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Abstract 

PERIPHERAL IL-7 PRODUCTION DURING HEALTH AND  

ACUTE LYMPHOPENIA  

Corey N. Miller 

 

Immune cells require numerous growth and survival factors during development in 

central lymphoid organs as well as in the periphery. Amongst these factors, interleukin-7 

(IL-7) plays a central role and is required for T cell homeostasis and function in both 

health and disease (e.g., HIV disease). Understanding the cellular source(s) of such 

factors, the conditions controlling their regulated expression, and their mechanism of 

action on target cells is critical to therapeutic application in humans. Due to low 

expression levels and poor reagent availability, it has proven difficult to comprehensively 

describe the cellular sources of IL-7. We have accordingly generated mice in which eGFP 

is expressed from the IL-7 locus under the control of the endogenous promoter. We report 

that substantial IL-7 is produced by lymphatic endothelial cells (LECs) distributed 

throughout the systemic lymphatic vasculature, including the lymph node (LN) sinuses, 

and that STAT5 phosphorylation (pSTAT5) is increased in lymphocytes harvested from 

efferent lymphatics. We further show that IL-7 is increased in stromal cell subsets within 

the LN during acute lymphocyte blockade and that this effect is not driven by myeloid Il-

7 expression. Our data support recent findings that lymphocyte homeostasis requires 

access to secondary lymphoid organs (SLOs) but introduce LECs as a significant in vivo 

source of potentially regulable IL-7 that bathes trafficking immune cells under both 

resting and lymphopenic conditions. Finally, these data are not consistent with the 
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concept of a static peripheral IL-7 pool and confirm the existence of a feedback loop that 

increases IL-7 availability during periods of lymphopenia. The Il-7 reporter model 

described here offers a new and exciting tool for understanding how this cytokine 

influences peripheral immune cell function. 
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Chapter 1 

Introduction to IL-7 in Peripheral Immunology 
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The immune system is a collection of cells and tissues responsible for controlling the 

interface between an organism and its external environment. Because of the spatial nature 

of immune surveillance, in which innate and adaptive responses must be carefully 

coordinated and controlled at disparate and distant sites, the system has evolved a 

complex network of soluble and surface factors that are broadly designated as cytokines. 

These protein factors can have activating, suppressive, or homeostatic effects on immune 

function, act on both professional “immune cells” as well as “non-immune” cells, and are 

generated by both hematopoietic and stromal cell types. 

T lymphocytes (T cells) are amongst the vast array of cells and tissues whose 

function is heavily influenced by cytokine signaling. These cells are a major class of 

adaptive immune cell and are central to our ability to mount robust, antigen-specific, and 

long-lasting immune responses. T cells originate from stem cell progenitors residing in 

the bone marrow and develop in the thymus, where they are positively selected for their 

ability to weakly recognize self-peptides presented on MHC but negatively selected 

against a strong reaction to self (1). Cells passing these two developmental checkpoints 

migrate into the periphery as antigen inexperienced naïve T cells and recirculate amongst 

secondary lymphoid tissues, including the lymph nodes, spleen, and Peyer’s patches. In 

doing so, T cells are exposed to activated antigen presenting cells (APCs) which are 

loaded with peptides from the periphery (2). This arrangement allows relatively few T 

cells bearing receptors specific for a given peptide to efficiently survey the entire body 

for cognate antigen. When such recognition occurs, and with appropriate co-stimulation, 

activated T cells rapidly proliferate and mature into effector T cells capable of homing to 
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peripheral sites of inflammation and collaborating with other immune cells to control and 

clear invading pathogens (3).         

Interleukin-7 (IL-7) is a cytokine and non-redundant regulator of T cell 

development (lymphopoiesis) and peripheral T cell homeostasis. It is a member of the 

type I cytokine family and signals through a heterodimeric receptor composed of a 

common γ-chain (γc, also known as CD132) that is shared by IL-2, IL-4, IL-7, IL-9, and 

IL-21, and a cytokine specific subunit called the IL-7 receptor (IL-7R, also known as 

CD127). Ligand binding and receptor activation lead to signaling via the JAK/STAT 

pathway (through JAK1, JAK3, PI3K, and STAT5) and to downstream anti-apoptotic, 

proliferative, co-stimulatory, and metabolic effects. IL-7 was discovered in 1988 as a 

result of its ability to promote B cell growth from early bone marrow progenitors and was 

subsequently found to have an additional role in T cell survival, proliferation, and 

differentiation (4-6). The absolute requirement of IL-7 signaling during lymphocyte 

development in the bone marrow and thymus is underscored by the paucity of T, B, and 

thymic NK cells in Il-7-/- and Il-7R-/- deficient mice as well as by the absence of T cells in 

human patients harboring a dysfunctional IL-7R or γc (severe combined immune 

deficiency, SCID) (7‐9). In the case of T cell lymphopoiesis, IL-7 signaling has been 

shown to play a role at multiple stages of thymocyte development, including thymocyte 

survival and proliferation (10), γ chain rearrangement (11, 12), DN3-DN4 transition (13), 

and CD8+ positive selection (14) (15). More recently, it has become appreciated that IL-7 

is also required for the homeostasis of T lymphocytes in the periphery and it is this aspect 

of IL-7 biology that is the focus of this dissertation. 
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Peripheral T Cell Homeostasis  

Steady-state conditions 

Once in the periphery, recent thymic emigrants (RTEs) continue to express IL-7R and are 

highly responsive to the cytokine (16, 17). Underscoring their intrinsic sensitivity is the 

observation that IL-7 signaling in RTEs is capable of inducing TCR independent 

proliferation. As these cells populate the periphery and become fully mature naïve T cells, 

peripheral IL-7 and weak interactions with self-peptide:MHC support their survival and 

slow cycling, and these signals are necessary to maintain a robust and diverse peripheral 

T cell pool (18). The first evidence of this requirement came from experiments in 

thymectomized mice in which treatment with anti-IL-7 antibody led to the slow depletion 

of naïve T cells (19-21). Subsequent studies have shown that adoptively transferred wild-

type T cells rapidly die when transferred into syngeneic Il-7-/- hosts (22, 23) and that, 

conversely, exogenous administration of IL-7 leads to a dramatic expansion of the naïve 

T cell pool (24, 25). However, upon activation, the vast majority of T cells downregulate 

their expression of IL-7R and become unresponsive to the cytokine (26). It was 

speculated that this sequence of events might contribute to the contraction phase of the 

adaptive T cell response, but recent evidence suggests otherwise (27). Interestingly, a 

small subset of activated T cells maintains surface IL-7R expression and it is this 

population that seeds the central memory pool. IL-7R is expressed on resting memory 

cells and IL-7 induced signaling has been shown to support the survival and persistence 

of both CD8+ and CD4+ memory T cells (22, 25, 28, 29). Therefore, the role of IL-7 as a 

necessary regulator of peripheral naïve and memory T cell homeostasis has been well 

established and is fundamental to our current understanding of T cell mediated immunity. 
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Lymphopenic conditions 

In clinical medicine, lymphopenia is the condition in which an abnormally low number of 

lymphocytes is present in the circulation. In more general terms, it can be thought of as a 

decreased number of lymphocytes populating the periphery (both in the circulation and in 

secondary lymphoid organs, SLOs). Empirically, when lymphocyte counts fall below a 

certain level, host defense is severely compromised (30). Therefore, it is critical that an 

organism maintain an adequate lymphocyte pool to support immune function and that 

cells are able to re-populate the periphery in the face of pathogenic lymphocyte depletion. 

In normal mice in which severe lymphopenia is induced by sub-lethal irradiation or 

antibody mediated depletion, transferred syngeneic T cells undergo a relatively slow 

proliferation that is dependent on IL-7 signaling and contact with self-peptide:MHC (22, 

23). This process is known as homeostatic proliferation and is thought to be driven 

largely by an increased availability of both IL-7 and self-peptide:MHC in the absence of 

competition from other cells(31). By contrast, resting naïve T cells in a lymphocyte-

replete host undergo little cell division, despite their demonstrated ability to do so. A 

much more rapid expansion of T cells has been observed after transfer into congenitally T 

cell deficient mice (e.g. Rag-/-, SCID, or Nude) (32). However, accumulating evidence 

suggests that this burst-like expansion is driven largely by cognate antigen specific cells 

and is secondary to the abnormal presence of immunogenic foreign antigens that results 

from a congenitally compromised gut barrier. Thus, burst-like expansion does not occur 

when T cells are transferred into congenitally deficient mice housed under germ-free 

conditions (33). Taken together, these data suggest that, under relevant physiological 
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conditions, the peripheral immune system is capable of slowly repopulating through the 

process of homeostatic proliferation of remaining naïve T cells and that this process is 

driven by the availability of IL-7.  
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Sources of Peripheral IL-7 

The name “interleukin” suggests a factor made by, and acting on, leukocytes. However, 

in contrast to its name, and to most other Type I cytokines, IL-7 is thought to be produced 

largely by adherent tissue stromal cells. In both mouse and human, Il-7 transcript 

expression has been detected across a broad range of cells and tissues throughout the 

body. The best characterized of these are cells within the bone marrow and thymus, 

organs that support the development of lymphocytes. Despite the knowledge that IL-7 

expression within these tissues is critical to their function, specific information regarding 

the responsible cell types has been slow in coming and the details remain incomplete. 

Within the bone marrow, reticular cells are a major source of IL-7 and IL-7-producing 

cells may represent a specific subset of marrow stromal cell (34, 35). However, 

oseteoblasts have also been implicated and it is unclear whether stromal cells are the only 

source (36). The situation is similar in the thymus, where the large reticular epithelial 

cells of the sinus and cortico-medullary junction have been shown by in situ 

hybridization and in vitro analysis to be an important IL-7 producing subset, but thymic 

dendritic cells (DCs) may also express the cytokine (37-39).  

IL-7 is known to be expressed in the periphery by both lymphoid and non-

lymphoid tissues, including spleen, lymph node, liver, lung, skin, and intestine (40-44) 

(45). Although specific adherent cell types have been identified in some cases, many 

early studies limited their analysis to expression information at the level of whole tissue 

and the cellular sources remain obscure. Importantly, and as for the central lymphoid 

tissues, both stromal and myeloid subsets have been suggested to contribute to IL-7 

production (46-49). Indeed, we have previously reported that cells residing within human 
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lymph node co-stain for both IL-7 and macrophage markers (50). Whether IL-7 

production is expressed at physiologically relevant levels by hematopoietic cells remains 

an open question in IL-7 biology and dissection of this issue has been hampered by the 

difficulty of isolating adherent cell types from solid tissues and the similarities in 

appearance and intimate association between myeloid and stromal tissue constituents.  

The majority of reports describing central and peripheral Il-7 expression have 

relied on transcript detection by RT-PCR or by in situ hybridization. While several 

examples of direct immunohistochemistry (IHC) and immunofluorescence (IF) detection 

of IL-7 protein in human and mouse tissues exist in the literature (34, 35, 43), multiple 

independent groups have reported an inability to visualize IL-7 protein by standard 

staining methods (40, 51). For this reason alone, it is difficult to separate reality from 

artifact when reviewing the IL-7 literature. Low target abundance and poorly 

characterized reagents have been central barriers to detailed and reliable characterization 

of the IL-7 producing compartment. In addition to technical challenges, early reluctance 

by immunologists to fully engage the stromal compartment as more than a structural 

framework also hindered our understanding of IL-7 expressing cells. 
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IL-7 Regulation 

Our understanding of Il-7 regulation is in its infancy.  It is currently believed that Il-7 

expression is largely refractory to active regulation, providing a set point for the overall 

size of the T cell pool via competition for a necessary survival signal. However, given the 

incomplete characterization of IL-7 producing cells types, few direct investigations of the 

specific signals that control activity at the Il-7 promoter have been carried out. Early in 

vitro studies have suggested that IL-7 producing cell types are susceptible to regulation 

by classical immune mediators. TGFβ, TNFα, and IFNγ have all been shown to influence 

Il-7 expression in various in vitro models, including bone marrow, keratinocyte, and gut 

epithelial cell cultures (52-55). One emerging theme within IL-7 biology is the 

recognition that the epithelial cells at surface barriers (gut, skin, lung) express IL-7 and 

are regulated by inflammatory cytokines and microbial exposure. Similarly, it was 

recently shown that inflammatory stimuli such as lipopolysaccharide (LPS) and CpG 

were capable of inducing liver Il-7 in vivo and that the liver might be an important source 

of the cytokine during systemic immune activation (45). Therefore, it is clear that IL-7 

expression can be regulated in the context of physiologically relevant in vivo conditions 

but the extent and impact on immune function require additional investigation. 
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Human Immunodeficiency Virus and T Cell Homeostasis 

Human immunodeficiency virus (HIV) is a member of the genus Lentivirus in the 

broader family of Retroviridae. As a group, retroviruses share a common approach to 

cellular invasion, carrying an RNA genome that is transcribed into DNA within the target 

cell using the viral enzyme reverse transcriptase. HIV was discovered in the early 1980s 

during the search for the cause of the acquired immune deficiency syndrome (AIDS)—a 

devastating clinical condition characterized by a severe reduction of CD4+ T cells and the 

development of opportunistic infections, cancers, and neurologic disorders. Since the 

virus’s emergence in human populations in the 1960s, HIV/AIDS has become one of the 

world’s most serious global health challenges. 

 

HIV-mediated T cell lymphopenia and IL-7 

In 2001, Napolitano et al. reported that circulating levels of IL-7 are inversely 

correlated with CD4+ T cell count in the context of HIV-mediated lymphopenia (50). 

This effect was most dramatic in patients with T cells counts below 200 (cells/µl), in 

whom plasma IL-7 levels were elevated by as much as 10-fold. To better understand the 

possible sources of IL-7 in these patients, IHC and quantitative image analysis was 

carried out on lympho-replete or lympho-deplete LN samples from individual patients. 

IL-7 protein appeared to be increased within a small subset of LN resident cells and 

staining was increased in both frequency and intensity within the most lymphocyte-

depleted tissues. Interestingly, co-staining analysis revealed that a subset of the IL-7 

producing cells were positive for phenotypic markers suggestive of a myeloid lineage 

(e.g. S100b and CD68). 
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Given the central role of IL-7 in T cell homeostasis and the severe pathological 

consequences T cell lymphopenia, these data suggested the existence of a positive 

feedback loop intended to restore the peripheral T cell pool. Indeed, the authors 

hypothesized that IL-7 is produced in the periphery by a small subset of non-lymphoid 

cells capable of “sensing” and responding to the LN T cell mass and that such cells were 

increased their IL-7 expression as part of a homeostatic response. In this model, IL-7 

might act locally by inducing homeostatic proliferation of existing naïve T cells and/or it 

might also traffic to central lymphoid tissues (e.g., bone marrow and thymus) to stimulate 

additional lymphopoiesis in an EPO-like feedback loop between peripheral and primary 

tissue(56). These observations and the model they suggested have provided the 

foundation for my dissertation work. 
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Chapter 2 

Il-7/eGFP Targeted Reporter Mouse Generation and Validation 
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Abstract 

Because the study of physiological feedback loops in humans is difficult, we chose to 

extend the observations made by Napolitano, et al. (50) in a model organism (see Chapter 

1). However, extensive characterization of IL-7 producing cells in the mouse has been 

hindered by low target abundance and limited or poorly defined reagents. As such, 

attempts at direct visualization in vivo by standard methods such as immunostaining and 

in situ hybridization have yielded sporadic and inconsistent reports in the literature. To 

address these technical barriers, we generated a targeted Il-7/eGFP reporter mouse to 

facilitate the localization and characterization of cell types with endogenous Il-7 

promoter activity. Evaluation of this novel model system revealed a single recombination 

event targeted to exon 1 of the Il-7 locus. Mice homozygous for the eGFP transgene 

displayed severe defects in lymphocyte development, peripheral lymphocyte homeostasis, 

and secondary lymphoid organogenesis, and closely phenocopied previously published Il-

7-/- mice. In addition, tissues known to generate significant Il-7, such as thymus, also 

expressed eGFP mRNA, albeit at varying ratios to the endogenous transcript. Taken 

together, these data validate this Il-7/eGFP targeted mouse model as a faithful reporter of 

Il-7 mRNA expression. 
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Background 

Multiple independent reports have established a tight inverse correlation between the 

number of circulating peripheral T cells and blood IL-7 levels in humans (50, 57, 58). In 

the context of HIV infection and progression to AIDS, this relationship is subject to 

several possible interpretations. On the one hand, high IL-7 levels may occur in the 

setting of T cell depletion because specialized sensor cells exist in the periphery that 

monitor the peripheral T cell compartment and adjust their expression of IL-7 in a 

homeostatic feedback loop. Alternatively, factors associated with HIV infection itself 

and/or the subsequent immune response might underlie changes in peripheral IL-7 

expression. Finally, as T cells are depleted from the periphery, IL-7 might passively 

accumulate due to decreased receptor occupancy and internalization. Complicating 

matters further is that these possibilities are not mutually exclusive and may all contribute 

to the overall rise in circulating IL-7 that has been observed. 

The overarching goal of this project is to distinguish between the possibilities 

outlined above. However, given the limited availability of cells and tissues from human 

subjects and the inability to make specific experimental interventions, a more appropriate 

model system for dissecting this potential feedback loop is the mouse model. The 

established similarities between IL-7 biology in mice and humans suggest that data 

collected utilizing a mouse model should be largely transferable to our understanding of 

human biology (59). While much is known about the effects of IL-7 on lymphocyte 

populations during their development and peripheral homeostasis, the cells responsible 

for generating IL-7 in vivo remain poorly characterized. In particular, technical barriers 

related to limited target abundance and poor reagent availability have hindered most 



  15 

studies. Therefore, to facilitate the characterization of such cells, we chose to generate a 

reporter model in which a fluorescent protein is expressed under the control of the 

endogenous Il-7 promoter.   

Because we wished to follow the timing of Il-7 expression and its relationship to 

lymphopenia, two approaches were initially pursued. In the first case, eGFP was inserted 

into exon 1 of the Il-7 locus followed by a strong poly A signal. This model was expected 

to provide a robust tool for detection of cells with Il-7 promoter activity but, because the 

regulatory elements downstream of exon 1 are not transcribed, it was not expected to 

provide a quantitative measure of Il-7 mRNA levels. In the second case, a recently 

described reporter protein related to the red fluorescent protein DsRed (E5 Timer) was 

employed in which the fluorescent emission spectrum shifts from red to green in a time 

dependent manner (60). In this model, the entire 3’ coding sequence is transcribed, 

including the endogenous 3’ UTR, subjecting the resultant transcript to any post-

transcriptional control that might be present. This feature, coupled with the unique 

properties of the E5 Timer protein, were expected to enable the quantitative analysis of 

Il-7 promoter activity in real-time. 

Constructs were developed for both strategies and chimeras were generated in 

close collaboration with Dr. Nigel Killeen of the Department of Microbiology and 

Immunology at UCSF. Chimeric male offspring with significant 129S cell contribution 

were selected for breeding with B6 females and germ line transmission was established 

for both the eGFP and E5 Timer lines. After backcrossing to remove antibiotic resistance 

genes and Cre recombinase, and to fix the C57BL/6 background, preliminary 

experiments were performed to determine reporter signal strength. An eGFP+ population 
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was readily detected in the Il-7/eGFP mice (see Results, below). However, all initial 

attempts at detecting the E5 Timer protein were unsuccessful (data not shown) and this 

line was subsequently abandoned. Therefore, subsequent validation and characterization 

experiments were limited to the Il-7/eGFP reporter model. 
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Results 

Il-7/eGFP reporter mouse construction 

A DNA construct was generated containing the gene encoding the enhanced green 

fluorescent protein (eGFP) followed by an SV40 early polyA tail and a floxed NeoR 

cassette targeted to exon 1 of the endogenous mouse Il-7 locus (Figure 1A). The 

linearized construct was transfected by electroporation into 129S mouse embryonic stem 

cells. Aminoglycoside resistant clones were further screened by enzymatic digestion of 

genomic DNA and by Southern hybridization with an internal and external probe (data 

not shown).   

Correctly targeted clones were injected into C57BL/6 (B6) blastocysts before 

transfer to pseudopregnant B6 mothers. Chimeric male offspring with 129S cell 

contribution were selected for breeding with B6 females and germ line transmission was 

determined by PCR amplification of eGFP. Positive male animals were crossed with 

female mice expressing the Cre recombinase under the control of the β-actin promoter 

and deletion of the loxp flanked NeoR cassette in the resulting offspring was confirmed 

by PCR. GFP+/Neo-/Cre+ mice were backcrossed for at least ten generations to Jackson 

Lab B6 females to remove Cre recombinase and to fix the B6 background. After 

backcrossing, animals were verified to have a single correct insertion of eGFP by 

Southern hybridization of SacI digested genomic tail DNA with an internal (eGFP) and 

external probe (Figure 1B). Heterozygous Il-7/eGFP+/- mice were born at the expected 

Mendelian ratios and were fertile and healthy. Homozygous Il-7/eGFP+/+ mice were 

generated by crossing heterozygotes. The colony was subsequently maintained by routine 

PCR screening of tail snips to ensure animal genotype. The screening approach utilized 
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primers flanking the insertion site in exon 1, allowing a single amplicon to distinguish 

between wild-type (WT), heterozygous, and homozygous mice (Figure 1C).  
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Figure 1 

Figure 1. The eGFP reporter construct is correctly targeted.  A. Graphical depiction 

of the knock-in targeting approach employed. S, SacI; K, KpnI; B, BamHI. eGFP, eGFP 

coding sequence; NeoR, neomycin resistance gene. B. Southern blot analysis of genomic 

DNA digested with the restriction endonuclease SacI. The WT allele is expected to yield 

a 5.6 kb fragment while the final targeted allele is expected to be 6.6 kb. (+) denotes the 

gain of an eGFP knock-in targeted allele. C. PCR Screening of tail snip DNA showing 

the WT, heterozygote, and homozygote banding pattern. Data are representative of 

hundreds of experiments. 
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eGFP+/+ homozygotes phenocopy IL-7-/- mice 

To further confirm that the targeting of eGFP was correct and resulted in a functional 

knock-out (KO) of Il-7 in eGFP+/+ homozygotes, we compared B cell development in 

these animals to the well-characterized IL-7-/- phenotype. Developing B cells pass 

through a well-described sequence of development stages, each associated with a specific 

set of surface markers and minimally described as “Hardy fractions A-D.” Pre-pro B cells 

(Hardy A) are B220+CD43+HSA-BP-1- and the transition from pre-pro to pro B cells 

(Hardy B) involves the appearance of surface HSA. FACS analysis of dispersed bone 

marrow revealed that B cell development in eGFP+/+ mice was arrested at the transition 

from pre-pro to pro B cells (Figure 2A). This is identical to the defect found in both  

Il-7-/- and Il-7R-/- mice (8, 61). In addition, thymic tissue was hypoplastic and dysmorphic, 

with a severe reduction in the number of mature single-positive thymocytes (data not 

shown). 

In the periphery, lymph node development was absent or severely impaired 

(detectable ~10% of the time with the aid of a stereomicroscope) with the exception of 

the mesenteric nodes, which were reduced in frequency but of normal macroscopic 

appearance and size. In the rare case that peripheral nodes were observed, they were 

markedly reduced in size. The spleens of eGFP+/+ mice were normal in size and 

appearance. Absolute counting of circulating CD3+ T lymphocytes showed a severe 

peripheral lymphopenia, with only 14% of the normal value (Figure 2B). Taken together, 

these results closely match those observed in the IL-7-/- KO mouse and are consistent 

with a SCID phenotype, resulting from diminished central lymphocyte development and 

peripheral homeostasis (8). 



  22 

Figure 2 

Figure 2. eGFP+/+ homozygotes phenocopy Il-7-/- mice.  A. Flow analysis of single cell 

suspensions prepared from WT or eGFP+/+ BM, stained with antibodies against B220, 

CD43, HSA, and BP-1. Hardy fractions A-C are illustrated on the right. Data are 

representative of six animals from two separate experiments. B. Absolute lymphocyte 

counts from whole blood collected from WT or eGFP+/+ mice, stained with antibodies 

against CD3, CD4, and CD8. Percent CD3+ in eGFP+/+ mice as compared to WT is 

shown. N = 5. Data are representative of two separate experiments. 
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Il-7/eGFP heterozygotes report IL-7 transcription with fidelity 

The Il-7/eGFP reporter mouse was developed to facilitate the identification and 

characterization of IL-7 producing cells, and to provide a tool for interrogating how these 

cells function during periods of lymphopenia. Mice that are eGFP+/+ display the severe 

congenital defects associated with a complete lack of IL-7 and are, therefore, not useful 

in studies related to T cell homeostasis. In the absence of compensatory mechanisms, Il-

7/eGFP heterozygotes (hets) are expected to have half the normal expression of central 

and peripheral IL-7. Because the cytokine is believed to be under tight transcriptional 

control and can affect lymphocyte development and survival in a dose dependent manner, 

we examined the impact of monoallelic Il-7 expression on the peripheral lymphoid 

compartment to establish the suitability of GFP as a reporter of Il-7 promoter activity 

during lymphopenia. On average, lymph nodes from hets were smaller than those found 

in wild-type littermate controls, but all other lymphoid tissues appeared normal. IL-7 is 

known to play a critical role in lymph node development, supporting the survival of 

lymphoid tissue inducer (LTi) cells (62). Therefore, the observed differences in node size 

could be due to impaired tissue development or to decreased numbers of circulating and 

resident hematopoietic cells. To better understand this defect, we counted circulating 

lymphocytes to determine whether Il-7/eGFP animals were congenitally lymphopenic. In 

Il-7/eGFP hets, circulating CD3+ T lymphocytes were reduced by 10-20%, revealing a 

mild T cell lymphopenia. In aggregate, these observations suggest that Il-7/eGFP hets 

maintained a robust lymphocyte pool and could therefore be a useful model in which to 

examine the effects of experimentally induced lymphocyte depletion (Figure 3A). 
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 Next, we examined the degree to which eGFP transcript expression reflected that 

of Il-7. RT-PCR analysis of whole tissue RNA from a broad range of tissues revealed that 

all tissues expressing Il-7 also expressed eGFP (Figure 3B). Within the lymphoid 

compartment, the ratio of eGFP:IL-7 was 1.9, showing good agreement between 

expression of Il-7 and reporter. Unexpectedly, some tissues displayed a large differential 

between Il-7 mRNA and eGFP transcript. In particular, thymus, gut, and lung all had 

significantly more eGFP than Il-7.  This phenomenon was most pronounced in the gut 

and lung, where eGFP levels were almost 12-fold higher than Il-7. Despite these 

inconsistencies, the overall pattern was one in which Il-7 expressing tissues also 

expressed eGFP, whereas tissues without significant Il-7 transcript did not express eGFP 

(see liver and skeletal muscle, Figure 3B). 
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Figure 3 

Figure 3. Il-7/eGFP heterozygotes report Il-7 transcription with fidelity. A. Absolute 

lymphocyte counts from whole blood collected from WT or eGFP+/+ mice, stained with 

antibodies against CD3, CD4, and CD8. Percent CD3+ in hets as compared to WT is 

shown. N = 5. Data are representative of two separate experiments. B. RT-PCR analysis 

of whole tissue RNA collected from lymphoid tissues (LN, inguinal lymph node; Spl, 

spleen; BM, bone marrow; Thy, thymus) or other peripheral tissues (Gut; Lung; Liver; 

SM, skeletal muscle). Fold difference between eGFP:IL-7 transcript are indicated for 

Thy, Gut, and Lung. N = 5. Data are representative of two separate experiments. 
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Conclusions and Discussion 

We show here that the Il-7/eGFP reporter mouse is correctly targeted and phenocopies 

the Il-7-/- KO mouse. Heterozygous animals suffer from a mild lymphopenia but are 

otherwise normal, making them an excellent model for studies of lymphopenia-induced 

Il-7 expression. eGFP transcript is present across a broad range of tissues that are known 

to make substantial Il-7, suggesting that this reporter model can serve as a tool for the 

identification and characterization of Il-7 expressing cell types. 

 Recent publications (63‐66) have described four other IL-7 reporter mice, each 

made using a similar strategy that involved insertion of a reporter gene into exon 1 of an 

Il-7 BAC transgene. The BACs were then incorporated into the mouse genome at sites 

distant from the endogenous Il-7 locus. In all cases, the reporter disrupted the expression 

of IL-7 from the BAC transgene, so that transgenic mice did not overexpress the cytokine. 

This approach is fundamentally different from our targeted Il-7/eGFP reporter, as it 

separates the reporter from potential regulatory processes such as distant cis-acting 

regions and chromatin remodeling. What is striking about the previously-reported IL-7 

BAC reporter animals is the observed difference in reporter activity across anatomical 

locations. While all of the reporter stocks had detectable activity in the thymus, only 2 of 

4 had detectable activity in the BM, LN, intestine, liver, and skin, and only 1 of 4 had 

detectable activity in lung—tissues known to express IL-7. These differences are likely to 

be related to the specific reporter strategy employed as well as to differences in regulation 

(both Il-7 related and BAC insertion site specific).  Therefore, we believe that the Il-

7/eGFP mouse described here is the first targeted reporter of IL-7 expression and that the 
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benefits of direct targeting will yield higher fidelity and provide a more robust and 

physiologically meaningful platform for future investigations. 

 One notable element of the targeted allele used in the Il-7/eGFP reporter mouse is 

the inclusion of an SV40 early polyA tail. This sequence prevents expression of an 

eGFP/IL-7 fusion protein and generates a stable and efficiently translated transcript. 

However, this approach removes any potential downstream regulatory elements, 

particularly those located within the 3’ UTR. Such elements are known to play an 

important role in post-transcriptional regulation and this phenomenon has been shown to 

be a critical regulatory strategy for several important cytokines (67, 68). It is tempting to 

speculate that the tissue-specific differences in eGFP:IL-7 transcript ratios observed in 

the Il-7/eGFP reporter (e.g., in the gut and lung) could be related to post-transcriptional 

regulation masked by the reporter strategy. This possibility warrants future investigation 

and the Il-7/eGFP reporter mouse may provide an excellent tool towards this end.
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Chapter 3 

IL-7 Expression in Secondary Lymphoid Organs and Peripheral Tissues 
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Abstract 

In contrast to other cytokines of the Type 1 family, IL-7 is thought to be produced largely 

by stromal elements under resting conditions. Because of the inherent difficulties of 

isolating and investigating adherent tissue-resident cellular components, this 

compartment has remained understudied in the context of immune function until recently. 

This, in addition to low protein expression and the poor availability of reliable reagents 

directed towards IL-7, has limited our understanding of the cellular sources of IL-7 and 

its regulation. Using the novel Il-7/eGFP targeted reporter mouse described in Chapter 2, 

we report that IL-7 expression is predominantly localized to the medullary and 

subcapsular region of the lymph node. Importantly, flow cytometry and 

immunofluorescence analysis of eGFP revealed co-localization with stromal but not 

myeloid markers, and was restricted to gp38+ fibroblastic reticular cells (FRCs) and 

lymphatic endothelial cells (LECs). Under resting conditions, flow-sorted FRCs had 

about 2-fold more Il-7 mRNA than LECs. However, LECs distributed throughout the 

body, including the lymphatics of the skin, lung, and gut, expressed IL-7 at levels equal 

to or greater than FRCs. Taken together, these data show that stromal cells are the 

dominant source of IL-7 within SLOs and that systemic LECs are an important source of 

Il-7 message.   
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Background 

The LN is a collection of hematopoietic and stromal cells that serves as a site for the 

initiation of an adaptive immune response. The LN itself can be thought of as a bead on a 

string, where the bead is the parenchyma of the node and the string passing through the 

bead represents the track of afferent and efferent lymphatics. Hematopoietic cells within 

the node include B cells arranged into discrete follicles adjacent to T cells distributed 

throughout the paracortex (T cell areas). The T cells are in close contact with professional 

APCs that are both resident to the node as well as non-resident, activated migratory DCs. 

Positioned at the subcapsular sinus and medullary cords are collections of macrophages 

capable of sampling draining lymph antigens and responding to pathogen associated 

molecular patterns (PAMPs). This arrangement allows for an efficient and multi-faceted 

immune response, with activated APCs arriving through the efferent lymph acting as 

conductors and T and B cells in the node responding as orchestra members. Continuing 

this analogy, the proper function of this carefully-controlled environment is dependent on 

an array of various stromal elements that can be viewed as the concert hall (69).  

There are several characterized populations of stromal elements that form the LN. 

Fibroblastic reticular cells (FRCs) are found within the T cell area and are responsible for 

ensheathing the extracellular matrix (ECM) conduits while follicular dendritic cells 

(FDCs) define the stroma of the B cell area. Lymphatic endothelial cells (LECs) form the 

subcapsular sinus and line the draining medullary cords that begin deep within the T cell 

area. Blood endothelial cells (BECs) provide the entry point through high endothelial 

venules (HEVs) to recirculating lymphocytes and myeloid progenitors. There have been 

few well-described techniques for accessing and interrogating these adherent populations. 
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Recently, however, Link et al. provided a general approach in which cells are removed by 

enzymatic digestion and strained with antibodies for gp38 and CD31, revealing four 

subsets within the CD45- population (40). Through careful flow phenotyping and cell 

sorting, and analysis by RT-PCR and in vitro studies, the authors reported that the CD45-

gp38+CD31- population consists primarily of FRCs, the CD45-gp38+CD31+ population 

consists primarily of LECs, and the CD45-gp38-CD31- population consists primarily of 

BECs. We employ, validate, and extend this model in this study to examine the IL-7 

expressing cell types found within the LN as well as to examine other peripheral tissues 

for Il-7/eGFP reporter activity. 
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Results 

FRCs and LECs  are the dominant source of IL-7 within the resting lymph node 

Inguinal lymph node sections were immunostained for eGFP in order to determine the 

distribution of reporter protein within the resting lymph node. eGFP signal was restricted 

to the subcapsular sinus and extended into the medullary region with occasional 

projections around B cell follicles (Figure 1A and 1B). The predominant cell types with 

this distribution pattern are the lymphatic endothelial cells lining the sinus and the closely 

associated subcapsular and medullary macrophages. Co-staining with Lyve-1 (pan 

lymphatic) revealed substantial co-localization with eGFP, indicating that the lymphatic 

endothelium has the potential for Il-7 promoter activity (Figure 4A). However, it has 

been reported that a subset of tissue resident macrophages are also LYVE-1+ (70). To 

distinguish whether GFP+LYVE-1+ events were truly stromal in origin or might also have 

contributions from myeloid elements, co-staining was performed for CD11b (pan 

macrophage). While CD11b was spatially closely associated with the eGFP signal, 

careful examination of individual optical slices from the confocal stack revealed a 

complete absence of co-localization, but instead showed the two signals to be separate 

(Figure 1B). 

 Although immunofluorescence for eGFP in the Il-7/eGFP heterozygous mice was 

revealed by tissue fixation and antibody staining, we also examined eGFP+ cell subsets 

by flow cytometry for intrinsic eGFP fluorescence, thereby eliminating the possibility of 

primary and secondary antibody-mediated background. Separation of cells into a single 

cell suspension by enzymatic digestion enabled the evaluation of both non-adherent and 

tissue parenchymal hematopoietic and stromal cells. Stromal cells were pre-enriched 
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before flow analysis by magnetic bead depletion of CD45+ hematopoietic cells, after 

which four populations were readily identified by surface expression of gp38 (podoplanin, 

pan lymphatic) and CD31 (pan endothelial) (40). In agreement with immunofluorescent 

tissue staining, the brightest and most consistently observed population of eGFP+ cells 

within the node displayed the characteristic surface phenotype of LECs, staining 

positively for both gp38+ and CD31+ (Figure 4C). Supporting the lymphatic origin of 

these cells, Lyve-1 mRNA was restricted to this population in flow-sorting experiments 

(Figure 4D). In addition to the LECs, a dim signal for eGFP was also detected within the 

gp38+CD31- FRCs. Even though the eGFP+ FRC population was less pronounced than 

the brightly eGPF+ LECs, there is an increased frequency of FRCs versus LECs within 

the node, and the absolute number of eGFP+ FRCs was comparable to that of LECs (data 

not shown). Supporting this observation is the finding that flow-sorted FRCs from the 

lymph node consistently had approximately 2-fold more message than LECs (Figure 4D).  

Finally, hematopoietic cells were separated into six populations on the basis of 

CD11c and CD11b staining, as previously described (70). In using this approach, we 

were able to limit the effects of confounding autofluorescence background and to 

maximize opportunities for identifying rare events. Because the eGFP identified by 

immunofluorescence was closely associated with CD11b signal, we were particularly 

interested in CD11b+ subsets. In agreement with the immunofluorescence analysis, no 

intrinsic eGFP fluorescence was detected in any of the DC or macrophage populations, 

including PDCA-1+ plasmacytoid dendritic cells (Figure 4E). 
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Figure 4 

Figure 4. eGFP is localized to stromal subsets within the lymph node.  A and B. 

Inguinal lymph nodes from Il-7/eGFP heterozygous mice were fixed, OCT embedded, 

sectioned (20µm) for staining, and analyzed by confocal microscopy. N = 3 in two 

separate experiments. A. Representative images showing the distribution of eGFP (green) 

and Lyve-1 (red) at the midsection of the node. Area of high magnification is indicated 

by the white box. eGFP+LYVE-1+ double-positive (open arrow) and LYVE-1+ single-

positive (closed arrow) are shown. B. Representative images showing the distribution of 

eGFP (green) and CD11b (red) at the midsection of the node. Area of high magnification 

is indicated by the white box. Individual and non-overlapping eGFP+ (open arrow) and 

CD11b+ (closed arrow) cells are shown. C-E. Lymph nodes from Il-7/eGFP 

heterozygotes (green histograms) or WT littermate controls (grey histograms) were 

pooled, dissociated by enzymatic digestion, and stained for flow analysis. N = 5 in three 

separate experiments. C. Representative flow analysis of CD45 bead-depleted stromal 

cells stained with CD45, gp38, and CD31. D. RT-PCR analysis of Il-7, gp38, and Lyve-1 

transcript in flow sorted FRCs, LECs, and BECs from WT animals prepared and stained 

as in Panel C. Fold difference between FRC and LEC Il-7 levels is shown. N.S. p > 0.05. 

E. Representative flow analysis of total cells stained with PDCA-1, CD11b, and CD11c. 
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Lymphatic endothelial cells throughout the body express IL-7 

The prominent localization of eGFP to the subcapsular sinus and medullary region in Il-

7/eGFP lymph nodes was unexpected and suggested that lymphatic endothelial cells may 

be a significant source of IL-7 for recirculating hematopoietic cells. However, it might 

instead be the case that IL-7 expression is a unique property of a small subset of node-

associated lymphatics. To distinguish between these two possibilities, we examined other 

peripheral lymphatic beds for eGFP fluorescence. The central tendon of the diaphragm 

provides an ideal tissue for visualization of terminal and draining lymphatics (71). Whole 

mount staining and confocal microscopy of this tissue revealed a vast array of eGFP+ 

vascular structures (Figure 5A). Both morphological appearance and LYVE-1 co-

localization confirmed these structures as lymphatic endothelium and distinct from the 

blood endothelium.  

 To further understand the potential implications of lymphatic derived IL-7, we 

next examined solid tissues with a prominent role in immune surveillance. The lung is a 

mucosal barrier at which there is constant exposure to airborne particulates, including 

potentially pathogenic microorganisms. As such, its parenchyma includes a large 

population hematopoietic cells, including gamma delta T cells, dendritic cells, and 

macrophages, as well as an extensive lymphatic drainage (72). Thick tissue sections cut 

from OCT-embedded lungs harvested from eGFP/eGFP+/+ reporter mice were brightly 

eGFP+ (Figure 5B). However, in contrast to the central tendon, the eGFP signal was not 

restricted to vascular structures but was also distributed throughout the tissue. LYVE-1 

co-staining identified the brightest eGFP signal as lymphatic endothelial cells. These 

clearly identifiable structures often followed small and large airways, and extended into 
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the parenchyma of the tissue. The remainder of the signal appeared to be associated with 

the adherent structural cells of the lung tissue.   

To confirm the identity of the LYVE-1+ cells and to further define this 

parenchymal cell type, we enzymatically dissociated the lung tissue and analyzed the 

resulting cell suspension by flow cytometry. As in the case of lymph nodes, CD45 was 

used to separate stromal from hematopoietic fractions. The stromal compartment was 

separated based on side scatter (SSC) and the expression of the surface markers CD31, 

EpCAM (pan epithelial), and gp38. Endothelial cells were defined as SSCloCD31+ and 

could be separated into several sub-populations based on gp38 and EpCAM expression. 

The presumptive lymphatic endothelial cell subset (CD45-CD31+gp38+EpCAM-) was 

found to harbor a population of eGFP+ events (Figure 5C), supporting the lung 

immunofluorescence findings. Flow sorting of this population revealed high levels of 

mRNA for eGFP, Il-7, and the lymphatic specific transcription factor, Prox1, definitely 

characterizing these cells as LECs (Figure 5D). Importantly, lung-derived LECs 

contained more Il-7 message than similarly-sorted LN LECs or LN FRCs (Figure 5D). 

The SSChiCD31- stromal population has previously been shown to be rich in Type II 

alveolar epithelial cells (AECs), responsible for surfactant production and replacing 

damaged terminally differentiated Type I AECs (73). Interestingly, the SSChi events 

contained a population of EpCAM+ cells that were eGFPdim (Figure 5C). Flow sorting of 

these cells showed detectable levels of Il-7, intermediate levels of eGFP, and high levels 

of surfactant B mRNA (Figure 4D), suggesting that resting Type II AECs have Il-7 

promoter activity. No eGFP was detected in any of the CD45+ subsets examined, 

including both CD11c+ DCs and CD11b+ macrophages (data not shown).    
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Figure 5 

Figure 5. eGFP is localized to stromal subsets in the diaphragm and lung.  A and B. 

Tissues from perfusion-fixed eGFP+/+ homozygous targeted reporter mice were removed 

and prepared for immunofluorescent staining. N = 3 in 3 separate experiments. A. 

Representative whole-mount of the central tendon of the diaphragm stained with 

antibodies to eGFP and LYVE-1. B. Representative 200 µm lung section stained with 

antibodies to eGFP, LYVE-1, and EpCAM. C. Lungs form Il-7/eGFP heterozygotes or 

WT controls were dissociated by enzymatic digestion and stained for flow analysis. The 

panels show representative eGFP fluorescence and analysis from 3 experiments (N = 3). 

D. Lymph nodes or lungs were pooled and digested from Il-7/eGFP heterozygotes, CD45 

bead depleted, and enzymatically dissociated before staining and flow sorting for LN 

FRCs (gp38+CD31-), LN LECs (gp38+CD31+), lung Type II AECs (SSChiCD31-

EpCAM+), or lung LECs (SSCloCD31+gp38+). Data are from two groups of 5 mice and 

are representative of two separate experiments. * p < 0.05, ** p < 0.01.  



Figure 5

A eGFP+/+ Diaphragm WT Diaphragm

OVERLAYeGFPLYVE-1 OVERLAY

B

C

TRC

LN
 LE

C

Lu
ng

 LE
C

Lu
ng

 AEC
0

20

40

60

80

TRC

LN
 LE

C

Lu
ng

 LE
C

Lu
ng

 AEC
0

20

40

60

80

100

R
el

at
iv

e 
m

R
N

A
(H

P
R

T 
N

or
m

al
iz

ed
)

gp38 Prox1 Surfactant B

TRC

LN
 LE

C

Lu
ng

 LE
C

Lu
ng

 AEC
0

10

20

30

40

LN
 TRC

LN
 LE

C

Lu
ng

 LE
C

Lu
ng

 AEC
0

5

10

15

20

25

R
el

at
iv

e 
m

R
N

A
(H

P
R

T 
N

or
m

al
iz

ed
)

Flow Sorted Cells

IL-7

eGFP*
1.5

3.3
**

D

WT LungeGFP+/+ Lung

eGFPeGFP eGFP

AECs Lymphatic

100X 100X 100X

CD31

S
S

C

gp38 eGFP

S
S

C

E
pC

A
M

IL-7/eGFP Het
46.1%

42.4%

20.7%

2.0%

10%

6.6%

41



  42 

Exposure to lymph induces STAT5 phosphorylation in recirculating T cells 

Given the realization that LECs throughout the body were actively producing IL-7 

mRNA, we wished to know whether trafficking cells within the lymphatic compartment 

were being exposed to cytokine levels capable of inducing STAT5 phosphorylation. To 

address this possibility, we employed intracellular “Phosflow” (74) as a quantitative 

measure of endogenous pSTAT5 in CD3+ T cells removed from the blood circulation, 

lymph node, or draining lymph. As predicted, CD3+ cells collected from both the lymph 

node and draining lymph had elevated pSTAT5 phosphorylation as compared to those 

from the whole blood (Figure 6A). The change in median fluorescence intensity for cells 

from these two compartments was approximately 2-fold higher than for those harvested 

from blood and was statistically significant (Figure 6B). Unexpectedly, upon in vitro 

stimulation, the lymph node-derived cells showed the most potential for pSTAT5 

phosphorylation, followed by the lymph cells and then the blood cells (Figure 6A). 
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Figure 6 

Figure 6. Endogenous pSTAT5 is elevated in lymph node and lymph T cells.  A and 

B. Cells were collected from whole blood, lymph node, or draining lymph and 

immediately stained for CD3 and endogenous pSTAT5 levels or briefly stimulated in 

vitro with IL-7 followed by staining. Data are from a single experiment. A. Aggregate 

data from 5 animals displayed as histograms. B. Change in median endogenous pSTAT5 

fluorescence for each of 5 animals as compared to isotype control. *** p < 0.001. 
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Conclusions and Discussion 

These experiments revealed a previously unappreciated role of LECs in IL-7 biology. In 

targeted reporter mice expressing eGFP under the control of the Il-7 promoter, 

immunofluorescence and flow analysis confirmed that cells expressing markers of 

lymphatic endothelial cells, including LYVE-1 and gp38, were a major source eGFP 

protein in lymph nodes as well as in the draining lymphatics distributed throughout the 

body. Furthermore, these cells were shown to express Il-7 mRNA at a level comparable 

to, or greater than, that of lymph node FRCs. While lymphatic endothelial cells represent 

a relatively minor population within the lymph node, their vast distribution throughout 

the body and their central role in immune cell trafficking implies an important 

physiological role for this cell type in terms of total IL-7 production by secondary 

lymphoid tissues.   

It has been suggested that access to secondary lymphoid tissues, and particularly 

to the FRCs of the lymph node parenchyma, is critical for naïve T cell homeostasis (40). 

Our Phosflow findings tend to support the idea that re-circulating and actively trafficking 

cells are exposed to critical survival cytokines that are largely excluded from the blood. 

However, they extend this model to include the period that such cells are spending 

moving throughout the lymphatic network. 

While the pattern of eGFP expression within the node was remarkably consistent, 

we expected a more robust signal from the T zone FRCs. It is noteworthy that the ratio 

between Il-7 and eGFP message was reversed between FRCs and LECs, with LECs 

containing more eGFP than TRCs. One possibility might be that the lower levels of 

eGFP within the FRC subset were below the threshold of detection by the 
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immunofluorescence techniques utilized in this study. However, this seems unlikely 

given that signal was readily detected at the subcapsular sinus and medullary region but 

appears absent from the T cell zones. Another possibility is that a subset of FRCs reside 

at the border of the T cell zone and are intermingled with LECs. It has been previously 

described that FRCs originate from a less differentiated subset of marginal zone reticular 

cells that reside at the subcapsular sinus near B cell follicles (75). It is tempting to 

imagine that these cells could be the dominant source of FRC derived IL-7. Given our 

immunofluorescence findings, the specific distribution and identity of the IL-7 expressing 

mesenchymal cells within lymph node remains an open question. 

We and others have suggested that the myeloid compartment might also contain 

cells capable of IL-7 production and that these cells might be particularly important for T 

cell homeostasis during periods of lymphopenia (49, 50). However, under resting 

conditions in the mouse, the current study yielded no evidence to support a significant 

role of DCs or macrophages in the generation of lymph node IL-7. In particular, flow 

analysis of a broad range of hematopoietic cell types with surface staining for CD11b and 

CD11c revealed no endogenous eGFP fluorescence and immunofluorescent analysis of 

lymph node eGFP that was localized to areas known to include myeloid subsets was 

shown to co-localize with lymphatic, rather than myeloid, markers. Finally, sorted 

CD11c+ DCs and CD11b+ macrophages yielded negligible amounts of Il-7 mRNA upon 

amplification by RT-PCR as compared to sorted stromal subsets. While it remains 

possible that a rare myeloid cell type might contribute to IL-7 in the lymph node or other 

tissues, the data presented above argue against a significant physiological role for such a 

cell under resting conditions. Instead, our data support a model in which IL-7 is delivered 
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to immune cells by the stromal elements they interact with throughout peripheral tissues. 

Underscoring this concept was the finding that Type II AECs of the lung parenchyma 

itself expressed low levels of IL-7 message.   

IL-7 is principally considered a T cell cytokine in the periphery. However, the 

presence of IL-7 in both afferent and efferent lymphatics raises broad questions about its 

potential impact on immune function. While it has been shown that a small subset of 

naïve T cells recirculate through peripheral tissues, the afferent lymphatic system is 

generally associated with the trafficking of activated APCs. The presence of IL-7 in 

afferent lymph raises the possibility that cell types other than T cells might be influenced 

by signaling through the IL-7R. It is well established that activated migratory DCs 

express IL-7R and γc, but the presence of IL-7R is generally associated with 

responsiveness to the IL-7 related cytokine TSLP. Very little is currently understood 

about how IL-7 signaling might impact trafficking DCs and the findings described in this 

chapter suggest this may be worthy of additional investigation. 
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Chapter 4 

Acute Peripheral Lymphopenia Increases IL-7 Availability 
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Abstract 

It is now well established that plasma IL-7 levels display a tight inverse correlation with 

circulating CD4+ T cell counts. One possible explanation for this relationship is the 

existence of an active feedback loop in which IL-7 is generated by peripheral cells in 

response to lymphopenia. In the context of HIV pathogenesis, we have previously shown 

that IL-7 producing cells are increased in frequency and staining intensity within depleted 

lymph nodes. To better understand the regulation of IL-7 expression in the lymph node 

during periods of lymphopenia, we have utilized blocking and depleting antibodies as a 

model of lymphocyte depletion in the mouse lymph node. In mice in which lymphocyte 

ingress into peripheral lymph nodes had been blocked by treatment with anti-integrin 

antibodies, we found a 2-5-fold increase in Il-7 mRNA within the CD45-gp38+ stromal 

subset. Il-7 amplification was negligible in both CD11c+ DCs and CD11b+ macrophages 

in both lympho-replete and depleted nodes. Furthermore, bone marrow chimeras in which 

WT animals were reconstituted with IL-7-/- marrow and subsequently blocked 

experienced a 3-fold upregulation of Il-7 within the mLN. IL-7-/- animals reconstituted 

with WT marrow had nearly undetectable levels of Il-7 after blockade. Taken together, 

these data suggest that active upregulation of IL-7 does occur during periods of acute 

lymphocyte depletion from peripheral lymph nodes and that stromal, rather than myeloid, 

elements are the dominant source of this homeostatic cytokine during lymphopenia in the 

mouse.  
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Background 

It is generally accepted that IL-7 is produced at a low constant rate under most 

physiological conditions and that it is the limited availability of this critical survival 

signal that establishes the overall size of the peripheral T cell pool (51). The concept that 

IL-7 production is refractory to active regulation in the periphery is based in part on our 

limited understanding of its cellular sources and a historical discounting of the important 

interplay between peripheral stromal elements and immune cells. However, it is well 

established that circulating IL-7 levels can, and do, change. This observation, initially 

made in the context of HIV-associated lymphopenia, has since been confirmed in 

lymphopenia of other etiologies as well as during systemic inflammatory states (45, 48, 

50, 54). Because the cytokine is present at low levels, has a poorly characterized 

promoter, and the observed changes have been modest, many questions surrounding its 

regulability remain unanswered. 

 We have previously shown that a tight inverse correlation exists between 

circulating IL-7 levels and peripheral CD4+ T cell count during HIV infection. As 

discussed in Chapter 2, this observation is subject to several possible interpretations. 

However, careful examination of lympho-replete and depleted nodes from individual 

patients revealed an increased frequency and staining intensity of IL-7+ events in depleted 

fields (50), supporting the idea that active regulation of IL-7 occurs in response to 

lympho-depletion from SLOs. Furthermore, co-staining of the IL-7+ events showed 

possible co-localization with the myeloid markers CD86 and S100b, raising the 

possibility that IL-7 might be upregulated in a small subset of macrophages or DCs 

capable of responding to decreased T cell mass by increasing the availability of 
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homeostatic survival factors. More recently, others have also implicated DCs in the 

control of T cell homeostasis (48). As such, the influence of stromal versus myeloid 

derived IL-7 during lymphopenia remains an open question.  

 Due to the technical barriers of studying feedback loops in humans, we have 

chosen to further investigate lymphopenia-mediated IL-7 regulation in the mouse model. 

Integrins are heterodimeric cell adhesion receptors that mediate interactions between a 

cell and its surroundings. In order for T cells to enter lymph nodes from the blood, they 

must express a number of important homing molecules, including CD62L, CCR7, and the 

integrins α4β1 (VLA-4) and αLβ2 (LFA-1) (76). By injecting mice with monoclonal 

antibodies specific for the subunits of these required trafficking molecules, it is possible 

to rapidly block access of T lymphocytes to lymph nodes. We chose this experimental 

model because we believe it has significant advantages over other lymphopenic states, 

including congenitally T cell deficient mice, antibody mediated depletion, and sub-lethal 

irradiation, because it limits disruption of the tissue parenchyma by developmental 

abnormalities, indirect damage through T cell activation, or direct stromal cell 

perturbation, respectively.   
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Results 

Mild congenital lymphopenia does not induce compensatory lymph node IL-7 

To facilitate visualization of IL-7 producing cells, we generated a targeted knock-in 

mouse in which eGFP was inserted into exon 1 of the endogenous IL-7 promoter. 

Because mice heterozygous for this mutation lack one functional allele at the IL-7 locus, 

they display a mild congenital lymphopenia (Chapter 2, Figure 3). Given our underlying 

hypothesis that lymphopenia induces upregulation of IL-7 in response to decreased 

peripheral T cell mass, we reasoned that Il-7/eGFP heterozygotes might have comparable 

levels of lymph node Il-7 mRNA to WT nodes despite their monoallelic expression. 

Surprisingly, Il-7 mRNA levels were decreased in whole tissue RNA preps across a broad 

range of tissues, including lymph node (Figures 7A and 7B). In the absence of 

compensatory feedback, mRNA levels in these animals are expected to be decreased by 

one-half. In all tissues examined, the ratio of Il-7HET:Il-7WT was greater than 0.5 but less 

than 1. These data show that IL-7 is not substantially regulated under the conditions of 

mild congenital lymphopenia and that a single allele is not sufficient to provide adequate 

peripheral IL-7. 

 

Acute lymphocyte blockade induces IL-7 in stromal cell subsets 

Because the mild congenital lymphopenia associated with Il-7/eGFP heterozygotes did 

not reveal a significant effect on tissue Il-7 mRNA levels, we wished to examine a more 

acute and severe depletion of T cells from the node that more closely approximated the 

severe depletion seen in the setting of HIV infection. Using monoclonal antibodies 

against α4 and αL integrins, we were able to achieve a rapid and dramatic depletion 
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Figure 7 

Figure 7. IL-7 is not upregulated in peripheral tissues from Il-7/eGFP heterozygotes.  

A and B. Whole tissues were harvested and processed for RT-PCR amplification of Il-7. 

Samples were normalized to HPRT. N = 5 for each tissue and data are representative of 

two separate experiments. The fold difference in Il-7 transcript between WT and Il-

7/eGFP hets is shown. A. Inguinal lymph node (LN), spleen (Spl), bone marrow (BM), 

and thymus (Thy). B. Gut, Lung, Liver, and skeletal muscle (SM). ND = not detected. 
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of T lymphocytes from the lymph node (Figure 8A). Blocking for 22 days resulted in a 

95% reduction in T lymphocytes and both CD4+ and CD8+ T cells were excluded. In 

addition, the overall size of the peripheral lymph nodes from antibody-treated mice was 

dramatically reduced compared to untreated controls. Depletion of lymphocytes from the 

lymph node removes a large cell subset that does not contain Il-7 transcript. For RT-PCR 

analysis, this would tend to bias data towards an increase in Il-7 mRNA when normalized 

to a housekeeping gene such as Hprt. To avoid this possible confounder, we flow-sorted 

cells from enzymatically-dispersed nodes into three subsets, CD45-gp38+ stromal cells, 

CD11c+ DCs, and CD11b+ macrophages (Figure 8B). After 22 days of antibody blockade, 

Il-7 mRNA was increased in the stromal subset by as much as 5-fold (Figure 8C). A low 

level of Il-7 mRNA amplification was detected in both the CD11c+ and CD11b+ myeloid 

subsets, but was 400-fold less than the signal detected in stromal cells. In kinetic 

experiments in which animals were blocked for 10, 16, or 22 days, this effect was 

detectable at the earliest (10 day) time point, suggesting that the increase in Il-7 does not 

require long-term remodeling of the tissue.      
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Figure 8 

Figure 8. Antibody blocking induces stromal lymph node IL-7.  A. Absolute counts of 

total CD3+, CD3+CD4+, and CD3+CD8+ lymphocytes in whole blood or enzymatically 

dispersed peripheral LNs with and without anti-α4/αL antibody blockade. Percent 

depletion is shown for LN subsets. B-D. Analysis of single cell suspensions from 

enzymatically dispersed peripheral LNs stained with anti-CD45, anti-gp38, anti-CD11b, 

and anti-CD11c. B. Expression of CD45, gp38, CD11b, and CD11c. SSC, side scatter; 

FSC forward scatter. Outlined areas indicate gates for cell sorting. C. Real-time PCR of 

the expression of Il-7 in PLN cell suspensions from untreated control or antibody blocked 

(22 days) animals sorted by flow cytometry into one CD45- stromal (gp38+, FRCs + 

LECs) population and two hematopoietic (CD11c+ DCs and CD11c-CD11b+ 

macrophages) populations. *** p < 0.001. Data are representative of at least 2 

experiments. D. Time course of real-time PCR of the expression of Il-7 in flow sorted 

CD45- stromal (gp38+, FRCs + LECs). Animals were treated for 10, 16, or 22 days with 

blocking antibodies. * p < 0.05, *** p < 0.001.  
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Hematopoietic cells are minor contributors to lymph node IL-7 

Because a small Il-7 signal was detected in CD45+ populations from both resting and 

lymphopenic lymph nodes, it remained possible that an important myeloid contribution 

was being missed. To address this, we generated bone marrow chimeras in which only 

the stromal compartment (eGFP+/+ BM > WT) or only the hematopoietic compartment 

(WT BM > eGFP+/+) was capable of expressing IL-7. Conveniently, by using eGFP+/+ 

mice as a source of IL-7-/- BM or LN stroma we were also able to separate any potential 

BM-derived eGFP reporter signal from the stromal eGFP signal, maximizing our 

opportunity to detect myeloid cells with reporter activity. Finally, because antibody 

depletion increased Il-7 transcript within peripheral lymph nodes, we reasoned that this 

too might promote detection of IL-7 or eGFP-expressing hematopoietic cell types. As 

expected, BM chimeras on a WT stromal background effectively reconstituted their 

peripheral lymphocyte pool whereas chimeras on an eGFP+/+ background remained 

lymphopenic (Figure 9A). Cell counting from dispersed lymph nodes confirmed the 

efficacy of antibody blocking (Figure 9B), and antibody staining and flow analysis of 

lymph node and spleen confirmed the seeding of SLOs with myeloid cells originating 

from the transferred bone marrow, including DCs, macrophages, and pDCs (Figure 9C). 

RT-PCR analysis of whole mesenteric lymph nodes collected from both chimeras 

revealed that antibody blockade induced an increase in Il-7 mRNA, as for non-chimeric 

animals (Chapter 3). Antibody blocked eGFP+/+ BM > WT chimeras had 86.7-fold more 

Il-7 message in mLNs than did WT BM > eGFP+/+ mLNs and spleen had 22.3-fold more 

(Figure 9D). However, while mLNs are believed to develop in a largely IL-7 independent 

manner, WT BM > eGFP+/+ chimeras contain a myeloid compartment that exists in an 
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environment without stromal IL-7. To partially control for this variable, we also stained 

tissue sections for eGFP. In this case, eGFP+/+ myeloid cells home to LN tissue with a 

normal stromal environment. While the WT BM > eGFP+/+ animals had a robust eGFP 

signal, as expected from the stromal compartment, their eGFP+/+ BM > WT counterparts 

had virtually undetectable eGFP signal (Figure 9E). These findings clearly and 

definitively demonstrate that the myeloid compartment does not generate a significant 

amount of IL-7, even under conditions of tissue lymphopenia. 
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Figure 9 

Figure 9. Hematopoietic cells make a minor contributors to peripheral LN IL-7.  A-

D. Bone marrow chimeras of WT BM > eGFP+/+ recipients (N = 4) or eGFP+/+ BM > 

WT recipients (N = 10). WT mice were CD45.1 and eGFP+/+ mice were CD45.2 A and 

B. Absolute counts of whole blood and LN lymphocytes stained with antibodies for CD3, 

CD4, and CD8. eGFP+/+ BM > WT animals are labeled in green and WT BM > eGFP+/+ 

animals are labeled in black. Percent depletion is shown in panel B over antibody-

blocked (α4/αL) animals. Ctrl, non-antibody depleted; α4/αL antibody-blocked.  C. Flow 

cytometry of surface CD45.2 on enzymatically-dispersed mLN or splenic cell 

suspensions stained with CD11c and CD11b. Black histogram is representative of 

reconstitution in a single representative WT > eGFP+/+ chimera and green histogram is 

representative of reconstitution in a single representative eGFP+/+ > WT chimera. D. RT-

PCR of whole tissue RNA collected from peripheral LN (pLN), mesenteric LN (mLN), 

or spleen of chimeric animals with and without antibody blockade (blocked). Fold 

difference in IL-7 transcript is shown in some cases. *** p < 0.001. E. Tissue sections 

from mesenteric lymph nodes collected from chimeric animals after antibody blockade. 

Sections stained for eGFP (green) and CD11b (red) are representative of at least 4 

animals. M = medullary region, T = T cell area. 
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Conclusions and Discussion 

The data presented above support the idea that IL-7 production in the periphery is not a 

purely static process and suggest a dynamic interplay between recirculating lymphocytes 

and the adherent structural and functional cells that define SLOs. We show that acute 

blockade of recirculating cells from peripheral lymph nodes induces a rapid increase in 

tissue IL-7 mRNA and that the CD45-gp38+ stromal cell subset is responsible for this 

change. This group of cells is expected to contain both the FRCs that ensheathe the 

lymph node conduits and provide the stromal network within the T cell zone as well as 

the LECs that make up the subcapsular sinus and provide an exit to draining fluid and 

cells via the medullary cords. While gp38 has been shown to provide a reliable marker 

for these two stromal elements within the node, the CD45-gp38+ population is likely to be 

far more heterogeneous than is currently appreciated (77). For this reason, is it not 

possible to conclude whether the increase in stromal IL-7 described here represents an 

upregulation of IL-7 by increased promoter activity or an increased frequency of an IL-7 

producing cell type within this broadly defined pool. Regardless, the net effect of more 

IL-7 message per node is expected to be an increased availability of survival signal 

within this localized niche. 

 Evidence suggests that the stromal compartment within adult SLOs is responsive 

to the hematopoietic cells that transiently reside within them (78). Recently, Kataru et al. 

elegantly demonstrated that T cells, in contrast to B cells, macrophages, and DCs, 

negatively regulate lymph node lymphatic vessel formation (79). Paracrine signaling via 

IFN-gamma was found to inhibit LEC-specific gene expression and to reduce lymphatic 

vessel formation and, in this way, the T cell mass within the node established the density 
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of lymphatic vessels. Our findings (see Chapter 3 of this text) clearly demonstrate that 

LECs are a major source of IL-7 within the lymph node and systemically. It is tempting 

to speculate that increased lymphatic vessel formation in the absence of T cells may 

underlie the increased IL-7 observed in this study. We previously reported that the 

depleted nodes of HIV-infected patients had an increased frequency and signal intensity 

of cells staining for IL-7 and that many of these cells were closely associated with 

myeloid markers (50). We were unable to detect a significant myeloid derived IL-7 signal 

under both resting and depleted conditions in the present study. However, the lymphatic 

vasculature of the node is closely associated with a rich network of interdigitating 

macrophages (80). The discovery here that lymphatic cells are responsible for 

lymphopenia-mediated increases in lymph node IL-7 is the likely explanation for our 

previous findings. 

 While this study is in agreement with others that suggest a dominant role for 

stromal types in SLO IL-7 production, DCs have also been implicated in peripheral T cell 

homeostasis (40) (48). Thus, Guimond et al. found that IL-7 signaling on IL-7R+ DCs 

downregulated MHCII, limiting the homeostatic proliferation of CD4+ T cells. These 

authors further suggested that the high levels of IL-7 that accumulate as a result of 

diminished utilization might negatively feedback upon stromal and DC IL-7 production 

in order to return the system to a more homeostatic level for CD4+ cells. In support of 

their argument they showed a modest increase in tissue IL-7 mRNA in spleens from IL-

7R-/- mice and decreased signal intensity of direct IL-7 staining in the DC area of Rag-/- 

spleens. The bone marrow chimera data presented here clearly indicate that myeloid cells 

must play a minor role in overall IL-7 production within the mouse lymph node. While 
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we were able to detect a signal by RT-PCR in animals that lacked the ability to express 

IL-7 within the stromal cell compartment, the signal was more than 80-fold less than that 

detected in WT mice reconstituted with IL-7-/- bone marrow. Therefore, we conclude that 

this level of expression is unlikely to contribute in a physiologically-relevant way to T 

cell homeostasis.
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Concluding Remarks 

The work described in this dissertation addresses two significant outstanding questions in 

IL-7 biology. Namely, what are the cellular sources of peripheral IL-7 and is its 

peripheral expression regulable? We provide a novel tool for the study of IL-7 and 

establish its validity and fidelity (Chapter 2). We show for the first time that there exists a 

vast network of IL-7 producing lymphatics that are distributed throughout the body 

(Chapter 3). We provide evidence that lymphopenia increases IL-7 availability within 

peripheral lymph nodes (Chapter 4).  Finally, we show that myeloid cells are not a major 

source of IL-7 in the mouse lymph node under both resting and lymphopenic conditions 

(Chapter 4). These findings extend our previous work as well as add to our overall 

understanding of this important regulator of T cell homeostasis. 

In thinking about how this body of work might shape future experiments, several 

next steps are of particular interest. From a teleological standpoint, the discovery that the 

afferent lymphatic vasculature provides IL-7 to trafficking cells suggests the possibility 

that cells other than T cells may be influenced by IL-7 signaling. Recent evidence 

suggests that IL-7 might not act only as a homeostatic cytokine, but might also be capable 

of enhancing the potency of an adaptive immune response. Pelligrini et al. showed that 

systemic IL-7 treatment during a chronic infection of mice with lymphocytic 

choriomeningitis virus (LCMV) promoted immunity by boosting effector T cell function 

and numbers and amplifying cytokine production (81). While these effects may be 

mediated through signaling on T cells, as the authors suggest, signaling on APCs could 

also contribute to enhanced T cell activation and cytokine production. Additional co-

stimulation might shape the nature of the response, in a similar manner to TSLP. Indeed, 
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the initial report describing the TH2 polarizing effects of TSLP on DCs also showed 

similar, but unique, effects of IL-7 exposure. A better understanding of the pro-

inflammatory effects of IL-7 and the cells it acts on could be important for understanding 

how might best be used as a therapeutic and vaccine adjuvant. 

It now seems clear that many peripheral tissues possess the ability to express IL-7. 

RT-PCR analysis alone suggests that most solid tissues make low levels of the cytokine. 

This broad distribution could represent signal from tissue draining lymphatics or, as 

appears to be the case in lung, from other stromal cell types. It is intriguing that detection 

of IL-7 continues to be a technical limitation given its seemingly prolific expression.  IL-

7 is generally assumed to be a soluble cytokine. However, normal circulating levels are 

about 2 pg/ml in humans. One possible explanation for this is that the cytokine is bound 

and presented by the extracellular matrix. Based on sequence comparison to other Type I 

cytokines, the tertiary structure of IL-7 is predicted to contain several heparan-sulfate 

binding domains and it has been reported to bind the ECM in vivo (82‐84). Bao et al. 

elegantly demonstrated the importance of heparan-sulfate mediated chemokine 

presentation on LECs for lymphocyte recruitment and trafficking (85). Taken together, 

these clues raise important questions about the physiological mechanism by which IL-7 is 

presented to cells and suggests the possibility that it may act through local gradients and 

that blood levels are a poor proxy for IL-7 “availability.” In their study of endothelial 

chemokine presentation, Bao et al. generated an animal model in which endothelial 

heparan-sulfate could be disrupted in a tissue specific and inducible manner (85), and 

such a tool could easily be applied to furthering our understanding IL-7 presentation. 
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These questions touch upon a broader issue in IL-7 biology. If the cytokine is 

produced by multiple cell types across many different tissues, which sites are most 

important for T cell homeostasis? This issue will be difficult to address until a conditional 

and tissue-specific IL-7-/- KO mouse is generated. Such a tool would be invaluable to our 

understanding of IL-7 and would begin to inform how specific compartments contribute 

to the overall homeostasis of the immune system and might have profound effects on our 

development of IL-7 into an effective therapeutic. 
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Experimental Methods 

Mice. C57BL/6 (B6) CD45.1 and CD45.2 mice were obtained from The Jackson 

Laboratory. Il-7/eGFP mice were backcrossed at least eight generations to the B6 

CD45.2 background. Mice were housed under specific pathogen-free conditions. All 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of the University of California, San Francisco.  

 

PCR Screening. Tail snips were prepared by overnight Proteinase K (Roche) digestion at 

56°C followed by a 30’ RNase A (Invitrogen) incubation at 37°C and phenol:chloroform 

(Sigma) extraction of genomic DNA with Phase Lock Gel Heavy (5 Prime) according to 

the manufacturer’s instructions. PCR was performed using the JumpStart Taq Polymerase 

(Sigma) in a final volume of 20 µl with 2.5mM MgCl2. An initial 5’ denaturation step 

was followed by 28 amplification cycles (94°C, 1min; 65°C, 30sec; 72°C, 2min) and a 

final extension at 72°C for 4min. The forward (5’-GCT GGC TTC TCC TGA GCT AC-

3’) and reverse (5’-TCT CAG CCT GTC CAA AGT GC-3’) primers were selected to 

hybridize the endogenous sequence flanking eGFP in the targeting construct, thereby 

distinguishing WT from targeted alleles. 

 

Southern Blotting. Genomic DNA was digested with the SacI restriction endonuclease 

before electrophoretic separation on a 2% agarose gel. Fragments were transferred to 

Nytran SuPerCharge membrane using the TurboBlotter system and probed using a 5’ or 

eGFP specific radiolabeled probe. Labeling reactions were carried out using the 

Rediprime II Random Prime Labelling System (Amersham) according to the 
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manufacturer’s instructions and membranes were hybridized in PerfectHyb Plus 

overnight at 68°C followed by 3 washed in SSPE buffer with 0.1% SDS (2x, RT, 20min; 

1x, 68°C, 20min; 0.1x, 68°C, 15min). Membranes were first hybridized with 5’ probe, 

were stripped by boiling for 15min in 0.1x SSPE with 0.5% SDS, and were then probed 

for eGFP. 

 

5’ Probe 

Forward primer 5’-CTG ATG TTC CTG GGG TGC TGA GTC T-3’ 

Reverse primer 5’-CAG GCC TGC TTT GAA CTG GCA CT-3’ 

 

eGFP Probe 

Forward primer 5’-ATG GTG AGC AAG GGC GAG GA-3’ 

Reverse primer 5’-TGT ACA GCT CGT CCA TGC GC-3’ 

 

Whole Blood and Lymph Node Cell Counting. Whole blood (10µl) was collected from 

the left saphenous vein, anticoagulated with 10mM EDTA in PBS, stained for flow 

analysis, fixed, and lysed to remove RBCs. Individual inguinal lymph nodes were 

digested  (Blendzyme TM, DNase I, in RPMI) at 37°C with shaking for 30 minutes, 

triturated through a 1mL pipette tip pre-washed with FBS, and then digested for an 

additional 30 minutes. Alternatively, an aliquot from the digestion of pooled nodes 

(inguinal, axillary, brachial, and mesenteric) was taken for counting. In both cases, lymph 

node cells were stained for flow analysis and fixed. Samples were stained with cocktail of 
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antibodies directed against CD3, 4, and 8 or CD3 and B220 and were analyzed and 

counted using a C6 Cytometer (Accuri).  

 

Preparation of Single Cell Suspensions. Lymph nodes (inguinal, axillary, brachial, and 

mesenteric) and lungs were harvested and pooled from 5 mice and coarsely minced. 

Tissues were digested with rotation at 37°C in 5 ml of digestion medium containing a 

1:300 dilution of Blendzyme TM (Roche) and 20 µg/ml DNase I (Roche) in RPMI 1640. 

Fragments were triturated every 30 minutes through a wide-boar pipette tip and digestion 

media was replaced after 1 hour. This process was repeated twice, or until no visible 

fragments remained. The single cell suspension was kept on ice and mixed 1:1 with 

digestion stop solution containing 10% FBS and 10 mM EDTA in RPMI 1640 until 

further processing. Cells were separated from tissue debris by straining through a 45 µm 

mesh and washed twice in FACS (see below) buffer in preparation for antibody staining.    

 

Flow Cytometric Analysis and Cell Sorting. Cells were counted on a hemocytometer 

and stained at a maximum density of 20x106 cells/ml in FACS buffer containing 2% FBS 

and 2 mM EDTA in PBS. For some experiments, CD45+ hematopoietic cells were 

removed by immunomagnetic bead depletion according to the manufacturer’s 

instructions (Miltenyi) before staining for flow cytometry to enrich for stromal subsets. 

All staining was performed for 30 minutes at 4°C and all washes were done twice at 

room temperature in FACS buffer. Antibodies for lymph node staining were from 

Biolegend (gp38-PE, gp38-APC, CD45-A700, CD45.1-A700, CD45.2-PE, EpCAM-PE-

Cy7, CD24-PB, CD43-APC), ebioscience (CD11b-PB, CD11c-A700), BD Biosciences 
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(I-A/I-E-PE, pSTAT5-PE, pSTAT5-A647), and Invitrogen (CD31-PB). Events were 

collected on a BD LSRII or ARIA2. For cell sorting, 5K-20K events were sorted directly 

into 500µl of TRIzol reagent and cells were frozen at -80°C until further processing. 

Phosflow was performed using BD LyseFix (BD Biosciences) and Perm Buffer III (BD 

Biosciences) according to the manufacturer’s instructions. Cells were stained with  

 

RT-PCR. Whole tissue RNA was extracted into buffer RLT by rotor-stator 

homogenization and isolated using the RNeasy Mini kit (Qiagen). First-strand cDNA 

synthesis was performed with the Omniscript (Qiagen) kit according to the 

manufacturer’s instructions. Flow-sorted cell RNA was isolated from TRIzol lysed cells 

by phenol-chloroform extraction followed by precipitation with linear acrylamide and 

isopropanol. Pellets were resuspended in 8 µl of RNase-free H20 and first strand cDNA 

synthesis was performed using the VILO kit (Invitrogen). cDNA was amplified using the 

Taqman 2X PCR Mastermix (Applied Biosystems) and a Step One Plus Real-Time PCR 

System (Applied Biosystems). Taqman primer/probes (mouse Il-7, Prox1, Lyve-1, 

Surfactant B, Hprt1, Tbp) were from Applied Biosystems except for eGFP, which was 

from IDT. Gene expression was normalized to hypoxanthine guanine phosphoribosyl 

transferase (Hprt1) and/or TATA binding protein (Tbp). 

 

Immunofluorescent Tissue Analysis. Mice were perfused with 1% paraformaldehyde 

for 2 minutes, and tissue was harvested and drop-fixed at room temperature for an 

additional 1 hour. Whole mount immunostaining for eGFP, rabbit polyclonal (1:750; 

Invitrogen) and LYVE-1, rat monoclonal (1:500; eBioscience) was performed on 
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diaphragms, as previously described (86). Briefly, tissues were cleaned of excessive fat 

and muscle surrounding the central tendon and stained overnight with primary antibody 

at room temperature followed by washing in 0.3% Triton/PBS for 8 hours. Secondary 

antibodies labeled with FITC or Cy3 were used at 1:500 (Jackson ImmunoResearch 

Laboratories) and incubated overnight at RT. Tissues were washed for 2 hours and 

mounted in Vectashield with DAPI. Lymph node and lung tissues were cryoprotected in 

30% sucrose/PBS overnight and embedded in Tissue-Tek OCT (Sakura Finetek). 20 µm 

(lymph node) or 200 µm (lung) sections were cut and stained on slides or floated in 6 

well dishes, respectively. Lymph node sections were stained for eGFP, rabbit polyclonal 

(1:1250; Invitrogen), LYVE-1, rat monoclonal (1:500; eBioscience), and CD11b, rat 

monoclonal (1:500; BD Biosciences). eGFP signal was amplified using Tyramide Signal 

Amplification, Alexa 488 (Invitrogen) followed by co-staining for other markers, as 

directed by the manufacturer. Thick lung sections were stained as for the diaphragm 

whole mounts. Images were acquired with a Zeiss Axiophot confocal microscope. 

 

Bone Marrow Chimeras. Bone marrow was harvested from either B6 CD45.1 or 

eGFP+/+ (CD45.2) adult female femurs and resuspended in cold RPMI. Recipient animals 

were lethally irradiated with two doses of 450 Rads administered 4 hrs. apart. 3x106 total 

bone marrow cells were transferred to irradiated recipient mice by tail vein injection and 

animals were reconstituted for 12 weeks before analysis. 
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