figure 3. BMT completely rescues total nucleated cells in the bone marrow of

STAT5A/5B" (RAG") mice. Total nucleated cells were obtained from one femur and

tibia and cell counts were determined after red blood cell lysis for bone marrow from

STAT5A/5B" (RAG”) and STAT5A/5B" (RAG”) mice transplanted with wild-type

bone marrow. (STAT5A/5B" (RAG”), n=5, STAT5A/5B" (RAG"), n=5) (p = 0.19).

Figure 4. BMT completely rescues HSC and post-HSC progenitor defects in the

bone marrow of STAT5A/5B" (RAG") mice. Subsetting was performed based on

surface expression of lineage-defining markers, Sca-1, and c-kit. Absolute values were

generated by multiplying gated percentages by total nucleated cell numbers. The

|

..
º

º

-:

179



Lin"Sca-1"/c-kit' compartment, containing HSC, (p=0.26)(A), and the Lin"Sca- –

1*/c-kit' compartment, containing post-HSC progenitors, (p = 0.12)(B), from º

STAT5A/5B" (RAG”) and STAT5A/5B" (RAG”) mice transplanted with wild-type º º
bone marrow. (STAT5A/5B" (RAG"), n=5, STAT5A/5B" (RAG"), n=5). \ ,

Figure 5. BMT completely rescues progenitor defects in the bone marrow of

STAT5A/5B" (RAG") mice. Subsetting was performed based on surface expression of

lineage-defining markers. Absolute values were generated by multiplying gated

percentages by total nucleated cell numbers. B-cell progenitors (B220) (p=0.96), (A),

Erythroid progenitors (p = 0.64), (B), and neutrophil progenitors (Gr-1") (p = 0.21), (C),

from STAT5A/5B" (RAG”) and STAT5A/5B" (RAG”) mice transplanted with wild

type bone marrow are shown. (STAT5A/5B" (RAG"), n=5, STAT5A/5B" (RAG"),

n=5). * -
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<■

It■ g9E}}?$■■+
§(/)

(901x)
SII304,4|XI-O_1-eoSurpu■ T

|t~©TS■
----QE

}}+■

H–`■■
<CH=CD

iT-T|cae● -∞(901x)

sllºO

4,4|X-041-eoSurpu■ T

184



Figure 5

CD<■

H–
∞

iiiTiuo<r.•«N-(901x)sllºo■ ul-10

oº→

ii……•→

-cs
(901x)sllº046■■ uel

0

H–

iiT∞<r.●(901x)sileo„Ozzg
0

+/-H
STAT5A/5B (RAGTF)

+/-H
STAT5A/5B (RAG1+) STAT5A/5B (RAGTF)

185



References

1. Bunting KD, Bradley HL, Hawley TS, Moriggl R, Sorrentino BP, Ihle JN (2002)
Reduced lymphomyeloid repopulating activity from adult bone marrow and fetal liver of
mice lacking expression of STAT5. Blood 99:479

2. Teglund S, McKay C, Schuetz E. van Deursen JM, Stravopodis D, Wang D,

Brown M, Bodner S, Grosveld G, Ihle JN (1998) Statja and Statsb proteins have

essential and nonessential, or redundant, roles in cytokine responses. Cell 93:841

3. Moriggl R, Topham DJ, Teglund S, Sexl V, McKay C, Wang D, Hoffmeyer A,

van Deursen J, Sangster MY, Bunting KD, Grosveld GC, Ihle JN (1999) Stats is required
for IL-2-induced cell cycle progression of peripheral T cells. Immunity 10:249

4. Socolovsky M, Fallon AE, Wang S, Brugnara C, Lodish HF (1999) Fetal anemia

and apoptosis of red cell progenitors in Statja-/-5b-/- mice: a direct role for Stats in Bcl

X(L) induction. Cell 98:181

5. Kieslinger M, Woldman I, Moriggl R, Hofmann J, Marine JC, Ihle JN, Beug H,

Decker T (2000) Antiapoptotic activity of Stats required during terminal stages of

myeloid differentiation. Genes and Development 14:232

6. Snow JW, Abraham N, Ma MC, Abbey NW, Herndier B, Goldsmith MA (2002)

STAT5 promotes multilineage hematolymphoid development in vivo through effects on

early hematopoietic progenitor cells. Blood 99.95

7. Bradley HL, Hawley TS, Bunting KD (2002) Cell intrinsic defects in cytokine

responsiveness of STAT5-deficient hematopoietic stem cells. Blood

8. Nardi NB, Alfonso ZZ (1999) The hematopoietic stroma. Braz J Med Biol Res
32:601

9. Deryugina EI, Muller-Sieburg CE (1993) Stromal cells in long-term cultures:

keys to the elucidation of hematopoietic development? Crit Rev Immunol 13:115

10. McCulloch EA, Siminovitch L, Till JE, Russell ES, Bernstein SE (1965) The

cellular basis of the genetically determined hemopoietic defect in anemic mice of

genotype Sl-Sld. Blood 26:399

11. Yamada M, Suzu S, Tanaka-Douzono M, Wakimoto N, Hatake K, Hayasawa H,

Motoyoshi K (2000) Effect of cytokines on the proliferation/differentiation of stroma

initiating cells. J Cell Physiol 184:351

186



12. Gronthos S, Simmons PJ (1995) The growth factor requirements of STRO-1-

positive human bone marrow stromal precursors under serum-deprived conditions in
vitro. Blood 85:929

13. Kuznetsov SA, Friedenstein AJ, Robey PG (1997) Factors required for bone

marrow stromal fibroblast colony formation in vitro. Br J Haematol 97:561
14. Satomura K, Derubeis AR, Fedarko NS, Ibaraki-O'Connor K, Kuznetsov SA,

Rowe DW, Young MF, Gehron Robey P (1998) Receptor tyrosine kinase expression in

human bone marrow stromal cells. J Cell Physiol 177:426

15. Ribatti D, Presta M, Vacca A, Ria R, Giuliani R, Dell'Era P, Nico B, Roncali L,

Dammacco F (1999) Human erythropoietin induces a pro-angiogenic phenotype in
cultured endothelial cells and stimulates neovascularization in vivo. Blood 93:2627

16. Takahashi T, Kalka C, Masuda H, Chen D, Silver M, Kearney M, Magner M,

Isner JM, Asahara T (1999) Ischemia- and cytokine-induced mobilization of bone

marrow-derived endothelial progenitor cells for neovascularization. Nat Med 5:434

17. Paukku K, Valgeirsdottir S, Saharinen P, Bergman M, Heldin CH, Silvennoinen

O (2000) Platelet-derived growth factor (PDGF)-induced activation of signal transducer

and activator of transcription (Stat) 5 is mediated by PDGFbeta-receptor and is not
dependent on c-src, fyn, jak1 or jak2 kinases. Biochem J345 Pt 3:759

18. Gallego MI, Binart N, Robinson GW, Okagaki R, Coschigano KT, Perry J,

Kopchick JJ, Oka T, Kelly PA, Hennighausen L (2001) Prolactin, growth hormone, and

epidermal growth factor activate Stats in different compartments of mammary tissue and

exert different and overlapping developmental effects. Dev Biol 229:163

19. Valgeirsdottir S, Paukku K, Silvennoinen O, Heldin CH, Claesson-Welsh L

(1998) Activation of Stats by platelet-derived growth factor (PDGF) is dependent on

phosphorylation sites in PDGF beta-receptor juxtamembrane and kinase insert domains.
Oncogene 16:505

20. Kloth MT, Catling AD, Silva CM (2002) Novel activation of STAT5b in response

to epidermal growth factor. J Biol Chem 277:8693

21. Guren TK, Abrahamsen H, Thoresen GH, Babaie E, Berg T, Christoffersen T

(1999) EGF-induced activation of Stat1, Stat?, and Statjb is unrelated to the stimulation

of DNA synthesis in cultured hepatocytes. Biochem Biophys Res Commun 258:565

-----

º

187



22. Coffer PJ, Koenderman L, de Groot RP (2000) The role of STATs in myeloid

differentiation and leukemia. Oncogene 19:2511

23. Mui AL, Wakao H, Harada N, O'Farrell AM, Miyajima A (1995) Interleukin-3,

granulocyte-macrophage colony-stimulating factor, and interleukin-5 transduce signals

through two forms of STAT5. J. Leukoc Biol 57:799

24. Anagnostou A, Lee ES, Kessimian N, Levinson R, Steiner M (1990)

Erythropoietin has a mitogenic and positive chemotactic effect on endothelial cells. Proc
Natl Acad Sci U S A 87:5978

25. Gouilleux F, Pallard C, Dusanter-Fourt I, Wakao H, Haldosen LA, Norstedt G,

Levy D, Groner B (1995) Prolactin, growth hormone, erythropoietin and granulocyte

macrophage colony stimulating factor induce MGF-Stats DNA binding activity. Embo J
14:2005

26. Udy GB, Towers RP, Snell RG, Wilkins RJ, Park SH, Ram PA, Waxman DJ,

Davey HW (1997) Requirement of STAT5b for sexual dimorphism of body growth rates

and liver gene expression. Proc. Natl. Acad. Sci. USA 94:7239

27. Sims NA, Clement-Lacroix P, Da Ponte F, Bouali Y, Binart N, Moriggl R, Goffin

V, Coschigano K, Gaillard-Kelly M, Kopchick J, Baron R, Kelly PA (2000) Bone

homeostasis in growth hormone receptor-null mice is restored by IGF-I but independent
of Stats. J Clin Invest 106:1095

28. Fain JN, Ihle JH, Bahouth SW (1999) Stimulation of lipolysis but not of leptin
release by growth hormone is abolished in adipose tissue from Statja and b knockout

mice. Biochem Biophys Res Commun 263:201

29. Welniak LA, Tian ZG, Sun R, Keller JR, Richards S, Ruscetti FW, Murphy WJ

(2000) Effects of growth hormone and prolactin on hematopoiesis. Leuk Lymphoma
38:435

30. Dorshkind K, Horseman ND (2001) Anterior pituitary hormones, stress, and

immune system homeostasis. Bioessays 23:288

31. Dorshkind K, Horseman ND (2000) The roles of prolactin, growth hormone,

insulin-like growth factor-I, and thyroid hormones in lymphocyte development and

function: insights from genetic models of hormone and hormone receptor deficiency.
Endocrºev 21:292

188



32. Harrison DE (1972) Marrow transplantation and iron therapy in mouse hereditary

microcytic anemia. Blood 40:893

33. Strom TS, Li X, Cunningham JM, Nienhuis AW (2002) Correction of the murine

Wiskott-Aldrich syndrome phenotype by hematopoietic stem cell transplantation. Blood
99:4626

34. Kaminski WE, Lindahl P, Lin NL, Broudy VC, Crosby JR, Hellstrom M, Swolin

B, Bowen-Pope DF, Martin PJ, Ross R, Betsholtz C, Raines EW (2001) Basis of
hematopoietic defects in platelet-derived growth factor (PDGF)-B and PDGF beta

receptor null mice. Blood 97:1990

35. Simon-Stoos KL, Bloom ML (1999) The hemoglobin-deficit mouse: cure of the

anemia following bone marrow transplantation with normal marrow. Exp Hematol
27:162

36. Wagers AJ, Christensen JL, Weissman IL (2002) Cell fate determination from
Stem cells. Gene Ther 9:606

37. Kondo M, Weissman IL, Akashi K (1997) Identification of clonogenic common

lymphoid progenitors in mouse bone marrow. Cell 91:661

38. Akashi K, Traver D, Miyamoto T, Weissman IL (2000) A clonogenic common

myeloid progenitor that gives rise to all myeloid lineages. Nature 404:193

39. Friedenstein AJ, Latzinik NV, Gorskaya Yu F, Luria EA, Moskvina IL (1992)

Bone marrow stromal colony formation requires stimulation by haemopoietic cells. Bone
Miner 18:199

40. Simmons PJ, Przepiorka D, Thomas ED, Torok-Storb B (1987) Host origin of

marrow stromal cells following allogeneic bone marrow transplantation. Nature 328:429

41. Awaya N, Rupert K, Bryant E, Torok-Storb B (2002) Failure of adult marrow

derived stem cells to generate marrow stroma after successful hematopoietic stem cell

transplantation. Exp Hematol 30:937

---

rº

189



Chapter 6 L
-

Discussion

2 * *
; :A /

|
- *

190 º



Role of STAT5 in vivo

Over the course of this thesis project, our understanding of the role of STAT5 in

hematolymphoid development in vivo has made great progress. First, a cell-autonomous

role for STAT5 in the biology of hematopoietic progenitors has been definitively

demonstrated. When these studies were undertaken, the importance of STAT5 in

mediating the signals of cytokine receptors in the development of hematopoietic cells was

thought to be negligible [1]. The first indication that STAT5 was important in mediating

cytokine signaling was from work by Socolovsky and colleagues demonstrating its role in

erythroid progenitors in vivo and in vitro [2]. Shortly thereafter, the importance of

STAT5 in myeloid progenitors in vivo and in vitro was demonstrated [3]. However, both

of these studies failed to demonstrate defects in steady state production of hematopoietic

cells. The studies of our group [4] and of Bunting and colleagues [5] were the first to

demonstrate reductions in multiple blood lineages at steady state in the adult. In addition,

these two studies were the first to demonstrate defects at the stem and multilineage

progenitor cell level, both numerically and functionally. Many of these studies, including

our own, implicated STAT5 as primarily mediating its effects through upregulation of

pro-survival family members of the Bcl-2 family. However, when combinatorial genetics

was used to attempt to demonstrate that ectopically expressed Bcl-2 could complement

for the loss of STAT5, we observed that although peripheral blood counts were returned

to normal, numerical and functional defects in the bone marrow still prevailed (Chapter

3). These data implied that other biological activities, besides suppression of apoptosis,

were dependent on STAT5 acting through molecular targets other than Bcl-2 family

members.
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It will be important in the future to elucidate the cytokines for which signaling is

affected by the loss of STAT5 in hematopoiesis. Mice that have been engineered by

knock-in technology to express cytokine receptors selectively unable to activate STAT5

may begin to provide answers to this question. In addition, the biological behaviors

involved and the STAT5-dependent transcriptional targets that mediate these activities

will also require further study. One potential approach is the use of gene arrays to

examine differential regulation of genes at the transcription level. Use of STAT5A/5B

compound heterozygotes, which display normal steady state hematopoiesis, but

alterations under stress, would avoid differences in gene expression due to alterations in

the representation of various populations and the pathology evident in the STAT5A/5B

deficient mice, but would likely not yield all of the relevant target genes.

The range in the severity of the various hematopoietic aspects of the

STAT5A/5B-deficient phenotype led us to consider whether effects that were non-cell

autonomous for hematopoietic progenitors were impacting hematolymphoid development

in these mice. First, mature hematopoietic cells, specifically lymphocytes, participate in

the normal regulation of hematopoiesis and can be responsible for perturbations of

hematopoiesis in various immunologic disease states. As STAT5 is known to be a critical

signaling component of the IL-2 receptor, the importance of STAT5 in transducing the

toleragenic signal of IL-2 receptor activation represented an essential question. Structure

function analysis of the IL-2R3, had previously indicated that regions important for

STAT5 activation were dispensable for the toleragenic signal [6]. In addition, initial

studies found no evidence of autoimmunity in STAT5A/5B-deficient mice excepting the

presence of activated T-cells [7]. Subsequent studies showed a lymphocyte-dependent

192



extramedullary hematopoiesis [8] and a drop-out of B-cells [9], reminiscent of IL-2-

deficient mice [10]. To further address whether a role of STAT5 in tolerance might be

affecting hematopoietic development in these mice, we reexamined the hematopoietic

compartment with parallel analysis of T-cell subsets, finding a subset of STAT5A/5B

deficient mice displaying T-cell infiltration of the bone marrow that correlated with

abnormal skewing of progenitor subsets. In addition, these mice had immune cell

infiltrations affecting other organs and premature death that was dependent on the

presence of lymphocytes. Thus STAT5 appears to be important for providing a general

toleragenic signal. We found that one putative mechanism for providing this signal is

through positively regulating cell survival of an IL-2-dependent subset of regulatory T

cells. Further experiments include the use of “add-backs” of regulatory T-cells to attempt

to abrogate disease. In addition, our STAT5A/5B-deficient mice with the Bcl-2 transgene

could be used to test the hypothesis that suppression of apoptosis in regulatory T-cells is

the STAT5-dependent mechanism for their reduction.

Second, non-hematopoietically derived cells are known to provide important

signals for the support and regulation of normal hematolymphoid development. The

ubiquitous expression of STAT5 and the disruption of multiple tissues in its absence raise

the formal possibility that defect in a non-hematopoietic tissue could synergize with

defects in hematopoietic progenitors and immune-mediated defects to be responsible for

the hematologic phenotypes observed in these mice. We used bone marrow transplant

from wild-type donors into STAT5A/5B-deficient mice on a RAG1" background to

address this possibility and found that BMT largely rescued hematopoietic defects in

these mice. Thus, STAT5-deficiency in non-hematopoietic tissue is largely dispensable
r
.
º
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for the proper maintenance of hematolymphoid development in vivo. This result does not

exclude roles for STAT5 in stromal cells and more work will be needed to determine

whether this molecule is important for the production, maintenance, and function of these

cells in vivo. In addition, examination of similar transplant recipients under stress

conditions may elucidate defects in hematolymphoid development of non-hematopoietic

origin that were not observed in these studies.

Based on its activation by the interleukin-7 (IL-7) receptor, STAT5 was

hypothesized to play an important role in normal T-cell development. However, initial

characterization of mice deficient in STAT5A/5B detected no differences in thymic

development and only alterations in the post-thymic proliferation of T-cells in response to

IL-2 [7]. When studies of an IL-7 transgenic model revealed that the overexpression of

this cytokine promoted the preferential expansion of CD8 T-cells that appeared be due to

an increase in production of these cells in the thymus, STAT5 was considered as a

potential effector of this growth factor. In fact, we found that heterozygosity at the

STAT5A and 5B loci reduced the CD8 expansion and the increases in Bcl-2 associated

with it. Further efforts are required to elucidate whether IL-7 directs the CD8 expansion

by increasing survival, altering the lineage commitment signals, by affecting TCR

signaling to indirectly impact lineage commitment, or by positively impacting post

commitment CD8' T-cell development [11].

IL-7 can function as an oncogene in mice, with 100% of mice developing

lymphomas by 7 months of age in the IL-7 transgenic model above [12]. STAT5 has been

hypothesized to play an extensive role in mediating the signals of oncogenes and has

been shown to be important in some mouse models of leukemogenesis [13]. Thus,
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STAT5 was considered to be a likely candidate as the signaling molecule responsible for

mediating IL-7-dependent tumor promotion in these mice. Indeed, STAT5A and 5B

heterozygosity provided a marked delay in the initiation and / or progression of IL-7-

dependent lymphomas, indicating that the dose of this signaling effector is limiting for

signaling by this cytokine. Haploinsufficiency of signaling mediators in oncogenesis is

becoming an important area of research, and has been shown for STAT5A in a model of

mammary gland tumors [14]. It will be important to determine how loss of one copy of

STAT5A/5B affects the initiation and / or progression of IL-7-induced lymphomas and

the target genes responsible.

Physiology of hematopoiesis

One of the key concepts that emerge from this work is the importance of

considering whole organism physiology when studying one organ or tissue. This is

especially true for hematopoietic cells, which are exquisitely sensitive to pathology in

other systems. One mechanism for this sensitivity is the tremendous rate of proliferation

and metabolic activity of hematopoietic progenitors as they struggle to fill the

physiologic demands of the organism for production of 24x10° cells per day in the

mouse [15].

Hematopoiesis can be aberrantly affected by multiple types of lesions that

indirectly affect progenitors or mature cells as a result of defects in other cells.

Erythropoiesis provides an excellent example, as defects in multiple cells and tissues

acting in trans on erythroid progenitors and mature cells can cause anemia. These include

the inability to produce appropriate stimuli, such as reduction in erythropoietin (EPO)
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production by the kidney, improper uptake of various molecules necessary for

development, such as iron or folate by the gastrointestinal system, improper storage of

various molecules necessary for development by support cells, such as iron stores within

the liver, or immune mediated destruction of progenitors and mature cells. Therefore,

understanding the defects in erythropoiesis require that contributions resulting from

abnormalities in these other tissues must be considered [16].

In addition, the physiology of the organism is such that multiple compensation

mechanisms can be utilized to overcome defects in a process such as hematopoietic

development. In erythropoiesis, reductions in red blood cells leads to hypoxia, which

triggers increased EPO production, which in turn increases the number of erythroid

progenitors and erythrocytes produced per progenitor in the bone marrow. In addition,

mobilization of erythroid progenitors to sites of extramedullary hematopoiesis can

increase the erythropoietic mass of the organism. Finally, decreased clearance of

senescent erythrocytes by the reticuloendothelial system can increase the lifespan of

erythrocytes to increase number of mature cells. Thus, defects in erythropoiesis may be

masked by a state of stress-induced compensation.

This knowledge leads to two important experimental considerations: 1) the

importance of using genetic tools, or experimental manipulations, to determine the tissue,

stage and ontological specificity of a defect, and 2) the importance of pushing a system

with stressors and sensitive assays to uncover important, but subtle functions, in a system

with multiple mechanisms for compensation.
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Stressors and Sensitive Assays to Demonstrate Subtle Phenotypes

Often disruption of a gene in vivo results in a disappointing paucity of phenotype

in the physiologic process of interest. Although this can mean that the molecule has never

been or is no longer involved in the process in question, two other critical points must be

considered when evaluating a subtle phenotype. First, the organism has typically evolved

multiple pathways and homeostatic mechanisms to control a given physiologic process.

Second, many assays used to interrogate specific physiologic processes are rather blunt

and the level of resolution low. Therefore, many molecules that are involved in a specific

process are likely to demonstrate rather subtle phenotypes upon disruption. In order to

fully understand the status of the physiologic process under investigation in the absence

of a molecule, clues of compensation mechanisms must be examined, the most rigorous

assays available must be employed, higher resolution assays must be developed, and the

organism must be interrogated under stress conditions. In this case sensitive tests, such as

the competitive repopulation assay, and the availability of stressors helped to uncover the

phenotypes described

Tissue, Stage, and Ontological Specificity of Mouse Models

Use of genetic techniques in a manner that is not temporally or spatially restricted

can lead to some caveats with respect to the conclusions drawn. Animals that undergo

development with some alteration in the amount or structure of a specific molecule may

have adapted in such a way as to mask or alter phenotypes observed. In addition, genetic

alterations that affect the whole organism can lead to difficulty in determining the extent

of contribution to the phenotypes observed by various tissues.

*
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Use of genetics to remove a specific population or transplantation to isolate

specific genetically altered populations can allow for avoiding these difficulties in some

cases, as has been done here. However, these cases are limited and ultimately result in

imperfect systems, so new genetic strategies to control expression of transgenes or

disruption of genes must be employed. New methodologies are now available that that

allow for much finer control of these genetic manipulations. These use binary systems, in

which the first component is the “effector”, under control of a specific spatio-temporal

promoter, and the second component the “target”, the locus of the gene of interest

modified to respond to the “effector”. Genes can now be disrupted in a manner under fine

control using the Cre and Flp recombinase systems and reversibly turned on and off using

a tetracycline sensitive transcription factor [17].

Use of these techniques would be very powerful in future studies of STAT5 in

vivo. Tissue specific expression of STAT5 transgene on a knock-out background and

tissue specific knockouts of this molecule such as has been undertaken with the STAT3

mice [18] would add a higher level of resolution in terms of tissue specificity of various

defects observed. For example, selective disruption of STAT5 in various hematopoietic

progenitor populations, such as the megakaryocyte-erythroid bipotential progenitor

(MEG), the megakaryocyte progenitor (MKp), and the megakaryocyte itself for platelet

development, might allow for illumination of which stages of development in a given

lineage are most sensitive to STAT5 deletion.

198
º
º
º



Clinical implications

The implication of growth factors in clinical pathology and their importance for

use in treatment of disease imparts significance to work that increases understanding of

the molecular mechanisms necessary for transducing receptor activation into biological

outcomes. This body of work has firmly established STAT5 as a molecule that is critical

for cytokine receptor signaling, downstream of multiple receptors and in regulating

multiple biological processes.

Both acquired and congenital situations can result in decreases in the number of

mature cells of hematopoietic lineages. These can be divided into disease states related to

sequelae of malignancies and the treatment thereof (such as recovery post-stem cell

transplant) and cytopenias resulting from other mechanisms (such as an inherited

disorder). Both of these classes are often treated with administration of growth factors,

such as granulocyte-colony stimulating factor (G-CSF), granulocyte/macrophage-colony

stimulating factor (GM-CSF), EPO, thrombopoietin (TPO), and IL-7 [19], all of which

activate STAT5. Understanding the role that STAT5 plays in translating the signals of

these growth factors is important for understanding the biology of the clinical therapy. In

addition improvement of the clinical strategies may involve the selective activation of

specific pathways, of which STAT5 may be a good target.

Enhancement of immune responses may be critical for increasing the efficacy of

prophylactic strategies to pathogens and tumors, such as vaccines. One mechanism for

achieving this goal is through the relaxing of tolerance checkpoints, perhaps through

modification of regulatory T-cells [20]. In addition, restriction of immune responses

through augmentation of these tolerance-promoting cells could have a critical role in the

( :
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clinical control of autoimmune responses or inflammatory conditions that cause

pathology [20].

Many hematologic malignancies may be initiated or worsened by aberrant

activation of normal or mutated growth factor receptors. Often, STAT5 has been

implicated as one downstream signaling pathway of these receptors. Increases in the

understanding of the role STAT5 plays in these aberrant growth factor responses and

contribution of this molecule to the production and function of normal cells may indicate

that STAT5 might be a good target for disrupting signals that are critical for malignant

cells without adversely affecting normal development [21].

Conclusion

Cytokine growth factors are indispensable for the maintenance of homeostasis in

hematolymphoid development and the function of mature cells. This project has made

significant contributions to the understanding of the role of STAT5 as a downstream

signaling component of cytokines in vivo. Biologically, these results firmly establish

STAT5 as a critical effector of cytokines in mediating biological effects at multiple levels

of hematolymphoid development and function. In addition, these studies emphasize the

necessity of considering the interconnected circuitry of physiology when examining a

single organ system or tissue and the importance of utilizing sensitive assays to uncover

subtle alterations in a system that has multiple homeostatic mechanisms at its disposal.

Thus, this project reinforces the use of genetically modified animal models in elucidating

molecular mechanisms of physiology in vivo, but demonstrates the need for second and

third generation improvements of these techniques. Clinically, these results add to our
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understanding of the molecular mechanisms underlying the use of these growth factors in

therapeutic applications and identify STAT5 as a potential target for modifying

hematolymphoid development, tolerance, and carcinogenesis.
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Appendix I

Interleukin-7 Influences CD4 and CD8 off-T-cell Lineage Commitment

During Late Thymopoiesis in an Antigen-independent Manner
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Introduction

Normal thymopoiesis begins with the seeding of the thymus by common

lymphoid progenitors (CLP) and perhaps T-cell restricted progenitors from the bone

marrow [1,2]. The o/3 thymocyte developmental program begins with the double

negative (DN) stages during which NK, dendritic cell, and B-cell potential is lost [1], the

T-cell receptor (TCR) fl locus is rearranged, and 3-selection occurs [3]. Thymocytes with

functional TCR■ receptors then rearrange the TCRO. locus and proceed to upregulate the

co-receptors CD4 and CD8, producing double positive (DP) cells [3]. In this stage,

thymocytes whose TCR cannot interact with MHC I or II die by neglect [4], lineage

commitment to either a CD4 or CD8" single positive (SP) T-cell is determined by

positive selection [4], and finally, T-cells with high affinity for self-peptides in the

context of MHC are deleted by negative selection [4] or slated to become regulatory T

cells [5].

Lineage commitment, which is critical for producing T-cells whose TCR-MHC

specificity match their co-receptor expression (MHC II interacts with CD4 and MHC I

interacts with CD8) to generate productive TCR-MHC-co-receptor interactions, is

thought to be a accomplished utilizing a combination of instructive and stochastic

mechanisms. In the instructive model, different qualitative signals are given by the co

receptor when the correct TCR-MHC interaction occurs, signaling the cell to down

regulate the inappropriate co-receptor. In the stochastic or selection model, cells

randomly downregulate a co-receptor and those cells that still have a productive TCR

MHC-co-receptor interaction are signaled to survive [6,7].
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In addition to signals from TCR-MHC-co-receptor interactions, at least one other

molecule, Notch, has been implicated in altering fate decisions in thymocyte

development [8]. Although its role is somewhat controversial [9,10], Notch may act by

increasing survival of various subsets [11], by actually altering the lineage commitment

signals resulting in the downregulation of CD4 expression [8], by affecting TCR

signaling to indirectly impact lineage commitment [11], or by positively impacting post

commitment CD8' T-cell development [12]. In vitro data has indicated that IL-7 may

play a similar role in lineage commitment decisions in the thymus [13].

In the following study, IL-7, the cytokine that is indispensable for early

thymocyte development and T-cell homeostasis in the periphery, is implicated in

impacting CD4/CD8 lineage commitment in a manner analogous to Notch in vivo.

Transgenic overexpression of IL-7 results in increased CD8 T-cells in the periphery,

increased CD8' SP thymocytes, and increased Bclz expression in DP thymocytes.

Interestingly, CD8' T-cells were still produced in the absence of MHC I, indicating that

these effects can occur in the absence of the normal positive selection signals. In addition,

STAT5, a key mediator of IL-7 signaling in vitro, was shown to affect the skewing in

CD8 T-cell production and Bcl-2 expression, implicating it as an important player in this

late thymopoietic role of IL-7.
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Summary

Interleukin-7 (IL-7) provides survival and proliferation signals essential for T-cell

maturation and expansion. Disruption of IL-7 or its receptor causes lymphopenia from a

profound block in early thymopoiesis that obscures later events regulated by IL-7. In

transgenic mice, overexpression of IL-7 influenced transition from double-positive to

single-positive thymocytes. IL-7 induced a polyclonal expansion of mature CD8 SP cells,

even in 32 microglobulin-null mice, that persisted in peripheral blood. Thymocytes

undergoing positive selection showed a marked elevation of intracellular Bcl-2 levels.

Furthermore, the CD8 SP expansion and induction of Bcl-2 levels were reduced by

STAT5A/B haploinsufficiency, suggesting STAT5A/B mediate IL-7 action. IL-7 has a

novel antigen-independent influence on lineage commitment of thymocytes during late

thymopoiesis in vivo.
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1 Introduction

In early thymopoiesis, lymphoid progenitors seed the thymus and mature into

CD3TCD4-CD8 triple-negative pro-T thymocytes [1]. These progenitors eventually

become CD3"CD4"CD8 double-positive (DP) immature thymocytes, undergo positive

and negative selection and lineage commitment to develop into CD3"CD4' single

positive (SP) or CD3"CD8 SP cells.

IL-7 is a key growth factor of T- and B-cell progenitors [2], exerts effects on

mature peripheral T-cells [3,4], and is produced by thymic and intestinal epithelial cells,

bone marrow stromal cells, and keratinocytes [5]. IL-7 is essential in early thymopoiesis

[2,6]. In mice lacking IL-7, its O. receptor (IL-7RO), or the common Y chain (YC), pro-T

CD25"CD44"CD4-CD8 cells die, resulting in an early block in thymopoiesis [7]. In of

T-cells, IL-7/IL-7R deficiency is primarily manifest as absent survival cues since

transgenic expression of Bcl-2 can largely rescue of T-cells in IL-7R deficient mice

[8,9].

Two mechanisms have been proposed to explain how DP thymocytes mature into

SPT-cells with matching MHC specificity: the instructive and the stochastic models [10–

12]. Furthermore, there are evolving views on whether CD4"CD8' DP or CD4"CD8"

intermediate thymocytes are the immediate precursors of mature CD4 SP and CD8 SP

cells. The common precursor of these cells is the likely locus of action of soluble factors

that influence lineage commitment. Factors affecting thymocyte development have been

studied extensively to elucidate critical control points [13].

Both antigen-dependent and antigen-independent factors may influence

thymocyte DP-to-SP transition. Lck activation [14,15] and T-cell receptor (TCR) and
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coreceptor signaling [16,17] are antigen-dependent processes implicated in lineage

determination. Notch-1 activation is an antigen-independent event that influences lineage

commitment toward CD8 SP cells [18], perhaps by inhibiting TCR signal strength [19].

Experiments in thymic organ cultures and bone marrow chimeric animals [20-22]

suggested that IL-7 also affects lineage commitment.

The IL-7RO. chain is generally absent in DP thymocytes but is expressed in

certain cells undergoing positive selection from the DP to SP stage [23]. Gene disruption

models of IL-7 receptor function have elucidated the earliest IL-7 dependent block in T

lymphopoiesis, but did not identify other roles at later stages of thymocyte development.

In this study, we examined the in vivo role of IL-7 in CD4/CD8 lineage commitment

during late thymopoiesis in transgenic mice expressing IL-7 at high levels in the thymus

[24].
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2 Results

2.1 Peripheral lymphocyte abnormalities

Tg IL-7 mice had more lymphocytes in blood (9497+ 4081 vs. 3640 + 787

cells/ul) and markedly more lymphocytes in the spleen (314 + 67.6 vs. 39 + 3.4 x 10°)

than wildtype (WT) mice. These abnormalities were evident by 14 wk, well before

alopecia or lymphoma progression was detected [24].

FACS analysis of T-cell subsets in the peripheral lymphoid compartment with

CD4 and CD8 surface markers revealed an aberrant subset (2.7% of total splenocytes) of

DP cells in the spleen; in WT mice, this immature population was largely restricted to the

thymus (Fig. 1A). These cells were HSA", unlike SP cells in the spleen or thymus (not

shown), confirming their immature state. CD8 SP cells were relatively more abundant

than CD4SP cells in Tg IL-7 mice (Fig. 1B). Therefore, expansion of peripheral T

lymphocytes by IL-7 is accompanied by distortions in the relative abundance of

individual subsets.

2.2 IL-7 affects lineage commitment during late-stage thymocyte maturation

We next examined IL-7's effect on thymic maturation processes. FACS analysis

of thymocytes from WT and Tg IL-7 mice yielded the expected profile in WT mice (Fig.

1C), with a predominance of DP cells and a normal CD4/CD8 SP ratio of ~2 (Fig. 1D). In

Tg IL-7 mice, the profile was skewed toward CD8 SP cells (Fig. 1C), with a significantly

lower CD4/CD8 SP ratio (Fig. 1D), and a striking increase in CD8 SP cell numbers

(Table 1). The expansion of DN cells is consistent with IL-7's role in early thymopoiesis.

Tg IL-7 mice had a dramatic decrease in DP thymocytes and a concomitant, but smaller

212



increase in DP cells in the spleen. Thus, alterations of T-cell subsets in the peripheral

blood correlate with alterations in the thymus.

To determine if CD8 SP expansion is IL-7 dependent, we examined IL-7RO-null

mice (IL-7RT). CD8 SP cells show a relative failure to develop compared with CD4

(Fig. 1C, D). These data from complementary models suggest that IL-7 has a role in late

stage thymocytes, affecting the DP-to-SP transition of CD8 SP cells.

2.3 IL-7 causes expansion of mature, HSA" thymocytes with preferential, polyclonal

increase in CD8 SP thymocytes

Next, we further characterized thymocyte surface marker expression.

Subpopulations of IL-7-expanded CD8 SP cells were TCRB" CD3", HSA", and CD80/

3 (not shown) and indistinguishable from mature thymocytes. In IL-7 transgenic mice,

HSA" thymocytes, which have engaged the TCR and downregulated HSA, were

increased 20-fold over levels in WT mice and were markedly skewed toward CD8 SP

cells (Fig. 2A, B).

Expansion of CD8 SP cells by IL-7 may occur by a general effect on precursors,

selective expansion, or transformation and monoclonal expansion. To test this, we

analyzed the TCR V6 representation on thymocytes in Tg IL-7 and WT mice as a

measure of clonality. FACS analysis of surface expression of 14 TCR V3 regions in CD8

SP (Fig. 2C) and CD4 SP (not shown) thymocytes revealed minor perturbations of VB

representation among CD8 SP thymocytes in Tg IL-7 mice. It is unlikely that peripheral

pathologies that arise at later stages account for the skewing toward CD8 SP cells since

the CD8 SP subset was similarly expanded in bone marrow chimera recipients at 9
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months in the absence of alopecia or lymphoma development (not shown). These data

indicate a general, polyclonal expansion of CD8 SP in Tg IL-7 thymocytes.

2.4 IL-7 induced CD8 SP subset expansion in the absence of MHC class I

To test whether IL-7 affects CD8 SP expansion by modulating positive selection

during maturation of DP cells, we crossed Tg IL-7 mice with 32m-null mice. Mice

lacking £2m do not express MHC class I molecules and have dramatically reduced

numbers of CD8 SP cells [25] (Figs. 3A, B). Remarkably, Tg IL-7, 32m-null mice had a

significant population of CD8 SP thymocytes (Fig. 3A), comparable to that in Tg IL-7

mice heterozygous for 32m (Fig. 3B). Thus, IL-7 appears capable of expanding the CD8

SP compartment in the absence of positive selection.

CD8 SP cells were also present in the periphery in 32m-null mice (Figs. 3C, D)

but were not as elevated as in Tg IL-7 mice expressing £2m. The decreased expansion of

CD8 SP cells in the spleen of Tg IL-7, 32m-null mice (Fig. 3B vs. 3D) suggests that these

cells do not respond to peripheral survival signals after exiting the thymus, perhaps due to

loss of continued interaction with MHC class I required for normal maintenance [26].

Nevertheless, IL-7-induced expansion of CD8 SP cells in mice lacking MHC class I was

evident in a peripheral lymphoid organ as well as the thymus, supporting a model of

antigen-independent expansion of CD8 SP cells by IL-7. Interestingly, Tg IL-7, 32m-null

mice had a higher fraction of DP cells in the spleen than Tg IL-7, 32m mice (18% vs. 6%

of total cells; Fig. 3C, and not shown). The absence of £2m appears to increase the

number of IL-7-associated peripheral DP cells.

2.5 Augmented levels of distal effectors of IL-7 signaling in positive selection

We next sought to determine whether IL-7 alters the differentiation, proliferation,
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or survival of SP precursors. Pulse-chase labeling of cycling cells in vivo with

bromodeoxyuridine (BrdU) and cell-cycle analysis with 7-amino-actinomycin D showed

that DP thymocytes and DP thymocytes undergoing positive selection turned over at

identical rates in Tg IL-7 and WT mice and showed no difference in the fraction of cells

entering the cell-cycle (data not shown).

Since IL-7 induces Bcl-2 in receptor-bearing cells [8,27,28], we examined

intracellular Bcl-2 expression in thymocytes from Tg IL-7 and WT mice (Fig. 4).

Consistent with the high rate of apoptosis in the DP population [29,30], only 1% of DP

cells in WT mice expressed Bcl-2. In Tg IL-7 mice, 9% of DP cells expressed Bcl-2. In

DPTCRB" cells undergoing positive selection, a higher fraction of cells expressed Bcl-2

in both WT mice (10%) and Tg IL-7 mice (30%). Bcl-2-expressing cells were more

numerous in CD8, but not CD4, SP cells in Tg IL-7 than in WT mice. Thus, both DP

thymocytes in positive selection and CD8 SP cells have increased expression of a

survival factor that supports earlier stages of thymopoiesis.

2.6 STAT5A/5B haploinsufficiency alters IL-7-induced expansion of CD8 SP cells

and Bcl-2 levels in thymocytes in positive selection

JAK1, JAK3, and STAT5A/B are downstream effectors of IL-7R. We tested the

possible importance of STAT5 in IL-7-mediated CD8 SP expansion by crossing Tg IL-7

mice with mice deficient for STAT5A and STAT5B [31]. Mice lacking both STAT5 loci

have developmental defects, and many die early. However, compound heterozygotes

(STAT5A/5B") had a normal appearance and lifespan, no defects in thymocyte

development, and a normal distribution of CD4SP and CD8 SP cells (Figs. 5A, B).

Interestingly, IL-7-induced less expansion of the CD8 SP compartment in Tg|L-7,
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STAT5A/5B" than in Tg IL-7 mice on a WT STAT5 background (Fig. 5A, B). Northern

analysis showed similar IL-7 expression in both sets of mice (not shown).

STAT5 has been implicated in cytokine-mediated protection from apoptosis [32

34] and provides a proliferation signal during engagement of cytokine receptors [35-37].

We next examined the levels of IL-7-induced intracellular Bcl-2 expression in thymocyte

subsets. Bcl-2 levels were significantly lower in DP cells undergoing positive selection in

Tg IL-7, STAT5A/5B" than in Tg IL-7, STAT5A/5B" mice (Figs. 5C, D).

Nonetheless, Bcl-2 levels were significantly higher in Tg IL-7 than in non-Tg

STAT5A/5B" or STAT5A/5B" DP cells.

t
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3 Discussion

This study shows that IL-7 promotes CD8 SP expansion during late thymic

development. Related observations have been made in vitro in rat fetal thymic organ

cultures treated with IL-7 [21] and mice reconstituted with bone marrow infected with

IL-7 expression vectors [20], although control conditions in both models showed

evidence of skewed thymic subsets. Studies of neonatal thymocytes in reaggregate

thymic organ cultures also revealed a role for IL-7RO in lymphocyte expansion after

positive-selection, although with more dramatic effect on CD4 than CD8 SP cells [38].

This study could not distinguish between IL-7 and thymic stromal lymphopoietin (TSLP)

in mediating post-selection effects via the IL-7RO receptor [39]. Our Tg IL-7 mouse

model shows that IL-7 permits polyclonal expansion of mature CD8 SP cells. The

subpopulations in the IL-7-expanded CD8 SP subset (Fig. 1C) did not correspond to an

expansion of CD8"CD4"TCRB" transition intermediates [40,41] but bore hallmarks of

mature thymocytes. Furthermore, IL-7 expression on a £2m-null background promoted

CD8 SP cell expansion despite the absence of MHC class I-mediated antigen

presentation. This observation suggests that IL-7 can circumvent a CD8 SP maturation

block in the thymus by inducing an appropriate signal.

One of the signals induced by IL-7 is Bcl-2, a key survival factor [8,27,28].

Forced Bcl-2 expression can substitute for IL-7RO during early T-cell development [8,9],

and the promotion of CD8 SP maturation in Tg Bcl-2 mice [42-44) is strikingly similar to

the IL-7-induced expansion of CD8 SP cells. We found that IL-7 enhanced Bcl-2

expression in DP cells undergoing positive selection and in CD8 SP cells without

affecting the proliferation or turnover of DP cells or DP cells in positive selection. Taken
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together, our data indicate that IL-7 affects the DP-to-SP transition of maturing

thymocytes and CD8 SP cells.

We propose a model of thymocyte maturation during lineage commitment in

which IL-7 induces survival factors such as Bcl-2, thereby lowering the threshold at

which the antigen-induced TCR signal can elicit expansion of CD8 cells that would

otherwise fail selection. One possible framework of action is the model of IL-7-induced

coreceptor reversal in intermediate thymocytes [22]. IL-7 induced signals may also affect

the strength or duration of TCR signals to favor CD8 SP development [16,45]. Whether

these mechanisms are applicable or not, our study suggests that IL-7 acts in vivo to

influence lineage commitment in late thymopoiesis.

STAT5 is another effector of IL-7R function [46,47] that may provide a

proliferative or survival signal [32,35-37]. In a STAT5A/B-deficient mouse model, we

examined whether STAT5 was necessary for IL-7-induced expansion of CD8 SP cells

and induction of Bcl-2 levels in DP thymocytes. IL-7-induced CD8 SP skewing and Bcl

2 expression were reduced in STAT5A/B" mice, suggesting that STAT5A and STAT5B

are at limiting levels for effects mediated by Tg IL-7 and act upstream of Bcl-2.

The selective effect of IL-7 on CD8 SP expansion is consistent with observations

in Tg mouse models based on Bcl-2 and Xiap [42-44,48]. Tg Bcl-2 expansion of CD8 SP

thymocytes also occurs in the absence of MHC class I [49]. Indeed, other nonantigen

signals can modify thymocyte development. An activated form of Notch-1 skews

maturation in favor of CD8 SP cells by a mechanism that is MHC class I-independent

[18]. Notch-1 also protects against apoptosis in a T-cell line [50]. Conversely, studies

indicate that while the lymphocyte-specific tyrosine kinase Lck is required for formation
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of both CD4 and CD8 lineages, a higher level of Lck signaling can favor CD4SP

maturation [14,15]. Moreover, along with c-kit, IL-7RO expression distinguishes two

possible pathways during positive selection [23]. These studies support our finding that

cell fate decisions during DP thymocyte maturation are controlled not only by TCR and

coreceptor signals but also by other nonantigen secreted regulators via intracellular

Survival effectors such as STAT5 and Bcl-2.

Splenic lymphocyte subsets in the Tg IL-7 mice were also skewed toward CD8

SP cells. Since IL-7 acts on peripheral lymphocytes, the overrepresentation of CD8 SP

cells in the spleen is consistent with IL-7 effects on both thymocyte maturation and

peripheral maintenance. This is notably different from Tg Bcl-2 and activated Notch

expansion of CD8 SP thymocytes, which do not survive to populate the periphery

[18,49,51]. This suggests that IL-7 can sustain CD8 SP cells by a mechanism other than

survival induced by Bcl-2 alone. Finally, the DP cells in the spleens of Tg IL-7 mice are

probably immature DP cells that escaped the thymus due to deregulation by elevated IL-7

levels in these mice. A similar effect occurred in mice reconstituted with bone marrow

infected with IL-7 expression vectors [20]. This escape phenomenon may reflect

deregulation of chemotactic or related factors that retain DP cells in the thymus. The

number of DP cells in the spleen of Tg IL-7 mice on a MHC class I-null background

appears exaggerated and may be due to compromised 32m-mediated selection, leading to

increased DP migration. Overall, both the CD8 SP skewing and the presence of DP cells

in the periphery indicate a quantitative action of IL-7 in late thymopoiesis that is both

sufficient and necessary.
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4 Materials and Methods –
*

4.1 Mice
-

Transgenic mice expressing murine IL-7 (Tg IL-7) under control of the immunoglobulin – -

heavy chain enhancer and promoter (UP line) [24] were backcrossed with C57/Bl6 mice *. *

(The Jackson Laboratory, Bar Harbor, ME) for 4–9 generations. Age-matched, non-Tg
º

littermates were used as controls. IL-7RO-null mice [52] and 32-microglobulin (32m)-null

mice [25] were from the Jackson Laboratory. Heterozygous STAT5A/5B knockout mice

with targeted disruption of one allele each of theSTAT5A and STAT5B loci [31] were

provided by Dr. James Ihle (St. Jude Children's Research Hospital, Memphis, TN). Mice

were housed in a pathogen-free barrier facility and studied at 8–16 wk of age. The study

was approved by the Committee on Animal Research (University of California, San

Francisco).

4.2 Analysis of peripheral blood º, - *

Peripheral blood was obtained by cardiac puncture, and EDTA-treated samples were used ■ * --

for complete blood counts (IDEXX Veterinary Service, Sacramento, CA) and absolute tº º
º

lymphocyte counts.

4.3 Flow cytometry

Thymus and erythrocyte-depleted spleen cell suspensions were prepared in PBS (calcium

and magnesium free). Live cells were counted by trypan blue exclusion. Antibodies were

from Pharmingen (San Diego, CA). Nonspecific binding to Fc receptors in splenocytes |

was blocked by preincubating cells with purified antibody to CD16/CD32 (2.4G2; .

1:100). Cells were stained for CD4 (clone RM4–5; 1:60) and CD8 (clone 53-6.7; 1:60).

TCR VB analysis was performed with biotinylated monoclonal antibodies (Pharmingen) |
-
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and antibodies against CD4, CD8, and heat-stable antigen (HSA) at 1:60 dilution.

Intracellular Bcl-2 was assessed by fixation and permeabilization in 1% º º
paraformaldehyde and 0.1% Tween-20 for 1 h at room temperature and incubation with - -

antibody to Bcl-2 (clone 3F11; 1:5). Fluorescence-activated cell sorter (FACS) analysis * , i.

º ■
was performed with a FACScalibur (Becton Dickinson, San Jose, CA). p values were

calculated by the t test for independent samples.
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Figure Legends

Figure 1. IL-7-dependent alterations of T-cell subsets.

(A) FACS analysis of lymphocyte subsets in spleen from WT and Tg IL-7 mice was

performed by surface staining of CD4 and CD8. Representative profiles are shown as

contour graphs. (B) The ratio of CD4/CD8 SP cells was calculated from the number of

CD4 SP and CD8 SP cells. (C) FACS analysis of lymphocyte subsets in thymi from WT,

Tg IL-7, and IL-7Ro. " mice was performed by surface staining of CD4 and CD8.

Representative profiles are shown as contour graphs. (D) The ratio of CD4/CD8 SP cells

was calculated from the number of CD4 SP and CD8 SP cells. Values are mean + SEM

(n = 3/group).

Figure 2. IL-7 overexpression causes expansion of mature HSA" thymocytes with a

preferential, polyclonal effect on CD8 SP cells. (A) Cells from WT and Tg IL-7 thymi

were stained with antibodies against HSA, CD4, CD8, and various TCR VBs. Mature

thymocytes visualized by forward scatter (FSC) and HSA staining downregulate HSA,

indicated within the circled area. (B) HSA" CD4SP and CD8 SP cells from WT or Tg

IL-7 mice as a percentage of mature HSA" cells. (C) TCR VB representation within the

mature CD8 SP subset (HSA"CD8' cells). TCR VB' thymocytes from WT or Tg IL-7

mice were plotted as a percentage of HSA"CD8 cells. Values are the mean + SEM (n =

3/group).

Figure 3. IL-7 induced CD8 SP thymocyte expansion is independent of MHC class I and

is manifest in the periphery. (A) Lymphocyte subsets in thymocytes from non-Tg, £2m

null (left) and Tg IL-7, £2m-null (right) mice were analyzed by surface staining of CD4
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and CD8. Representative profiles are shown as contour graphs. (B) CD8 SP thymocytes

plotted as a percentage of total live cells. (C) Lymphocyte subsets in splenocytes from

non-Tg, £2m-null (left) and Tg IL-7, 32m-null (right) mice were analyzed by surface

staining of CD4 and CD8. Representative profiles are shown as contour graphs. (D) CD8

SP splenocytes plotted as a percentage of total live cells. Values are mean + SEM (n =

3/group).

Figure 4. Intracellular Bcl-2 is elevated in Tg IL-7 DP thymocytes, particularly those in

positive selection. Cells from WT and Tg IL-7 thymi were stained with antibodies against

CD4, CD8, and TCR■ followed by anti-Bcl-2. Representative histograms showing

intracellular Bcl-2 levels in (A) CD4"CD8 DP cells, (C) CD4"CD8' TCRB" cells and

(E) CD8 SP cells from WT and Tg IL-7 mice are shown. The number of intracellular Bcl

2' WT and Tg IL-7 cells within the indicated subsets was plotted as a percentage of (B)

CD4"CD8' DP cells, (D) CD4"CD8 TCRB" cells, and (F) CD4 SP and CD8 SP cells.

Values are mean + SEM (n = 3/group).

Figure 5. STAT5A/B haploinsufficiency attenuates Tg IL-7-induced skewing of CD8 SP

thymocytes and induction of Bcl-2 in DP thymocytes in positive selection. (A)

Lymphocyte subsets in cells from non-Tg, STAT5A/B" (upper left), Tg IL-7,

STAT5A/B" (lower left), non-Tg, STAT5A/B" (upper right), and Tg IL-7,

STAT5A/B" (lower right) thymi analyzed by surface staining of CD4 and CD8.

Representative profiles are shown as contour graphs. (B) The ratio of CD4/CD8 SP cells

in each group. (C–D) Thymocytes were stained with antibodies against CD4, CD8, and
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TCRB followed by anti-Bcl-2. (C) Representative histograms showing intracellular Bcl-2 –

levels in CD4"CD8 TCRB" cells from non-Tg, STAT5A/B" (upper left), Tg IL-7,

STAT5A/B" (lower left), non-Tg, STAT5A/B" (upper right), and Tg IL-7, - -

STAT5A/B" (lower right) mice are shown. (D) CD4"CD8 TCRB"cells positive for vº
intracellular Bcl-2 were plotted as a percentage of CD4"CD8" TCRB" cells. Values are

mean + SEM (n = 3/group).
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Table 1: Absolute counts of lymphocyte subsets”

Thymus Spleen

Mice DN DP CD4 SP CD8 SP DP

WT 6.05 + 1.12 85.7+ 14.9 6.73 + 1.43 1.88 + 0.58 0.26 + 0.03

Tg IL-7 12.1 + 5.95 + 2.99%. 3.91 + 1.1 6.43 + 1.14% 13.0 + 2.97%

1.23%

a) Values are mean ESEM (10%) of six animals in each group. *p < 0.05 vs. WT by t

teSt.

(To be positioned near Results Section 2.2)
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Introduction

In all types of cancer, including those that affect hematopoietic cells, cells

undergo mutation in genes involved in the control of proliferation, survival, and genetic

stability. In addition, some cancers require further mutations in genes controlling

migration [1].

In order to circumvent the mechanisms that control these biological activities,

cells undergo mutations in two classes of genes: oncogenes and tumor suppressors.

Oncogenes are defined as genes whose products induce oncogenic growth when

expressed in the appropriate cell types, and include protein kinases, growth factors, and

transcription factors. They usually undergo dominant, gain of function, mutations which

increase their activity, such as point-mutations or deletions increasing activity or

removing sites of regulation, amplification at the gene or chromosome level, and

especially important in leukemia and lymphoma, gene rearrangements resulting in the

creation of fusion proteins with altered specificity, activity, localization, transcriptional

regulation, and regulation. Tumor suppressors are defined as genes whose products

negatively regulate cell growth, and include genes involved in the negative regulation of

cell division, survival, and control of repair of DNA damage. They usually undergo

recessive, loss of function, mutations which decrease their activity or amount, such as

point mutations or deletions [1].

Multiple growth factors are thought to play a role in the initiation or progression

of hematologic malignancies. Autocrine-dependent growth has been described for

multiple neoplastic cells and cell lines [2]. In addition, overexpression of many growth

factors can lead to transformation of hematopoietic cells in mice [3-8]. Interleukin-7 (IL
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7) is thought to be an important growth factor for myscosis fungoides and Sézary

syndrome, both forms of cutaneous T-cell lymphoma (CTCL) [9-13]. In addition, IL-7

can support multiple lymphoid cell lines in vitro [14,15] and functional IL-7 receptors are

expressed in both hematopoietic and non-hematopoietic neoplasms [16]. In fact, some

mouse models that overexpress IL-7 support a role for this growth factor in

tumorogenesis, displaying lymphoproliferation and lymphomas [8,17-19).

IL-7 engagement of its receptor activates multiple pathways, including the signal

transducer and activator of transcription (STAT) 5 (reviewed in [20]) and the role of IL-7

in the models of malignancy above may be mediated through triggering of this molecule.

In fact, activation of STAT5 has been seen in a wide variety of malignancies. Tyrosine

kinase fusion proteins associated with human leukemia such as BCR/Abl, TEL/JAK2,

TEL/PDGFBR, TEL/Abl, NPM/ALK, and HIP1/ PDGFBR activate STAT5

([21],reviewed in [22]). STAT5 has been shown to be a minor fusion partner for RARO.

that inhibits differentiation in acute promyelocytic leukemia (APL) [23,24]. In addition,

other oncogenes, such as activated Flt3R [25], v-Abl [26], Xmrk [27] and v-Erb [28], are

characterized by activation of STAT5. In some cases activation of STAT5 is

downregulated by drugs that target these oncogenes, implying a role in tumoregenesis

[29-31]}. Constitutively activated STAT5A transforms hematopoietic cell lines to

growth-factor independence [32]. STAT5 deficiency has different effects on the

progression of tumors in various mouse models of these human diseases, having no effect

in some models [33], while reducing transformation and progression in others [34,35].

We used an established transgenic model of over-expression of IL-7 driven by the

immunoglobulin enhancer [8] to examine the role of STAT5 in lymphomagenesis
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mediated by IL-7. These Tg IL-7 mice manifest a high incidence of T and B lymphomas

later in life and exhibit shortened lifespans with 100% mortality by 6 months of age. Tg

IL-7 crossed onto an STAT5A/5B" background, displayed a striking amelioration of IL

7-induced death. These data suggest that STAT5 levels are dose-dependent and shows

that STAT5 haploinsufficiency lessens IL-7 induced mortality. This observation lends

support for blockage of STAT5 activation as a potential therapeutic to counter tumor

progression in a variety of tumors. It shows a dose-effect that has little effect on normal

lymphocyte development but clearly affects IL-7-induced lymphoma progression.
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Abstract

The requirement for receptor components and the signaling effector,

STAT5A/5B, was assessed genetically in a lymphoma progression model induced by IL

7. This growth factor for T- and B-cell progenitors and mature lymphocytes activates

survival and proliferative pathways including Bcl-2, phosphatidylinositol 3-kinase and

STAT5. Mice heterozygous for the IL-7RO subunit over-expressing IL-7 show improved

+/–survival compared to wild-type mice. In addition, STAT5A/5B compound

heterozygous mice with one targeted allele each of STAT5A and STAT5B show striking

amelioration of IL-7-induced mortality and disease progression. STAT5A/5B"

compound heterozygous mice are otherwise normal in stem cell and lymphocyte

development and cellularity. The reduction in STAT5A/5B copy number is accompanied

by lower STAT5 protein levels, which suggests that STAT5 haploinsufficiency is a

modifier of IL-7 signal strength.
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Introduction, Results and Discussion

Cytokines are key regulators of cells by engaging appropriate receptors and

triggering downstream signaling events that govern proliferation, survival, differentiation

and mobilization. Interleukin-7 (IL-7) is an essential, non-redundant growth factor for

early T- and B-cell precursors [1,2] and exerts effects on mature peripheral T cells [3,4].

IL-7 acts on target cells by interacting with the IL-7 receptor (IL-7R), a heterodimer

comprised of the IL-7Ro chain and the common Y (Yc) chain. In mice lacking IL-7, its O.

receptor subunit (IL-7RO), or the Yc chain, pro-T cells die in the thymus, resulting in an

early block in thymopoiesis, and murine pro-B cells fail to progress resulting in overall

lymphopenia (reviewed in [5]). Deficiency in IL-7 signaling accounts for the severe T

cell immunodeficiency seen in human X-linked severe combined immunodeficiency (X-

SCID) [6,7] and TB NK' SCID [8].

While loss of IL-7 causes immunodeficiency, overexpression of IL-7 results in

neoplasias. Mouse models that overexpress IL-7 show phenotypes ranging from

increased levels of T and B cells [9] to lymphoproliferation and lymphomas [10-13]. IL

7's involvement in neoplasias is also suggested by its role as a trophic factor for Sezary

lymphoma cells [14], its production by chronic lymphocytic leukemia (CLL) cells [15]

and Burkitt's lymphoma cells [16], and its elevation in sera of Hodgkin’s patients [17].

IL-7 engagement of its receptor activates two main pathways, signal transducer

and activator of transcription (STAT) 5 [18, 19] of the JAK/STAT pathway and the

phosphatidylinositol 3-kinase (PI3-kinase) pathway [20-22]. Both STAT5 and PI3 kinase

have been implicated in cell-growth control and survival. Two nearly identical genes,

STAT5A and STAT5B, encode two separate polypeptides with similar, but non-identical
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functions [23,24]. Tyrosine kinase fusion proteins associated with human leukemia can

activate STAT5 in a wide variety of malignancies. For example, BCR/Abl in chronic

myelogenous leukemia (CML), TEL/JAK2 in myeloproliferative disease, and

TEL/PDGFBR, TEL/Abl, and HIP1/ PDGFBR (reviewed in [25]), as well as v-Abl

activate this transcription factor. Constitutively activated STAT5A transforms

hematopoietic cell lines to growth-factor independence [26]. Much is known about the

molecular events initiating these pathways. Less is known about integration to

downstream biology in vivo.

The effect of gene dosage on biology is well appreciated in the study of tumour

suppressors in predisposing a cell to malignancy. Haploinsufficiency, the concomitant

reduction in protein levels, is gaining significance in both tumor suppressor studies

[27,28] as well as in transcription factor biology [29]. Human haploinsufficiency of

transcription factors can manifest as complex, multisystem syndromes with wide clinical

variation, with at least 30 syndromes identified. The extensive catalog of transcription

factor families that demonstrate haploinsufficiency does not include members if the

STAT family of transcription factors [29]. Our study of effectors that can ameliorate IL

7-mediated lymphoma progression revealed haploinsufficiency of receptor components

as well as a transcription factor, STAT5, could significantly modify the consequence of

over-expression of IL-7.

IL-7 induced lymphoma progression is affected by IL-7RO. copy number

Mice over-expressing IL-7 under the control of the immunoglobulin enhancer and

promoter (Tg IL-7 mice) display accelerated mortality (Figure 1A, left panel) compared
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to non-transgenic mice due to T- and B-lymphoma development, with 100% mortality by

6 months of age as described previously [11]. IL-7 induced mortality is completely

dependent on IL-7Roº, since mice that have homozygous disruption of IL-7RO (IL

7Ro. ") show no difference in survival in the absence or presence of the IL-7 transgene

(Figure 1A, right panel), with survival well beyond 8 months in all mice. More
+/–interestingly, we observed that mice heterozygous for the IL-7RO subunit (IL-7RO."),

that have comparable lymphocyte cellularity to IL-7Ro wild-type (IL-7Ro") mice (data

not shown), exhibited improved survival from IL-7 induced death (Figure 1B). Nearly

half of Tg IL-7, IL-7Ro" mice are alive at 8 months of age while none of the Tg IL-7;

IL-7Ro" mice survive to this age.

IL-7 induced lymphoma progression is STAT5A/5B dose-dependent

Since IL-7 activates STAT5, we acquired mice with disruption at both the

STAT5A and STAT5B loci [30] to test the necessity of this transcription factor effector

in IL-7 signaling. While mice with compound homozygous disruption have multiple non

hematopoietic and hematolymphoid defects [30-38), STAT5A/5B" compound

heterozygous mice have normal lifespans (Figure 2A, triangles), lymphoid cellularity

(Figure 2C), T-cell development (data not shown) and bone marrow precursors that are

normal in competitive repopulation assays (unpublished observations). This indicates no

detectable consequence of reduction of STAT5 copy number on lymphoid development

at steady state. When crossed to Tg IL-7 mice, STAT5A/5B" compound heterozygous

mice showed a striking amelioration of IL-7-induced mortality (Figure 2A, squares)

compared to Tg IL-7, STAT5A/5B" mice (Figure 2A, circles). Half of mice lacking a

248



copy each of STAT5A and STAT5B that over-expressed IL-7 were still alive at 9 months

of age while none of the Tg IL-7, STAT5A/5B" mice lived beyond 6 months.

We determined that Tg IL-7, STAT5A/5B" compound heterozygous mice have

equal levels of transgene-derived IL-7 transcript as Tg IL-7, STAT5A/5B" mice (data

not shown). We examined the level of STAT5 in WT, heterozygous and homozygous

STAT5A/5B-null thymocytes to determine whether STAT5 protein levels were affected

by gene dosage. Immunoblot analysis shows that STAT5A/5B" compound heterozygous

mice have reduced levels of STAT5 present in the thymus compared to STAT5A/5B"

mice (Figure 2B). No polypeptide is detectable in STAT5A/5B" compound homozygous

mice as expected. These data clearly indicates that STAT5 haploinsufficiency is manifest

with reduced STAT5A/5B copy number.

We next assessed IL-7-induced splenomegaly as another indicator of disease

progression in these mice. Tg IL-7 mice show a markedly elevated splenocyte cellularity

+/–(Figure 2C) compared to non-transgenic littermates. Tg IL-7, STAT5A/5B" compound

heterozygous mice, however, have significant attenuation of IL-7-induced splenomegaly.

STAT5A/5B haploinsufficiency affects lymphoma progression

Histopathological analysis was performed on thymus, spleen and skin sections

from non-transgenic, Tg IL-7; STAT5A/5B" and Tg IL-7; STAT5A/5B" mice. Over

expression of IL-7 resulted in disorganized thymic architecture, the presence of sub

capsular lymphomas in the spleen with a greatly expanded white pulp, and infiltration of

the dermal layers reminiscent of cutaneous lymphoma (data not shown). Tg IL-7,

STAT5A/5B" mice however, displayed fewer signs of aggressive disease with thymic
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architecture that appears normal, spleen with atypical lymphoproliferation but no sign of

lymphomas and skin with greatly reduced lymphocyte infiltration (data not shown).

These data suggest that STAT5A/5B haploinsufficiency moderates IL-7-induced

lymphoma progression.

The categorization of pathways required during tumorigenesis is a promising

avenue for identification of novel targets for targeted therapeutics in treating

malignancies. Genetic analyses of pathways in tumor models is a powerful means of

assessing the usefulness of targeting a given molecule and its potential side effects.

STAT5 is known to mediate cytokine-induced survival as well as proliferation in

response to various cytokines [39]. Indeed, as an effector of IL-7R function [18, 19], it

can provide a proliferative or survival signal [40-43].

Haploinsufficiency has gained significance in helping elucidate the importance of

specific molecules by genetics. Its role in transcription factors and disease is implicated

in several syndromes, involving a broad class of these regulatory factors [29]. For

example, haploinsufficiency of AML.1 [44] and the Foxol forkhead transcription factor

[45] have clear effects on stem cell and hepatocyte biology respectively. Dose

dependence on receptors such as Follicle-Stimulating Hormone receptor [46] and even

the Erythropoietin receptor, a Type I cytokine receptor, [47] is increasingly recognized as

physiologically relevant in mice. In addition, dose dependence has been described for the

adaptor protein, Grb2, in regulating tissue architecture [48] as well as in polyoma middle

T antigen induction of mammary tumors [49]. Few other examples of haploinsufficiency,

particularly of transcription factors, affecting tumor progression are known.
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We examined whether IL-7 receptor components and effectors, like STAT5, were

necessary in IL-7-induced lymphoma progression. IL-7-induced mortality was moderated

in mice heterozygous for the IL-7RO. Since IL-7RO heterozygous mice have normal

lymphoid development and cellularity, this suggests that IL-7RO can be rate limiting for

constitutive IL-7 action, such as in the Tg IL-7 lymphoma model. The effect of loss of

one copy each of STAT5A and STAT5B on IL-7-induced lymphomas was similarly

striking in ameliorating disease and improving survival. Our data shows that

STAT5A/5B" mice have a reduction in STAT5 protein levels indicating STAT5

haploinsufficiency in these mice.

We propose that IL-7-induced lymphoma progression is dependent on signal

strength that is affected by STAT5 levels. Thus, the STAT5 transcription factor is shown

to be limiting for IL-7 in a tumor model. This contrasts with the absence of effect of loss

of STAT5 on BCR-Abl transformation of bone marrow and myeloid cells [33]. However,

it mirrors the importance of STAT5 for progression of mammary cancer induced by

SV40 T antigen [50]. This suggests that inhibition of STAT5 can have differing outcomes

in ameliorating disease in different tumor progression models and its utility has to

weighed in the lineage concerned. The absence of bone marrow and lymphocyte

abnormalities in non-transgenic, STAT5A/5B" mice also shows that graded inhibition of

STAT5A/5B to ameliorate hematolymphoid diseases that are sensitive to STAT5 levels

would have little to no side effects.

Our findings show that a member of the STAT family of transcription factors,

STAT5, can be included in the list of transcription factors whose haploinsufficiency can

have a biological effect. Questions of whether STAT5A or STAT5B haploinsufficiency

-----
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modifies IL-7 action by a qualitative or quantitative mechanism and the potential targets | |

affected need further examination. º
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Figure Legends

Figure 1. IL-7Ro copy number affects IL-7-induced mortality.

IL-7RO deficient mice were crossed with Tg IL-7 mice and monitored twice monthly for

lesions, lymph-node enlargement and survival over 8 months.

A) Left panel Non-transgenic; IL-7Ro", black triangles (n=8), Tg IL-7, IL-7Ro",

white squares (n=7). Right panel Non-transgenic; IL-7Ro", black triangles (n=6), Tg IL

7, IL-7Ro. ", white squares (n=9).

B) Tg IL-7, IL-7Ro", black circles (n=7), Tg IL-7, IL-7Ro", white squares (n=28), Tg

IL-7, IL-7Ro", black triangles (n=6).

Figure 2. STAT5A/5B haploinsufficiency affects IL-7-induced mortality.

A) IL-7-induced lymphoma progression is STAT5A/5B copy number dependent.

STAT5A/5B" compound heterozygote targeted mice were crossed with Tg IL-7 mice

and and monitored twice monthly for lesions, lymph-node enlargement and survival over

9 months. Non-transgenic; STAT5A/5B", black triangles (n=13), Tg IL-7;

STAT5A/5B", white squares, (n=10), Tg IL-7, STAT5A/5B", black circles (n=5).

B) Immunoblot analysis of STAT5 expression in STAT5A/5B targeted mice. Lysates

were prepared from thymocytes from the indicated mouse gentotypes, normalized for

total protein, resolved by SDS-PAGE, transferred and immunoblotted. Rabbit polyclonal

antibodies to STAT5A and STAT5B (kindly provided by Dr. Lothar Henninghausen,

NIH, MD) were used together at 1:10000, mouse monoclonal antibody to O-tubulin

(Sigma) was used at 1:5000 and visualized with anti-rabbit or anti-mouse HRP using

enhanced chemiluminesence.
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C) Spleens from the indicated mouse genotypes were removed, weighed, dispersed into

single cell suspension. Total cell counts of viable cells was performed by trypan blue

exclusion. Non-transgenic; STAT5A/5B" (n=6), non-transgenic; STAT5A/5B" (n=10),

Tg IL-7, STAT5A/5B" (n=5), Tg IL-7, STAT5A/5B" (n=8).
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