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Abstract

Rasgrp1 is a Ras guanine nucleotide exchange factor that participates in the activation of the 

Ras-ERK signaling pathway in developing T cells and is required for efficient thymic T cell 

positive selection. However, the role of Rasgrp1 in mature peripheral T cells has not been 

definitively addressed, in part because peripheral T cells from constitutive Rasgrp1-deficient 

mice show an abnormal activated phenotype. Here, we generated an inducible Rasgrp1-deficient 

mouse model to allow acute disruption of Rasgrp1 in peripheral CD4+ T cells in the context of 

normal T cell development. TCR/CD28-mediated activation of Ras-ERK signaling was blocked 

in Rasgrp1-deficient peripheral CD4+ T cells. Furthermore, Rasgrp1-deficient CD4+ T cells were 

unable to synthesize IL-2 and the high affinity IL-2R and were unable to proliferate in response 

to TCR/CD28 stimulation. These findings highlight an essential function for Rasgrp1 for TCR/

CD28-induced Ras-ERK activation in peripheral CD4+ T cells.

Introduction

Ras is a small GTP-binding protein tethered to the inner leaflet of plasma membrane that 

cycles between inactive GDP-bound and active GTP-bound states (1). In its active state, 

Ras triggers the MAPK signaling cascade that culminates in the activation of ERK protein 

kinases (2). Active ERKs translocate to the cell nucleus where they phosphorylate and 

activate transcription factors that drive different cell responses such as proliferation and 

differentiation. Activation of Ras is mediated by Ras guanine nucleotide exchange factors 

(RasGEFs) that upon localization to the cell membrane displace GDP from the Ras guanine 

nucleotide binding pocket, thereby permitting Ras to bind free GTP (3). In T cells, two 

important RasGEFs are mammalian son of sevenless (Sos1)3 and Ras guanine nucleotide 

releasing protein 1 (Rasgrp1) that participate in the activation of Ras downstream of the 
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TCR (4, 5). Both RasGEFs are recruited to the T cell plasma membrane as a result of 

TCR-mediated phosphorylation of the transmembrane adapter protein, linker of activated T 

cells (LAT). Sos1 complexes with the Grb2 adapter protein that binds phosphorylated LAT 

leading to indirect membrane recruitment (6). Rasgrp1 is recruited to the plasma membrane 

through recognition of diacyl glycerol (DAG) that is generated as a result of phospholipase 

C-gamma binding to phosphorylated LAT (4, 5, 7). Studies performed in the Jurkat T 

leukemia cell line together with computational modeling indicate that Sos1 is able to deliver 

strong digital Ras-ERK signals in response to TCR stimulation, whereas Rasgrp1 delivers 

more modest analog Ras-ERK signals in response to the same stimulus (8, 9). However, 

Rasgrp1-generated RasGTP efficiently induces a RasGTP-SOS positive feedback loop that 

ensures high-level digital Ras-ERK signaling in Jurkat cells (8).

Analyses of T cell-specific Sos1 and constitutive Rasgrp1-deficient mice have confirmed 

important roles for Sos1 and Rasgrp1 in T cell development (4, 5). Loss of Sos1 in the T cell 

lineage results in impaired pre-TCR signaling at the TCR-beta selection checkpoint whereas 

later thymocyte positive selection is unaffected (10). In contrast, loss of Rasgrp1 has a 

major impact upon T cell positive selection associated with reduced TCR-induced Ras-ERK 

activation in CD4+CD8+ double positive (DP) thymocytes (11, 12). In Sos1 and Rasgrp1 

double-deficient mice, transition through the TCR beta selection checkpoint is completely 

blocked showing that Rasgrp1 contributes at this stage of T cell development also (13). In 

addition, Sos1 and Rasgrp1 appear to cooperate to mediate T cell negative selection in the 

thymus. Thus, whereas loss of either RasGEF alone does not affect negative selection, loss 

of both Sos1 and Rasgrp1 impairs negative selection (13).

The role of Sos1 and Rasgrp1 in TCR plus CD28 costimulatory receptor-induced Ras-

ERK activation in primary peripheral T cells is less clear. Peripheral T cells from 

Rasgrp1-deficient mice showed normal TCR/CD28-induced expression of the high affinity 

receptor for the IL-2 T cell growth factor and only partially reduced proliferation that was 

evident at later but not early time points after stimulation (12). Likewise, peripheral T 

cells from Rasgrp1-deficient humans show only partial impairment of TCR/CD28-induced 

proliferation (particularly CD4+ T cells) that is associated with only partially reduced 

Ras-ERK signaling (14). However, results obtained with peripheral T cells from constitutive 

Rasgrp1-deficient mice and humans should be interpreted with caution since they exhibit 

an abnormal activated and exhausted phenotype that in the case of mice at least is a 

consequence of peripheral homeostatic proliferation in a chronically immunocompromised 

host (14, 15).

Some studies have examined the effect of knockdown of Sos1 or Rasgrp1 in human 

peripheral T cells. Knockdown of Sos1 has a modest or no effect upon TCR/CD28-induced 

Ras-ERK activation, IL-2 synthesis, and proliferation (9, 16, 17). Knockdown of Rasgrp1 

more consistently reduces TCR/CD28-induced Ras-ERK activation, IL-2 synthesis, and 

proliferation but only partially (9, 16, 17). In one study, reduced ERK activation upon 

Rasgrp1 knockdown was completely restored upon additional knockdown of Sos1 (17). 

Complicating interpretation of these knockdown studies was that the targeted RasGEFs were 

often reduced in abundance rather than ablated.
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In the current study, we sought to clarify the role of Rasgrp1 in Ras-ERK activation in 

mature peripheral T cells. For this purpose, we generated a Rasgrp1 conditional deficient 

mouse strain to permit inducible acute disruption of Rasgrp1 in peripheral CD4+ T cells. 

Analyses of CD4+ T cells from these mice revealed an essential function for Rasgrp1 in 

TCR/CD28-induced Ras-ERK activation and progression through the cell cycle.

Materials and Methods

Rasgrp1 conditional mice

A conditional floxed Rasgrp1 allele was generated by CRISPR/Cas9 targeting in Agouti 

C57BL/6N JM8.F6 ES cells (18). Briefly, a Cas9 cut was introduced into exon 2 (guide 

RNA 5’-GATCACCCAGTTCCGAATGA-3’) and homology directed repair was achieved 

with a DNA donor containing a floxed exon 2 cassette with 1.1 kb 5’ and 0.7 kb 3’ 

homology arms plus a FRT-flanked NeoR cassette inserted 3’ of the 3’ loxP site. After 

G418 selection, correctly targeted clones were injected into blastocysts to generate chimeras 

that were subsequently bred with ACTBFlpe mice (The Jackson Laboratory, strain 005703) 

to delete the NeoR cassette. NeoR-deleted progeny were then crossed with Cd4ert2cre mice 

(The Jackson Laboratory, strain 022356) to generate Rasgrp1fl/fl Cd4ert2cre and littermate 

Rasgrp1fl/fl controls (19). Mice of both sexes were used in experiments. All mice were on 

a predominantly C57BL/6J background. To disrupt Rasgrp1 in CD4+ T cells, 7-week-old 

mice were given 3 i.p. injections of tamoxifen (TM; Sigma; 0.05 mg/g body weight per 

injection, dissolved in corn oil) on consecutive days. Mice were euthanized 7 days later 

and T cell function was analyzed. Cre-mediated removal of exon 2 is expected to result 

in a Rasgrp1 mRNA that contains 12 codons from exon 1 followed by 8 nonsense codons 

and a premature stop codon leading to nonsense mediated RNA decay (20). Exon 2 was 

targeted since it is the most 5’ exon that following its excision would generate a stop codon. 

All experiments were performed in compliance with University of Michigan guidelines and 

were approved by the University Committee on the Use and Care of Animals.

Flow cytometry

Single cell suspensions from thymus and spleen, were stained with fluorochrome-labeled 

CD4 (GK1.5), CD8α (53–6.7), CD69 (H1.2F3), TCRβ (H57–597), CD44 (IM7), CD62L 

(MEL-14), and CD25 (PC61) mAb (all BD Pharmingen). Cell staining was analyzed by 

flow cytometry on a FACSCanto (BD Biosciences).

Rasgrp1 expression

CD4+ T cells were isolated from spleens by negative selection (Miltenyi Biotech). 

Rasgrp1 gene copy number was determined by qPCR of genomic DNA in a 7500 Fast 

PCR machine (Applied Biosystems) using Taqman primer/probe sets that detect intact 

Rasgrp1 exon 2. Forward Primer 5’ATCAACCAACAGCCCTCTCC3’; Reverse Primer 

5’AAGCGCTACAGACTGTCTCC3’; Internal probe 5’GAGCCAGCCTGGATGATCTT3’. 

The transferrin receptor gene (Tfrc) was used as the standard reference for copy number 

analysis (Applied Biosystems). Total amounts of Rasgrp1(M-199, Santa Cruz) and actin 

(4967, Cell Signaling Technology) protein were determined by Western blotting.
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T cell activation

Purified CD4+ T cells were activated by incubation with PMA (30 ng/ml, Sigma) or 

with immobilized CD3 mAb (1 μg/ml, 145–2C11, Invitrogen) plus soluble CD28 mAb 

(1 μg/ml, clone 37.51, Invitrogen) in complete RPMI medium (RPMI 1640 medium with 

10% FBS). ERK and mTORC1 activation was determined by Western blotting using p-

ERK and p-S6 antibodies respectively (9101 and 2211, Cell Signaling Technology). Total 

amounts of ERK and S6 were determined by probing for the respective proteins using 

specific antibodies (4695 and 2317, Cell Signaling Technology). Expression of activation 

markers was determined by flow cytometry. IL-2 synthesis was determined by ELISA 

of culture supernatants (Invitrogen). For proliferation experiments, CD4+ T cells were 

labelled with CellTrace™ Violet (Invitrogen) before CD3/CD28 mAb stimulation. To assess 

apoptosis, cells from proliferation cultures were stained with Annexin V (Biolegend). In 

some experiments, IL-2 (3000 pg/ml; R&D Systems) was added to wells. Cell proliferation 

and apoptosis was determined by flow cytometry. To assess ERK activation and mTORC1 

activation by flow cytometry, whole splenocytes were stimulated with PMA (30 ng/ml; 

Sigma) or soluble CD3 and CD28 mAb (both 1 μg/ml) in complete RPMI medium. Flow 

cytometry was performed as described using phospho-specific antibodies (197G2 and D57 

2.2E, Cell Signaling) (21).

Cell cycle analysis

To determine entry of CD4+ T cells into and progression through the G1 stage of the cell 

cycle, whole splenocytes were stimulated CD3 and CD28 mAb (both 1 μg/ml) in complete 

RPMI. RNA content of CD4+ T cells was determined by incubation with Pyronin Y (Sigma) 

and flow cytometry.

Macropinocytosis

For macropinocytosis assessment, whole splenocytes were stimulated with CD3 and CD28 

mAb in complete medium for 4 or 12 hours. BSA-Alexa488 (Thermo Fisher, 0.4 mg/ml) 

was added to wells for the last 4 hours of culture before assessment of probe uptake by flow 

cytometry.

Statistics

Statistical significance was determined using Student’s 1-sample and 2-sample t-tests. *, 

P<0.05; **, P<0.01; ***, P<0.001; ****; P<0.0001

Results and Discussion

To assess the role of Rasgrp1 in peripheral CD4+ T cells, we administered TM to 

Rasgrp1fl/fl Cd4ert2cre and littermate Rasgrp1fl/fl control mice at 7 wk of age and analyzed 

mice 1 week later. Flow cytometric analyses of thymocytes did not reveal any statistically 

significant differences in the total numbers of CD4−CD8− double-negative, CD4+CD8+ 

double-positive (DP), or CD4+ or CD8+ single-positive (SP) thymocytes at this time point 

(Supplemental Fig. 1A,B). However, the ratio of post-positive selection DP thymocytes 

(CD69+TCRβint) to pre-positive selection DP thymocytes (CD69−TCRβlo) was reduced in 

Rasgrp1fl/fl Cd4ert2cre mice as was the total number of CD69+ CD4+ and CD69+CD8+ SP 
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thymocytes that are the immediate descendants of post-positive selection DP thymocytes 

(Supplemental Fig. 1B). These findings are consistent with activity of this Cre driver 

at the DP stage of T cell development and a role for Rasgrp1 in positive selection as 

previously reported (11, 12, 19). Nonetheless, no statistically significant differences in 

the total numbers of peripheral CD4+ or CD8+ naïve (CD44loCD62Lhi), central memory 

(CD44hiCD62Lhi), or effector memory (CD44hiCD62Llo) T cells were apparent between 

Rasgrp1fl/fl Cd4ert2cre and Rasgrp1fl/fl mice 1 wk after TM administration (Supplemental 

Fig. 1C,D). In addition, peripheral CD4+ T cells from Rasgrp1fl/fl Cd4ert2cre mice did 

not express the CD69 activation marker and expression of the CD25 IL-2R alpha chain 

on a subset of CD4+ T cells was comparable with that observed in Rasgrp1fl/fl mice, 

and consistent with their identity as T regulatory cells (Supplemental Fig. 1D). In 

contrast, peripheral T cells from constitutive Rasgrp1-deficient mice display an activated 

CD44hiCD62LloCD69+ phenotype that develops as a result of peripheral T cell lymphopenia 

and subsequent homeostatic proliferation (15). These findings, therefore, indicate that the 

vast majority of peripheral T cells in Rasgrp1fl/fl Cd4ert2cre mice treated with TM 1 

wk previously are phenotypically normal and are likely derived from Rasgrp1-expressing 

thymocytes that have undergone normal T cell development, i.e. prior to the time of TM 

administration.

To determine the efficiency of Rasgrp1 gene disruption in TM-treated Rasgrp1fl/fl Cd4ert2cre 

peripheral CD4+ T cells, splenic CD4+ T cells were purified from mice and TM-treated 

Rasgrp1fl/fl controls and relative intact Rasgrp1 gene copy number was determined by 

qPCR. These analyses showed that gene disruption in Rasgrp1fl/fl Cd4ert2cre peripheral 

CD4+ T cells was efficient and consistent (mean 16.3, SEM 3.7 percent of Rasgrp1 
intact gene copy number compared to Rasgrp1fl/fl controls) (Fig. 1A). Consistent with this, 

CD4+T cells from TM-treated Rasgrp1fl/fl Cd4ert2cre mice showed much reduced amounts 

of Rasgrp1 protein by Western blotting (mean 11.6, SEM 4.7 percent of Rasgrp1 protein 

amount of Rasgrp1fl/fl controls) (Fig. 1B, 1C).

To confirm functional deletion of Rasgrp1 in peripheral CD4+ T cells, we examined 

ERK activation in response to PMA stimulation. PMA is a DAG analog that activates 

the Ras-ERK pathway in a Rasgrp1-dependent manner. As shown by Western blotting and 

flow cytometry using anti-active phospho-specific ERK antibodies, PMA induced minimal 

activation of ERK in CD4+ T cells from TM-treated Rasgrp1fl/fl Cd4ert2cre mice compared 

to TM-treated Rasgrp1fl/fl controls (Fig. 1D–F). In contrast, PMA-induced activation of 

ERK was normal in CD8+ T cells of these mice (Fig. 1E, 1F).

We next examined ERK activation in response to stimulation with anti-CD3 (against the 

TCR complex) and anti-CD28 mAb. As shown by both Western blotting and by flow 

cytometry, CD3/CD28 mAb-induced ERK activation was much reduced in CD4+ T cells, 

but not CD8+ T cells, from TM-treated Rasgrp1fl/fl Cd4ert2cre mice Fig. (2A–C). In 

contrast, activation of the mechanistic target of rapamycin (mTORC1) signaling pathway 

was intact in CD4+ T cells from TM-treated Rasgrp1fl/fl Cd4ert2cre mice as detected using 

anti-phospho-S6 antibodies (Fig. 2D–F) (22).
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We next examined the ability of Rasgrp1fl/fl Cd4ert2cre peripheral CD4+ T cells to enter into 

the cell cycle and proliferate in response to CD3/CD28 stimulation. Murine peripheral CD4+ 

T cells simulated with CD3/CD28 mAb in vitro synchronously enter the G1 phase of the cell 

cycle 12 h after stimulation (21, 23). Thereafter, T cells asynchronously progress through 

G1 with the first cells entering S phase at 20 h (21, 23). Entry into G1 can be detected 

by staining with Pyronin Y that binds RNA that increases in content as cells enter G1, 

whereas progression through G1 can be determined by an increase in cell size (21). Pyronin 

Y staining performed 12 h after CD3/CD28 stimulation showed that peripheral CD4+ T cells 

from TM-treated Rasgrp1fl/fl Cd4ert2cre mice were able to enter G1 (Fig. 3A). However, in 

comparison to control CD4+ T cells, Rasgrp1-deleted T cells showed less of an increase 

in cell size between 12 and 18 h post-stimulation, as determined by flow cytometry (Fig. 

3B). These findings indicate that Rasgrp1-deficient T cells are impaired in their ability to 

progress through G1.

To examine proliferation, purified CD4+ T cells were labelled with CellTrace™ Violet 

(CTV) and were stimulated with CD3/CD28 antibodies for 3 d before determination of 

cell proliferation by dilution of CTV fluorescence (Fig. 3C,D). These experiments revealed 

that peripheral CD4+ T cells from TM treated Rasgrp1fl/fl Cd4ert2cre mice were severely 

impaired in their ability to proliferate with few T cells having entered into division at this 

time point. Co-staining of CD4+ T cells with the Annexin V marker showed that of the small 

number of Rasgrp1fl/fl Cd4-ert2cre CD4+ T cells that were able to divide that they were 

more susceptible to apoptosis (Fig. 3C,D).

TCR/CD28-induced proliferation of CD4+ T cells is driven by T cell-synthesized IL-2 

that binds the high affinity IL-2R present on the T cell surface. The high affinity IL-2R 

comprises of the IL-2R beta and gamma chains together with the CD25 alpha chain, the last 

of which is not expressed on the surface of resting non-T regulatory cells but is induced 

upon T cell activation. Therefore, to understand the basis of an inability of Rasgrp1fl/fl 

Cd4ert2cre CD4+ T cells to proliferate, we examined their ability to synthesize and secrete 

IL-2 and to express CD25 in response to CD3/CD28 stimulation. Rasgrp1fl/fl Cd4ert2cre 

CD4+ T cells secreted much reduced amounts of IL-2 compared to control Rasgrp1fl/fl. T 

cells and essentially failed to express increased amounts of CD25 on their cell surface (Fig. 

4A–C). Therefore, deficient production of both IL-2 and the high affinity IL-2R accounts 

for the blocked proliferative response. Consistent with this, exogenous IL-2 could not rescue 

the proliferation of Rasgrp1fl/fl Cd4ert2cre CD4+ T cells when added to wells at the peak 

concentration present in supernatants of control CD4+ T cells, i.e. 3 ng/ml at 48 h (Fig. 

4A,D,E).

We also examined expression of the CD69 activation marker in Rasgrp1fl/fl Cd4ert2cre CD4+ 

T cells in response to CD3/CD28 antibody stimulation (Fig. 4B, 4C). Surprisingly, a similar 

percentage of Rasgrp1fl/fl Cd4ert2cre and Rasgrp1fl/fl CD4+ T cells were induced to express 

CD69, although the level of expression of CD69 among CD69+ Rasgrp1fl/fl Cd4ert2cre CD4+ 

T cells was significantly lower than that in CD69+ Rasgrp1fl/fl CD4+ T cells. These latter 

findings indicate that a component of CD69 expression is independent of Rasgrp1 and ERK 

activation.
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Last, we examined an ability of TM-treated Rasgrp1fl/fl Cd4ert2cre CD4+ T cells to engage 

in a large-scale form of endocytosis known as macropinocytosis. For this purpose, we tested 

the ability of CD3/CD28-stimulated CD4+ T cells to take up fluorochrome-labeled BSA that 

is internalized into T cells by macropinocytosis (21). T cell macropinocytosis during the G0 

and G1 stages of the cell cycle does not require Ras activation (21). Therefore, we reasoned 

that CD4+ T cell macropinocytosis during G0 should not be affected by loss of Rasgrp1. 

Indeed, CD4+ T cells from Rasgrp1fl/fl Cd4ert2cre mice acquired similar amounts of BSA as 

CD4+ T cells from Rasgrp1fl/fl mice when exposed to probe for the first 4 h and between 8 

and 12 h post CD3/CD28 stimulation (Fig. 4F).

In summary, in the current study we use an inducible CD4+ T cell-specific Rasgrp-1 

deficient mouse model to demonstrate a critical function for Rasgrp1 in the activation of the 

Ras-ERK pathway in peripheral CD4+ T cells. In the absence of Rasgrp1, CD4+ T cells 

show severely impaired progression through the cell cycle and proliferation in response to 

CD3/CD28 stimulation that can be accounted for by much reduced IL-2 secretion and cell 

surface expression of the high afinity IL-2R. These findings clarify long-standing unresolved 

questions concerning the mechanism by which Ras is activated in peripheral CD4+ T cells 

downstream of the TCR and CD28.

Supplementary Material

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

• Rasgrp1 is necessary for TCR/CD28-induced Ras-Erk in murine peripheral 

CD4+ T cells

• TCR/CD28-induced CD4+ T cell IL-2 and IL-2R expression is dependent on 

Rasgrp1

• TCR/CD28-induced CD4+ T cell proliferation is severely impacted by 

Rasgrp1 deficiency
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FIGURE 1. 
PMA-induced ERK activation in Rasgrp1-deficient peripheral CD4+ T cells. (A-D) Splenic 

CD4+ T cells were isolated from TM-treated littermate mice of the indicated genotypes. (A) 

Mean + 1 SEM of percent Rasgrp1 gene copy number determined by qPCR (Rasgrp1fl/fl, 

n=4; Rasgrp1fl/fl Cd4ert2cre, n=8). (B) Rasgrp1 protein expression determined by Western 

blotting. (C) Mean + 1 SEM of percent Rasgrp1 protein abundance (n=5 each genotype). 

(D) Western blot analysis of ERK phosphorylation (pERK) following stimulation with PMA 

for the indicated times. Representative of 2 independent experiments using pooled CD4+ 
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T cells from 3 different mice. (E and F) Whole splenocytes were stimulated with PMA 

for the indicated times. (E) Representative flow cytometry plots of pERK staining in CD4 

+and CD8+ T cells. (F) Mean +/− 1 SEM of fold increase in mean fluorescence intensity 

(MFI) compared to unstimulated T cells in flow cytometry experiments (Rasgrp1fl/fl, n=4; 

Rasgrp1fl/fl Cd4ert2cre, n=3).
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FIGURE 2. 
CD3/CD28-induced ERK activation in Rasgrp1-deficient peripheral CD4+ T cells. Purified 

splenic CD4+ T cells (A and D) and whole splenocytes (B,C,E, and F) from littermate 

TM-treated mice were stimulated with CD3 and CD28 mAb for the indicated times before 

assessment of ERK and S6 phosphorylation by Western blotting (A and D) and flow 

cytometry (B,C,E, and F). (A and D) Representative of 2 independent experiments using 

pooled CD4+ T cells from 3 different mice. (B and E) Representative flow cytometry plots. 

(C and F) Mean +/− 1 SEM of fold increase in MFI compared to unstimulated T cells 

(Rasgrp1fl/fl, n=3; Rasgrp1fl/fl Cd4ert2cre, n=3).

Chang et al. Page 13

J Immunol. Author manuscript; available in PMC 2024 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
CD3/CD28-induced cell cycle analysis of Rasgrp1-deficient peripheral CD4+ T cells. (A) 

left, flow cytometry plots showing Pyronin Y staining of CD4+ T cells from TM-treated 

mice of the indicated genotypes activated with CD3/CD28 mAb for 12 h; right, mean + 1 

SEM of fold increase in Pyronin Y staining at 12 h compared to unstimulated T cells (n=2 

each genotype). (B) left, FSC-A vs SSC-A profiles of CD4+ T cells from TM-treated mice 

of the indicated genotypes activated with CD3/CD28 mAb for the indicated times; right, fold 

increase in FSC-A at 18 h compared to unstimulated T cells (n=3 each genotype). (C and 
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D) Splenic CD4+ T cells from TM-treated littermate mice of the indicated genotypes and 

stimulated with CD3/CD28 mAb for 72 h. (C) Representative flow cytometry plots showing 

dilution of CTV fluorescence and Annexin V staining at 72 h. (D) Mean +/− 1 SEM of 

percent of live cells at each division (left) and percent of Annexin V+ cells at each division 

(right; n=3 each genotype).
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FIGURE 4. 
CD3/CD28-induced IL-2/IL2R expression and macropinocytosis in Rasgrp1-deficient 

peripheral CD4+ T cells. Splenic CD4+ T cells from TM-treated littermate mice of 

the indicated genotypes were stimulated with CD3/CD28 mAb. (A) Mean + 1 SEM 

of concentration of IL-2 in culture supernatants at 48 h (n=3 each genotype). (B) 

Representative flow cytometry dot plots of CD25 and CD69 expression at 12 h. (C) Mean + 

1 SEM of percent CD25+ or CD69+ cells (left) and MFI of CD25+ and CD69+ cells (right) 

(n=3 each genotype). (D) Representative flow cytometry plots of CTV fluorescence at 72 h 
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in the presence and absence of IL-2. (E) Mean +/− 1 SEM of percent of live cells at each 

division in the presence and absence of IL-2 (n=3 each genotype). (F) Splenocytes from 

tamoxifen-treated mice of the indicated genotypes were incubated with CD3/CD28 mAb 

for 4 h in the presence of BSA-Alexa488 at 4C or 37C. Left, representative histograms of 

Alexa488 fluorescence. Right, mean + 1 SEM of MFI of Alexa488 fluorescence in repeat 

experiments performed for 4 h or 12 h (with probe addition at 8 h) at 37C (n=2 each 

genotype).
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