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The egress of T lymphocytes from lymphoid 
organs is essential for adaptive immune responses. 
The exit of mature single-positive (SP) thymo-
cytes from the thymus into blood establishes a 
pool of naive T cells with a diverse repertoire in 
peripheral organs. Egress from lymph nodes 
into lymph is required for the recirculation of  
T cells through secondary lymphoid organs 
and for immune surveillance. Egress from lym-
phoid organs is critically dependent on the 
binding of sphingosine-1-phosphate (S1P) to 
S1P receptor 1 (S1PR1) that is expressed on  
T cells (Matloubian et al., 2004; Pappu et al., 
2007; Zachariah and Cyster, 2010; Cyster and 
Schwab, 2012). Sensing of S1P gradients that 
exist between lymphoid tissues (interstitial S1P 
concentration in low nanomolar range) and blood 
or lymph (plasma S1P concentration 100–
1,000 nM) is required for egress (Schwab et al., 
2005; Pappu et al., 2007; Cyster and Schwab, 
2012). Beyond a requirement for S1PR1, the 
lymphocyte-intrinsic molecular mechanisms that 
regulate egress remain incompletely defined.

S1PR1 is a G protein–coupled receptor 
(GPCR) with unique properties (Lee et al., 1996, 

1998; Windh et al., 1999; Rivera et al., 2008; 
Rosen et al., 2009; Spiegel and Milstien, 2011; 
Cyster and Schwab, 2012). It is highly sensitive 
to desensitization and internalization in the 
continued presence of its ligand S1P (Liu et al., 
1999; Schwab et al., 2005; Oo et al., 2007, 2011; 
Pappu et al., 2007; Arnon et al., 2011), particu-
larly when compared with chemokine recep-
tors and even when compared with members 
of the same receptor family, such as S1PR5 
(Jenne et al., 2009). Receptor desensitization is 
mediated by GPCR kinase 2 (GRK2), which 
phosphorylates serine residues in the cytoplas-
mic tail of S1PR1 (Watterson et al., 2002; 
Arnon et al., 2011). Receptor phosphorylation 
recruits -arrestins that sterically uncouple 
the receptor from heterotrimeric G proteins, 
thereby leading to the rapid loss of receptor re-
sponsiveness (“desensitization”). Arrestin bind-
ing also leads to GPCR internalization via 
clathrin-mediated endocytosis and either re-
ceptor degradation or recycling back to the  
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signaling in T lymphocytes that are positioned near exit sites 
in a low S1P environment and promotes their egress into 
blood and lymph. Overall, our findings identify a previously 
unknown mechanistic link between endocytosis and T lym-
phocyte egress.

RESULTS
T cell–specific dynamin 2 deficiency causes lymphopenia
To determine the physiological function of dynamin 2 in  
T cells, we generated Cd4-creDnm2flox/flox (referred to as “Dnm2 
KO”) mice by crossing mice with conditional expression of 
dynamin 2 (Dnm2flox/flox) to Cd4-cre transgenic mice. Litter-
mate Cd4-creDnm2flox/+ (referred to as “Dnm2 HET”) mice 
were used as controls. The floxed Dnm2 allele was deleted in 
T cells from the thymus and periphery of Dnm2 KO mice, 
and Dnm2 KO T cells lacked dynamin 2 protein (not de-
picted). In addition, we confirmed the absence of dynamin 1 
and 3 in Dnm2 KO T cells by using a pan-dynamin antibody 
(Ab) that recognizes the three dynamin isoforms (not depicted; 
Ferguson et al., 2007).

We found that Dnm2 KO mice had profound lymphope-
nia with a reduction of both CD4 and CD8 T cells in blood 
by a factor of 10 (Fig. 1, A and B). This was not caused by a 
defect in T cell development because developing thymocytes 
were present in Dnm2 HET and KO mice (Fig. 1, C and D). 
However, Dnm2 KO mice showed a significant increase in 
the number of CD4 and CD8 SP thymocytes (Fig. 1 D). Spe-
cifically, the frequency and number of CD4 SP and CD8 SP 
thymocytes with a mature phenotype (TCRhiCD24lo) were 
increased by a factor of approximately four to five in Dnm2 
KO mice (Fig. 1, E and F; and not depicted). We performed 
mixed bone marrow chimera experiments to address whether 
the observed defects were cell intrinsic or caused by an al-
tered environment in Dnm2 KO mice. We reconstituted sub-
lethally irradiated Rag1-deficient mice with a 1:1 mixture of 
Dnm2 HET or KO bone marrow cells (CD45.2+) and WT 
C57BL/6 (B6) cells (CD45.1+). Mixed Dnm2 KO/WT chi-
meras contained fewer peripheral T cells derived from Dnm2 
KO cells than from WT bone marrow cells when compared 
with Dnm2 HET/WT chimeras (Fig. 1 G). In contrast, there 
were more mature SP thymocytes derived from Dnm2 KO 
bone marrow than from WT bone marrow in Dnm2 KO/WT 
chimeras (Fig. 1 H), indicating that the lymphopenia and the 
increase in mature SP thymocytes were cell-intrinsic defects. 
These data demonstrate that dynamin 2 is necessary for estab-
lishing a full T cell compartment in the periphery.

Thymic egress is dependent on dynamin 2
The observed accumulation of mature T cells in the thymus 
and corresponding reduction of T cells in the blood led us to 
ask whether T cell emigration from the thymus into blood 
requires dynamin 2. To test this possibility, we quantified re-
cent thymic emigrants (RTEs) by intrathymic FITC dye in-
jection (Carlson et al., 2006). Peripheral T cells that carry the 
label (FITC+) correspond to RTEs that can be identified by 
flow cytometry. These experiments were performed in mixed 

cell surface (Ferguson, 2001; Pierce et al., 2002; Sorkin and 
von Zastrow, 2009). Receptor internalization can restore 
GPCR responsiveness (“resensitization”) as has been shown 
for the 2-adrenergic receptor (Zhang et al., 1997).

Although large S1P gradients exist between blood/lymph 
and lymphoid tissue, several data indicate that lymphocytes 
encounter small S1P gradients that likely instruct migration 
toward exit portals within lymphoid tissues. For example, thy-
mocytes are attracted to egress sites at corticomedullary junc-
tions in response to S1P produced locally by pericytes that 
ensheath thymic blood vessels (Zachariah and Cyster, 2010). 
Furthermore, S1PR1 signaling enforces internalization of the 
surface molecule CD69 (Shiow et al., 2006; Bankovich et al., 
2010; Cyster and Schwab, 2012), a molecular timer which 
delays egress (Zachariah and Cyster, 2010). A prediction from 
these observations is the presence of an intrathymic gradient 
of low S1P concentration that guides thymocytes to exit sites, 
although technical limitations have not yet allowed direct  
visualization of S1P gradients within tissue (Cyster and Schwab, 
2012). Given the rapid and sensitive down-regulation of 
S1PR1 signaling upon S1P engagement, this prediction also 
implies that S1PR1, after exposure to intrathymic S1P, main-
tains S1P responsiveness to promote thymocyte egress. How-
ever, the molecular requirements for, and the functional 
significance of, S1PR1 resensitization for T cell egress have 
not been defined.

Intravital microscopy of S1PR1-deficient lymphocytes 
revealed that T cells approach lymph node egress sites (corti-
cal lymphatic sinuses) efficiently, but S1PR1 is critical for the 
transendothelial migration step (Grigorova et al., 2009). The 
data on lymph node egress are consistent with a model in which 
a pulse of S1PR1 signaling, as opposed to sustained signaling, 
is sufficient for lymphocyte egress. Alternatively, egress requires 
sustained S1PR1 signaling, and therefore, lymphocytes need 
to maintain S1PR1 responsiveness even in the presence of 
low S1P concentrations. The latter mode of egress would pre-
dict that rapid S1PR1 resensitization mechanisms are essential 
for egress to occur.

Binding of S1P to S1PR1 triggers both signaling through 
the receptor and its endocytosis (Liu et al., 1999; Oo et al., 
2007, 2011), yet whether and how endocytosis regulates 
S1PR1 signaling are unclear. Given the critical role for dy-
namins in promoting the membrane scission step during  
endocytosis (Praefcke and McMahon, 2004; McMahon and 
Boucrot, 2011; Schmid and Frolov, 2011; Ferguson and  
De Camilli, 2012), we used mice genetically deficient in dyna-
min 2 (Dnm2; Ferguson et al., 2009), the dynamin isoform 
expressed in immune cells, to investigate the physiological 
function of endocytosis in T lymphocytes. We report here that 
dynamin 2 is critical for T cell egress from thymus and lymph 
nodes by directly regulating S1PR1 signaling. Surprisingly, 
dynamin 2–dependent endocytosis was not required for ter-
mination of S1PR1 signaling. Instead, dynamin 2 was required 
for S1PR1 resensitization in T lymphocytes, thereby pro-
moting sustained S1PR1 signaling in vivo. We propose that 
dynamin 2–dependent endocytosis enables continuous S1PR1 
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treated with the high-affinity S1P agonist FTY720 (Fig. 2 B), 
which blocks thymic egress by disrupting S1P gradients and 
by inducing S1PR1 degradation (Cyster and Schwab, 2012). 
Analysis of mixed bone marrow chimeras revealed a signifi-
cant reduction of egressing thymocytes in the absence of  
dynamin 2 (Fig. 2 C), similar to that in mice with impaired Gi 
signaling (Cd4-creRosa26PTX/+ mice, see below for descrip-
tion of mice). Together, our results establish that dynamin 2 is 
essential for T cell egress from the thymus.

Dynamin 2 regulates S1PR1 signaling in vivo
Lymphocyte egress from lymphoid organs is critically depen-
dent on intrinsic S1PR1 signaling in response to S1P gradients 

bone marrow chimeras to exclude any potential lymphopenia-
related effects on thymic egress. Using this technique, we 
found that both CD4+ and CD8+ RTEs were reduced by 
50% in the blood of Dnm2 KO mice (Fig. 2 A). The in-
crease in mature T cells together with decreased RTEs sug-
gests that thymocyte egress requires dynamin 2. To further test 
this hypothesis, we directly visualized egressing thymocytes 
by injecting mice with PE-conjugated -CD4 Ab i.v. for  
4 min, a procedure which selectively labels blood-exposed 
thymocytes (Pereira et al., 2009; Zachariah and Cyster, 2010). 
The specific labeling of egressing thymocytes (i.v. CD4-PE+) 
was confirmed by the reduction of i.v. CD4-PE+ cells in mice 

Figure 1.  T cell–specific dynamin 2 defi-
ciency leads to lymphopenia and accumu-
lation of mature thymocytes. (A and B) Flow 
cytometric analysis of blood CD4 and CD8  
T cells (A) and numbers of CD4 T cells (B) in 
blood, spleen, and lymph node from Dnm2 
HET and KO mice (n = 10). (C and D) Flow 
cytometric analysis (C) and numbers (D) of 
double-negative (DN), DP, and CD4 and CD8 
SP thymocytes from Dnm2 HET and KO  
mice (n = 13). (E and F) Flow cytometric 
analysis (E) and numbers (F) of immature 
(TCRhiCD24hi) and mature (TCRhiCD24lo) 
CD4 SP thymocytes from Dnm2 HET and KO 
mice (n = 13). Horizontal bars indicate the 
mean. (G) Bone marrow cells from Dnm2 
HET or KO mice (CD45.2+) were mixed 1:1 
with WT B6 cells (CD45.1+) and injected into 
irradiated Rag1 KO recipients (CD45.1+) to 
generate bone marrow chimeras. Ratio of 
CD4 and CD8 T cells in thymus (THY), lymph 
nodes (LN), spleen (SPL), and blood (BL) 
from Dnm2 HET/B6 and Dnm2 KO/B6 mixed 
chimeras (n = 16–17) is shown. (H) Mixed 
bone marrow chimeras were generated as 
in G. Ratio of immature and mature CD4 
and CD8 SP thymocytes from Dnm2 HET/B6 
and Dnm2 KO/B6 mixed chimeras (n = 11–16) 
is shown. Ratios were normalized to the 
ratio of DP thymocytes to account for vari-
able chimerism among mice. The dashed 
line indicates a control cell/KO cell ratio of 
1. All error bars represent SEM. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001 by unpaired Stu-
dent’s t test (B, D, F, and G) or one-way 
ANOVA, Tukey’s post-test (H). Results are 
representative of or combined from three 
(D and F), four (G and H), or more than five 
(A–C and E) experiments.
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expression on the cell surface of T cells (Fig. 3 D). In dynamin 
2–deficient mice, however, we observed S1PR1-CD69 sur-
face coexpression in a substantial fraction of SP thymocytes 
(Fig. 3, D and E). This phenomenon was cell autonomous 
(not depicted). It also occurred in peripheral T cells (Fig. 3 F), 
albeit to a lesser degree, inversely correlating with the re-
ported S1P concentrations (lowest in thymus, low in lymph 
node, intermediate in spleen, and high in blood; Schwab et al., 
2005; Pappu et al., 2007). Because we observed that S1PR1/
CD69 coexpression in dynamin 2–deficient cells was most 
pronounced in thymus and lymph node (Fig. 3, D and F), 
where S1P concentrations are lower than in spleen and blood, 
we hypothesized that dynamin 2 promotes S1PR1 signaling 
when S1P is present at low concentrations. To test this hy-
pothesis, we asked whether raising the S1P concentration in a 
low S1P environment (i.e., thymus) to the high S1P concen-
tration found in blood would induce a similar amount of 
S1PR1 signaling in WT and Dnm2 KO cells. This was 
achieved by pharmacologically inhibiting S1P degradation 
with deoxypyridoxine (DOP; Schwab et al., 2005) and using 
CD69 surface down-modulation as a surrogate of S1PR1 
signaling in vivo. We found that surface CD69 levels in WT 
and Dnm2 KO thymocytes decreased to a similar extent after 
DOP treatment (Fig. 3, G and H), suggesting that the S1PR1 
response in a high S1P environment is the same in WT and 
KO cells. We conclude that dynamin 2 is particularly required 
for S1PR1-mediated CD69 down-modulation in microenvi-
ronments containing low S1P concentrations, such as thymus 
and lymph nodes.

(Cyster and Schwab, 2012). Thus, we asked whether dyna
min 2 regulates T cell egress by modulating S1PR1 signaling  
in vivo. During their maturation, thymocytes become egress 
competent by expressing S1PR1 and down-modulating 
CD69 from the cell surface, the latter being dependent on 
S1PR1 signaling (Matloubian et al., 2004; Zachariah and 
Cyster, 2010; Bréart et al., 2011; Cyster and Schwab, 2012). 
We examined CD69 expression to determine whether S1PR1 
signaling was functional in dynamin 2–deficient T cells. We 
found that CD69 surface expression was increased on mature 
CD4 SP thymocytes that lacked dynamin 2 (Fig. 3 A, com-
pare red histograms). This increase also occurred in naive  
T cells in the periphery (not depicted). CD69 mRNA expres-
sion is augmented by TCR signaling and other activating 
stimuli (Shiow et al., 2006), but control and Dnm2 KO thy-
mocytes expressed similar amounts of CD69 mRNA (Fig. 3 B), 
indicating that the increased CD69 surface expression in Dnm2 
KO T cells is a posttranscriptional event and not secondary to 
increased TCR and/or inflammatory cytokine signaling. Fi-
nally, increased CD69 surface expression was also not caused 
by impaired endocytosis of CD69 because Ab-mediated 
CD69 internalization in vitro was normal in the absence of 
dynamin 2 (Fig. 3 C).

S1PR1 and CD69 can form a protein complex and an-
tagonize each other by inducing down-regulation of the re-
spective protein from the cell surface depending on their 
individual abundance (Shiow et al., 2006; Bankovich et al., 
2010; Cyster and Schwab, 2012). Therefore, when S1P-S1PR1 
signaling is intact, S1PR1 and CD69 show mutually exclusive 

Figure 2.  Dynamin 2 is required for  
T cell egress from thymus. (A) Mixed Dnm2 
HET/B6 and Dnm2 KO/B6 bone marrow chi-
meras generated as in Fig. 1 G were injected 
intrathymically with 20 µg FITC to label CD4+ 
and CD8+ RTEs. RTEs were gated as CD4+ or 
CD8+FITC+ cells in blood, spleen, and lymph 
node 24 h after injection. Ratio of HET/B6 and 
KO/B6 FITC+ T cells in various tissues is shown 
(n = 11–12). Ratios in blood, spleen, and 
lymph nodes were normalized to the ratio in 
thymus (ratio = 1) to account for differences 
in labeling. (B and C) Mixed bone marrow 
chimeras generated as in Fig. 1 G were in-
jected i.v. with 1 µg –CD4-PE Ab. (B) Egress-
ing WT CD4 SP thymocytes in circulation were 
gated as CD4-PE+ cells in untreated chimeras 
or chimeras injected with FTY720 (to inhibit 
egress) 16 h before analysis. (C) Ratio of 
egressing CD4 SP thymocytes (CD4-PE+) from 
Dnm2 HET/B6, Dnm2 KO/B6, and Cd4- 
creRosa26PTX/+ (Rosa26-PTX)/B6 mixed bone 
marrow chimeras (n = 9–16). (A and C)  
The dashed line indicates a control cell/KO  
cell ratio of 1. All error bars represent SEM.  
**, P < 0.01; ***, P < 0.001 by one-way ANOVA, 
Tukey’s post-test (C) or two-way ANOVA, 
Bonferroni post-test (A). Results are combined 
from two (A) or six (B and C) experiments.
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that S1PR1 signaling is regulated by dynamin 2–dependent 
S1PR1 internalization. S1PR1 internalization is induced by 
S1P binding, coupling of S1PR1 to G proteins, and phos-
phorylation of the intracellular C-terminal tail of S1PR1 by 
GRK2. In normal T cells, S1PR1 surface expression inversely 

Dynamin 2 is required for S1PR1 internalization  
at low S1P concentrations
We next wanted to define how dynamin 2 regulates S1PR1 
signaling. Considering the physiological role played by dy-
namin proteins in endocytosis, we explored the possibility 

Figure 3.  Dynamin 2 regulates S1PR1 signaling  
in vivo. (A) CD69 surface expression on thymocytes from 
Dnm2 HET and KO mice (n > 10) was measured by flow 
cytometry. (B) Quantitative RT-PCR analysis of CD69 
mRNA expression in thymocyte populations from Dnm2 
HET and KO mice (n = 4). mRNA expression was normal-
ized to Hprt. (C) Flow cytometric analysis of CD69 sur-
face expression on immature CD4 SP thymocytes 
treated with -CD69 Ab in vitro (n = 6). MFI, mean 
fluorescence intensity. (D and E) Flow cytometric analy-
sis (D) and frequencies (E) of S1PR1-CD69 coexpressing 
CD4 SP thymocytes from Dnm2 HET and KO mice (n = 24). 
Horizontal bars indicate the mean. (F) Flow cytometric 
analysis of S1PR1 and CD69 surface expression on  
naive (CD44lo) CD4 T cells from Dnm2 HET and KO mice  
(n = 9). (G and H) Dnm2 HET and KO mice received  
30 mg/liter DOP in the drinking water or water alone.  
3 d later, CD69 surface expression on mature CD4 SP 
thymocytes (n = 7) was measured by flow cytometry. 
All error bars represent SEM. ***, P < 0.001 by unpaired 
Student’s t test. Results are representative of or com-
bined from two (C, G, and H), three (F), four (B), or more 
than five (A, D, and E) experiments.
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interstitium of Dnm2 KO mice. Furthermore, it was also not 
caused by higher S1PR1 mRNA expression (not depicted). 
Expression of S1PR1 on Dnm2 KO thymocytes was only 
slightly increased (Fig. 4 A), likely because the amount of sur-
face S1PR1 in thymocytes is already near its maximum as a 
consequence of the low S1P concentration in the thymus. 
This notion is supported by the finding that thymocytes iso-
lated from mice lacking S1P show only a minor increase in 
surface S1PR1 (Pappu et al., 2007). To test whether dynamin 
2 is also required for S1PR1 down-modulation in thymocytes, 

correlates with the S1P concentration found in the different 
lymphoid tissues (Schwab et al., 2005; Pappu et al., 2007), i.e., 
surface S1PR1 is highest in thymus (where S1P is lowest), 
high in lymph nodes, intermediate in spleen, and undetect-
able in blood (Fig. 4 A). We observed that dynamin 2–deficient 
T cells in lymph nodes and spleen expressed more S1PR1 on 
the cell surface than control cells (Fig. 4 A). Mixed bone mar-
row chimera experiments revealed that this higher S1PR1 
surface was cell intrinsic (Fig. 4 B), i.e., it was not caused by 
altered S1P concentration or gradients in the lymphoid organ 

Figure 4.  Dynamin 2 is necessary for ligand-
induced S1PR1 internalization at low S1P con-
centrations. (A) S1PR1 surface expression on 
mature CD4 SP thymocytes and naive (CD44lo) CD4 
T cells from Dnm2 HET and KO cells (n > 10) was 
measured by flow cytometry. To define background 
S1PR1 staining, control mice were injected i.p. with 
FTY720 16 h before flow cytometry. (B) S1PR1 sur-
face expression on splenic naive CD4 T cells from 
Dnm2 HET/B6 and Dnm2 KO/B6 mixed bone marrow 
chimeras (n = 6) generated as in Fig. 1 G. Green 
histograms represent background S1PR1 staining 
(thymocytes from control chimeras injected with 
FTY720). (C) Dnm2 HET and KO mice were injected 
i.p. with PBS or FTY720 (2 mg/kg body weight). 
S1PR1 surface expression on mature CD4 SP thymo-
cytes (n = 6) was measured by flow cytometry 16 h 
later. Green histograms represent S1PR1 staining on 
DP thymocytes as negative control. (D and E) S1PR1 
surface expression on mature CD4 SP thymocytes 
from Dnm2 HET and KO mice treated with PBS or 
the indicated concentrations (per body weight) of 
FTY720 16 h before analysis (n = 3). (F and G) Dnm2 
HET and KO mice received 30 mg/liter DOP in the 
drinking water or water alone. 3 d later, S1PR1 sur-
face expression on mature CD4 SP thymocytes (n = 7) 
was measured by flow cytometry. Green histograms 
represent background S1PR1 staining (thymocytes 
from mice injected with FTY720). (H) S1PR1 surface 
expression on mature CD4 SP thymocytes from 
Dnm2 HET and KO mice treated in vitro with the 
indicated concentrations of S1P (n = 3–7). All  
error bars represent SEM. *, P < 0.05; **, P < 0.01  
by unpaired Student’s t test. Results are representative 
of or combined from two (B, F, and G), three  
(C–E and H), or four (A) experiments.
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Finally, we examined whether dynamin 2 regulated the 
internalization of other GPCRs besides S1PR1 that are involved 
in thymocyte migration. Surface expression of the chemo-
kine receptor CCR7 was not altered in dynamin 2–deficient 
thymocytes, whereas Dnm2 KO T cells expressed more 
CXCR4 on the cell surface than Dnm2 HET cells (Fig. 5 A). 
Consistent with higher CXCR4 expression, mature CD4 SP 
thymocytes from Dnm2 KO mice showed enhanced chemo-
taxis toward the CXCR4 ligand CXCL12 in vitro, whereas 
chemotaxis to the CCR7 ligand CCL21 was not different be
tween Dnm2 HET and KO cells (Fig. 5 B). Thus, dynamin 2 
is required for the internalization of S1PR1 and CXCR4  
but dispensable for the internalization of CCR7. We hypoth-
esized that this requirement of dynamin 2 for the internaliza-
tion of specific GPCRs is caused by intrinsic differences in 
their interactions with ligands. To test this hypothesis, we de-
termined ligand-induced internalization of S1PR1, CXCR4, 
and CCR7 in WT thymocytes. In support of our hypothesis, 
we found that S1P induced S1PR1 down-modulation from 
the cell surface at concentrations as low as 0.1 nM, whereas 
CCR7 down-modulation occurred only at a 100-times-
higher ligand concentration (10 nM CCL21; Fig. 6). CXCR4 
showed intermediate sensitivity to ligand-induced internal-
ization (1 nM CXCL12; Fig. 6). The increased response of 
Dnm2 KO thymocytes to CXCL12 (Fig. 5 B) led us to ask 
whether CXCR4-mediated retention could contribute to the 
impaired egress of thymocytes lacking dynamin 2. To address 

we treated mice with the S1P receptor agonist FTY720. Dy-
namin 2–deficient thymocytes exhibited reduced FTY720-
induced S1PR1 down-modulation (Fig. 4 C). Interestingly, 
S1PR1 internalization was largely complete on Dnm2 KO  
T cells in blood (Fig. 4 A). This finding suggested that, depend-
ing on the local S1P concentration, distinct pathways regulate 
S1PR1 internalization: Dynamin 2–mediated S1PR1 inter-
nalization occurs in response to low S1P concentrations (e.g., 
thymus and lymph nodes), whereas dynamin 2–independent 
mechanisms operate in higher S1P environments such as 
blood. Consistent with this possibility, the defect in FTY720-
induced S1PR1 internalization was most prominent at low 
(1–2 mg/kg) and overcome at high (4 mg/kg) FTY720 con-
centrations in dynamin 2–deficient cells (Fig. 4, D and E). To 
further confirm this concept, we raised the normally low S1P 
concentration in the thymus to that in blood by inhibiting 
S1P degradation with DOP (Schwab et al., 2005). In agree-
ment with our hypothesis, DOP treatment led to complete 
S1PR1 down-modulation in Dnm2 KO thymocytes (Fig. 4, 
F and G). Exposure of mature thymocytes to increasing con-
centrations of S1P in vitro confirmed that dynamin 2 is dis-
pensable for S1PR1 internalization at high S1P concentrations 
(100–1,000 nM; Fig. 4 H and see Fig. 8 D) that are similar to 
those found in circulatory fluids (Schwab et al., 2005; Pappu 
et al., 2007; Cyster and Schwab, 2012). S1PR1 down-modulation 
seemed to be more marked in response to high ligand con-
centration in vivo (Fig. 4, C–G) than in vitro (Fig. 4 H).

Figure 5.  Effect of dynamin 2 deficiency on thy-
mocyte chemokine receptors. (A) CCR7 and CXCR4 
surface expression on mature CD4 SP thymocytes from 
Dnm2 HET and KO mice (n = 6). (B) Chemotaxis of ma-
ture CD4 SP thymocytes from Dnm2 HET and KO mice. 
Migration through 5-µM Transwells in response to  
0.3 µg/ml CXCL12 or 1 µg/ml CCL21 was assessed by flow 
cytometry after 3 h (n = 5–9). (C) Mixed Dnm2 HET/B6 
and Dnm2 KO/B6 bone marrow chimeras generated as in 
Fig. 1 G were treated with saline or 1 mg AMD3100. After 
24 h of continuous treatment, CXCR4 surface expression 
on mature CD4 SP thymocytes was measured by flow 
cytometry. (A and C) Green histograms show isotype 
staining (backgrd). (D) Number of egressing WT (B6) CD4 
SP thymocytes from mixed bone marrow chimeras 
treated with saline (n = 9) or AMD3100 (n = 10) as in C. 
(E) Ratio of egressing CD4 SP thymocytes from Dnm2 
HET/B6 and Dnm2 KO/B6 mixed bone marrow chimeras 
treated with saline or AMD3100 (n = 5) as in C. The 
dashed line indicates a control cell/KO cell ratio of 1. All 
error bars represent SEM. *, P < 0.05; **, P < 0.01 by un-
paired Student’s t test (B) or one-way ANOVA, Tukey’s 
post-test (E). Results are representative of or combined 
from two (A and C–E) or five (B) experiments.
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transgenic mice to achieve PTX expression and inhibition of 
Gi signaling specifically in T cells. Cd4-creRosa26PTX/+ mice 
had more mature thymocytes and developed lymphopenia 
(not depicted), as expected (Chaffin and Perlmutter, 1991). 
Interestingly, surface S1PR1 expression on peripheral T cells 
from Cd4-creRosa26PTX/+ mice was unaffected (Fig. 7 A), and 
S1PR1 down-modulation in thymocytes occurred normally 
after FTY720 administration (Fig. 7 B). Similar to CD4 SP 
thymocytes, chemotaxis to CCL21 was largely abolished in 
splenic CD4 T cells from Cd4-creRosa26PTX/+ mice (pre-
liminary data not depicted), suggesting that most peripheral  
Cd4-creRosa26PTX/+ T cells have not escaped Cre-mediated 
excision of the transcriptional silencer cassette upstream of 
PTX (Regard et al., 2007) and do express PTX protein. These 
results demonstrate that Gi signaling was not required for 
S1PR1 internalization in vivo. To our surprise, Cd4-cre-
Rosa26PTX/+ thymocytes did not coexpress S1PR1 and CD69 
on the cell surface (Fig. 7 C), establishing that S1PR1-mediated 
CD69 down-modulation in vivo is also independent of Gi 
signaling. These data contrast with a PTX-sensitive CD69-
S1PR1 interaction in a B cell line in vitro (Shiow et al., 2006; 
Bankovich et al., 2010).

Dynamin 2 is critical for continuous  
S1PR1 signaling and lymph node egress
GPCR internalization can support signaling either by con-
tinued signaling from internalized receptors or by receptor 
resensitization during recycling of the receptor back to the 
cell surface (Sorkin and von Zastrow, 2009). Thus, we asked 
whether dynamin 2–dependent internalization sustains 
S1PR1 signaling. To address this question, we stimulated 
Dnm2 KO thymocytes with S1P in vitro. To measure S1PR1 
signaling, we examined the phosphorylation status of ezrin/
radixin/moesin (ERM) proteins because Gi signaling is suf-
ficient to dephosphorylate ERM proteins (Arnon et al., 2011). 
In contrast to control cells, dynamin 2–deficient mature SP 
thymocytes displayed impaired ERM dephosphorylation in  
response to S1P (Fig. 8 A). Closer examination revealed that 

this possibility, we treated Dnm2 KO mice with the specific 
CXCR4 antagonist AMD3100, which prevents binding of 
the ligand CXCL12 to the receptor (Donzella et al., 1998). As 
expected, AMD3100 treatment caused increased CXCR4 
surface expression on Dnm2 HET thymocytes as the result of 
reduced ligand-induced receptor internalization (Fig. 5 C).  
In contrast, surface CXCR4 did not further increase in dyna-
min 2–deficient cells after treatment (Fig. 5 C), consistent with 
impaired receptor internalization caused by dynamin 2 defi-
ciency. AMD3100 treatment only slightly increased the num-
ber of egressing B6 CD4 SP thymocytes (Fig. 5 D), suggesting 
that CXCR4 does not play a major role in the egress of WT 
thymocytes. This is consistent with our observation that in-
hibiting signaling through all Gi-dependent receptors leads 
to defective, not enhanced, egress (Fig. 2 C), supporting the 
notion that egress-promoting signals (through S1PR1) domi-
nate over any retention signals (through chemokine receptors) 
in the thymus. Blocking CXCR4 did not rescue the defective 
egress of Dnm2 KO thymocytes (Fig. 5 E), demonstrating 
that dynamin 2 deficiency does not cause impaired thymic 
egress through CXCR4-mediated retention. We conclude 
that dynamin 2 specifically regulates GPCRs that are inter-
nalized at low ligand concentrations, which explains the 
strong effect of dynamin 2 deficiency on S1PR1 internaliza-
tion and signaling.

S1PR1 internalization and CD69 down-modulation  
are independent of Gi signaling in vivo
We next wished to establish whether the defect in S1PR1 in-
ternalization caused impaired S1PR1 signaling or, alterna-
tively, if impaired S1PR1 internalization was caused by a 
primary defect in S1PR1 signaling. The latter predicts that 
S1PR1 internalization is dependent on intact S1PR1 signal-
ing. To test this prediction, we took advantage of Rosa26PTX 
mice in which pertussis toxin (PTX) is expressed in a Cre-
dependent manner (Regard et al., 2007). PTX blocks GPCR 
signaling by catalyzing ADP ribosylation of Gi proteins in an 
irreversible manner. We crossed Rosa26PTX mice with Cd4-Cre 

Figure 6.  Differential sensitivity of thymocyte-expressed GPCRs to ligand-induced internalization. (A and B) Thymocytes from WT mice were 
incubated with the indicated concentrations of S1P, CXCL12, or CCL21 in vitro. Flow cytometry was used to measure S1PR1, CXCR4, and CCR7 surface 
expression in response to their ligands S1P, CXCL12, and CCL21, respectively. (A) Representative histograms showing S1PR1 and CCR7 surface expression 
on mature CD4 SP thymocytes and CXCR4 expression on DP thymocytes. (B) Ligand-induced down-modulation of S1PR1, CXCR4, and CCR7 in response 
to their respective ligands (n = 6). Receptor down-modulation is shown as percent surface down-modulation (calculated as described in Materials and 
methods) to account for differences in staining intensity between receptors and to compare them in the same graph. Error bars represent SEM. Results 
are representative of or combined from two experiments.
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S1P to allow S1PR1 resensitization, or only washed once  
immediately before the chemotaxis assay (no resensitization). 
For desensitization, we used low S1P concentrations (1–10 nM) 
that are likely to occur within thymus and lymph nodes, but 
are lower than in blood (100–1,000 nM). We detected down-
modulation of S1PR1 from the cell surface in control cells 
after exposure to S1P (desensitization), followed by reexpres-
sion of S1PR1 after removal of S1P (resensitization; Fig. 8 C). 
S1P-induced S1PR1 down-modulation was reduced in 
Dnm2 KO cells (Fig. 8 C), but the amount of surface S1PR1 
after resensitization was not lower than in control cells.  
Chemotaxis assays showed that S1PR1 resensitized in control  
thymocytes (Fig. 8 C), allowing them to respond to a second 
exposure of S1P (80% of non-desensitized response). In 
contrast, S1PR1 was not resensitized in Dnm2 KO cells  
(Fig. 8 C) despite similar surface expression, suggesting that 
surface S1PR1 in dynamin 2–deficient cells remains desensi-
tized after exposure to S1P.

We also tested S1PR1 resensitization after desensitization 
of the receptor with a high S1P concentration (1,000 nM) 
that induces full S1PR1 down-modulation in both Dnm2 
HET and KO cells (Fig. 8 D). S1PR1 surface expression did 
not recover in thymocytes that were preexposed to 1,000 nM 
S1P, washed, and resensitized in S1P-free medium (not de-
picted), likely because of inefficient removal of surface-bound 
S1P. To overcome this problem, we incubated the thymo-
cytes with splenocytes using a protocol by Kabashima et al. 
(2006) because splenic B cells have the ability to degrade ex-
tracellular S1P. After a 30-min coincubation, the splenocytes 
(CD45.1+) were immunomagnetically removed before the 
resensitized thymocytes (CD45.2+) were subjected to chemo-
taxis assays. This approach resulted in almost complete resto-
ration of S1PR1 surface expression in resensitized thymocytes 
(Fig. 8 D). However, both Dnm2 HET and KO cells showed 
poor S1PR1 resensitization as measured by chemotaxis to 
S1P (Fig. 8 D). Overall, we conclude that dynamin 2–dependent 

although the initial S1PR1 signaling at 1 min reduced phos-
pho-ERM (pERM) by 20%, the levels were restored to 
nearly 100% at 5 min in Dnm2 KO cells, whereas pERM 
levels continued to decrease in dynamin 2–sufficient T cells 
(Fig. 8 B). We obtained similar results with the S1PR1 agonist 
SEW2871 (Fig. 8 B), confirming that the observed signaling 
induced by S1P occurred through S1PR1. Thus, dynamin 2–
sufficient T cells were capable of sustained S1PR1 signaling, 
whereas in dynamin 2–deficient cells, S1PR1 signals in a 
pulse and is not maintained.

Defective S1PR1 resensitization would allow each recep-
tor molecule to pulse signal, but not to signal continuously. If 
this is the case, the magnitude of pulse signaling in response  
to S1P should be normal. This is a testable hypothesis using  
in vitro transwell chemotaxis assays. In brief, chemotaxis assays 
measuring migration toward S1P gradients are notoriously 
difficult and inefficient at measuring S1PR1 responses, and 
this is argued to be the result of rapid S1PR1 internalization 
and desensitization caused by constant exposure to S1P. Thus, 
in these assays S1PR1 signaling is brief and can only support 
chemotaxis for a short period of time. We took advantage of 
these limitations and compared the chemotaxis of dynamin 2–
deficient and –sufficient cells toward S1P. We observed that 
Dnm2 HET and KO thymocytes had a similar chemotactic 
response to S1P in vitro (Fig. 9, A and B), strongly suggesting 
that the magnitude of pulse S1PR1 signaling is similar. In 
support of this possibility, we found that inhibition of for-
skolin-induced intracellular cAMP generation (Thangada  
et al., 2010) by S1P was similar in Dnm2 WT and KO cells 
after brief stimulation in vitro (Fig. 9, C and D).

These observations also raise the hypothesis that dyna
min 2 is required for S1PR1 resensitization. To directly test 
this possibility, we performed transwell migration assays to S1P  
in vitro after S1PR1 desensitization and resensitization. Thymo-
cytes were preexposed to S1P to desensitize S1PR1, washed 
extensively to remove S1P, and incubated in medium without 

Figure 7.  S1PR1 internalization and 
CD69 down-modulation are not depen-
dent on Gi signaling. (A) S1PR1 surface 
expression on mature CD4 SP thymocytes and 
naive CD4 T cells (n = 5). Green histograms 
represent background S1PR1 staining (FTY720-
treated mice). (B) WT and Cd4-creRosa26PTX/+ 
mice were injected i.p. with PBS or FTY720  
(2 mg/kg body weight). S1PR1 surface expres-
sion on mature CD4 SP thymocytes (n = 3) 
was measured by flow cytometry 16 h later. 
Green histograms represent S1PR1 staining on 
DP thymocytes as negative control. (C) S1PR1 
and CD69 surface expression on CD4 SP thy-
mocytes from WT and Cd4-creRosa26PTX/+ 
mice (n = 4). Results are representative of two 
(B and C) or three (A) experiments.
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capable of continuous S1PR1 signaling, whereas dynamin  
2–deficient cells can only pulse signal, enabled us to test this 
possibility. To measure lymph node egress, we cotransferred 
dye-labeled Dnm2 HET and KO cells (CD45.2+) into WT 
B6 recipients (CD45.1+) and allowed the cells to equilibrate 
for 24 h before blocking further lymph node entry by the in-
jection of blocking Abs against 4 and L integrins (Pham  
et al., 2008). Lymph nodes were harvested before (t1 = 0 h) 
and 15 h after integrin blockade (t2 = 15 h), and the fraction 
of transferred Dnm2 HET and KO cells (t2/t1) remaining in 

internalization is critical for S1PR1 resensitization after ex-
posure to low S1P concentrations, thereby allowing continu-
ous signaling.

T cell egress from lymph nodes is dependent on S1PR1-
mediated reverse transmigration into the cortical lymphatic 
sinus (Grigorova et al., 2009; Cyster and Schwab, 2012), 
whereas S1PR1 is not required to approach the sinus (egress 
site). This raises the possibility that a pulse of S1PR1 signaling 
is sufficient for the reverse transmigration step and for lymph 
node egress. The fact that dynamin 2–sufficient T cells are 

Figure 8.  Dynamin 2 is essential for sus-
tained S1PR1 signaling and lymph node 
egress. (A and B) Thymocytes from Dnm2 HET 
and KO mice were treated with solvent, 100 nM 
S1P, or 1 µM SEW2871 (S1PR1 agonist)  
in vitro. After 1 and 5 min, intracellular pERM 
expression was measured in mature CD4 SP 
thymocytes by flow cytometry. (A) Represen-
tative histograms showing intracellular pERM 
expression in mature CD4 SP thymocytes. 
(B) pERM expression after stimulation with 
S1P or SEW2871 was normalized to solvent 
control. Symbols represent measurements 
from individual mice (n = 4–6). Horizontal 
bars indicate the mean. (C and D, top) Thymo-
cytes from Dnm2 HET and KO mice were not 
exposed to S1P (no desensitization), exposed 
to low (10 nM; C) or high (1,000 nM; D) S1P 
concentration (desensitization), or exposed to 
S1P and washed/rested for 30 min after expo-
sure to S1P (resensitization). S1PR1 surface 
expression on mature CD4 SP thymocytes was 
measured by flow cytometry. (bottom) Tran-
swell migration of mature CD4 SP thymocytes 
from Dnm2 HET and KO mice to 50 nM S1P  
(n = 5). No desensitization, cells not preexposed 
to S1P; desensitization, cells preexposed to 
low (1–10 nM; C) or high (1,000 nM; D) S1P 
concentration; resensitization, cells preex-
posed to S1P, washed, and incubated in me-
dium without S1P for 30 min before the 
Transwell assay. Migration was normalized  
to that of non-desensitized cells to allow 
comparison between different experiments.  
(E) Fluorescently labeled Dnm2 HET and KO 
splenocytes (CD45.2+) were cotransferred into 
B6 recipient mice (CD45.1+) to measure T cell 
egress from lymph nodes as described in Ma-
terials and methods. The fraction of trans-
ferred CD4 T cells remaining in lymph nodes 
15 h after injection of Abs against integrin  
L and 4 was measured by flow cytometry 
(n = 6). All error bars represent SEM. *, P < 0.05; 
**, P < 0.01; ***, P < 0.001 by unpaired Stu-
dent’s t test (E) or one-way ANOVA, Tukey’s 
post-test (B–D). Results are representative of 
or combined from two (A, B, and E) or three  
(C and D) experiments.
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DISCUSSION
Endocytosis is a fundamental process that regulates the abun-
dance of proteins and the signaling output of receptors in the 
plasma membrane (Sorkin and von Zastrow, 2009). Dynamins 
are GTPases that are required for endocytosis by promoting 
the final membrane fission step (Praefcke and McMahon, 
2004; Schmid and Frolov, 2011; Ferguson and De Camilli, 
2012). In this study, we identify dynamin 2 as a novel and es-
sential regulator of S1PR1 signaling and of T cell egress from 
lymphoid organs.

S1PR1 promotes lymphocyte egress by sensing sharp S1P 
concentration gradients, with S1P being abundant in circula-
tory fluids (blood and lymph) and undetectable in lymphoid 
organ interstitium (Cyster and Schwab, 2012). Minutes after 
sensing S1P, S1PR1 signaling is rapidly terminated by GRK2-
dependent phosphorylation and by receptor internalization 
(Watterson et al., 2002; Arnon et al., 2011). We establish a 
crucial role for dynamin 2 in S1PR1 internalization and for 
sustaining signaling through the receptor. The thymus is a low 
S1P environment, and it has been shown that the rate of thy-
mic egress, surface S1PR1 levels, and surface CD69 expres-
sion on mature thymocytes are all dependent on S1PR1 
signaling. All three of these parameters are altered in dynamin 
2–deficient thymocytes, strongly suggesting that dynamin 2 is 
required for S1PR1 signaling in a low S1P environment. Our 
results demonstrate that S1PR1 internalization is critical for 
receptor resensitization, which enables continuous S1PR1 
signaling in the presence of low S1P concentrations and pro-
motes lymphocyte egress. We propose that, in the absence of 
dynamin 2, S1PR1 remains phosphorylated, associated with 
-arrestins, and unavailable for G protein association, i.e., de-
sensitized after exposure to S1P.

lymph nodes was determined by flow cytometry. We found 
that significantly fewer Dnm2 KO cells had left the lymph 
nodes as compared with Dnm2 HET cells (Fig. 8 E). The 
greater reduction in circulating over lymphoid-resident T cells 
(Fig. 1 B) is also consistent with impaired lymph node exit in 
Dnm2 KO mice. We conclude that dynamin 2–dependent 
continuous S1PR1 signaling is essential for T cell egress from 
lymph nodes in addition to thymus.

S1PR1 overexpression rescues T cell egress  
in dynamin 2–deficient mice
The fact that S1PR1 is both necessary (Matloubian et al., 
2004) and sufficient (Zachariah and Cyster, 2010) for egress, 
coupled to our observation that S1PR1 function is impaired 
in cells lacking dynamin 2 (Figs. 3 and 8), strongly suggests 
that dynamin 2 specifically promotes egress by regulating 
S1PR1. The latter predicts that overexpression of S1PR1 
should improve T cell egress in Dnm2 KO mice. To test this 
prediction and exclude any non-S1PR1–dependent effects, 
we crossed Dnm2 KO mice to S1PR1 transgenic mice 
(Zachariah and Cyster, 2010). S1PR1 overexpression im-
proved S1PR1 signaling in dynamin 2–deficient mature CD4 
SP thymocytes because it significantly reduced the elevated 
CD69 surface expression (Fig. 10, A and B). Improved S1PR1 
signaling in S1PR1 transgenic Dnm2 KO mice prevented the 
accumulation of mature CD4 SP thymocytes that occurs in 
Dnm2 KO mice (Fig. 10, C and D), consistent with improved 
thymic egress. S1PR1 overexpression also rescued the egress 
of dynamin 2–deficient T cells from lymph nodes (prelimi-
nary data not depicted). These results collectively suggest that 
dynamin 2 acts specifically through S1PR1 to promote T cell 
egress from lymphoid organs.

Figure 9.  Normal primary chemotaxis of dynamin 2–deficient thymocytes to S1P in vitro. (A and B) Transwell migration of mature CD4 SP thy-
mocytes from Dnm2 HET and KO mice (A) or from Dnm2 HET/B6 and Dnm2 KO/B6 mixed bone marrow chimeras (B) to S1P (n = 5). (C and D) cAMP 
amounts in thymocytes from Dnm2 WT and KO mice after incubation for 1 (C) and 5 min (D) in medium containing IBMX (phosphodiesterase inhibitor) 
and FSK (forskolin; adenylate cyclase activator) in the absence or presence of 10 nM S1P. All error bars represent SEM. Results are representative of or 
combined from two (B–D) or five (A) experiments.



696 Dynamin 2, S1PR1 signaling, and T cell egress | Willinger et al.

S1PR1-mediated responses of lymphocytes to S1P are not 
very robust in vitro, although the receptor functions effi-
ciently in vivo (Cyster and Schwab, 2012). Therefore, any dif-
ferences in S1PR1 activity between WT and dynamin 2– 
deficient T cells might be more pronounced in vivo than  
in vitro, where maximal responses are small. Importantly, S1PR1 
resensitization cannot occur during chemotaxis assays because 
of the continued presence of S1P, and therefore, the extent of 
S1PR1 desensitization alone may determine the magnitude 
of the response to S1P in vitro. In contrast to this situation,  
T cells likely encounter low gradient concentrations of S1P 
during their interstitial migration in the thymus over an ex-
tended period of time, and in these circumstances S1PR1 resen-
sitization occurs. Alternatively, dynamin 2–dependent S1PR1 
internalization could promote egress by modulating the S1PR1 
signal that is required for the transmigration step while T lym-
phocytes are egressing.

Dynamin 2 deficiency is likely to affect the internaliza-
tion of multiple surface receptors. However, our data strongly 
suggest that dynamin 2 promotes T lymphocyte egress specif-
ically through regulation of S1PR1. First, S1PR1 has a non-
redundant role in T cell egress because its expression in T cells 
is both necessary (Matloubian et al., 2004) and sufficient 
(Zachariah and Cyster, 2010) for egress as shown in S1PR1 

A previous study demonstrated that thymocytes are at-
tracted to low S1P concentrations generated by specialized 
pericytes that ensheath blood vessels (Zachariah and Cyster, 
2010). In lymph nodes, however, although T lymphocytes 
reach lymphatic vessel exit sites in an S1PR1-independent 
manner, they require S1PR1 for entering lymphatic sinuses. 
We now establish that in both situations the rapid dynamin 
2–dependent S1PR1 internalization is critical for T lympho-
cyte egress. We propose that when cells encounter low S1P 
environments, cycles of S1PR1 signaling, GRK2-dependent 
desensitization, and dynamin 2–dependent resensitization allow 
cell access to exit sites and/or the rapid transition from sinus 
probing to transendothelial migration (Grigorova et al., 2009). 
The time course of S1PR1 resensitization in vivo relative to 
the exit time is unknown. It is also unknown how many 
rounds of S1PR1 signaling are required for egress and what 
fraction of S1PR1 receptors needs to be engaged. Our find-
ings in dynamin 2–deficient mice provide a starting point for 
studying these interesting questions in the future.

Our finding that Dnm2 KO cells showed normal che-
motaxis to S1P suggested that the brief S1PR1 pulse signal-
ing that occurs during in chemotaxis assays was sufficient for  
migration toward S1P in vitro, whereas migration to S1P  
in vivo required continuous S1PR1 signaling. It is known that 

Figure 10.  S1PR1 overexpression rescues 
T cell egress in dynamin 2–deficient mice. 
(A and B) CD69 surface expression on mature 
CD4 SP thymocytes from Dnm2 HET, S1PR1 
TG Dnm2 HET, Dnm2 KO, and S1PR1 TG Dnm2 
KO mice (n = 6–9). (C and D) Flow cytometric 
analysis of CD4 SP thymocytes (C) and num-
bers of mature CD4 SP thymocytes (D) from 
Dnm2 HET, S1PR1 TG Dnm2 HET, Dnm2 KO, 
and S1PR1 TG Dnm2 KO mice (n = 9–12). All 
error bars represent SEM. *, P < 0.05; **, P < 
0.01; ***, P < 0.001 by one-way ANOVA, 
Tukey’s post-test. Results are representative 
of or combined from two (A and B) or three 
(C and D) experiments.
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An interesting area for future studies will be the elucida-
tion of the molecular basis for the preferential role for dyna-
min 2 in S1PR1 internalization after exposure to low versus 
high concentrations of S1P. Although less well-characterized, 
the existence of dynamin- and clathrin-independent endo-
cytic mechanisms is well established (Howes et al., 2010). For 
example, bulk endocytosis/pinocytosis is intact in cells lack-
ing functional dynamin (Damke et al., 1994; Ferguson et al., 
2009), and, very similar to what we observed for S1PR1, the 
EGF receptor is preferentially internalized by clathrin- and 
dynamin-dependent mechanisms in response to stimulation 
with low concentrations of ligand but can be internalized in 
a clathrin- and dynamin-independent manner when cells are 
exposed to high EGF (Sigismund et al., 2005). Interestingly, in 
the case of EGFR and also TGFR, clathrin-dependent en-
docytosis in response to low ligand concentration promotes 
receptor recycling and persistent signaling, whereas high con-
centrations of ligand triggers an alternative internalization 
and trafficking mechanism that promotes their degradation 
(Le Roy and Wrana, 2005). Therefore, saturation of receptor 
occupancy and maximal activation of downstream signaling 
pathways by high ligand concentration might trigger the re-
cruitment of alternative components of the endocytic ma-
chinery to ensure efficient receptor internalization and signal 
termination. A better molecular understanding of dynamin-
independent forms of endocytosis will be necessary to address 
this interesting area of S1P-S1PR1 biology.

A previous study reported S1PR1-CD69 surface coex-
pression (impaired CD69 down-modulation) in an immature 
B cell line after treatment with PTX (Shiow et al., 2006). 
Surprisingly, we find that S1PR1 internalization and S1PR1-
mediated CD69 down-modulation are both independent of 
Gi signaling, whereas Gi signaling is required for thymic 
egress, as expected (Chaffin and Perlmutter, 1991). We suspect 
that these conflicting findings are caused by the differences in 
the cell types analyzed and in the methods used for PTX de-
livery. Specifically, PTX treatment in vitro can induce TLR4 
signaling (Nishida et al., 2010). Furthermore, TLR4 is already 
expressed during the early stages of B cell development and 
induces CD69 expression in B cells (Pereira et al., 2003). In 
contrast, in the Cd4-creRosa26PTX/+ mice used in our study, 
PTX is expressed intracellularly in T cells and naive T cells do 
not express TLR4 (Caramalho et al., 2003).

Therefore, our results suggest a differential requirement of 
Gi signaling for S1P-mediated responses that occur in thy-
mocytes during their maturation. Both S1PR1 internaliza-
tion and S1PR1-mediated CD69 down-modulation are 
dependent on dynamin 2 (and GRK2) but independent of 
Gi signaling. In contrast, thymic egress requires dynamin 2 
(but not GRK2) and is dependent on Gi signaling. These 
findings raise the interesting possibility that some S1PR1 sig-
naling events are mediated by coupling to G proteins other 
than Gi. Switching of G proteins (resulting in different sig-
naling outputs) has been described for the 2-adrenergic re-
ceptor (Sorkin and von Zastrow, 2009). Possible candidates 
that mediate S1PR1 internalization are Gq proteins. Indeed, 

KO and S1PR1 transgenic mice, respectively. Second, che-
mokine-mediated retention is unlikely to explain defective 
thymic egress because egress-promoting signals through 
S1PR1 predominate over any retention signals as shown in 
mice with blocked Gi signaling. In support of this, inhibi-
tion of CXCR4 function did not improve the egress of dyna-
min 2–deficient cells. Third, impaired egress in Dnm2 KO 
mice is not caused by a general defect in cell motility because 
T cells lacking dynamin 2 were able to migrate toward vari-
ous chemotactic stimuli in vitro. Importantly, we found that 
S1PR1 overexpression rescued the egress defect of dynamin 2–
deficient T cells, consistent with a specific function of dynamin  
2 in S1PR1-mediated egress. We propose that this is explained 
by the unique biology of S1PR1 because it is likely to be the  
T cell–expressed GPCR that is most sensitive to ligand-induced 
internalization and should therefore be highly dependent on 
mechanisms that maintain or restore receptor responsiveness.

We observed that impaired S1PR1 internalization caused 
by the absence of dynamin 2 resulted in increased S1PR1 
surface expression. Based on prior knowledge, this was pre-
dicted to lead to enhanced responsiveness of dynamin 2–
deficient cells to S1P because of reduced signal termination as 
in cells lacking GRK2 (Arnon et al., 2011). Unexpectedly, 
loss of dynamin 2 caused impaired rather than enhanced 
S1PR1 function. Egress is sensitive to the amount of surface 
S1PR1 because S1PR1 heterozygous T cells (which have less 
surface S1PR1) show reduced egress compared with WT cells 
(Lo et al., 2005). Thus, it was especially surprising that dyna-
min 2 deficiency in lymph node T cells caused impaired 
egress despite having approximately two- to threefold more 
S1PR1 on their cell surface. Overall, our results demonstrate 
a novel and unexpected role of receptor internalization for 
S1PR1 function, underscoring the unique properties of this 
lipid-recognizing receptor.

Our findings therefore conclusively define the role played 
by S1PR1 internalization in regulating S1PR1 function dur-
ing T lymphocyte trafficking. A previous study has shown that 
GRK2-mediated S1PR1 internalization terminates S1PR1 
signaling and allows the homing of lymphocytes from blood 
to lymphoid tissues, i.e., from a high to a low S1P environ-
ment (Arnon et al., 2011). Similarly, another study, using 
knock-in mice expressing S1PR1 with a mutated proximal 
C-terminal desensitization motif, demonstrated a role of 
S1PR1 internalization in limiting responses to high S1PR1 
ligand concentrations (FTY720 administration; Thangada  
et al., 2010). Remarkably, our findings reveal that S1PR1 in-
ternalization is especially important for enabling sustained 
S1PR1 signaling in the presence of low S1P concentrations, a 
feature which is perhaps shared among GPCRs characterized 
by high sensitivity for ligand-mediated internalization and 
desensitization (Arnon et al., 2011; Cyster and Schwab, 2012). 
Thus, in an S1P-high environment (blood), receptor internal-
ization functions to terminate S1PR1 signaling and promotes 
tissue homing, whereas in an S1P-low environment (found 
near exit sites in thymus and lymph nodes), S1PR1 internal-
ization permits continuous signaling and egress.
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CD4 SP thymocytes were gated as i.v. CD4-PE+CD8 cells, and the ratio of 
Dnm2 HET or KO (CD45.2+) egressing cells/B6 (CD45.1+) egressing cells 
was calculated.

Lymph node egress. Dnm2 HET and KO splenocytes (CD45.2+) were la-
beled with 2.5 µM CFSE or 10 µM CMTMR, mixed, and cotransferred into 
B6 recipient mice (CD45.1+). Transferred cells were allowed to equilibrate 
for 24 h before blocking further lymph node entry by the i.v. injection of in-
tegrin 4 (clone PS/II) and L (clone M17/4; both from Bio X Cell) Abs at 
100 µg each per mouse (Pham et al., 2008). Lymph nodes were harvested be-
fore (t1 = 0 h) and 15 h after integrin blockade (t2 = 15 h), and the fraction 
of transferred Dnm2 HET and KO CD4 T cells (t2/t1) remaining in lymph 
nodes was determined.

PCR. Genomic DNA was isolated from tail biopsies and purified cells. WT, 
floxed, and deleted Dnm2 alleles were distinguished with 5-CCTGCTAGT-
GACCTTTCTTGAG-3 (primer 1), 5-GCAGGAAGACACACAACTG
AAC-3 (primer 2), and 5-CAGCAATTCTGGTTGCCAGGCAAGAC-3 
(primer 3). Total RNA was extracted from purified cells with TRIzol reagent 
(Invitrogen) and used for cDNA synthesis with the SuperScript First-Strand 
Synthesis system (Invitrogen). Quantitative RT-PCR was performed on a 
7500 Fast Real-Time PCR system with primer-probe sets purchased from 
Applied Biosystems.

Chemotaxis assays. Enriched CD4 SP thymocytes were rested in migration 
medium (RPMI 1640/0.5% fatty acid–free BSA [Sigma-Aldrich]/10 mM 
Hepes) for 30 min at 37°C/5% CO2. Migration through 5-µM Transwells 
(Corning) in response to 1 µg/ml CCL21 (R&D Systems), 0.3 µg/ml CXCL12 
(PeproTech), or S1P (Cayman Chemical) was assessed after 3 h. For S1PR1 re-
sensitization assays, thymocytes were first desensitized by incubation with a low 
(1–10 nM) or high (1,000 nM) concentration of S1P for 30 min. An aliquot of 
cells was incubated in medium alone (“no desensitization”). Cells were then 
either washed three times with warm RPMI 1640 and incubated in medium 
without S1P for 30 min (“resensitization”) or were not resensitized, i.e., washed 
once with RPMI 1640 just before the transwell assay (“desensitization”). To re-
cover S1PR1 surface expression after desensitization with 1,000 nM S1P, thy-
mocytes were incubated with CD45.1+ splenocytes as described previously 
(Kabashima et al., 2006). Chemotaxis to 50 nM S1P was then tested as above.

S1PR1 signaling in vitro. Total thymocytes were rested in RPMI 1640/10 
mM Hepes for 30 min at 37°C/5% CO2 before stimulation with 100 nM SP 
or 1 µM SEW2871 (Cayman Chemical) or solvent (DMSO). Cells were 
fixed in 1.5% paraformaldehyde (Electron Microscopy Sciences) for 10 min, 
washed, and stained with CD4–Alexa Fluor 700, CD8–Pacific blue, Qa2–
Alexa Fluor 647, and CD24-FITC Abs. Cells were permeabilized in 100% 
ice-cold methanol for 15 min, and intracellular staining with a rabbit pERM 
polyclonal Ab (Cell Signaling Technology) was performed for 60 min, fol-
lowed by incubation with a PE-conjugated anti–rabbit secondary Ab (Invit-
rogen). pERM expression in mature (Qa2hiCD24lo) SP thymocytes was 
determined. For cAMP measurements, thymocytes were stimulated with  
50 µM of the adenylate cyclase activator forskolin (Cayman Chemical) in the 
absence or presence of 10 nM S1P in medium containing 500 µM of the 
phosphodiesterase inhibitor IBMX (Cayman Chemical). Intracellular cAMP 
was extracted with 0.1 M HCl, and cAMP concentrations were determined 
using the Cyclic AMP EIA kit (Cayman Chemical) according to the manu-
facturer’s instructions.

GPCR down-modulation in vitro. Enriched CD4 SP thymocytes were 
rested in migration medium for 30 min before incubation with the indicated 
concentrations of S1P, CXCL12, or CCL12 for 1 h at 37°C/5% CO2. After 
washing, cells were stained for flow cytometric analysis with Abs against 
S1PR1, CXCR4, and CCR7, respectively. In the case of CXCR4, an acidic 
glycine wash (Samanta et al., 1990) was performed to remove ligand com-
pletely before surface staining. Percent receptor down-modulation was calcu-
lated as follows: 100 × [MFI (incubation with medium)  MFI (incubation 
with ligand)]/MFI (incubation with medium).

CXCR4 can be internalized upon Gq signaling (Rochdi 
and Parent, 2003). Alternatively, the Gi-independent S1PR1 
responses could be driven by -arrestin–mediated signaling 
(Pierce et al., 2002; Sorkin and von Zastrow, 2009), which 
would also be dependent on dynamin 2. A precise under-
standing of the regulation of intracellular S1PR1 trafficking 
and its effect on S1PR1 signaling is of considerable impor-
tance because drugs targeting S1PR1 are now in clinical use 
for the treatment of autoimmune diseases such as multiple 
sclerosis (Cyster and Schwab, 2012) and hold promise for the 
treatment of cytokine storm induced by highly pathogenic 
viruses (Teijaro et al., 2011).

MATERIALS AND METHODS
Mice. Dynamin 2 conditional KO mice (Ferguson et al., 2009) were back-
crossed to B6 mice for 11 generations and bred to Cd4-Cre transgenic mice 
(Lee et al., 2001). S1PR1 transgenic mice (provided by J.G. Cyster, University 
of California, San Francisco [UCSF], San Francisco, CA; Zachariah and Cyster, 
2010) were bred to Cd4-creDnm2flox/flox mice to generate S1PR1 TG Cd4-
creDnm2flox/+ (“S1PR1 TG Dnm2 HET”) and S1PR1 TG Cd4-creDnm2flox/flox 
(“S1PR1 TG Dnm2 KO”) mice. Mice expressing PTX under control of 
the Rosa26 locus in a Cre-dependent manner (provided by S.R. Coughlin, 
UCSF; Regard et al., 2007) were bred to Cd4-Cre transgenic mice to generate 
Cd4-creRosa26PTX/+ mice. All mouse experiments were performed in accor-
dance with protocols approved by the Institutional Animal Care and Use 
Committee of Yale University.

Mixed bone marrow chimeras. Bone marrow cells from Dnm2 HET or KO 
mice (CD45.2+) were mixed at a ratio of 1:1 with WT B6 cells (CD45.1+).  
2 × 106 cell mixture was injected i.v. into sublethally irradiated (6 Gy) Rag1 KO 
recipient mice (CD45.1+). Mice were analyzed 7–12 wk after reconstitution.

In vivo treatments. Mice were injected i.p. with the indicated concentrations 
of FTY720 (Cayman Chemical) and analyzed 16 h after injection. Mice received 
30 mg/liter DOP (Sigma-Aldrich) in the drinking water for 3 d. Because of its 
short half-life, 1 mg AMD3100 (Cayman Chemical) was administered continu-
ously for 24 h by surgically implanted osmotic mini-pump.

Flow cytometry. Single-cell suspensions were prepared from organs of 
mice at 6–12 wk of age. Enriched CD4 SP thymocytes were obtained by 
negative immunomagnetic selection with CD8 beads (Miltenyi Biotec). For 
gene expression experiments, double-positive (DP; CD4+CD8+), immature 
(TCRhiCD24hi), and mature (TCRhiCD24lo) CD4 (CD4+CD8) SP thy-
mocytes were sorted. A “dump” stain for CD25, NK1.1, and TCR was 
used to exclude regulatory T cells, NKT cells, and  T cells. T cells were pu-
rified from spleen and lymph nodes by positive immunomagnetic selection 
using CD4 beads and sorted as naive (CD44loCD62Lhi) CD4+ cells. Cells 
were stained with fluorochrome-labeled Abs (BioLegend): CD4 (RM4-5), 
CD8 (53-6.7), TCR (H57-597), CD24 (M1/69), CD25 (3C7), CD44 
(IM7), CD45.1 (A20), CD45.2 (104), CD62L (MEL-14), CD69 (H1.2F3), 
NK1.1 (PK136), Qa2 (695H1-9-9), TCR (UC7-13D5), and CCR7 
(4B12). Ab against CXCR4 (2B11) was purchased from BD. Surface S1PR1 
was detected as described previously (Arnon et al., 2011).

Thymic egress. Mixed bone marrow chimeras received 20 µl of 1 mg/ml 
FITC (Sigma-Aldrich) by intrathymic injection, and RTEs were gated as 
CD4+ or CD8+FITC+ cells in blood, spleen, and lymph nodes 24 h after  
injection. The ratio of Dnm2 HET or KO RTEs (CD45.2+)/B6 RTEs 
(CD45.1+) was normalized to thymic FITC+ ratios to account for differences 
in labeling. Egressing CD4 SP thymocytes were identified by an intravascular 
labeling technique (Pereira et al., 2009; Zachariah and Cyster, 2010). Mixed 
bone marrow chimeras were injected i.v. with 1 µg PE-conjugated -CD4 
Ab (clone GK1.5; BioLegend), and thymi were harvested after 4 min. Egressing 
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