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Abstract

Neonatal life marks the apogee of murine thymic growth. Over the first few days after birth, 

growth slows and the murine thymus switches from fetal to adult morphology and function; little 

is known about the cues driving this dramatic transition. Here we show for the first time the 

critical role of vascular endothelial growth factor (VEGF) on thymic morphogenesis beyond its 

well-known role in angiogenesis. During a brief window a few days after birth, VEGF inhibition 

induced rapid and profound remodeling of the endothelial, mesenchymal and epithelial thymic 

stromal compartments, mimicking changes seen during early adult maturation. Rapid 

transcriptional changes were seen in each compartment after VEGF inhibition, including genes 

involved in migration, chemotaxis and cell adhesion as well as induction of a pro-inflammatory 

and pro-adipogenic signature in endothelium, pericytes and mesenchyme. Thymocyte numbers fell 

subsequent to the stromal changes. Expression patterns and functional blockade of the receptors 

VEGFR2 and NRP1 demonstrated that VEGF mediates its pleiotropic effects through distinct 

receptors on each microenvironmental compartment of the developing mouse thymus.
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Introduction

The thymus is the exclusive site in which conventional T cells develop from multipotent 

hematopoietic stem and progenitor cells. The microenvironment orchestrating this process is 

composed of rare populations of stromal cells forming a complex epithelial, mesenchymal 

and endothelial network. Thymic epithelial cells (TECs) define two major regions of the 

thymic microenvironment: the cortex, where distinct cortical TECs (cTECs) provide signals 

for T-cell commitment, positive selection, proliferation and survival of early thymocyte 

populations, and the medulla consisting of medullary TECs (mTECs) crucial for inducing 

maturation and central immune tolerance (reviewed by (1) and (2, 3)). The development of 

the thymic microenvironment begins with the emergence of epithelial cells from the third 

pharyngeal pouch endoderm, as early as embryonic day 9 (E9) in mice and the 6th week of 

gestation in humans (4–6). The coordinated expression of a complex transcriptional network 

within the epithelium (reviewed by (7)) and signaling pathways from the surrounding 

mesenchyme (8, 9) drives the development, specification and maturation of the TEC 

compartment. Interactions between TECs and hematopoietic cells colonizing the thymus 

continue to shape the thymic microenvironment from embryonic through postnatal 

development (10, 11).

The remodeling of the thymus architecture in the fetal to early postnatal stage of 

development is accompanied by a burst of organ growth from thymocyte proliferation. 

However, by three to four weeks after birth in mice thymic growth markedly slows; weeks 

later, the gradual loss of TECs and their progressive replacement by adipocytes mark the 

onset of age-related thymic involution resulting in a decline in thymocyte production and 

immune competence (12, 13).

While many studies on the thymic microenvironment focus on the mechanisms of thymic 

involution in later life (14–19) and strategies to regenerate the thymic epithelium (20–26), 

little is known about the processes operating immediately after birth when the robust growth 

of the fetal thymus rapidly slows to achieve homeostasis of the organ in the young animal. In 

particular, while the role of TECs throughout thymic development is well known, the 

interactions of the other components of the microenvironment, the mesenchyme and 

vasculature are largely unknown.

Previous studies from our group showed that VEGF-dependent angiogenesis occurs during 

the profound growth of the thymus in the first few days after birth, with rapid conversion to 

mature VEGF-independent vasculature by 7–10 days (27). VEGF inhibition in the neonate 

not only leads to maturation of the vasculature, but dramatically reduces thymocyte numbers 

during steady state and blocks the robust reconstitution after transplantation of the non-

irradiated host (28). The mechanisms by which VEGF mediates changes in thymic growth 

and architecture are not known.

In this report, we show that VEGF is expressed in the neonatal thymus by all non-

hematopoietic lineages and its inhibition solely during this period induces rapid changes in 

all three stromal compartments of the thymus; these changes largely recapitulate the 

maturation of these cell types seen during the transition days later from the neonatal to the 
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young adult thymus. The microenvironmental changes occur prior to the loss of thymocytes, 

and include not only a loss of cTECs relative to mTECs but also depletion of 

CD146+CD140aneg cells, a population of pericytes we show are largely restricted to the 

neonatal thymus. Importantly, we show that based on receptor expression and receptor 

blockade, VEGF drives the fetal/neonatal phenotype of the thymus through distinct 

VEGFR2- and NRP1-dependent pathways in thymic endothelial and mesenchymal cells 

respectively. Inhibition of VEGF in neonates rapidly induces transcriptional changes in all 

stromal compartments demonstrating the profound global impact of VEGF on the 

developing thymus.

Materials and Methods

Animals

C57Bl/6J mice (The Jackson Laboratory) were kept in specific pathogen-free facilities at the 

University of California Los Angeles (UCLA). UCLA’s Institutional Animal Care and Use 

Committee approved all protocols. Unless otherwise specified “neonate” refers to one day 

old mice and “adult” refers to 4–6-week-old mice.

Thymic stroma isolation

The protocol described by (29–31) was modified to isolate murine stromal cells as follows. 

Thymic lobes were dissected from freshly euthanized mice and the connective tissue and fat 

attached to the thymi was gently removed. Thymi were then minced into small pieces and 

placed in 10 ml of RPMI with 10% Fetal Bovine Serum (FBS) (“R10”) and thymocytes 

were removed by vigorous pipetting and transferred to a new tube for further analysis. After 

repeating this procedure, residual thymic chunks were then incubated in 5 ml of R10 

containing Liberase TM (Roche) 0.02% w/v and DNase I (Millipore Sigma) 0.05% w/v at 

37 °C for 20 minutes with intermittent gentle agitation. In general, the thymi required four 

20-minute cycles to dissociate completely. At the end of each cycle, supernatant containing 

stromal cells was collected and kept on ice, and fresh enzyme was added to the remaining 

undigested thymus pieces. After complete dissociation, all supernatants containing stromal 

cells in suspension were run through a 70 μm filter and any undigested tissue fragments 

were mashed with the help of a syringe plunger. The resulting stroma-enriched cell 

suspension was centrifuged at 1,500 rpm for 5 mins at 4°C, washed and re-suspended in 1X 

PBS with 0.5% bovine serum albumin and 2mM EDTA. For further depletion of 

thymocytes, cells were incubated with anti-mouse CD45 MicroBeads before magnetic 

depletion through a large cell column (Miltenyi Biotec).

VEGF inhibition

In all experiments C57Bl/6J neonates received an intra-peritoneal injection of either 

Aflibercept (Regeneron Pharmaceuticals, Tarrytown, NY) a fusion protein of VEGF receptor 

1 and 2 or hFC control, both drugs at 25mg/kg, on day 1 and day 4 of life. Mice were 

euthanized at day 3 (48 hours following the first injection) or day 8 (one week following the 

first injection) of life. To overcome inter-litter variability, experimental and control mice 

from the same litter were used in each experiment. A drop in mouse body and thymus 

weight compared to control confirmed successful delivery of medication into the 
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experimental mice, as previously reported in a study where VEGF inhibition was achieved in 

neonatal mice (32). Thymocytes and stromal cells were analyzed at the end of each 

experiment.

VEGF receptor blockade

Experimental C57Bl/6J mice received DC101 (ImClone), a VEGFR2 neutralizing antibody 

(57mg/kg) and/or anti-NRP1 (10mg/kg, Genentech) for 3 or 7 consecutive days. Control 

mice received hFC control antibody (10mg/kg, Genentech) at the same time points. Thymi 

were harvested from all mice at day 4 and day 8 following the initial injection and processed 

to obtain thymocytes and stromal cells.

Immunofluorescent staining for flow cytometry

The enriched thymic stromal fraction was centrifuged at 1,500 rpm and resuspended in 1X 

PBS with 0.5% bovine serum albumin and 2mM EDTA prior to antibody staining. Cells 

were incubated with fluorochrome-conjugated antibodies against CD3, CD4, CD8, TER-119 

(Biolegend) and CD45 (BD Biosciences) to exclude remaining thymocytes and red blood 

cells (“Hem+” cells), and anti-CD326 (EpCAM), anti-Ly-51, anti-CD140a (PDGFRα), anti-

CD146 (Mel-CAM) and anti-CD31 (PECAM-1) (Biolegend) for stromal cell analysis. Cells 

were analyzed on the LSRII Fortessa (BD Biosciences) and isolated using the FACS AriaII 

(BD Biosciences). All gating was performed following exclusion of doublets (SSC-H/SSC-

W and FSC-H/FSC-W) and dead cells using 4’,6-diamidino-2-phenylindole dihydrochloride 

DAPI (Thermo Fischer). Data was analyzed using FlowJo software (Tree Star).

RNA extraction and RT-PCR analysis

RNA was extracted using the RNeasy micro kit (Qiagen). Complementary DNA (cDNA) 

was prepared using the Omniscript reverse transcriptase kit (Qiagen). cDNA from 200 cells 

was interrogated by semi-quantitative PCR for each of the following genes: mouse krt5 (5’-

GGGAAGGAGTTGGACCAGTC-3’ [forward] and 5’-CCAAACCCATCGCCCGATTC-3’ 

[reverse]) Pdgfra (5’- CCTGGCGCAAGGAAAAATTGT-3’ [forward] and 5’- 

AGGATACCGTAAGACGAGACC-3’ [reverse]). Actb (5’- GGCTGTATTCCCCTCCATCG 

[forward] and 5’-TGTACCGTAACAATGGTTGACC-3’ [reverse]). HotStar Taq Polymerase 

(Qiagen) was used for PCR reactions, which was performed under the following conditions: 

denaturation at 95°C for 15 seconds, annealing at 60 °C for 1 minute, elongation at 72 °C for 

1 minute and a final elongation cycle of 72 °C for 10 minutes for 40 cycles. Additional semi-

quantitative PCR for gene expression was performed using TaqMan primers (Applied 

Biosystems, Thermo Fischer Scientific) for Aire and Col6a3 using Rpl13a as the loading 

control and the following conditions: 50 °C for 2 minutes and 95 °C for 10 minutes holding 

stage, 95 °C for 15 seconds and 60 °C for 1 minute for 40 cycles and a final elongation step 

at 72 °C for 10 minutes. For RT-qPCR, 5ng of RNA for each population was reverse 

transcribed to cDNA using QuantiTect Reverse Transcription Kit (Qiagen). cDNA was then 

pre-amplified using PreAmp Master mix (Applied Biosystems, Thermo Fischer Scientific). 

qPCR was performed using using Taqman primers on a ViiA 7 Real-time PCR machine 

(Applied Biosystems, Thermo Fischer Scientific) to test the expression of Foxn1, Dll4, Fgf7, 
Fgf10, Cxcl12, Ccl25, Il7, Flt1, Kdr, Nrp1, Vegfa; Rpl13a and Hsp90 were used as the two 
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housekeeping genes. Ct values for each gene were normalized to the geometric mean of the 

two house-keeping genes. Data was analyzed using the comparative Ct method (33).

Ki-67 and Annexin staining

Thymocytes were isolated after mincing the thymus and 1.106 cells were resuspended in 

PBS with 0.5% bovine serum albumin and 2mM EDTA. Extracellular staining was 

performed as described above with the following conjugated antibodies: anti-lineage 

markers (B220, CD11b, TER119, Ly6-G/Ly6-C, BD Biosciences), CD117 (BD Biosciences 

and eBiosciences), CD44, CD3, CD45, CD25 (BD Biosciences) CD4 and CD8 (Biolegend). 

Following extracellular staining, cells were washed in PBS with 0.5% bovine serum albumin 

and 2mM EDTA. Ki67-BV605 staining (Biolegend) was performed using the Foxp3 

transcription factor fixation/permeabilization kit (eBiosciences). For cell death analysis, 

following cell surface staining, thymocytes were incubated with Annexin V-APC 

(Biolegend) in Annexin V binding buffer (Biolegend), and were analysed within an hour on 

a LSRII Fortessa (BD Biosciences).

Histochemistry

5 μm sections of neonatal and adult thymi were paraffin embedded and stained with 

hematoxylin and eosin (H&E) for morphologic analysis. For immunohistochemistry 

staining, thymi from both neonatal and adult mice were embedded in optimal cutting 

temperature (OCT) medium before being frozen at −80°C, prior to cutting. Cryostat sections 

(Leica Biosystems) of thymi were immobilized on Super-Frost Plus slides (Thermo Fisher 

Scientific) and were air-dried for 20 minutes before being fixed in neutral buffered formalin 

10% (Richard-Allen Scientific). Slides were then washed in phosphate buffered saline (PBS) 

and the endogenous peroxidase was quenched with a 10-minute incubation in 3% freshly 

prepared hydrogen peroxide solution. This step was followed by a 20-minute incubation in 

rodent blocker M (Biocare Medical). Slides were then washed in PBS, and incubated in PBS 

with Tween 20 (PBST) containing 5 % normal donkey serum. Sections were next incubated 

overnight with either rat monoclonal anti CD31 (1:100, BD Biosciences) or rabbit 

polyclonal anti CD31 (1:100, Abcam), followed by treatment with biotinylated donkey anti-

rat or anti-rabbit IgG respectively and then incubated with streptavidin Alexa 488 for an 

hour. Slides were washed with PBS between every incubation. In preparation for staining 

with the second antibody, sections were incubated in PBST containing 5% normal horse 

serum for 30 minutes followed by treatment with the secondary antibody, which was either 

rabbit polyclonal anti-CD146 (1:200, Abcam) or rat monoclonal anti-mouse CD140a 

conjugated APC (1:100, Biolegend) for 3 hours. Sections were then incubated with horse 

anti-rabbit and anti-rat peroxidase polymer respectively. The sections were finally washed 

with PBST and incubated in tyramide signal amplification Alexa-594 (1:100, Thermo Fisher 

Scientific). All images were acquired using Apotome microscope with software Axiovision 

4.8 (Zeiss).

RNA-Sequencing and Bioinformatics

Whole transcriptome profiling (RNA-Seq) of each thymic stromal subset was performed 

with thymii obtained from B6.SJL neonates treated on postnatal day 1 (P1) with Aflibercept 

(Curascript, Orlando, FL) or hFC control (Regeneron Pharmaceuticals, Tarrytown, NY) 
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(both drugs at 25mg/kg) and harvested 48h post treatment (P3). cTEC, mTEC, CD146+ 

pericytes, CD140a+ thymic mesenchymal cells and endothelial cells were isolated by FACS 

as described above and lysed with Qiazol lysis reagent (Qiagen). RNA was extracted using 

miRNeasy Micro Kit as per manufacturer’s intructions (Qiagen). Two or four independent 

pools were used to generate RNA-Seq libraries for control or treated mice, respectively. 

Total RNA was quantified using the Agilent 6000 pico kit and Agilent 2100 Bioanalyzer 

Instrument (Agilent Technologies, Santa Clara, CA). RNA sequencing and library 

preparation were performed in the Technology Center for Genomics and Bioinformatics 

(UCLA) as follows: cDNA generation and amplification was made using the Ovation RNA-

Seq System V2 (cat# 7102–32, NuGEN Technologies, San Carlos, CA); library preparation 

was done using the KAPA LTP kit (# KK8232, Kapa Biosystems/Roche, Wilmington, MA), 

according to manufacturer’s instructions. The work flow consisted of mRNA enrichment, 

cDNA generation, end repair to generate blunt ends, A-tailing, adaptor ligation and PCR 

amplification. A total of 30 libraries (5 cell types, duplicated controls, 4 replicates for treated 

mice) were multiplexed and sequenced in four different lanes of the flow cell. Raw sequence 

files are available at NCBI’s Gene Expression Omnibus (GSE126681). Sequencing was 

performed on the HiSeq3000 System for a paired-ended 150bp run (Illumina).

The STAR ultrafast universal RNA-seq aligner v2.6 (34) was used to generate the genome 

index and perform paired-end alignments. Reads were aligned to a genome index that 

includes both the genome sequence (GRCm38 primary assembly) and the exon/intron 

structure of known gene models (Gencode M18 genome annotation). Alignment files were 

used to generate gene-level count summaries with STAR’s built-in gene counter. Only 

protein-coding genes in the Gencode M18 annotation were considered (>75% of total counts 

for all samples). Independent filtering was applied as follows: genes with less than one 

average count per sample, count outliers or low mappability were filtered out for 

downstream analysis (35). Counts were normalized per-sample in units of FPKMs after 

correcting for gene mappable length and sample total counts.

Differential expression analysis was performed with DESeq2 (36). For VEGF-Trap analyses, 

count data were fitted to additive models using Batch and Treatment as explanatory factors 

to correct for litter-specific changes, for each cell type. A gene was classified as 

differentially expressed if p-value < 0.01 (likelihood ratio test) and log2 fold-change >0.5. 

These tests yielded 402, 333, 253, 160 and 247 genes significantly regulated by VEGF-Trap 

in Endothelial, CD146+, CD140a+, cTEC and mTEC cells respectively (Supplemental Table 

1). Principal component analysis (Figure 6) was performed with the function prcomp in R 

(https://www.R-project.org/) using variance-stabilized data as input. Boxplots of selected 

VEGF-Trap regulated genes (Figure 6, Supplemental Figure 3) and signature genes (Figure 

7) were visualized in Matlab using z-scores from variance-stabilized data within each 

compartment. Cell-type specific genes were identified using a pair-wise model with two 

levels to test for differences between gene expression in one cell-type as compared to all 

other subsets. Genes were classified as cell-type specific if the estimated fold change was 

higher than four-fold, adjusted p-value < 0.01 (Wald test) and the minimum expression in all 

samples for the target cell type was 5 FPKMs. This analysis yielded 313, 198, 352, 215 and 

563 genes specifically expressed in Endothelial, CD146+ pericytes, CD140a+thymic 

mesenchymal cells, cTECs and mTECs, respectively (Supplemental Table 1). Functional 
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enrichment was performed with Metascape (http://metascape.org) using Gene Ontology 

(GO) biological processes annotations in mouse. Bubble charts (Figure 6 and Supplemental 

Figure 3) show the relative enrichment of each ontology term in each cell type re-scaled 

between 0 and 1 (1 representing the maximum enrichment using a -log10 hypergeometric 

adjusted p-value). Absolute enrichment values are provided in Supplemental Table 1. The 

network of ontology terms in Supplemental Figure 3 was computed in-house and visualized 

with Cytoscape (37). Nodes with the same color are specific ontologies in the same GO 

generic class, and are labeled using a representative member or generic name (Supplemental 

Table 1). Node size is proportional to statistical significance (hypergeometric p-value as 

provided by Metascape). Edge thickness is proportional to between-node similarity and was 

computed in-house in Matlab (version release 2017a, The MathWorks, Inc) using Kappa 

statistics (38), and reflects the overlap between the gene sets annotated in both ontology 

terms. All plots in Figure 6 and Supplemental Figure 3, were generated in Matlab 

(MATLAB, version release 2017a).

Statistical Analysis

Descriptive Statistics such as number of observations, mean and standard deviation were 

reported and presented graphically for quantitative measurements. For comparing between 

two experimental groups, unpaired t test was used. Transformation of the data was 

performed if normality assumption was violated before statistical testing. For all statistical 

investigations, tests for significance were two-tailed. A p-value of less than the 0.05 

significance level was considered to be statistically significant. Statistical analyses were 

carried out using statistical software SAS version 9.4 (SAS Institute Inc. 2013) and Prism6 

(GraphPad).

Results

Isolation and characterization of rare thymic stromal populations from the neonatal 
thymus

The thymus is dominated numerically by hematopoietic cells (thymocytes) with stromal 

cells representing only ~1% of all cells in the organ. To identify and quantify the rare 

subpopulations of thymic stroma we used a modified version of the protocol previously 

described by Gray and colleagues (29–31). Gentle enzymatic digestion of postnatal day 1 

(P1) wild-type (WT) mouse thymus followed by a magnetic-based CD45 depletion allowed 

us to enrich for neonatal stromal cells for further characterization (Figure 1A, 1B). Within 

the stromal cell gate, thymic epithelial cells (TECs) were identified by their expression of 

the epithelial cell adhesion molecule (EpCAM aka CD326) and were further subdivided into 

cortical thymic epithelial cells (cTECs) (mean=46.2% ± 4.2) and medullary thymic 

epithelial cells (mTECs) (mean=48.54% ± 4.2), based on high versus low/negative Ly51 

expression, respectively (29, 39) (Figure 1A, 1C). Platelet endothelial cell adhesion 

molecule (PECAM-1 aka CD31) expression allowed the isolation of endothelial cells, 

representing 5.9 to 9.5% (mean= 7.78% ± 1.5) of the non-epithelial (EpCAMneg) stromal 

fraction (Figure 1A, 1D).
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Analysis of the non-endothelial, non-epithelial stromal fraction revealed the presence of two 

distinct subsets of thymic mesenchymal cells (TMCs) in the neonate. The thymus has been 

previously reported to contain mesenchymal cells that express the platelet-derived growth 

factor receptor alpha (PDGFRα aka CD140a), which are essential for the homeostasis, 

growth and function of TECs (40–43). CD140a+ TMCs represented only 28.6 to 42.2% of 

the EpCAMnegCD31neg stromal cells of the neonatal thymus (mean= 35.2% ± 4.9) (Figure 

1A and Figure 1E). A separate population of cells expressing the melanoma cell adhesion 

molecule (aka CD146) was detected in the TMC population (Figure 1A) representing 31.2 to 

40.4% of the EpCAMnegCD31neg stromal fraction in P1 neonates (mean=36.2% ± 3.7) 

(Figure 1E).

Stromal populations were isolated from neonatal thymus using the above flow cytometry 

strategy and validated using qPCR for cell specific genes. Consistent with previous studies 

(44–47) both cTECs and mTECs expressed Krt5 (keratin 5), but only mTECs expressed Aire 
(Supplemental Figure 1A). Foxn1 and Dll4 expression was also confined to TECs 

(particularly cTECs) (Supplemental Figure 1B).

Both CD146+ and CD140a+ thymic mesenchymal cells expressed Col6a3 (Collagen VI 

alpha chain 3), a microfibrillar protein also expressed by bone marrow mesenchyme (48) 

(Supplemental Figure 1A). High Fgf-7 and Fgf-10 expression was found on CD140a+ 

thymic mesenchymal cells, as expected (41), but expression of these genes was barely 

detectable on CD146+ cells (Supplemental Figure 1B).

Immunohistochemistry of thymic tissue showed that distribution of the two mesenchymal 

subsets was quite distinct (Figure 1F, G). CD140a+ cells were localized either loosely 

around larger blood vessels or were interspersed in thymic parenchyma and unassociated 

with vasculature (Figure 1F). In contrast, CD146+ cells were located exclusively in 

perivascular locations in close proximity to endothelial cells, a feature characteristic of 

“pericytes” previously identified in other tissues (49–51) (Figure 1G).

The murine thymic microenvironment undergoes distinct structural and functional 
changes during early postnatal maturation

We next determined the qualitative and quantitative changes that occur in the thymic stroma 

between the immediate postnatal period and early adulthood. At the time of birth the murine 

thymus is dominated histologically by the cortex with only small islands of medulla, 

whereas in adult mice the medulla represents the majority of the TEC compartment (27, 30, 

52) and Supplemental Figure 2A. In line with the histological appearance, flow cytometry 

demonstrated a marked decrease in the frequency of cTECs relative to mTECs in young 

adults (5 weeks old) as compared to neonates (mean cTEC in adults=2.52% ± 0.48 of 

EpCAM+ cells; mean cTEC in neonates = 49.2% ± 1.2 of EpCAM+ cells), (Figure 2A, 2C 

and 2D). Thus, the cTEC:mTEC ratio fell significantly during maturation from neonates to 

young adults (p≤0.0001) (Supplemental Figure 2B).

Within the mesenchymal compartment, CD146+ and CD140a+ cells were present at similar 

frequencies in neonates (Figure 2A, 2E and 2F). In contrast, while CD140a+ frequency 

changed little, CD146+ cells were rare in the young adult thymus (Figure 2A, 2E and 2F), 
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resulting in a significant increase in CD140a+:CD146+ ratios with maturation (p≤0.0001) 

(Supplemental Figure 2B).

In both age groups CD140a+ thymic mesenchymal cells were found interspersed in the 

thymic parenchyma with similar frequency (Figure 2G). CD146+ cells surrounded almost 

every capillary in the neonatal thymus, but were largely absent in young adults (Figure 2H), 

confirming that the increase in CD140a:CD146 ratio during maturation is due to a loss of 

CD146+ cells.

In addition to changes in the frequency of TEC subsets, gene expression of isolated cell 

types, particularly cTECs, also changed with maturation. Cxcl12, which encodes for a 

chemokine known to be important for thymocyte differentiation, proliferation and β-

selection (53–55), was expressed exclusively in cTECs and significantly decreased within 

this population during the transition between neonate and young adult thymus (p≤0.05) 

(Supplemental Figure 2C). Expression of Ccl25, a chemokine crucial for thymocyte 

migration and Il-7, an essential cytokine for T cell differentiation and proliferation, also 

trended lower in cTECs during maturation (Supplemental Figure 2C). Hence, during 

postnatal development, relative loss of cTECs is combined with a decline in the expression 

of key factors essential for migration, proliferation and differentiation of thymocytes in the 

cTECs that remain.

Expression of Fgf7 and Fgf10 (key factors known to support TEC development (41)) in 

CD140a+ thymic mesenchymal cells was not affected during the transition between neonatal 

and young adult thymus (Supplemental Figure 2C).

Therefore, in addition to changes in the thymic endothelium (27) our data show that other 

thymic stromal compartments undergo dramatic changes during the transition from neonatal 

to young adult stages of development.

VEGF inhibition depletes early thymocyte stages

We have previously shown that thymocyte numbers are dramatically reduced by VEGF 

inhibition applied during the first few days of neonatal life; no effect is seen with inhibition 

given after the first 10 days. Because Vegfa is expressed by all thymic stromal cell subsets 

(46) (Figure 3A), we used a pharmacological (lineage-agnostic) approach to assess how the 

global inhibition of VEGF alters thymopoiesis in the neonate. We treated P1 mice with 

either Aflibercept (aka VEGF-Trap), a VEGFR1/R2 fusion protein which acts as a decoy 

molecule for all VEGF-A isoforms, or an hFC control antibody and analyzed thymi two-

days post-injection (P3) (Figure 3B). At this early time point, no significant change in 

thymocyte numbers was seen (Figure 3C). However, inhibition of VEGF prevented the 

normal increase in thymocytes numbers seen over the next 5 days (P8) (Figure 3C, p≤0.05).

Thymocyte subset analysis at P8 showed that although absolute numbers of all thymocyte 

subsets were decreased (Figure 3D), the impact of VEGF-inhibition was most profound on 

earlier thymocyte stages. VEGF inhibition caused a significant fall in the frequency of 

immature single positive CD8 (ISP8) thymocytes and double positive (DP) thymocytes 

(Figure 3E). Secondary to the massive drop in the frequency of DP cells, a corresponding 
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increase was seen in the percentage of single-positive CD4 (SP4) and SP8 thymocytes; the 

change in DN frequency was not statistically significant (Figure 3E).

Consistent with the above data, Ki67 analysis revealed that VEGF-inhibition significantly 

decreased proliferation of early thymocyte populations i.e. DN (p≤0.001); ISP8 (p≤0.05); 

DP (p≤0.001) but did not change proliferation of mature SP4 and SP8 thymocytes (Figure 

3F). VEGF inhibition also significantly increased cell death in DN, ISP8 and DP but the 

more mature SP4 and SP8 were again not affected (Figure 3G).

As Kdr (which encodes VEGFR2 the pro-angiogenic kinase receptor for VEGF-A), is not 

detected on murine or human thymocytes (27, 35), we reasoned that VEGF does not 

modulate thymocyte survival and proliferation directly but rather as a secondary effect via 

the thymic microenvironment. We therefore next analyzed the effects of VEGF inhibition on 

different thymic stromal populations in neonatal mice.

VEGF inhibition in neonates induced rapid changes in the thymic microenvironment 
similar to physiologic postnatal maturation

Consistent with its major role in angiogenesis, VEGF inhibition significantly and rapidly 

reduced the frequency of endothelial cells as early as P3 (p≤0.05), with effects sustained at 

least until P8 (p≤ 0.05) (Figure 4A). The ratio of cTEC:mTEC was also significantly 

reduced as early as P3 (p≤ 0.05) persisting at P8 (p≤ 0.01) (Figure 4B), reflecting a shift 

from predominance of cTECs to mTECs. Proliferation of both TEC subsets decreased with 

VEGF inhibition (p<0.05) (Figure 4D).

Similarly, the ratio of mesenchymal cell subsets changed rapidly following VEGF inhibition. 

CD140a:CD146 ratios trended higher in VEGF-Trap-treated mice as compared to control, at 

both P3 and P8 (Figure 4C), and cell cycling of mesenchymal populations was also 

markedly reduced in VEGF-Trap-treated mice (CD140a+ p<0.05) and (CD146+ cells 

p<0.01) (Figure 4E). Thus, VEGF inhibition in the neonatal thymus induced rapid changes 

not only in endothelium, but also in TEC and mesenchymal compartments, as attested by a 

decrease in cTEC:mTEC ratios and an increase in CD140a:CD146 ratios, and these occurred 

prior to the decrease in thymopoiesis. Moreover, the stromal changes seen with VEGF 

inhibition mirrored the physiological changes normally seen during the transition from 

neonatal to young adult stages of thymic development.

Blockade of specific VEGF receptors recapitulates distinct elements of thymic maturation

VEGFR1 and VEGFR2 are the anti- and pro-angiogenic receptors for VEGF-A, 

respectively, and Neuropilin-1 (NRP1) has been shown to act as a co-receptor for VEGFR2 

(56). High levels of Flt1 (which encodes VEGFR1) and Kdr (which encodes VEGFR2) were 

found almost exclusively on thymic endothelial cells; only CD146+ pericytes also expressed 

detectable Kdr, albeit at very low levels relative to endothelium (Figure 5A). However, Nrp1 
was expressed at similar levels on CD146+, CD140a+ and endothelial cells. Of note, 

neonatal TECs did not express detectable levels of Flt1, Kdr or Nrp1 (Figure 5A).

To determine which receptor(s) are necessary for VEGF’s effect on the thymic 

microenvironment, we treated neonatal mice daily with control or blocking antibodies to 
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VEGFR2 (α-VEGFR2) and/or NRP1 (α-NRP1) (Figure 5B). After 3 days of treatment, 

VEGFR2 blockade produced a significant drop in endothelial cells (p≤0.0001). NRP1 

blockade alone had no effect on endothelial cells and did not further reduce their frequency 

when added to VEGFR2 blockade (Figure 5C).

VEGFR2 blockade also affected thymic mesenchyme, increasing the CD140a:CD146 ratio 

(p<0.05 for control versus α-VEGFR2); however, no effect was seen on mesenchymal cell 

ratios with α-NRP1 with or without α-VEGFR2 (Figure 5D). Interestingly however, α-NRP 

but not α-VEGFR2, significantly decreased the cTEC:mTEC ratio (p<0.01); adding α-

VEGFR2 to α-NRP did not further change TECs (Figure 5E).

We next examined whether VEGFR2 and/or NRP1 blockade recapitulated the effects of 

VEGF inhibition on thymocytes (Figure 3). Similar to treatment with VEGF-Trap, no 

significant changes to the thymocyte compartment were detected early (P4) with blockade of 

either receptor alone or in combination (Figure 5F). However, a significant decrease in 

thymocyte numbers was again found at P8, but only in neonates treated with the 

combination of α-VEGFR2 and α-NRP1 (p≤0.0001) (Figure 5G, 5H). Thus, VEGF’s effects 

on each stromal compartment are mediated differentially through VEGFR2 and NRP1, and 

are summarized in Figure 5I.

VEGF inhibition induces distinct transcriptional changes in stromal populations

To evaluate the earliest transcriptional impact on each compartment of the neonatal thymus 

after VEGF inhibition, we performed RNA-Seq on stromal subpopulations from 3-day old 

(P3) mice that were treated 48 hours earlier with VEGF-Trap or control. Principal 

component analysis (PCA) showed that the global transcriptional profile of each stromal 

compartment remained similar in P3 mice whether treated with VEGF-Trap or control, 

demonstrating that the phenotypic identity of each population remained unchanged (Figure 

6A). Unsupervised analysis of cell population-specific genes using pooled data from control- 

and VEGF-Trap-treated animals, recapitulated the specificity of known signature genes for 

each population (e.g. for TECs: Foxn1, Epcam, Krt5, Dll4; mTECs: Aire; endothelium: 

Pecam1; endothelium and pericytes: Mcam; CD140a+ TMCs: Col6a3, Pdgfra, Fgf10 and 

Fgf7, among others) (Supplemental Table 1). Functional analysis using the pool of all 

signature genes revealed significant enrichment in a number of functional categories 

including: cAMP signaling and smooth muscle for CD146+ pericytes; Extra cellular matrix 
(ECM) in CD140a+ mesenchyme; cell-cell adhesion in both cTECs and mTECs; and 

cytokine secretion and MHC genes in mTECs (Figure 6B and Supplemental Table 1). 

Combination of all these pathways formed a connected network that defines the collective 

functional behavior of the neonatal thymic stroma (Supplemental Figure 3A).

The specific transcriptional responses to VEGF inhibition for each population were 

examined using two approaches. First the analysis was performed on all genes without 

regard to the signature gene patterns identified above. Differential expression analysis 

between treated and control samples revealed moderate transcriptional changes overall (N = 

402, 333, 254, 160 and 247 differentially [up or down] expressed genes in endothelial, 

CD146+, CD140a+, cTEC and mTEC cells respectively, Wald test p-value<0.05) 

(Supplemental Table 1). Of note, in all stromal populations, functional processes related to 
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cell-cell signaling and tissue integrity (e.g. cell-cell adhesion, extracellular matrix, focal 
adhesion and epithelium development) were significantly enriched after VEGF inhibition 

(Figure 6B) (hypergeometric p-value < 0.01, Supplemental Table 1).

As expected, cell cycle-related genes were dysregulated in both endothelium and CD146+ 

pericytes (cell types which showed the most prominent numerical loss with VEGF-Trap); 

these genes included those involved in mitotic spindle assembly (Kif11, Kif4, Kif23), cell 

cycle checkpoint (Clspn, Bub1, Mad2l1), DNA replication (Mcm3, Lig1, Atad5, Cdt1) and 

cyclin-dependent kinases (Cdks) (Figure 6C, 6D and Supplemental Table 1). Of note, 

enrichment in cell cycle related genes was not seen in CD140a+ or TECs. VEGF-inhibition 

also induced changes in endothelial cells in genes associated with vascular permeability and 

remodeling (Vwf, Enpp2, Ptprj, Tgfa, Pdgfa, Pdgfra, Rhou) (Figure 6C). Interestingly, 

endothelial cells also consistently upregulated genes involved in thymocyte trafficking and 

inflammatory response (Il6st, Edn1, Tnfrsf11a, Fbn1, Il4ra).

In addition to the cell cycle genes previously mentioned, CD146+ pericytes also showed 

consistent up-regulation of mesenchymal-specific genes involved in vascular development 

and stress response (Col6a2, Chl1, Gstm1, Nfatc2, Ptger3, Fabp4) (Figure 6D). Moreover, 

genes involved in adipogenesis were enriched after VEGF inhibition in both types of TMCs; 

in CD146+ cells VEGF inhibition induced up-regulation of Ppar-γ a key activator of 

adipocyte expansion from adipose progenitor cells in vascular niches via Pdgfrb and Vegf 
(57) (Figure 6D). A general response by the CD140a+ mesenchyme to impaired vascular 

growth was reflected by the dysregulation of several genes involved in vascular and tissue 

remodeling (Ret, Flrt3, Serpina3n, Ptk7, Pgf, Cd151, Stc1) (Supplemental Figure 3B).

Although TECs had no detectable expression for either Kdr or Nrp1, transcriptional changes 

were seen in these cells within 48 hours of VEGF inhibition with chemokine, chemotaxis, 

ECM, cell migration and MAPK among the pathways enriched (Figure 6B). cTECs showed 

a particular enrichment for genes annotated in T-cell differentiation pathways and cytokine 

secretion (Ccl21a, Skint4, Dpp4, among others) and thymus development, notably Plet1 a 

marker of early thymic epithelial progenitors (Supplemental Figure 3B). Within the mTEC 

population, VEGF inhibition triggered a high enrichment in chemokine and leukocyte 

chemotaxis (e.g. Cd151, Ephb4, Ccl20) (Supplemental Figure 3B).

A separate analysis was performed to see if VEGF inhibition changed expression of cell 

population-specific i.e. signature genes (Figure 7A). CD146+ TMCs showed mild but 

consistent upregulation of several secretory genes (Scube3, Ctgf, Pdgfa and Bmp5) all of 

which are involved in fibrosis and TGF-β signaling and are known to provide differentiation 

signals from the mesenchyme to the neighboring epithelium in the thymus and epidermis 

(58, 59). Downregulation of multiple secretory genes involved in tissue and vascular 

structure (Eln, Ace2 and Vtn) was consistent with a reduced capacity of CD146+ TMCs to 

support endothelial structure after VEGF inhibition. In CD140a+ cells, Wnt signaling and 

lymphatic growth genes (Ogn, Ctrp2, Sema3d, Sfrp4, Vegfd, Svep1 and Dkk2) were 

decreased in CD140a+ TMCs (Figure 7A). Interestingly, both Fgf7 and Fgf10 were also 

downregulated in this population, revealing that VEGF influences growth factor pathways 

known to support TECs in CD140a+ TMCs, possibly through NRP1.
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While only few cTEC signature genes (notably Il7) were down-regulated, mTECs were 

found to be more transcriptionally responsive to VEGF inhibition; indeed, we observed a 

positive shift in the expression of genes encoding membrane markers of mature, terminally 

differentiated mTECs (H2-Aa, Cd82, Cldn4, Dsg1b, Dsg4, Slc18a1, B4galnt1, Rhbdl2, 

Tnfrsf11a/RANK, Chrnb4 and Laptm5) (60) (Figure 7A). In addition, changes in mTEC-

specific genes involved in ECM structure and thymocyte migration (Ctrb1, Cxadr, Ccl20, 

S100a8/9 and Klk7/14 among others) were also seen after VEGF inhibition (Figure 7A).

Taken together, these results reveal that removing VEGF from the neonatal thymus induces 

rapid and distinct structural, functional and transcriptional responses in all stromal subsets. 

Our transcriptome analysis of a VEGF deprived microenvironment and receptor blockade 

experiments not only shows that VEGF mediates direct vascular effects (through VEGFR2) 

in endothelial and pericytes, promoting angiogenesis and preventing inflammatory, 

adipogenic and fibrotic pathways, but also regulate the epithelial compartment via CD140a+ 

TMCs (through NRP1). Moreover, while the disturbance of VEGF regulated pathways in 

each compartment is not enough to later affect thymocytes, combined VEGF inhibition in 

vascular (endothelial and pericytes), mesenchymal and epithelial thymic stromal cells are 

necessary for TEC growth, homeostasis and function in thymocyte proliferation and 

survival, ultimately highlighting the profound and pleiotropic role of VEGF during postnatal 

thymic development (Figure 7B).

Discussion

We have previously shown that the neonatal thymus secretes high levels of VEGF and that, 

despite a lack of VEGF receptor expression, thymocyte numbers fall dramatically with 

VEGF inhibition (27). Thus, in the current study, we focused on the mechanism by which 

neonatal thymopoiesis is VEGF-dependent. As VEGF is expressed during neonatal life in 

multiple lineages, we chose to use pharmacologic inhibition and found that removal of this 

stimulus produces rapid and profound remodeling of the thymus, accelerating maturation of 

thymic epithelium, inducing medullary dominance over the cortex, and remodeling the 

vascular and perivascular compartments of the thymus.

While the move to mTEC predominance occurs normally during the transition from a 

neonate to young adult thymus (27, 52), these changes were significantly accelerated by 

VEGF blockade. Changes in TECs induced by VEGF inhibition were recapitulated by NRP1 

(but not VEGFR2) blockade; thus TEC “maturation” after VEGF inhibition was independent 

of the VEGFR2-mediated vascular and perivascular responses. The transcriptional up-

regulation of hallmark genes of terminally differentiated mTECs with VEGF inhibition 

could indicate that, through its effects on non-epithelial components, high levels of VEGF in 

the neonate inhibit mTEC development and maturation.

The lack of either Kdr or Nrp1 expression in TECs suggests strongly that the mechanism for 

any VEGF effect on TECs is mediated indirectly through a non-epithelial population. 

Furthermore, the ability of NRP1 but not VGEFR2 blockade to recapitulate the effects on 

TECs, points to a non-endothelial cellular mediator. We propose that the most likely cell 

type to mediate VEGF’s effect on TECs is the CD140a+ mesenchyme a population which 
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expresses NRP1 and is known to be essential for embryonic TEC development (41, 42). 

While the distribution and frequency of CD140a+ thymic mesenchymal cells did not appear 

to change, VEGF inhibition produced consistent changes in the expression of both signature 

and non-signature genes in CD140a+ TMCs, notably those involved in cell adhesion, 

chemotaxis, cell migration pathways, as well as adipogenesis, inflammation and known 

TEC-supporting growth factors.

In addition to their role in angiogenesis through VEGF binding, Neuropilins have also been 

identified as co-receptors for Semaphorins, a family of 20 different secreted and membrane 

bound glycoproteins involved in vasculogenesis, angiogenesis and neuronal axon growth 

(reviewed by (61)). Class 3 semaphorins (SEMA3) signal through NRP1 and are expressed 

by all stromal populations in the neonatal thymus, including TECs (62), (63) (and data not 

shown), but while few studies have shown that semaphorin (expressed by TECs)-neuropilin 

(expressed by thymocyte) interactions create a repulsive gradient responsible for thymocyte 

migration (62), (63) little is known about their exact role in the non-epithelial components of 

the thymic microenvironment. Another possible explanation for the effects of NRP1 

blockade on TEC ratios is that this signaling pathway participate to the cross-talk between 

NRP1-expressing CD140a+ mesenchyme and semaphorin-expressing TECs.

Importantly, a delayed yet dramatic reduction in thymocyte cellularity followed the 

microenvironmental changes induced by VEGF inhibition. More specifically, early stages of 

thymopoiesis were significantly affected, as thymocyte precursors suffered both loss of 

proliferation and increase in apoptosis; no effect on mature thymocytes was observed. T-cell 

lineage commitment and maximal proliferation occur in the cortex through expression on 

cTECs of Notch ligands, chemokines and cytokines. Thus, the shift in TEC subsets toward 

mTEC at the expense of cTECs seen with VEGF inhibition (and normal maturation from 

neonatal to adult life), might be expected to mediate a reduction in thymocyte output. Not 

only were cTECs reduced in number but in those cTECs that remained after VEGF 

inhibition, significant downregulation of several key ligands and chemokines critical for 

early thymopoiesis was seen, including Dll4 and Il7, and ECM degradation and calcium 

binding/transport genes were upregulated, adding further to the loss of signals required for 

normal T-cell progenitor recruitment, thymocyte migration and output (64–66).

It has long been understood that signals from differentiating thymocytes foster the 

development and maintenance of the TEC compartment (67). It is still possible that VEGF 

could induce changes on TECs through altering influx or behavior of thymocyte subsets, 

such as Tregs and immature thymocytes which have been reported to express NRP1 (62, 68, 

69). However, given the timing of the effects, (i.e. the reversal of cTEC:mTEC ratios before 

any change in thymocyte numbers), and also the absence of changes in thymocyte numbers 

with anti-NRP1, it seems unlikely that thymocytes significantly contribute to VEGF-

mediated changes in TECs.

Endothelium showed the strongest transcriptional responses to VEGF inhibition, with a 

predominance of membrane-bound proteins and genes known to be associated with 

endothelial transport, angiogenesis and response to vascular damage. Endothelial-derived 

BMP4 has been previously shown to promote TEC regeneration following irradiation (70). 
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While we did not see a significant increase in Bmp4 transcription in endothelial cells after 

VEGF-inhibition, Bmp6 expression increased in CD146+ pericytes suggesting the potential 

involvement of additional ligands in this context.

VEGF and Notch signaling cooperation is instrumental for angiogenesis: indeed VEGFR2 

signaling induces DLL4 expression on endothelial tip cells, and promotes Notch-dependent 

endothelial stalk cell sprouting (reviewed by (71)). Downregulation of markers of tip 

endothelial cells such as Dll4, Apln and Trp53i11 (72) and up-regulation of markers of stalk 

endothelial cells (Selp, Jam2, Tspan7, Ackr1, Vwf) was also detected following VEGF 

inhibition, reflective of a reduction in sprouting angiogenesis (73). Although deletion of Dll4 
in TECs (with intact expression in the endothelium) is sufficient to impair (74), one cannot 

exclude the possibility that alteration of endothelial DLL4 expression might also produce 

subtle local effects on thymopoiesis (75).

An intriguing finding was the up-regulation of pro-inflammatory and pro-adipogenic genes 

in endothelial cells and pericytes following VEGF inhibition, notably Ppar-γ which has been 

previously shown to promote thymic epithelial senescence in both mice and human (76). 

Inflamm-aging has been being tightly associated with thymic involution (77, 78), and similar 

features are found in the context of thymic insults such as infections (79, 80). Our data raise 

the possibility that, in addition to regulating the maturation of the thymic 

microenvironments, VEGF might have a role in suppression of inflammatory and adipogenic 

pathways in the neonatal thymus.

Although transcriptomic analysis showed that multiple pathways in all stromal subsets were 

altered by VEGF inhibition, the magnitude of these early changes were modest. Given the 

rapidity of the morphological changes seen after VEGF inhibition, it is likely that VEGF 

also mediates other, as yet unidentified, pathways at a post-transcriptional level.

A previous report showed TEC-specific ablation of Vegfa in embryos disrupted thymic 

vascular architecture but did not alter peripheral T cell numbers or phenotype; effects on 

TEC differentiation were not mentioned. As all stromal subsets of the neonatal thymus 

expressed VEGF, a likely explanation for the lack of impact on thymopoiesis in this model is 

that VEGF expression from non-TEC populations was unaltered (46). Nonetheless these 

data support our contention that vascular effects during development are likely insufficient to 

explain the impact of VEGF on thymopoiesis. Interestingly, within the fetal thymus, levels 

of Foxn1 have been shown to correlate with thymic vasculogenesis and VEGF expression, in 

a dosage-dependent manner (81). These findings again demonstrate the complexity of the 

communication network between the vascular and non-vascular compartments of the thymic 

stroma.

Importantly, the effects of VEGF inhibition on the neonatal thymic microenvironment we 

present here have not been seen in the adult thymus, as previously reported by us (27), (28), 

and others in additional organ systems (kidney, heart, liver) (32), further confirming that 

VEGF’s effects are specific/restricted to early postnatal development.

Identifying signals driving the growth and differentiation of stromal cells is key in the quest 

to regenerate the thymic microenvironment and ultimately thymopoiesis. Altogether, our 
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data here provide new evidence on the pleiotropic activity of VEGF within the developing 

thymic microenvironment, showing for the first time the ability of this potent factor to 

regulate the growth, function and maturation across the stromal landscape of the thymus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• VEGF acts directly and indirectly on stromal compartments of the neonatal 

thymus.

• VEGF mediates its pleiotropic effects via both VEGFR2 and NRP1.

• VEGF inhibition induces phenotypic and transcriptional neonatal thymic 

maturation.
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Figure 1. Identification and isolation of epithelial, mesenchymal and endothelial subpopulations 
of the neonatal thymic microenvironment.
(A) Representative flow cytometry plots show the strategy for the segregation of thymic 

stromal subsets from neonatal (P1-P2) wild type (WT) thymi. After digestion and partial 

depletion of CD45+ cells using magnetic beads, live (DAPIneg) cells are gated as follows: 

stromal cells are defined initially by absent expression of the hematopoietic markers CD3, 

CD4, CD8, CD45 and TER119 markers (“Hemneg”) (top left panel). Within the Hemneg 

gate, epithelial cells are defined as EpCAM+ (top left panel), and are then subdivided into 

cTECs (Ly51+) and mTECs (Ly51lo/neg) (top right panel). Endothelial cells are defined as 

CD31+ cells within the EpCAMnegHemneg gate (lower left panel). Thymic mesenchymal 

cells (TMCs) are identified based on exclusion of hematopoietic, epithelial and endothelial 

populations (Hemneg EpCAMnegCD31neg) and express either CD146 or CD140a (lower 

right panel). Numbers represent the frequency of each population from their respective 

gates. (B-E) Bar graphs show a summary of the flow cytometry data in (A); (B) Percentage 

of all cells that fall into the “Hemneg” gate (defined as CD3−CD4−CD8−CD45−TER119− 

cells); (C) Percentage of cTEC and mTEC cells (within the HemnegEpCAM+ gate); (D) 

Percentage of Endothelial cells (ECs) (defined as CD31+) within the HemnegEpCAMneggate, 

(E) Percentage of CD146+ and CD140a+ mesenchymal cells within the 

HemnegEpCAMnegCD31neg gate. (n=5 P1 WT neonates analyzed separately in each 

experiment; data representative of >5 independent experiments). Error bars represent SD. 

(F-G) Immunofluorescence staining of representative thymic sections from P1 WT neonatal 

mice showing (F) the expression of CD140a (red), CD31 (PECAM) (green) markers and 
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DAPI nuclear staining (blue), and (G) CD146 (red), CD31 (green) markers and DAPI (blue). 

All slides were obtained at 40X magnification. Scale bars=20μm.
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Figure 2. Phenotypic and structural changes in stromal subsets mark the transition from 
neonatal to young adult thymus.
(A) Dot plots show representative flow cytometry analysis of thymus from neonatal (P1) and 

young adult (5-week-old) WT mice, after digestion and CD45 depletion and gating on 

CD3−CD4−CD8−CD45−TER119− cells. (B) Percentage of Hemneg gate 

(CD3−CD4−CD8−CD45−TER119−) within the live cell gate after CD45 depletion (C) 

Percentage of cTEC and (D) mTEC cells within the HemnegEpCAM+ gate; (E) Percentage 

of CD146+ and (F) CD140a+ mesenchymal cells within the HemnegEpCAMnegCD31neg 

gate. Data representative of > 5 independent experiments (n=3 neonates and n=5 adults). 

Error bars represent SD. (G-H) Immunofluorescent staining of thymic sections from 

neonatal (P1) and young adult (7-week-old) WT mice show the expression of (G) CD140a 
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(red), CD31 (green) and DAPI (blue) and (H) CD146 (red), CD31 (green) and DAPI (blue). 

Magnification 20X. Scale bars=50μm.
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Figure 3. VEGF blockade in the neonatal thymus decreases thymocyte proliferation and survival.
(A) Expression of Vegfa by qRT-PCR in P1 WT neonatal mice, normalized to Rpl13a (± 

SEM). (n=6–8 mice/experiment, 3 independent experiments are shown). (B) Schematic 

shows the time line for VEGF-trap treatment and analysis of neonatal WT mice. Control 

mice received hFc antibody and “Trap” mice received VEGF-Trap (Aflibercept) both at 25 

mg/kg and via intraperitoneal (IP) injections. For short-term experiments, neonates received 

a single IP injection at P1 of either control of VEGF-Trap and thymi were analysed at P3 

(upper schema); for extended experiments, neonates received an IP injection at P1 and P4, of 

either control of VEGF-Trap and thymi were analysed at P8 (lower schema). (C) Bar graphs 

represent total thymocyte numbers from control (white bars) and VEGF-trap (grey bars) 

treated neonatal WT mice, analysed at P3 and P8. (P3: control n=3, VEGF-trap n=4 mice; 

P8: control n=4, VEGF-trap n=5 mice) *p≤0.05 (D) Bar graphs represent the number of DN, 

ISP8, DP, SP4 and SP8 thymocyte populations in control (white bars) as compared to 

VEGF-Trap (grey bars) treated mice analyzed at P8. (Double-negative: DN, Immature 

Single Positive: ISP8, Double-positive: DP, Single-Positive: SP4 and SP8). (E-G) Summary 

of flow cytometry analysis of CD45+ thymocytes harvested at P8. (E) Percentage of 
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thymocyte subsets within the CD45+ population. (Double-negative: DN, Immature Single 

Positive: ISP8, Double-positive: DP, Single-Positive: SP4 and SP8). Control (white bars) and 

VEGF-Trap (grey bars). (F) Percentage of Ki67+ cells in control (white bars) and VEGF-

Trap (grey bars). (G) Percentage of dead (black bars) and apoptotic (grey bars) cells. (D-G) 

*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 (control n=8, VEGF-trap n=4 mice). Error 

bars represent SD.
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Figure 4. VEGF inhibition in neonates induces changes to TEC and TMC compartments similar 
to developmental maturation.
(A) Percentage of endothelial cells, in mice treated with control or VEGF-Trap and analyzed 

by FACS at P3 and P8. (B-C) Ratio of thymic stromal subsets (TECs and TMCs 

respectively), in mice treated with control or VEGF-Trap, and analyzed by FACS at P3 and 

P8 (P3: control n=4, VEGF-Trap n=4; P8: control n=4, VEGF-Trap n=6. (D-E) Cell cycle 

analysis of TEC and TMC populations (control n=7, VEGF-Trap n=6) based on the 

percentage of Ki67+ cells from neonatal mice treated at P1 with control or VEGF-Trap and 

analyzed at P3. (A-E), Error bars represent SD. (*p≤0.05, **p≤0.01, ****p≤0.0001).
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Figure 5. Stromal and thymocyte effects of VEGFR2 and NRP1 blockade.
(A) Expression of Flt1, Flk1 and Nrp1 (± SEM) in the neonatal thymic stroma by qRT-PCR 

(n=2). (B) Schematic of VEGFR2 and NRP1 blockade for data in (C-F). (C) Percentage of 

thymic stromal cells that were endothelial (CD31+) (n≥9 mice/group). (D-E) Bar graphs 

show the ratio of cTEC:mTEC (n≥9 mice/group) and CD140a:CD146 respectively. (F) 

Thymic index (number of thymocytes (x106)/body weight (grams)) from treated neonatal 

mice at P4. (G) Schematic of VEGFR2 and NRP1 blockade in neonates, analyzed at P8. (H) 

Bar graph shows the thymic index from neonatal mice analyzed at P8. (I) Summary of 

phenotypic changes within each stroma subset and thymocytes, following VEGF-Trap or 

VEGF-receptor blockade. Arrows indicate the increase or decrease in frequency (% 

endothelial cells), ratios (epithelium and mesenchyme) or thymocyte numbers relative to 

control samples; X= no change. Error bars represent SD. *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001.
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Figure 6. VEGF regulates key signaling pathways within the neonatal thymic stroma.
(A) Principal component analysis of gene expression in stromal cell subsets from control 

and VEGF-Trap treated neonates analyzed at P3. Each symbol represents an individual 

biological replicate for the corresponding cell type and treatment. Shown is the samples’ 

clustering using the first two principal components (PC1/PC2) and percent of variance 

explained by each component as computed using unfiltered, whole-transcriptome expression 

levels. (B) Functional enrichment results for cell-type specific (left) and VEGF-Trap 

regulated (right) genes. Shown at left are selected Gene Ontology categories with significant 

enrichment in at least one gene set. The size of each circle in the bubble chart represents, for 

each gene set, the relative enrichment as compared to the most significant term for the gene 

set (-log10 p-value scale). (C-D) Gene-wise boxplots of expression z-score distributions for 
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selected genes regulated by VEGF-Trap in endothelial cells (C) and CD146+ pericytes (D). 

Each box represents a gene’s z-score distribution for all samples in one experimental group 

(Control n = 2, VEGF-Trap n = 4). Line plots connect the mean z-score for all genes in each 

experimental group. For each cell type, selected genes are shown ranked from strongest up- 

(top) or down-regulation (bottom) after VEGF-Trap treatment, and official mouse gene 

symbols are shown. Similar boxplots for CD140a+ and TECs are included in Supplemental 

Figure 3B.
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Figure 7. Cell-type specific signature genes regulated by VEGF in thymic stromal populations.
(A) Gene-wise boxplots of expression z-score distributions for signature genes identified in 

this study in all thymic stromal populations. Each box represents a gene’s z-score 

distribution for all samples in one experimental group (Control n = 2, VEGF-Trap n = 4). 

Line plots connect the mean z-score for all genes in each experimental group. For each cell 

type, the most regulated genes are shown ranked from highest up- (top) or down-regulation 

(bottom), 48 hours after VEGF-Trap treatment, and official mouse gene symbols are shown. 

Black/white heatmaps for all and selected genes provide secreted/membrane classifications 

from Uniprot, Protein Atlas and transmembrane TMHMM predictions. (B) Working model 

shows the impact on each thymic compartment of VEGF during neonatal life, based on data 

from VEGF inhibition and VEGF receptor blockade studies. Vascular and perivascular 

changes are mediated by VEGF directly through VEGFR2 (orange arrow), and the impact 

on TEC differentiation is mediated indirectly through NRP1, most likely through paracrine 

mechanisms (purple arrow) triggered through NRP1 signaling in CD140a+ mesenchyme 

(blue arrow). Importantly, all the stromal changes are seen within 48 hours of VEGF 

inhibition whereas thymocyte effects are delayed several days later, suggesting VEGF acts 
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on thymocytes indirectly through the microenvironment. Blockade of both VEGFR2 and 

NRP1 is necessary for the reduction in thymocyte proliferation and survival, demonstrating 

the pleiotropic role of VEGF. Of note, this model does not preclude other interactions 

between the vascular and mesenchymal compartments.
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