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Abstract

IL-7 is a required factor for T-cell homeostasis. Because of low expression levels and poor reagent 
availability, the cellular sources of IL-7 have proven challenging to characterize. In this study, we 
describe a reporter mouse in which enhanced GFP is expressed from the endogenous Il7 locus. 
We show that IL-7 is produced by lymphatic endothelial cells (LECs) distributed throughout the 
systemic lymphatic vasculature as well as by fibroblastic reticular cells, and that phosphorylation 
of STAT5 in lymphocytes is higher in lymphatics than in blood. Furthermore, in nodes depleted of 
lymphocytes, Il7 transcription is increased in stromal but not in myeloid subsets. These data support 
recent findings that lymphocyte homeostasis is influenced by access to secondary lymphoid organs 
and point to LECs as an important in vivo source of IL-7, bathing trafficking immune cells under both 
resting and lymphopenic conditions.
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Introduction

IL-7 is a member of the type I  cytokine family and a non-
redundant regulator of T-cell development and peripheral 
T-cell homeostasis (1, 2). The absolute requirement for IL-7 
signaling during lymphocyte development in the bone mar-
row (BM) and thymus is underscored by the paucity of T, B 
and thymic NK cells in Il7- and Il7r-deficient mice as well as 
by the absence of T cells in human patients harboring a dys-
functional IL-7R or common γ chain (3–5).

We previously reported that circulating levels of IL-7 are 
inversely correlated with CD4+ T-cell counts in the context of 
HIV-associated lymphopenia (6). This effect was most dra-
matic in patients with T-cell counts below 200 cells/µl, in whom 
plasma IL-7 levels were elevated by up to 10-fold. To better 

understand the possible sources of IL-7 in these patients, 
immunohistochemistry was performed on lymphocyte-replete 
or lymphocyte-depleted lymph node (LN) samples from indi-
vidual patients in this study. Both the frequency and intensity 
of IL-7 protein staining were increased within a small subset 
of LN-resident cells in the most lymphocyte-depleted tissues. 
Interestingly, co-staining analysis revealed that some of the 
IL-7-producing cells were positive for phenotypic markers 
suggestive of myeloid lineage (e.g. S100b and CD68) (6).

Multiple reports have now established an inverse correla-
tion between the number of circulating peripheral T cells 
and blood IL-7 levels in humans (7, 8). In the context of HIV 
infection and progression to AIDS, this relationship could be 
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the result of several possible mechanisms: sensor cells may 
exist in the periphery that respond to the size of the peripheral 
T-cell compartment by adjusting their expression of IL-7 in a 
homeostatic feedback loop; factors associated with HIV infec-
tion and/or with the subsequent immune response against 
HIV might alter IL-7 expression and/or T-cell depletion in the 
periphery may passively permit IL-7 accumulation.

It is thought that IL-7 is produced primarily by adherent stromal 
cells in tissues throughout the body. BM reticular cells are a major 
source of IL-7 (9, 10) as may be osteoblasts (11). In the thymus, 
reticular epithelial cells of the sinus and corticomedullary 
junction have been shown by in situ hybridization and in vitro 
analysis to be an important IL-7-producing subset, whereas 
thymic dendritic cells (DCs) have also been implicated (12–
14). Cells producing IL-7 have been found within the spleen, 
LN, liver, lung, skin and intestine (15–20). Although specific 
adherent cell types such as the fibroblastic reticular cells 
(FRCs) of LNs have been identified as IL-7 source cells (16), 
many cellular sources remain incompletely characterized. Most 
recently, IL-7 production by the FRC subset was confirmed by 
two independent groups and lymphatic endothelial cells (LECs) 
were suggested to be another source of IL-7 (21, 22). 

Some studies suggest that Il7 expression is constitutive and 
not subject to active regulation (23), whereas other studies have 
found that Il7 expression is regulated by immune modulators 
such as TGF-β, TNF-α and interferon (24–27) and, for example, 
may be up-regulated by epithelial cells at surface barriers upon 
microbial exposure (27). In this vein, it was recently shown that 
the liver might be an important source of the cytokine during 
systemic immune activation, where Il7 was induced by inflam-
matory stimuli such as lipopolysaccharide and CpG (19).

In this study, we hypothesized that IL-7 production in the 
periphery is triggered in cells that can ‘sense’ lymphopenia 
and/or pathogen challenge. To facilitate characterization of 
such putative IL-7-producing cells, we generated a reporter 
mouse in which enhanced GFP (eGFP) is expressed under 
control of the endogenous Il7 promoter.

Methods

Mice
Il7-eGFP knock-in mice were generated using a standard embry-
onic stem (ES) cell gene-targeting strategy (Fig. 1A). The details 
of the mouse generation, Southern blot analysis and routine 
screening by PCR are provided in the Supplementary Appendix, 
available at International Immunology Online. Homozygous Il7 

eGFP/eGFP mice derived by crossing heterozygous Il7+/eGFP mice 
were born at the expected Mendelian ratios, fertile and healthy.

For BM transplantation experiments, B6 CD45.1 mice were 
obtained from The Jackson Laboratory (Bar Harbor, ME, 
USA). Details of the preparation of BM chimeras are provided 
in the Supplementary Appendix, available at International 
Immunology Online. Mice were housed under specific path-
ogen-free conditions. All experimental procedures were 
approved by the institutional animal care and use committee 
of the University of California, San Francisco.

Sampling and counting of blood and LN cells
Whole blood (10 µl) was collected from the saphenous vein, 
anti-coagulated with 10 mM EDTA in PBS, stained for flow 

analysis, lysed to remove RBCs and fixed. Individual inguinal 
LNs or pooled LNs (inguinal, axillary, brachial and mesenteric) 
were processed as described (see ‘Preparation of single-cell 
suspensions from tissues’) to obtain single-cell suspensions.  
The resultant cells were stained for flow analysis and fixed 
(see ‘Flow cytometric analysis and cell sorting’). Samples were 
stained with a cocktail of antibodies directed against CD3, CD4 
and CD8 or CD3 and B220, analyzed and counted using a C6 
Cytometer (BD Biosciences, San Jose, CA, USA).

Preparation of single-cell suspensions from tissues
LNs (inguinal, axillary, brachial and mesenteric) and lungs 
were harvested, pooled and coarsely minced from five mice. 
Tissues were digested with rotation at 37°C in 5 ml of diges-
tion medium containing a 1:300 dilution of Blendzyme (Roche, 
Indianapolis, IN, USA) and 20 µg/ml DNase I in RPMI 1640. 
Tissue fragments were triturated every 30 min through a 
wide-bore pipette tip and the digestion medium was replaced 
after 1 h. This process was repeated twice or until no vis-
ible fragments remained. The single-cell suspension was 
mixed 1:1 with digestion stop solution containing 10% fetal 
bovine serum and 10 mM EDTA in RPMI 1640, and kept on 
ice until further processing. Cells were separated from tissue 
debris by straining through a 45-µm mesh and washed twice 
in FACS buffer (containing 2% fetal bovine serum and 2 mM 
EDTA in PBS) in preparation for antibody staining.

Collection of cells from efferent lymphatics
Lymph was drawn from the large lymphatic vessel adjacent 
to the superior mesenteric artery of mice anesthetized with 
a cocktail of ketamine (100 mg/kg) and xylazine (10 mg/kg). 
The vessel was exposed under a dissecting microscope and 
cannulated with a hand-drawn glass needle. Fluid was drawn 
via mouth pipette until 20–50 μl had been collected.

Flow cytometric analysis and cell sorting
Cells were stained at a maximum density of 20 × 106 cells/
ml in FACS buffer. For some experiments, CD45+ hematopoi-
etic cells were removed by immunomagnetic bead depletion 
(Miltenyi, Auburn, CA, USA) before staining. All staining was 
performed for 30 min at 4°C and all washes were done twice at 
room temperature in FACS buffer. Antibodies for staining were 
from Biolegend (San Diego, CA, USA; B220-A700, CD3-PE, 
CD43-APC, CD45-A700, CD45.1-A700, CD45.2-PE, EpCAM-
PE-Cy7, gp38-PE, gp38-APC and HSA-PB), eBioscience 
(San Diego, CA, USA; BP1-PE, CD4-APC, CD8-PerCP-Cy5.5, 
CD11b-PB and CD11c-A700), BD Biosciences (I-A/I-E-PE, 
pSTAT5-PE and pSTAT5-A647) and Invitrogen (Carlsbad, 
CA, USA; CD31-PB). Events were collected on a BD LSRII 
or ARIA2. For cell sorting and RT–PCR analysis, 5–20 × 103 
events were sorted directly into 500 µl of TRIzol reagent and 
the resultant lysates were frozen at −80°C until further pro-
cessing. Phosflow analysis for detecting intracellular pSTAT5 
was performed using BD LyseFix and Perm Buffer III (BD 
Biosciences), according to the manufacturer’s instructions.

Quantitative RT–PCR
RNA was extracted by phenol–chloroform extraction or with the 
Omniscript (Qiagen, Germantown, MD, USA) kit. cDNA was 
generated using the VILO kit (Invitrogen) and samples were 
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amplified using Taqman 2× PCR Mastermix and the Step One 
Plus System (Applied Biosystems, Carlsbad, CA, USA). Further 
details and primer/probes are provided in the Supplementary 
Appendix, available at International Immunology Online.

Immunofluorescent analysis of tissue
Mice were perfused with 1% paraformaldehyde for 2 min and 
tissues were harvested and drop-fixed at room temperature 

for an additional 1 h. An antibody cocktail prepared by re-
suspending 100 μg of rabbit monoclonal anti-GFP antibody 
(GFP ABfinity; Invitrogen) in 200 μl rabbit polyclonal anti-GFP 
antibody (A-11122; Invitrogen) was used for eGFP staining. 
For whole-mount immunostaining of diaphragms, eGFP 
antibody cocktail (1:750) and rat monoclonal antibody (ALY7, 
1:500; eBioscience) against LYVE1 were used. Tissues were 
cleaned of excessive fat and muscle surrounding the central 

Fig. 1. Il7-eGFP reporter mice are correctly targeted and report Il7 transcription with fidelity. (A) Knock-in targeting strategy for generating Il7-eGFP 
reporter mice. S, SacI; K, KpnI; B, BamHI. eGFP, eGFP coding sequence; NeoR, neomycin-resistance gene cassette. (B) Southern blot analysis of tail 
genomic DNA digested with the restriction endonuclease SacI. The WT allele is expected to yield a 5.6-kb fragment, whereas the final targeted, NeoR-
deleted allele is expected to yield a 6.6-kb fragment. (C) Flow cytometry analysis of single-cell suspensions prepared from WT or Il7eGFP/eGFP BM and 
stained with antibodies against B220, CD43, HSA and BP1. Fractions A–C, Hardy B-cell developmental fractions: pre-pro B cells (Hardy A) and pro 
B cells (Hardy B). (D) Absolute lymphocyte counts in whole blood collected from WT, Il7+/eGFP or Il7eGFP/eGFP mice stained with antibodies against CD3, 
CD4 and CD8. Percentage is compared with WT. (E) Quantitative RT–PCR analysis of whole-tissue RNA collected from lymphoid (LN, inguinal LNs Spl, 
spleen; BM, bone marrow; Thy, thymus) or non-lymphoid tissues (gut; lung; liver; SM, skeletal muscle). Ratio of eGFP signal to Il7 signal (eGFP:Il7) is 
indicated. Data are representative of at least two independent experiments with at least five mice per group.
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tendon, and stained overnight with the primary antibodies 
at room temperature followed by washing in 0.3% Triton/
PBS for 8 h, as previously described (28). Goat secondary 
antibodies labeled with FITC or Cy3 were used at 1:500 
(Jackson ImmunoResearch Laboratories, West Grove, PA, 
USA) and incubated overnight at room temperature. Tissues 
were washed for 2 h and mounted in Vectashield with 
4',6-diamidino-2-phenylindole. For tissue sections, LNs and 
lung were cryoprotected in 30% sucrose/PBS overnight and 
embedded in Tissue-Tek OCT (Sakura Finetek, Torrance, CA, 
USA). About 20- (LNs) or 200-µm (lung) sections were cut and 
stained on slides or floated in six-well dishes, respectively. 
LN sections were stained for eGFP with the rabbit antibody 
cocktail described in “Flow cytometric analysis and cell 
sorting” (1:1250), for LYVE1 with rat monoclonal antibody 
(ALY7, 1:500; eBioscience) and for CD11b with rat monoclonal 
antibody (M1/70.15, 1:500; AbD Serotec). The eGFP signal 
was amplified using Tyramide Signal Amplification (Alexa 
488; Invitrogen) followed by co-staining for other markers with 
goat secondary antibodies, 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.

Blockade of lymphocyte ingress into the LNs
Mice were injected intra-peritoneally with 100  μg of anti-α4 
integrin antibody (clone M17/4) and 100  μg of anti-αL inte-
grin antibody (clone PS/2) in PBS every other day to main-
tain blockade of lymphocyte ingress into the LNs for up to 
22  days. Lymphocyte depletion was monitored by FACS 
analysis.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
software (GraphPad Software, Inc., La Jolla, CA, USA). 
Statistical significance was determined with an unpaired 
two-tailed Student’s t-test and details of the tests employed 
are given in figure legends alongside the corresponding P 
values.

Results

Il7-eGFP reporter mouse construction
To generate a reporter that accurately reflects Il7 expression 
under physiologic conditions, the eGFP gene was introduced 
directly into the endogenous Il7 locus using a standard ES 
cell gene-targeting strategy. The gene-targeting vector 
developed for this purpose replaces most (191-bp region 
upstream of the start codon) of the 247-bp Il7 5′ untranslated 
region (UTR) and inserts the eGFP coding sequence followed 
by an SV40 polyA signal sequence at the start codon of the 
Il7 gene (Fig. 1A and ‘Methods’). Insertion of eGFP at the start 
codon is expected to prevent Il7 expression from the targeted 
allele. Heterozygous Il7-eGFP knock-in (Il7+/eGFP) mice were 
derived from chimeric founders using a standard breeding 
strategy. Correct targeting and insertion of a single copy of 
eGFP were verified by Southern hybridization of restriction 
endonuclease-digested genomic tail DNA with an external 5′ 

probe and internal eGFP probe, respectively (Fig. 1B; data 
not shown)

To confirm that eGFP targeting resulted in a functional 
 knockout (KO) of Il7, we compared the phenotype of Il7eGFP/eGFP  
homozygotes to that of the well-characterized Il7−/− and Il7r−/− 
mice (3, 5). FACS analysis of dispersed Il7eGFP/eGFP BM cells 
revealed that B-cell development was arrested at the pre-pro 
B-cell developmental stage (Fig. 1C) and thymic tissue was 
hypoplastic, with a severe reduction in the number of mature 
single-positive thymocytes (data not shown). In the periph-
ery, LNs were absent or small, with the exception of mesen-
teric nodes, which were reduced in frequency but of normal 
macroscopic appearance and size. Although the spleens 
of Il7eGFP/eGFP mice were normal in size and appearance, the 
peripheral CD3+ T-lymphocyte count was 14% of the normal 
value observed in wild-type (WT) littermates (Fig. 1D). These 
results closely matched with those reported for Il7−/− and 
Il7r−/− mice, indicating that Il7eGFP/eGFP mice are indeed defi-
cient in IL-7 (3, 5).

Il7-eGFP heterozygotes report Il7 transcription with fidelity
Although Il7eGFP/eGFP mice display the severe congenital defects 
associated with a complete lack of IL-7, only a mild defect in 
lymphocyte homeostasis would be expected in Il7-eGFP het-
erozygotes. Compared with WT littermate controls, the spleen 
and thymus of Il7-eGFP heterozygotes appeared normal, LNs 
were slightly reduced in size and peripheral CD3+ T-lymphocyte 
counts were modestly reduced (by 10–20%) (Fig. 1D and data 
not shown). Given such a robust peripheral lymphocyte com-
partment, we considered that the Il7-eGFP reporter model 
would be useful for interrogating the effects of experimentally 
induced lymphocyte depletion on Il7 expression.

To test whether the expression of eGFP transcript reflected 
that of Il7 transcript, whole-tissue RT–PCR analysis was 
performed on a range of tissues. All tissues expressing Il7 
were also found to express eGFP, whereas those with low or 
undetectable Il7 expression had low or undetectable eGFP 
expression (Fig. 1E). LNs, spleen and BM showed excellent 
agreement (within a 2-fold range) between expression of 
Il7 and that of the reporter, whereas thymus, gut and lung 
showed considerably more (>4-fold) eGFP than Il7 expres-
sion (Fig. 1E). This overall pattern not only confirmed that 
Il7-expressing tissues reliably expressed eGFP but also 
suggested that IL-7 protein expression is limited in some 
specific cell types by endogenous control elements missing 
from the eGFP transcript. Thus, in subsequent experiments, 
detection of eGFP protein was used to assist in identifica-
tion of IL-7-producing cell types, but endogenous Il7 tran-
scripts were also assessed to assure correct identification 
of those cells and quantification of Il7 transcript levels.

FRCs and LECs are the dominant source of IL-7 within 
resting LNs
Initial immunofluorescence evaluation of the Il7-eGFP 
reporter revealed significant eGFP signal within both the 
cortex and medulla of the thymus that was localized to large 
reticular epithelial complexes, in agreement with recent 
reports (Supplementary Figure 1A, available at International 
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Immunology Online) (21, 22). To determine the distribution of 
reporter protein within resting LNs, inguinal LN sections from 
Il7+/eGFP mice were immunostained for eGFP. Unexpectedly, 
signal was restricted to the subcapsular sinus and extended 

into the medullary region, with occasional projections around 
B-cell follicles (Fig. 2A and B). The predominant cell types 
with this distribution pattern are thought to be LECs lining 
the sinus and closely associated subcapsular and medullary 

Fig. 2. LECs are an important source of IL-7 within the resting LN. (A and B) Confocal immunofluorescence microscopy of perfusion-fixed 
inguinal LNs from Il7+/eGFP or WT control mice. Data are representative of two separate experiments with three mice per group. Low-magnification 
scale bars represent 200 μm and high-magnification scale bars represent 20 μm. (A) eGFP (green) is localized to the subcapsular sinus and 
medullary region and co-localizes with LYVE1 (red). Open arrow in high-magnification overlay points to eGFP+LYVE1+ double-positive LEC and 
closed arrow points to eGFP− LEC. eGFP staining in WT node is shown in the bottom panel. (B) Subcapsular and medullary eGFP (green) does 
not co-localize with the myeloid marker CD11b (red) in optical slices from the confocal stack. Open arrows point to eGFP+ cells that are non-
overlapping with CD11b+ cells (closed arrows). (C and D) Analysis of pooled single-cell suspensions prepared by enzymatic digestion of LNs 
from Il7-eGFP heterozygote or WT littermate control mice. Stromal subsets enriched by CD45+ cell depletion were stained for CD45, gp38 and 
CD31. (C) eGFP signal is localized to the FRC and LEC subsets. (D) Quantitative RT–PCR analysis of Il7, gp38 and LYVE1 transcripts on flow-
sorted FRCs, LECs and BECs from WT mice. Fold difference in Il7 levels between FRCs (CD31−gp38+) and LECs (CD31+gp38+) is shown. NS, 
not significant; P > 0.05. Data are representative of at least three independent experiments with at least three mice per group.
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macrophages. Co-staining with the pan lymphatic marker, 
LYVE1, revealed substantial co-localization with eGFP, indi-
cating that the lymphatic endothelium has the potential for 
Il7 expression (Fig. 2A). Although it has been reported that 
a subset of tissue-resident macrophages is also LYVE1+, 
co-staining was performed for CD11b (a pan-macrophage 
marker) (29). Although CD11b signal was spatially associ-
ated with the eGFP signal, careful examination of individual 
optical slices from the confocal stack revealed a complete 
absence of co-localization (Fig.  2B), suggesting that only 
LYVE1+ LECs express Il7 message in this region of the node.

To more specifically identify the phenotype of Il7-expressing 
cell types in LNs, we performed flow cytometry analysis on 
single-cell suspensions derived by enzymatic digestion of 
tissues from Il7+/eGFP mice. Stromal cells were pre-enriched 
by magnetic bead depletion of CD45+ hematopoietic cells, 
after which four populations were readily identified by surface 
expression of gp38 (podoplanin, pan lymphatic marker) and 
CD31 (pan endothelial cell marker), as previously described 
(16). In agreement with the immunofluorescent tissue staining 
described, the brightest and most consistently observed 
population of eGFP+ cells within the LNs displayed the 
characteristic surface phenotype of LECs, staining positively 
for both gp38 and CD31 (Fig.  2C) and LYVE1 mRNA was 
restricted to this gp38+CD31+ population among flow-sorted 
cells (Fig.  2D). In addition to LECs, a dim signal for eGFP 
was detected within gp38+CD31− FRCs, but not in the two 
other stromal cell populations (Fig.  2C and Supplementary 
Figure 1B, available at International Immunology Online). 
Consistent with the eGFP+ signal observed by flow cytometry, 
Il7 message was more readily detected by RT–PCR in sorted 

LECs and FRCs than in blood vessel endothelial cells (BECs) 
(Fig. 2D). These results show that the primary Il7-expressing 
stromal cells in resting LNs are LECs and FRCs.

eGFP expression was also evaluated within hematopoi-
etic cell subpopulations in six separate gates defined on the 
basis of CD11c and CD11b surface phenotype, as previously 
described (29). Because the eGFP signal observed by immu-
nofluorescence was closely associated with CD11b staining, 
we were particularly interested in CD11b+ myeloid subsets. 
In agreement with the immunofluorescence analysis, no 
eGFP fluorescence was detected in any of the DC or mac-
rophage populations, including plasmacytoid dendritic cells 
(pDCs) (Supplementary Figure 1C, available at International 
Immunology Online).

LECs throughout the body express IL-7
The prominent localization of eGFP to the subcapsular sinus 
and medullary region in Il7+/eGFP LNs raised the possibility that 
LECs throughout the body may be a significant source of IL-7 
for re-circulating hematopoietic cells. To address this ques-
tion, we examined other peripheral lymphatic beds for eGFP 
expression. Il7eGFP/eGFP mice were used for these histological 
experiments to maximize eGFP detection and eliminate any 
possible variable expression that could result from allelic 
exclusion (30). The central tendon of the diaphragm provides 
an ideal tissue for visualization of initial and draining lymphat-
ics (31). Whole-mount staining and confocal microscopy of 
the central tendon of Il7 eGFP/eGFP mice revealed an extensive 
network of eGFP+ lymphatic vessels (Fig. 3A). Both morpho-
logical appearance and LYVE1 co-localization confirmed 

Fig. 3. Systemic lymphatics draining non-lymphoid tissues also express eGFP reporter protein. Immunofluorescence analysis to assess the 
expression of eGFP reporter protein in perfusion-fixed diaphragm and lung from Il7eGFP/eGFP mice. (A) Immunofluorescence microscopy for eGFP 
(green) and LYVE1 (red) in whole-mount central tendon of diaphragm. Filled arrow points to initial lymphatic and open arrow points to medium-
sized collecting lymphatic. Left three panels are from Il7eGFP/eGFP mice and right panel is from WT control. Scale bar represents 50 μm. (B and 
C) Immunofluorescence microscopy for eGFP in 200-μm lung cryosections. Magnification ×100. Scale bars represent 20 μm. (B) Lymphatic 
vasculature of Il7eGFP/eGFP. (C) Lung parenchyma of Il7eGFP/eGFP (left panel) and WT (right panel) control. Filled arrow points to a parenchymal cell. 
Data are representative of three experiments with three mice per group.
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these structures to be lymphatic as opposed to blood vessel 
endothelium.

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, includ-
ing potentially pathogenic micro-organisms. Its parenchyma 
includes a large population of hematopoietic cells, including 
γδ T cells, DCs and macrophages, as well as an extensive 
lymphatic drainage (32). Thick tissue sections from optimal 
cutting temperature compound-embedded lungs harvested 
from Il7eGFP/eGFP KO mice revealed cells with bright eGFP 
expression (Fig.  3B and C). In contrast to the pattern seen 
in the central tendon, the eGFP signal was not restricted to 
vascular structures but was also distributed throughout the 
lung parenchyma. The vascular eGFP signal was associated 
with lymphatic channels, following small and large airways 
before extending into the parenchyma of the tissue (Fig. 3B), 
whereas the remainder of the eGFP signal was associated 
with parenchymal cells of the lung (Fig. 3C).

To confirm the identity of the eGFP+ cells in the lung, we 
enzymatically dissociated lung tissue from Il7+/eGFP mice and 
analyzed the resultant cell suspension by flow cytometry. 
Stromal populations (CD45+ bead depleted) were deline-
ated based on side scatter (SSC) and expression of CD31, 
EpCAM (pan epithelial marker) and gp38. Bulk endothelial 
cells were defined as SSCloCD31+ and a presumptive LEC 
population within this group was identified by gp38 surface 
expression. Within the CD45−SSCloCD31+gp38+EpCAM− cell 
subset was a well-defined population of eGFPbright cells, in 
agreement with the immunofluorescence analysis (Fig.  4A 
and Supplementary Figure 2A, available at International 
Immunology Online). Flow sorting and RT–PCR analy-
sis revealed that this population expresses high levels of 
mRNA for eGFP, Il7 and the lymphatic-specific transcrip-
tion factor, Prox1, definitively characterizing these cells as 
LECs (Fig.  4B) (33). Taken together with the observations 
that some LECs from LNs and the central tendon of the 
diaphragm also strongly express Il7 message, this result 
suggests that most, if not all, tissues throughout the body 
contain LECs expressing Il7 message. Interestingly, lung-
derived LECs contained more Il7 message than did LN 
LECs or LN FRCs (Fig. 4B).

The SSChiCD31− cell population in the lung has previously 
been shown to contain Type II alveolar epithelial cells (AECs), 
responsible for surfactant production and replacing damaged 
terminally differentiated Type I AECs (34, 35). Interestingly, these 
SSChi events contained a population of EpCAM+ cells that were 
eGFPdim (Fig.  4A and Supplementary Figure 2B, available at 
International Immunology Online). Upon sort purification, these 
Type II AECs showed detectable levels of Il7 and high levels of 
surfactant protein B mRNA (Fig. 4B). Thus, resting Type II AECs 
express low levels of Il7. Interestingly, there was good agree-
ment between eGFP and Il7 transcript levels in LECs but not in 
Type II AECs. Given that Type II AECs are the vastly more abun-
dant cell type, this latter pattern was reflected at the tissue level 
(Fig. 1E). As in the case of LNs, no eGFP was detected in any of 
the CD45+ lung subsets examined, including both CD11c+ DCs 
and CD11b+ macrophages (data not shown).

Given the finding that LECs throughout the body actively 
produced Il7 mRNA, we wished to know whether cells 

trafficking through the lymphatic compartment might be 
exposed to levels of IL-7 sufficient to result in signal trans-
duction across the IL-7R. To address this possibility, we used 
intracellular ‘Phosflow’ to measure the level of phosphorylated 
STAT5 (pSTAT5) (downstream of IL-7R signaling) within CD3+ 
T cells from blood, LNs or efferent lymphatic vessels (36, 37). 
CD3+ T cells collected from both LNs and efferent lymphat-
ics had higher pSTAT5 levels as compared with those from 
whole blood (Fig. 4C). The median fluorescence intensity of 
pSTAT5 in these compartments was approximately 2-fold that 
of the whole-blood cells (Fig. 4D). However, because pSTAT5 
is not specific to the IL-7 pathway, we also examined IL-7R 
(CD127) surface levels on CD4+ and CD8+ T cells within the 
blood and efferent lymphatics (38). Previous studies have 
shown that IL-7 binding to the IL-7R causes rapid internali-
zation and down-regulation of the receptor (39, 40). Both 
CD4+ and CD8+ T cells from efferent lymph had lower surface 
CD127 levels as compared with whole blood (Fig. 4E). Taken 
together, these data suggest that T cells moving through and 
exiting from LNs are exposed to higher levels of IL-7 than 
those circulating in blood.

Blockade of lymphocyte ingress into LNs induces 
up-regulation of Il7 expression in stromal cells
Given our hypothesis that lymphopenia results in 
up-regulation of IL-7 production, we might expect higher Il7 
expression levels in Il7-eGFP heterozygotes that display a 
mild congenital lymphopenia (Fig.  1D). Compared with WT 
mice, however, Il7 mRNA expression levels in these mice 
were diminished (to about one-half) across a broad range of 
tissues, including LNs (Fig. 5A). Because, in the absence of 
a compensatory feedback mechanism, mRNA levels in these 
mono-allelic animals are expected to be at 50% of WT, Il7 
expression appears not to be regulated in mild congenital 
lymphopenia.

We next examined changes in Il7 expression in response 
to severe depletion of T cells from the LNs, a situation more 
closely approximating the depletion seen in HIV infection (6). 
Using blocking monoclonal antibodies against α4 and αL inte-
grins (required for lymphocyte ingress into the LNs), we were  
able to achieve a rapid and substantial depletion of T lym-
phocytes from the LNs in vivo (41). Treatment of Il7+/eGFP mice 
with the blocking antibodies for 22 days resulted in a 95% 
reduction in both CD4+ and CD8+ T cells found in LNs and 
a 50% increase of such cells in blood (Fig. 5B). The overall 
size of peripheral LNs (pLNs) from the antibody-treated mice 
was dramatically reduced compared with untreated controls 
(data not shown). Such a reduction in LN cellularity tends 
to bias whole-tissue RT–PCR data toward an increase in Il7 
mRNA because the T-cell subset contributes large numbers 
of housekeeping mRNA transcripts but not Il7 transcripts. To 
avoid this possible confounder, we measured mRNA expres-
sion of flow-sorted CD45−gp38+ stromal cells, CD11c+ DCs 
and CD11b+ macrophages (Fig. 5C). After 22 days of anti-
body blockade, Il7 mRNA levels were increased in the stro-
mal subset by as much as 5-fold (Fig. 5D). Though Il7 mRNA 
was also detected in CD11c+ and CD11b+ myeloid cells, the 
signal was 400-fold less than that detected in stromal cells. 
Animals treated with blocking antibodies for shorter intervals 

http://intimm.oxfordjournals.org/lookup/suppl/doi:10.1093/intimm/dxt012/-/DC1
http://intimm.oxfordjournals.org/lookup/suppl/doi:10.1093/intimm/dxt012/-/DC1
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also displayed a similar pattern of up-regulation of Il7 expres-
sion (Fig.  5E). These observations indicate that Il7 mRNA 
expression is increased when lymphocyte numbers decrease 

in the LNs and that CD45−gp38+ stromal cells represent the 
dominant population responding to acute lymphocyte deple-
tion in the LNs.

Fig. 4. LECs distributed throughout peripheral tissues express important amounts of IL-7. (A) Flow cytometry analysis of pooled single-cell 
suspensions prepared by enzymatic digestion of lungs from Il7+/eGFP heterozygote mice. Stromal cells enriched by CD45+ cell depletion were 
stained for gp38, EpCAM and CD31 and analyzed. (B) Quantitative RT–PCR analysis of flow-sorted cells derived from lungs of Il7-eGFP het-
erozygotes. Stromal cells enriched by CD45+ cell depletion were stained for CD45, gp38 and CD31 (LN) or gp38, EpCAM and CD31 (lung) and 
sorted by FACS into four populations: LN FRCs (gp38+CD31−), LN LECs (gp38+CD31+), lung Type II AECs (SSChiCD31−gp38-EpCAM+; lung 
AECII) or lung LECs (SSCloCD31+gp38+ EpCAM−). Purified RNA from each population was analyzed by quantitative RT–PCR. Data are from 
two groups of five mice and are representative of two separate experiments. *P < 0.05. (C and D) Flow analysis of pSTAT5 in T cells collected 
from whole blood, LNs or draining lymph of WT mice. Single-cell suspensions were stained for CD3 and intracellular pSTAT5. (C) Concatenated 
pSTAT5 histograms from five animals illustrating differences between compartments. (D) Median intracellular pSTAT5 fluorescence level (with 
isotype control subtracted) for each of the five animals in panel (C) is shown. ***P < 0.001. (E) Flow analysis of surface CD127 levels on T cells 
collected from whole blood or draining lymph. Cells were stained for CD3, CD4, CD8 and CD127 and median fluorescence intensity of CD127 
was compared between compartments with a paired t-test. *P < 0.05.
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Fig. 5. Blockade of lymphocyte ingress into LNs induces stromal up-regulation of Il7 mRNA. (A) Whole-tissue RT–PCR analysis of Il7 transcript 
in tissues harvested from Il7+/eGFP mice. Signal was normalized to Hprt. Data are representative of two separate experiments with five mice in 
each group. The ratio of Il7 transcript from WT to that from Il7+/eGFP heterozygotes is shown for inguinal lymph nodes (LN), spleen (Spl), BM, 
thymus (Thy), gut, lung, liver and skeletal muscle (SM). ND, not detected. (B) Absolute lymphocyte count in whole blood or enzymatically 
dispersed LNs of WT mice after treatment with either anti-α4/αL antibody (α4/αL) or isotype control antibody (Ctrl). Percent depletion is shown 
for LN subsets. (C–E) Analysis of single-cell suspensions from enzymatically dispersed LNs of WT mice stained for CD45, gp38, CD11b and 
CD11c. (C) Flow analysis and sorting gates. (D) Quantitative RT–PCR analysis of Il7 transcript in sorted populations from LNs harvested from 
isotype control-treated (Ctrl) or α4/αL antibody (α4/αL) -treated (22 days) mice. CD45− stromal (CD45−gp38+) and myeloid (CD11c+ DCs or 
CD11c−CD11b+ macrophages) cells were analyzed. Data are representative of at least two experiments with at least three mice per group. (E) 
Quantitative RT–PCR analysis of Il7 transcript in flow-sorted CD45− stromal (CD45−gp38+) cells over time. Animals were treated for 10, 16 or 
22 days with anti-α4/αL blocking antibodies (α4/αL) or isotype control antibody (Ctrl). *P < 0.05, ***P < 0.001.
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Hematopoietic cells are minor contributors to LN IL-7
Previous studies have suggested a myeloid contribution to IL-7 
production, particularly in the setting of lymphocyte depletion 
(6, 42). To maximize our experimental sensitivity to Il7 expres-
sion within myeloid cells, we generated BM chimeras in which 
only hematopoietic cells were capable of transcribing Il7 (WT 
BM > Il7eGFP/eGFP) or eGFP (Il7eGFP/eGFP BM > WT). In addition, 
because α4 and αL antibody blockade increased Il7 tran-
script within pLNs, we reasoned that blockade might further 
promote detection of Il7- or eGFP-expressing hematopoietic 
cell types. As expected, chimeras on a WT stromal back-
ground effectively reconstituted their peripheral circulating 
lymphocyte pool, whereas chimeras on an Il7 eGFP/eGFP back-
ground remained lymphopenic (Fig. 6A). Cell counting from 
dispersed LNs confirmed the efficacy of antibody blockade 
(Fig. 6B), and antibody staining and flow analysis of LNs and 
spleen confirmed the seeding of secondary lymphoid organs 
(SLOs) with myeloid cells originating from the transferred BM, 
including DCs, macrophages and pDCs (Fig. 6C).

RT–PCR analysis of whole LNs, including pLNs (e.g. 
inguinal, axillary and brachial LNs) and mesenteric LNs 
(mLNs), collected from Il7eGFP/eGFP BM > WT chimeras revealed 
that antibody blockade induced an increase in Il7 mRNA, as 
for non-chimeric WT animals (Fig.  6D). Even under antibody 
blockade, however, Il7eGFP/eGFP BM > WT chimeras (expressing 
Il7 message only in stromal cells) had 86.7-fold more Il7 mRNA 
in mLNs and 22.3-fold more in spleen than did WT BM > 
Il7eGFP/eGFP chimeras (Fig.  6D), showing that stromal cells are 
the dominant source of IL-7 in lymphocyte-depleted nodes. 
However, these WT BM > Il7 eGFP/eGFP chimeras contain a myeloid 
compartment that exists in an environment without stromal IL-7. 
To rule out the possibility that stromal IL-7 might be required 
for Il7 transcription in myeloid cells, we stained tissue sections 
from Il7eGFP/eGFP BM > WT chimeras for eGFP (signifying Il7 
promoter activity in hematopoietic cells). We found that these 
animals had virtually undetectable eGFP signal, whereas WT 
BM > Il7eGFP/eGFP animals had robust eGFP expression (Fig. 6E). 
Thus, the myeloid compartment does not generate a significant 
amount of IL-7, even after lymphocyte depletion of the LNs.

Discussion

We developed an Il7-eGFP knock-in mouse that reports Il7 
transcription from the endogenous locus. Immunofluorescent 
and flow cytometric analyses revealed unexpectedly bright 
eGFP fluorescence within LYVE1+gp38+ LECs, both within the 
LN and non-SLO peripheral lymphatic beds (e.g. in the central 
tendon of the diaphragm and in the lung). Furthermore, LECs 
from targeted Il7-eGFP heterozygotes and WT littermates 
expressed Il7 mRNA at a level comparable to that seen in 
LN FRCs, cells previously reported to produce IL-7 (16). 
Although LECs represent a relatively minor population within 
the LNs, their wide distribution throughout the body and 
their central role in immune cell trafficking suggest that they 
may contribute substantially to total body IL-7 production. 
Indeed, lymphocytes isolated from LNs or efferent lymph fluid 
had similar levels of pSTAT5 (and higher levels than those 
found within circulating lymphocytes in the blood), implying 
comparable exposure to IL-7. It has been suggested that 
access of lymphocytes to secondary lymphoid tissues, and 

particularly to the FRCs of the node parenchyma, is critical for 
naive T-cell homeostasis (16). Our data support the idea that 
circulating lymphocytes are likely exposed to IL-7 whenever 
they traffic through the extensive lymphatic network, which is 
constructed largely of LECs.

These experiments reveal a dynamic interplay between 
lymphocytes and the adherent structural and functional 
cells that define SLOs. Thus, acute blockade of lympho-
cyte entry into pLNs induced a rapid increase in Il7 mRNA 
within CD45−gp38+ stromal cells. This group of cells contains 
FRCs that ensheath LN conduits within the T-cell zone as 
well as LECs that line the subcapsular sinus and the medul-
lary cords. Although gp38 is a reliable marker for these two 
stromal elements, the CD45−gp38+ population is likely to be 
far more heterogeneous than is currently appreciated (43). 
For this reason, it is not possible to conclude with certainty 
whether the increase in stromal Il7 described here represents 
an up-regulation of Il7 via increased promoter activity or an 
increased frequency of an Il7-producing cell type within this 
broadly defined pool.

Recently, Kataru et al. (44) elegantly demonstrated that T 
cells (in contrast to B cells, macrophages and DCs) nega-
tively regulate LN lymphatic vessel formation. Paracrine 
signaling via IFN-γ 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 of lymphatic vessels. Because LECs are a major 
source of IL-7 within the LNs and systemically, it is possible 
that increased lymphatic vessel formation in the absence of 
T cells underlies the increased Il7 message observed in this 
study. We previously reported that the lymphocyte-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 expressed myeloid cell markers (6); in this study, 
however, we were unable to detect a significant myeloid cell-
derived Il7 signal. Because the lymphatic vasculature of the 
node is closely associated with a rich network of interdigitat-
ing macrophages (29), the discovery that LECs make a sig-
nificant contribution to LN IL-7 production could provide an 
explanation for our previous findings.

Our finding that the systemic lymphatics express IL-7 sug-
gests that cells other than T cells might be influenced by the 
cytokine. Although it has been shown that a small subset of 
naive T cells re-circulate through peripheral tissues, the affer-
ent lymphatic system is generally associated with trafficking 
of activated antigen-presenting cells (APCs). Migratory DCs 
express both IL-7Rα and γc and therefore possess the neces-
sary cell-surface receptors to bind IL-7 (45, 46). Recent evi-
dence suggests that IL-7 is capable of enhancing the potency 
of an adaptive immune response. Pellegrini et al. (47) 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. Although these effects may 
be mediated via direct signaling to T cells, as the authors sug-
gest, IL-7 effects on APCs could also contribute to enhanced 
T-cell activation and cytokine production. Additional co-stimu-
lation induced by IL-7 might shape the nature of the response, 
in a similar manner to thymic stromal lymphopoietin (TSLP). 
Indeed, the initial report describing the Th-polarizing effects of 
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Fig. 6. Hematopoietic cells make a minor contribution to LN IL-7. (A–D) Bone marrow chimeras of WT BM > Il7eGFP/eGFP recipients (n = 4, black) 
or Il7eGFP/eGFP BM > WT recipients (n = 10, green). Cells derived from WT mice were CD45.1+, whereas those from Il7eGFP/eGFP mice were CD45.2+. 
(A and B) Absolute lymphocyte counts in whole blood (A) and LNs (B) measured by staining with antibodies for CD3, CD4 and CD8. Percent 
depletion is shown in (B) over antibody-blocked (α4/αL) animals. Ctrl, non-antibody depleted; α4/αL, antibody-blocked. (C) Efficient seeding of 
SLOs with myeloid cells originating from transferred BM. Enzymatically dispersed mLNs or splenic cell suspensions were stained with CD11c, 
CD11b and CD45.2 and plotted. The black histogram shows reconstitution in a single representative WT BM > Il7eGFP/eGFP chimera and the green 
histogram is representative of reconstitution in a single Il7eGFP/eGFP BM > WT chimera. (D) Quantitative RT–PCR analysis of whole-tissue RNA 
collected from pLNs, mLNs or spleen of chimeric animals without (Ctrl) and with antibody blockade (blocked) for 22 days. Fold difference in Il7 
transcript is shown in some cases. ***P < 0.001. (E) Immunofluorescence analysis of perfusion-fixed 20-μm cryosections from mLNs harvested 
from chimeric animals following antibody blockade (22 days): eGFP (green) and CD11b (red). Data are representative of at least four animals. 
M, medullary region; T, T cell area. Scale bar represents 100 μm. 



482 IL-7 in LECs and its induction during lymphopenia

TSLP on DCs also demonstrated that IL-7 had similar polar-
izing effects on DCs (45).

Four groups have described Il7 reporter models in which 
a bacterial artificial chromosome (BAC) transgenic approach 
was utilized (27, 48–50). Although all the reporter mice had 
activity in the thymus, only two had detectable activity in other 
tissues known to express endogenous Il7 transcript (9, 10, 
13–20). Despite this variability in expression, these reporters 
have provided significant insights into IL-7 biology and are 
the subject of an excellent review (51). Recently, Onder et al. 
(22) further characterized reporter expression from their BAC 
Il7-eYFP mice. Similar to our findings, they describe significant 
eYFP signal within the LEC subset. Interestingly, LN LEC eYFP 
was induced by LCMV infection and eYFP+ LN LECs were also 
important for LN reconstruction. One potential concern with 
BAC reporters is the separation of reporter expression from 
nearby endogenous regulatory regions and local chromatin 
remodeling events, potentially influencing reporter fidelity. By 
contrast, the Il7-eGFP knock-in mouse described in this study 
faithfully reports Il7 transcription from the endogenous locus in 
a broad range of tissues, similar to that just reported by Hara 
et al. (21). Notably, their knock-in mice were also found to have 
significant eGFP within LN LECs as well as thymus, spleen, BM 
and gut. Treatment of these animals with dextran sodium sulfate 
led to significant induction of gut eGFP. Taken together with our 
data, these recent studies provide indisputable evidence that 
both LNs and systemic LECs are a potent source of IL-7 and 
provide important examples of in vivo peripheral IL-7 regulation.

The reporter construct used in the generation of our Il7-
eGFP knock-in mice includes an SV40 early polyadenylation 
signal after the eGFP stop codon. Inclusion of this sequence 
not only stabilizes reporter transcripts but also removes 
potential downstream regulatory elements, particularly those 
located within the 3′ UTR. Such elements are known to play 
an important role in post-transcriptional regulation of other 
cytokines (52, 53). In addition, to enhance the eGFP signal, 
we deleted a portion of the 5′ UTR (191 of 247 base pairs) 
that has been previously shown to suppress translation (54). 
During our characterization of the Il7-eGFP reporter, we noted 
marked differences in the Il7:eGFP transcript ratios in certain 
tissues. Tissue-specific (e.g. LN versus lung) and cell-type-
specific (e.g. lung LECs versus AECs) differences in this ratio 
might be related to post-transcriptional regulation that cannot 
operate on the targeted allele. This possibility warrants fur-
ther investigation and the Il7-eGFP reporter may be an impor-
tant resource in this work.

In sum, we show that multiple cell types across many different 
tissues express substantial levels of Il7 mRNA and that LECs are 
an important source of in vivo IL-7, as recently described else-
where (21, 22). This result raises the following question: which 
sites are the most important for T-cell homeostasis? This issue 
will be difficult to address until a conditional and tissue-specific 
Il7−/− mouse is generated. Such a tool will be invaluable to our 
understanding of how specific compartments contribute to the 
overall homeostasis of the immune system.
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Supplementary data are available at International Immunology 
Online.
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