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Introduction

RAB7 is a small GTPase that promotes fusion reactions between 
late endosomes and lysosomes when in its active, GTP-bound 
form.1-4 In this role, RAB7 facilitates the lysosomal degrada-
tion of plasma membrane proteins and soluble material present 
in endocytic vesicles. In addition to its function in the endo-
cytic pathway, RAB7 is also essential for autophagosome deg-
radation.5,6 Autophagy is the mechanism by which cells derive 
nutrients from recycled intracellular material when access to 
extracellular nutrients is limiting but is also necessary for the 
turnover of damaged or unnecessary organelles and the clearance 
of ubiquitinated protein aggregates.7,8 Autophagy begins with the 
formation of a double-membrane structure that encapsulates the 
cargo. The membrane of this cup-shaped structure is studded 
with a cleaved and phosphatidylethanolamine-conjugated form 

Mouse models lacking proteins essential for autophagosome formation have demonstrated that autophagy plays 
a critical role in T cell development and activation. To better understand the function of autophagy in quiescent and 
activated lymphocytes, we have generated a mouse deficient in rab7 selectively in T cells and compared the effects of 
blocking autophagy at an early (atg5−/−) or late (rab7−/−) stage on T cell biology. rab7−/− murine embryonic fibroblasts (MeFs) 
and T cells generated from these mice exhibit a profound block in autophagosome degradation and are as sensitive as 
atg5−/− cells to extracellular nutrient limitation. Rab7flox/floxCD4-Cre+ mice lacking the RAB7 protein in both cD4 and cD8 T 
cells had reduced numbers of peripheral T cells, but this defect was not as severe as in Atg5flox/floxCD4-Cre+ mice despite 
efficient rab7 deletion and inhibition of autophagic flux. This difference may stem from the reduced ROs generation and 
enhanced survival of rab7−/− T cells compared with wild-type and atg5−/− T cells in the absence of cytokine stimulation. 
rab7−/− and atg5−/− T cells exhibited similar defects in proliferation both following antibody-mediated T cell receptor 
(TcR) cross-linking and using a more physiologic activation protocol, allogeneic stimulation. interestingly, autophagy 
was not required to provide building blocks for the upregulation of nutrient transporter proteins immediately following 
activation. Together, these studies suggest that autophagosome degradation is required for the survival of activated T 
cells, but that loss of rab7 is better tolerated in naïve T cells than the loss of atg5.
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of the MAP1LC3B protein (MAP1LC3B-II) that is often used as 
a specific marker for autophagosomes. MAP1LC3B-II is present 
on the inner and outer faces of the autophagosomal membrane 
and plays a key role in cargo selection.9-12 ATG5 is one of several 
proteins required for the formation of the autophagosome and 
for the membrane association of MAP1LC3B-II.13 Once formed, 
autophagosomes must fuse with lysosomes for their contents to be 
degraded into components that can be exported to the cytoplasm 
and recycled. Given its position on the internal membrane of the 
autophagosome, some MAP1LC3B-II is inaccessible to recycling 
enzymes and is degraded along with the autophagosomes. As a 
result, MAP1LC3B-II levels increase when autophagy is induced 
but then decline as autophagic flux results in autophagosome 
turnover. Autophagic flux can thus be measured by comparing 
MAP1LC3B-II levels in the presence or absence of inhibitors of 
lysosomal proteolysis.14 Although loss of either atg5 or rab7 will 
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from breedings with Protamine-Cre+ mice. Based on the geno-
types of over 75 pups from Rab7+/− crosses, the rab7−/− genotype is 
embryonic lethal. Breeding cages were inspected daily and dead 
pups genotyped; no rab7−/− pups were ever recovered. Rab7+/− 
mice were grossly normal but were observed at less than the 
expected Mendelian frequency (½ rather than 2/3 of the pups of 
heterozygous crosses were Rab7+/−). Mice expressing the Rab7flox 
allele were born at the expected Mendelian frequency and were 
used in all further studies.

To confirm that rab7 deletion produced the anticipated effect 
on autophagy, Rab7−/flox MEFs were immortalized with SV40 
large T antigen, transduced with retroviruses expressing Cre, 
cloned, and their genotype analyzed by PCR (Fig. 1B). Rab7+/+ 
MEFs were prepared in parallel from littermate controls. Loss 
of the RAB7 protein was also confirmed by western blotting  
(Fig. 1C). To determine whether rab7 deletion could be con-
firmed in individual cells, we evaluated Rab7+/+ and rab7−/− MEFs 
by flow cytometry (Fig. 1D) and immunofluorescence micros-
copy (Fig. 1E). Using both techniques, RAB7 staining was at 
background levels (secondary alone) in rab7−/− MEFs. rab7−/− 
MEFs grew normally under standard culture conditions. In sum-
mary, the Rab7flox allele was converted to the rab7null allele in the 
presence of CRE recombinase leading to loss of the RAB7 pro-
tein from cells.

Effects of rab7 deletion in resting T cells. To produce mice 
lacking rab7 selectively in T cells, Rab7flox/flox mice were crossed 
to mice expressing the Cre recombinase under the control of the 
CD4 promoter. CD4 is first expressed in double-positive T cells 
in the thymus, and thus CD4-Cre leads to deletion of floxed 
alleles in both CD4- and CD8-positive T cells. The CD4-Cre 
allele deletes floxed genes later than the Lck-Cre allele used in pre-
vious studies,26-28 which we reasoned might result in fewer disrup-
tions in T cell development. Using Lck-Cre mice obtained from 
Jackson Labs (stock# 003802), rab7 deletion was inefficient and 
varied greatly between individual animals and thus only results 
from CD4-Cre animals are reported here. The efficiency of dele-
tion in T cells in Rab7flox/flox-CD4-Cre+ (rab7 TKO) mice was 
confirmed via western blot. The RAB7 protein level decreased 
to a similar degree in rab7−/− T cells as the ATG12–ATG5 pro-
tein conjugate did in the atg5−/− T cells (Fig. 2A). Loss of RAB7 
protein from T cells was also confirmed by immunofluorescence 
microscopy (Fig. 2B). Interestingly, a population of Rab7+/+  
T cells appeared to lack RAB7 in this assay (Fig. 2B, arrows). 
The nuclei of these apparently rab7-negative cells were condensed 
and fragmented suggesting that the RAB7 antibody did not rec-
ognize RAB7 following the induction of apoptosis and the acti-
vation of caspases. To test this idea, MEFs were treated with the 
classical apoptosis inducer staurosporine for 15 h, incubated with 
the fixable viability dye eFluor780, and stained for RAB7. As pre-
dicted, staurosporine-treated, eFluor780-positive Rab7+/+ MEFs 
showed reduced RAB7 staining that was intermediate between 
viable Rab7+/+ and rab7−/− MEFs (Fig. 2C). Similar results were 
obtained when apoptotic cells were defined as the sub-G

1
 popula-

tion following DAPI staining. As a result of these experiments, 
eFluor780 was included in all cases where intracellular RAB7 lev-
els were evaluated by flow cytometry and the analysis restricted 

block autophagy, cells that lack ATG5 cannot form autophago-
somes or produce MAP1LC3B-II,13 while cells deficient in RAB7 
function can form but not degrade autophagosomes5,6 leading to 
the accumulation of MAP1LC3B-II.

Mice lacking essential autophagy proteins have been gener-
ated by several groups (reviewed in 8). Conventional knockouts 
of atg3, atg5, atg7, atg9 and atg16l1 appear normal at birth, but 
die in the neonatal period due to defects in nutritional homeo-
stasis and/or deficiency in the cellular remodeling necessary to 
adapt to changing developmental and environmental condi-
tions.13,15-18 Deletion of several genes whose products are required 
for autophagy but also have other functions (becn1, ambra1 and 
rb1cc1) is embryonic lethal.19-22 Using mouse models, autophagy 
has been demonstrated to play a key role in several aspects of 
lymphocyte biology.23,24 Conventional knockouts of atg5 were 
first used to study the function of autophagy in lymphocytes 
through the production of fetal liver chimeras.25 More recently, 
mice deficient in atg5 and atg7 selectively in T cells have been 
generated eliminating possible effects of the loss of autophagy on 
engraftment.26,27 atg5 and atg7 T cell knockout (TKO) mice have 
a very similar phenotype: reduced numbers of peripheral T cells 
and increased mitochondrial content and ROS production in 
those that remain. Both prior to and following activation, atg5−/−  
T cells exhibit a survival defect that leads to decreased cell accu-
mulation. Whether proliferation is also reduced is difficult to 
tease apart from the survival defect. Current models suggest that 
atg5−/− T cells die upon activation due to excessive ROS produc-
tion secondary to the disruption of mitophagy.26,27 Other studies 
suggest that autophagy is upregulated upon T cell activation and 
is required to provide energy from internal stores.28 Given that 
the role of autophagy in T cells is incompletely understood, we 
generated mice lacking rab7 selectively in T cells and compared 
the effects of blocking autophagosome formation (atg5−/−) and 
degradation (rab7−/−) on naïve and activated T cells in vitro and 
in vivo. To our knowledge, this is the first description of a mouse 
model with a defect in the late stages of the autophagy pathway.

Results

Construction of a Rab7 conditional allele. To study the function 
of RAB7 in T cells, a conditional allele was created. A mouse 
genomic DNA lambda library was screened and a 10 kb fragment 
that included the first two exons of Rab7 isolated. LoxP sites were 
introduced upstream of exon I and at each end of a neomycin 
cassette used for the selection of an ES cell clone that had under-
gone homologous recombination to generate a Rab7floxneo allele 
(Fig. 1A). Mice expressing the Rab7floxneo allele were generated 
by injecting C57BL/6 blastocysts with this ES cell clone. Rab7+/

floxneo mice were crossed with mice transgenic for the Cre recom-
binase under the control of the protamine promoter that drives 
Cre expression in spermatids.29 Some offspring of these crosses 
exhibited incomplete recombination of the three LoxP sites in 
the Rab7floxneo allele generating the Rab7flox allele that lacks the 
neomycin resistance cassette (Fig. 1A). The Rab7floxneo allele was 
hypomorphic, producing less RAB7 protein than the wild-type 
or Rab7flox allele (data not shown). A null allele was also generated 
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drug.14 If RAB7 is essential for autophagosome degradation, no 
further increase in MAP1LC3B-II levels would be expected upon 
the addition of chloroquine. To test this prediction, we measured 
autophagic flux in MEFs where RAB7 deletion was complete 
(Fig. 1C). Autophagy was induced by incubation in low nutrient 
medium and flux assessed by measuring MAP1LC3B-II levels in 
the presence or absence of chloroquine by western blot. In nutri-
ent-stressed Rab7+/+ MEFs, MAP1LC3B-II accumulated in the 
presence of chloroquine (Fig. 3A) and autophagic flux increased 
over time (Fig. 3B). In contrast, MAP1LC3B-II levels in rab7−/− 
MEFs were initially elevated and not affected by nutrient stress or 
chloroquine exposure (Fig. 3A); no autophagic flux was observed 
(Fig. 3B). Thus, elimination of rab7 completely blocked auto-
phagic flux as predicted.

Autophagic flux was next measured in freshly purified naïve 
T cells under similar conditions. Robust autophagy was observed 
in nutrient-restricted Rab7+/+ T cells (Fig. 3C and D). As in 
MEFs, MAP1LC3B-II levels in rab7−/− T cells in the absence of 
chloroquine were as high as in nutrient-stressed Rab7+/+ T cells 

to live cells. Flow cytometry was next used to quantify the dele-
tion of rab7 in T cells isolated from rab7 TKO mice. As expected, 
Rab7flox/flox T cells lacking Cre and those bearing a wild-type Rab7 
allele (Atg5flox/floxRab7+/+) expressed equivalent amounts of RAB7 
(Fig. 2D). B cells from rab7 TKO mice also had normal levels of 
RAB7, while T cells from rab7 TKO mice exhibited a substantial 
decrease in RAB7 staining (Fig. 2E). rab7 deletion was efficient 
in both CD4 and CD8 naïve T cells; 97% of CD4 T cells lacked 
RAB7 while 93% of CD8 lacked RAB7 (Fig. 2F). These stud-
ies demonstrate efficient loss of RAB7 protein in T cells in rab7 
TKO mice.

RAB7 is required for autophagic flux. Previous studies using 
RNAi and dominant-negative mutants have indicated that RAB7 
is required for the fusion of autophagosomes with lysosomes.5,6 
We confirmed that RAB7 plays an essential role in autophagy 
by performing autophagic flux assays. By blocking lysosomal 
acidification, chloroquine stabilizes MAP1LC3B-II levels and 
allows the estimation of autophagic flux through the compari-
son of MAP1LC3B-II levels in the presence and absence of the 

Figure 1. Generation of a floxed Rab7 allele. (A) Targeting strategy for rab7 deletion in mice. Arabic numbers indicate primer pairs used to specifically 
amplify the alleles. Roman numerals correspond to exons. WT, wild type; h, hindiii restriction sites; solid triangles, LoxP sites; NeO, neomycin resistance 
gene. (B) PcR amplification of genomic DNA from MeFs of the indicated genotype. The positive control in the upper panel is tail DNA from a Rab7+/
flox mouse and in the lower panel genomic DNA isolated from T cells of a rab7 TKO mouse. (C) Western blot of lysates prepared from Rab7+/+ and rab7−/− 
MeFs. (D) Rab7+/+ and rab7−/− MeFs were fixed and permeabilized, stained for RAB7, and analyzed by flow cytometry. The secondary antibody alone  
(2° Ab) reflects nonspecific staining, results from all cells are shown. (E) Rab7+/+ or rab7−/− MeFs were evaluated by immunofluorescence microscopy.
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measured. After 48 h in low nutrient medium, ~60% of the 
Atg5+/+ and Rab7+/+ MEFs were alive while only 25% and 10% 
of atg5−/− and rab7−/− MEFs, respectively, were still viable (Fig. 
3G and H). Taken together, these results confirm that RAB7 is 
required for autophagosome degradation and that the loss of rab7 
or atg5 disrupts the ability of cells to survive under nutrient stress 
to a similar extent.

Phenotype of rab7 TKO mice. The effect of autophagy 
disruption on T cells has been analyzed using T cells that are 
deficient in atg5 or atg7.25-27 To determine whether interrupting 
autophagy at an early or late stage had differential effects on T 
cells, we compared our rab7 TKO mice to Atg5flox/flox-CD4-Cre+ 
(atg5 TKO) animals. Overall, atg5 TKO and rab7 TKO mice 
had similar phenotypes, but defects were more severe in atg5 
TKO than rab7 TKO animals despite similar deletion efficiencies 

treated with chloroquine and autophagic flux in rab7−/− T cells 
was nearly absent. Autophagosome content was also measured 
by immunofluorescence. Activated cells were used because naïve 
cells have very little cytosol. After 3 h of chloroquine treatment in 
low nutrient medium, the number of autophagosomes in Rab7+/+ 
T cells increased as expected (Fig. 3E). As many autophagosomes 
were present in untreated rab7−/− T cells as chloroquine-treated 
Rab7+/+ cells. The addition of chloroquine caused a small further 
accumulation in autophagosomes in rab7−/− T cells. This result 
is likely explained by the fact that purified T cells were approxi-
mately 90% pure (10% non-T cells that would not express CD4-
Cre) and that 3% to 7% of the T cells failed to delete RAB7 
(Fig. 2F). To confirm that the loss of ATG5 or RAB7 blocked 
autophagy-dependent cell survival to an equivalent extent, the 
viability of rab7−/− and atg5−/− MEFs under nutrient stress was 

Figure 2. Deletion of rab7 in T cells. (A) Freshly isolated purified T cells from WT, rab7 TKO and atg5 TKO mice were analyzed by western blot using the 
Li-cOR Odyssey imager. (B) Rab7+/+ or rab7−/− purified T cells were evaluated for RAB7 expression by immunofluorescence microscopy. Arrows indicate 
fragmented nuclei. (C) Rab7+/+ and rab7−/− MeFs were treated with 100 nM staurosporine for 15 h, incubated with eFluor780, stained for RAB7, and ana-
lyzed by flow cytometry. Live cells are shown except for staurosporine-treated apoptotic cells. (D) Rab7flox/flox and Atg5flox/flox purified T cells were stained 
for RAB7 and analyzed by flow cytometry. Live cells are shown; the secondary antibody alone (2° Ab) reflects nonspecific staining. (E) splenocytes 
from rab7 TKO mice stained for B (B220 positive) and T (cD3 positive) cell markers and RAB7 were analyzed by flow cytometry. Live cells are shown.  
(F) The deletion of rab7 in cD4- and cD8-positive subsets of purified T cells was evaluated by flow cytometry as in (E). Results from live cells are shown. 
Using a two-tailed t-test to compare the frequency of RAB7+ cells in Rab7flox/flox and rab7 TKO mice, p < 0.001 for both cD4 and cD8 cells.
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Figure 3. RAB7 is required for autophagic flux. (A) Rab7+/+ or rab7−/− MeFs were cultured in medium containing 1% the normal amount of amino acids 
and glucose and 10% Fcs ± chloroquine (cQ, 50 μM) for the indicated interval and MAP1Lc3B-ii (lower band) levels evaluated by western blotting 
using a Li-cOR Odyssey imager. The blot shown is representative of 3 independent experiments. (B) Autophagic flux was calculated as the ratio of the 
amount of MAP1Lc3B-ii detected with or without chloroquine. Averages from 3 independent experiments ± seM are shown. (C) Freshly purified splen-
ic T cells were cultured in 1% nutrient medium ± 50 μM chloroquine for 3 h and evaluated as in (A). The blot shown is representative of 3 independent 
experiments. (D) Autophagic flux was measured in purified T cells as described for (B). Averages from 3 independent experiments ± seM are shown. 
(E) Fluorescent microscopy showing MAP1Lc3B staining in purified T cells activated for 24 h then placed in 1% nutrient medium for 3 h with or without 
chloroquine (50 μM). (F) The number of autophagosomes per cell was counted visually in the cells from (E). At least 25 cells from two independent 
experiments were evaluated for each condition. Means ± seM (n = 25) are shown. (G) The viability of Atg5+/+ and atg5−/− MeFs in 1% nutrient medium 
was measured by vital dye (DAPi) exclusion and flow cytometry. (H) As in (G), but using Rab7+/+ and rab7−/− MeFs. Means ± seM from 3 independent 
experiments are shown. in (B, D and F–H), t-tests were performed: *p < 0.05; **p < 0.01; ***p < 0.001.
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Mitochondrial mass and ROS level increase less in rab7−/− 
than in atg5−/− T cells. ATG5-deficient T cells have increased 
mitochondrial mass and ROS levels.25,27 Consistent with these 
reports, MitoTracker Green (MTG) staining was increased in 
live T cells isolated from atg5 TKO animals relative to wild-type 
controls (Fig. 5A). As RAB7-deficient cells should have a simi-
lar defect in mitochondrial turnover due to the block in auto-
phagosome degradation (Fig. 3), we expected a similar elevation 
of MTG staining in rab7−/− T cells. Interestingly, MTG stain-
ing in live-gated cells was more markedly biphasic and shifted 
toward the lower peak in rab7−/− cells such that the MFI was 
reduced relative to wild type. We reasoned that MTG staining 
of mitochondria present in autophagosomes might be reduced 
if the dye did not efficiently cross the autophagosome double 
membrane. As a second method of quantifying mitochondrial 
mass, we stained cells with an antibody to the mitochondrial 
outer membrane protein TOMM20 which produced a classic 
mitochondrial staining pattern (Fig. 5B). Cells were also stained 
with DAPI to allow live cell gating (sub-G

1
 cells were excluded 

from the analysis). As measured by TOMM20 staining and flow 
cytometry, mitochondrial mass was increased in rab7−/− T cells 

(Fig. 2A). The absolute number of T cells was reduced by 32% 
in rab7 TKO mice relative to wild-type controls, while it was 
reduced by 67% in atg5 TKO mice (Fig. 4A). These results are 
consistent with previous reports of a 58% to 75% reduction in T 
cell numbers in atg7 TKO mice and a 52% decrease in atg5 TKO 
mice.26,27 As expected, B cell numbers were not different among 
the three genotypes, although the percentage of lymphocytes that 
were B cells increased in rab7 TKO and atg5 TKO animals con-
comitant with the loss of T cells (Fig. 4A and B). The numbers 
of both CD4 and CD8 T cells were decreased by the loss of rab7 
or atg5 (Fig. 4C). Despite the slightly more efficient deletion of 
rab7 in CD4 cells (Fig. 2F), the reduction in CD8 T cell num-
bers in rab7 TKO mice was more pronounced leading to an ele-
vated CD4:CD8 ratio (Fig. 4D). The CD4:CD8 ratio was also 
increased in atg5 TKO mice as has been previously reported.25,27 
Interestingly, while CD44hiSELLlo cell number was elevated in 
atg5 or atg7 TKO mice in these earlier studies, no change in 
CD44 or SELL staining was observed in T cells from rab7 TKO 
mice (Fig. 4E and F). In summary, the negative effects of rab7 
deletion on naïve T cells were less severe than the effects of delet-
ing atg5 (Fig. 4A–C).

Figure 4. Phenotype of rab7 TKO mice. (A and B) splenocytes were isolated from mice of the indicated genotypes and the absolute numbers (A) and 
percentages (B) of B (B220 positive) and T (cD3 positive) cells determined. (C) As in (A), but T cells were divided into cD4- or cD8-positive subsets 
based on surface staining by flow cytometry. (D) The ratio of cD4:cD8 T cells in spleens from the indicated genotypes were calculated. in (A–D), live 
cells gates were applied. (E and F) cD44 and seLL levels were measured on live-gated cD4+ (E) and cD8+ (F) splenocytes from wild-type or rab7 TKO 
mice. in (A–F), means from at least 3 independent experiments are shown, error bars are seM. A t-test was performed to compare either of the knock-
out T cells to wild-type (denoted by *) or rab7 TKO and atg5 TKO (denoted by #). * or #p < 0.05; ** or ##p < 0.005.
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RAB7 deletion limited the generation of ROS increasing the via-
bility of rab7−/− T cells relative to atg5−/− cells that do not form 
autophagosomes.

The finding that naïve rab7−/− T cells had lower levels of ROS 
than atg5−/− T cells suggested that the larger number of peripheral 
T cells in rab7 than atg5 TKO mice (Fig. 4A) might reflect an 
increased ability of rab7−/− T cells to withstand cytokine depri-
vation in vivo. To test this idea, we measured the viability of 
neglected atg5- and rab7-deficient T cells. Freshly isolated atg5−/− 
T cells exhibit decreased viability suggesting that they have a sur-
vival defect in vivo (Fig. 5F).25,27 rab7−/− T cells, however, were 

compared with wild-type T cells (Fig. 5C). Increased mitochon-
drial mass was observed in both CD44hi and CD44lo subpopula-
tions of rab7−/− CD4+ and CD8+ T cells when compared with 
wild-type controls (Fig. 5D). However, rab7−/− T cells exhib-
ited reduced mitochondrial mass relative to atg5−/− T cells (Fig. 
5C). If fewer mitochondria accumulate in rab7−/− T cells than 
in atg5−/− T cells, ROS production may be similarly reduced. 
Consistent with the TOMM20 staining results, rab7−/− T cells 
had elevated ROS levels relative to wild-type cells, but reduced 
ROS levels relative to atg5−/− T cells (Fig. 5E). Together, these 
results suggest that blocking autophagy at a later stage through 

Figure 5. rab7−/− T cells accumulate fewer mitochondria and produce less ROs than atg5−/− T cells. (A) Purified T cells from WT, rab7 TKO and atg5 TKO 
mice were cultured in complete T cell medium for the indicated times before staining with MTG. The average geometric mean fluorescence intensity 
(GMFi) in live cells is graphed; a representative histogram is shown. (B) Wild-type activated purified T cells fixed and immunostained for TOMM20. 
(C) As in (A), but fixed and permeabilized cells were immunostained for TOMM20. sub-G1 cells were excluded from the analysis. Data are presented 
both as MFi and normalized to the wild-type control; a representative histogram is also shown. (D) TOMM20 levels were measured by flow cytometry 
in cD44hi and cD44lo splenocytes. (E) As in (A), but live cells were stained with cM-h2DcFDA. Data are presented both as MFi and normalized to the 
wild-type control; a representative histogram is also shown. (F) Purified T cells of the indicated genotypes were left unstimulated in complete media 
for 3 d at a concentration of 1 × 106 cells/ml. Viability was measured at the indicated time points by vital dye exclusion and flow cytometry. For (A and 
C–F) means ± seM are shown from at least 3 independent experiments. T-tests were performed to compare either of the knockout T cells to wild type 
(denoted by *) or rab7 TKO and atg5 TKO (denoted by #). * or #p < 0.05; ** or ##p < 0.01; *** or ###p < 0.001. in (E), ROs levels in rab7−/− T cells were interme-
diate between atg5−/− and wild-type T cells in all 4 experiments at all time points. The P values when comparing ROs levels in rab7−/− and atg5−/− T cells 
as percent control were 0.13, 0.06, 0.10, 0.06 at 0, 24, 48 and 72 h, respectively.
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When RAB7 is deleted, endocytic cargo destined for the lyso-
some is instead recycled.32 The effect of RAB7 deletion on sur-
face levels of IL2RA/CD25, the T cell receptor (CD3), and the 
nutrient transporters TFRC/CD71 (the transferrin receptor) and 
SLC3A2 was measured in activated cells at 65 h. If endocytic deg-
radation is disrupted in rab7−/− T cells, surface expression of these 
molecules might be higher than in control cells. In fact, minor 
decreases in SLC3A2 and CD3 surface levels were observed that 
reached statistical significance in CD8 and CD4 rab7−/− T cells, 
respectively (Fig. 6D). As SLC3A2 levels were slightly elevated 
on rab7−/− cells at 24 h after activation (Fig. 6A), this decrease 
might be a consequence of decreased cellular health at later time 
points when cell death increased. A mild upregulation of IL2RA 
was seen in CD4 rab7−/− T cells and there was a small but not 
statistically significant upregulation in CD8 T cells. IL2 supports 
the survival and growth of activated T cells, and increased IL2RA 
expression may provide an advantage to activated rab7−/− T cells. 
In contrast to the relatively minor effects on SLC3A2, CD3 and 
IL2RA, TRFC surface expression was strikingly increased in 
activated rab7−/− T cells. Iron is required for cell growth but also 
catalyzes the production of ROS.36 Thus, cellular iron uptake 
is tightly regulated, and the impact of elevated TRFC levels on 
activated cells is likely complex and context dependent but could 
also counter-balance the negative effects of the loss of autophagy 
on the growth and survival of rab7−/− T cells. TRFC levels were 
below the detection limit in both wild-type and rab7−/− naïve T 
cells, and any differences that might exist could not be quantified 
(data not shown). Together, these results suggest that deletion of 
rab7 had relatively minor effects on the endocytic trafficking of 
surface molecules in activated T cells with the exception of a sur-
face protein with an unusually rapid rate of recycling (TRFC).

The ability of rab7−/− and atg5−/− T cells to proliferate in 
response to ligation of CD3 and CD28 was next evaluated.  
T cells were isolated from 8- to 12-week-old age- and sex-matched 
mice of each genotype, labeled with the cytosolic dye CFSE, and 
added to plates coated with anti-CD3 antibodies in the presence 
of soluble anti-CD28. At 65 h post-stimulation, cells were stained 
for CD4 and CD8 and proliferation measured by CFSE dilution. 
Both rab7−/− and atg5−/− T cells exhibited a similar defect in pro-
liferation in this assay (Fig. 7A and B). About 53% of rab7−/− and 
42% of atg5−/− CD4 T cells divided under these experimental 
conditions as opposed to 68% of wild-type CD4 T cells. Similar 
results were obtained in CD8 T cells, where 51% of rab7−/− and 
atg5−/− T cells divided as opposed to 61% of the wild-type CD8 
T cells (Fig. 7B). Intracellular staining confirmed that ≥ 70% of 
the T cells from rab7 TKO mice that had diluted CFSE were in 
fact rab7−/− (not shown). Autophagy-deficient T cells that failed 
to divide were more prone to die than nondividing wild-type cells 
(Fig. 7A and B). TCR cross-linking provides a very strong activa-
tion stimulus that may create an artificially high dependence on 
autophagy by generating increased cellular stress. To examine the 
proliferation of autophagy-deficient T cells in a more physiologic 
setting, a mixed lymphocyte reaction (MLR) was performed. In 
an MLR, the 1 to 10% of T cells that recognize nonself MHC 
will be activated. T cells were isolated from wild-type, rab7 
TKO, and atg5 TKO C57BL/6 mice and mixed with mitomycin 

nearly as viable as controls upon isolation. When T cells are cul-
tured without stimulation, they undergo a growth factor with-
drawal-like death termed “death by neglect.”30 In the absence of 
growth factor stimulation, cells rely on autophagy for survival.31 
Consistent with this, atg5−/− T cells also exhibited decreased sur-
vival during in vitro neglect assays (Fig. 5F). rab7−/− T cells, in 
contrast, were resistant to cell death in the absence of stimula-
tion. This finding is consistent with our previous work showing 
that inactivation of RAB7 protects cells from growth factor with-
drawal but not extracellular nutrient limitation (Fig. 3H).32 In 
summary, RAB7-deficient T cells do not accumulate mitochon-
dria and ROS to the same degree as atg5−/− T cells and are more 
viable upon isolation and under conditions of neglect. These 
findings may partially explain the increased numbers of splenic T 
cells in rab7 TKO mice compared with atg5 TKO animals.

Inhibition of autophagosome production and degradation 
produces similar effects in activated T cells. The functional 
role of the catabolic process of autophagy in blasting T cells is 
incompletely understood. As naïve T cells express very low levels 
of nutrient transporters,33-35 their access to nutrients immediately 
following activation is likely to be quite limited. We therefore 
hypothesized that autophagy might be required immediately 
following TCR ligation to recycle nutrients from intracellular 
sources to support the dramatic upregulation of early activation 
markers which include nutrient transporters that provide access 
to extracellular nutrients. To test this idea, T cells from all three 
genotypes were either stimulated with plate-bound anti-CD3 
and soluble anti-CD28 or left untreated for 24 h. SLC3A2 (also 
known as 4F2 heavy chain or CD98), an early activation marker 
and amino acid transporter associated protein, was upregulated 
as well or even more efficiently in both autophagy-deficient geno-
types compared with controls (Fig. 6A). atg5−/− T cells expressed 
higher levels of SLC3A2 on the cell surface than either rab7−/− or 
wild-type controls. This unexpected result might occur if atg5−/− 
T cells were larger due to the accumulation of material that 
would have been degraded if the autophagy pathway were intact. 
Using forward scatter to estimate cell size, atg5−/− T cells were 
about 10% larger than controls both before and after stimulation  
(Fig. 6B). As rab7−/− T cells showed the same increase in for-
ward scatter, the increased SLC3A2 in atg5−/− T cells cannot be 
attributed solely to changes in cell size. Although upregulation of 
SLC3A2 after activation is a delayed response, it remained pos-
sible that its upregulation was due in part to trafficking of pre-
formed intracellular SLC3A2 to the cell surface. To test this idea, 
we compared surface and total SLC3A2 levels in naïve periph-
eral T cells. All SLC3A2 was on the surface of both CD4+ and 
CD8+ wild-type T cells (Fig. 6C). In rab7−/− T cells, intracellular 
SLC3A2 was detected, consistent with the degradation defects 
expected in the absence of RAB7. This internal SLC3A2 may 
be trafficked to the cell surface upon activation but is not suffi-
cient to account for the 10-fold increase in surface SLC3A2 levels 
that occurs upon activation. In summary, as autophagy-deficient  
T cells upregulated SLC3A2 normally, autophagy was not 
required to generate the amino acids and energy necessary for the 
synthesis of early activation markers, at least under standard in 
vitro activation conditions.
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T cells. TOMM20 staining in fixed and permeabilized cells 
should accurately reflect mitochondrial mass even if mitochon-
dria have been engulfed by autophagosomes. TOMM20 quan-
tification indicated that mitochondrial mass in rab7−/− T cells 
was increased over wild-type T cells as expected but reduced 
relative to atg5−/− T cells (Fig. 5C). It is possible that increased 
access to iron due to increased surface TRFC levels in rab7−/− 
T cells initiates a feedback loop that limits mitochondrial bio-
genesis. Although the TRFC signal was at background levels 
in naïve wild-type or rab7−/− T cells (data not shown), it may 
be that TRFC levels are elevated but below the limit of detec-
tion. Regardless of the mechanism behind the reduced mito-
chondrial mass, reduced ROS generation may contribute to the 
increased survival of neglected naïve rab7−/− T cells (Fig. 5F) and 
the increased numbers of peripheral T cells in rab7 TKO mice 
compared with atg5 TKO animals (Fig. 4).26,27

While the loss of autophagy reduces T cell fitness by altering 
organelle homeostasis, a role for autophagy in supplying nutri-
ents to activated T cells has also been suggested.28 Our initial 
hypothesis was that autophagy was necessary immediately after 
activation to supply building blocks and energy for the dramatic 
and immediate upregulation of nutrient transporter expression in 
quiescent cells that have limited access to extracellular nutrients. 
However, SLC3A2 surface levels increased normally in autoph-
agy-deficient T cells after activation (Fig. 6A) arguing against 
this model. Recent reports demonstrate that the proteasome is a 
key source of amino acids for protein synthesis and thus protea-
somal degradation may supply the substrates for the synthesis of 
SLC3A2 and other early activation markers in the presence or 
absence of an intact autophagy pathway.39

One plausible explanation for the increased number of T cells 
in the spleens of rab7 TKO mice relative to atg5 TKO mice is 
that, in addition to its role in organelle turnover (Fig. 5),26,27 
autophagy is required to maintain nutrient homeostasis in naïve 
T cells. The availability of growth and survival signals defines 
the number of peripheral T cells present in vivo;40 cytokines also 
regulate nutrient access by preventing the lysosomal degradation 
of nutrient transporter proteins.32,41 Although transporter levels 
were at the limit of detection in naïve cells and therefore diffi-
cult to compare following neglect, TRFC levels were significantly 
increased in activated rab7−/− T cells relative to controls (Fig. 6D). 
TRFC is distinct from the other surface molecules evaluated in 
that it undergoes repetitive cycles of endocytosis and recycling.36 
Thus, TRFC repeatedly passes the checkpoint that determines 
whether an internalized molecule is recycled or degraded in the 
lysosome through a RAB7-dependent step. Other surface pro-
teins, including SLC3A2, which promotes amino acid transport 
across the plasma membrane, were much less affected by rab7 
deletion under our experimental conditions. Increased TRFC 
expression could lead to increased access to iron which might 
facilitate mitochondrial metabolism and growth and, along with 
the milder upregulation of IL2RA, contribute to the slightly 
increased survival of activated rab7−/− T cells relative to atg5−/− T 
cells (Fig. 7B). While the effects of RAB7 on endocytic traf-
ficking to the lysosome somewhat complicates the comparison 
of the effects of a late and early block in autophagy, this caveat 

C treated splenocytes from Balb/c mice. rab7−/− T cells again 
had a proliferation defect of similar magnitude to that seen in 
atg5−/− T cells (Fig. 7C and D). As expected in this assay, CD8 
T cells proliferated more than CD4 cells for all three genotypes. 
Although cell accumulation was reduced in autophagy-deficient 
T cells, significant dilution of CFSE was observed demonstrating 
that these cells are capable of multiple rounds of cell division. 
As seen with anti-CD3/CD28 antibodies, nondividing atg5−/−  
T cells were minimally viable; the survival defect in non-dividing 
rab7−/− T cells in the MLR was, however, was less severe. In sum-
mary, activated rab7−/− T cells display similar survival defects to 
atg5−/− T cells suggesting that autophagic flux and not simply 
autophagosome formation is required for normal T cell accumu-
lation following activation.

Discussion

In mice, disrupting autophagosome formation reduces the num-
ber of peripheral T cells and leads to defects in naïve and acti-
vated T cell survival.25-27 Here, we found that T cells that could 
form but not degrade autophagosomes due to the loss of RAB7 
were also present at reduced numbers in vivo and failed to accu-
mulate normally upon activation in vitro (Figs. 4 and 7). While 
deletion of either atg5 or rab7 was similarly efficient (Fig. 2A) 
and led to a near complete block in autophagic flux (Fig. 3),37 
differences in the phenotypes of atg5 and rab7 TKO mice were 
noted. The reduction in the number of peripheral T cells in rab7 
TKO animals was less severe than observed in atg5 or atg7 TKO 
mice (Fig. 4A and C),26,27 and the viability of naïve rab7−/− T 
cells was near normal upon isolation and elevated after neglect 
(Fig. 5F). Together, these differences may have created less of a 
stimulus for homeostatic proliferation (Fig. 4E and F) than seen 
in other autophagy-deficient mice where CD44hiSELLlo cells 
increase.

The negative effects of blocking autophagy are often attrib-
uted to increased ROS production from mitochondria that fail 
to be cleared by mitophagy.38 In the absence of RAB7, mito-
chondria that fail to be turned over should accumulate primarily 
inside autophagosomes rather than in the cytosol. The double 
autophagosomal membrane might separate these engulfed 
mitochondria from their substrates and thereby decrease ROS 
production and detrimental effects. While neglected rab7−/−  
T cells did display elevated ROS levels relative to wild-type con-
trols, rab7−/− T cells produced lower levels of ROS than atg5−/−  
T cells (Fig. 5E). ROS elevation may still occur in rab7−/−  
T cells because autophagosome accumulation eventually inhibits 
autophagosome formation. Alternatively, fatty acids might still 
be accessible to engulfed mitochondria, or enhanced iron access 
in rab7−/− cells might increase ROS production. Interestingly, 
ROS production was well correlated with mitochondrial mass 
(Fig. 5C and E). It was unexpected that rab7−/− T cells accumu-
lated fewer mitochondria than atg5−/− T cells. Experiments using 
the live cell mitochondrial dye MTG suggested that there was 
a dramatic reduction in mitochondrial mass in rab7−/− T cells 
to below wild-type levels (Fig. 5A). However, MTG may not 
effectively penetrate the autophagic vesicles in the rab7-deleted 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1018 Autophagy Volume 9 issue 7

Figure 6. For figure legend, see page 1019.
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12-0711-82); PE-Rat IgG1 isotype control (BD PharMingen, 
551979); FITC-mouse IgG1 isotype control (Biolegend, 
400110); anti-hamster IgG (H+L) (Vector Laboratories, Inc., 
AI-9100), Alexa488-goat anti-rabbit (Life Technologies, 
A-11034). eFluor 780 (65086514) was from eBioscience, CFSE 
(34554), CM-H2DCFDA (C6827) and Mitotracker Green 
(M-7514) were purchased from Life Technologies, staurosporine 
was from Enzo (ALX-350360G001) and PE-Donkey anti-mouse 
IgG (H+L) was from Jackson Immuno Research laboratories, Inc. 
(715-116-151). Secondary reagents (goat anti-rabbit and donkey 
anti-goat, 92632211 and 92632214, respectively) were purchased 
from LI-COR. All other chemicals were obtained from Sigma-
Aldrich or EMD Biosciences.

Generation of knockout mice. A 10 kb fragment that 
included the first two exons of Rab7 was isolated from a mouse 
genomic DNA lambda library and used to produce a targeting 
vector that deletes exons I and II of Rab7. Constructs were con-
firmed by sequencing at each cloning step. 129/Sv x 129/Sv-CP 
ES cells were electroporated with the targeting construct and 
stable integrants selected with neomycin. A Rab7+/floxneo ES cell 
clone (J11) was identified by Southern blotting. The function-
ality of the LoxP sites was confirmed by introducing the Cre 
recombinase and screening clones by Southern blotting. The J11 
clone was injected into C57BL/6 blastocysts in the Transgenic 
Mouse Facility at UC Irvine. Of the 3 chimeric male mice pro-
duced, one transmitted the floxed allele to approximately half 
his progeny. The neomycin resistance cassette used for selec-
tion was removed by crossing Rab7+/floxneo mice to a Protamine-
Cre line that expresses CRE in spermatids (generously provided 
by Grant MacGregor).29 The rab7null allele was also produced by 
breeding onto the Protamine-Cre line. The Rab7flox mice used 
in these studies were backcrossed with C57BL/6J mice for > 10 
generations. The animals will be available from Jackson Labs 
(stock #0021589, B6.Cg(129)-Rab7tm1.1Ale/J). Atg5+/flox mice 
on a C57BL/6 background were kindly supplied by Noboru 
Mizushima (Department of Physiology and Cell Biology, Tokyo 
Medical and Dental University, Tokyo, Japan) via Craig Walsh 
(University of California, Irvine). All animal protocols were 
approved by the Institutional Animal Care and Use Committee 
of University of California, Irvine.

Primers and PCR. Primer sequences used are given below 
(locations shown in Fig. 1A):

Primer 53: 5'-CTC ACT CAC TCC TAA ATG G-3'; 
Primer 54: 5'-TTA GGC TGT ATG TAT GTG C-3'; Primer 
63: 5'-GGG CTG CAG GAA TTC GGA TAA C-3'; Primer 
64: 5'-CCA CAT TCA AAG ACT GTC TCC C-3'; Primer 67: 
5'-CAT GGT AAC AAG TCT GTC GTC C-3'. PCR cycling 

is present in all experiments performed with inhibitors of lyso-
somal degradation; chloroquine in particular has broad effects on 
cells.42-45 Most genes also have pleiotropic effects; Atg5, for exam-
ple, has additional roles beyond autophagosome formation.46 The 
simplest interpretation of the finding that activated rab7−/− and 
atg5−/− T cells have similar defects is that blocking autophagy at 
an early or late stage has rather similar effects on cells. In sum-
mary, our observations suggest that blocking autophagy in T cells 
at an early or late stage is similarly detrimental in activated cells, 
but blocking autophagosome degradation by eliminating RAB7 
has fewer negative effects in naïve T cells. In conditions where 
it is beneficial therapeutically to block autophagy, for example 
in cancer therapy, it may therefore be preferable to inhibit auto-
phagosome degradation rather than formation to minimize ROS 
generation and toxicity in normal, quiescent cells.

The rab7 conditional knockout described here is the first 
mouse model with a genetic defect that allows autophagosome 
formation but not degradation. Rab7flox/flox animals should be of 
great utility in future studies of vesicular trafficking and autoph-
agy. For example, it would be interesting to determine whether 
the loss of rab7 interferes with adipogenesis similar to what has 
been seen following atg5 or atg7 deletion.47,48 The floxed Rab7 
model system might also be used to address whether the loss of 
autophagosome degradation is as toxic to neurons as is the loss of 
autophagosome formation given that protein aggregates should 
also be sequestered in autophagosomes in rab7- but not atg5 and 
atg7-deficient cells.49,50 rab7 deletion in at least two cell types, 
fibroblasts and T cells, was well tolerated. Thus, rab7−/− cell lines 
generated from these animals should also be useful for future 
studies.

Materials and Methods

Antibodies and reagents. T-cell purification was performed using a 
negative selection kit (Stem Cell Technologies, 19751). Antibodies 
were obtained from the following sources: RAB7 (9367), 
MAP1LC3B (4108, stronger reactivity with MAP1LC3B-II than 
MAP1LC3B-I) and ATG5 (Cell Signaling Technologies, 8540S); 
TOMM20 (Sigma-Aldrich, WH0009804M1-100UG); ACTIN 
(Santa Cruz Biotechnology, sc-1615), APC-CD4 (100411), 
PerCP/Cy5.5-CD8a (100733), PE-SLC3A2 (128207), Biotin-
anti-mouse H-2Dd (110603), Purified CD3 (100314), FITC-
SELL (104405), PE-Cy7-CD44 (103029), Fc block (101319), 
BV421-Donkey anti-rabbit (406410), Streptavidin-PE/Cy7 (all 
from Biolegend, 405206); CD28 (16028185), PE/Cy7-B220 
(25045282), FITC-CD3e (eBioscience, 11003382), Alexa488-
IL2RA (eBioscience, 53-0251-82); PE-TRFC (eBioscience, 

Figure 6 (See opposite page). effect of rab7 deletion on surface markers. (A) surface sLc3A2 levels were measured by flow cytometry in live, purified 
T cells of the indicated genotypes following 24 h of incubation in complete medium (unstimulated) or following activation with cD3/cD28 antibod-
ies (stimulated). A representative histogram and a graph of the mean ± seM at least 3 independent experiments is shown. (B) Mean Fsc ± seM from 
the experiments in (A) is graphed. (C) surface and total sLc3A2 expression was measured in splenic T cells from wild-type or rab7 TKO mice. Analysis 
was restricted to live (surface sLc3A2) or nonapoptotic (total sLc3A2) cells. Means ± seM from 3 independent experiments are shown. Differences 
between surface and total sLc3A2 levels within a genotype did not reach statistical significance at p < 0.05. (D) Purified T cells from WT or rab7 TKO 
mice were activated with cD3 or cD28 antibodies for 65 h before staining with the indicated surface proteins and cD4/cD8; the analysis was restricted 
to live cells. The mean ± seM from four independent experiments is graphed, a representative histogram is shown. T-tests were performed to compare 
either of the knockout T cells to wild-type (denoted by *) or rab7 TKO and atg5 TKO (denoted by #). * or #p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 7. For figure legend, see page 1021.
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HBSS and purified T cells labeled with 4 μM CFSE were added 
at a concentration of 1 × 106 cells/ml in T cell medium contain-
ing 200 ng/ml of soluble anti-CD28. Cells were analyzed after 
65 h of incubation in a humidified incubator at 37°C and 5% 
CO

2
. For the MLR, T cells were isolated from C57BL/6 mice, 

labeled with CFSE (5 μM), and co-cultured with fresh Balb/c 
splenocytes that had been treated with 50 μg/ml mitomycin C 
for 30 min at 37°C. Cells were analyzed after 84 h of incubation 
in a humidified incubator at 37°C and 5% CO

2
.

Flow cytometry. Surface staining was conducted on ice in PBS 
containing 10% FBS and 0.05% NaN

3
. For intracellular staining 

(RAB7), cells were stained for surface antigens, incubated with 
the vital dye eFluor780 in the absence of NaN

3
 and serum, fixed 

in 1% paraformaldehyde (PFA) for 10 min at RT, and permea-
bilized with IF blocking buffer (PBS containing 0.3% saponin, 
10% FBS and 0.05% NaN

3
) and analyzed on an LSR II flow 

cytometer (BD Biosciences) using FlowJo software (Treestar). To 
measure ROS production, 1 × 106 naïve T cells were washed and 
re-suspended in 1 ml HBSS. Cells were incubated at 37°C for 
30 min then stained with 1 μM CM-H2DCFDA for 8 to 10 
min at 37°C. Cells were washed with HBSS and analyzed by 
flow cytometry. To measure mitochondrial mass, 1 × 106 naïve  
T cells were washed and re-suspended in 1 ml T cell medium 
lacking FBS. After 30 min at 37°C cells were stained with  
100 nM Mitotracker green for 30 min at 37°C. Cells were washed 
with RPMI and analyzed by flow cytometry. Anti-TOMM20 
(1:100) was added to cells fixed in 1% paraformaldehyde for  
10 min at RT and permeabilized with IF blocking buffer and 
incubated overnight at 4°C followed by PE-Donkey anti-mouse 
IgG secondary (1:100) in IF blocking buffer for 2 h at RT. 
Analysis was restricted to live cells by DAPI staining. To measure 
total cellular SLC3A2, cells were fixed in 1% paraformaldehyde 
for 10 min at RT, Fc receptors blocked for 10 min at RT, and 
then cells were stained for CD4/8 for 20 min at RT followed by 
PE-SLC3A2 for 1 h at RT. DAPI was used to exclude apoptotic 
cells (sub-G

1
) from the analysis.

Immunofluorescence microscopy. 20,000 MEFs were plated 
in 24 wells on poly-(l-lysine)-coated coverslips, fixed in 1% PFA 
for 10 min at RT, washed three times with PBS, and incubated 
for 1 h at RT in IF blocking buffer for permeabilization. Cells 
were washed with IF wash then incubated with anti-RAB7 or 
anti-MAP1LC3B (1:100) in IF blocking buffer overnight at 
4°C followed by anti-rabbit Alexa488 secondary (1:100) in IF 
blocking buffer for 2 h at RT. Samples prepared for MAP1LC3B 
immunostaining were fixed and permeabilized by 100% cold 
methanol at −20°C for 10 min. Cells were washed with IF wash 
buffer (PBS with 2% FCS, 0.03% saponin, and 0.05% NaN

3
). 

Coverslips were mounted using VectaShield mounting medium 

parameters used: primers 53/54 (wild-type allele produces a  
550 bp band, flox allele produces a 580 bp band): 94°C for  
5 min, (94°C for 1 min, 55°C for 1 min, 72°C for 2 min) for  
35 cycles and 72°C for 10 min. Primers 63/64 (flox or floxneo 
produce a 500 bp band): 94°C for 5 min, (94°C for 1 min, 61°C 
for 1 min, 72°C for 2 min) for 35 cycles and 72°C for 10 min. 
Primers 63/67 (only the null allele produces a 500 bp band): 
94°C for 5 min, (94°C for 1 min, 61°C for 1 min, 72°C for  
2 min) for 35 cycles and 72°C for 10 min.

Cell culture. atg5−/− MEFs were generously provided by 
Noboru Mizushima. rab7−/− MEFs were generated from Rab7−/

flox embryos and immortalized with SV40 Large T antigen intro-
duced by retroviral transduction. MEFs were maintained in 
DMEM (Mediatech) supplemented with 10% fetal calf serum 
(FCS) and antibiotics. For nutrient deprivation experiments, 
DMEM lacking glucose and amino acids was made from chemi-
cal components and supplemented with 10% FCS. This medium 
was mixed with standard DMEM containing 10% FCS to 
generate medium containing 1% the normal amount of amino 
acids and glucose. T cells were isolated from total splenocytes 
by negative selection with magnetic beads (EasySep™ mouse  
T Cell Enrichment Kit: Stem Cell Technologies, 19751). Freshly 
isolated splenocytes/purified T cells were cultured in RPMI 1640 
(Mediatech) supplemented with 10% FCS (Sigma-Aldrich),  
10 mM HEPES (Mediatech), 55 μM β-mercaptoethanol 
(Sigma-Aldrich), antibiotics, 1 mM Na-Pyruvate (Mediatech), 
1× Non-Essential Amino acids (Lonza) and 1 mM L-glutamine 
(Mediatech).

Western blotting. Cells were washed twice with cold PBS 
and lysed in the plate on ice with lysis buffer (2% Triton X-100, 
80 mM HEPES, 0.4 mM EDTA, pH 6.6) containing complete 
protease inhibitor cocktail (Roche), 50 mM sodium fluoride, 
100 nM sodium orthovandate, and 50 mM β-glycerophosphate. 
Protein concentration was quantified using a BCA Assay (Pierce) 
and an equal amount of protein loaded in each lane of 4–12% 
NuPAGE gradient gels (Life Technologies). Proteins were trans-
ferred to nitrocellulose membranes in NuPAGE transfer buffer 
containing 20% methanol and exposed to primary antibodies 
diluted in the blocking buffer recommended by the manufac-
turer. Following incubation with secondary, blots were scanned 
with an Odyssey imager (LI-COR Biosciences) and quantified.

Plate-bound activation assay and MLR. Anti-hamster IgG 
(Vector Laboratories, AI-9100) was coupled to 24 well plates by 
incubation in 0.1 M carbonate buffer (0.84 g NaHCO

3
, 0.356 g 

Na
2
CO

3
, in 100 ml of dH

2
O; pH 9.5) either overnight at 4°C or 

1 h at room temperature (RT). Plates were washed with 1× warm 
HBSS and 1000 ng/ml anti-CD3 (Biolegend, 100314) added 
prior to a 1 h incubation at 37°C. Plates were washed with 1× 

Figure 7 (See opposite page). Deletion of rab7 or atg5 produced similar defects in activated T cells. (A) Freshly purified, cFse-labeled splenic T cells 
were activated with plate-bound anti-cD3 and soluble anti-cD28 antibodies. At 65 h, cells were surface-stained for cD4 and cD8 and then incubated 
with eFluor780 prior to analysis by flow cytometry. cFse levels in live-gated cD4+ or cD8+ populations are shown and the percent of live cells that 
diluted cFse is indicated. (B) As in (A), but without live gating; percentage of all cells that proliferated (diluted cFse) is shown. (C and D) cFse-labeled 
purified T cells isolated from age- and sex-matched wild-type (WT), rab7 TKO, and atg5 TKO mice were mixed with mitomycin c-treated splenocytes 
from a Balb/c mouse. After 84 h of incubation, cells were surface-stained for cD4 and cD8, labeled with eFluor780, and cFse dilution evaluated in the 
h-2Dd-negative (c57BL/6) population. Live (C) or total (D) cells are shown; percentages indicate the fraction of cells that diluted cFse. in (A–D), a repre-
sentative experiment is shown; these experiments were repeated at least 3 times with similar results.
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