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ABSTRACT
It is well documented that long-term spaceflight adversely affects immune system
function. Using fetal thymus organ culture (FTOC), we examined the effects of
spaceflight and vector-averaged gravity on T cell development. In order to perform this
work, we needed to design and validate a culture system that supported FTOC in a
microgravity environment. The system we built, and which is described herein, served
successfully for ground-based experimentation built on the principle of the clinostat.
Moreover, results of testing this system at NASA's Ames Research Center demonstrated
that it is optimal for future flight experimentation. This system can also be used for other
cell/organ culture methodologies where three-dimensional growth and organotypic
organization optimizes function for ground-based as well as spaceflight experiments.
Under both conditions (spaceflight and vector-averaged gravity), the development of T
cells was significantly attenuated. Exposure to spaceflight for 16 days resulted in a loss
of precursors for CD4+, CD8+, and CD4+CD8+ T cells in a rat/mouse xenogeneic coculture. A significant decrease in the same precursor cells, as well as a decrease in CD4"
CD8" T cell precursors, was also observed in a murine C57BL/6 FTOC after rotation in a
clinostat. The observed block in T cell development appeared to occur between the pre-T
cell and 004+008+ T cell stage. Furthermore, flow cytometric analysis clearly
illustrated a reduction in the expression of IL-7Ra (CD127) in clinorotated FTOC as well
as an increase in the presence of TNF-a after 4 days of culture. Levels of phosphorylated
Lck were unchanged in clinorotated FTOC when compared to motional and stationary
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controls. These findings suggest that the full sequelae of pre-TCR signaling is dependent
upon the presence of gravity. However, this alteration may be occurring downstream of
Csk/Lck regulation. In support of this line of reasoning, T cell development was partially
rescued in clinorotated FTOC treated with anti-CD3 monoclonal antibody. Anti-CD3
treatment presumably partially substitutes for a signal that is required for proper T cell
development and is absent in the microgravity environment. These data therefore
indicate that gravity indeed plays a decisive role in (3-selection and in broader terms the
development of T cells.
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CHAPTER 1
Problem Defined
The work described in this dissertation was performed in order to determine if
exposure to microgravity would affect thymus (T) cell development. The first and most
apparent problem in conducting such a project is how one is supposed to study T cell
development in a microgravity environment when we live in unit gravity here on Earth?
Most would assume that such work could be performed only during spaceflight on the
shuttle. However, the complexities of performing work of this nature are considerable, as
is the exceedingly limited space available aboard shuttle missions. It is for this reason
that it was necessary to utilize a ground-based model of microgravity, the clinostat, for
the majority of our work (flight rat study excluded). Clinostats have been used in many
studies on the effects of vector-averaged gravity on a variety of biological systems (1-4).
We are aware that the clinostat work will need to be verified in actual spaceflight-based
experiments, and we plan to do so, funding and space permitting.
Another difficulty that needed to be addressed was the appropriate delineation
between the effects of corticosteroid-related stress and that of microgravity exposure on
the development of T cells; a problem that was unavoidable in the flight rat work
described herein. We were well aware of the effects that stress-related hormones have on
both the development and function of T cells. This knowledge made it quite apparent
that a system would be required where these two factors could be studied independently.
It was with this objective that we set out to use fetal thymus organ culture (FTOC) as our
primary experimental model. FTOC has been routinely used to study the development of
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fetal T cells (5-7). FTOC was also easily adaptable to the clinostat, thus simplifying our
attempts to grow FTOC in a simulated microgravity environment. Taking into
consideration all of the hurdles that we overcame in order to initiate this project, we feel
strongly that we have developed a viable experimental system for future spaceflight
experimentation.

Literature Review
T cell Development
T cell development follows a well-defined pathway that is marked by the
sequential gain and loss of various cell surface markers. This extraordinarily complex
developmental process begins with the colonization of the thymus by migrant precursors
and culminates with the production of mature T cells that are capable of distinguishing
between an immense number of self and non-self antigens.
Recent work supports the idea that the earliest thymic immigrant is a Lin ckit^IL7R^ T cell lineage/natural killer/dendritic cell restricted progenitor and not the previously
thought multipotent progenitor (8). These thymic immigrants are thought to make their
way to the thymus by following a distinct chemoattractant. This path likely consists of a
variety of chemokines that are produced in the thymus, including the CXC chemokine
stromal cell-derived factor 1 (SDF-1) (9), and the CC chemokines: MlP-la (10), MIP-1(3
(11), thymus and activation-regulated chemokine (TARC) (12) and thymus-expressed
chemokine (TECK) (13). The fact that thymic immigrants are known to express a variety
of chemokine receptors, such as CCR4, CCR5, CCR7, CCR8 and CCR9 which are
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specific for TARC, MIP-1, MIP-3, TARC and TECK, respectively, further supports this
claim (14, 15).
Once in the thymus, an intricate collection of interactions takes place between
developing thymocytes, the extracellular matrix and thymic stromal cells that orchestrates
this whole process. The earliest T cell developmental stage falls within a population of
cells collectively called double negative (DN) cells, for the simple fact that they lack
expression of CD4 and CDS. Indeed, this population of cells can be further divided into
four distinct groups based on the expression of CD44 (Pgp-1, which binds hyaluronic
acid and mediates adhesion of leukocytes) and CD25 (IL-2Ra chain). The DN
CD44^CD25" (DNl) cell gives rise to the DN CD44^CD25^ (DN2) pro-T cell. This pro-T
cell gives rise to the DN CD44"CD25^ (DN3) early pre-T cell, which has initiated the
rearrangement of its TCR |3 chain gene. Upon successful rearrangement of this gene the
early pre-T cell transitions into the DN CD44 CD25" (DN4) late pre-T cell which now
expresses the pre-TCR. Upon successful signaling via the pre-TCR the late pre-T cell
differentiates into the CD4+CD8+ double positive (DP) cell population via an immature
single positive (ISP) intermediate, a process termed ^-selection (16, 17). The DP cells
then undergo "positive" and/or "negative" selection, finally producing CD4"CD8+ or
CD4+CD8" single positive (SP) mature T cells (18-23).

^selection and the pre-TCR
As mentioned above, the pre-TCR plays a vital role early in T cell development.
It has been widely accepted that the pre-TCR is linked to multiple functions, including
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survival, expansion and differentiation (24). However, the molecular mechanisms that
dictate the response to pre-TCR signaling have not been clearly characterized and more
work needs to be performed in order to fully understand this fascinating and complex
developmental event.
The pre-TCR is a multi-subunit receptor comprised of the |3 chain of the TCR, the
pre-T a chain (pTa) and the CD3 y, 8, e and ^ signaling complex (25). Many groups
have worked on dissecting the pre-TCR in hopes of further characterizing the mechanism
through which it acts.
The pre-TCR varies from the typical ap TCR in that the TCRa chain has been
replaced by an invariant 33 kDa glycoprotein called pTa (26). Unlike the clonotypic a
chain, pTa contains an extended intracellular tail (27), suggesting that pTa may have
some additional function beyond that of the clonotypic TCR a chain. pTa"' mice exhibit
a decreased ability to transition from the DN to DP stage (28). Interestingly, pTa' mice
expressing a "tail-less" pTa chain under the control of the Ick proximal promoter
displayed nearly normal T cell development, indicating that the intracellular portion of
pTa may not be essential for successful pre-TCR signaling. It is noteworthy that these
mice were unable to completely achieve levels of thymic cellularity comparable to wild
type mice and furthermore they expressed higher levels of cell surface pre-TCR complex
than wild type mice. Taking these two details into consideration, it is plausible to
theorize that the return to near normal development may be an experimental artifact due
to the over-expression of the tail-less pre-TCR that in turn led to a compensatory signal

19

which would not have occurred if a comparison occurred where similar expression levels
of the tail-less and wild type pTa were achieved.
An active line of research is currently underway to determine if pre-TCR
signaling depends on the recognition of an external ligand. The finding that cell surface
expression of the pre-TCR was necessary for successful |3-selection to occur (29) clearly
supported the potential requirement for an external ligand. However, further studies
examining (3-selection in mice expressing pre-TCR lacking all extracellular portions
convincingly demonstrated that an external ligand was in fact not necessary (30, 31).
These counter-intuitive findings can be more clearly explained by the fact that pTa
contains a palmitoylation site and therefore can constitutively target the pre-TCR
complex to lipid rafts (32), which are distinct lipid microenvironments in the plasma
membrane that are highly enriched in signaling molecules (33). This targeting would in
turn negate the necessity of binding an external ligand, which in the case of the
clonotypic a|3 TCR is absolutely required for TCR targeting to lipid rafts (34).
Further distinguishing pre-TCR function from that of the TCR, is their altered
dependency on various subunits of the CD3 signaling complex. The mature clonotypic
TCR requires all of its CD3 subunits including the y, 8, E and ^ chains. Whereas, the
absence of CD3C only partially inhibits pre-TCR function, manifesting itself as a partial
block at the DN to DP transition. Furthermore, absence of CD38 has no apparent effect
whatsoever on (S-selection, resulting in a later block at the DP stage (35).
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Pre-TCR Signaling
A majority of the studies aimed at examining proximal pre-TCR signaling events
were modeled after what was already known about a(3 TCR signaling, since the two are
still very similar regardless of the differences outlined above. Much of the knowledge
that has been obtained from these studies has been accrued through work examining
gene-deletion or gene-mutation studies in mice. In addition to these in vivo studies, work
has also been performed using FTOC and functional manipulation of T cell precursors
therein, reviewed in (24).
Upon ligation and subsequent signaling through the TCR a fundamental initiating
step is the activation of the protein tyrosine kinase (PTK) Lck. Recent work suggests that
the ectodomain of CD45 is required for optimal TCR signaling (36). One explanation for
this requirement is that the ectodomain may facilitate exclusion of CD45 from the
engaged TCR in turn preventing CD45 from exerting its phosphatase activity. CD45
dephosphorylates Lck at an inhibitory tyrosine position (Tyr^^) thus exerting a positive
effect on Lck signaling. In addition to CD45's activating effect it also has several
inhibitory effects, such as the dephosphorylation of Lck's activating residue pTyr^^"^ and
several downstream Lck substrates (37, 38). The fact that CD45 deficiency leads to
hindered TCR signaling (39) suggests that CD45's positive effects are required and are in
fact dominant to its negative regulatory function. It is important to note that small

amounts of CD45 are also present in lipid rafts after TCR ligation (40, 41). So, the
description given above concerning the exclusion of CD45 may be more accurately
depicted as a signaling threshold adjustment rather than an absolute elimination of CD45.

21

Another element that also aids in the regulation of Lck is the carboxy-terminal Src
kinase (Csk), which phosphorylates Lck at an inhibitory site, Tyr^^. In unstimulated cells
Csk remains closely associated with the TCR complex via its association with the adaptor
protein PAG (42, 43). In the absence of Tyr^°^ phosphorylation, trans-phosphorylation of
the activation site (Tyr'®'^) takes place. Since Lck phosphorylation and hence its activity
is dependent on the respective levels of CD45 and Csk, changes in their locations within
lipid rafts theoretically is the means via which this regulation takes place. Csk's role in T
cell development has also recently been further clarified. The necessity for DN cells to
successfully signal through their pre-TCR in order to transition to the DP stage was
negated by the inactivation of Csk (44). This work clearly demonstrated the requirement
of Csk in T cell development and the importance of this protein as an appropriate control
point in the development of ap T cells.
The requirement of another tyrosine kinase, Zap-70, has also been demonstrated
in order for successful (3-selection to take place. The absence of Zap-70 activity during T
cell development results in a severe block at the DN3 stage (45). Once activated, Zap-70
functions to activate the adaptor molecules SLP-76 and LAT through phosphorylation
(46). The requirement for ZAP-70 in P-selection likely results directly from the
importance of these two downstream adaptor molecules, without which T cell
development is blocked at the DN stage (47-49). SLP-76 acts to couple the TCR to
phospholipase Cy-l (PLCyl) and Ras-mediated signaling pathways, both of which lead to
protein kinase C (PKC) activation and ERK/MAPK activation (46, 50).
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It is still not well understood how the pre-TCR (a single sensor) regulates
survival, differentiation, proliferation and allelic exclusion. This has been further
complicated via gene mutation and complementation studies examining downstream preTCR signaling components, where these individual fates could be distinguished from one
another. Signals for survival have been found to diverge before those for proliferation
and differentiation (51). Furthermore, signals for proliferation and differentiation may
also be separable. Introduction of a dominant negative Fas-associated death domain
(FADD) into pre-TCR deficient thymocytes rescues survival and differentiation but not
proliferation (52). The possibility exists that pre-TCR signaling directly regulates
survival at the (3-selection checkpoint and that independent pathways then, in turn, initiate
differentiation and proliferation. In fact, ample evidence exists which suggest that
apparently unrelated factors are involved in the DN-DP transition, including HES-1 (53),
Hedgehog (54), TCF-l/Lef-1 (55) and cyclic AMP response element-binding protein
(CREB) (56). However, further work needs to be performed to conclusively determine if
these elements are indeed independent of pre-TCR signaling or if they result directly
from pre-TCR generated signals.

Positive and Negative Selection
Once developing thymocytes successfully pass through the (B-selection checkpoint
they must undergo a pair of additional safeguards, which ensure both the selection of
Major Histocompatibility Complex (MHC)-restricted T cells and the deletion of
potentially autoreactive T cells. These two processes are termed positive and negative
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selection. Soon after DN cells undergo |3-selection they initiate rearrangement of the achain locus. However, maximum a-chain rearrangement does not occur until transition
to the DP stage is complete (57). Once a-chain rearrangement produces a viable a-chain,
an additional signal generated through ligation of an a|3, MHC-restricted receptor is
required to completely terminate further rearrangement (58). The fact that expression of
an a|3 TCR alone is not sufficient to trigger differentiation and RAG repression is one of
the major differences between T and B cell development. This observation reflects the
fact that T cells are restricted to recognizing antigen in the context of MHC, whereas B
cells are not.
This entire process is under certain time constraints. It is thought that DP cells
have an average lifespan of approximately 3-4 days. Several factors play a role in the
regulation of this lifespan. These include the steroid transcription factor RORy (59) and
transcription factors in the wnt signaling pathway, TCF-1 and LEF-1 (60, 61). Without
these factors the anti-apoptotic factor Bc1-XL is not expressed and the DP cells die by
neglect prior to positive selection (60). DP cells that do express an a|3 TCR capable of
recognizing antigenic peptide in the context of MHC on thymic cortical epithelial cells
(62) generate a signal which leads to survival and migration; a process collectively called
positive selection.
Although TCR signaling in developing thymocytes routinely leads to survival and
differentiation, these are not the sole outcomes. The antigenic ligands in this
developmental setting, which lead to positive selection are thought to be relatively rare,
low-affinity self-peptides (63). This, in turn, leads to the production of a vast pool of
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mature T cells capable of strongly binding to foreign antigen, in the context of MHC
(reviewed in (64)). On the other hand, higher affinity or stimulatory ligands present in
the thymus lead to clonal deletion (63). This process is termed negative selection and is
thought to be one of the primary mechanisms through which the body eliminates
autoreactive T cells. Despite extensive work in this area, the exact mechanism by which
negative selection is carried out is still not clear. In general, two receptors are typically
considered to be involved in initiating apoptosis, the tumor necrosis factor receptor and
Fas (CD95). However, prior work has shown that function of these two receptors is not
necessary for the occurrence of negative selection (reviewed in (65)).
Despite a lack of understanding with regards to the exact mechanism through
which negative selection is carried out, several studies have shown the involvement of
specific signaling components, including JNK and p38 (reviewed in (66)). Furthermore,
it has been thought that negative selection requires a second signal, separate from that of
the TCR/MHC interaction. For example, one study demonstrated that signals generated
through CD28 can provide this second signal (67). This would suggest that negative
selection is carried out by bone marrow-derived antigen presenting cells.
T cell development follows a well-defined pathway, but the mechanisms that
orchestrate this pathway are still under extensive study. In order to gain a more thorough
insight into this complex process, we will undoubtedly be required to think in novel
ways. It may be necessary to pursue experimental approaches that at first light seem to
be unrelated or even "not significant" to society as a whole, but in the end may lead to a
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better understanding of basic biological processes, as I believe the current study has
clearly done.

Microgravity Exposure and its Effects on the Immune System
It is well documented that during and after prolonged spaceflight, human immune
system function is compromised as reviewed in (68). This problem is of serious concern
given the cramped, sealed quarters in which astronauts must live during extended
spaceflights, an environment conducive to the transmission of potentially serious
infections. This concern is increased in light of recent reports showing that
microorganisms have a much higher mutation rate (69) and increased virulence (70) in
microgravity.
The decrease in immune function in microgravity has been linked to the
compromised responsiveness of lymphoid cells to appropriate stimuli (1, 71), as well as
to altered expression of cell surface adhesion molecules which are involved in
interactions with other cells of the immune system known to regulate immune function
(72). Additionally, it has been suggested that the stress experienced by astronauts during
spaceflight causes overproduction of steroid hormones known to decrease immune
system function (73, 74).
The same signaling capabilities and cellular interactions required for the

activation of thymus-derived (T) cells, which play a role in making up the immune
system in adults, are also required for the development of thymocytes in the fetus (75).
The development of T cells in newborns and young adults living in the microgravity
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environments of space or on other planets may therefore be compromised, leaving these
individuals susceptible to infectious diseases due to their inability to develop a fully
functional immune system.

Lessons Learned and Future Directions
Past studies examining the effects of microgravity exposure on the immune
system have gained a fair share of criticism for their lack of properly controlled
experiments, which led to the gathering of inadequate data (reviewed in (68). However,
since then ample work has been performed and a considerable amount of knowledge has
been attained that documents a variety of microgravity-induced changes in the immune
system. These will be discussed below.
In 1990, a committee was formed, entitled "The International Working Group on
Immunocompetence in Space." This group created a collection of directives for future
space-related studies (reviewed in (68)). These directives stated that the goals of the
microgravity/ immunology research community should be to identify microgravity
induced changes in terms of their clinical and operational impact. Furthermore, studies
should be predominantly spaceflight based, utilizing human subjects and animal models
if absolutely necessary. However, the shortage of available spaceflights, which has been
magnified by the recent Columbia disaster, has clearly illustrated the crucial need for
accurate ground-based models of microgravity exposure. In fact, studies that are able to
consistently demonstrate their relevance in ground-based work should gain priority for
spaceflight experimentation.
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Human Subject Studies
Microgravity studies involving humans have generally been limited to in vitro
analyses of samples collected post-flight, which were then compared to pre-flight control
samples. The findings of these studies undeniably demonstrate a depression in certain
immune system parameters after spaceflight. Konstantinova et al. investigated the effects
of long-term spaceflight

1 month) on the immune system with data generated from the

Russian space program (76). In these studies they found increases in serum IgA and IgM
levels. Delayed type hypersensitivity testing occasionally fell below a pre-designated
warning level. Post-flight analyses also revealed decreases in phytohemagglutinin
(PHA)-triggered lymphocyte blast transformation, decreased xenogeneic graft versus host
induced lymphocyte proliferation, decreased production of IL-2 after mitogen stimulation
and decreased natural killer (NK) cell cytotoxicity.
On the other hand, Taylor et al. have studied the effects of short-term spaceflight
(s 1 month) on the immune system (77, 78). Again these studies were primarily
conducted by comparing pre- and post-flight samples. These short-term studies also
demonstrated depression of certain immune system parameters, including depressed blast
cell transformation, cytokine function alterations and decreases in absolute lymphocyte
numbers. Taken together these effects resembled those of acute stress (77).

Animal Model Studies
Animal models have long been used to study spaceflight-induced effects. In
contrast to the human subject studies outlined above, animal-based studies have included
in-flight analyses as well as the pre-post flight comparisons performed in humans. The
majority of this work has been performed with rodents, due to their small size, reduced
expense and the vast background information available. As seen in (79, 80), spaceflight
studies involving animal models have shown similar results to prior human subject
studies. Rats dissected in orbit demonstrated a significant reduction in the proliferative
capacity of their spleen lymphocytes to mitogenic stimulation. Additionally, IL-2
activity was reduced in flight rats. The function of Spleen NK cells was severely
inhibited. Production of IL-1, TNF-a and |3 were all lower in flight rats. Spleen and
bone marrow cells also exhibited decreased production of various NK cytotoxic factors.
In contrast to the human study described above, animal studies showed an increase in the
frequency of pan T cells, helper T cells and NK cells in both the spleen and bone marrow.
However, bone marrow cells did exhibit a reduced capacity to respond to macrophagecolony stimulating factor (M-CSF).

Cell Culture Studies
In vitro cell culture studies have yielded crucial data with regards to the study of
microgravity exposure on cells of importance to the immune system. Especially since
these studies are performed in an isolated manner with respect to the cells being studied.
Meaning that these cultures take place away from corticosteroid-related hormones that
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would expectedly be produced in an in vivo study where the subject would experience
various forms of stress. A seminal study performed by Cogoli et al. demonstrated that
lymphocytes exhibited a decreased ability to respond to concanavalin A (ConA) during
spaceflight and that lymphocytes cultured in a centrifuge (1 g control) on board the same
flight exhibited improved responses (approximately 50% of ground control levels) (81).
This study was one of the first of its kind to show that spaceflight alone, and not the
confounding effects of stress-hormones, could play a role in the adverse effects seen in
previous work. Further studies by Hashemi et al. suggested that inhibition of T cell
proliferative responses in microgravity cultures might result from alterations in signaling
events within the first few hours of activation. They were able to show a reduction in the
surface expression of CD25 (IL-2 receptor a chain) and CD69 (early activation marker)
both of which further support this hypothesis (82).

Conclusions
All life on Earth has evolved in the presence of unit gravity. As humans, we
possess the innate need to explore what is not known to us. We feel the need for the
constant pursuit of knowledge and discovery. With the advent of space exploration we
have taken a sizeable step in this direction, but certain limitations still restrict us from
reaching our full capacity in this respect; namely, the uncertainty of space colonization.
To date relatively little work has been focused on the requirement of gravity for the
development of life. In this study, we have set out to examine a minute component of
this large question: does the development of T cells depend on the presence of gravity?
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In performing this work we not only are helping plan for future exploration, but are
simultaneously creating a better understanding of how our body functions here on Earth.
This work has routinely been questioned with respect to its immediate impact,
significance and potential for return. Before reading on, consider a quote by Ralph
Waldo Emerson (1803-1882); "Science does not know its debt to imagination."

Dissertation Format
This dissertation begins with a preface to the study presented within and the
problems that were inherent in performing this work. A literature review examining
relevant research is subsequently presented. Following this introduction, three
manuscripts are attached (Appendix A, B and C) which further detail the empirical
studies that were performed to better understand the aims setout at the onset of this
project. Appendix A will be submitted in April of 2004 to Developmental and
Comparative Immunology. This manuscript outlines the development and validation of a
microgravity organ culture dish, which was designed to support fetal thymus organ
culture in a hermetically sealable, semiautonomous system, requiring only temperature
control. Appendix B was published in The FASEB Journal in August of 2003. This
paper details the finding that both exposure to actual spaceflight and to vector-averaged
gravity, produced in the clinostat (a ground-based model for microgravity exposure)
blocks T cell development at an early stage. Appendix C, which is currently in
preparation for submission to Immunity, supplements the observational findings in
Appendix B and examines the underlying mechanism for the block outlined in Appendix
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B. All of the experiments outlined herein were primarily designed, executed and
analyzed by myself (with the exception of the flight rat work described below).
However, several colleagues played important roles in carrying out this work. Krista
Banks, a prior undergraduate student, performed the initial flight rat studies outlined in
Appendix B, and it was this work that led to the initial funding for this project. Dr.
Dominick DeLuca acted as an invaluable mentor and was constantly there to provide
advice and direction when necessary. Dr. Raphael Gruener, a recognized expert in the
use of the clinostat, was intimately involved in helping design, execute and interpret the
clinostat work. Dr. Dominick DeLuca, Krista Banks, Ty Lebsack (Research Technician),
Todd White (Graduate Student), Paragon Space Development Corporation (Grant
Anderson and Taber Maccallum) and Duncan Atchison (NASA Ames Research Center)
were all instrumental in the design and validation of the microgravity organ culture dish
system described in Appendix A.
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CHAPTER 2
Present Study
Attached to this dissertation are three manuscripts, each focusing on different
aspects of this project. The prominent findings of each paper are highlighted below.
These highlights are followed by a brief explanation that outlines what is thought to be
the underlying mechanism for the effects that were detailed in this work
The first manuscript outlines the development and validation of a microgravity
organ culture dish system (MOCDS). The first phase of this design process was to find a
replacement material for the GelFoam that is traditionally used to support FTOC. We
show that high thermal performance tile (HTP) is equally suitable as a support matrix for
FTOC and that this substrate is stable enough to withstand the vibrations and forces of
shuttle launch and reentry. Additionally, this material is resistant to extreme heating
therefore simplifying sterilization and cleansing for reuse. Next, we demonstrated that
we could perform sealed FTOC and we determined the required volumes (both gas and
medium) that needed to be incorporated into the final MOCDS design in order to support
of a full term FTOC experiment (~ 12 to 18 days). Finally, we showed that the final
MOCDS design was comparable to traditional FTOC setups in terms of growth and
differentiation and that the MOCDS could successfully withstand simulated shuttle
launch and reentry for future spaceflight-based experimentation.
The second manuscript details the effects of both actual and simulated
microgravity exposure on the development of T cells in FTOC. First, we demonstrated
that bone marrow derived from rats that had been exposed to spaceflight for ~ sixteen
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days exhibited a decreased capacity to produce T cell precursors, or the cells were
produced, but they could not migrate to the fetal thymus and differentiate there.
Interestingly, this effect was inversely proportional to the amount of time the flight rats
had to recover on Earth prior to bone marrow harvest. Secondly, we showed that
exposure solely to vector-averaged gravity, as produced on the clinostat, blocked T cell
development early on, at the immature single positive (ISP) stage. These vector-averaged
gravity-induced effects had the greatest impact when FTOC were exposed in the first
three days of culture. FTOC exposed to clinorotation during 6-12 days of culture were
increasingly resistant.
The final manuscript further details the underlying mechanism of the ISP block
observed in the first two manuscripts. In this portion of the project we were able to show
that four days of clinorotation resulted in a reduction in the expression of CD 127 (IL-7
receptor a chain) on ISP cells. We also found that FTOC clinorotated for 4 days
exhibited no alterations in phosphorylation at tyrosine position 505 of Lck, an inhibitory
residue. Additionally, clinorotated FTOC setup using thymus lobes derived from a
transgenic mouse line expressing a constitutiveiy active form of the kinase Lck under the
lck proximal promoter, were unable to induce the transition to the DP cell stage.
Furthermore, 4-day FTOC exhibited an increased presence of TNF-a as measured in the
culture medium, but this was not accompanied by increased apoptosis, as determined by
Staining with Annexin V. We were then able to demonstrate that anti-CD3 treatment

effectively increased CD127 expression on DN and ISP cells after seven days of culture.
Along with this increase in CD127 expression, we found increased DN cell yields in anti-
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CDS treated FTOC exposed to vector-averaged gravity when compared to untreated
clinostat FTOC, presumably via increased survival. Taken together, these results suggest
that exposure to vector-averaged gravity alters pre-TCR signaling, which in turn blocks T
cell development at the ISP stage.
Life on Earth has evolved in the presence of gravity. The effects of microgravity
exposure on cellular systems are still poorly understood. One cellular component
prevalent among all cell types, which has been widely proposed as a cellular gravisensing
device, is the cytoskeleton (83). Interestingly, the cytoskeleton plays a pivotal role in
early T cell development (84) and mature T cell activation, both via cell surface
mechanisms (85) and via the mediation of intracellular signal transduction (86).
Work performed in Clarence F. Sam's laboratory at the Johnson Space Center
(personal communication) demonstrated that clinorotation resulted in an increased
activation threshold for mature T cells. This work was performed via activation of
purified T cells using anti-CD3/anti-CD28 coated beads. Using this methodology, they
were also able to show that these cells exhibited a decreased ability to mediate early
biological processes involved in T cell activation, such as membrane reorganization, lipid
raft recruitment and cell spreading, all of which are under the control of the cytoskeletal
network. The fact that lipid raft recruitment to the bead contact site was reduced suggests
that TCR/CD3 and lipid raft co-localization are disrupted under simulated microgravity
conditions. Their data clearly demonstrates the ability of lymphocytes to undergo these
biological processes in a modeled microgravity environment, but the signaling threshold
required to induce these changes was significantly higher in clinorotated cultures when
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compared to control cultures. These data suggest that reduced membrane reorganization
and hence raft recruitment is responsible for the increased signaling threshold
requirement or that signaling pathways upstream of raft recruitment are negatively
impacted and thus require a stronger signal to initiate membrane reorganization.
It is important to note that the developmental signaling events that are discussed
in this dissertation do not utilize the clonotypic a|3 TCR, but instead use the pre-TCR.
Interestingly, the pre-TCR a chain and the TCR a chain are not interchangeable during
P-selection (87), suggesting that the pre-TCR a chain functions in a distinctive manner
during this developmental stage. This is understandable considering that thymocytes
undergoing ^-selection signal in a cell autonomous manner in which the mere expression
of an intact pre-TCR is sufficient to generate the (3-selection signal, whereas mature T
cells require recognition of an external ligand via binding to their mature TCR, namely
the MHC/peptide complex found on adjacent cells. In fact, the pre-TCR is spontaneously
localized into glycolipid-enriched microdomains (lipid rafts) in the plasma membrane via
a palmitoylation moiety on the surrogate pre-T a chain (32) and therefore constitutively
signals in a ligand-independent manner (30).
Recently, it has also been shown that rapid pre-TCR internalization may account
for the low levels of expression of the pre-TCR seen on immature thymocytes and in fact
this process may be required for optimal pre-TCR signaling. Requirement of the
cytoskeleton in this process was demonstrated by showing that endocytosis of the preTCR can be blocked by sequestering monomeric actin and by inhibiting Lck activity (88).
These data support a model in which the pre-TCR induces a Lck-dependent signal, which
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in turn results in the rapid internalization of the pre-TCR in an actin-dependent manner,
thereby tightly controlling the level of signaling generated via the pre-TCR. Taken
together, these findings suggest that the adverse effects that microgravity imposes on
both T cell development and mature T cell activation are due to cytoskeleton
disorganization, a phenomenon that has been shown in other cellular systems (89). This
disorganization would then presumably lead to signaling alterations.
Furthermore, others have shown that the microgravity induced signaling defect
seen in mature T cells occurs upstream of PKC activation (90). This was demonstrated
by treatment with the pharmacological agent, PMA, which bypasses cell surface
mechanisms of activation and imparts its effect intracellularly via directly activating PKC
(91). These treatments were able to completely reverse the microgravity induced
signaling defect. Interestingly, a complex interaction involving a myriad of signaling
constituents (including kinases, adaptor proteins, phospholipase Cyi and guanine
nucleotide exchange factors) must be orchestrated, in part by the cytoskeleton (86), in
order to lead to activation of PKC and further induce downstream signal transduction.
This point in the TCR and pre-TCR pathway therefore represents a potentially sensitive
hotspot with regards to microgravity exposure, simply due to the complexity of these
interactions and the inherent requirement for structural order prior to PKC activation.
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Abstract
Recently, we have shown that exposure of fetal thymus organ cultures (FTOC) to
modeled microgravity (MMG) using a clinostat with a microgravity organ culture dish
system (MOCDS) blocks T cell development in a manner independent of steroid stress
hormones present in vivo. In this study, we describe the development of the MOCDS
system. The MOCDS not only served successfully for ground-based experimentation
built on the principle of the clinostat, but testing of this system at NASA's Ames
Research Center demonstrated that it is also appropriate for spaceflight experimentation.
The development of FTOC in the MOCDS also compared favorably with standard organ
cultures in every parameter measured. The findings outlined in this paper have led to the
development of a novel experimental tool, which investigators can use to study the
development of T cells in the space environment without the confounding effects of
steroid-associated stress hormones found in vivo.

Keywords'. Fetal thymus; Organ culture; T cell development; Immunology; Clinostat;
Microgravity

48

1. Introduction

It is well documented that during and after prolonged spaceflight, human immune
system function is compromised [1-4], This problem is of serious concern given the
cramped, sealed quarters in which astronauts must live during extended spaceflights, an
environment conducive to the development of potentially deadly infections. This concern
is increased in light of recent reports showing that microorganisms have a much higher
mutation rate [5] and increased virulence [6] in microgravity.
The decrease in immune function in microgravity has been linked to the
compromised responsiveness of lymphoid cells to appropriate stimuli [7, 8], as well as to
altered expression of cell surface adhesion molecules which are involved in interactions
with other cells of the immune system known to regulate immune function [9].
Additionally, it has been suggested that the stress experienced by astronauts during
spaceflight causes overproduction of steroid hormones known to decrease immune
system function [10, 11].
The same signaling capabilities and cellular interactions required for the
activation of thymus-derived (T) cells, which play a role in making up the immune
system in adults, are also required for the development of thymocytes in the fetus [12].
The development of T cells in newborns and young adults living in the microgravity
environment of space may therefore be compromised, leaving these individuals
susceptible to infectious diseases due to their inability to develop a fully functional
immune system.

49

In order to examine how microgravity exposure (actual and simulated) affects T
cell development in the absence of steroid-associated stress hormones, we designed and
tested the efficacy of a MOCDS that can support FTOC. FTOC has been routinely used
to study the development of fetal T cells [13-15]. The hallmark of this system is the
maintenance of fetal thymus tissue at the air/medium interface of the culture dish. This
configuration allows for maximum gas exchange to the tissue while maintaining
maximum nutrition from the medium. The challenge in the design of the MOCDS was to
create a system that would maintain this critical configuration of fetal thymus tissue at the
air/medium interface in a microgravity environment in which the medium would be free
to float away from the tissue if a conventional culture dish were used. An additional
problem to be overcome was the fact that incubators on the Space Shuttle and the
International Space Station (ISS) can only regulate the temperature of the cultures and are
not capable of maintaining the 5% COj in air with a 100% humidity atmosphere needed
to maintain FTOC. Thus, the system that we developed had to allow for the growth of
FTOC in a completely sealed atmosphere in which the percentage of COj and the
humidity could be maintained, an attribute that many materials (including the typical
laboratory plastic polystyrene) did not possess. This system can be adapted for flight on
the Shuttle or the ISS, since it can withstand the physical stresses of launch and recovery.
The results reported here show that the MOCDS has solved these problems and that
FTOC grown in this system produces T cells in a manner identical to standard FTOC
techniques.
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2. Materials and methods

2.1. Microgravity organ culture dish system

The major problem to be overcome by performing FTOC in microgravity is
keeping the medium in place to retain the required air/medium interface, as well as
maintaining 5% COj and a 100% humidified atmosphere without a standard COj
incubator. Maintenance of such an atmosphere in microgravity using conventional
culture dishes in a standard incubator is not possible due to lack of control over
condensation and water droplet movement as well as the difficulties in maintaining sterile
conditions in standard culture dishes in a microgravity environment.
In collaboration with Paragon Space Development Corp. we designed and tested
the efficacy of a hermetically scalable dish in which a controlled gaseous environment
(5% COjin air) and an air-medium interface for the thymus tissue can be maintained for
prolonged periods (up to ~18 days). These conditions are essential for the normal growth
and differentiation of the tissue. The dish also was designed to be thermally and
physically stable during launch and recovery in spaceflight experiments.
The multi-component dish (Figure 1) was constructed primarily of quartz because
it is impermeable, thermally stable and easy to sterilize. An inner quartz ring filled with
high thermal performance material (HTP: composed of alumina fiber, silica fiber, silica
carbide and boron nitride (obtained from Paragon Space Development Corporation,
Tucson, AZ) lies in a reservoir that serves as the container for the organ culture medium.
The HTP, a highly hydrophilic substance, acts to draw the medium to the Millipore filter
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disk (25 Jim thick, 0.45 [xm pore size) and from there to the thymus lobes. The Millipore
disk serves two functions: first, it acts as a barrier between the lower medium reservoir
and the upper chamber of the dish where the fetal thymus lobes are placed; second, it acts
as a substrate for thymus tissue growth. The quartz thermal conductivity attribute affords
the dish more thermal stability and in turn helps to minimize condensation in the dish
should the temperature decrease, a primary aim of the MOCDS design. This feature is
necessary for several reasons. First, significant condensation would result in an
unacceptable alteration of the electrolyte concentration in the organ culture medium.
Secondly, if any condensate were to directly contact the thymus lobes, this hypotonic
solution would result in cellular death.
While the quartz drastically reduces condensation, it does not totally prevent its
production in all foreseeable circumstances. We therefore had to incorporate several
other engineering design features that would direct condensate rapidly and directly back
into the lower medium reservoir. The first feature is in the base of the dish itself. The
walls that make up the lower reservoir chamber were constructed to be thinner than any
other wall in the dish. Therefore, temperature changes that occur in the external
environment would be initially transferred to the internal environment of the dish at this
point. Since the medium is in direct contact with these thinner walls, the temperature
transfer would be directed to the medium itself before it would be transferred to other
surfaces within the dish. This would in turn act as a buffer as any decreases in
temperature would be directed into the lower medium chamber. However, if a
temperature drop were great enough, condensation would still occur. Therefore, a variety

of channels and compartments were incorporated into the internal design of the dish, all
of which act in concert to direct condensate back into the lower reservoir without
contacting the thymus lobes (see Figure 1). Condensation could become free floating if
acceleration were to occur. The actual amount of fluid (droplet size) that would shake
free from a wall is directly proportional to the amount of fluid collected at one area and is
inversely proportional to the amount of acceleration experienced. For instance, vigorous
shaking, which is known to occur during Shuttle launch, would result in small droplets,
while low-level acceleration would result in larger droplets if the amount of condensation
were substantial. The force required to pull condensation from the wall of the dish is the
same as the force holding it to the wall through adhesion to the quartz and surface tension
effects. Using mass = force/acceleration (m=F/a) the nominal mass of water leaving the
wall equals approximately 1 gm or 1 ml in the microgravity environment. The holes in
the perforated ring of the dish were designed to allow for atmosphere exchange without
allowing large droplets of condensate to enter the chamber containing the thymus tissue
during ground-based studies (Figure lA). However, during launch vigorous shaking (as
defined in the Middeck Interface Definition Document, Revision B, NSTS-21000-IDDMDK) would be expected to generate smaller droplets of condensate. But, the size and
placement of the holes in the ring is such that even these smaller droplets have a very
small chance of getting through.
The MOCDS was also constructed to be compatible with the clinostat (a general
schematic is shown in Figure 2). An important feature of the MOCDS design is the

53

ability to align the fetal thymus tissue precisely along the horizontal axis of rotation, as
shown.

2.2. Biological system

Protocols for the care and use of all mice in the outlined work were reviewed and
approved by the University of Arizona Institutional Animal Care and Use Committee.
Timed-pregnant C57BL/6 (B6) mice were obtained from the National Cancer Institute
(Frederick, MD) at 13-days gestation. They were maintained under specific pathogenfree conditions and sacrificed between 13- and 15-days gestation.
The organ culture methods used have been described in detail by our laboratory
and elsewhere [13, 15-17], and the conventional culture methods used in this paper were
identical to those reported previously in which a Gelfoam sponge (Pharmacia & UpJohn
Company, Kalamazoo, MI) was used to support the fetal thymic tissue in conventional
Petri dishes or tissue culture plates. The fetal thymic tissue, the Millipore filters and the
media used for both conventional and MOCDS culture systems reported in this study
were identical. Briefly, thymus lobes dissected from 13- to 15-day gestation fetal mice
were placed on the surface of a Millipore disk (25 [xm thick, 0.45 fxm pore size) filter
paper, which was supported on top of the HTP located in the lower chamber of the
MOCDS. The lower chamber was filled with 7 ml of Dulbecco's Modification of
Eagle's Medium:(DMEM plus 4.5 g/L D-glucose) supplemented with 20% heat
inactivated fetal bovine serum (FES) (Hyclone Laboratories, Logan, UT). The medium
also contained streptomycin (100 fxg/ml), penicillin (250 U/ml), gentamycin (10 fxg/ml).
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non-essential amino acids (0.1 mM), sodium pyruvate (1 mM), 2-mercaptoethanol (2 x
10"^ M), as well as 3.4 g/L sodium bicarbonate. Prior to sealing, dishes were equilibrated
1 hr) in a humidified incubator with 5% COj. After the dishes were sealed, the
cultures were kept in an incubator at 37°C. The unsealed control MOCDS and the
traditional FTOC dishes were grown in a fully humidified incubator with 5% CO2 at
37°C.

2.3. Antibodies and flow cytometry

Cells were harvested from FTOC using collagenase type 5 (Sigma Chemical
Company, St. Louis, MO) digestion, as described previously [18]. Cell suspensions were
stained with fluorochrome-conjugated monoclonal antibodies (Caltag Laboratories,
Burlingame, CA) specific for CD4, CDS and CD3 at a concentration of 1 fxg per 1x10^
cells. After staining, the cells were fixed in 1% p-formaldehyde before flow cytometric
analysis. Cells (10,000 events) were collected on a FACScan flow cytometer (Becton
Dickinson Immunocytometry Systems, Braintree, MA) and analyzed with FlowJo
software (Treestar, Inc. Ashland, OR). Lymphocytes were gated by their forward and
side scatter characteristics and specific antibody staining of this population was
determined.

2.4. Statistical analysis
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Because gestational age of the tissue varied among experiments, as did the
duration of each experiment, some of the data were normalized to the control values.
Statistical analyses (mean and SEM) were performed using unpaired Student's t test with
equal variance.

3. Results

3.1. HTP testing

Our first objective was to replace the Gelfoam sponge that we have traditionally
used as a support matrix for the FTOC. In order to successfully adapt our protocol for
use in a microgravity and launch acceleration environment, the MOCDS required a more
solid and durable material than the Gelfoam, which would not hold up to the vibrations
and stresses of space flight. Paragon Space Development Corporation supplied us with a
candidate material, called HTP. It is composed of alumina fiber, silica fiber, silicon
carbide and boron nitride. It is more commonly known for its use as the thermal
insulation material in the space shuttle external tiles. The HTP is optimal since it is
highly hydrophilic and can withstand extreme temperatures allowing it to be easily
sterilized prior to culture. It also could withstand vigorous shaking and high g forces
associated with launch and recovery without breaking down and releasing medium into
the upper chamber of the MOCDS.
The HTP did not interfere with development and differentiation of CD4^ single
positive (SP), CD8^ SP, CD4^CD8^ double positive (DP) and CD4 CD8' double negative
(DN) thymocytes. In fact, it was as compatible with the thymus organ cultures as the
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previously used Gelfoam sponge control (Cell yields per lobe x 10"^ HTP vs. Gelfoam;
CD4: 4.52 ± 0.87 vs. 7.61 ± 1.41, CDS: 9.82 ± 1.16 vs. 11.2 ± 1.63, DN: 21.6 ± 6.03 vs.
22.2 ± 3.59, DP: 19.0 ± 6.38 vs. 16.8 ± 3.48). Furthermore, since we had a limited supply
of HTP it was also important to determine the capacity to recycle this material.
Fortunately, after extreme heating with a Bunsen burner (~ 1300 °C for > 10 minutes),
"used" HTP could also support FTOC equally well as "unused." "Used" HTP CD4 cell
production was 1.20 ± 0.37 fold the number of CD4 T cells and 1.39 ± 0.12 fold the
number of CDS T cells produced in cultures using "unused" HTP. Similarly, production
of DN and DP T cells by FTOC performed with "used" HTP was 0.90 ± 0.20 and 1.21 ±
0.16 the value of cultures set up with "unused" HTP, respectively.

3.2. Sealing requirements

In order to determine the conditions needed to culture sealed FTOC, we initially
used Hungate tubes (Bellco Glass, McGaw Park, IL), conventionally used for anaerobic
microbial cultures [19]. Using these tubes with known volumes of medium and gas (10.5
cm^ of atmosphere) we cultured varying numbers of lobes for different durations. We
found that the cell recovery from these cultures was, if anything, greater in sealed than in
unsealed FTOC in that the sealed cultures exhibited a 1.39 ± 0.58 fold increase in cell
yield over the unsealed cultures. There was, however, augmented acidification of
medium in tubes containing a greater number of thymus lobes (a phenomenon that was
increasingly accelerated in the sealed tubes) suggesting that the rate limiting factor for
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extended FTOC growth would likely be the ability of the limited O2 and CO2 atmosphere
in the sealed tubes to maintain the pH of the cultures. These data prompted us to
calculate the minimum volume of atmosphere in the final dish design needed to support a
full term FTOC experiment: ~20 cm^ (for 10 thymus lobes cultured for 12 days) and ~30
cm^ (for a culture period of 18 days). The MOCDS possesses a total air volume of ~52
cm^, a volume far exceeding these requirements, as shown below.
To determine if sealed MOCDS could support FTOC, we setup an experiment
consisting of 13- and 14-day gestation fetal thymus lobes and cultured them for a 7-day
period in sealed and unsealed MOCDS. Figure 3A illustrates that there is no significant
difference (with the exception of a slight increase in DN cell production in the sealed
culture, p value = 0.01) with regards to supporting development and differentiation of the
FTOC between the sealed and unsealed dishes.

3.3. Flight simulation testing

These experiments suggest that the MOCDS could provide the appropriate
environment for T cell differentiation after being sealed. However, in order to corroborate
our ground-based findings obtained using the MOCDS it will be necessary to duplicate
them in actual spaceflight experiments. Two major steps have been taken in this
direction. The first step was to test the structural soundness of the MOCDS containing
organ culture medium alone at the NASA Ames Research Center (ARC). These
assessments were comprised of a series of experiments performed on the vibration table
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at various frequencies along the X- and Z-axis which duplicated launch and recovery
vibration levels. In addition, the dishes were exposed to 150% simulated launch and re
entry conditions in the 20g centrifuge [20]. The MOCDS passed all tests with no failures
(e.g. medium displacement, decreased differentiation or viability of test FTOC compared
to control FTOC).
After demonstrating the integrity of the system under launch-like conditions, we
wished to compare the growth of fetal thymus lobes in conventional FTOC, unsealed
MOCDS, sealed MOCDS and MOCDS subjected to the simulated stress of launch and
recovery. Sealed dishes were setup with fetal thymus tissue, organ culture medium and
the appropriate atmosphere (humidified air with 5% COj) at our laboratory in Tucson,
Arizona. The dishes were then shipped to the ARC NASA facility using overnight
delivery with an insulated box. The dishes arrived the next morning, and underwent the
same battery of tests for launch and recovery described above. Upon completion, the
vessels were sent back to our laboratory in Tucson and were placed in our incubator for
the duration of the 12-day culture period.
At the end of the 12 days, the cultures were harvested and their growth and
viability were assessed. The cultures in these MOCDS kept in our incubator grew as well
as the conventional FTOC controls. The test dishes also produced T cells at levels
similar to those grown in our own laboratory incubator, and the cultures exposed to the

vibration table grew slightly better than the lab control or the MOCDS that was sent to
Ames, but was not exposed to simulated launch or re-entry ("Travel Control", Figure 3B)
in terms of total viable cell yield: p value = 0.04. Most of these changes could be
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attributed to an increase in DP T cells, p value = 0.06 (Figure 3B). The production of DP
T cells in FTOC is most sensitive to environmental conditions [13, 21], All other T cell
phenotypes grew nearly identically (none were found to be significantly different from
one another).

4. Discussion

We have successfully designed and tested a microgravity FTOC system, the
MOCDS, that can be used in the clinostat, a ground-based microgravity model. We have
also shown that the MOCDS can withstand the stresses involved in simulated Shuttle
launch and recovery, which suggests that it can be used both in ground-based and in
spaceflight experiments. The use of the MOCDS with the clinostat offers several
advantages over existing devices for microgravity experimentation. First, by separating
the medium from the thymus lobes we are able to maintain the air-medium interface
which is critical for the successful growth and survival of FTOC. Second, this "medium
separation" design overcomes the confounding effects caused by medium turbulence and
shear forces experienced in other devices, such as the rotating wall bioreactor [22]. The
MOCDS also allows for the placement of tissue directly along the axis of rotation (Figure
2), a feature required for accurate microgravity modeling in the clinostat and the
bioreactor. While this axis is infinitely small the tissue is consistently placed within 1
mm of the axis, thereby creating centrifugal forces on the order of 10 "^ g, a force that is
also considered to be "microgravity" [23] and is therefore negligible. These features of
the MOCDS have allowed us to study the effects of vector-averaged gravity on T cell
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development in a normal, quasi in vivo microenvironment without the confounding
effects of steroid-associated stress hormones in which we found that T cell development
was arrested at the immature SP stage [24]. The successful simulated launch and
recovery studies reported in this paper suggest that the MOCDS can also be used to
confirm the latter findings in actual spaceflight.
The culture systems are easy to set up and manipulate by the researcher prior to
launch. This flexibility further demonstrates the feasibility of this system for use in
planning and executing flight experiments in the dynamic environment of space flight
pre-launch schedules. We have therefore purposefully designed the MOCDS for use in
spaceflight experimentation as well as on the clinostat, which will also allow for the
simultaneous testing of both ground-based (clinostat) and flight-based microgravity
models simultaneously with full gravity controls. The ability to study FTOC in both
environments, simultaneously using the same system, is vital in order to accurately
examine the ability of microgravity to affect T cell development as well as to evaluate the
clinostat as a model of microgravity using FTOC.
We are also currently expanding the utility of the MOCDS by incorporating a
series of ports. Port access to the lower medium reservoir will allow us to sample and/or
replace culture medium during the course of an experiment. This capability will be vital
for examining various parameters associated with organ culture (e.g. cytokine production

at various time-points during an ongoing FTOC). Additionally, we will be able to add
exogenous substances (e.g. cytokines) to modify tissue growth and development. Port
access to the upper organ culture chamber will also be valuable in that we will have the
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capacity to add materials directly to the tissue (e.g. other cells or cellular fixatives). It
may also be possible to sample the tissue at various time points during the culture.
All life on Earth has evolved in the presence of unit gravity. Each year increasing
evidence suggests that gravity plays a fundamental role in numerous processes, ranging
from bone demineralization [25, 26] to immune system function [27, 28]. We have also
recently published data that shows the gravity-dependence of T cell development [24].
With the advent of the MOCDS we have introduced a new tool which should greatly
expand our capacity to study and understand the underlying mechanisms involved in the
development of the thymus in the microgravity environment. The MOCDS can also be
used for other in vitro culture applications where the study of organotypic cultures in a
closed system is desirable.
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Milllpore Filter Paper (g)
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Slotted Ring (i)
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=t

Djsh Clamp (k)
^ Lower Media Reservoir (I)

Fig. 1. The MOCDS, adapted for both ground-based modeled microgravity and actual
spaceflight experimentation: (A) A quartz cover (a) lies on top of a square food-grade
nitrile gasket (b) which together act to seal the dish. The thickness of the lid minimizes
condensation occurring directly above the lobes (f). Directly below this gasket lies a
quartz-perforated ring (c), which acts as both a barrier to and path for condensation. The
ring creates an inner compartment that contains the thymus lobe tissue, when the dish is
fully assembled. Therefore, any condensation present on the sidewalls of the dish will be
unable to directly contact the tissue. The holes in the ring allow for maximal gas volume,
without which the dish's gas content would be reduced by the area outside the inner
quartz ring. The size of the holes is calculated to be smaller than the estimated nominal
sized droplet of condensation that may part from the wall during a low-gravity upset (as
defined in NASA document SSP 41000 Rev R dated 15 March, 2000 for the ISS nominal
environments). The ring lies on top of a circular food-grade nitrile gasket (d) that allows
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for compression when the dish is sealed. Below this gasket is a quartz washer (e) that
acts to hold the Millipore filter (g) in place above the lower media reservoir. The fetal
thymus tissue is cultured on top of this Millipore and is kept in contact with the medium
below by the drawing of medium through the HTP material (h). Contact of the lobes
with the internal dish atmosphere is also simultaneously maintained. The HTP is
contained in a slotted quartz ring (i) for durability and alignment purposes. This ring has
several slots that allow for the efficient transfer of medium into the HTP. The outer
diameter of the ring, combined with the dish base cavity (j) diameter in which it is
immersed, is calculated, along with the quantity of media, to ensure that at least one side
of the HTP block is touching media at all times. This prevents drying-out during
prolonged storage in any orientation due to the hydrophilic properties of the HTP. Four
metal clamps act to secure and seal the entire assembled dish after setup. A nominal
clamping temperature of 21°C, and an incubator temperature of 37°C were assumed. The
aluminum clamps have a coefficient of thermal expansion of 13x10 '' in/in/°F. The clamp
is 1.51 inches long. The metal clamp therefore expands 5.6 x 10 "^ inches during nominal
use. The clamp also bends due to the eccentric loading (off axis) when clamped. This
bending spring rate was also calculated (as a function of the cross section, load and
distance offset from the center of the cross section of the clamp). The nitrile gasket is
0.0625 inches thick. At 30% deflection the total motion of the lid is 0.01875 inches.
This is a factor of 33-fold more than the expansion of the clamp. Thus the dish will
remain tightly sealed even under conditions where expansion of the clamp occurs. The

67

entire assembly (B) is designed to fit within an existing isothermal containment module
that flies on the Shuttle and to the International Space Station.
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Clinostat

Motional Control

Clinostat

Motional Contml

Fig. 2. Clinostat apparatus: (A) Depicted is a horizontal clinostat setup. Note the
alignment of the dishes along the horizontal axis of rotation. (B) Depicted is a motional
control setup. The dishes are stacked along the vertical axis of rotation. (C) The clinostat
consists of organ culture dishes that are rotated (9±0.5 RPM) along an axis that is
perpendicular to the gravity vector. The dishes are designed so that the plane of the
thymus lobes is directly dissected by the axis of rotation. Therefore during the course of
an experiment the thymus lobes experience a null averaging of the gravity vector. The
motional control consists of organ culture dishes that are rotated (9±0.5 RPM) along an
axis that is parallel to the gravity vector. These dishes therefore act as controls, since the
rotation will not affect the overall gravitational force subjected on the thymus lobes, but

the tissue still experiences the overall motions and vibrations of the clinostat. The entire
apparatus fits into a laboratory incubator and is sufficiently insulated to prevent an
electrical short from occurring due to the humidified air. Temperature increases within

the incubator can occur up to 37.7 °C due to heat production from the running motors,
however each experiment is internally controlled and this fluctuation hasn't resulted in
any different growth of FTOC compared to tissues set up in a separate incubator using
conventional organ culture methods.
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Fig. 3. (A) Assessing the capacity of the MOCDS to support sealed organ cultures. Flow
cytometric profiles from a lymphoid gate and cell yield data from a representative organ
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culture, which was run in duplicate using a sealed and an unsealed MOCDS, setup using
13 and 14 days' gestation fetal thymus lobes is shown. Below the cell yields is a table
showing the frequencies of each phenotype. The MOCDS were cultured for 7 days and
were subsequendy harvested, stained with fluorochrome-conjugated monoclonal
antibodies specific for CD4 and CDS and analyzed via flow cytometry. Sealed organ
cultures grew similarly to unsealed cultures. (B) NASA Ames Research Center Testing.
Depicted is cell yield data from a set of organ cultures, all of which were run in duplicate
(except for the lab control, n = 8, and the "Traditional FTOC Petri Dish", n = 15). These
organ cultures consisted of 14 and 15 days' gestation fetal thymus lobes which were
cultured for a total of 12 days and were subsequently harvested, stained with
fluorochrome-conjugated monoclonal antibodies specific for CD4 and CDS and analyzed
via flow cytometry. Below the cell yields is a table showing the frequencies of each
phenotype. All the dishes except for the "Lab Control" and the "Traditional FTOC" were
overnight expressed to the ARC on the first day of culture. Some MOCDS were shipped
to ARC, but were not subjected to flight testing ("Travel Control"). After the MOCDS
underwent the designated tests oudined in the figure, the MOCDS were mailed back to
us, placed in the same incubator as the lab control and cultured for the remaining 10 days.
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ABSTRACT

Using fetal thymus organ culture (FTOC), we examined the

effects of spaceflight and vector-averaged gravity on T cell development. Under
both conditions, the development of T cells was significantly attenuated. Exposure
to spaceflight for 16 days resulted in a loss of precursors for CD4+, CD8+, and
CD4+CD8+ T cells in a rat/mouse xenogeneic co-culture. A significant decrease in
the same precursor cells, as well as a decrease in CD4"CD8" T cell precursors, was
also observed in a murine C57BL/6 FTOC after rotation in a clinostat to produce a
vector-averaged microgravity-like environment. The block in T cell development
appeared to occur between the pre-T cell and CD4+CD8"'" T cell stage. These data
indicate that gravity plays a decisive role in the development of T cells.
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It is well documented that during and after prolonged spaceflight, human immune
system function is compromised (1). This problem is of serious concern given the
cramped, sealed quarters in which astronauts must live during extended spaceflights, an
environment conducive to the development of potentially deadly infections. This concern
is increased in light of recent reports showing that microorganisms have a much higher
mutation rate (2) and increased virulence (3) in microgravity.
The decrease in immune function in microgravity has been linked to the
compromised responsiveness of lymphoid cells to appropriate stimuli (4, 5), as well as to
decreased interactions with other cells of the immune system known to regulate immune
function (6). Additionally, it has been suggested that the stress experienced by astronauts
during spaceflight causes overproduction of steroid hormones known to decrease immune
system function (7, 8).
The same signaling capabilities and cellular interactions required for the
activation of thymus-derived (T) cells, which play a role in making up the immune
system in adults, are also required for the development of thymocytes in the fetus (9).
The development of T cells in newborns and young adults living in the microgravity
environments of space or on other planets may therefore be compromised, leaving these
individuals susceptible to infectious diseases due to their inability to develop a fully
functional immune system.
To examine how immune system function is compromised in microgravity (actual
and simulated), we utilized two variations of an organ culture system that allows the
normal development of murine (10) or rat T cells (11) from hematopoietic stem cell

(HSC) progenitors. The first system uses fetal thymus lobes derived from C57BL/6
mice. The second system utilizes xenogeneic bone marrow (BM) cells placed into severe
combined immunodeficient (SCID) recipient fetal thymus tissue, and is similar to a
system published by other workers (12). These systems have the advantage that they
mimic the normal development of murine and rat T cells in their natural 3-dimensional
microenvironment, preserving normal cell-to-cell interactions. They are also
advantageous in that immune cell development can be studied in vitro and away from any
outside influences, including stress hormones produced during flight. The studies in this
manuscript illustrate the requirement of unit gravity for normal T cell development and
suggest a block in development between the pre-T cell and the CD4+CD8''" double
positive (DP) T cell stage.

MATERIALS AND METHODS

Mice

Timed-pregnant C57BL/6 (B6) mice were obtained from the National Cancer Institute
(Frederick, MD) at 13-days gestation. They were maintained under specific pathogenfree conditions and sacrificed between 13-days gestation and 15-days gestation. NOD
scid/scid and B6 scid/scid mice were maintained in a specific pathogen-free vivarium at
the University of Arizona Animal Facility and propagated by brother-sister mating. The
fetuses were removed from pregnant females at the indicated gestation age.
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Chimeric organ culture setup

Briefly, chimeric organ cultures were setup by sterilely flushing out the rat's femurs with
Hanks' balanced salt solution (HBSS, Gibco Laboratories) supplemented with 5% heat
inactivated fetal bovine serum (FBS) (Hyclone Laboratories, Logan, LFT). Cell
suspensions were prepared and pelleted by centrifugation at 585xG. Cell counts were
made in duplicate by trypan blue exclusion using a hemocytometer and were placed on
top of each thymus lobe in 0.2 |iL increments until the total cell density described was
reached.

Fetal thymus organ culture

The organ culture methods used have been described in detail by our laboratory and
elsewhere (13-15), with the exception that a specially designed microgravity organ
culture dish was used. Briefly, thymus lobes dissected from 13- to 15-day gestation fetal
mice were placed on the surface of Millipore (25 fim thick, 0.45 fxm pore size) filter
paper which was supported on top of a highly hydrophilic silica matrix located in the
lower chamber of a specially designed microgravity organ culture dish. The lower

chamber was filled with 7 ml of Dulbecco's Modification of Eagle's Medium:(DMEM
plus 4.5 g/L D-glucose) which was supplemented with 20% heat inactivated FBS
(Hyclone Laboratories, Logan, UT). The medium also contained streptomycin (100
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^ig/ml), penicillin (250 U/ml), gentamycin (10 [Ag/ml), non-essential amino acids (0.1
mM), sodium pyruvate (1 mM), 2-mercaptoethanol (2 x 10"^ M), as well as 3.4 g/L
sodium bicarbonate. The Millipore filter paper acted as a surface for thymus lobe growth
and as a barrier between the upper chamber of the dish, which held the thymus lobes, and
the lower chamber which contained the medium-saturated silica sponge. The cultures
were grown in a humidified incubator in 5% CO2.

Antibodies and Flow Cytometry

Cells were harvested from FTOC using Accutase (Innovative Cell Technologies, Inc., La
Jolla, CA) digestion, as described previously (16). Cell suspensions were stained with
directly conjugated monoclonal antibodies (Caltag Laboratories, Burlingame, CA)
specific for CD4-Tri-color (PE for rat), CD8-FITC (TC for rat) and CD3-PE (FITC for
rat) at a concentration of 1 [^g per 1x10^ cells. After staining the cells were fixed in 1%
p-formaldehyde before flow cytometric analysis. Cells (10,000 events) were collected on
a FACScan flow cytometer (Bectin Dickinson Immunocytometry Systems, Braintree,
MA) and analyzed with FlowJo software. Lymphocytes were gated by forward and side
scatter characteristics and specific antibody staining of this population was determined.

Tissue Sections

Thymus lobes were fixed in Bouin's fluid for 24 hours and were then rinsed and placed in
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95% ethanol. The fixed thymus lobes were then embedded in paraffin wax and serial
sections were prepared. Sections were then stained with Haematoxylin and eosin (H&E)
using standard techniques.

Statistical Analysis

Statistical analyses (mean and SEM) were performed on the clinostat portion of the work
using unpaired Student's t test with equal variance. Unfortunately, due to limited shuttle
flight availability we were only able to perform the flight experiment once and therefore
were not able to statistically analyze this work, however we were able to perform
regression analyses on these data (r2 values a 0.90 were considered linear). For the
clinostat work, p values are not listed; however, determinations that achieved significance
at the 90% confidence level (p £ 0.1; • for clinostat versus stationary control analyses
and • for clinostat versus motional control analyses) and those that achieved significance
at the 95% confidence level {p ^ 0.05; •• for clinostat versus stationary control
analyses and •• for clinostat versus motional control analyses) are indicated.

RESULTS

Flight Rat BM Cells Exhibit Impaired Ability to Produce T cells in FTOC
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In collaboration with Drs. Bruce McNaughton and Carol Barnes (Department of
Psychology; University of Arizona), we obtained BM and spleen tissue from adult rats,
which were flown aboard the STS-90 Neurolab space shuttle mission for 15 days, 21
hours, and 50 minutes, and homologous tissues from their synchronous ground control.
Flight rat #1 and the ground control rat were sacrificed at 72 hours post-landing and flight
rat #2 was sacrificed at 96 hours post-landing. BM cell suspensions from the rats' femurs
were prepared and introduced at varying densities into FTOC composed of an equal
number of C57BL/6 and NOD scid/scid thymus lobes. By introducing different numbers
of BM-derived cells into the organ culture system we obtained data which reflected the T
cell precursor frequency.
After twelve days of culture, there was a decrease in the percentage of CD4 single
positive (SP) T cells and CDS SP T cells in at least one of the concentrations of donor
BM used (Figure la). However, the ability of the BM from both flight rats to produce
CD4 T cells was more compromised, compared with the CDS T cells. The mean
CD4:CD8 ratio (for all doses of precursors used) = 0.53 ± 0.21 for flight rat #1, 0.82 ±
0.3S for flight rat #2 and 0.92 ± 0.3S for the synchronous ground control rat. The
recovery of the CD4:CDS ratio in flight rat #2 suggests that the extra 24 hrs. on the
ground before BM harvest may have allowed for some recovery in T cell development,
similar to other work documenting the recovery of T cell function in astronauts and flight
rats with time after landing (17, 18).
The total recovery of DP and CD4 SP T cells was also decreased in both flight
rats (Figure lb, linear regression analysis with

s 0.90) compared with the ground
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control. CDS SP T cells were affected to a lesser extent, but the lack of linearity of the
ground rat control made the degree of this difference difficult to assess. The low
production of DP cells observed in the ground control chimeric organ cultures is
consistent with work using a similar rat BM -> mouse chimeric organ culture system
(12), as well as other work performed in our laboratory using a human stem cell
murine chimeric system (19). As a significant proportion (76.4 ± 4.74%) of the cells
produced by the cultures were low to negative for CDS associated TCR expression, it is
likely that the rat T cells produced by the cultures were derived from hematopoietic stem
cells, and not from mature T cells in the BM inoculum (which would express high levels
of CDS). The number of SP and DP cells recovered in the cultures derived from flight rat
BM inoculum was lower when compared to that of the ground rat control, suggesting that
the frequency of functional T cell precursors in the flight rats was decreased. Thus, the
ability of flight rat BM to produce T cell precursors was compromised, or the cells were
produced, but they could not migrate to the fetal thymus and differentiate there.
As might be expected from the data presented above showing the loss of T cell
precursors in the flight rat BM/thymus co-cultures, the percentage of T cells in the rat's
spleen and BM tissue was also reduced. Flight rats had a lower frequency of CD4 SP and
CDS SP cells compared with the ground rat control (Figure Ic).

Twelve-Day Clinorotation Exposure Blocks T cell Development
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Tissues from flight rats experienced not only the microgravity of space but also various
stresses associated with entry and exit from orbital flight. To differentiate the effects of
steroid-associated stress from those of microgravity, we exposed C57BL/6 FTOC (from
ground-based mice) to a simulated microgravitational environment produced by
averaging the gravity vector. This was achieved by rotation of the cultures in a clinostat
(20). Clinostats have been used in many studies on the effects of vector-averaged gravity
on a variety of biological systems (4, 21-23). Special care was taken to ensure that the
FTOC were placed exactly along the axis of rotation and that shear forces caused by
movement of fluids over the cultures were eliminated by constructing a dual
compartment organ culture dish which can be used both on the clinostat and in orbit
(Figure 2a) in collaboration with Paragon Space Development Corporation. A motional
control consisting of an organ culture dish which was placed on a platform rotating about
an axis parallel to the gravity vector was also utilized (Figure 2a). This rotation does not
affect the overall gravitational force imposed on the thymus lobes, but still produces the
overall motions and vibrations of clinorotation since the same motor was used in both
cases, and only the axis of rotation was altered. A stationary control was also
incorporated into the experimental design. Clinorotation was performed at 9 ± 0.5 RPM,
as compared to both a stationary control and a motional control which was rotated at the
same speed. To ensure that the tissues did not move out of the axis of rotation during the
experiment (and, thus, lose the microgravity effect), close up photographs were taken at
an early stage of the culture period, and at the end of the culture period. As shown in

82

Figure 2b, the tissues remained along the axis of rotation, and were, therefore, exposed to
vector-averaged gravity.
As shown in Figure 2c, the percentage of CD4 SP, CDS SP and DP T cells
produced by 14-day gestation C57BL/6 fetal thymus lobes was reduced after 12 days of
clinorotation. In contrast, the percentage of CD4"CDS" double negative (DN) cells
increased. The total cell recovery was much lower for clinorotated FTOC than it was for
the controls. The few cells retrieved were either DN cells or CD4I0 or CDS^® immature
single positive cells (24) (ISP, defined in Figure 2d and shown for total recovery in
Figure 2e and for frequency of total cells recovered in the table at the bottom of Figure
2e). The frequencies and total recoveries of CD4hi and CDS^i mature SP (MSP) were
also considerably lower in the clinorotated FTOC compared with the controls (Figure 2d
and e). The stationary and motional controls produced a relatively normal phenotypic T
cell profile, which was dominated by DP cells, but also included CD4 and CDS MSP
cells which were CD3+ (not shown).
Interestingly, the frequencies of CD4 ISP and CDS ISP, with respect to their
progeny DP and MSP populations, actually increased compared with the controls (90.2 +
2.9% of CDS cells were ISP in the clinostat vs. 50.0 ± 7.6% in the motional control and
72.5 ± 8.3% of CD4 were ISP in the clinostat vs. 28.6 ± 6.0% in the motional control, see
also Figure 2d), although the total recovery of these cells was decreased due to the overall
loss of cell production in the clinorotated cultures (Figure 2e). These data suggest that
CD4 ISP and CDS ISP make up a larger proportion of SP T cells in clinorotated cultures.

When examining the CD4:CD8 ratio, the ciinostat-derived data (CD4:CD8 ratio
for ciinostat = 0.22 ± 0.06, motional control = 0.39 ± 0.06 and stationary control = 0.39 ±
.08) are similar to the data obtained from the two flight rat chimeras discussed above in
that the ratio was approximately half that of the appropriate controls. Thus, both the
vector-averaged gravity and the flight rat-derived cultures exhibited a decrease in
production of CD4 T cells relative to CDS T cells, supporting the suggestion that
production of CD4 SP T cells is more acutely affected than the production of CDS SP T
cells.

"Pulse and Chase" Clinorotation Studies Illustrate the Greatest Effect on T cell
Development in the Early Stages of Organ Culture

Next, we examined the approximate time frames during which clinorotation affected the
cultures in a "pulse and chase" experiment designed to expose the FTOC to clinorotation
for a defined time period, and then returning the cultures to the stationary position for the
duration of the experiment. Fourteen and fifteen-day gestation C57BL/6 fetal thymus
lobes were placed on the ciinostat and rotated from either day 0 to day 3, day 3 to day 6,
day 6 to day 9, or day 9 to day 12 of culture and were then harvested on day 12.
As illustrated in Figure 3a, clinorotation from days 0-3 had little effect on the
frequency of the major T cell subpopulations compared with the motional and stationary
controls. However, the frequency of CD4 and CDS ISP was increased (Table at the
bottom of Figure 3b). As the total cell recovery from these cultures was lower, the total
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recovery of each T cell subpopulation was decreased, except for the ISPs (Figure 3b).
These data suggest that the cell type affected by exposure to vector-averaged gravity
during the 0-3 day time frame was likely to be the ISP, since the total production of the
more mature T cells, which presumably were derived from ISP, was decreased.
Interestingly, clinorotation at days 3-6 and 6-9 resulted in a specific reduction in
the frequency of DP T cells while the frequencies of DN, ISP and MSP cells either stayed
the same or even increased (Figure 3a and Tables in Figure 3b). The total cell recovery
from these cultures was slightly reduced compared to the controls. Total recovery of DP
T cells was decreased, as expected from the decrease in their frequency (Figure 3b).
Total recovery of DN cells was also decreased in cultures clinorotated from days 3-6, but
not as much as the DP cells, and 6-9 day exposure to clinorotation did not greatly affect
DN cell production. The total production of CDS ISP and CDS MSP cells was lower than
control values at the 3-6 day time frame, but this value was similar to controls at day 6-9.
MSP cells were not affected significantly after days 3-6, and all T cell subpopulations
were unaffected at days 9-12. These data suggest that the MSP T cells produced before
vector-averaged gravity was applied were resistant to the effects of clinorotation.

"Pulse and Analysis" Clinorotation Studies Illustrate the Greatest Effect on T cell
Development at Day 3 of Organ Culture

In analyzing "pulse and chase" data, it is important to keep in mind the nature of the
organ culture system in which the expansion of thymocytes occurs in consecutive
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proliferative waves (10). Therefore, clinorotation from day 0 to day 3 may affect this
first cohort of cells, but subsequent waves occurring after the initial exposure may not be
affected. To analyze the effects of clinorotation on these different waves of T cells,
"pulse and analysis" experiments were performed in which cultures were clinorotated
from day 0 to day 3 and harvested on day 3 or clinorotated from day 3 to day 6 and
harvested on day 6 (Figures 4a-c). A "pulse and analysis" is designed to expose the
organ culture to an external agent at a given time point and then immediately harvest the
culture after this exposure. This protocol allows us to more closely examine the distinct
populations of cells affected. This analysis isn't possible in the "pulse and chase"
experiment, because the subsequent proliferative waves mix in with the original cohort of
cells, in turn, diluting the cell population initially exposed to clinorotation amongst the
waves of cells derived from progenitors that were not developing at that time.
The 0 to 3 day "pulse and analysis" exposure data show that only the precursors
of MSP T cells (i.e. the DP T cells) are greatly affected during the 0-3 days of
clinorotation, both in frequency and in total recovery. This result contrasts to the "pulse
and chase" experiments in which the frequency of DP cells was unchanged, but the
decrease in total cell recovery magnified the loss of DP cells. The increase in ISP
frequency in the "pulse and analysis" work led to a similar total production of these cells,
just as it did in the "pulse and chase" experiments. Thus, the overall result of these two

approaches at the 3-day time point was similar; the loss of total DP cell production and an
increase in the frequency of ISP cells. H&E stained tissue sections prepared from the
FTOC in these experiments exhibited a significant alteration in the structure of the denser

86

Staining cortical region and a marked reduction in overall thymus size, consistent with the
loss of DP cells (Figure 4c).

However, in contrast to the "pulse and chase" experiments done with clinorotation
from days 3-6 in which the DP cell production and some MSP cell production was
compromised, "pulse and analysis" cultures from this time frame produced normal
numbers of these cells. This result supports the conclusions mentioned earlier, that an
early precursor is sensitive to clinorotation, and that once DP cells are produced they are
resistant to its effects.

Pro- and Pre-T cells are Unaffected by Vector-Averaged Gravity

Early T cell development follows a well-defined pathway involving the differentiation of
CD3-CD4-CD8- "triple negative" [TN] CD44+CD25- (pro-T cells)

TN CD44+CD25+

^ TN CD44-CD25+ (pre-T cells)^ TN CD44-CD25- (25). Cells that productively
rearrange their TCR|3 genes and successfully undergo p-selection lose CD25 and
progress to the DP stage via ISP intermediates (26, 27). DN cell production was slightly
decreased in both "pulse and chase" FTOC and "pulse and analysis" FTOC when these
cultures were clinorotated from 0-3 days, suggesting that precursors to ISP may also have
been affected. Therefore, we examined the production of pro- and pre-T cells in 2-3 day
clinorotated FTOC by staining for TN cells that were also analyzed for CD44 and CD25
expression. The frequency and total cell production of all of the TN pro-T and pre-T cell
intermediates were unchanged in clinorotated FTOC (data not shown). Therefore, the
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block in T cell development appears to occur at the transition between the late pre-T cell
and DP T cell stages.

DISCUSSION

Our study provides a demonstration of the importance of gravity for the development of
T cells in organ culture. First, we were able to show the effects of spaceflight on the
ability of rat BM-derived hematopoietic progenitors to populate murine thymus and to
differentiate into mature SP T cells. In view of the fact that the BM-derived cells were
isolated after exposure of the flight rats to various in vivo factors, such as stress
hormones, we performed subsequent experiments utilizing clinorotated murine FTOC.
There we were able to show that exposure exclusively to vector-averaged gravity
significantly affected T cell development. Furthermore, this exposure had its most potent
effect on 12-day FTOC in the first 3 days of culture, prior to conventional a(3 TCR
formation, as revealed by the significant loss of DP cells or their precursors in "pulse and
chase" experiments. The lack of change noted in the production of all TN subpopulations,
as well as the increase in the frequency of ISP T cells, suggests that the block in T cell
development occurs after the pre-T cell stage (28), and is consistent with the increase in
ISP found in cultures derived from flight rat BM. This conclusion is also supported by the
0-3 day "pulse and analysis" experiments which showed that DP T cell formation was
inhibited, while the frequency of ISP increased significantly. Once the DP cells had
formed, after 3-6 days of culture, application of clinorotation did not affect DP cell
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formation at day 6. In "pulse and chase" experiments, however, the ability to produce DP
cells at 12 days of FTOC was affected by clinorotation at 3-6 days of culture as well as 69 days of culture. Clearly, the production of additional ISP during these time frames was
not affected by clinorotation, but the ability of these cells to transition into DP cells at
day 12 of FTOC was prevented.
Our "pulse and analysis" data of TN pro- and pre-T cell development in
clinorotated cultures suggest that the block in DP T cell production is due to a block after
signaling via the |3 chain of the pre-TCR ("|3-selection"). It would appear that P-selection
itself occurred normally, since the TN and ISP cells were produced in nearly normal
numbers. Blocking of ^-selection by knocking out the pre-Ta chain or the |3-chain
results in a block in T cell development at the TN CD44"CD25+ stage (26). However, in
our work, the block occurred later, at the transition between ISP cells and DP cells.
Similar to our findings, others (29) have shown that FTOC rotated in the
bioreactor also exhibit a block at the DN to DP transition and furthermore exhibit a
decrease in overall cell yield. Interestingly, when similar FTOC were rotated in the
bioreactor with agar-solidified medium to eliminate fluid shear forces on the tissue no
such alterations occurred. It should be noted that in our system, the tissues were not
exposed to shear forces, as the medium was completely contained in a reservoir beneath
the Millipore filter where the sponge material was used to draw medium to the lobes. In
addition, the fetal thymus tissues strongly adhered to the millipore membranes separating
them from the silica sponge material (Figure 2). Thus, the thymus lobes did not move
during rotation in the clinostat, eliminating the concerns noted previously (29) that
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tumbling of tissue could cause poor differentiation of T cells. This strong adherence of
the tissues also ensured that they could be precisely placed within the axis of rotation,
thus ensuring that they all were exposed to vector averaged gravity. In essence, our
clinostat experiments were done with "solidified" medium in the sense that the silica
sponge absorbed the medium and made it available to the tissue, but did not allow the
medium to leave the confines of the sponge. Thus, we were able to maintain the perfect
air-medium interface required for optimal growth of the cultures under conditions where
we could precisely control the position of the tissue. This approach allowed us to avoid
the potential problems of shear forces in the bioreactor. Even though we eliminated these
extraneous factors, we still observed an alteration in T cell development in our
clinorotated cultures, thus suggesting that unit gravity is essential for proper T cell
development. The reasons for the differences between our work and that done by others
with solidified medium in the bioreactor are not clear.
Our observation that microgravity blocks T cell development at the transition
between ISP and DP cells appears to suggest that a lack of the sequelae of signaling via
the p chain of the TCR is the means by which T cell development is blocked in
clinorotation. In support of this contention, recent work (30) demonstrated the importance
of the Egr family of transcription factors in enabling the pre-TCR complex to promote the
differentiation of immature DN thymocytes beyond the ^-selection checkpoint. In fact,
Egr dominant negative thymocytes were unable to make the transition from DN to DP,
and, similar to our findings, no significant change was observed in the pro- and pre-T cell
populations. It is not clear how exposure to microgravity might inhibit late pre-TCR
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signaling, but data have been obtained by others which indicate that signaling via the
conventional ap TCR can be compromised in microgravity and in the clinostat (4).
Mature T cells signal in a manner which may also be sensitive to microgravity induced
changes in receptor aggregation; where engagement of the TCR promotes aggregation of
lipid rafts resulting in an inner cluster of TCRs surrounded by an outer ring of adhesion
molecules, called the immunological synapse (33).
In contrast, developing thymocytes form multifocal synapses which are mobile
and transient and correlate with sustained signaling (34). This may be a reflection of the
thymocyte's 3-dimensional microenvironment and the importance of the many contacts
these developing cells must make with the stromal elements of the thymus. These results
suggest that thymocytes in a microgravity environment may not be able to properly
compartmentalize various membrane signaling molecules, including the pre-TCR, and
therefore would not be able to make the multipoint contacts and transmit the appropriate
signals required by developing thymocytes (35). Interestingly, it has been suggested that
the pre-Ta chain is palmitoylated (36) and may be involved in directly targeting pre-TCR
complexes into lipid microdomains (37) further supporting our hypothesis.
An alternative explanation for our results is suggested by work showing that the
transition from DN to DP T cells is not driven by activation via the pre-TCR per se, but
by factors (possibly primitive, ubiquitous factors) derived from the thymic

microenvironment (38). Thus, the proliferation and differentiation of early T cells may
be under the control of such factors as cytokines, chemokines, adhesion
molecules/integrins or acetylcholine receptors, while the ability of the cells to survive to
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the DP stage is regulated by the pre-TCR. One of us has shown that microgravity
exposure reduces nicotinic acetylcholine synaptic receptor aggregation and alters
cytoskeletal morphology in myocytes and neurons (31). Murine thymocytes also express
these acetylcholine receptors (32) and blocking of these receptors in FTOC affects T cell
development at an early stage (16). In either case, the three-dimensional structure of the
thymus is critical for the expansion and differentiation of thymocytes, and this is clearly
disrupted in vector-averaged gravity in our experiments, as well as in space (39).
Our data also suggest that CD4 T cell development was inhibited by microgravity
more than CDS cells. This result may be due to the reduction in signaling hypothesized
above. Others have shown that CD4 or CDS lineage commitment may be regulated by
quantitative differences in signal strength, where CD4 cells require a stronger signal than
do CDS cells (40-42).
All life on Earth has evolved in the presence of gravity and this force has played a
major role in shaping life on Earth. The data reported in this communication documents
yet another specific and critical role of gravity; the development of T cells. These
findings, along with those of others showing that microgravity compromises T cell
function, are vital in considering the potential for longer-term space missions via the
International Space Station (ISS). Furthermore, since a primary goal of the ISS is to
serve as a platform for future space colonization, more fundamental research needs to be
performed concerning the effects of altered gravity on immune and other processes
before we can safely venture into the deep space environment.
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Figure 1. Flight rat bone marrow/FTOC chimeras. Unfractionated BM cells from rats
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that had been in microgravity for 16 days on the Neurolab mission STS-90 were placed
on 10 SCID murine fetal thymus lobes at the cell numbers shown and cultured for 12d.
a) Upon harvest of all 10 thymus lobes the cells were stained with rat-specific CD8-TC
and CD4-PE and analyzed via flow cytometry, b) Flight rat one (•) was on the ground (1
g) for approximately 72 hrs. before BM harvest, while Flight rat two (•) was at 1 g for
approximately 96 hrs. before BM harvest. Results were compared to a synchronous
ground control rat (A). Data were graphed as cell density introduced into the FTOC
versus the number of cells x 10"^ per thymus lobe retrieved upon harvesting the
experiment. The plots were analyzed via regression analysis and those lines returning
values > 0.90 were considered linear, c) In addition to harvesting the flight rat BM for
FTOC, the BM and spleen from each flight rat was analyzed immediately after sacrifice
via flow cytometry. The percentage of the CD4 and CDS population derived from a
lymphoid gate is shown.
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b) depicted is a clinorotated fetal thymus organ culture set up using 15-day gestation
C57BL/6 fetal thymus lobes grown on Millipore filters. The FTOC was rotated for 12
days. A photograph was taken on day 2 of culture and then again on day 12 of culture.
Note the line of five thymus lobes along the axis of rotation. Since the exact angles of
the pictures are not identical, two reference points (marked 1 and 2) are shown for
orientation purposes. As seen in the figure, clinorotation did not result in movement of
the thymus lobes during the course of the experiment. The thymus lobes were placed s 1
mm away from the axis of rotation. Taken into consideration the close proximity of the
lobes to the axis of rotation and the low rate of rotation, the resultant centrifugal force (on
the order of lO"^ g) makes a negligible contribution in counteracting the vector-averaged
gravity conditions, c) depicted is a representative flow cytometric profile from a
lymphoid gate of FTOC exposed to clinorotation for all 12d of culture, a motional control
and a stationary control culture, d) histograms illustrating the intensity (background, low
and high) of CD4-TC and CD8-FITC staining on the SP populations and e) cell yields per
thymus lobe for DN, CDSlo and CD4I0 ISPs, DP, CDShi and CD4hi MSPs from 14-day
gestation C57BL/6 FTOC that had been cultured for 12 days. Below the yields are tables
showing the frequencies of each phenotype. The clinostat and motional control were both
rotated at 9 ± 0.5 RPM for the duration of the culture. Data represent the mean ±
standard error of the mean (SEM) of the indicated number of determinations, p ^ 0.05;
•• for clinostat versus stationary control analyses and •• for clinostat versus motional
control analyses using unpaired Student's t test with equal variance.
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Figure 3. Vector-averaged gravity pulse and chase, a) Representative flow cytometric
profiles from a lymphoid gate and b) cell yields per thymus lobe for T cell phenotypes

produced by 14 and 15-day gestation C57BL/6 thymus lobes cultured for 12 days are
shown, below the yields are tables showing the frequencies of each phenotype. The
clinostat and motional control dishes were rotated from day 0 to day 3, day 3 to day 6,
day 6 to day 9 or day 9 to day 12 at 9 ± 0.5 RPM. Data represent the mean ± SEM of the
indicated number of determinations, p s 0.1; • for clinostat versus stationary control
analyses and • for clinostat versus motional control analyses, p ^ 0.05; •• for clinostat
versus stationary control analyses and •• for clinostat versus motional control analyses
using unpaired Student's t test with equal variance..
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Figure 4. Pulse and analysis of vector-averaged gravity exposure, a) Cell yields per
thymus lobe for T cell phenotypes produced by 15-day gestation C57BL/6 thymus lobes
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cultured for either 3 days or for 6 days are shown. Below the yields are tables showing
the frequencies of each phenotype. The clinostat and motional control dishes were rotated
from day 0 to day 3 and harvested on day 3, or day 3 to day 6 and harvested on day 6.
Data represent the mean ± SEM of the indicated number of determinations, p ^ 0.1; •
for clinostat versus stationary control analyses and • for clinostat versus motional
control analyses, p ^ 0.05; •• for clinostat versus stationary control analyses and ••
for clinostat versus motional control analyses using unpaired Student's t test with equal
variance.; b) Also depicted are the flow cytometric profiles from a representative "pulse
and analysis" experiment after gating on the lymphoid cell population. Histograms
illustrating the intensity (background, low and high) of CD4-TC and CD8-FITC staining
on the SP populations are also included, c) H&E stained tissue sections were prepared
from day 15 gestation fetal thymus lobes. The thymus lobes were cultured for 3 days and
were rotated from day 0 to day 3 at 9 ± 0.5 RPM (I. Clinostat, II. Motional Control), or
were not rotated (III. Stationary Control). C = cortex, M = medulla, (15X).
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Summary

Pre-T cell receptor (TCR) signaling acts as an early checkpoint during T cell
development. The pre-TCR's capacity to regulate multiple developmental pathways has
been well documented. We have previously shown that exposure to both modeled
microgravity (MMG) and actual microgravity leads to a block in T cell development at
the immature single positive stage (ISP). Here we further dissect the underlying
mechanism of this microgravity-induced block. MMG exposure leads to a decrease in IL7 receptor a chain (IL-7Ra) expression on ISP cells after 4 days of clinorotation. We
were unable to show alterations in the phosphorylation state of a crucial signaling
component involved in T cell development, Lck, in MMG. We were also unable to
recover DP cell production in clinorotated FTOC expressing a constitutively active form
of Lck under the control of the lck proximal promoter. However, we did find that MMG
leads to increased production of tumor necrosis factor (TNF)-a by FTOC, which may be,
in part, responsible for inhibiting T cell development. Furthermore, MMG exposure was
partially mitigated by simultaneously treating 7-day clinorotated FTOC with anti-CD3
monoclonal antibody, resulting in an increase in IL-7Ra expression on CD4 CD8 double
negative (DN) and ISP cells. Collectively, these results suggest that exposure to MMG
alters pre-TCR signaling, which in turn blocks T cell development at the ISP stage.
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Introduction

T cell development follows a well-defined pathway that is marked by the
expression state of various cell surface markers on developing thymocytes. The most
primitive intra-thymic T cell precursor falls within the DN thymocyte population (Penit,
1986). This DN cell population can be further subdivided into four distinct groups based
on the expression of CD44 (Pgp-1, an adhesion molecule) and CD25 (a chain of the IL-2
receptor). The earliest DN cell subpopulation is CD44^CD25 (DNl) and has not yet fully
committed to the T cell lineage (Moore and Zlotnik, 1995). DNl cells give rise to
CD44^CD25^ (DN2) cells that are also called pro-T cells. Pro-T cells give rise to CD44"
CD25^ (DNS) or early pre-T cells and it is during this stage when the (3 chain of the TCR
begins to undergo rearrangement (Godfrey et al., 1994). Upon successful rearrangement,
the early pre-T cells progress to the late pre-T cell stage, and lose expression of CD25.
Cells that undergo p chain rearrangement and successfully pass the P-selection
checkpoint develop into CD4^CD8^ double positive (DP) cells via an ISP intermediate,
which express either CD4 or CDS at low levels (Matsumoto et al., 1991).
P-selection is controlled by the pre-TCR, a multi-subunit complex consisting of
the TCR (3 chain, the surrogate pre-Ta chain (pTa) and the CD3 complex (Saint-Ruf et
al., 1994). The pre-TCR possesses the capacity to regulate multiple developmental

decisions including survival, proliferation and differentiation. It is currently thought that
the pre-TCR is able to distinguish these variable outcomes through the elicitation of
distinct signaling pathways (Kruisbeek et al., 2000). However, it is still unclear how a
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single receptor can possess the capacity to selectively choose which pathway to activate.
Regardless of this lack of understanding with regards to the exact mechanism through
which the pre-TCR regulates the complexities of ^-selection, a plethora of data exists
which undeniably support this idea. Gene ablation and complementation studies have
helped create a |3-selection signaling roadmap that has broken down the various
components involved. The furthest upstream and one of the key mediators required for
all phases of |3-selection is Lck, a Src-family protein tyrosine kinase (Fehling et al.,
1997).

Downstream of Lck, pre-TCR signaling branches out and is under the control of

a number of other signaling pathways including the Ras/Raf/ERK pathway (Gartner et
al., 1999; Iritani et al., 1999), Fas-associated death domain (FADD) (Newton et al., 2000)
and PKC (Michie et al., 2001).
In addition to the pre-TCR, IL-7/IL-7R interactions play a crucial role in early T
cell development. Mice lacking IL-7 (von Freeden-Jeffry et al., 1995), the lL-7Ra
(Peschon et al., 1994), the yc chain (DiSanto et al., 1995), or downstream IL-7 signaling
components (Jak3 (Park et al., 1995) or Jakl (Rodig et al., 1998)) all exhibit a significant
reduction in thymocyte proliferation. Although IL-7Ra expression is independent of the
pre-TCR prior to the DN4 stage, it has been shown that pre-TCR derived signals are
required for the sustained expression of IL-7Ra beyond the DN4 stage (Trigueros et al.,
2003). Similarly, it has also been shown that IL-7Ra expression is up regulated on DP
cells after positive selection (Hare et al., 2000). Some evidence also supports the role of
lL-7 in initiating TCR rearrangements (as reviewed in (Candeias et al., 1997)), however it
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is still unclear whether lL-7 signaling directly induces TCR rearrangement or if IL-7
signaling indirectly supports this process (as reviewed in (Haks et al., 1999b)).
Following completion of TCR a chain rearrangement, DP cells are subjected to
both positive (Marusic-Galesic et al., 1988) and negative selection (McPhee et al., 1979),
resulting in either their death or survival. Those cells that survive will lead to the
ultimate production of the clonotypic ap TCR positive T cell.
We have previously explored the dependence of gravity in T cell development
(Woods et al., 2003). FTOC possesses several strengths that allowed us to study this
phenomenon. Most importantly is the fact that FTOC is performed ex vivo, and therefore
the complicating factors introduced by stress-associated factors present in an in vivo
scenario are negated. Much of the past work examining microgravity exposure and
immune system function had not sufficiently delineated these two factors (Sonnenfeld,
1999). It has been well established that exposure to corticosteroids negatively impacts
immune system function in the periphery (Balow et al., 1975; Craddock, 1978; Smart and
Kilbourne, 1966), and high-dose corticosteroid administration has been routinely used to
deplete the production of T cells in the thymus (Durant, 1986). Therefore, it was vital to
differentiate between MMG exposure and steroid-associated stress. We are aware that
nanomolar concentrations of cortisone are produced intra-thymically (Vacchio et al.,
1994), but the physiologic function and concentration of this cortisone production are

distinct from steroid-associated hormones produced during a stress response.
Another important characteristic of FTOC is the ability to adapt this methodology
for use in the clinostat. The clinostat is a device that mimics microgravity exposure by
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rotation along an axis that is perpendicular to the gravity vector (Hashemi et al., 1999;
Kobayashi et al., 2000; Sarkar et al., 2000; Walther et al., 1998). This continuous
rotation results in the null averaging of the gravity vector over the course of an
experiment. To properly control for the motions and vibrations experienced in the
clinostat, a motional control was used in which the thymus lobes were rotated along an
axis that is parallel to the gravity vector, therefore not affecting the overall gravity vector
experienced by the tissue. The FTOC system that we utilized in these studies allowed us
to maintain absolute control over the placement of the tissue along the axis of rotation, a
prerequisite for the accurate use of clinorotation as a model of microgravity (Todd,
1992). In addition, we were able to separate the medium from the tissue therefore
preventing the adverse effects of medium turbulence and shear forces (Tabourn and
Spain, 1999). Taken together we believe we have implemented an effective groundbased model to study microgravity exposure in FTOC. Here, we use this model to
address the issue of Lck involvement in the blockade in T cell development seen in
FTOC exposed to MMG, and have found that phosphorylation of this kinase is
unchanged in these cultures compared with motional and stationary controls.
Additionally, expression of a constitutively active form of the kinase Lck in MMGexposed FTOC was not sufficient to rescue differentiation to the DP stage. We also
showed that there was an increase in the production of TNF-a by the MMG cultures, but

this increase was not at a level associated with apoptosis of immature thymocytes and
was not accompanied by a concomitant increase in T cell apoptosis as detected by
Annexin V staining. We also setout to determine if we could circumvent this block by
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artificially signaling the TCR with antibodies to the CDS epsilon chain to further define
how MMG results in a blockade at the ISP stage of T cell development.

Results

MMG Results in Decreased Expression of IL-7Ra on ISP cells after 4 Days of
Clinorotation
We examined development of FTOC setup using 14-15 days' gestation (d.g.) fetal
thymus lobes after 4 days of clinorotation at 9 ± 0.5 rotations per minute (RPM). We
decided to analyze 4-day MMG-exposed FTOC because our earlier data showed that the
first several days of culture were the most sensitive to MMG and it is during this period
of FTOC that immature cell phenotypes, such as the ISP cells, are most prevalent
(DeLuca et al., 1995). Additionally, we could recover the required number of cells
needed for the types of analyses we performed. We show that after this "short-term"
exposure the overall percent and cell yields for DN, DP, CD4^ single positive (SP) and
CDS SP T cells were not significandy altered when compared to both the motional and
stationary control, however the clinostat did exhibit a reduction in the production of DP
cells when compared to the motional control (Figure 1), a finding in line with our
previous work which showed a similar reduction after 3-day clinorotated FTOC (Woods

et al., 2003).
We also analyzed expression of IL-7Ra (CD127) in these 4-day MMG-exposed
FTOC experiments. We were unable to detect any significant changes in the DN and DP
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cell populations. On the other hand, we were able to consistently show a significant
reduction in the percent of CD4 and CDS SP cells expressing CD127 (Figure 2A). Only
the CDS SP cells showed a significant reduction in total CD127^ cell production (Figure
2A). Both SP cell types exhibited a significant decrease in the intensity of CD127
expression as shown in the histograms and mean fluorescence intensity (MFI) graphs in
Figure 2B. Therefore, even the CD4 SP cells that did not show a lower overall
production of CD127^ cells did express CD127 at significantly lower levels on a cell-tocell basis (Figure 2B). These results imply that MMG exposure decreases the capacity of
developing SP cells (expected to almost exclusively be ISP cells given the early stage of
FTOC) to maintain IL-7Ra expression early in T cell development. We cannot rule out
the reduction of CD127 expression on yb bearing cells (which includes DN and CDS SP
cells (Geisler et al., 19SS)) since this was out of the scope of this manuscript and we did
not examine these populations. However, given the fact that CDS SP cells at this stage of
culture generally consist of an equal proportion of TCR a|3 and yb positive cells (DeLuca
et al., 1995) and only 7.97 ± 1.07 % of the CDS SP were positive for TCR a(3 chain
expression we feel confident that over S0% of the CDS SP cells are in fact ISP cells.

Protein Tyrosine Kinase Lck Exhibits Unaltered Phosphorylation after MMG
Exposure
Lck is a key player in (^-selection driven proliferation, differentiation and survival.
Addition of a constitutively active form of Lck to mice with engineered pre-TCR defects
(including deficiencies in pTa (Fehling et al., 1995), CD3Y (Haks et al., 1999a) and RAG
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(Mombaerts et al., 1994)) completely restores the ability of these developing thymocytes
to pass through the |3-selection checkpoint. Furthermore, it has been shown that
inactivation of the Src-family protein tyrosine kinase negative regulator, carboxyterminal Src kinase (Csk), in developing thymocytes negates the requirement for preTCR signaling in the DN to DP cell transition (Schmedt et al., 1998).
Csk regulates Lck activity by phosphorylating Lck at tyrosine (Tyr) 505, an
inhibitory residue (Bergman et al., 1992). In order to determine if Csk's regulation of
Lck was being altered after MMG exposure we decided to examine Lck phosphorylation
at Tyr505. After 4 days of clinorotation at 9 ± 0.5 RPM, we harvested 3.5 x 10® cells
from each FTOC (clinostat, motional and stationary control). These cells were then lysed
via boiling and the resultant cell lysates were resolved via SDS-PAGE and transferred to
a PVDF membrane. As seen in Figure 3A, Western blot analysis illustrates that
clinorotated FTOC exhibited similar phosphorylation atTyr505 (Relative Luminescent
Values

X

10*^ for P-Lck in the clinostat = 9.82 ± 1.30 [n=4], motional control = 10.7 ±

0.896 [n=5] and stationary control = 11.1 ± 1.91 [n=3]). Overall Lck levels were also not
significantly altered after clinorotation when compared to the motional and stationary
controls (Relative Luminescent Values x 10® for Lck in the clinostat = 7.42 ± 3.30 [n=3],
motional control = 10.8 ± 0.700 [n=4| and stationary control = 8.62 ± 2.37 [n=2]). These
results suggest that Csk's function at the level of Lck phosphorylation is unaltered after
exposure to MMG.
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Clinorotated 1185 Transgenic FTOC did not Exhibit Recovery of DP cell
Production
Expression of a constitutively active form of the kinase Lck under the control of the Ick
proximal promoter is sufficient to restore thymocyte cellularity and differentiation to the
DP cell stage in RAG null (Mombaerts et al., 1994) and pTa null mice (Fehling et al.,
1997). We therefore set out to determine if 1185 transgenic FTOC would yield similar
results in MMG, since our data support a pre-TCR signaling deficiency. In order to
determine if the active Lck transgene was able to rescue development to the DP cell
stage, we examined 1185 FTOC setup with thymus lobes of varying gestational age.
Additionally, these cultures were also harvested at multiple time-points. This type of
analysis allowed us to investigate the effects of the Lck transgene under MMG conditions
at different developmental time-points. However, as seen in Figure 3B, ail 1185 FTOC
exhibited a block at the DN cell stage of development.

Clinorotated FTOC Displays Enhanced Production of TNF-a without a
Concomitant Increase in Annexin V Staining
Past work has shown that RAG deficient mice expressing a dominant negative Fasassociated death domain (FADD) are rescued from apoptosis and differentiate to the DP
cell stage (Newton et al., 2000). This work supports the involvement of FADD in the

deletion of thymocytes that do not successfully pass the p-selection checkpoint. Since
ligation of TNF receptor 1 (TNFRl) by TNF- a leads to FADD dependent recruitment
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and activation of caspases (Harper et al., 2003), we decided to examine the effects of
MMG on TNF-a production in 4-day FTOC.
As seen in Figure 4A, we found a significant increase in TNF-a release into the
medium derived from clinorotated FTOC (35.0 ± 0.84 pg/ml) when compared to both the
motional control (25.1 ± 1.03 pg/ml) and stationary control cultures (19.5 ± 2.53 pg/ml).
Interestingly, when we stained these cultures with Annexin V to detect any increase in
apoptosis of T cells in the MMG cultures, we did not observe any significant increased
apoptosis in the DN, DP, CDS SP or CD4 SP cell populations as shown in Figure 4B.
Taken together, these data suggest that MMG-exposure enhances TNF-a production in
FTOC and that TNF-a may be partially at play in the MMG-induced developmental
block in a manner independent of apoptosis.

Anti-CD3 Monoclonal Antibody Treatment Results in Increased Expression of IL7Ra on DN and ISP cells
It has been shown that developing thymocytes are able to express various components of
the CD3 complex in the absence of TCR a, y or 8 chain expression (Groettrup et al.,
1992; Punt et al., 1991) or without any TCR expression (Carrel et al., 1987; Ley et al.,
1989). Furthermore, anti-CD3 treatment has been used to restore early thymocyte
differentiation associated with (3-selection in TCR p chain deficient mice (Leveit et al.,
1993). Therefore, in an attempt to further characterize if the MMG-induced block is
resulting from defective pre-TCR dependent signaling we added monoclonal anti-CD3
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antibody, 2C11 (BD Pharmingen, San Diego, CA), directly onto ~ 14 d.g. fetal thymus
lobes, which were subsequently clinorotated for a total of 7 days at 9 ± 0.5 RPM.
Interestingly, anti-CD3 treatment effectively increased CD127 expression in
clinorotated FTOC. As seen in Figure 5A, clinorotated FTOC treated with anti-CD3
exhibited a slight increase in total percent DN, CD127 positive cells. Along with the
increase in frequency, anti-CD3 treated, clinorotated FTOC also exhibited significantly
higher DN, CD127 positive cell yields (Figure 5B). Figure 5C shows that those cells that
were positive for CD127 also expressed this receptor at higher levels on an individual cell
basis when compared to the untreated, clinorotated FTOC. Anti-CD3 treatment also
significantly increased the percentage of DN, CD127 positive cells found in stationary
control FTOC and significantly increased the total number of DN, CD127 positive cells
derived from motional control FTOC.
Anti-CD3 treatment also increased the frequency of ISP cells positive for CD127
expression as well as the total number of CD127 positive ISP cells after 7 days of
clinorotated FTOC, as seen in Figure 6A. Figure 6B illustrates that on a cell-to-cell basis
these ISP cells exhibited a higher intensity of CD127 staining after anti-CD3 treatment as
seen in the single parameter histograms as well as the MFI graphs found directly below
the histograms. A table is also included below the normalized MFI graphs, which shows
the raw MFI values used in these calculations. This increase was shown to be significant

on the CD4 ISP population. These observations suggest that DN and ISP cells in antiCD3 treated cultures exposed to MMG are further sensitized to IL-7 signaling.
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Addition of anti-CD3 Monoclonal Antibody to MMG-Exposed FTOC Diminishes
the Effects of Clinorotation
As seen in Figure 7A anti-CD3 addition also significantly increased DN cell yields in
clinorotated FTOC. However, it appears as though this treatment did not effectively
increase the DN to DP cell transition. Anti-CD3 treatment also significantly reduced the
frequency of DP cells in both the motional and stationary controls when compared to
untreated controls {p values = 0.08 and 0.10, respectively)(Figure 7A and B). Similar
reductions in the number of DP cells were also visible in both the anti-CD3 treated
motional and stationary controls when compared to untreated controls, however not
significantly so. The percentage of CD4 SP T cells in both the anti-CD3 treated motional
and stationary controls were significantly lower than their untreated counterparts {p
values = 0.001 and 0.08, respectively). CD4 SP T cell yields were also reduced in the
clinostat, motional control and stationary control FTOC after treatment with anti-CD3,
but only significantly so in the motional control. Furthermore, CDS SPT cell recovery
was slightly enhanced in anti-CD3 treated clinostat FTOC, a result that was not seen in
either the motional or stationary control; once more this increase was not significant.
However, a slight but significant increase did exist in the frequency of CDS SP cells in
the anti-CD3 treated stationary control compared to the untreated stationary control {p
value = 0.07). These data suggest that anti-CD3 treatment is able to partially restore P-

selection driven survival of DN cells in clinorotated FTOC through the maintained
sensitization of these cells to IL-7 signaling and that addition of anti-CD3 to control

118

cultures negatively impacts production of DP T cells, which are the most sensitive to
deletion by anti-CD3 treatment in FTOC (Smith et al., 1989).

Discussion

The current study demonstrates that MMG exposure results in the decreased expression
of IL-7Ra on ISP cells after 4 days of clinorotation along with a concomitant increase in
TNF-a. Interestingly, the increased presence of TNF-a did not result in an increase in
apoptosis in the MMG-exposed cultures, as determined by Annexin V staining. We were
unable to see changes in Lck phosphorylation at Tyr505 after 4 days of clinorotation
when compared to motional and stationary controls. Furthermore, FTOC expressing a
constitutively active form of the lck gene were unable to promote the DN to DP cell
transition under MMG conditions. Simultaneous addition of anti-CD3 monoclonal
antibody to MMG-exposed cultures resulted in enhanced expression of IL-7Ra on DN
and ISP cells and an increase in the number of DN cells recovered after 7 days of
clinorotation at 9 ± 0.5 RPM, seemingly through increased survival.
The mechanisms through which pre-TCR signaling regulate survival, proliferation
and differentiation remains under scrutiny. However, through an exhaustive study of
current work examining the roles of numerous components involved in pre-TCR
signaling a model for signal specification has been proposed (Kruisbeek et al., 2000). In
this model, Lck is crucial enough to be required, as well as sufficient, in mediating all
aspects of (3-selection. Several pre-TCR dependent signaling pathways branch out
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downstream of Lck through which distinct outcomes are mediated. For instance,
signaling via the Ras/Raf/ERK pathway leads to survival, proliferation and
differentiation, whereas signaling via PKC can lead to allelic exclusion, differentiation
and proliferation, but not differentiation. FADD which has already been described above
as being involved in the deletion of thymocytes that do not successfully pass (J-selection
is also oddly enough involved in inducing proliferation of those cells that do successfully
pass this early checkpoint. It has been suggested that FADD delivers a death signal to
developing thymocytes that lack pre-TCR expression during the DN-DP transition.
Conversely, FADD may act as a co-stimulatory signal when engaged simultaneously on
cells expressing a pre-TCR and in turn induce cell expansion (Newton et al., 2000).
Taken together these observations suggest that the pre-TCR is intimately associated with
multiple functions, each of which is regulated through a combination of different
signaling pathways.
The lack of any visible reduction in the production of DP cells in clinorotated
FTOC when compared to the stationary control after 4 days of culture (Figure 1) was
surprising to us since our previous data derived from 3-day clinorotated FTOC did
exhibit a decrease in the production of DP cells when compared to both the motional and
stationary controls. Since the 4-day FTOC stationary control didn't exhibit an increase in
the production of DP cell progeny, namely SP cells, we feel that this first wave of

proliferation marked by the 3-day peak in DP cells is largely non-productive, and likely is
followed by death of these cells. It is unclear at this time why the motional control still
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exhibited a peak in DP cell production after 4 days of culture. Regardless, early exposure
of FTOC to MMG completely inhibited this early proliferative wave of cells.
Next, we were able to show a significant reduction in the expression of IL-7Ra
expression on ISP cells after 4 days of clinorotation (Figure 2). (Trigueros et al., 2003)
has recently shown that IL-7Ra expression is maintained through the DN to the DP
transition via pre-TCR signaling, in turn, promoting thymocyte survival. This study was
the first of its kind to illustrate a direct link between pre-TCR signaling and thymocyte
sensitivity to IL-7. Our findings along with (Trigueros et al., 2003) suggest that MMG
obstructs pre-TCR signaling in such a way that the maintenance of IL-7Ra expression on
ISP cells is prevented, thus leading to a developmental block at the ISP cell stage.
Lck is a fundamental pre-TCR signaling component whose activity is tightly
controlled by the negative regulator Csk, via phosphorylation of Lck's inhibitory site,
Tyr505. We therefore wanted to determine if MMG exposure altered Csk's activity on
Lck by examining Lck's phosphorylation status at Tyr505. It has already been shown
that inactivation of Csk leads to a pre-TCR independent transition from the DN to DP cell
stage (Schmedt et al., 1998). Since we are observing a block at the DN to DP cell
transition under MMG conditions, we wanted to determine is Lck exhibited increased
phosphorylation at Tyr505 when compared to the motional and stationary controls. As
seen in Figure 3, phosphorylation of Lck at Tyr505, as well as the overall levels of Lck

was unaltered after MMG exposure when compared to the motional and stationary
controls.
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Even though Csk's activity does not appear to be effected by MMG conditions at
this 4 day time-point we still can't eliminate the existence of downstream signaling
defects, such as phosphorylation of Lck at its activation residue, Tyr394 (Sicheri and
Kuriyan, 1997), subsequent phosphorylation of CD3-associated immunoreceptor
tyrosine-base activation motifs (ITAM) (Wonerow and Watson, 2001), recruitment and
phosphorylation of Syk family protein tyrosine kinases (Zap-70 and Syk) (Dustin and
Chan, 2000) and adaptor molecules (LAT, SLP-76) (Wonerow and Watson, 2001), which
as a whole lead to the activation of the entire pathway.
In order to fully address the involvement of Lck in the MMG-induced block, we
examined FTOC setup using the 1185 transgenic mouse line. This was necessary
because our Western blot data only allowed for a time-specific approach. For example,
conclusions with regards to Lck phosphorylation using this methodology would
inherently be limited to the time that the culture was harvested and could not preclude the
phosphorylation state of this kinase at earlier time-points. The 1185 FTOC exhibited a
block at the DN cell stage in the clinostat, motional and stationary control. These results
suggest that the transgene is acting similarly to what has been seen in "wild type" mice,
where (3 chain rearrangement is arrested, resulting in a block at the DN cell stage
(Anderson et al., 1993).
The reason why expression of a constitutively active form of the kinase Lck under

the control of the lck proximal promoter is sufficient to restore thymocyte cellularity and
differentiation to the DP cell stage in RAG null (Mombaerts et al., 1994) and pTa null
mice (Fehling et al., 1997) remains unclear. However, it is possible that in these mice a
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weak signal is produced via the transgene due to the absence of other pre-TCR
components which aid in localization of signaling molecules, including Lck, and
downstream signal transduction. This weak signal may be sufficient to initiate the DN to
DP transition, whereas in the wild-type mice the signal would be too strong and would
therefore lead to negative selection of these cells. This explanation is further supported
by work which demonstrated that increased levels of lck transgene expression are
sufficient to substantially disrupt thymocyte development in mice with functional TCR
(Abraham et al., 1991).
The 1185 data suggest that the MMG-induced block is independent of effects on
Lck or that the signal afforded by the lck transgene is still too strong, even under MMG
conditions, and therefore results in the negative selection of developing thymocytes on
the clinostat. If the latter is true, the identification of the mechanism involved in the
disruption of pre-TCR signaling caused by MMG will likely require a more exhaustive
phospho-specific Western blot screen of Lck at various culture time-points, as well as
other downstream effectors.
The current study also demonstrates that MMG exposure results in the increased
presence of TNF-a after 4 days of clinorotation, as shown in Figure 4A. TNF-a has been
suggested to be involved in the deletion of developing thymocytes that do not
successfully negotiate P-selection via ligation of TNFRl and downstream activation of

FADD (Newton et al., 2000). However, TNF-a is also involved in down modulating the
TCR signal (Cope et al., 1997; Cope et al., 1994; Isomaki et al., 2001), and may act in a
similar fashion with regards to pre-TCR signaling.
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Developing thymocytes undergoing P-selection express the death receptor,
TNFRl, and its cytoplasmic adaptor, FADD. The TNFRl ligand, TNF-a, is produced by
these thymocytes and by adjacent thymic stromal cells (Harper et al., 2003; Newton et al.,
2000). Taken together these observations suggest that the mechanism by which
thymocytes die when they do not successfully pass P-selection is via programmed cell
death. However, Annexin V staining (Figure 4B) didn't exhibit any significant increases
in our MMG cultures. Furthermore, the levels of TNF-a are 1 to 4 magnitudes of order
lower than concentrations which have been shown to induce apoptosis in developing
thymocytes (Baseta and Stutman, 2000). We therefore propose that TNF-a may be
involved in the block in T cell development caused by MMG through the downmodulation of the pre-TCR signal. Chronic exposure to TNF-a in the periphery leads to
the down-regulation of the TCR/CD3^ chain (Isomaki et al., 2001), which is a keysignaling constituent of the pre-TCR as well. This finding would be in line with our
previous data (Woods et al., 2003) which showed a higher frequency of CD3 negative
immature single positive cells in MMG-exposed FTOC, a result that would not be
expected if increased cellular death were at play at this stage of development. Thus, the
down modulation of TCR components and the resulting decrease in TCR signal caused
by the increased production of TNF-a during MMG exposure could be responsible for
the block of T cell differentiation beyond the ISP stage in T cell development.
It is important to note that FTOC is composed of a variety of cell types including
developing thymocytes, dendritic cells (interdigitating reticular cells), macrophages and
thymic stromal cells (van Ewijk et al., 1999), any of which could be responsible for the
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increased production of TNF-a. However, others have shown that mRNA transcripts for
TNF-a are present in DNS, DN4 and DP cells as well as in thymic stromal cells (Newton
et al., 2000) and therefore some or all of these cell types are likely candidates.
To further understand the potential underlying cause of the MMG-induced block
we attempted to rescue T cell development by treating clinorotated FTOC with anti-CD3
monoclonal antibody. We were first able to show that anti-CD3 addition induced
expression of IL-7Ra on DN and ISP cells after 7 days of culture (Figure 5), a finding
that is in line with work performed by (Trigueros et al., 2003). Next, we showed that
treatment with anti-CD3 led to a significant increase in DN cells in clinorotated FTOC
when compared to untreated FTOC exposed to MMG (Figure 7). We believe that this
increase in DN cell yield is due to increased survival of these cells, since it has previously
been shown that IL-7/IL-7Ra signaling protects developing thymocytes from apoptosis
(Kim et al., 1998; Trigueros et al., 2003; von Freeden-Jeffry et al., 1997).
Anti-CD3's mitigation of the MMG-induced pre-TCR signaling blockade appears
to differ from previous work where anti-CD3 treatment induced rapid thymocyte
expansion and transition to the DP cell stage in TCR p chain deficient mouse strains
(SCID, Rag-l"'" and TCR|3''") (Levelt et al., 1993). It is possible that we are inducing
differentiation to the DP stage in our system, but these cells are being subsequently
negatively selected via the additional signaling afforded by the presence of the anti-CD3.
Others have reported the deletion of DP T cells in animals (Migita et al., 1994) as well as
FTOC (Smith et al., 1989) treated with anti-CD3 antibodies , similar to what was seen in
the anti-CD3 treated motional and stationary control dishes. It is important to note that
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we may be able to retain the DP cells that were produced in our system using lower doses
of anti-CD3 or using a "timed" approach where we add the anti-CD3 during the early
stages of culture (days 0-3) and then transfer the FTOC to a dish with new medium
without any exogenous anti-CD3 additions for the duration of the culture period. By
doing so, we would supply the necessary signal required to overcome the MMG-induced
block at the ISP stage early in culture (days 0-3), but would prevent the additional
signaling that would take place during the DP cell stage (days 3-6), which appears to be
responsible for the deletion of the DP cells. We may also be able to visualize DP cell
production in anti-CD3 treated cultures by harvesting these FTOC at an earlier time-point
(day 3 rather than day 7), but still allowing for enough time for the DN to DP transition to
take place. By harvesting at day 3 we would effectively examine a timeframe before the
DP cells are negatively selected. These experiments are currently being performed.
If neither of these approaches circumvent the block in T cell development, then
the possibility exists that pre-TCR signaling (and thus anti-CD3 treatment, a commonly
used substitute (Levelt et al., 1993)) directly regulates survival at the |3-selection
checkpoint and that independent pathways (which would still be disrupted in MMG but
are normal in the mouse models discussed above) then, in turn, initiate differentiation and
proliferation. In fact, ample evidence exists which suggest that unrelated factors are
involved in the DN-DP transition, including HES-1 (Tomita et al., 1999), Hedgehog
(Outram et al., 2000), TCF-l/Lef-1 (Okamura et al., 1998) and cyclic AMP response
element-binding protein (CREB) (Rudolph et al., 1998). However, further work needs to
be performed to conclusively determine if these elements are indeed independent of pre-
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TCR signaling or if they result directly from pre-TCR generated signals. In spite of these
differences, our work clearly demonstrates the gravity-dependence of P-selection in
FTOC. Our data suggests that MMG leads to disruption or dampening of the pre-TCR
signal.

Experimental Procedures

Mice
Timed-pregnant C57BL/6 (B6) mice were obtained from the National Cancer Institute
(Frederick, MD) at 13 d.g.. They were maintained under specific pathogen-free
conditions and sacrificed between 13 d.g. and 15 d.g.. The fetuses were removed from
pregnant females at the indicated gestation age. Dr. Roger M. Perlmutter kindly supplied
our laboratory with several breeding pairs of the transgenic mouse line 1185, which
express a constitutively active form of the Ick gene (p56'''''F505) under the control of the
Ick proximal promoter. These mice were bred in our animal facility to produce timedpregnant 1185 mice.

Fetal Thymus Organ Culture
The organ culture methods used have been described in detail by our laboratory and

elsewhere (DeLuca, 1986; DeLuca and Mizel, 1986; Mandel and Kennedy, 1978), with
the exception that a specially designed microgravity organ culture dish was used.
Briefly, thymus lobes (10-15 lobes per dish) dissected from 13 to 15 d.g. fetal mice were
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placed on the surface of Millipore (25

thick, 0.45 [j,m pore size) filter paper which

was supported on top of a highly hydrophilic silica matrix located in the lower chamber
of a specially designed microgravity organ culture dish. The lower chamber was filled
with 7 ml of Dulbecco's Modification of Eagle's Medium:(DMEM plus 4.5 g/L Dglucose) which was supplemented with 20% heat inactivated FBS (Hyclone Laboratories,
Logan, UT). The medium also contained streptomycin (100 fig/ml), penicillin (250
U/ml), gentamycin (10 [xg/ml), non-essential amino acids (0.1 mM), sodium pyruvate (1
mM), 2-mercaptoethanol (2 x 10"^ M), as well as 3.4 g/L sodium bicarbonate. The
Millipore filter paper acted as a surface for thymus lobe growth and as a barrier between
the upper chamber of the dish, which held the thymus lobes, and the lower chamber
which contained the medium-saturated silica sponge. The cultures were grown in a fully
humidified incubator in 5% CO2.

Antibodies and Flow Cytometry
Cells were harvested from FTOC using Accutase (Innovative Cell Technologies, Inc., La
Jolla, CA) digestion, as described previously (Middlebrook et al., 2002). Cell
suspensions were stained with directly conjugated monoclonal antibodies specific for
CD4-Tri-color, CD8-FITC and CD3-PE (Caltag Laboratories, Burlingame, CA) or
CD127-PE (BD PharMingen, San Diego, CA) or with Annexin V according to the
manufacturer's protocol (Biovision, Mountain View, CA). After staining the cells were
fixed in 1% p-formaldehyde before flow cytometric analysis. Cells (10,000 events) were
collected on a FACScan flow cytometer (Bectin Dickinson Immunocytometry Systems,
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Braintree, MA) and analyzed with FlowJo software. Lymphocytes were gated by
forward and side scatter characteristics and specific antibody staining of this population
was determined.

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
FTOC setup using 14-15 d.g. C57BL/6 fetal thymus lobes in the MOCDS were cultured
for 4 days. Cells were harvested using Accutase (Innovative Cell Technologies, Inc., La
Jolla, CA) digestion, as described previously (Middlebrook et al., 2002). Cells were
counted in duplicate using a hemacytometer and the average used. 3.5 x 10® cells per
FTOC (clinostat, motional and stationary control) were resuspended in 50 fxl of lysis
buffer (20 mM Tris-HCl [pH 7.5] containing 20 mM p-nitrophenyl phosphate as a
general phosphatase inhibitor, 50 ^M sodium orthovanadate as a tyrosine phosphatase
inhibitor and 5 mM benzamidine as a protease inhibitor) and stored at -80°C until use.
Upon thawing, cell solutions were boiled for 5 minutes and subsequently pelleted in a
microcentrifuge. 30 fxl of supernatant was then mixed with 30 i^l of Laemmli's Sample
Buffer (BioRad, Hercules, CA) containing dithiothreitol (DTT) according to the
manufacturer's protocol and this mixture was boiled for an additional 5 minutes. Each
lysate preparation was then split between two 30 fxl wells of a 10% Resolving/4%
Stacking Tris-HCl Ready Gel (BioRad, Hercules, CA) and was assembled in a Mini-

Protean 3 Cell Apparatus (BioRad, Hercules, CA) with Tris/Glycine/SDS buffer
(BioRad, Hercules, CA) and run at 100 V for ~ 1 hour. A Kaleidoscope pre-stained
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protein standard (10 jal/well) (BioRad, Hercules, CA) was also used to estimate
molecular weight.

Western Blot Analysis
Transfer to an Immun-Blot polyvinylidene difluoride (PVDF) membrane was then
performed on ice with constant stirring in a Mini Trans-Blot Electrophoretic Transfer
Cell (BioRad, Hercules, CA) containing Tris/Glycine/SDS buffer plus 20% methanol for
1 hour at 100 V. The membrane was then blocked in TBS/Casein (BioRad, Hercules,
CA) for 1 hour at room temperature (RT) with constant agitation and subsequently cut in
half. Each half of the PVDF membrane was subsequently stained with either a 1:1000
dilution (in TBS containing 0.05% Tween and 0.1% Bovine Serum Albumin [BSA]) of
Lck Antibody or Phospho-Lck Antibody (Tyr505) (Cell Signaling Technologies,
Beverly, MA) for 2 hours at RT with constant agitation. The membrane was then washed
three times with 75 ml of TBS and 0.05% Tween for 15 minutes per wash. Detection of
the primary antibody was performed with a SuperSignal West Femto kit according to the
manufacturer's protocol (Pierce, Rockford, IL). Image capture was performed using a
Hitachi Genetic Systems CCD Bio Imager and band quantification was done using
GeneTools Software (Hitachi Genetic Systems, Alameda, CA).

Cytokine Analysis
Medium was sampled from 4 day FTOC setup using 15 lobes of 14-15 d.g. C57BL/6
fetal thymuses in the MOCDS. Cytokine production was analyzed using BD
Biosciences' Mouse Thl/Th2 Cytometric Bead Array (CBA) Kit (BD Biosciences, San
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Diego, CA) according to the manufacturer's protocol. The CBA kit was analyzed using a
FACScan flow cytometer (Bectin Dickinson Immunocytometry Systems, Braintree, MA)
and was analyzed using BD CBA software (BD Biosciences, San Diego, CA).

Statistical Analysis
Statistical analyses (including mean and SEM) were performed using unpaired Student's
t test with equal variance.
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Figure 1. 4-day MMG Exposure did not Affect Production of DN, DP, CD4 SP or
CDS SP cells.
(A) Depicted are average cell yields ± SEM per thymus lobe for T cell phenotypes
produced by 14-15 d.g. C57BL/6 fetal thymus lobes cultured for 4 days. Clinostat and
Motional Control FTOC were rotated at 9 ± 0.5 RPM for the duration of the experiment.
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Below the cell yield graph are the total average cell yield numbers per lobe ± SEM and a
table showing the average frequencies of each phenotype ± SEM.
(B) Representative flow cytometric profiles from a lymphoid gate are also shown.
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Figure 2. CD127 Expression Decreases on ISP cells after 4 days of MMG Exposure.
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(A) Bar graphs showing the average frequency and average per lobe numbers ± SEM of
CDS SP and CD4 SP cells expressing CD127 derived from FTOC setup with 14-15 d.g.
C57BL/6 fetal thymus lobes and cultured for 4 days are shown. Clinostat and Motional
Control FTOC were rotated at 9 ± 0.5 RPM for the duration of the experiment, p values
are included where differences are significant.
(B) Representative single parameter histograms illustrate the relative intensity of CD127
staining on CDS SP and CD4 SP cells derived from clinostat (black line), motional (dark
gray line) and stationary control (light gray line) FTOC cultured for 4 days. Below the
histograms, bar graphs show the same staining as average MFl values ± SEM. p values
are included where differences are significant.
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Figure 3. Analysis of Lck's Involvement in the MMG-Induced Block.
(A) Levels of Phosphorylated Lck and Unphosphorylated Lck Remain Unchanged after
Clinorotation. Western blot analysis illustrates similar levels of Lck and P-Lck in FTOC
setup with 14-15 d.g. C57BL/6 fetal thymus lobes and cultured for 4 days. Clinostat and
Motional Control FTOC were rotated at 9 ± 0.5 RPM for the duration of the experiment.
3 X 10® cells per FTOC (clinostat, motional and stationary control) were lysed and
analyzed for Lck and P-Lck expression.

(B) FTOC setup with thymus lobes (gestation age indicated in table) that were derived
from the transgenic mouse line 1185 were cultured (harvest day indicated in table) in the
clinostat, motional or stationary control and were assessed via flow cytometry for
phenotype and cell yield.
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(A) TNF-a Production is Enhanced in FTOC Exposed to MMG. TNF-a production as
measured in the medium derived from FTOC setup with 14-15 d.g. C57BL/6 fetal
thymus lobes and cultured for 4 days is shown. Clinostat and Motional Control FTOC
were rotated at 9 ± 0.5 RPM for the duration of the experiment, p values are included
where differences are significant.
(B) Analysis of apoptosis in these 4-day FTOC was performed by staining with Annexin
V, which were subsequently analyzed via flow cytometry for the percentage of DN, DP,
CDS SP and CD4 SP cells that were positive for Annexin V staining. Those cells that
were positive for Annexin V were considered to be pro-apoptotic.
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Figure 5. MMG-induced Reduction in CD127 Expression on DN cells is Reversed
with Simultaneous anti-CD3 Antibody Treatment.

(A) Clinostat, Motional and Stationary Control FTOC setup using 14 d.g. C57BL/6 fetal
thymus lobes were cultured for a total of 7 days. Clinostat and Motional Control FTOC
were rotated at 9 ± 0.5 RPM for the duration of the experiment. 10 [AI of culture medium
containing 1 pig of anti-CD3 antibody was placed directly on the thymus lobes, yielding a
final concentration (total dish volume equals 7 ml) of 0.143 fxg/ml. A bar graph depicting
the average frequency of DN cells expressing CD127 ± SEM is shown, p values are
included where differences are significant.
(B) A bar graph depicting the average per lobe numbers of DN cells expressing CD127 ±
SEM is shown, p values are included where differences are significant.
(C) Representative single parameter histogram illustrates the relative intensity of CD127
staining on DN cells derived from anti-CD3 treated clinostat FTOC (gray line no fill)
cultured for 7 days compared to untreated clinostat FTOC (black line gray fill). Below
the histogram, a bar graph shows the same staining as an average MFI value ± SEM. p
values are included where differences are significant.
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Figure 6. MMG-induced Reduction in CD127 Expression on ISP cells is Reversed
with Simultaneous anti-CD3 Antibody Treatment.
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(A) Clinostat FTOC setup using 14 d.g. C57BL/6 fetal thymus lobes were cultured for a
total of 7 days. Clinostat FTOC were rotated at 9 ± 0.5 RPM for the duration of the
experiment. 10 [0,1 of culture medium containing 1 fxg of anti-CD3 antibody was placed
directly on the thymus lobes, yielding a final concentration (total dish volume equals 7
ml) of 0.143 [ig/ml. A bar graph depicting the average frequency and average per lobe
numbers of ISP cells expressing CD127 ± SEM is shown, p values are included where
differences are significant.
(B) Representative single parameter histogram illustrates the relative intensity of CD127
staining on ISP cells derived from anti-CD3 treated clinostat FTOC (grey line with no
fill) cultured for 7 days compared to untreated clinostat FTOC (black line with grey fill).
Below the histogram, a bar graph shows the same staining as an average normalized MFI
value ± SEM. Below the histogram is a table showing the raw MFI values used to
calculate the normalized data, p values are included where differences are significant.
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Figure 7. Anti-CD3 Treatment Results in Increased DN Cell Yields in FTOC
Exposed to MMG.

(A) Depicted are average cell yields per thymus lobe ± SEM for T cell phenotypes
produced by anti-CD3 treated and untreated 14-15 d.g. C57BL/6 fetal thymus lobes
cultured for 7 days. Clinostat and Motional Control FTOC were rotated at 9 ± 0.5 RPM
for the duration of the experiment, p values are included where differences are
significant. Below the cell yield graph are the total average cell yield numbers per lobe ±
SEM and a table showing the average frequencies of each phenotype ± SEM.
(B) Representative flow cytometric profiles from a lymphoid gate are also shown.
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