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WASH is an Arp2/3 activator of the Wiskott-Aldrich syndrome protein superfamily that functions during endosomal trafficking
processes in collaboration with the retromer and sorting nexins, but its in vivo function has not been examined. To elucidate the
physiological role of WASH in T cells, we generated a WASH conditional knockout (WASHout) mouse model. Using CD4Cre

deletion, we found that thymocyte development and naive T cell activation are unaltered in the absence of WASH. Surprisingly,
despite normal T cell receptor (TCR) signaling and interleukin-2 production, WASHout T cells demonstrate significantly re-
duced proliferative potential and fail to effectively induce experimental autoimmune encephalomyelitis. Interestingly, after acti-
vation, WASHout T cells fail to maintain surface levels of TCR, CD28, and LFA-1. Moreover, the levels of the glucose transporter,
GLUT1, are also reduced compared to wild-type T cells. We further demonstrate that the loss of surface expression of these re-
ceptors in WASHout cells results from aberrant accumulation within the collapsed endosomal compartment, ultimately leading
to degradation within the lysosome. Subsequently, activated WASHout T cells experience reduced glucose uptake and metabolic
output. Thus, we found that WASH is a newly recognized regulator of TCR, CD28, LFA-1, and GLUT1 endosome-to-membrane
recycling. Aberrant trafficking of these key T cell proteins may potentially lead to attenuated proliferation and effector function.

Filamentous-actin (F-actin) polymerization at the immunolog-
ical synapse (IS) is a hallmark of T cell activation and is re-

quired for optimal T cell signaling and effector functions (1). The
Wiskott-Aldrich syndrome protein (WASP) superfamily of nucle-
ation-promoting factors (NPFs), which activate the actin-related
protein 2/3 (Arp2/3) complex, are important regulators of
branched F-actin nucleation (2, 3). WASP, N-WASP, and the
WAVE isoforms (WAVE1 to WAVE3) have been the focus of
much attention over the past decade. As a result, it is well estab-
lished that both WAVE2 and WASP participate in Arp2/3-depen-
dent F-actin generation at the IS leading to the development of the
F-actin-rich lamellae (4), integrin-mediated adhesion (5), recep-
tor internalization, efficient T cell receptor (TCR) signaling, and T
cell activation (6–9). However, our understanding of the contri-
bution of NPFs to cell biology is rapidly expanding with the addi-
tion of newly recognized WASP family members, including
WHAMM, which regulates endoplasmic reticulum-to-Golgi traf-
ficking, and JMY, which not only regulates F-actin generation at
the lamellae but also functions during p53-dependent gene tran-
scription (10–12).

Recently, another highly conserved WASP family member,
WASH (Wiskott-Aldrich syndrome protein and SCAR homolog)
was identified (13). WASH exists in a multiprotein complex
termed the SHRC (WASH regulatory complex), which is com-
prised of FAM21, SWIP, strumpellin, and CCDC53 (14–16). In-
terestingly, the SHRC is structurally analogous to the WAVE reg-
ulatory complex and is important for SHRC component
stabilization and regulation of WASH activity toward Arp2/3 (15,
16). However, in contrast to the WASP and WAVE proteins,
which primarily localize to the plasma membrane, mammalian
WASH localizes to distinct subdomains on endomembranes,
where it participates in vesicle trafficking through localized Arp2/
3-dependent F-actin nucleation (14, 15). Endosomal localization
of the SHRC is mediated by an interaction of the FAM21 C termi-
nus with VPS35, a component of the retromer complex (17, 18).
Using RNA interference-mediated suppression, several recent

studies have identified WASH as a unique regulator of receptor
trafficking at endomembranes. Specifically, WASH has been im-
plicated in transferrin receptor (TfnR) and �5�1 integrin recy-
cling (14, 19), as well as retromer-dependent recycling of the cat-
ion-independent mannose-6-phosphate receptor (15) and �2

adrenergic receptor (�2AR) (20). Taken together, these studies
identify WASH as a regulator of multiple receptor trafficking sys-
tems. However, the biological implications of WASH regulation
remain to be established in an in vivo biological model.

To determine the physiologic function of WASH in vivo, we
generated conditional WASH knockout (WASHout) mice. Since
the WASP superfamily members WASP and WAVE have previ-
ously been demonstrated to regulate various aspects of T cell ac-
tivation (2, 21), we investigated the role of WASH in T cell func-
tion. Using cre-recombinase models for T cell-specific gene
excision, we found that peripheral WASHout T cells exhibited no
defect in naive TCR signaling or T cell activation. However,
WASHout T cells did not proliferate effectively, and mice with
WASH-deficient T cells experienced reduced disease burden in
experimental autoimmune encephalomyelitis (EAE). We further
show that TCR, CD28, LFA-1, and GLUT1 are inefficiently traf-
ficked after T cell activation in WASHout T cells, which ultimately
led to the lysosomal degradation of these important receptors and
transporter. Thus, it appears that WASH regulates the trafficking
of several key proteins responsible for normal T cell effector func-
tion. Together, these results identify an important and unique
physiological role for WASH in proper T cell function and provide
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validation of a novel mouse model that can be further utilized to
increase our understanding of WASH-dependent trafficking in a
variety of biologically important systems.

MATERIALS AND METHODS
Generation of WASH conditional knockout mice. Conditional WASH
knockout mice were generated in collaboration with the Transgenic and
Gene Targeted Mouse Shared Resource at the Mayo Clinic according to
established protocols (22). The WASH knockout targeting construct was
generated using the previously described pNTKV1901-frt-loxP vector
system (23). ProtamineCre, FLPeR, and ERCre mice were obtained from
the Jackson Laboratory, and CD4Cre mice were obtained from Taconic.
Germ line-transmitted mice were crossed with FLPeR mice to delete
the Neo cassette. The subsequent WASH�/flox mice were crossed with
ProtamineCre mice to generate WASH�/� animals (not viable).
WASH�/flox mice were backcrossed onto C57/B6 mice (Jackson). Cell-
specific WASH conditional knockout (cKO) mice were generated by
crossing WASH�/flox mice with CD4Cre or ERCre mice to produce
WASH�/flox Cre� animals. These animals were crossed with WASHflox/flox

mice. WASH�/flox Cre� animals were also crossed with OT-II (Jack-
son), which have a transgenic TCR that is major histocompatibility
complex class II (MHC-II) restricted and responds to the OVA323-339

peptide. Cre-positive WASH�/� and WASH�/flox mice have similar lev-
els of WASH protein, whereas WASHflox/flox mice demonstrate a substan-
tial reduction (see Fig. 1A). Unless otherwise indicated, WASH�/flox Cre�

mice are classified as wild-type (WT) mice and WASHflox/flox Cre� mice
are classified as cKO or WASHout mice. The data presented are from mice
that have been backcrossed onto C57/B6 mice for 6 or 10 generations.
Mice were housed in a barrier facility, and all experiments were performed
with littermate-matched pairs. All procedures were carried out according
to the guidelines from and were approved by the Mayo Clinic Institutional
Animal Care and Use Committee.

Allelic germ line transmission was detected with standard PCR meth-
ods. The oligonucleotides used included WASH (forward, 5=-CGCATTG
ATCTTCCTATACGC-3=; reverse, 5=-TGTCAGTCCTATGCTTAGTG-
3=), Cre (forward, 5=-ACCAGCCAGCTATCAACTCG-3=; reverse, 5=-TT
ACATTGGTCCAGCCACC-3=) and, as a control, 16S rRNA, (forward,
5=-CTAGGCCACAGAATTGAAAGATCT-3=; reverse, 5=-GTAGGTGGA
AATTCTAGCATCATCC-3=).

Primary murine T cell isolation and activation. Unless otherwise in-
dicated, purified murine CD4� populations were obtained by generating
a single-cell suspension using 100-�m-pore-size nylon mesh filters (BD
Biosciences) from spleens and lymph nodes, followed by red blood cell
lysis via incubation with ACK buffer. The subsequent lymphocyte suspen-
sions were purified with MACS CD4� negative selection beads (Miltenyi
Biotec) according to the manufacturer’s instructions. Flow cytometry fol-
lowing isolation confirmed the purity of CD4� cells was �90%. For long-
term observation of the activation state, equal numbers of purified CD4�

T cells were cultured in 24-well plates with plate-bound 2C11 �CD3 (5
�g/ml) and soluble 37.51 �CD28 (1 �g/ml) (Bio-X-Cell).

Thymocyte and splenocyte preparation and flow cytometry analy-
sis. Analysis of thymocyte development and T cell subpopulations were
performed as previously described (24). Briefly, thymocyte single-cell sus-
pensions were generated using 100-�m-pore-size nylon mesh filters (BD
Biosciences) and surface stained with the following reagents: fluorescein
isothiocyanate (FITC)-CD8, TCR�, TCR��, CD3ε, B220, CD19, CD11c,
DX5, NK1.1, Ter119, Mac1 (BD Pharmingen), phycoerythrin (PE)-
TCR�, CD8, CD3ε PerCP-CD4, allophycocyanin (APC)-CD8, CD25,
and APC–Cy7– c-kit (eBioscience). Splenocyte populations were analyzed
by generating a single-cell suspension as described above, followed by red
blood cell lysis via incubation with ACK buffer. Cell surface staining was
performed with reagents noted above. The data were collected on a
FACSCanto II (BD Biosciences) and analyzed with FlowJo (TreeStar,
Inc.).

Calcium mobilization. Intracellular Ca2� concentrations were as-
sayed as previously reported (25). Briefly, popliteal, axillary, and cervical
lymph nodes (LN) were removed from matched mice, and a single cell
suspension was created. LN cells were loaded with 5 �M Indo-1 (Sigma) at
37°C for 30 min in Hanks’ balanced salt solution (HBSS) plus 10 mM
HEPES. Cells were concurrently labeled with CD3-FITC and CD4-Per-
CPCy5.5 (eBioscience). The cells were washed and resuspended in HBSS
plus 1% bovine serum albumin until analysis. The Indo-1-loaded LN cells
were incubated with 2C11(�CD3) monoclonal antibody for 5 min, and an
Indo-1 baseline was established. 2C11 was cross-linked with addition of
rabbit anti-hamster IgG (MP Biomedicals) to initiate Ca2� mobilization.
Control samples were not cross-linked with rabbit anti-hamster IgG.
Samples were run on an LSR II flow cytometer (BD Bioscience), and data
from CD3� CD4� cells were analyzed with FlowJo (TreeStar).

Intracellular pERK staining. Intracellular pERK levels were assayed as
previously reported (26). Briefly, popliteal, axillary, and cervical lymph
nodes were removed from matched mice and a single cell suspension was
created. Cells were activated by incubation with 2C11 �CD3 (10 �g/ml)
and 37.51 �CD28 (10 �g/ml), followed by cross-linking with rabbit anti-
hamster IgG (MP Biomedicals). Cells were fixed and permeabilized ac-
cording to the manufacturer’s instructions (eBioscience). Cells were
stained with FITC-TCR� and PerCP-CD4 (eBioscience) and pERK (Cell
Signaling Technology), followed by anti-rabbit APC (Jackson). Samples
were run on a FACSCanto II flow cytometer (BD Bioscience), and data
from TCR�/CD4� cells were analyzed with FlowJo (TreeStar).

Cell supernatant ELISA. For interleukin-2 (IL-2) secretion, purified
CD4� cells were cultured in 96-well plates with the indicated concentra-
tions of plate-bound 2C11 �CD3 and soluble �CD28 (1 �g/ml). After
EAE induction, single cell suspensions from draining popliteal LN were
created, and 1.5 	 106 cells/ml were cultured with various concentrations
of MOG35-55 peptide. At the indicated time points, the supernatants were
collected, and the levels of secreted cytokine were determined using en-
zyme-linked immunosorbent assay (ELISA) kits from eBioscience (IL-2
and gamma interferon [IFN-�]) and Biolegend (IL-17A). Samples were
run in triplicate for each independent experiment.

CFSE proliferation assay. Purified CD4� cells were loaded with 2.5
�M CFSE (carboxyfluorescein diacetate succinimidyl ester; eBioscience)
immediately after MACS isolation and were cultured in 96-well plates
with 3 �g of plate-bound 2C11 �CD3/ml and 1 �g of �CD28 soluble or
�CD28 alone/ml as a control. At 72 h cells were stained for CD4 and run
on a FACSCanto II flow cytometer (BD Bioscience), and data from CD4�

cells were analyzed with FlowJo (TreeStar). FlowJo’s proliferation plat-
form was used to determine proliferation statistics. The division index,
which represents the average number of cell divisions per cell, was re-
ported.

Thymidine proliferation assay. After red blood cell lysis, the spleno-
cytes were plated in 96-well plates at 1.5 	 106 cells/ml, and 2C11 �CD3,
OVA323-339, or MOG35-55 peptide at various concentrations were added.
After 48 h, tritiated thymidine was added and, 18 h later, the cells were
harvested and the thymidine uptake was measured using a �-scintillation
counter (Perkin-Elmer). Where noted, 10 mM methyl pyruvate was
added to culture medium prior to plating. The results are presented as the
counts per minute (cpm).

Flow cytometry surface/intracellular staining and 6-NBDG uptake.
Purified CD4� cells were cultured for various time points with or without
plate-bound 2C11 as described above. At the indicated time points, the
cells were harvested and counted. Equivalent numbers of cells were
stained with 7-aminoactinomycin D (7-AAD) and annexin V-APC (eBio-
science) or PE-GLUT1 (R&D Systems), APC-Cy7-TCR� (eBioscience),
PE-Cy7-CD28 (eBioscience), FITC–MHC-I (eBioscience), APC-CD44
(BD Bioscience), Pacific Blue-Thy1.2 (eBioscience), PerCP-Cy5.5-CD62L
(eBioscience), PE-TfnR (BD Bioscience), APC-CD25 (eBioscience), PE-
Cy7-IL7R (eBioscience), PE-Cy7-CD29 (Biolegend), FITC-CD49d (eBio-
science), PE-CD18 (Biolegend), PerCPCy5.5-�7 integrin (Biolegend),
Pacific Blue-CD11a (eBioscience), and PerCPCy5.5-FoxP3 (eBioscience).
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Intracellular staining was performed using fixation and permeabilization
buffers from eBioscience. Alternatively, the cells were resuspended in pre-
warmed medium and incubated with either dimethyl sulfoxide or a 30
�M concentration of the glucose analog 6-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl) amino]-2-deoxy-D-glucose (6-NBDG; Invitrogen) for 10
min, washed, and stained with 7-ADD. The cells were run on a FAC-
SCanto II flow cytometer (BD Bioscience), and the data were analyzed
using FlowJo (TreeStar). The mean fluorescence intensity (MFI) was de-
fined as the geometric mean of the given fluorescent probe. Either 7-AAD
or DAPI (4=,6=-diamidino-2-phenylindole) was used in flow cytometry-
based experiments to ensure that only live cells were analyzed.

L-Lactate production. Purified CD4� cells were cultured with or with-
out plate-bound 2C11 and soluble �CD28 for 48 h as described above.
The cells were counted after stimulation, and 106 cells were replated for 12
h. Supernatants were then collected and assayed for levels of L-lactate
according to the manufacturer’s instructions with a kit obtained from
Eton Bioscience (Research Triangle Park, NC).

Experimental autoimmune encephalitis model. Mice were immu-
nized with 100 �g of 35- to 55-amino-acid MOG peptide emulsified in
complete Freund’s adjuvant via subcutaneous injection. At the time of
MOG immunization and on day 2, mice were injected intraperitoneally
with 400 ng of pertussis toxin. Mice were evaluated daily for weight loss
and scored based on EAE development. Clinical scores of 1 to 5 were
assigned as previously reported (27). Five CD4Cre WT mice and five cKO
mice were injected together and scored concurrently for each experimen-
tal set.

Immunofluorescence and quantitation. Purified CD4� cells were
cultured for 24 h as described above. Cells were resuspended in pre-
warmed serum-free medium and allowed to adhere to poly-L-lysine-
coated coverslips at 37°C and then immediately fixed with 4% parafor-
maldehyde. The coverslips were subsequently prepared as previously
described (15). Images were obtained with an LSM-710 laser scanning
confocal microscope with a 100	/1.4 Oil Plan-Apochromat objective lens
using Zen software (Carl Zeiss). Image slices were taken at a depth of 0.33
�m. Figures and overlays were compiled using Adobe Photoshop and
Illustrator. In some cases, the gain of the 488-nm laser was decreased when
imaging cKO cells compared to WT cells in order to prevent oversatura-
tion when visualizing the localization of GLUT1 and associated molecules
due to highly compact areas of staining. Primary antibodies for staining
include: rabbit anti-EEA1 (Cell Signaling Technology), rat anti-LAMP1
(BD Bioscience), mouse anti-GLUT1 (AbCam), and hamster anti-
TCR�/� (Thermo Scientific). Anti-VPS35 and anti-mWASH antibodies
were generated by immunizing rabbits with glutathione S-transferase fu-
sion proteins containing amino acid 461 to end of hVPS35 or amino acid
317 to end of mWASH, respectively (Cocalico Biologicals). Conjugated
secondary antibodies were purchased from Invitrogen. Cell boundaries
were determined by staining F-actin with Alexa Fluor 647-phalloidin (In-
vitrogen). Colocalization coefficients were determined from a minimum
of 30 cells using Zen 2011 software (Carl Zeiss). Punctum counts were
determined using ImageJ (National Institutes of Health). Briefly, the red
and green channels were split, and each channel was converted into an
8-bit TIFF file and converted into binary format using ImageJ’s binary
convert function. The number of positively staining puncta were then
calculated using ImageJ’s particle count function. The minimum punc-
tum size was set to 50 pixels. Fifty cells from two independent experiments
were analyzed, for a total of 100 cells.

Cell stimulation, immunoblotting, and bafilomycin A1 treatment.
For short-term TCR stimulation, purified CD4Cre WASHout CD4� cells
were incubated with 2C11 �CD3 (10 �g/ml) and 37.51 �CD28 (10 �g/
ml) (Bio-X-Cel), followed by cross-linking at 37°C with 20 �g of rabbit
anti-hamster IgG (MP Biomedicals)/ml. For IL-2 stimulation, purified
ERCre WASHout CD4� cells were activated with 2C11/�CD28 for 48 h as
described above. Subsequently, cells were cultured for 48 h in 25 U of
IL-2/ml to drive proliferation and in 0.5 �M 4-hydroxy tamoxifen (4-
OHT) to induce excision of the WASH allele. The cells were IL-2 starved

for 12 h and then restimulated with 100 U of IL-2/ml. Stimulations were
stopped with ice-cold phosphate-buffered saline (PBS), and the cells were
lysed with radioimmunoprecipitation assay (RIPA) buffer and immuno-
blotted according to standard protocols. 4G10 (Upstate/Millipore),
pAKT-S473, total AKT, pSTAT5-Y694, and total STAT5 (Cell Signaling
Technology), CAPZ� and TCR� G-11/H-197 (Santa Cruz), TCR� H28
hybridoma (kindly provided by Adam Schrum, Mayo Clinic), CD11a/�L
integrin (Santa Cruz), CD29/�1 integrin (BD Bioscience), and Glut1
(AbCam) antibodies were used for immunoblotting. Anti-PLC�1, anti-
CCDC53, antistrumpellin, and anti-SWIP have been previously described
(16, 28). Jurkat T cells were electroporated as previously reported (15, 29).
CD4Cre WASHout CD4� cells were stimulated as described above and
then treated with 150 nM bafilomycin A1 for 12 h prior to cell lysis.

Quantitative RT-PCR. Primary mouse CD4� T cells were isolated and
stimulated as previously described. At each time point, according to the
manufacturer’s instructions, RNA was isolated from 3 	 106 T cells using
an RNeasy minikit (Qiagen). cDNA was transcribed from 0.5 �g of total
RNA using a Superscript III reverse transcription-PCR (RT-PCR) kit (In-
vitrogen) according to the manufacturer’s instructions. Amplification
and detection of cDNA was performed using SYBR green PCR master mix
(Invitrogen) and an ABI Prism 7900HT real-time PCR system (Applied
Biosystems). Primers were obtained from Integrated DNA Technologies
(Coralville, IA): murine GLUT1(forward, 5=-ACTGTGGTGTCGCTGTT
TG-3=; reverse, 5=-CACGATGCTCAGATAGGACATC-3=) and murine
RPLP0 (forward, 5=-AGATCCGCATGTCCCTTC-3=; reverse, 5=-CCTTG
CGCATCATGGTGTT-3=). Experiments were performed in triplicate us-
ing cDNA from three littermate-matched pairs. The fold change of
GLUT1 was calculated by standardization to RPLP0 and analyzed accord-
ing to the 2�

CT method (30).

Statistical analysis. GraphPad Prism (La Jolla, CA) was used to analyze
data sets. Unless otherwise indicated, statistics are presented as means � the
standard errors of the mean (SEM) of three or more independent experi-
ments. Significance between data sets was determined using paired two-tailed
Student t test. P values of �0.05 were considered significant.

RESULTS
CD4Cre WASHout mice demonstrate normal T cell develop-
ment and maturation. Although studies in cell lines indicate that
WASH participates in trafficking of receptors from endomem-
branes, the physiologic function of WASH is unclear. Thus, we
generated WASH conditional knockout mice (23) in order to de-
termine the role of WASH in thymocyte development and periph-
eral T cell function. We found that total WASH knockout results
in embryonic lethality around day E7.5 (T. S. Gomez and D. D.
Billadeau, data not shown), which is consistent with studies in
Drosophila, which have shown that WASH is expressed through-
out embryogenesis and that WASH KO Drosophila are not viable
(13, 31). Therefore, we crossed WASHflox/� mice with CD4Cre

mice to generate CD4Cre WASHflox/flox conditional knockout
(WASHout) mice, which allows for specific Cre-mediated exci-
sion of WASH in T cells in late thymic development (32). We
observed by immunoblot that compared to CD4Cre WT controls
WASHout mice exhibited barely detectable levels of WASH in
mature CD4� cells isolated from the spleen (Fig. 1A). Interest-
ingly, while peripheral CD4� cells from WASHout mice exhibited
substantially reduced WASH protein levels, WASHout thymo-
cytes only showed a mild reduction in protein levels, indicating
that the existing pool of WASH protein following allele excision
was likely stable over an extended period of time (Fig. 1B). WASH
exists in a large macromolecular complex known as the SHRC,
which demonstrates interdependency for complex stability (14–
16). As expected, WASH deletion resulted in a concomitant loss of
the SHRC components CCDC53, SWIP, and strumpellin in CD4�
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cells (Fig. 1C). Lastly, we analyzed total thymic and splenic cellu-
larity in WASHout mice and observed no difference compared to
CD4Cre WT controls (Fig. 1E). This indicated an absence of gross
defects in T cell development or maturation in WASHout mice.

Although normal thymic and splenic cellularity in CD4Cre

WASHout mice suggests that thymocyte development proceeds
normally in this model, to directly confirm this, we specifically
examined the stages of thymocyte development in these mice. As
can be seen in Fig. 2A, there was no discernible difference in the
percentage of thymocytes found in each stage of T cell develop-
ment. These percentages were quantified across multiple litter-
mate-matched pairs (Fig. 2B). In addition, we investigated the
percentages and subtypes of splenic T cells in WASHout mice. The
equivalent splenic cellularity (Fig. 1E) and the percentage of T cells
present compared to WT littermate-matched pairs indicated that
even in the absence of WASH the peripheral T cell compartments of
these WASHout mice were populated normally (Fig. 2C and D).
These data indicate that T cells from CD4Cre WASHout mice develop
normally and are able to maintain peripheral T cell populations.

Naive WASHout T cells do not demonstrate TCR signaling
defects. Our previous work in Jurkat T cells demonstrated that
WASH localized to the immune synapse in punctate structures
associated with the EEA1� early endosome compartment (15).
Since the endomembrane network has been implicated in recep-
tor trafficking and TCR-stimulated signaling, we isolated CD4�

cells from littermate-matched WT and WASHout mice and exam-
ined TCR and CD28 surface levels and T cell activation. Impor-
tantly, upon isolation, the levels of TCR and CD28 were similar
between WASHout and WT T cells (see Fig. 5A). We next inves-
tigated the role of WASH in proximal signaling dynamics by ligat-
ing CD3/CD28 in vitro and immunoblotting cell lysates for in-
duced protein tyrosine phosphorylation (4G10). Surprisingly, we

discovered no defect in global protein tyrosine phosphorylation in
WASHout CD4� T cells following CD3/CD28 ligation, indicating
that proximal TCR signaling was intact in WASHout T cells (Fig.
3A). Consistent with this initial observation, no differences in
Ca2� mobilization (Fig. 3B) or ERK-phosphorylation (pERK) ki-
netics (Fig. 3C) were found after activation of naive WT and
WASHout T cells. Moreover, surface expression of the activation
markers CD69 and CD25 (the high-affinity IL-2 receptor � chain),
which are both upregulated after T cell activation, were similar in WT
and WASHout T cells after activation (Fig. 3D). Taken together, these
data indicate that deletion of WASH does not affect TCR or CD28 cell
surface levels on naive T cells or their ability to signal and upregulate
activation markers after stimulation.

Naive WASHout T cells produce IL-2 and IL-2 signaling is
intact in WASHout T cells. IL-2 is secreted by activated CD4� T
cells and is a critical progrowth cytokine for T cells (33). Thus,
although TCR signaling dynamics appeared unaffected, we
wanted to further assess the role of WASH in IL-2 production and
signaling. We initially investigated IL-2 secretion over time in WT
and WASHout T cells by ELISA. Consistent with intact signaling
and activation in WASHout T cells, we observed no statistical
difference in the amount of IL-2 secreted at 24, 48, or 72 h of
stimulation (Fig. 3E). We next investigated the ability of WASH-
out T cells to efficiently respond to IL-2, which is crucial for T cell
expansion. We utilized an inducible WASH cKO system by
crossing WASHflox/� mice with ERCre mice to produce ERCCre

WASHflox/flox (ERCre WASHout) mice (34). The ERCre model was
used to obtain sufficient numbers of activated WASHout CD4� T
cells (Fig. 3F). After activated CD4� cells were cultured with
4-OHT for 48 h, WASH protein levels were barely detectable in
ERCre WASHout cells (Fig. 3G). Activated WASHout CD4� cells
were IL-2 starved for 12 h, followed by IL-2 treatment, and IL-2

FIG 1 CD4Cre WASHout mice efficiently excise WASH in peripheral T cells and exhibit normal thymic and splenic cellularity. (A) Genotyping oligonucleotides
surrounding wash exon 2 were utilized to identify WT and floxed wash alleles via PCR (top panel), which resulted in either maintenance or loss of WASH protein
in isolated splenic CD4� T cells, as determined by immunoblotting (bottom panel). (B) Total thymocytes, total splenocytes, and isolated splenic CD4� T cells
from CD4Cre WASHout mice and WT littermate-matched controls were lysed. Lysates were resolved by SDS-PAGE and immunoblotted as indicated. (C) Total
splenocytes and isolated CD4� T cells from CD4Cre WASHout and WT mice were collected and lysed. Lysates were resolved by SDS-PAGE and immunoblotted
as indicated. (D) CD4Cre WT and WASHout littermate-matched pairs were sacrificed, and the total cellularity of the thymus and spleen following RBC lysis was
recorded. Nine pairs are independently plotted, and the means � the standard error of the mean (SEM) are represented by the bar and whisker overlays.
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signaling was examined by immunoblotting. Importantly, we did not
detect a difference in pSTAT5 or pAKT kinetics after IL-2 treatment,
indicating that in the absence of WASH, IL-2 signaling was intact
(Fig. 3H). Taken together, these data indicate that WASHout CD4� T
cells can secrete and respond to the progrowth cytokine IL-2.

WASHout T cells do not proliferate effectively upon activa-
tion. Since the rapid growth and proliferation of activated T cells
is an important feature of an intact immune response, we investi-
gated the ability of WASHout CD4� T cells to proliferate in re-
sponse to CD3/CD28 ligation. WT and WASHout CD4� T cells
were loaded with CFSE, stimulated for 72 h, and analyzed by flow
cytometry to assess the rate of proliferation by CFSE dye dilution.
Since loss of WASH did not affect TCR or IL-2 signaling, we were
surprised to observe a significant defect in the proliferation of
WASHout T cells (Fig. 4A). In fact, the division index for WT T
cells was 1.74 � 0.15, while for WASHout T cells it was less than
half that at 0.72 � 0.15 (Fig. 4B). In addition, we took WT and
WASHout splenocytes and stimulated the T cells with increasing
concentrations of �CD3ε (2C11) antibody for 48 h and then mea-
sured cell proliferation by thymidine incorporation. Similar to the

CFSE dilution assay, we observed a significant proliferation defect
in the WASHout T cells (Fig. 4C). To confirm that the prolifera-
tion defect was not limited to antibody-driven activation of T cells,
we utilized CD4Cre WASHout mice crossed to OT-II TCR trans-
genic mice that are engineered to respond exclusively to MHC-II
loaded with the OVA323-339 peptide. Consistent with our previous
data, CD4cre WT OT-II and WASHout OT-II splenocytes ex-
pressed equivalent levels of TCR and CD28 at isolation (data not
shown). These cells were stimulated with increasing concentra-
tions of OVA323-339 peptide for 48 h and then treated with
[3H]thymidine. Significantly, WASHout T cells showed a substan-
tial defect in proliferation over a range of peptide concentrations
(Fig. 4D). Since the antigen-presenting cells (splenocytes) in this
conditional knockout system are WASH proficient, the inability
to proliferate in response to MHC-peptide stimulation is T cell
intrinsic. Interestingly, in addition to having a proliferation defect
we observed an increased rate of apoptotic cell death in naive
WASHout T cells after activation in vitro (data available upon
request). Since regulatory T cells (Tregs) are known to suppress
the immune response (35), we wanted to know whether the pro-

FIG 2 CD4Cre WASHout mice demonstrate normal T cell development and maturation. (A) Representative flow cytometry plots for staining of thymocytes from
CD4Cre WT and WASHout mice. Cells were stained and gated as indicated. (B) Top panel shows the percentage of lineage-negative thymocytes in the first four
stages (ETP, c-kit� CD25�; DN2, c-kit� CD25�; DN3, c-kit� CD25�; DN4, c-kit� CD25�) of T cell development, and the bottom panel shows the percentage
of thymocytes in the final two stages (double positive and single positive) of development. Values represent the means � the SEM from five independent CD4Cre

littermate matched pairs. (C) Splenocytes from CD4Cre WASHout mice were analyzed by flow cytometry following RBC lysis. The cells were stained and gated
as indicated. (D) Percentage of splenic T cells. The upper panel indicates the percentage of CD3ε� splenocytes, and the lower panel indicates the percentage of
CD4� and CD8� splenocytes from the CD3ε� population. Values represent the means � the SEM from five independent CD4Cre littermate-matched pairs.
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liferation defect was due to increased numbers of Tregs in WASH-
out mice. However, we did not observe a difference in FoxP3
staining between WT and WASHout T cells (Fig. 4E). In addition,
even after 48 h of stimulation, no difference in percentages of

CD4� Foxp3� cells was observed (Fig. 4F), indicating that the
proliferative defect was not the result of Treg suppressor activity.
Overall, these data indicate that WASH is required for optimal
proliferation of naive T cells after activation.

FIG 3 In WASHout T cells TCR signaling and activation are intact. (A) Isolated CD4� T cells from CD4Cre WASHout and WT mice were activated in vitro with
2C11/�CD28 for the indicated times. Ligation was stopped with ice-cold PBS, and the cells were lysed, resolved by SDS-PAGE, and immunoblotted as indicated.
The blots are representative of three independent experiments. (B) LN cells of CD4Cre WASHout and WT mice were surface stained for CD3 and CD4 while being
loaded with Indo-1. Cells were incubated with 2C11 and activated, and CD3� CD4� cells were analyzed by flow cytometry for calcium mobilization. The arrow
indicates cross-linking of 2C11 with addition of rabbit anti-hamster IgG. Control cells (dotted line) were not cross-linked. Representative of three independent
experiments. (C) LN cells were activated as in panel A and then fixed, permeabilized, and stained with TCR�, CD4, and pERK. TCR�� CD4� T cells were analyzed for
pERK levels. The results are representative of two independent experiments. (D) Isolated CD4� T cells from CD4Cre WASHout and WT mice were cultured with
plate-bound 2C11 and soluble �CD28 for 24 h and then surface stained with the indicated antibodies and analyzed by flow cytometry. Representative examples shown
from four independent experiments. (E) Isolated CD4� T cells from CD4Cre WASHout and WT mice were plated on 96-well plates coated with the indicated
concentrations of 2C11 and soluble �CD28. At the indicated times, IL-2 levels in supernatant were detected by ELISA. Values represent the means � the SEM from
independent CD4Cre littermate-matched pairs. At 24 h, n 
 8, and at 48 h and 72 h, n 
 4. (F) Isolated CD4� T cells from WT and ERCre WASHout littermate-matched
pairs were cultured with plate-bound 2C11 and soluble �CD28 for 48 h and then treated with 4-OHT. After 4-OHT treatment, WASHout T cells had equivalent surface
levels of CD25 (IL-2R�) and (G) reduced WASH protein levels. (H) After 4-OHT treatment, T cells were IL-2 starved and then restimulated with IL-2 for the indicated
times. The cells were lysed and immunoblotted as indicated. Representative examples from three independent experiments are shown.
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FIG 4 CD4Cre WASHout T cells fail to proliferate following activation and fail to efficiently induce EAE. (A) Isolated CD4� splenocytes were loaded with 5 �M
CFSE and stimulated as in Fig. 3E. At 72 h after activation, the cells were analyzed for CFSE dilution. A representative example of seven independent experiments
with CD4Cre littermate-matched pairs is shown. (B) Values represent the means � the SEM of cell division index after 72 h of stimulation and CFSE dilution. The
division index was calculated using the proliferation platform in FlowJo. (C and D) After RBC lysis, splenocytes from CD4Cre littermate-matched pairs were
stimulated with increasing concentrations of soluble 2C11 (�CD3ε) antibody (C), and CD4Cre OT-II� littermate-matched pairs were stimulated with increasing
concentrations of OVA323-339 peptide (D). Tritiated thymidine was added after 48 h, the cells were harvested, and the counts per minute (cpm) were analyzed after
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EAE is not efficiently induced in CD4Cre WASHout mice. We
next wanted to know whether this proliferation defect adversely
affected in vivo T cell responses. To test this possibility, we utilized
experimental autoimmune encephalomyelitis (EAE), a mouse
model of T cell-induced autoimmunity. For this model, WASH-
out and WT mice were immunized with myelin oligodendrocyte
glycoprotein amino acid 35 to 55 peptide (MOG35-55) and actively
monitored for weight loss and clinical signs of disease. WT mice
developed ascending limb weakness and paralysis at a greater rate
and also exhibited an overall more severe disease phenotype than
the WASHout mice (Fig. 4G). Furthermore, 28 days after the ini-
tial MOG immunization, cell suspensions from the draining pop-
liteal lymph nodes were restimulated with MOG35-55 peptide in
vitro and proliferation was assessed by thymidine incorporation.
Significantly, T cells obtained from the WASHout mice had a sub-
stantial decrease in proliferation upon restimulation (Fig. 4H).
Since pathogenic effects of EAE can be driven by both Th1 and
Th17 T cell subsets, we examined the production of IFN-� and
IL-17 (36). Interestingly, when supernatants from the MOG35-55

restimulation cultures were assayed, we observed that WASHout
T cells secreted significantly less IL-17, whereas the level of IFN-�
secretion was similar to WT cells (Fig. 4I and J). Taken together,
these data indicate that while WASH does not globally regulate
TCR signaling or activation-induced IL-2 secretion, WASH does
regulate CD4� T cell proliferation after CD3/CD28 ligation,
which results in reduced in vivo T cell-mediated immune re-
sponses.

Activated WASHout T cells have reduced TCR, CD28,
GLUT1, and LFA-1 surface levels. While T cell homeostasis and
survival is regulated by multiple signals and pathways (37), our
data indicate that WASHout T cells are functionally normal until
activated by CD3/CD28 ligation, at which point they fail to pro-
liferate. Since WASH has been implicated in the regulation of
receptor trafficking from the endomembranes (14, 15) and in
maintaining the structure of the early endosomal and lysosomal
compartments (23), we examined the trafficking of specific recep-
tors after T cell activation. Recent work has helped elucidate the
underlying mechanisms regulating the endosomal transport and
recycling of TCR/CD3 complex after T cell activation (38–40). In
addition, the endocytosis and trafficking of the T cell costimula-
tory receptor CD28 is WASP mediated (41). In light of these re-
ports, we utilized flow cytometry to analyze the surface levels of
TCR and CD28 in stimulated cells. To our surprise, WASHout T
cells exhibited decreased surface TCR and CD28 after activation,
even though the levels of both receptors in naive WASHout T cells
were comparable to those in WT T cells (Fig. 5A). Since the TCR is
internalized from the cell surface following T cell activation, to
ensure that WASHout cells were properly internalizing the TCR
and not just delaying internalization, we performed a stimulation
time course. We observed that TCR surface levels were equiva-

lently downregulated 12 h after activation, but by 24 h a difference
could be observed between WT and WASHout T cells, indicating
that the TCR is likely mistrafficked in WASHout T cells following
activation (Fig. 5C).

Furthermore, it is well established that quiescent T cells utilize
oxidative phosphorylation metabolism as a primary energy
source, but switch to aerobic glycolysis when activated (42). This
metabolic switch depends on the transcriptional expression and
upregulation of the glucose transporter GLUT1 at the cell surface
in activated and proliferating T cells (43, 44). Recently, it was
shown that proper GLUT1 trafficking was dependent on efficient
TCR/CD28 signaling and that restricting glucose uptake in acti-
vated T cells resulted in decreased proliferation and survival (45,
46). We therefore examined GLUT1 trafficking after T cell activa-
tion in WASHout T cells. Since GLUT1 surface expression is not
upregulated until after T cell activation, no difference in GLUT1
surface staining was observed in unstimulated WASHout T cells
(Fig. 5A). However, similar to TCR and CD28, following activa-
tion, WASHout T cells demonstrated a reduction in surface
GLUT1 staining compared to WT controls (Fig. 5A). When the
mean fluorescence intensity (MFI) was compared across multiple
experiments, the reduction of surface levels of TCR, CD28, and
GLUT1 in activated WASHout T cells was found to be statistically
significant (Fig. 5B).

Finally, since WASH has been previously reported to regulate
�5�1 integrin recycling in human cancer cell lines (19), we exam-
ined the fate of integrins in WASHout T cells. Three integrins—
LFA-1(�L-�2), VLA-4(�4-�1), and LPAM(�4-�7)—are ex-
pressed at low levels on naive T cells and are important for efficient
T cell activation and migration (47). We used flow cytometry to
determine the surface levels of all alpha and beta subunits in naive
WASHout T cells and to our surprise found that only �L (CD11a)
was decreased compared to WT (Fig. 5D, upper panel). However,
intracellular staining showed that both �L and �2 (CD18), the two
components of integrin LFA-1, were decreased in naive WASHout
T cells (Fig. 5D, lower panel). When quantitated across multiple
experiments, we found a significant difference in the MFIs of these
affected integrins (Fig. 5D). Furthermore, we observed the same
phenotype of reduced integrin staining in activated WASHout T
cells as seen in naive cells (data available upon request). Interest-
ingly, the surface and intracellular levels of integrin �4, �1, and �7
appear to be unaffected in WASHout cells (Fig. 5D). Finally, when
total protein levels were assessed by immunoblot, we observed the
same pattern in WASHout T cells as seen by flow cytometry. In
freshly isolated splenic CD4� WASHout T cells, TCR�, and �1
(CD29) protein levels were unaffected, while the �L integrin levels
were reduced (Fig. 5E).

We also examined the expression of a number of other cell
surface receptors to determine whether the loss of WASH resulted
in a global reduction in T cell membrane receptors after activa-

18 h. The values represent the means � the SEM of three independent experiments. (E) Representative example of surface staining for CD4� T cells and
intracellular staining for the Treg transcription factor FoxP3 in splenocytes from CD4Cre littermate-matched pairs. Isolated CD4� cells were subsequently
stimulated for 48 h, and the staining was repeated. (F) Values represent the percentages of FoxP3� CD4� T cells (Tregs). Means � the SEM of three independent
experiments are shown. (G) CD4Cre WT and WASHout mice were immunized subcutaneously with MOG35-55 emulsified in CFA and boosted with pertussis
toxin to induce experimental autoimmune encephalitis. Weight loss and disease progression were monitored daily. The y axis represents the mean clinical scoring
from two independent experimental groups � the SEM. (H) At 28 days after immunization, cells from popliteal lymph nodes were restimulated with the
MOG35-55 peptide. Tritiated thymidine was added after 48 h, the cells were harvested, and counts per minute (cpm) were analyzed after 18 h. The values represent
the means � the SEM of five independent experiments. Supernatants were collected 48 h after MOG35-55 restimulation, and the levels of secreted IL-17A (I) and
IFN-� (J) were determined by ELISA. Values represent the means � the SEM of five independent experiments. **, P � 0.01; *, P � 0.05.
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tion. As can be seen in Fig. 5A, the levels of MHC-I were found to
be unchanged (Fig. 5A), as were a number of other surface mark-
ers (CD44, Thy1.2, CD62L, and IL-7R) in naive and activated
WASHout T cells (data available upon request). Taken together,
these results suggest that WASH is involved in the selective traf-
ficking of receptors and transporters involved in T cell prolifera-
tion and survival.

TCR and GLUT1 localize to collapsed EEA1� and LAMP1�

compartments in activated WASHout T cells. It was previously
shown that TCR surface levels are primarily maintained on T cells
by recycling of the TCR complex (48). In addition, it was demon-
strated that GLUT1 cell surface expression is maintained in hema-
topoietic cells by a Rab11a-dependent recycling pathway (49).
Since WASH is involved in receptor trafficking (14, 15), we hy-
pothesized that WASH plays a role in TCR and GLUT1 trafficking
and that this regulation may provide a mechanism for reduced
surface levels of TCR and GLUT1 in activated WASHout T cells.
To investigate this possibility, CD4� T cells from WT and CD4Cre

WASHout mice were stimulated with CD3/CD28 ligation for 24 h
and confocal microscopy was used to observe the intracellular
localization of WASH and TCR. In line with previous observa-
tions in Jurkat T cells (15), a punctate pattern of WASH staining
was observed in WT T cells and, as expected, was absent from
WASHout T cells (Fig. 6A and 7A). Importantly, TCR could be
found in puncta that were adjacent to WASH puncta (Fig. 6A),
and while GLUT1 demonstrated weak and diffuse membrane
staining, it could also be found in puncta adjacent to WASH stain-
ing (Fig. 7A). Interestingly, in contrast to WT T cells, TCR and
GLUT1 staining in WASHout T cells exhibited a more focused
region of intracellular staining (Fig. 6A and 7A).

We have previously shown in WASHout mouse embryonic
fibroblasts (MEFs) that the retromer-rich and EEA1� endosomal
compartments collapse in the absence of WASH (23). Thus, we
suspected that the localized region of TCR and GLUT1 staining in
activated WASHout T cells resulted from endosomal collapse and
subsequent receptor accumulation within this compartment. In
fact, in contrast to WT T cells, which showed multiple EEA1�

endosomes (Fig. 6B and 7B, upper panel), WASHout T cells had a
collapsed EEA1� endosomal compartment (Fig. 6B and 7B, lower
panel). Significantly, while both TCR and GLUT1 were observed
in several intracellular puncta juxtaposed to EEA1� structures in
WT T cells, TCR and GLUT1 staining appeared to have increased
colocalization with the collapsed EEA1� stained structures in the
WASHout T cells (Fig. 6B and 7B). Interestingly, in naive T cells
with visible levels of GLUT1 staining, EEA1 and GLUT1 could still
be found together in WT cells, and although the EEA1� endo-
somal network appeared collapsed in naive WASHout T cells, the
phenotype was not as dramatic as in activated T cells (data not
shown).

Since TCR and GLUT1 appeared to undergo aberrant traffick-
ing in activated WASHout T cells, we hypothesized that instead of
being recycled to the cell surface in the absence of WASH, TCR,
and GLUT1 were trafficked to the lysosome leading to degrada-
tion. To investigate this possibility, we stained activated T cells for
TCR and GLUT1, along with the lysosomal marker LAMP1. In-
terestingly, although we observed a limited amount of TCR and
GLUT1 colocalization with LAMP1 in WT cells (Fig. 6C and 7C,
upper panel), in WASHout T cells we found an increased inci-
dence of TCR and GLUT1 colocalization with LAMP1 (Fig. 6C
and 7C, lower panel; the quantification is shown in Fig. 6D and

FIG 5 Activated CD4Cre WASHout T cells are unable to maintain surface TCR, CD28, GLUT1, and LFA-1 levels. Isolated CD4� T cells from CD4Cre WASHout
and WT littermate-matched pairs were cultured with or without plate-bound 2C11 and soluble �CD28 for 48 h. (A) Cells were stained for indicated surface
markers and analyzed by flow cytometry. (B) MFIs of indicated surface stains after 48 h of T cell activation. Values represent the mean MFI � the SEM from a
minimum of four independent experiments. (C) Isolated T cells were stimulated for 12, 24, and 36 h and then stained for surface levels of TCR�. Representative
plots from three independent experiments are shown. (D) Isolated CD4� T cells from CD4Cre WASHout and WT littermate-matched pairs were surface stained
(top panel) or stained intracellularly (bottom panel) for the indicated integrins. Bar graph values represent the mean MFIs � the SEM for CD11a and CD18 from
three independent experiments. The filled histogram represents IgG control antibody-stained WT cells, the dashed histogram represents WASHout cells, and the
black histogram represents WT cells. **, P � 0.01; *, P � 0.05. (E) Cells were lysed before (Iso) or after (Stim) stimulation and immunoblotted as indicated. Blots
are representative of three independent experiments.
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7D). Importantly, LAMP1 staining in cKO WASH T cells indi-
cated a collapsed lysosomal compartment similar to the previ-
ously observed pattern of EEA1 staining. This phenotype of lyso-
somal collapse has also been observed in WASHout MEFs (23). As
can be seen, WT T cells have a relatively even distribution of
GLUT1 or LAMP1 puncta, whereas WASHout T cells primarily
contain only one or two GLUT1 or LAMP1 puncta (Fig. 7D, lower
panel). Taken together, these data indicate that in the absence of
WASH, intracellular TCR and GLUT1 become trapped in the col-
lapsed endosomal network and instead of being trafficked by the
SHRC, they are instead accumulated in the lysosome and likely
degraded.

TCR and GLUT1 are degraded in lysosomes in the absence of
WASH and retromer. We had already observed that total TCR
protein levels are reduced in activated WASHout T cells (Fig. 5E)
and, since our data indicate that both TCR and GLUT1 become
trapped in the collapsed endosomal network and subsequently
accumulate in the LAMP1� lysosomes, we hypothesized that total
GLUT1 protein levels and not just surface levels should also be
reduced in activated WASHout T cells due to lysosomal degrada-
tion. To test this hypothesis, we isolated peripheral CD4� T cells
and ligated CD3/CD28 for either 24 or 48 h and immunoblotted
for total GLUT1 protein levels. Consistent with previous surface
staining, we observed a loss of GLUT1 following T cell activation

FIG 6 TCR localizes to collapsed EEA1� and LAMP1� compartments in activated WASHout T cells. (A to C) Isolated CD4� T cells from CD4Cre WASHout and
WT mice were cultured with plate-bound 2C11 and soluble �CD28 for 24 h. The cells were placed on poly-L-lysine-coated coverslips and stained with primary
antibodies against WASH (red) and TCR (green) (A), EEA1 (red) and TCR (green) (B), and LAMP1 (red) and TCR (green) (C), followed by incubation with
appropriate secondary antibodies. Cells were imaged with a confocal microscope. White boxes indicate areas of increased magnification that are displayed
underneath. Panels are representative examples from two independent experiments. The dotted line represents the plasma membrane boundary. Scale bar, 5 �m.
(D) Values represent the colocalization coefficient � the SEM of TCR with LAMP1 from 30 cells. **, P � 0.01.
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(Fig. 8A). Since the expression of GLUT1 is upregulated after T
cell activation, it is possible that reduced GLUT1 gene expression
accounts for the reduced protein levels observed in activated
WASHout T cells. To test this possibility, we performed RT-PCR
to determine the levels of GLUT1 mRNA in WASHout T cells. As
expected from our immunoblot results, naive T cells from both
WT and WASHout mice have virtually undetectable mRNA levels
of GLUT1. Importantly, there was no detectable difference in
GLUT1 mRNA expression after CD3/CD28 stimulation, confirm-
ing that the observed loss of GLUT1 protein is not due to dis-
rupted gene expression (Fig. 8B). Next, to confirm that in acti-
vated WASHout T cells TCR and GLUT1 are degraded in the

lysosome, we stimulated CD4� T cells with CD3/CD28 ligation
for 48 h while treating WASHout T cells with the lysosome inhib-
itor bafilomycin A1 during the final 12 h of stimulation. We ob-
served that WASHout T cells treated with bafilomycin A1 con-
tained significantly increased TCR and GLUT1 protein levels,
indicating that in the absence of WASH these proteins are indeed
trafficked to, and undergo degradation in, the lysosome (Fig. 8C).

Since WASH was previously reported to interact with the ret-
romer component VPS35 through the WASH complex member
FAM21 (17, 18) and involved in regulation of retromer-mediated
trafficking (15), we sought to test whether loss of the retromer
component VPS35 would also affect TCR and GLUT1 intracellu-

FIG 7 GLUT1 localizes to collapsed EEA1� and LAMP1� compartments in activated WASHout T cells. (A to C) Isolated CD4� T cells from CD4Cre WASHout
and WT mice were cultured with plate-bound 2C11 and soluble �CD28 for 24 h. The cells were placed on poly-L-lysine-coated coverslips and stained with
primary antibodies against WASH (red) and GLUT1 (green) (A), EEA1 (red) and GLUT1 (green) (B), and LAMP1 (red) and GLUT1 (green) (C), followed by
incubation with appropriate secondary antibodies. The cells were imaged with a confocal microscope. White boxes indicate areas of increased magnification that
are displayed underneath. The panels show representative examples from three independent experiments. The dotted line represents the plasma membrane
boundary. Scale bar, 5 �m. (D) The top panel shows the colocalization coefficient � the SEM of GLUT1 with LAMP1 from 30 cells. The bottom panel shows the
number of distinct LAMP1 and GLUT1 puncta per cell quantitated in activated CD4� cells. A total of 50 cells from two independent experiments were counted
for a total n 
 100. **, P � 0.01.
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lar trafficking. To do this, we utilized Jurkat T cells, which, like all
T cells, endogenously express TCR but also have high constitutive
GLUT1 protein levels. Upon shRNA-mediated suppression of
WASH or VPS35, there was substantial loss of both total TCR and
total GLUT1 protein levels (Fig. 8D). This result prompted us to
examine whether GLUT1 might localize with the retromer in pri-
mary mouse T cells. Interestingly, when we costained for GLUT1
and VPS35 in activated T cells we observed that some of the intracel-
lular GLUT1 puncta were colocalized with VPS35. Strikingly, in
WASHout T cells, we observed a collapsed VPS35 endosomal com-
partment similar to our EEA1 staining, and GLUT1 and VPS35 ex-
hibited a significant degree of colocalization with VPS35 (data avail-
able upon request). Taken together, these data indicate that both
WASH and retromer are important for the proper trafficking of TCR
and GLUT1 and that in the absence of these regulators TCR and
GLUT1 are aberrantly trafficked to the lysosome and degraded.

Activated WASHout T cells experience inefficient glycolysis.
Finally, we investigated whether decreased GLUT1 on activated
WASHout T cells affected glucose uptake since the primary form
of metabolism in activated T cells is aerobic glycolysis (42), which
is important for efficient T cell survival and proliferation (43, 44).
To examine glucose uptake, we utilized the nonhydrolyzable flu-

orescent glucose analog 6-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl) amino]-2-deoxy-D-glucose (6-NBDG). Consistent with re-
duced GLUT1 surface expression after 48 h of activation, we
observed a reduction in 6-NBDG uptake in WASHout T cells
compared to WT controls (Fig. 8E). No difference in 6-NBDG
uptake was observed in unstimulated T cells (data not shown).

When activated T cells switch their metabolism to aerobic gly-
colysis the increased rate of glucose catabolism results in pyruvate
being converted into lactate instead of acetyl coenzyme A. As a
result, we sought to use lactate production by CD4Cre WASHout T
cells as an additional readout for glucose uptake and subsequent
catabolism. We stimulated purified CD4� T cells for 48 h and then
counted the cells and replated equal numbers of WT and WASH-
out T cells for 12 h. We then collected supernatants and assayed
the media for the presence of L-lactate. As expected, we observed
minimal L-lactate secretion in unstimulated T cells and yet, in line
with our previous results, we observed a statistically significant
decrease in L-lactate secretion from CD3/CD28-stimulated
WASHout T cells (Fig. 8F). Since limiting glucose uptake has been
shown to reduce primary mouse T cell proliferation capacity (45),
we hypothesized that supplementing WASHout T cells with
methyl pyruvate (MePyr), a cell-permeable metabolic intermedi-

FIG 8 Reduced TCR and GLUT1 levels following activation is due to increased lysosomal degradation resulting in reduced glucose uptake. (A) T cells were lysed
before and after stimulation and immunoblotted as indicated. Blots are representative of three independent experiments. (B) mRNA was extracted from T cells
before and after stimulation, and RT-PCR was performed. GLUT1 signal was normalized to RPLP0. Values represent the mean fold change from unstimulated
WT � the SEM from a representative experiment performed in triplicate. RT-PCR was performed on three independent littermate-matched pairs. (C) Isolated
CD4� T cells from CD4Cre WASHout and WT mice were stimulated for 48 h. WASHout T cells were treated with or without the lysosome inhibitor bafilomycin
A1 for the final 12 h of stimulation. The cells were lysed and immunoblotted as indicated. The blots are representative of two independent experiments. (D) Jurkat
T cells were electroporated with shRNA against WASH and VPS35. The cells were cultured for 72 h, lysed, and immunoblotted as indicated. The blots are
representative of three independent experiments. (E) After 48 h of activation, primary mouse CD4� T cells were incubated with the fluorescent glucose analog
6-NBDG, and uptake was assayed by flow cytometry. The filled histogram represents the unstimulated WT 6-NBDG uptake (negative control), the dashed
histogram represents the WASHout 6-NBDG uptake, and the black histogram represents WT 6-NBDG uptake. Values in the right panel represent the mean
MFIs � the SEM from five independent experiments. (F) After 48 h of activation, the cells were counted, and 106 cells were replated for 12 h. The supernatants
were assayed for the presence of L-lactate. Values represent the mean concentrations (mM) � the SEM from three independent experiments. (G) T cells were
stimulated for 48 h with 2C11 and �CD28 with or without 10 mM methyl pyruvate (MePyr). Tritiated thymidine was added, the cells were harvested, and the
counts per minute (cpm) were analyzed after 18 h. Values represent the means � the SEM of five independent experiments. *, P � 0.05; **, P � 0.01.
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ate, might rescue the WASHout proliferative defect by satisfying
the metabolic demands of T cell activation. Interestingly, as as-
sessed by [3H]thymidine uptake 48 h after activation, TCR/CD28-
stimulated WASHout T cells treated with MePyr showed a sub-
stantial increase in proliferation compared to either WT or
WASHout T cells (Fig. 4G). However, WT T cells treated with
MePyr out proliferated WASHout T cells (Fig. 8G). This indicates
that while reduced glucose uptake in activated WASHout T cells
does limit proliferative capacity it is not the sole mechanism un-
derlying the observed proliferation defect. Taken together, these
data indicate that after activation, CD4� WASHout T cells are
unable to maintain GLUT1 surface expression resulting in dimin-
ished glucose uptake, leading to a reduced rate of aerobic glycol-
ysis compared to WT T cells and that in the presence of adequate
metabolic precursors such as MePyr WASHout cells are able to
increase their proliferative capacity.

DISCUSSION

In this report we have provided the initial characterization of a
conditional WASH knockout (WASHout) mouse, specifically de-
scribing the role of WASH in T cell function. Previous work has
shown that WASH regulates trafficking of receptors from endo-
membranes (14, 15, 50). In fact, WASH has been implicated in the
efficient recycling of integrins and epidermal growth factor recep-
tor (14, 19) and shown to play a role in retromer-mediated traf-
ficking (15, 17) and in regulating the recycling of the V-ATPase
transporter in Dictyostelium (51). Our data suggest that WASH is
critical for proper trafficking of the T cell stimulatory receptors
TCR and CD28, the integrin LFA-1, and the glucose transporter
GLUT1. This report demonstrates the importance of WASH in
the regulation of intracellular trafficking of these four receptors/
transporter and identifies a physiological proliferation defect in
the absence of WASH function. Furthermore, this report provides
key insights into the regulation of, and alterations in, endosomal
recycling before and after T cell activation.

In the CD4Cre WASHout model we did not observe a defect in
thymocyte development. This finding is not surprising given that
the CD4Cre system does not induce efficient excision until the DP
stage of development (32) and that WASH protein was not totally
depleted in thymocytes. However, our data do not preclude the
possibility that WASH is involved in thymic development. Previ-
ous reports looking at AKT and Notch signaling have hinted at an
important role for the maintenance of GLUT1 expression and
glucose uptake early in thymocyte development (49, 52, 53), and it
has been well established that tightly regulated TCR expression
and signaling is required for proper progression at multiple stages
in thymocyte development (54). Furthermore, ICAM-1 ligation
of LFA-1 on thymocytes has been shown to provide costimulation
required for development of single positive thymocytes (55). In
light of these past reports and our current findings that WASH is
required to maintain TCR, CD28, and LFA-1 surface levels, as well
as for efficient GLUT1 trafficking, it will be important to further
investigate the role of WASH in thymocyte development by delet-
ing WASH early in thymocyte precursors.

Although we did not observe a defect in thymocyte develop-
ment in WASHout mice, we also did not observe a difference in
peripheral T cell numbers or subpopulations in unchallenged
mice. Interestingly, estrogen-related receptor � (ERR�) has been
identified as a regulator of metabolic function in T cells (56). Sim-
ilar to CD4Cre WASHout mice, ERR��/� mice did not exhibit a

defect in T cell homeostasis. However, T cells in aged ERR��/�

mice did not develop an effector/memory phenotype and instead
remained in a naive state (56). Although we have not analyzed
aged mice in the present study, it would be interesting to examine
whether aged WASHout mice exhibit an abnormal immune phe-
notype. Interestingly, we observed that WASHout T cells exhibit
increased rates of apoptotic death after TCR/CD28 activation. Al-
though T cells are known to undergo activation-induced apopto-
sis (57), it appears that the reduced levels of TCR and CD28 in
WASHout T cells do not adversely affect this process. However,
increased apoptosis would be consistent with decreased GLUT1
expression in WASHout T cells since disrupted GLUT1 expres-
sion and diminished glycolysis results in increased T cell apoptosis
(45, 53, 58). Furthermore, WASHout T cells exhibit reduced
GLUT1 levels and reduced glucose uptake, which negatively im-
pacts proliferative ability in line with existing reports that glucose
restriction reduces T cell proliferation (45).

While in naive T cells the TCR is continuously expressed on the
cell surface via internalization and recycling back to the plasma
membrane, new reports are helping to elucidate the changes that
occur after T cell activation (48). In particular, upon activation,
SNARE complexes regulate the polarized recycling of TCR toward
the IS (39). Our findings that cell surface TCR levels are normal in
naive WASHout T cells but are dramatically reduced after activa-
tion suggest that WASH may regulate trafficking pathways that are
activated following T cell stimulation to maintain TCR levels. This
would be consistent with current indications that multiple trans-
port pathways pass through the endosomal network where differ-
ential sorting and trafficking of cargo proteins takes place (59, 60).

Our results demonstrate that CD4Cre WASHout T cells possess
normal TCR signaling and that early activation proceeds nor-
mally. This is important for proper T cell metabolic function since
it is known that both TCR signaling (58) and CD28 costimulation
(45, 61) are required for proper GLUT1 upregulation and cell
surface localization. Efficient TCR signaling in WASHout T cells is
confirmed by the finding that GLUT1 mRNA is equivalently up-
regulated in following TCR/CD28 stimulation, as are several other
activation receptors (e.g., CD69 and CD25). In addition to effi-
cient TCR signaling and activation, WASHout CD4� T cells pro-
duced normal amounts of IL-2, efficiently upregulated the IL-2R�
(CD25), and demonstrated intact IL-2 signaling. This is consistent
with the finding that limiting glucose did not affect IL-2 produc-
tion in T cells (45, 62). As we report, the early endosome network
in WASHout cells appears to be collapsed, and this proliferation
defect may likely be due to a variety of factors. However, extensive
work has documented the delicate nature of properly integrating
TCR and CD28 signals in order to achieve a successful T cell re-
sponse (63, 64). In light of our observed reduction in TCR and
CD28 levels after activation, it is possible that whereas initial acti-
vation signals appear normal, a lack of sustained TCR/CD28 sig-
naling partially accounts for the reduced proliferation in WASH-
out T cells. However, more work will be required to confirm this
hypothesis. Although recent work has highlighted the importance
of sustained and endocytic-based TCR signaling (38, 65), the pres-
ent study identifies WASH as a key regulator of TCR/CD28 traf-
ficking.

WASH has been previously reported to regulate �5�1 integrin
recycling (19); however, we did not observe a defect in either the
surface or the total levels of �1 integrin in WASHout T cells. We
did, however, find a reduction in intracellular levels of both �L
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and �2, which combine to form the integrin LFA-1. Furthermore,
we only observed a reduction in surface levels of �L on naive
WASHout T cells. Interestingly, internalization and recycling of
LFA-1 in T cells has previously been show to be dependent on
proper interaction between �2 and Rap-1 (66). In contrast to TCR
and GLUT1, which only exhibit surface defects in the activated
state, it appears that WASH may regulate LFA-1 trafficking in
naive T cells. Recycling of LFA-1 was previously shown to be im-
portant for proper cell migration (67), and yet the mechanism
behind LFA-1 recycling remains to be clearly elucidated. Although
our findings implicate WASH in the regulation of LFA-1 traffick-
ing, further work will be required to determine how and to what
extent WASH regulates the cellular localization of both �L and �2
integrins in T cells and how this impacts cell migration and inter-
action with antigen-presenting cells.

Our data demonstrate that in the absence of WASH, both TCR
and GLUT1 are trapped in a collapsed endosomal compartment,
resulting in ultimate trafficking to and degradation in the
LAMP1� lysosome. This appears reasonable, since WASH local-
ization at the MVB/lysosomal compartment has been recently re-
ported (14, 19). Also, this finding suggests that WASH is impor-
tant for proper trafficking of TCR, CD28, LFA-1, and GLUT1,
preventing them from entering the lysosome and directing intra-
cellular recycling to the cell surface. Importantly, previous work
has demonstrated that the expression of a mutated recycling de-
fect �2 integrin is directed into the late endosome compartment
(67). In addition, recent work has proposed differential endo-
somal trafficking for members of the TCR/CD3 complex (68, 69),
and yet the mechanisms behind this trafficking remain unclear.
Our data suggest that WASH may be a key regulator of TCR/CD3
complex trafficking in activated T cells and of LFA-1 in either the
naive or activated state and that WASH is involved in efficient
recycling of these receptors back to the cell surface. Interestingly,
both intracellular TCR (39) and GLUT1 (70) have been reported
to colocalize with the TfnR, and yet we actually observed an in-
crease in surface TfnR on activated WASHout T cells (data avail-
able upon request). In fact, our recent findings in WASHout MEFs
(23) confirm these results and further demonstrate that at least in
MEFs and T cells, TfnR trafficking is unaltered. Furthermore, our
data presented here and in the WASHout MEFs, along with other
published reports, indicate that WASH is involved in the traffick-
ing of select membrane receptors. Clearly, there are likely recep-
tors, other than those identified here, that are also trafficked in a
WASH-dependent manner that may contribute to the WASHout
T cell phenotype of reduced proliferation and EAE induction. Sig-
nificantly, the WASHout mice generated here will be a useful tool
to aid in the identification of receptors and protein complexes that
are trafficked in a WASH-dependent manner.

Lastly, it has become clear that the mammalian retromer plays
a conserved role in the recycling of certain cargo back to the
plasma membrane in collaboration with sorting nexins (71).
However, a detailed mechanism of how retromer-mediated recy-
cling functions remains to be elucidated. Significantly, we have
previously shown that trafficking of CI-MPR via the mammalian
retromer requires WASH-dependent activation of Arp2/3 (15). In
this report, we depleted VPS35, a member of the retromer cargo
selection complex, in Jurkat T cells and observed the same loss of
TCR and GLUT1 proteins, as seen with WASH depletion. Thus,
our current results suggest that both WASH and the retromer are
required for proper trafficking of TCR and GLUT1 and suggest

that the SHRC is a third critical component required for mamma-
lian retromer-mediated receptor trafficking. The cKO WASH
mouse model that we describe here will hopefully prove useful in
elucidating the physiological function of WASH-dependent traf-
ficking via the retromer in different cell types. In conclusion, we
have demonstrated a unique role for WASH in the regulation of T
cell proliferation and effector function. This report further sup-
ports the importance of proper NPF function in multiple aspects
of T cell biology and highlights the role of WASH in efficient
trafficking of TCR, CD28, LFA-1, and GLUT1, all of which are
critical for effective T cell function.
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