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Abstract

Background—The mechanisms that govern the egress of mature thymocytes from the human 

thymus to the periphery remain understudied yet are of utmost importance to the field of basic 

immunology, as well as T-cell reconstitution in various immunodeficiencies. We examined the 

expression and function of sphingosine-1-phosphate (S1P) receptors in human thymocyte egress.

Objectives—We aimed to determine whether S1P receptors (S1P-Rs) play a role in mature 

human thymocyte egress and to identify the thymocyte population or populations that express 

S1P-Rs and respond to S1P by migrating across a concentration gradient.

Methods—Human thymocytes were exposed to S1P in Transwell plate migration assays coupled 

to flow cytometry to evaluate the response to S1P of thymocytes at different stages of maturation. 

Constitutive S1P-R expression was quantified by means of real-time PCR in sorted thymocyte 

subsets and flow cytometry. S1P-R1 and Kruppel-like factor 2 expression were monitored after 

S1P exposure by using flow cytometry and quantitative PCR.

Results—S1P-R1 was the prevalent S1P receptor on mature human thymocytes 

(CD3hiCD27+CD69−), the population that also demonstrated the greatest response to S1P in 

migration assays. Pretreatment with FTY720, an S1P-R1 nonselective modulator significantly 
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reduced migration and suggested a role for S1P-R2 in retaining thymocytes in the tissue. Lastly, 

surface S1P-R1 expression, as well S1PR1 and Kruppel-like factor 2 (KLF2) transcripts, were 

significantly decreased in mature thymocytes on exposure to S1P.

Conclusion—Mature human thymocytes rely on S1P-R1 to migrate toward S1P. Taken in the 

context of murine work demonstrating that S1P is required for thymocyte egress to the periphery, 

our data highlight a new key chemokine for human thymocyte egress.
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Naive T cells develop in the thymus from CD34+ hematopoietic stem cells, which are 

produced in the bone marrow and enter the thymus from blood. Fewer than 5% of 

developing thymocytes survive positive and negative selection and exit as naive T cells at the 

thymic corticomedullary junction.1–3 Stages of thymocyte differentiation are characterized 

by changes in cell-surface antigens, such as an increase in expression levels of the CD3/T-

cell receptor (TCR) complex and upregulation of CD27, CD45RA, and CD62 ligand 

(CD62L) on mature medullary thymocytes.4,5 In addition, transcriptional regulators, such as 

Kruppel-like factor 2 (KLF2), play an important role throughout thymocyte development by 

upregulating surface receptors necessary for migration throughout and egress from the 

thymus.6

Because little is known of factors that influence the egress of naive human T cells to the 

periphery, we examined sphingosine-1-phosphate (S1P) and its receptors, which have been 

shown to play essential roles in T- and B-lymphocyte migration in the mouse.7–9

S1P is a chemotactic sphingolipid molecule with varied roles throughout the body, many of 

which have been characterized exclusively in murine models.10–12 S1P is highly 

concentrated in the blood, where it is produced by erythrocytes, endothelial cells, and 

activated platelets,10,13,14 but levels are low in lymphoid tissues, where it is degraded by 

sphingosine lyase.15 Sphingosine kinase and sphingosine lyase maintain the S1P gradient, 

which promotes the influx of lymphocytes bearing one of its 5 G protein–coupled receptors 

(sphingosine-1-phosphate receptors [S1P-Rs] 1–5)10,16,17 to the lymph nodes. In the mouse, 

CD69, an activation marker expressed during thymic selection, has to be downregulated 

before thymocyte egress.18,19 CD69 is also downregulated on human mature thymocytes 

before thymic egress and is absent on recent thymic emigrants.20

S1P/S1P-R1 ligation in the mouse is required for mature naive T cells to egress from the 

thymus and for memory T cells to egress from secondary lymphoid tissues.7,19 Mice with 

S1p1−/− hematopoietic stem cells have virtually no naive T cells in the blood,7 and treatment 

of mice with FTY720, an S1P-R modulator,21 recapitulates this effect by triggering 

internalization of S1P-R1 and hence desensitizing T cells.7,22 In contrast, S1P-R2 inhibits 

migration of maturing B cells in the germinal centers when ligated to S1P9 and retains T 

follicular helper cells in the germinal centers.23 However, no studies exist demonstrating the 

role of S1P and its receptors in human thymocyte egress.
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Here we show for the first time that the S1P/S1P-R1 axis plays a crucial role in human 

thymocyte egress and identify the phenotype of S1P-R1+ thymocytes as CD3hiCD69− cells 

within the CD27+CD45RA+ medullary thymocyte subset. Mature CD3hiCD69−, but not 

CD3hiCD69+, human thymocytes migrate toward S1P in vitro. Expression of S1P-R2 shows 

donor variability, but our data suggest that it might play an opposite inhibitory role to S1P-

R1. Other S1P-R expression is either negligible throughout all stages of thymocyte 

development or is not significantly different across thymocyte populations, supporting our 

hypothesis that S1P-R1 is the principal receptor for S1P-mediated thymocyte egress.

METHODS

See the Methods section in this article’s Online Repository at www.jacionline.org for more 

details.

Compliance

The article submitted by the authors for publication meets all of the requirements for 

research with human fetal material, as defined by applicable Federal laws and the protection 

of human subjects, including:

• Public Law 103–43, National Institutes of Health (NIH) Revitalization Act of 

1993, also delineated in the NIH, Reminder of Legal Requirements Regarding 

the Acquisition and Use of Human Fetal Tissue for Research Purposes, and

• Federal Regulations for the Protection of Human Subjects at Title 45 Code of 

Federal Regulations Part 46 (45 CFR 46).

Tissue collection and thymocyte preparation

Postnatal thymus specimens were obtained from children undergoing corrective cardiac 

surgery at Mattel Children’s Hospital at UCLA. Fetal thymus specimens were obtained from 

the UCLA CFAR Gene and Cellular Therapy Core. Thymocytes were prepared and cultured, 

as described previously.24

Flow cytometry and cell sorting

Surface immunophenotyping of thymocytes, either untreated or after exposure to 100 

nmol/L S1P (Sigma, St Louis, Mo), was performed, as previously described,25,26 by using 

mAbs to S1P-R1 (or IgG2b control), CD45RA, CD4, CD8, CD62L, CD3, CD69, and CD27 

(see Tables E1 and E2 in this article’s Online Repository at www.jacionline.org). For cell 

sorting, thymocytes were stained, as previously described.27

Quantitative real-time PCR

TaqMan reverse transcription quantitative PCR was performed to determine expression of 

the S1PR1 to S1PR5 and KLF2 genes relative to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as an internal control.
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S1P chemotaxis/migration assay

Migration of thymocytes to S1P was assayed, as described by Matloubian et al.7 Briefly, 

cells in serum-free medium were loaded in the upper chamber after treatment with 100 

nmol/L FTY720 for 1 hour, where indicated, and allowed to transmigrate for 3 hours across 

5-μm Transwell filters (Costar; Corning, Corning, NY) to S1P (Sigma) at the indicated 

concentrations with or without S1P-R modulators. Input thymocytes and cells collected in 

the lower chamber were stained with mAbs to surface markers (see Table E1) and acquired 

for a fixed amount of time.

Statistical analysis

Analyses were conducted with GraphPad Prism 6 software (GraphPad Software, La Jolla, 

Calif). Tests used to analyze the experiments are summarized in Table E3 in this article’s 

Online Repository at www.jacionline.org. A P value of .05 or less was considered 

significant. Data are reported as means ± SEMs.

RESULTS

Only mature CD3hiCD27+CD45RA+CD62L+ thymocytes lacking CD69 expression migrate 
toward S1P

The function of the S1P/S1P-R system in human thymocytes was examined by using in vitro 
Transwell migration assays. Human postnatal thymocytes were added to the top chambers of 

Transwell plates, and S1P at the optimal concentration (100 nmol/L)7 was added to the 

bottom chambers. Migrated thymocytes were immunophenotyped to identify different stages 

of thymocyte development (see Table E1). As shown in Fig 1, A, immature CD4−CD8− 

double-negative (mostly CD3−) and CD4+CD8+ double-positive (mostly CD3lo) thymocytes 

did not migrate to S1P. In contrast, mature CD3hiCD27+ thymocyte subsets expressing either 

CD4 or CD8 did migrate to S1P (P < .001; Fig 1, A). These findings indicate that 

thymocytes responding to S1P are located in the thymic medulla (CD27+) and have 

completed positive selection and lineage commitment.

To further characterize the medullary thymocyte subsets that respond to S1P, we added 

antibodies to CD69 and CD62L (L-selectin) to our immunophenotyping panel. CD69 is an 

early activation molecule expressed during thymic selection but not present on thymocytes 

ready to egress or on recent thymic emigrants.18 CD62L is expressed on naive T cells and is 

important for homing to peripheral lymphoid tissues.28 We found that mainly mature 

CD3hiCD27+CD62L+ thymocytes that have lost CD69 expression migrate to S1P (Fig 1, B). 

No migration to S1P was observed in CD62L− thymocyte subsets. We tested a range from 0 

to 1000 nmol/L S1P and found that cell migration peaked at 100 nmol/L (Fig 1, B), whereas 

at 1000 nmol/L, thymocytes became nonrespondent after a typical bell-shaped dose-

response curve.29

S1P-R1 and potentially S1P-R2 control human thymocyte egress

Next, we used FTY720, a nonselective modulator of S1P-R1, to verify involvement of the 

S1P-Rs in S1P-promoted migration. FTY720 mimics S1P and binds to S1P-Rs, resulting in 

S1P-R1 internalization30 and precluding migration because of a lack of functional 
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intracellular signaling. Mature CD3hiCD27+ thymocytes pretreated with 100 nmol/L 

FTY720 displayed impaired migration compared with untreated thymocytes (Fig 1, C). 

Untreated mature CD4 single-positive (SP) and CD8 SP thymocytes displayed 

approximately 4% and 7% migration, respectively, whereas less than 1% of FTY720-treated 

cells migrated toward S1P (data not shown). Interestingly, the migration of FTY720-treated 

CD4 SP thymocytes and, to a lesser extent, CD8 SP thymocytes was consistently reduced at 

10 nmol/L S1P compared with the basal level of migration without S1P (P < .01 [t test] 

between 0 and 10 nmol/L S1P for the migration of CD4 SP thymocytes after treatment with 

FTY720, data not shown). Because FTY720 prevents S1P-R1 signaling, these results 

strongly suggest that stimulation of another S1P-R, such as S1P-R2 (see below), can inhibit 

migration to S1P.

S1P-R1 is the main S1P-R expressed in the thymus, and S1P-R1 mRNA is expressed to the 
greatest extent within the most mature CD3hiCD27+CD69−CD45RA+CD62L+ thymocyte 
subset

To determine at which stages of thymocyte maturation S1P-Rs are expressed, we sorted total 

postnatal thymocytes into 4 populations based on maturation phenotype: 

CD3−CD27−CD69−, CD3lo CD27−CD69+, CD3hiCD27+CD69+, and CD3hiCD27+CD69− 

(see Fig E1 in this article’s Online Repository at www.jacionline.org for the gating scheme). 

We and others have shown that the CD3hiCD69− subset is comprised of mature thymocytes 

presumably prepared to egress the thymus for the periphery,20,31 leading to our hypothesis 

that this subset would express S1P-R1 to the greatest extent. Considering the retentive role 

of S1P-R2 in murine B cells and follicular helper T cells within germinal centers, we 

hypothesized that S1P-R2 might have an analogous role in thymocytes.23,32 Quantitative 

real-time PCR for S1P-Rs 1 to 5 revealed that S1P-R1 is expressed to a significantly greater 

extent within the most mature CD3hiCD27+CD69− subset than the CD3hiCD27+CD69+ 

subset (>3-fold increase, P = .01), which represents the preceding stage of thymocyte 

development (Fig 2). Moreover, we found that S1PR1 was the main S1P-R mRNA expressed 

in human thymocytes because expression of S1PR2, S1PR4, and S1PR5 mRNA was quite 

low (Fig 2 and see Fig E2 in this article’s Online Repository at www.jacionline.org). In 

addition, S1PR3, S1PR4, and S1PR5 do not show variable expression in thymocyte subsets 

(see Fig E2) and do not appear to have a major role in egress based on migration assays 

using a specific antagonist to S1P-R1, W146 (data not shown).

In accordance with the above results, we hypothesized that S1P-R2 expression would be 

concentrated within the CD3hiCD69+ subset of thymocytes, fitting with its potential role in 

retaining maturing T cells in the thymus until complete maturation. Despite important donor 

variability (Fig 2), S1PR2 mRNA expression tended to be higher in the more mature subsets 

(CD3hiCD27+), with the lowest mRNA level consistently in the least mature 

CD3−CD27−CD69− thymocytes. The donor variability of S1PR2 mRNA was corroborated 

by inconsistent results in migration assays in which we used JTE-013, a specific S1P-R2 

antagonist, to elucidate the role of this receptor (data not shown). Therefore we cannot draw 

definitive conclusions on the effect of S1P-R2 expression on migration into the thymus.
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Kruppel-like factor 2 (KLF2) is a purported master transcriptional regulator of S1PR1 
mRNA expression and regulator of other receptors involved in thymocyte development and 

egress of mature thymocytes to the periphery.33–35 Because KLF2 regulates S1PR1 
expression in peripheral T cells,6,34–37 it follows that it might play a similar role in the 

human thymus. Thus we hypothesized that the highest S1P-R1–expressing subset should 

correspond to the subset expressing the greatest amount of KLF2 mRNA. Indeed, KLF2 and 

S1PR1 transcripts increase concurrently, with the lowest expression observed in 

CD3−CD69− (immature) and the highest expression in CD3hiCD69−CD27+ thymocytes (Fig 

2).

S1P-R1 is expressed at the protein level on mature CD3hiCD69−CD27+CD45RA+CD62L+ 

thymocytes

Human postnatal thymocytes (0 day to 3 years of age; median, 9 months; 14 donors) were 

stained with antibodies to S1P-R1 and CD3, CD27, CD45RA, CD62L, CD69, CD4, and 

CD8. To elucidate the immunophenotype of S1P-R1+ thymocytes, we first gated on the S1P-

R1+ thymocytes and found that this population was mainly mature CD3hi, CD27hi, CD4 SP 

or CD8 SP, CD45RA+, CD62L+, and CD69− (see Fig E3, A, and for total thymocyte 

phenotype, see Fig E3, B, in this article’s Online Repository at www.jacionline.org). The 

S1P-R1+ thymocytes lacking CD3 are likely thymic B cells because we identified a 

CD3−CD19+CD45RA+S1P-R1+ population and, to a lesser extent, natural killer cells 

(CD3−CD19−CD45RA+S1P-R1+; see Fig E4 in this article’s Online Repository at 

www.jacionline.org).38 We then compared S1P-R1 expression in similar populations as 

those above for cell sorting and mRNA quantitation (see Fig E1 for gating). Confirming the 

quantitative real-time PCR results (Fig 2), we observed S1P-R1 expression predominantly 

on the CD3hiCD27+CD69− thymocyte population (Fig 3, A) and minimal S1P-R1 

expression on all other subsets. S1P-R1 was expressed on approximately 30% of 

CD3hiCD69− thymocytes (n = 15; range, 5% to 60%) compared with only 1% to 5% of the 3 

less mature populations (Fig 3, B). We further examined S1P-R1 expression within the 

mature CD3hiCD27+CD62L+ thymocytes on the CD45RA+CD69− subset and found S1P-R1 

expression to be significantly higher within this subset than in CD45RA+CD69+ and 

CD45RA− thymocytes (P < .01, data not shown).

To compare S1P-R1 expression on fetal with that on postnatal thymocytes, fetal thymocytes 

(14–21 weeks of gestation; median, 16.5 weeks; n = 12) were stained and analyzed the same 

way as described for postnatal cells. S1P-R1 expression on fetal thymocyte subsets (Fig 3, 

C) was similar to that on postnatal thymocytes (Fig 3, B) across the 4 populations of 

increasing maturation. Specifically, S1P-R1 expression on fetal thymocytes was 24% within 

CD3hiCD69− and 7% within CD3hiCD69+ cells (vs 30% and <5% on postnatal cells, 

respectively).

Thymocytes internalize S1P-R1 and downregulate S1PR1 and KLF2 mRNA in response to 
S1P

Because little is known about the regulation of S1P-R1 in the human thymus, we performed 

a series of in vitro S1P exposure assays and examined the effect on receptor expression. It 

has been reported that S1P/S1P-R ligation results in S1P-R1 internalization and initiation of 
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intracellular signaling in naive CD4 and central memory CD4/CD8 T cells.39 In accordance 

with these data, we observed that mature human thymocytes, irrespective of origin (fetal or 

postnatal), displayed significantly reduced S1P-R1 surface expression by 30 minutes of S1P 

exposure, which is consistent with internalization and initiation of downstream signaling 

(Fig 4). In addition, we looked at the mRNA expression levels to determine whether receptor 

ligation affected its expression at the transcriptional level. Thymocytes prepared from human 

fetal thymic implants in immunodeficient mice, which are similar in phenotype to fetal and 

postnatal thymocytes,40 were exposed for 30 minutes to 100 nmol/L S1P and analyzed for 

S1PR1 mRNA expression. After exposure to S1P, S1PR1 mRNA expression was 

significantly downregulated relative to that in untreated donor-matched thymocytes (41% 

reduction, P = .0057). Interestingly, KLF2 mRNA was also significantly downregulated 

(58% reduction, P = .0101) after exposure to S1P (Fig 5). Concomitantly decreasing KLF2 
and S1PR1 expression after S1P exposure is reminiscent of our observed trend of increasing 

KLF2 expression with increasing S1PR1 expression in developmental stages of thymocytes 

and supports a potential role for KLF2 as a regulatory factor of S1PR1 expression in human 

thymocytes, as reported in murine models.41 IL-7 receptor (IL7R) mRNA expression in the 

same donor-matched samples was not significantly altered (P = .3468) after 30 minutes of 

exposure to 100 nmol/L S1P, confirming the specificity of S1PR1 and KLF2 
downregulation.

DISCUSSION

For the first time, we describe expression and function of the S1P-Rs in the human thymus. 

Before our research, there were very limited data on the mechanisms regulating egress of 

mature human thymocytes from the thymus to the periphery. Studies in the mouse examined 

the requirement for S1P-R1 in thymocyte egress and showed that S1P-R1 is essential for the 

egress of mature murine thymocytes.7,19 However, no reports to date have demonstrated 

whether the S1P/S1P-R pathway plays a role in the response of human mature thymocytes to 

S1P or egress from the human thymus to the peripheral blood and lymphoid tissues; 

importantly, the exact population of thymocytes that expresses S1P-R1 was not 

characterized in either mice or human subjects.

Our studies present an essential role for S1P-R1 in the human thymus. We show that S1P-R1 

is expressed by CD3hiCD27+CD45RA+CD69−CD62L+ thymocytes and that the cells in this 

subset respond to S1P in vitro. This phenotype corresponds to the most mature thymocytes 

ready for egress to the periphery.20,42 We previously reported that CD69 is expressed on 

medullary thymocytes during the positive selection stage43 but lost before egress of mature 

naive T cells.20 Thus loss of CD69 is required for thymocyte response to S1P. Furthermore, 

IFN-α–induced CD69 expression has been shown to negatively regulate S1P-R1,19 and we 

have reported that plasmacytoid dendritic cells localized in the thymic medulla constitutively 

produce IFN-α.24,27 These arguments support the notion that CD69 might negatively 

regulate S1P-R1 expression throughout human thymocyte development in an IFN-α–

dependent manner until immediately before egress.

KLF2 mRNA expression increased throughout the 4 human thymocyte developmental stages 

concomitant to the S1PR1 mRNA increase. In mice KLF2 is transiently expressed 
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throughout thymocyte development and upregulated along with S1P-R1 in the mature 

CD3hiCD4+ and CD8+ thymocytes before thymocyte egress.16 KLF2 is a master 

transcriptional regulator dictating S1P-R1 expression34,36,37 and also regulates CD62L,6 

which is expressed immediately before thymocyte egress. In the mouse KLF2 expression is 

regulated by forkhead box protein O1 (FOXO1), the activity of which is controlled through 

Akt phosphorylation. KLF2 modulation is likely related to TCR signaling during positive 

and negative selection. Because TCR signaling decreases in the ultimate stages of 

thymopoiesis, FOXO1, in a nonphosphorylated state, can bind to and activate the KLF2 gene 

promoter.44 KLF2 then activates the transcription of egress-associated S1PR1 and CD62L.

Because the majority of investigation in this area has been performed in mice, we decided to 

investigate the dynamics of S1P-R1/S1P binding and the molecular regulation of the S1PR1 
gene in the human thymus. We found that when mature human thymocytes 

(CD3hiCD27+CD45RA+CD69−) expressing S1P-R1 were exposed to S1P, S1P-R1 was 

internalized. In addition, S1PR1 and KLF2 transcripts decreased upon exposure of human 

thymocytes to S1P. Altogether, our results support a role for KLF2 in activating S1P-R1 

expression in the human thymus in a TCR signaling–dependent manner. These findings also 

imply that S1P-R1 transcription is regulated by a negative feedback mechanism that is 

initiated on S1P/S1P-R1 ligation and subsequent signaling and likely involves KLF2. 

Therefore KLF2 might be a potential key regulator of the timing of human thymocyte 

egress, with a potential role for FOXO1 in the regulation of the transcription of KLF2 and 

thereby S1PR1.

Levels of S1PR2 mRNA peak in the CD3hiCD69+ semimature subset and remain stable in 

the CD3hiCD69− mature subset (Fig 2). After FTY720-induced internalization of S1P-R1, 

we observed a reduction in the basal level of migration of mature thymocytes. Interestingly, 

this behavior was mostly present among CD4 SP cells rather than CD8 SP cells. Because 

S1P-R2 is the only other S1P-R showing significant expression on thymocytes and 

considering the recently reported role that S1P-R2 plays in confining murine germinal center 

B cells to the follicle45 and retaining follicular helper T cells in the germinal center,23 these 

results suggest that the function of S1P-R2 in the human thymus is to retain maturing cells 

throughout the final stages of selection. It was recently reported that FTY720 actually 

signals through S1P-R2 in myofibroblasts.21 Therefore it is possible that the deepest 

decrease in migration (10 nmol/L S1P) for CD4 SP resulted from S1P-R2 signaling induced 

by FTY720 and S1P. Altogether, these results suggest that S1P-R2 might play a role in 

thymocyte retention. A hypothetical mechanism is as follows: S1P-R2 signaling begins on 

CD3hiCD69+ thymocytes before S1P-R1 is expressed; then, because S1P-R1 expression 

increases on mature CD3hiCD69− cells, signaling through S1P-R1 takes precedence over 

S1P-R2 signaling, and naive T cells can follow the S1P gradient and egress.

In conclusion, our results suggest that S1P-R1 plays a major role in thymocyte egress, and 

S1P-R2 might be involved as well. Before this work, it had not been reported whether 

human thymocytes expressed S1P-Rs or responded to S1P. Our data show that in the human 

thymus only phenotypically mature cells expressing S1P-R1 are able to migrate to S1P and 

highlight a new key requirement for human thymocyte egress.

Resop et al. Page 8

J Allergy Clin Immunol. Author manuscript; available in PMC 2020 February 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to its crucial role in thymocyte egress, the S1P/S1P-R1 axis might have 

significant implications for immunodeficiencies, as well as lymphoproliferative and other 

diseases, in human subjects16,30,46 when considered in the context of the thymus. In the case 

of immunodeficiencies, investigation of the potential to modulate S1P and its receptors in 

the thymus is warranted. Increasing thymic output of subjects with low T-cell counts or 

function without increasing the risk of autoimmunity is an interesting potential therapeutic 

option. HIV-infected individuals failing to reconstitute adequate functional T cells or 

patients after bone marrow transplantation could benefit from this approach. On the other 

hand, dampening the response to S1P, perhaps through novel intrathymic use of receptor 

modulators, might prove useful in patients with lymphoproliferative diseases, such as certain 

lymphomas. Administration of FTY720 (fingolimod) has already been successful in the 

treatment of multiple sclerosis,47 abrogation of asthma,48 and enhancement of bone marrow 

allograft incorporation.49,50 The potential for local modulation of the mechanisms of T-cell 

egress is, as yet, unexplored in the thymus and represents an intriguing new possibility.
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Key Messages

• S1P-R1 is the main S1P receptor expressed on mature human thymocytes 

(CD3hiCD27+CD69−) ready to egress from the thymus to the periphery.

• For the first time we characterize the S1P-R1+ human thymocyte population 

as CD3hiCD27+CD45RA+CD69− CD62L+ cells.

• S1P-R1 expression mediates the response of mature human thymocytes to 

S1P.

• In agreement with published murine data, we found that S1P-R1/S1P ligation 

is likely required for human thymocyte egress.

• The data highlight a key new requirement for human thymocyte egress and 

have potential implications for novel immunomodulatory therapies as we 

show that S1P-Rs on human thymocytes can be modulated with chemical 

mediators.
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FIG 1. 
Mature human thymocytes migrate to S1P. A, Percentage of immature CD3−CD4−CD8− 

(double-negative) and CD4+CD8+ (double-positive) and mature CD3hiCD27+ thymocyte 

subsets expressing CD4 or CD8 that migrate to 100 nmol/L S1P in a Transwell migration 

assay (total thymocytes in the upper chamber). B, Migration of mature CD3hiCD27+ 

thymocyte populations identified by using antibodies to CD69 and CD62L. C, Effect of 

FTY720, an S1P-R1, S1P-R3, S1P-R4, and S1P-R5 modulator, on migration of mature 

CD3hiCD27+ thymocytes. For statistical data, please see Table E3.
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FIG 2. 
S1PR1 and KLF2 mRNA are expressed to the greatest extent within the most mature 

CD3hiCD69− thymocyte subset. Thymocytes were sorted into 4 populations based on 

maturation immunophenotype (ie, CD3−CD69−, CD3loCD69+, CD3hiCD69+, and 

CD3hiCD69−) before real-time PCR. S1PR1, S1PR2, and KLF2 mRNA are shown. For 

statistical data, please see Table E3.
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FIG 3. 
S1P-R1 protein is expressed to the greatest extent on the most mature thymocyte subset. 

Human postnatal thymocytes were stained with surface antibodies (see Table E1). A, S1P-

R1 profile of 1 representative postnatal (2-year-old) thymus gated as described above. B, 
Summary of S1P-R1 expression on cells from 14 postnatal thymi (median age, 9 months) 

showing comparison of S1P-R1 expression on CD27+CD3hiCD69− thymocytes to less 

mature populations. C, Expression of S1P-R1 on fetal thymocyte populations (median age, 

16.5 weeks of gestation). For statistical data, please see Table E3.
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FIG 4. 
Expression of S1P-R1 in mature CD3hiCD4+CD69− thymocytes after stimulation with S1P. 

Postnatal thymocytes were exposed to 100 nmol/L S1P in serum-free medium for 30 

minutes or untreated and immediately stained for S1P-R1 and other surface markers. A, 
Change in surface expression of S1P-R1 between thymocytes exposed to S1P (black) versus 

medium (mock, light gray). B, Fold change in S1P-R1 expression after 30 minutes of S1P 

exposure of postnatal (PN) and fetal (FT) thymocytes. For statistical data, please see Table 

E3.
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FIG 5. 
S1PR1 and KLF2 mRNA expression decrease after exposure of fetal thymocytes to S1P. 

Thymocytes from human fetal thymus/liver implants in immunodeficient mice were exposed 

to 100 nmol/L S1P or medium alone for 30 minutes and subsequently analyzed for S1PR1 
and KLF2 mRNA expression. Fold change of S1PR1, KLF2, and IL7R mRNA after S1P 

exposure is depicted. For statistical data, please see Table E3.
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