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Abstract
The homeostasis of naïve T lymphocytes is maintained by several mechanisms
involving basal TCR and cytokine signaling, and nutrient factors. One of the common
net results of these input signals is the production and stabilization of anti-apoptotic Bcl2 family members. A second result of these processes is the induction of autophagy, an
intracellular, catabolic, lysosomal targeting pathway. Autophagy induction in most
systems involves the class III phosphatidylinositol-3 kinase (PI3K), Vps34, to produce
phosphatidylinositol-3-phosphate (PI(3)P). To test this in T lymphocytes, I generated
mice specifically lacking Vps34 in T cells (Vps34f/fLck-cre mice). However, Vps34deficient T lymphocytes have normal levels of basal autophagy, and upregulate
autophagy normally in response to cytokine or nutrient withdrawal, or TCR stimulation.
Therefore I conclude that Vps34 activity is not required for autophagy induction in T
lymphocytes. T lymphocytes lacking Vps34 do have enhanced rates of apoptosis, but
this is due to defects in intracellular trafficking, specifically of the Interleukin-7 receptor
alpha subunit (IL-7Rα). Additionally, multivesicular body (MVB) maturation is
impaired in T cells lacking Vps34 such that extracellular ligands are not efficiently
targeted to the lysosome.
Autophagy induction in Vps34-deficient T lymphocytes is still sensitive to panPI3K inhibitors, such as wortmannin and 3-methyladenine (3MA). Therefore, I
hypothesized that other classes of PI3K are necessary to induce autophagy in T
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lymphocytes through the production of PI(3)P. Autophagy induction is sensitive to
specific class I PI3K (PI3KI) inhibitors, such as PIK75. Additionally, T cells lacking the
p85 regulatory subunit of PI3KI also have severe defects in T cell receptor (TCR)
mediated autophagy induction. PI3KI activity results in the production of PI(3,4,5)P3,
though, and not PI(3)P. Because of this specificity, I hypothesize that additional inositol
polyphosphatases (Inpp) are required for autophagy induction downstream of PI3KI
activity. Indeed, utilizing both inhibitors of pharmacological inhibition and siRNAmediated knockdown of two classes of phosphatidylinositol phosphatases, inositol
polyphosphate-4-phosphatase (Inpp4) and SH2 containing inositol phosphatase (SHIP),
had dramatic impacts on autophagy induction. Furthermore, exogenous addition of
PI(3,4)P2, a hypothesized intermediate in this pathway, positively regulates autophagy
induction and leads to enhanced progression of autophagy. These observations
indicate that PI3KI activity, linked to Inpp activity, are necessary and positive regulators
of autophagy through the production of PI(3)P.
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1. Overview
The concept of lysosomal targeting for degradation was first proposed in 1956,
when H. Stanley Bennett proposed that the lysosomal granules, observed by Novikoff
earlier that year by electron microscopy (1), resembled phagocytosed granules in
parenchymal liver cells and macrophages (2). He further postulated that the lysosomal
granules were associated with enzymatic activity to break down the contents of the
phagocytosed granules (2). We now know the lysosome to be a major site of
intracellular recycling, associated with a vast array of acidophilic proteases and lipases.
However, what continues to amaze is the elegant specificity for which a host of
specialized cell types utilize this degradative compartment. For example, macrophages
use the lysosome to restrict the growth of intracellular pathogens, while thymic
epithelial cells use it to process endogenous antigen for presentation and selection of
developing thymocytes. In recent years, a great wealth of information has been brought
forth detailing a plethora of means by which macromolecules can be targeted to the
lysosome, both extra- and intracellularly. Of these routes, autophagy has emerged as a
critical focus. Autophagy involves sequestration of cytoplasmic components by an
elongating double membrane structure, followed by a series of maturation events by
which the vesicle becomes acidified and fuses with the lysosome. All eukaryotic cells
studied appear to utilize autophagy in some manner, and a whole series of ubiquitously
expressed genes participate in the autophagic process. T lymphocytes, in particular, are
1

critically dependent upon autophagy for maintaining a quiescent state and cytoplasmic
homeostasis. Therefore, the precise events governing the initiation phase of autophagy
in T lymphocytes are of great interest.

1.1 Overview of Autophagy
Autophagy, an intracellular catabolic process that involves the generation of a
double membrane structure, sequestration of various cytoplasmic components, and
fusion with acidifying compartments, has been conserved in all eukaryotic cell types.
This process has been implicated in cellular survival during periods of starvation,
cytokine withdrawal, removal of extraneous or damaged organelles, and turnover of
long-lived proteins. To date, over 35 different gene products have so far been identified
that play some role in the autophagic process (3). The autophagy machinery utilizes the
coordinated activity of the class III PI3K, Vps34, to produce PI(3)P, and Beclin-1, which
recruits a myriad of effectors with FYVE- or GLUE-domains, in order to flex and fuse
membranes (4). The serine/threonine kinase Atg1 is dependent on mTOR inhibition by
TSC1/2 under periods of serum or nutrient starvation, and is essential for autophagy
induction, though its direct targets are still being elucidated (5, 6). Additionally
required for membrane elongation are cascades of two ubiquitin-like conjugation
systems, one of which involves the conjugation of Atg5-Atg12-Atg16, the function of
which remains poorly understood. The other involves the cleavage, lipidation, and
recycling of Atg8/LC3, the function of which may be related to the import of
2

ubiquitinated aggregates into the autophagosome or other chaperone-mediated
autophagic substrates (7)(Figure 1).
Autophagy can be divided into three main classes, depending on the magnitude
and nature of the import of substrates to be catabolized (8). Macroautophagy, the best
understood and most thoroughly studied form of autophagy, involves the de novo
synthesis of autophagosomes around bulk substrates to be degraded and fusion of these
autophagosomes with degradative vesicles to form autolysosomes. Microautophagy,
while less studied, involves the small-scale blebbing and sequestration of soluble
components within the immediate microenvironment of the previously formed
autophagosome. Chaperone-mediated autophagy (CMA) involves the import of
misfolded proteins, aggregates, ubiquitinated proteins, or even organelles into preformed autophagosomes via adaptors and receptors on the autophagosome.
Transporters in the autolysosome can transport nutrients and other recycled
macromolecules back to the cytoplasm after lysosomal processing in all three forms of
autophagy.

3

Figure 1: A general molecular schematic of macro- and chaperone-medidated
autophagy.
Inhibition of mTOR by TSC1/2 activates ULK1/2. Meanwhile The class III PI3K
complex produces PI(3)P on the inner membrane leaflet. The two ubiquitin-like
conjugation systems dot the outer membrane, while LC3-II decorates the inner leaflet. At
this stage, adaptor proteins, such as p62 and Nix, sequester cargo into the elongating
autophagosome. The double membrane closes and under the control of PI3K III is
directed towards fusion with the lysosome for degradation of macromolecules.
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While all eukaryotic cells studied thus far seem to have some form of autophagic
capability, the frequency of occurrence and inducing signals vary widely. Most cell
types have a certain level of basal autophagy, which vary widely. For example,
medullary thymic epithelial cells (mTECs) have extremely high levels of constitutive
autophagy (9). On the other end of the spectrum, mature naïve T lymphocytes have a
very low level of constitutive autophagy (though still detectable), but can upregulate
autophagy in response to several stimuli described below (10, 11). Generally speaking,
starvation of either serum or nutrients is a signal that induces a moderate level of
autophagy, while stimulation of several immunity related receptors, such as the T cell
receptor (TCR) or Toll-like receptors (TLR’s), provide a very strong induction signal.

1.2 Autophagy in the Immune System
Autophagy has been studied extensively in macrophages and DCs, as these cells
have well defined roles in phagocytosis, antigen processing, and presentation. Since
autophagy is most simply defined as a lysosomal targeting pathway, it is a logical
transition to assume that it could affect outcome of these other processes, all of which
involve late endosomal or lysosomal compartments. Macrophages and DCs have
several major roles in immune protection, and autophagy influences three major roles in
separate but related aspects: Pathogen clearance, antigen processing and presentation,
and much more recently, pathogen sensing (12).
5

1.2.1 Autophagy in Pathogen Clearance
Autophagy in the immune system was first demonstrated to be a direct method
for pathogen restriction and clearance. Likewise, phagocytosis can be defined as the
formation of vesicles at the plasma membrane for lysosomal targeting, either for basic
nutrition or for pathogen restriction. The vesicles from both processes undergo a
functional maturation process, in which they are acidified and subjected to various
proteases to cleave proteins and other macromolecules, ultimately fusing with or
generating a lysosome. Additionally, TLRs and other pattern recognition receptors
(PRRs) present in the phagocytic pathway have been shown to play important roles in
the induction of autophagy in innate immune cells (13-15). Therefore, autophagy and
phagocytosis have been shown to rely on similar molecules and intersect at several key
stages. DCs and Macrophages are especially active in phagocytic roles in order to sense,
clear, and present pathogens to the adaptive immune system, and have employed
autophagy as a mechanism by which to aid the phagocytic process in order to restrict
both intracellular and extracellular pathogens (Table 1).
Toll like receptors (TLRs) are a major class of PRR’s, many of which are localized
in endomembrane-bound vesicles (16). LPS, the ligand for TLR4, is a major cell wall
component for many pathogens, including several intracellular species. When RAW
264.7 macrophages were stimulated with LPS, they rapidly induced LC3 processing and
punctate formation (17). Other TLR agonists, including ssRNA, PolyI:C, zymosan, and
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imiquimod, had similar effects on RAW 264.7 macrophages (18). Many of the TLR’s are
themselves localized in phago/endosomal compartments, including TLR3, TLR7, TLR9,
and TLR13. In bone marrow derived DCs, the NOD2 receptor was shown to induce
autophagy when stimulated with muramyldipeptide in an Atg5, Atg7, and Atg16Ldependent manner, which resulted in a clearance of pathogen (19). Another study
tested TLR3, 4, and 7 ligands for autophagy induction in RAW 264.7 cells using ssRNA
and imiquimod, and observed LC3 punctae formation to be dependent on TLR-7 and
MyD88 at early stages, which targeted mycobacterium to autolysosomes and was able to
overcome pathogen escape mechanisms for increased clearance (20).
Several studies using autophagy related gene knockout mice and
pharmacological inhibition of the autophagy pathway have shown that the outcome or
polarization of the response to pathogen is dependent on autophagy. Inhibiting
macroautophagy by administration of wortmannin or by knocking out Atg5 in
plasmacytoid dendritic cells (pDCs) had an adverse effect on both the recognition and
clearance of Vesicular stomatitis virus (VSV) in a TLR-7 dependent fashion (14). This
autophagic inhibition also led to decreased IFN-α secretion, a tell-tale cytokine in viral
recognition that limits proliferation (14). Group A Streptococcus proliferates with
reckless abandon in the cytosol after endosomal evasion of MEFs in the absence of Atg5.
However, they are rapidly sequestered by autophagic membranes and delivered to the
lysosome in WT MEFs (21). In other vertebrate infection models, macroautophagy can
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control the herpes simplex virus 1 in neurons, as virions lacking the beclin-1 interaction
domain of ICP34.5 replicate to lower viral loads and were deficient in intracerebral
pathology (22). Notably, the Levine group has also shown autophagy to be protective in
neurons against Sindbis virus, not only for clearance of the viral load, but also for
cytoprotective effects to counter apoptosis (23).
In sharp contrast to many of the previously mentioned studies, some viral
sensing mechanisms are inhibited by autophagy (Table 1), and some pathogens take
advantage of autophagy related genes and intermediate structures as part of their
normal life cycle. The classes of PRRs that fall into this category seem to exclude TLRs
and have been studied more extensively in non-professional APC’s. In MEFs, cytosolic
based PRR’s include the Rig-1-like receptor family (RLRs). In Atg5-deficient MEF’s,
type I interferon production was actually increased using dsRNA as a stimulus (15). In
agreement with the previous study, Atg5 deficient primary liver macrophages had
higher production of type I interferon after RIG-1 stimulation (24).
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Table 1: The outcome of autophagy on pathogen clearance
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1.2.2 Autophagy in Antigen Processing and Presentation
Antigen presentation is a process that most cells undergo in order to process and
present peptides (in the context of MHC) or other macromolecules such as glycolipids
(in the context of CD1d) to alert the adaptive immune system of the cytosolic health of
the cell (25, 26). Cells that have been transformed by mutagenesis or infected by
intracellular pathogens can process these intracellular events and present these
transformations to activated cells of the adaptive immune system, including T
lymphocytes and NKT cells. In the case of T lymphocytes, CD4+ T cells are restricted to
peptides presented to them on MHC II molecules by professional APCs such as
macrophages, DCs, and activated B cells. This is mainly accomplished through peptide
products derived from lysosomal degradation, and the peptides derived from
phagocytosed remnants of other infected cells. As a result, most of the peptides
generated from this process tend to be derived from membrane bound or secreted
proteins, accessible to phagocytosis, and loaded onto MHC II molecules in MHC II
bearing vesicles, structurally very similar to late endosomes. Cytotoxic CD8+
lymphocytes are restricted to MHC I molecules present on most cell types. Peptides
loaded onto MHC I molecules are thought to be mainly derived from proteasomal
pathways, present in the cytoplasm and traditionally thought to be restricted to
cytoplasmic proteins. The loading process is accomplished by import of processed
peptides into the ER through the TAP transporter and direct loading onto de novo
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synthesized MHC I molecules. However, for a CD8+ T cell to be primed in order to
recognize transformed cells, it must first be activated by a professional APC, which may
or may not be a target of the given pathogen. Therefore, in a process called crosspresentation, phagocytosed material from infected cells is subjected to lysosomal or
proteasomal treatment by APCs and loaded onto cognate MHCs for antigen
presentation to T cell subsets. Macroautophagy is important in the context of many
pathogens for accomplishing this task, in both lysosomal dominated MHC II peptide
loading, and more recently described in MHC I cross presentation.
Much of the classical work investigating the role of autophagy in antigen
presentation came from studies looking at the nature of peptides presented on MHC I or
II. Using acid extraction to isolate peptides from purified MHC molecules, these
peptides can be sequenced (27). Short lived, cytosolic and nuclear proteins have been
identified as common ligands for MHC I molecules, highlighting the role of the
proteasome in the degradative process. For example, on the short end of the half-life
spectrum, ornithine decarboxylase, with a half-life of only a few minutes, gives rise to
two peptides eluted off MHC I (27). Even more striking was the elution of ten peptides
off MHC I that were derived from the cyclin family of proteins (27), with only one being
eluted off MHC II. Cyclin half-lives vary, but are generally degraded within minutes
after translation (28). On the other end of the spectrum, GAPDH, one of the most
commonly held “housekeeping” genes, has a half-life of several days and is highly
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resistant to proteasome degradation (29). GAPDH is, however, a common endogenous
ligand for MHC II, and has been eluted off five human MHC II molecules, but not once
off an MHC I molecule (27, 30). Hence, long lived proteins which are proteasome
resistant are common MHC II ligands. Consequentially, many of these cytoplasmic
proteins are autophagy substrates, and in the case of GAPDH, are chaperone-mediated
autophagy substrates (31). However, the dogma of MHC I ligands being exclusively
derived from cytoplasmic proteins processed through the proteasomal pathway is now
under siege and will be covered extensively.
Chaperone mediated autophagy (CMA) has also been shown to assist in the
process of antigen processing/MHC II loading of endogenous cytoplasmic proteins. In B
cell lines overexpressing the lysosomal integral protein Lamp-2 or the molecular
chaperone Hsc70, which binds partially degraded proteins in the cytoplasm for import
into the autolysosome, antigen presentation to CD4+ T cells was aided immensely (32).
The relevance to this system in vivo remains to be determined, and it ought to be stated
that the overexpression of these proteins might not necessarily be related to autophagy
per se, but of other lysosomal processes (such as formation and stabilization). However,
this system provides a feasible pathway by which specific amino acid sequences
(KFERQ, which binds Hsc70) can be targeted not only for degradation but antigen
presentation (33).
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MHC II loading compartments have been described as multivesicular structures
with similar morphologies to amphisomes (34). The Münz group has shown GFP-Atg8
autophagosomes to fuse with MHCII loading compartments (MHCIIC) with as high as
an 80% overlap in professional APCs (35). When the peptides for specific antigens were
investigated by inducing or restricting autophagy in APCs, the results were consistently
striking. Using an M. tuberculosis pathogenic model, infected macrophages or DCs in
which autophagy was induced by starvation or rapamycin treatment, had greater
presentation of the Ag85B antigen. Moreover, DCs infected with M. tuberculosis and
treated with rapamycin when transferred to a naïve host could provide protection from
further challenge (36). Macroautophagy has also been shown to be involved protection
from Y. pestis infection when endosomal trafficking of MHC II is inhibited by the
pathogen (37). Furthermore, Salmonella infected murine macrophages stimulated
through the NOD2 receptor induced macroautophagy in order to process and deliver
antigen to MHCIIC. This processing and presentation was limited in response to
knockdown of Atg5, -7, and -16 (19). In summary, macroautophagy provides an
alternative processing and presentation route for bacterial pathogens.
Autophagy has also been studied in its ability to act as an adjuvant in viral
processing and presentation. Using the Epstein-Barr Virus (EBV) as a model, two major
antigens have been shown to be processed by the autophagosome. Both nuclear antigen,
EBNA1, and the oncogenic protein, LMP1, have been shown by Lee and Sugden to
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accumulate in autophagy deficient cells (38). Using EBV-transformed B cells as antigen
presenting cells, the Münz group demonstrated that antigen presentation to CD4+ T cells
was inhibited by silencing Atg12 or using 3-MA to inhibit macroautophagy induction,
and that under normal pathogenesis, EBNA1 is translocated to MHCIIC via
autophagosomal transport and processing (39). Macroautophagy has also been shown
to be involved in the MHCIIC processing and presentation of other Herpes viridiae, of
which EBV is one type (40). This is made especially apparent by the fact that HSV has
evolved a protein, ICP34.5, with Beclin-1 binding capabilities for antagonizing PI3KIII
(41).
Immunosurveillance for transformed cells and neoplasms is now recognized as
another crucial function of the immune system. Numerous studies highlighting the
increase of malignancies in immunocompromised mice and patients have been
conducted. Although autophagy induction in cancer cells is, itself, still a controversial
topic in cancer research, proper processing and presentation of tumor antigens is
important for a robust immune response. Mucin-1 (MUC1), a tumor antigen, was
overexpressed in transfected DCs. Using PI3K inhibitors, such as 3-MA and
wortmannin, a substantially reduced CD4+ T cell proliferation was observed, without
much effect on CD8+ T cell proliferation (42). Consequentially, many studies have
highlighted autophagy’s role in tumor suppression. Beclin-1, initially identified as a
tumor suppressor, is mutated in many kinds of cancer, which can directly relate to the
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ability transformed cells to process and present endogenous antigens. For example,
Beclin-1 was found to be downregulated at both the mRNA and protein level in female
patients with adenomyosis of the endometrium (43). This research could help
immensely with design of tumor vaccines, priming CD4+ T cells to recognize tumor
antigen bearing cells with only weak TCR affinities.
There has been much data over the last decade concerning the role of
macroautophagy in MHC II presentation. Models covering extracellular as well as
intracellular bacteria, viruses, tumor antigens, and even endogenous proteins have all
been explored. More recently, the role of macroautophagy in processing and
presentation of extracellular and intracellular antigens for MHC I have been proposed
and partially elucidated. As previously mentioned, the overwhelming majority of
peptides presented on MHC I are endogenous, cytosolic proteins, processed by the
proteasome, and transported into the ER lumen by TAP for presentation on newly
synthesized MHC I (44). However, in TAP-deficient cells, endogenously derived
antigens were still able to be presented to CD8+ cytotoxic T lymphocytes (45, 46). A
strong candidate for this alternative pathway is autophagy, which would allow other
proteases to be able to efficiently generate peptides on a large-scale, proteasomeindependent manner. Vesicles in the endocytic pathway contain a huge diversity of
proteases that can generate peptides of suitable length for MHC I and II loading (47, 48).
It is possible for endogenous antigens to enter the exogenous proteolytic pathway.
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Engineered epitopes fused to the MHC I heavy chain can be transported to the cell
surface, endocytosed, and cleaved by late endosomal cathepsins, where they can be
directly loaded onto the parental MHC I molecule in the same compartment as cleavage
occurs (48). This proteolytic activity, fused with MHC I loading in the same
compartment simplifies proposed models, eliminating the need for as of yet unidentified
vacuole to cytoplasmic transporters, as well as extra time the naked peptide would be
exposed to the cytoplasmic and late endosomal environment (49, 50).
In a recent paper by English et al. the authors showed that macrophages infected
by HSVI could use autophagy to present peptides recognized by CD8+ T cells at later
stages of infection (51). Presentation of HSV1 peptides could be induced by
pharmacological induction of autophagy, and was strongly inhibited by PI3K inhibitors
and inhibition of lysosomal maturation. Moreover, in mice infected with ICP34.5
attenuated HSV1, the CD8+ T cell proliferation was vastly increased (52). Using another
pathogen, M. tuberculosis, Jagannath demonstrated the efficacy of inducing autophagy in
infected DC’s prior to injection into mice towards generating a protective immunity (36).
Using models of endogenous tumor antigens presented to MHC I restricted CD8+
T cells, a role for autophagy has also been shown. In B16 melanoma cells, IFNγ induces
a potent autophagy, and its induction or pharmacological inhibition has drastic
outcomes on the potency of MHC I presentation (53). Additionally, using an in vivo
model of tumor antigen presentation, a small peptide derived from HSV2 is able to
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induce autophagic degradation of aggregates in cancer cells for enhanced MHC I
presentation (54). These studies clearly demonstrate a role for autophagy in the MHC I
presentation of endogenously-derived antigens which could potentially be used as
adjuvants in the design of new vaccines.
In models of cross-presentation of exogenous antigens, autophagy has also been
proposed to play an important role, and can be manipulated to the benefit of the APC.
In these models, “antigen donor cells” are phagocytosed by APCs, and peptides are
presented on MHC I molecules of the APC. This mimics conditions in which pathogens
are presented by APC’s, even though the APC’s are unable to be infected by the specific
pathogen chosen. Using HEK 293T cells expressing ovalbumin as a model for antigen,
autophagy was either induced by starvation or rapamycin, or inhibited by 3-MA. Cells
were then irradiated to allow for efficient phagocytosis by DC’s in coculture. The
autophagy induction in donor cells prior to coculture allowed for the robust activation
of OT-1 CD8+ T cells, where autophagy inhibition brought T cell proliferation back to
nearly undetectable levels (55). The same group also used gp100 as a model tumor
antigen to test cross presentation from B16 F10 melanoma cells, and found strikingly
similar results with tumor antigens as to a model endogenous protein (55).
Extending models of cross presentation in cells undergoing active autophagy to a
viral infection model, Albert and colleagues took advantage of cells that died with a type
II programmed cell death (PCDII) phenotype, characterized by induction of large
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numbers of autophagosomes. Using WT or Bak/Bax deficient MEFs, in which caspase
activity is blunted, but PCDII is induced upon cytotoxic stress, as a source of donor cells,
the MEFs were exposed to influenza A. After infection, the MEF’s were treated with
etoposide or UV radiation to induce type II PCD, and reintroduced into mice. Two
weeks later, antigen specific CD8+ T cells were isolated and tested for cytokine quality,
and as was observed in models of tumor antigen presentation, autophagy effectively
increased cross presentation in vivo (56). Perhaps of the greatest interest to vaccine
design, purified autophagosomes from dying cells can themselves be used to cross
present antigen to APCs (56). Thus autophagy can aid in the presentation of both
intracellular and extracellular antigens for both classes of MHC restricted T cells. These
strategies are a welcome addition to the arsenal of current therapies in chronic virally
infected or cancer patients, since much of the priming can take place in vitro without
having to worry about toxic side effects of autophagy promoting agents.
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Figure 2: Autophagy in presentation of endogenous antigens and cross
presentation
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1.3 Autophagy in Little Lymphocytes
Though small in size (10-20uM), and replete for cytoplasmic volume,
lymphocytes are the essential mediators of the adaptive immune system. Thus it was
somewhat unexpected to note that autophagy genes were expressed in both T and B
lymphocytes, including Vps34, Atg3, Atg5, Atg7, Beclin-1, LC3, and p62 (10, 11, 57).
Both fluorescence microscopy of LC3 and TEM of highly characteristic double
membrane structures have been utilized to view autophagic structures in T
lymphocytes, not only after starvation, stimulation by certain cytokines (58), or TCR and
BCR engagement (11, 59), but even at basal levels in naïve, antigen inexperienced cells
(10, 60). Perhaps autophagy is crucial in these cells due to such space limitations,
requiring an elegant degree of organelle organization and tightly regulated metabolic
environment. Additionally, maintaining open lanes of shipping for proper vesicular
trafficking and organelle identity in limited cytoplasmic straights are now considered an
indispensable role for autophagy (61).
As previously mentioned, autophagosomes can be slightly detected within fresh
ex vivo murine T and B lymphocytes. Both the number and size of autophagosomes can
be increased upon withdrawal of either serum or amino acids in a PI3K-dependent
manner, as general PI3K inhibitors, such as 3-MA and wortmannin, block this increase,
suggesting that the aforementioned activity is regulated through mTOR and PI3K
activity (10, 60). Stimulation of the TCR by anti-CD3 for 24-48 hours in vitro further
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increases levels of autophagy, as measured both by processing of LC3 from an
unconjugated form (LC3 I) to a lipidated form (LC3 II) and LC3 II punctae formation
visualized by fluorescence microscopy (10, 11). Many of the observations on autophagy
induction in murine T cells holds true for human T cells as well. For example, chronic
restimulation of purified human CD8+ PBMC’s with a mitogen results in a large (3-4
fold) induction of autophagy by EM after long term culture in vitro (62). This TCRactivation induced autophagy is also responsive to general PI3K inhibitors, such as 3MA, as well as JNK inhibitors, and can be rapidly enhanced by administration of
rapamycin (affecting mTOR) and zVAD (affecting caspase activity), suggesting a role for
both these pathways, as well as PI3K activity and the MAP kinase pathways (62)(Table
2). The involvement of this diverse array of pathways, mostly pro-survival, should
come as no surprise, as T cell autophagy is overwhelmingly a pro-survival pathway.
Additionally, T cell activation requires an immense cytoplasmic reorganization and
mobilization of energy resources to affect a functional immune response (63).
One major contradiction to the pro-survival paradigm, however, is that
autophagy is highly induced by the binding of the HIV envelope glycoprotein, gp120, to
CXCR4 on the surface of uninfected, bystander CD4+ T cells (64). This autophagy is
induced on such a massive scale, that it has been implicated in the type II, caspaseindependent programmed cell death (PCD type II), when apoptosis was inhibited in
these bystander cells. Of note, both apoptosis and autophagy were completely inhibited
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after CXCR4 engagement by knockdown of the autophagic genes, Atg7 or Beclin-1, or by
the addition of 3-MA or bafilomycin to inhibit autophagy induction or fusion of the
developing autophagosome with lysosomes, respectively (65). The engagement of
CXCR4 in autophagy induction strongly suggests a role for GPCRs in the induction of
autophagy, if not more specifically, chemokine receptors, which could tune autophagy
levels of lymphocytes entering specific microenvironments to affect function. The
precise role of chemokine-induced autophagy by natural ligands in T lymphocytes
remains unknown, but we speculate it acts as both a pro-survival signal and a way to
fine-tune metabolism as T cells enter differing tissue environments.
Autophagy induction in B lymphocytes shares similar aspects to that in T
lymphocytes. Autophagy is strongly induced in B cells through prolonged BCR
stimulation though surface-bound IgM, resulting in apoptosis (59). This apoptotic
autophagy was inhibited through CD40 engagement, as was apoptosis, likely through
the induction of pro-survival Bcl-2 family members to inhibit both apoptosis and
autophagy, as Bcl-2 has been shown to bind to Bax and Beclin-1 (66). JNK-mediated
signals prevent Bcl-2 from binding Beclin-1, allowing association with Vps34 and
autophagy induction. However, if apoptotic signals are not ameliorated by autophagic
induction, further JNK signaling can dissociated Bcl-2 from Bax, leading to apoptosis
(67-69). BCR-mediated autophagy was also susceptible to wortmannin, once again
suggesting roles for PI3K in autophagy induction.
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Table 2: Pathways involved in lymphocyte autophagy induction
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1.3.1 Autophagy in Lymphoid Development
Autophagy is also important for the development of B cells. Using a GFP-Beclin
fusion, it was observed that Beclin-1 was expressed at very high levels in Pro-B cells, but
downregulated through Pre-B transition (70), very analogous to high levels of Atg5,
Beclin-1, and LC3 seen in DN thymocytes, but not DP thymocytes, perhaps making DP
cells even more dependent upon receiving a TCR-mediated pro-survival signal by
removing one layer of cytotoxic protection, namely autophagy (11). This correlates well
with the observation that Atg5 is dispensable for later B cell development, utilizing a
CD19-cre transgene to induce deletion in Atg5f/f mice, in which the only phenotype
observed was in self-renewing B1 cells being markedly decreased (71). However, when
Atg5 was knocked out using Atg5 null fetal liver chimeras, levels of Pre- and immature
B cells were drastically reduced, providing evidence that autophagy sufficient lymphoid
precursors are necessary to fill niches and develop into corresponding B lineage cells
(11). This suggests a stage-specific requirement for autophagy in B cells that affects
development and survival of self-renewing populations but not mature, circulating B2
cells. Even more generally, this supports a paradigm that autophagy is essential for the
long term cytoplasmic health of renewing cell populations, but as we shall see, has more
acute specialized roles.
Even more recent evidence has confirmed that hematopoietic lymphocyte
precursors are more dependent upon autophagy, not only for intracellular homeostasis
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and proper organelle quality control, but also to maintain a steady population not
susceptible to leukemic transformations. When Atg7 was deleted in hematopoietic stem
cells (HSCs), a rapid, myoproliferative disease developed, and yet paradoxically, Atg7deficient HSC’s could not reconstitute an irradiated mouse, nor support either lymphoid
or myeloid development (72). Therefore, autophagy is essential to maintain a healthy
self-renewing population of cells, capable of populating the T and B compartments.

1.3.2 Autophagy in T Cell Homeostasis and Death
Although the stage specific requirements for autophagy in T and B cells
development seem to be acute in early stages of development, autophagy plays a more
generalized role in T cell homeostasis and long-term survival as well. Autophagy is a
crucial cell survival strategy in mature peripheral naïve T cells. Since T lymphocytes
split time between secondary lymphoid organs, blood, and lymphatic ducts, it is
essential that they are able to adjust to long and indefinite periods of starvation, as the
microenvironment of each system is doubtlessly different. T lymphocytes are acutely
sensitive to apoptosis, and the levels of anti-apoptotic Bcl-2 family members, such as Bcl2, and Mcl-1 are important for DN and SP thymocyte survival, as well as mature naïve
survival. Additionally, Bcl-X is important for the survival of DP thymocyte and
activated mature T cell survival. These proteins are highly regulated during
development through cytokine signaling (73-75). Therefore, it is of little surprise that
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cytokine signals, which are critical to maintain lymphocyte homeostasis, play substantial
roles in the homeostatic autophagic process.
In the absence of core autophagy proteins Atg5 (after fetal liver transplants or T
cell-specific deletion of Atg5) (11, 76), and Atg7 (utilizing an Atg7f/f conditional knockout
under an Lck driven cre transgene) (57), thymocyte development was essentially
normal, with slight but reproducible reductions in thymocyte populations, with no
increase in apoptosis ex vivo evident. However, drastic reductions in peripheral
autophagy-deficient cells were observed, often in excess of 50% of mature CD4+ and
CD8+ T lymphocytes, which rapidly succumb to apoptosis ex vivo, even in the presence
of high levels of pro-survival homeostatic cytokines, and fail to efficiently proliferate in
response to TCR stimulation (57). Therefore, even though cytokines and constant TCRMHC contact are required for the survival of naïve T lymphocytes, autophagy provides
one or perhaps more non-redundant functions for the survival of these cells going
beyond the requirements of other homeostatic signals. Notably, the addition of a
metabolic substrate, methylpyruvate, which can feed directly into the glycolytic
pathway, had no significant effect on the survival of mature autophagy-deficient T
lymphocytes (Heather Pua, unpublished observation), highlighting additional features
of autophagy in lymphocytes beyond energy production.
More recently, Kovacs et al. demonstrated the importance of the class III PI3K
complex protein, Beclin-1, in the survival and polarization of T cells during induction of
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experimental autoimmune encephalitis (EAE). Using a CD4-cre mediated deletion of
Beclin-1, the authors show that while peripheral T cell numbers are reduced to similar
numbers as in an Atg7 knockout mouse, the turnover of mitochondria by autophagy
(mitophagy) remains intact (77). T cells rapidly die after TCR stimulation by apoptosis
in the absence of Beclin-1, with the authors attributing this death to the inability to
eliminate the pro-apoptotic molecules pro-caspase-3, pro-caspase-8, and Bim via
autophagy. Additionally, Th1 polarized cells have defects in survival and are resistant
to lethal EAE immunopathogenesis (78). However, given Beclin-1’s dual role in
autophagy and apoptosis, these findings are difficult to interpret given the close
relationship between autophagy and apoptosis.

1.3.3 Organelle-Specific Autophagy in T Lymphocytes
Autophagy has been implicated as a crucial mechanism for the removal of
damaged or extraneous organelles in several systems. Parkin in neurons has been
shown to be an E3 ubiquitin ligase for targeting mitochondria for mitophagy, especially
when the outer mitochondrial membrane is damaged or sheared off (79, 80). This
process also extends to hematopoietic cells, where the BH3 only protein Nix has been
demonstrated to be necessary for mitophagy induction in developing erythrocytes,
leaving them completely devoid of mitochondria (81), a process dependent on core
autophagy machinery (82). Autophagy in T lymphocytes has also been shown to
prevent death by the removal of excess organelles in vivo. Work from our lab has
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demonstrated a requirement for maturing T lymphocytes to decrease mitochondrial
mass. As mature CD4+ or CD8+ SP thymocytes egress, the tolerance for mitochondria
decreases, as they take on a mature, naïve phenotype, which is considered relatively
quiescent. Autophagy deficient T cells are not able to complete this mitophagy, and can
be found in the periphery containing increased numbers of mitochondria and ROS
production (57), which are toxic and can induce apoptosis (83). This increase in
mitochondrial mass might explain why these cells have increased metabolic activity (84).
This is further exemplified by the observation that mitochondrial proteins are increased
in autophagy deficient T lymphocytes, and proteins related to mitochondrial
maintenance are transcriptionally upregulated (57, 76). It remains to be determined
what signal(s) induce this potent mitophagy in lymphocytes, perhaps by engagement of
the S1P1 receptor.
Autophagy can degrade other membranes and membrane-bound structures
besides mitochondria. Pexophagy, or the peroxisomal turnover by autophagy has been
described in cellular systems, thereby reducing redox activity and eliminating cytotoxic
ROS (85). In T lymphocytes, in a manner similar to that of mitochondria, the
endoplasmic reticulum (ER) is carefully regulated. In Atg7f/fLck-cre mice, T lymphocyte
ER membrane is expanded, and calcium storage is highly dysregulated (86). Indeed,
aberrant membrane structures resembling ER membrane are highly enriched, as are
resident ER proteins, such as calnexin, and ER stress markers. As previously mentioned,
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these Atg7 deficient cells have a deficient response to mitogen in terms of proliferative
capacity, consistent with expanded ER and defective calcium flux (86). The calcium
storage is actually higher in the ER, leading to an imbalance between the intracellular
and extracellular Ca2+, in which calcium channels are open for a shorter period of time
during TCR stimulation (86). Interestingly, the SERCA pump inhibitor, thapsigargin,
which prevents uptake of cytoplasmic Ca2+ to the ER, rescues this defect, demonstrating
that a reduced calcium storage restores the balance calcium influx potential of
autophagy-deficient T cells (86). It remains to be determined whether ER turnover is
regulated by autophagy during periods of cellular stress, or whether the ER membrane
is naturally used in T lymphocytes as a constant membrane donor for autophagosomes,
thus leading to a steady state of calcium storage over the life to a T cell. However, using
an inducible-deletion system for the core autophagy protein Atg3 (Atg3f/fER-cre) , we
have recently shown that endoplasmic reticulum expansion takes place over a period of
weeks after deletion, suggesting a constant program of membrane trimming is required
to counteract steady-state ER membrane synthesis (87). Notably, death in inducible
Atg3-deficient T lymphocytes is the result of an accumulation of defects, as it took over 3
weeks to see a significant increase in apoptosis after deletion of Atg3 (87).
Thus autophagy is essential for turning over excess organelles and their
associated membranes. It remains to be determined whether lymphocytes have
cytoplasmic targets or aggregates targeted to autophagosomes, other than the
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previously mentioned pro-death effector molecules (78), either in the context of TCRsignaling, or during naive homeostasis.
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2. Materials and Methods
2.1 Mice
Vps34-deficient T lymphocytes were generated by crossing Vps34-floxed
mice(88) to Lck-Cre transgenic mice (The Jackson Laboratory). Genomic deletion was
assessed by PCR detection of the Vps34 floxed allele (forward,
AACTGGATCTGGGCCTATG; reverse, CACTCACCTGCTGTGAAATG) and Vps34
deleted allele (forward, AACTGGATCTGGGCCTATG; reverse,
GAAGCCTGGAACGAGAAGAG). Bim-/- mice were purchased from Jackson
Laboratories and hBcl2+tg mice were a gift from Dr. Motonari Kondo.
P85 conditional knockout mice (89) were purchased from the Jackson Laboratory,
and crossed to ER-cre mice (90)(The Jackson Laboratory, Bar Harbor, ME). Genomic
deletion of p85 was assessed by PCR primers detecting the floxed (1275 bp) and deleted
(298 bp) alleles (forward, GGT TTC TTA CTT TAG ACG GAG CTG; reverse, CCA GTT
ACT TTC AAA TCA GCA CAG). Constitutively active P110α mice (91) were purchased
from the Jackson Laboratory.All mice were bred and housed in Duke’s specific
pathogen-free facilities in accordance with IACUC regulations.

2.2 Antibodies and Reagents
FITC, PE, PE-cy5, APC, APC-cy7, or Pacific Blue conjugated anti-CD3, -CD4, CD8, -CD44, -CD62L, -IL-7RA, -B220, -QA2, -IL-2, -CD132, -CD71, -pStat5(Y694), -Stat5,
and –Bcl-2 were purchased from BioLegend, eBioscience, and BD Pharmingen. Anti-LC3
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(PD015), -p62, and Z-VAD-FMK were purchased from MBL. Anti-Vps34 was purchased
from Abgent. Anti-HRS was purchased from Abnova. Anti-TGN46, -Vps35, and -Vps36
were purchased from Abcam. Anti-PI(3)P, -PI(3,4)P2, and PI(3,4)P2 lipid were purchased
from Echelon Biosciences. Fluorokine biotin-hIL-7 was purchased from RandD Systems.
IL-7, IL-4, and IL-15 were purchased from PeproTech. Acridine orange was purchased
from Sigma. CytoID was purchased from Enzo Lifesciences. PIK75 was purchased from
Cayman Chemical. Anchor (AS1949490) and Dynasore were purchased from Tocris.

2.3 Flow Cytometry
Single cell suspensions with RBC’s lysed were incubated with FcR blocker
(2.4G2; eBioscience) and were immunostained for all surface markers. For intracellular
staining, cells were fixed in 4% PFA for 20 minutes, washed, and permeabilized in 0.1%
saponin for 20 minutes. All stains were performed in 0.1% saponin thereafter. Acridine
Orange and CytoID were used at .1ug/mL for 20 minutes at RT just prior to FACS
analysis.All FACS utilized a BD Facscanto II (BD, Franklin Lakes, NJ).

2.4 Mitochondrial Content and ROS Production
Mitotracker Green (Molecular Probes) was used at 100nM, incubated with lymphocytes
for 30 minutes at 37C in RPMI 1640 with 10% FBS. DHE (Sigma-Aldrich), and CMH2DCFDA (Molecular Probes) were utilized at 5uM for 1hr in cRPMI 1640 and analyzed
on a BD Facscanto II.
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2.5 T Cell Stimulation and Proliferation
Total single cell suspensions of splenocytes or lymphocytes at 107/ml were
stained in 5% FBS at 5µM CFSE (Molecular Probes) for 5 minutes and washed 3 times.
Cells were stimulated with soluble anti-CD3 at 5 µg/ml and anti-CD28 at 2 µg/ml for 48
or 72 hours.

2.6 Electron Microscopy
Mature LN T cells after EasySep negative bead selection (StemCell Technologies)
were antibody stained and lightly fixed in 1% PFA. One million CD4+ T cells were sorted
and fixed in a 4% glutaraldehyde 0.1 M sodium cacodylate buffer overnight. The samples
were rinsed in 0.1 M cacodylate buffer containing 7.5% sucrose three times for 15 min
each and fixed in 1% osmium in cacodylate buffer for 1 h. After being washed three
times in 0.11 M veronal acetate buffer for 15 min each, the samples were incubated with
0.5% uranyl acetate in veronal acetate buffer for 1 h at room temperature. Specimens
were then dehydrated in an ascending series of ethanol (35%, 70%, 95%, and two
changes of 100%) for 10 min each, followed by two changes of propylene oxide for 5 min
each. The samples were incubated with a 1:1 mixture of 100% resin and propylene oxide
for 1 h, followed by two changes of 100% resin, each for 30 min. Finally, the samples
were embedded in resin and polymerized at 60°C overnight. Thick sections (0.5 µm)
were cut and stained with toluidine blue for light microscopy selection of the
appropriate area for ultrathin sections. Thin sections (60–90 nm) were cut, mounted on
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copper grids, and poststained with uranyl acetate and lead citrate. Micrographs were
taken with a Philips LS 410 electron microscope. Images were analyzed using AxioVision
software (Zeiss).

2.7 Fluorescence Microscopy
All images were captured with a custom-built Zeiss Observer D1 using a Zeiss
100x objective lens and a 1.4 NA. Images were captured using a Photometrics CoolSNAP HQ2
and analyzed using Metamorph software for punctae number, size, and intensity. Images
were deconvoluted, thresholded, and colocalization determined using Autoquant X2
software. Deconvolution was done blind at 40 iterations. Flurochromes used included
Pacific Blue, Cy3, FITC, and Cy5. Gamma value adjustments were made to CD127linked flurophores to 1.25 for ease of viewing in comparison to other fluorophores. LC3
punctate structures were defined as at least 10 pixels in size with fluorescence intensities
of at least twice that of average background intensities.

2.8 Statistical Analysis
All statistical analysis was performed using Prism software (GraphPad
Software). Tests for cell numbers, death assays, LC-3, HRS, IL-7Rα punctae formation
and recovery, mitochondrial content, and ROS levels were paired, two-tailed Students’ ttests.
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2.9 siRNA Knockdown
Clones were purchased from Dharmacon. Pools of siRNA clones for Inpp4A
were GCCGAGAGGUUUGGCGAUA, CAUCAUAGGUUGCAUUUAA,
GAUCGAAAGCCAAAUAGUU, and GAUGAGAGUUCAAGACGAU. Pools for
Inpp4B were ACGAGAACAUUACGUGGUA, GAAGGAUUGUUAAGUACAU,
AAUGAUGUAUUGCCAGUUA, and CGAUGAAAUUGGAAUGUUA. Pools for
SHIP1 were CGACAGGGAUGAAGUACAA, GAAUUGCGUUUACAUUAC,
GCAUUGCCCUUCGGUUAGA, and UGACAGCGACGAAUCCUAU. Pools for SHIP2
were UCAAGGAGCUUACGGAUCU, GUCAGUACGUCCAGUGUGA,
CCAAGAAAGGGCUCUCAAA, and GCACACGUAUCGCAUUCUG. siRNA clones
were electroporated into freshly isolated human peripheral blood mononuclear cells
(hPBMC’s) and allowed to recover for 3 days before treatments for AVO formation.
Primers used to detect knockdown efficiency included
TAAGCTGAGGAACTGCCTGCATGA and TGGAAGTGGCCTGAGTGACTTTGA for
Inpp4A, GTGGCGGCAACAATGATGGAGAAA and
TACGCAAGTTCCTGAAGGAGCACA for Inpp4B,
TCGGGACAAATACGCCTACACCAA and TGGGAAGTGACTCCTGCCTCAAAT for
SHIP1, and TAAGTCCCAGCGTGTCCAGAACAA and
TTCCCATGTTCCAGGTGCCTATGA for SHIP2.
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3. Vps34 is Required for T cell Survival but Dispensable
for Autophagy
In the past few years, our laboratory and others have elucidated several
important functions for autophagy. Among them, mitochondrial and ER trimming
appear to be especially important for T cell survival and proliferation, respectively.
However, many of the requirements for autophagy induction in T cells, and the
regulatory mechanisms governing them remain elusive. To this end we asked whether
the class III PI3K, Vps34, was essential for autophagy induction in T cells, as it has
shown to be in so many other systems. Specifically, in S. cerevisiae, Vps34 mutants had
defective turnover of late Golgi proteins after rapamycin treatment (92). Additionally, in HT-29
adenocarcinoma cells, knockdown of hVps34 led to a decrease in long-lived protein turnover
(93). Vps34 has a single substrate specificity, phosphorylating the 3-hydroxyl position on
phosphatidylinositol, which in turn acts as a localization signal recruiting many proteins with
FYVE or GLUE domains. Vps34 is anchored to membranes by its myristoylated interaction
partner, Vps15 (94), and is localized to several endomembranes, including endosomes,
multivesicular bodies (MVB) and endoplasmic reticulum (95). Interaction between Vps15 and
Vps34 has been shown to increase the activity of Vps34. Vps34 functions in two major
complexes, both involving the tumor suppressor Beclin-1 (92, 96, 97). The first complex,
involving UVRAG and Atg14L, has been proposed to function in autophagy induction (98). The
second complex, involving Rubicon, seems to downregulate autophagy and control endosomal
sorting functions (99). The association of Vps34 with Beclin-1 is important to recruit proteins that
have membrane-flexing qualities, such as Bif-1, to induce curvature of expanding vesicles (100).
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Taken together, Vps34 plays a complex role in signaling and recruitment of effectors for vesicle
formation and endomembrane trafficking.

3.1 Knockout of Vps34 in T cells Causes Lymphopenia
To investigate the role of Vps34 in T lymphocyte development and function, we
ablated Vps34 kinase activity in T cells by crossing mice containing loxP sites flanking
exons 17 and 18 of Vps34 (88) to a Cre recombinase under the control of the Lck
regulatory elements (101). Exons 17 and 18 correspond to the ATP-binding domain of
Vps34, which were replaced by a premature stop codon. We first examined thymocyte
development in Vps34f/fLck-cre mice. All four subsets of thymocytes as defined by CD4
and CD8 expression were detected in Vps34f/fLck-cre mice. However, the total thymic
cellularity was reduced by >50% in Vps34f/fLck-cre mice with drastic reductions in both
the CD4+CD8+ DP and CD4+ or CD8+SP compartments (Figure 3A and 3B). Interestingly,
there was a clear gene-dosage effect as Vps34f/+Lck-cre heterozygote mice had a
significant reduction (p<0.05) in the numbers of DP, CD4+ and CD8+ SP thymocytes
(Figure 3B). We also found that Qa2+CD4+ SP or Qa2+CD8+SP mature T cells were much
reduced, suggesting that the most mature thymocytes are at a disadvantage in the
absence of Vps34 (Figure 3C).
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Figure 3: Vps34 is necessary for thymocyte homeostasis
Phenotypic Analysis of Vps34f/fLck-cre T cells. (A)Thymic profile of Vps34f/fLckcre and Vps34f/+Lck-cre mice that were 5.5-6 weeks old. (B) Cell numbers from thymi of
Vps34-deficient mice. p values are shown in the panel. n=12. (C) QA2 expression in CD4+
or CD8+ SP thymocytes of Vps34f/fLck-cre mice.
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We next examined the peripheral T lymphocyte compartment in Vps34f/fLck-cre
mice. The number of CD4+ and CD8+ T cells in the spleen and lymph nodes of
Vps34f/fLck-cre mice were reduced by >80% (Figure 4A and 4B). These cells expressed
comparable levels of CD3 to that on wildtype T cells (Figure 4A). Similar to the thymus,
Vps34 haploinsufficiency was observed for both CD4+ and CD8+ T cell compartment
(Figure 4A and 4B). As expected in a lymphopenic environment, the number of T cells
with an activated/memory/homeostatic proliferation phenotype was increased in T cells
lacking one or both copies of Vps34 (Figure 4A).
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Figure 4: Deletion of Vps34 leads to lymphopenia
(A)T cell profiles of spleen and lymph nodes from 6-week old mice of control and
Vps34f/fLck-cre mice. (B) Cell numbers of mature CD4+ or CD8+ T cells in Vps34f/fLck-cre
mice. n=12
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Although there was a clear defect in T cell numbers, we wanted to make sure
that the thymocytes and T cells were functional for further experiments, while still
lacking Vps34. To this end, we characterized the DN populations in Vps34-deficient
thymocytes. Overall, the numbers of thymocytes were reduced, but no clear stagespecific requirement for Vps34 was observed (Figure 5A). The peripheral T cells in
Vps34-deficient mice may be comprised of cells that have escaped Lck-Cre mediated
deletion. We examined the deletion efficiency in these T cells. CD4+ peripheral T
lymphocytes had almost undetectable expression of Vps34 by fluorescence microscopy,
and genomic deletion of Vps34 was maximal in animals up to 6 weeks of age (Figure 5B
and 5C). Also, deletion of Vps34 assessed by western blot showed that Vps34 was 75%
deleted in CD4SP thymocytes and in excess of 80% in mature, naïve CD4-lineage T cells
(Figure 5B). Interestingly, Vps34 was only minimally deleted in DP thymocytes, which
may reflect an additional requirement for cell viability during the DP stage. The mature,
active/memory CD4+ T cells had minimal deletion of Vps34, and represent a population
that has escaped deletion, though the genomic deletion is still clean from the total
mature CD4 population. All experiments were subsequently performed using naïve
cells, exclusively. Taken together, these results demonstrate that Vps34 plays an
essential role for the survival of developing T lymphocytes.
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Figure 5 Vps34 is deleted in developed CD4 T lineage cells
(A) Analysis of the DN compartment in WT and Vps34-deficient thymocytes show no
significant difference in thymocyte development during the DN3 to DN4 transition,
during which Vps34 is deleted. (B) Genomic DNA from sorted T cells was measured by
PCR and Vps34 genomic deletion was tested. Bands of 470bp corresponding to the
floxed allele and 700 corresponding to the deleted allele were visualized, with a reaction
of the Lysozyme M (LysM) used as a loading control. Vps34 protein as assessed by
western blot. (C) Levels of Vps34 protein after intracellular staining of freshly isolated
control and Vps34-deficient T cells. A total of 30 cells were counted in each population
and fluorescence intensity of the entire field is quantified.
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3.2 Vps34-Deficient T Cells Succumb to Apoptosis
The impaired T lymphocyte compartment in Vps34-deficient mice was similar to
that in mice lacking other autophagy genes, Atg5 or Atg7 (11, 57). Autophagy-deficient
T cells readily undergo apoptosis. To determine whether Vps34f/fLck-cre T cells had
increased apoptosis, we first stained freshly isolated T cells from these mice. Deletion of
Vps34 in thymocytes and peripheral T cells resulted in a >2-fold increase in apoptosis of
these cells (Figure 6A). To further characterize the defect of Vps34f/fLck-cre T cells, we
examined the survival of Vps34f/fLck-cre SP thymocytes and peripheral CD44low naïve T
cells in vitro culture with or without IL-7 or the caspase inhibitor zVAD. Vps34f/fLck-cre
CD4+ or CD8+ naive T cells did not respond to IL-7 while wildtype T cells survived well
in the presence of IL-7 (Figure 6B). However, Vps34f/fLck-cre CD4 T lymphocytes
showed a modest but significant improvement in survival in the presence of zVAD
(Figure 6B). Additionally, the administration of other common gamma chain cytokines,
IL-4 and IL-15, gave no significant increase in the survival of Vps34f/fLck-cre T cells,
despite supporting WT T cells (data not shown). These results suggest that an important
function of Vps34 is to promote T lymphocyte survival. Given that the number of naïve
CD8+ T cells was very low in Vps34f/fLck-cre mice and that many of these cells had either
escaped deletion or were CD8+ cells of a non-T lineage, we focused our following
analysis on CD4+ T cells.
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Figure 6: Vps34 deficient T cells succumb to apoptosis and are unresponsive to
IL-7
(A) Apoptosis staining of freshly isolated control and Vps34f/fLck-cre T cells from
6-week old mice. (B) Increased apoptosis of Vps34f/fLck-cre T cells in vitro culture. Cells
were cultured in RPMI medium alone or with IL-7 (1ng/ml) or zVAD (20µM). Peripheral
cells were gated on CD44low populations and AnnexinV/7AAD exclusion was measured
at 0, 24 and 48hrs. Shown are mean+SD from four individual experiments. P values
provided correspond to cRPMI compared to IL-7 treatment, and IL-7 treatment
compared to zVAD treatment.
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3.3 Vps34f/fLck-cre T Cells Have Reduced Bcl-2 Levels
A potential explanation for the defective survival of Vps34f/fLck-cre T cells could
be altered levels of Bcl-2 family members. Bcl-2 and Mcl-1 are crucial for the survival of
naïve T lymphocytes in vivo (75). We examined Bcl-2 levels in CD4+ SP thymocytes and
naïve T cells lacking Vps34 by intracellular staining. The levels of Bcl-2 in CD4+ T cells
from Vps34f/fLck-cre mice were reduced by 30-80% (Figure 7A). The Bcl-2 level was also
slightly reduced in Vps34f/+Lck-cre CD4+ naive T cells (Figure 7A). Interestingly, Mcl-1
expression level was higher in Vps34f/fLck-cre T cells than that in control T cells (Figure
7B). These results are in contrast to those observed in Atg7f/fLck-cre T cells that Bcl-2
expression level was 2-fold higher while Mcl-1 expression was not altered compared to
control T cells (57). These data suggest that the reduced Bcl-2 expression levels may
cause the survival defect of Vps34f/fLck-cre T cells.
Given that Vps34f/fLck-cre T cells have defective survival, reduced IL-7Rα and
Bcl-2 expression, we asked whether genomic deletion Bim or overexpression of Bcl-2
itself, could rescue Vps34 deficiency in T lymphocytes. Deletion of Bim, a BH3-only proapoptotic protein that is induced upon cytokine withdrawal, had no effect on Vps34
deficiency (Figure 8A). However, the expression of a human Bcl-2 transgene (102)
significantly promoted early Vps34f/fLck-cre T cell survival at the CD4+ SP lineage
(Figure 8B and 8C). These results suggest that the defective survival of Vps34f/fLck-cre T
cells is not solely due to a reduced expression of Bcl-2.
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Figure 7: Dysregulated Bcl-2 family members in Vps34f/fLck-cre T cells
(A) Levels of Bcl-2 protein in Vps34f/fLck-cre T cells. Intracellular Bcl-2 staining of
Vps34f/fLck-cre T cells was normalized to that of WT T cells (n≥3). Student’s T tests
compare the MFI’s of the Bcl-2 levels to those of the WT controls before normalization.
(B) Intracellular staining of Mcl-1 in Vps34f/fLck-cre T cells. Shaded histograms represent
Ig-matched isotype controls.
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Figure 8: A Bcl-2 transgene partially rescues defective development in
Vps34 Lck-cre thymocytes
f/f

(A) Thymocyte number in Vps34-deficient mice lacking Bim. Single or double KO mice
at 6-8 weeks of age in the indicated genetic background were measured for their
thymocyte numbers. (B) Thymic profile of WT and Vps34-deficient thymocytes with
enforced expression of a hBcl-2 transgene. CD4+ SP thymocytes were partially rescued,
as quantified in (C). Experiments performed using 8 pairs of mice in 4 independent
experiments.
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4. Interleukin-7 Receptor Dynamics are Controlled by
Vps34 Activity in T Lymphocytes
IL-7 is the pivotal cytokine for naïve T lymphocyte survival by promoting
multiple anti-apoptotic pathways (103). IL-7, produced mainly by stromal elements in
secondary lymphoid organs, is unique, since its production is not dependent on
exogenous signals, but is kept at constant levels (104). Thus, usage of this cytokine must
be enforced on a cell autonomous basis through the regulation of IL-7R
surface expression. The IL-7R consists of IL-7Rα and the γc chain that is also shared by
type 1 cytokines (105). The responsiveness of T lymphocytes to IL-7 is regulated
primarily by IL-7Rα since the γc is ubiquitously expressed (103, 104).
Much work has been done to study the regulation of IL-7Rα expression at the
transcriptional level (103, 106). Robust IL-7 signaling induces downregulation of IL-7Rα
mRNA transcription (107). IL-7 induced downregulation of IL-7Rα on T lymphocytes is
thought to be an important homeostatic mechanism to ensure the maximal survival of
naïve T cells in an IL-7 limited environment.
Recent studies have demonstrated that IL-7Rα is also subjected to
posttranslational regulation. IL-7Rα is internalized under steady-state and upon IL-7
stimulation through clathrin-mediated endocytosis (108). Although some of the
internalized IL-7Rα is degraded in a proteasome- and lysosome-dependent manner, a
significant fraction of the internalized IL-7Rα recycles back to the cell surface, which is
essential to maintain proper IL-7Rα surface expression (108, 109). However, how IL-7Rα
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trafficking is completed intracellularly and what molecules regulate this key process
remain unknown.

4.1 IL-7R Dynamics are Severely Impaired in Vps34f/fLck-cre T
Lymphocytes
One place that Vps34 may mediate its effect is on intracellular sorting. Since
Vps34 is localized largely to early endosomes, multivesicular bodies, and the Golgi (97,
110) and Vps34f/fLck-cre T cells have reduced survival and Bcl-2 expression, we
hypothesized that Vps34 may regulate homeostatic sorting of pro-survival cytokine
receptor(s) in T lymphocytes. IL-7/IL-7R interaction provides critical survival signals to
naïve T cells (103) and recent data suggest that IL-7Rα is internalized and a fraction of
the internalized receptor recycles back to the surface on human T lymphocytes (108,
109). To investigate whether Vps34 regulates IL-7Rα surface display, we examined IL7Rα levels on freshly isolated wildtype and Vps34f/fLck-cre thymocytes or CD4+ naïve T
cells. Interestingly, IL-7Rα levels on Vps34f/fLck-cre CD4+ SP thymocytes or naïve T cells
were lower than wildtype controls (Figure 9A and 13A). In these experiments, DP
thymocytes were used as a baseline, since they express very little IL-7Rα,
indistinguishable from isotype controls. When thymocytes were placed in media
without exogenous IL-7, Vps34f/fLck-cre CD4+ SP thymocytes were unable to maintain
IL-7Rα expression (Figure 9A). However, Vps34f/fLck-cre CD4+ SP thymocytes efficiently
downregulated IL-7Rα surface expression upon IL-7 stimulation (Figure 9A). The
reduced IL-7Rα surface expression in Vps34f/fLck-cre T cells was not due to reduced
49

mRNA of IL-7Rα (Figure 9C). These results demonstrate that IL-7Rα internalization and
transcription are not impaired.
To test the functional consequence of impaired IL-7Rα surface expression, we
examined Stat5 phosphorylation in Vps34f/fLck-cre T cells. Lymphocytes from
Vps34f/fLck-cre and wildtype littermate control mice were starved for 6 hrs and cultured
with various doses of rIL-7 for 20 minutes. Cells were fixed and levels of phosphorylated
Stat5 were measured. Phosphorylation of Stat5 in Vps34f/fLck-cre CD4+ lymphocytes in
response to IL-7 was impaired and the defect could not be overcome by a high level of
IL-7 (10 ng/ml) (Figure 9B). B220+ B cells present in the same sample served as positive
control had a maximal upregulation of phosphorylated-Stat5 (Figure 9B). Together,
these results demonstrate that Vps34 regulates IL-7Rα surface expression in T
lymphocytes through a transcription independent mechanism.
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Figure 9: Impaired IL-7Rα
α expression and signaling in Vps34f/fLck-cre T cells.
(A) IL-7Rα expression on Vps34f/fLck-cre thymocytes. (B) IL-7Rα mRNA expression in
Vps34f/fLck-cre T cells. Freshly isolated naïve CD4+ T cells from WT and Vps34f/fLck-cre
mice were measured for IL-7Rα mRNA expression with two primer sets, one 5’ and one
3’, and normalized to β-actin. (C) IL-7 induced Stat5 phosphorylation in Vps34f/fLck-cre T
cells. Naïve CD4+ T cells were stimulated with IL-7 and assessed for Stat5
phosphorylation by intracellular staining. Unshaded histograms represent WT T cells,
dark gray histograms represent Vps34f/fLck-cre T cells, lightly shaded histograms are
isotype controls.
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4.1.1 Impaired IL-7Rα Surface Display Leads to Impaired IL-7 Uptake
Studies suggest that IL-7Rα is constitutively internalized via clathrin-coated pits
and the internalization is increased upon IL-7 stimulation (108). Upon internalization, a
fraction of IL-7Rα is degraded while a significant fraction recycles back to the cell
surface. We tested IL-7Rα intracellular trafficking and degradation using fluorophorelabeled recombinant IL-7. When added to in vitro cultures of primary T lymphocytes,
wildtype naïve CD4+ lymphocytes efficiently took up the IL-7, and over a period of 20
hr, gradually degraded the fluorophore signal (Figure 10A and 10B), presumably via the
lysosome and proteasome (108, 109). However, although Vps34f/fLck-cre T cells only took
up ~50% of the amount of labeled IL-7 and some only had background levels of the
cytokine (Figure 10A), by 4 hr, the amount of labeled IL-7 on these cells was equal to
that on control T cells on a per cell basis (Figure 10B). By 20 hr, all the initially bound IL7 was still present in Vps34f/fLck-cre T cells (Figure 10A and 10B). In contrast, B220+ cells
from Vps34f/fLck-cre mice took up similar levels of IL-7 (Figure 10A) and degraded the
cytokine within 20 hr (data not shown). These results suggest that Vps34f/fLck-cre T cells
had a defect in proper trafficking of the cytokine-receptor complex so it cannot recycle
back to the cell surface or traffic to degradative compartments.
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Figure 10: Impaired IL-7 uptake and degradation in Vps34-deficient
lymphocytes
(A) Uptake of FITC-conjugated rhIL-7 in freshly isolated, non-permeabilized,
control and Vps34f/fLck-cre CD4+ T cells. B cells were used as controls. (B) IL-7
degradation in Vps34f/fLck-cre T cells. FITC-rhIL-7 was measured on control and
Vps34f/fLck-cre T cells at 4 and 20 hours. Data were normalized to the MFI of bound and
internalized rhIL-7 on these T cells at 0 hours.
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4.2 Vps34 Regulates IL-7Rα Trafficking in a Specific Manner
The inability to respond to IL-7 was specific to IL-7Rα, as CD132 was expressed
normally on Vps34f/fLck-cre T cells at all stages of development (Figure 11A). CD132 has
a very simple trafficking pattern. After signaling and endocytosis, it is targeted to late
endosomes and degraded by lysosomes (111). The differential effect on IL-7Rα and
CD132 expression on Vps34f/fLck-cre T cells suggests that IL-7Rα is regulated in a
different manner. We have also tested the receptor levels for several other cell surface
markers, some of which have known kinetics and trafficking patterns. We measured the
expression of these markers in permeabilized and non-permeabilized cells. CD3, CD25
(IL-2Rα) and TCRβ, which all have very rapid recycling patterns dependent on early
endosomal function, as well as CD124 (IL-4Rα), CD5, and α4β7 integrin, all had similar
expression regardless of Vps34 expression (Figure 11B). These results suggest that the
defective IL-7Rα expression on Vps34f/fLck-cre T cells is not due to a global defect in cell
surface receptor expression.
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Figure 11: The trafficking defect in Vps34 T cells is limited to IL-7Rα
(A) Expression of CD132, a non-recycling subunit of the IL-7 receptor, on the surface of
freshly isolated Vps34f/fLck-cre T cells. (B) Shown are FACS staining profiles for the
indicated receptors in both permeabilized (gray) and non-permeabilized (black)
peripheral naïve CD4+ T cells. These receptors include common γ chain cytokine
receptors with known trafficking patterns, cell adhesions molecules, and TCR subunits.
All measurements were performed on freshly isolated cells from the lymph nodes.
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4.2.1 Early Endosomal Function is Perturbed in Vps34f/fLck-cre T
Cells
To investigate why IL-7R trafficking is perturbed in Vps34-deficient T cells, we
looked at early endosomal function. Vps34 produces PI(3)P, which acts as an important
localization signal to Rab5 and Eea1, both early endosomal markers. The transferrin
receptor, CD71, is an important molecule for the cellular uptake of iron, and is one of the
best studied rapidly recycled receptors, entirely utilizing early endosomes for this
process. Vps34-deficient T cells had high surface levels of this receptor, often two to
three times higher than WT T cells, suggesting early endosomal dysfunction (Figure
12A). To dig deeper, T cells were stained with NRH-PE to label all endocytic and
multivesicular bodies. Vps34-deficient T cells took up twice the amount of NRH-PE as
WT T cells (Figure 12B) and had lags in the turnover of this reporter molecule at 24
hours, suggesting not only an increase in MVB formation, but a defect in the
maturation/turnover of these intracellular compartments.

56

Figure 12: Early endosomal function and maturation are impaired in
Vps34 Lck-cre T cells
f/f

(A) Levels of transferrin receptor on WT and Vps34 T cells, freshly isolated from
lymph nodes. (B) NRH-PE vesicular staining of CD4 T cells freshly post administration
(upper panels) and 24 post administration of the marker.

57

4.3 A Significant Proportion IL-7Rα is Intracellular
To further investigate the regulation of IL-7Rα intracellular trafficking by Vps34,
we measured the levels of IL-7Rα before and after permeabilization of control and
Vps34f/fLck-cre T cells. When T cells were permeabilized, the levels of IL-7Rα were
doubled from cell surface staining (Figure 13A). In Vps34f/fLck-cre T cells, the levels of
intracellular IL-7Rα (Total staining minus cell surface staining) were comparable to
those in wildtype T cells (Figure 13A). When compared to wildtype T cells, the
proportion of membrane-bound IL-7Rα in Vps34f/fLck-cre T cells was reduced by 60-70%
(Figure 13B). Since MVB’s are a major subcellular sorting site, and several ESCRT
subunits have either FYVE or GLUE domains, both of which bind PI(3)P (112, 113), these
organelles were quantified. Although the expression levels of the GLUE domaincontaining HGF-regulated tyrosine kinase substrate (HRS), an ESCRT-0 core protein,
were similar in Vps34f/fLck-cre T cells (Figure 13C), the size of the MVB as measured by
HRS volume under fluorescence microscopy was vastly increased (Figure 13D). We next
examined the expression levels of Vps35, a retromer subunit, responsible for retrograde
translocation of post endocytic components back to the Golgi for surface expression, and
Vps36, a GLUE domain-bearing ESCRT-II subunit that can bind ubiquitinated proteins.
The expression levels of Vps35 and Vps36 in Vps34f/fLck-cre T cells were increased
(Figure 13E). These results suggest that MVBs in Vps34-deficient T cells are less dynamic
and have a deficiency in maturing towards either Golgi or lysosomal compartments.
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Figure 13: Intracellular trafficking of IL-7Rα
α in Vps34f/fLck-cre T cells.
(A) IL-7Rα expression in permeabilized (blue) or surface (red) stained of freshly isolated
CD4+CD44lo T cells in WT and Vps34f/fLck-cre T lymphocytes. Numbers indicate MFI’s of
IL-7Rα. (B) Proportion of surface IL-7Rα expression on Vps34f/fLck-cre T cells. The results
are derived from staining shown in (A) from 4 experiments. (C) Expression of HRS, an
ESCRT-0 protein, in WT and Vps34f/fLck-cre T cells. Intracellular staining of HRS was
measured by FACS. (D) Average volume of HRS-containing MVB in WT and
Vps34f/fLck-cre T cells as measured by fluorescence microscopy. NRH-PE was used to
label endocytotic vesicles and normalize HRS fluorescence. (E) Expression of Vps35
(retromer subunit) and Vps36 (ESCRT-II subunit) in Vps34f/fLck-cre T cells. Intracellular
staining of Vps35 and Vps36 were performed on WT and Vps34f/fLck-cre T cells.
Accumulation of these proteins indicates lack of MVB maturation in the absence of
Vps34. Dotted lines in (A, C and E) are isotype matched antibody control. Data are
representative of three experiments.
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4.4 Vps34 Localizes to MVB to Promote IL-7Rα Recycling Via
Vps36 Containing Vesicles
To investigate the role of Vps34 in MVB sorting in T lymphocytes, naïve CD4+ T
cells were stained with Vps34 and HRS. There was a consistent co-localization between
the two markers, indicating that Vps34 localizes to early-stage MVB in T lymphocytes
(Figure 14A). However, there was little co-localization between IL-7Rα and HRS (Figure
14A). Much of the IL-7Rα localized in compartments in close proximity to the Golgi
enzyme mannosidase (Figure 14B). This brings up the possibility that intracellular IL7Rα trafficking requires a retrograde transport to the Golgi for surface re-expression.
Since Vps34f/fLck-cre T cells had increased MVB size (Figure 13D), we hypothesized that
Vps34f/fLck-cre T cells have impaired inward vesiculation mediated by ESCRT proteins.
Using the ESCRT-II protein Vps36 as a marker, which contains a GLUE domain, WT and
Vps34f/fLck-cre T cells were co-stained for IL-7Rα and TGN46, a trans-Golgi marker. A
majority of the punctate intracellular IL-7Rα colocalized with Vps36 in WT T cells, but
not in Vps34f/fLck-cre T cells (Figure 14C and 14D). We hypothesize that Vps36 needs
PI(3)P for proper localization in order to mediate the inward vesiculation of IL-7Rα
containing vesicles from the MVB. Consistent with results seen in Figure 14B, a
significant portion of both IL-7Rα and Vps36 also localized to the Golgi in WT but not
Vps34f/fLck-cre T cells (Figure 14C). This suggests that IL-7Rα requires MVB to Golgi
sorting for proper recycling.
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To further investigate the possibility of a retrograde endosome to Golgi recycling
event necessary for optimal IL-7Rα surface expression, naïve CD4+ T cells were starved
for 2 hr, and co-stained for Vps35 and IL-7Rα. Vps35 is involved in the retromer
complex that has been shown to mediate retrograde transport of early- or lateendosomal cargos for secretion or surface re-expression (114), that would otherwise be
degraded in the late-endosomal to lysosomal pathway (115). A significant portion of
intracellular IL-7Rα co-localized with Vps35 positive compartments (Figure 14E),
although not nearly as well as with Vps36. Very little IL-7Rα was observed colocalizing
with Vps35 in the absence of Vps34. This observation is consistent with previous data
that at steady-state some internalized IL-7Rα is not recycled (109).
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Figure 14: Internalized IL-7Ra localizes primarily within Vps36-bearing
vesicles
Freshly isolated T cells were fixed, permeabilized and stained with indicated antibodies
for fluorescence microscopy. (A) Vps34 colocalizes with HRS in MVB. (B) IL-7Rα is
enriched near the Golgi apparatus. (C) Vps36 colocalizes with IL-7Rα intracellularly, and
to a lesser extent, with TGN46 in WT T cells. (D) Quantification of IL-7Rα and Vps36
colocalization (n=20). (E) Colocalization between IL-7Rα and Vps35 (n=20). Data are
representative of two experiments.
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4.5 Defective IL-7Rα Recovery in Vps34-Deficient T Cells
To investigate the kinetics of IL-7Rα surface expression in the absence of Vps34,
pronase was administered to purified naïve CD4+ cells and the recovery of surface IL7Rα was measured as described (116). In short, this proteinase was administered to T
cells to cleave surface receptors and the cells were allowed to recover in media for the
indicated time points. The receptor was detectable on the surface of WT cells within 2 hr
post cleavage, and reached peak levels by 6 hr under starvation conditions (Figure 15A).
However, Vps34f/fLck-cre T cells had minimal recovery up to 6 hrs post cleavage and not
until 8 hrs post treatment did a majority of IL-7Rα recover (Figure 15A). The recovery of
IL-7Rα surface expression was inhibited by the microfilament polymerization inhibitor,
cytochalasin B, up to 4 hours post pronase treatment (Figure 15B and 15C). However,
addition of the protein biosynthesis inhibitor cycloheximide (CHX), had minimal effect
on IL-7Rα recovery in wildtype T cells until 6 hr post treatment (Figure 15B and 15C).
These results suggest that naïve T cells have an intracellular store of IL-7Rα sufficient to
withstand at least several hours of starvation without the need to translate new protein.
Such a mechanism would allow naïve T cells to rapidly adapt autonomously to changes
in local cytokine concentration, perhaps even by polarizing receptor surface display
towards higher local concentrations. In contrast, Vps34f/fLck-cre T cells have minimal
potential to redisplay intracellular IL-7Rα and must rely solely on de novo synthesized
receptor at later time points, putting them at a marked competitive disadvantage.
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Figure 15: Defective recovery of IL-7Rα in Vps34f/fLck-cre T cells that is
dependent upon vesicular trafficking
(A) IL-7Rα expression on Vps34f/fLck-cre T cells post-pronase treatment.
Vps34f/fLck-cre CD4+ T cells were treated twice with 0.08% pronase for 15 minutes,
washed, and allowed to recover for indicated times, in the presence or absence (B) of
cycloheximide (CHX) or cytochalasin B (cytoB). Gray histograms represent IL-7Rα
surface levels at time 0, immediately after pronase treatment and indicative of pronase
efficacy. (C) Values from (A) and (B) are calculated, normalized to starting IL-7Rα
surface expression. n=4; ND=Not determined. Data are representative of two
independent experiments.
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5. Vps34 is not Required for Autophagy in T
Lymphocytes
Since Vps34 is primarily associated with the induction of autophagy in union
with Beclin-1, we sought to measure not only autophagy in Vps34-deficient T cells, but
to assess whether or not they resembled T cells deficient in several core autophagic
proteins (Atg3, Atg5, Atg7). Furthermore, autophagy can be invited by several signals in
T cells, including starvation and TCR signaling, both of which may or may not be
dependent upon Vps34 kinetic activity.

5.1 Vps34f/fLck-cre CD4 T Cells have no Defect in Autophagy
Induction or Progression
Similar to autophagy-deficient T cells (Atg5- or Atg7-null), Vps34f/fLck-cre T cells
exhibited reduced numbers and increased spontaneous apoptosis. Since Vps34 has been
shown to be critical in autophagy induction in almost all organisms and cells types
investigated (95, 117), we tested whether there were any discernable defects in several
forms of autophagy induction in Vps34f/fLck-cre T cells. Autophagy is induced in T
lymphocytes by stimulation through the TCR complex (11). We stimulated wildtype and
Vps34f/fLck-cre naïve CD4+ T cells with anti-CD3 plus anti-CD28 and examined LC-3
punctae formation. Although there was a significant increase in cell death in the TCRstimulated Vps34f/fLck-cre T cells (data not shown), live cells were sorted after 48 hours
of stimulation and analyzed for LC3 lipidation and aggregation by fluorescence
microscopy. Qualitatively, these punctae had various sizes and varied in their
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cytoplasmic location considerably (Figure 16A). However, there was no quantitative
difference in the number of punctae between activated wildtype and Vps34f/fLck-cre T
cells, nor the size of said punctae (Figure 16A). Sorted, activated T lymphocytes from an
Atg3f/fLck-cre (Atg3-/-) were used as a negative control for induction. We next examined
starvation-induced autophagy. Since many Vps34f/fLck-cre T cells are committed to
apoptosis by 24 hr, we examined shorter starvation periods. Naïve CD4+ T lymphocytes
were withdrawn from serum (iRPMI) or amino acids (HBSS) for 16 hr and cultured in
vitro. Cells were then stained for LC3 and punctae were quantified. Consistent with
TCR-stimulation induced autophagy, no defect in starvation-induced autophagy in
Vps34f/fLck-cre T cells was found (Figure 16B). LC3 processing assessed by western blot
was also normal in T cells lacking Vps34 (Figre 16C).
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Figure 16: Autophagy initiation is normal in Vps34f/fLck-cre T cells
(A) Activation-induced autophagy in Vps34f/fLck-cre T cells. 48 hours post antiCD3/CD28 stimulation, control, Vps34f/fLck-cre, and Atg3f/fLck-cre CD4+ cells were
stained with anti-LC3 antibody and quantified for LC3 punctae formation by
microscopy. Shown are representative pictures of the LC3 staining. A total of 30 cells
were counted and shown. (B) Starvation-induced autophagy. 16 hours post-starvation,
autophagy was measured in the indicated cells under different culture media. A total of
30 cells were quantified. (C) Western Blot analysis of LC3 processing and p62
degradation in WT and Vps34-deficient T cells 16 hours ex vivo in complete RPMI,
starved in HBSS, or starved in HBSS with 2.5 uM wortmannin to inhibit autophagic flux.
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Next, in order to estimate a measure of autophagic flux in general, we chose a
specific substrate, p62 (SQSTM1), which is selectively degraded during autophagy. In
fresh Vps34f/fLck-cre CD4 T cells, levels of p62 were slightly higher than WT controls,
and this difference was more pronounced 6hrs after TCR stimulation. However, 20hrs
post stimulation, Vps34f/fLck-cre T cells had efficiently downregulated p62 to WT levels,
which were considerably lower than p62 levels in resting T cells (Figure 17A). p62
degradation was also similar between Vps34f/fLck-cre and wildtype T lymphocytes
under starvation conditions (Figure 17A). In T lymphocytes, amino acid withdrawal
(HBSS) did not seem to induce autophagy to levels over that of serum withdrawal
(iRPMI), but was readily inhibited by the addition of 5mM 3-Methyladenine (3MA)
(Figure 17B). Finally, we investigated the basal levels of autophagy in Vps34f/fLck-cre T
cells using transmission electron microscopy. Although many abnormal vesicles were
present in naïve Vps34f/fLck-cre lymphocytes, autophagosomes, with characteristic
double-membrane bound morphology and cytoplasmic contents, were clearly observed
(Figure 17B). When both electron scarce double-membrane bound structures
(autophagosomes) and electron dense structures (lysosomes) were quantified in WT and
Vps34f/fLck-cre T cell cross sections, no difference was observed, indicating that
autophagy initiation was not only intact in the absence of Vps34, but maturation of
autolysosomes appeared to be normal as well in T lymphocytes (Figure 17C). Thus, no
obvious defects in the three major forms of autophagy (basal, TCR- and starvation-
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induced) in T cells were observed in Vps34f/fLck-cre T cells. Collectively, these results
demonstrate that Vps34 is not required for autophagic initiation nor substrate inclusion
into autophagosomes in T lymphocytes.
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Figure 17: Autophagic flux and basal autophagy remain intact in the absence
of Vps34
(A) Measurements of p62 (SQSTM1) degradation by intracellular stain in activated CD4+
T cells, in ex vivo, 6hr stimulated, and 20hr stimulated conditions. Dotted line:isotype
control. N=4 pairs of mice in independent experiments. (B) TEM of Vps34f/fLck-cre CD4+
T cells. Left panels are representative of WT T cells with ordered Golgi stacks and
budding vesicles. Right panels are representative of Vps34f/fLck-cre T cells with
asymmetric vesicle traffic, but intact autophagosomes. Arrows indicate autophagosomal
structures in Vps34f/fLck-cre T cells. A total of 25 cells from each genotype have been
examined with TEM. (C) Double membrane-bound structures taken from TEM slices
were quantified as autophagosomes or autolysosomes depending on electron densities
and quantified. N=35 cells were analyzed in either genotype.
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5.2 Vps34f/fLck-cre T Cells Display no Similarity to Atg3-,Atg5-,
or Atg7-deficient T Cells
Autophagy-deficient T lymphocytes exhibit several other important defects
including impaired clearance of mitochondria, increased production of reactive
oxidative species (ROS), and an inability to proliferate upon TCR stimulation (11, 57).
However, Vps34f/fLck-cre T cells had comparable levels of mitochondria and ROS to
those observed in wildtype T cells (Figure 18A and 18B), indicating that both mitophagy
and pexophagy are intact in maintaining the intracellular redox state in the absence of
Vps34. Additionally, this rules out these mechanisms as causes for the increased
apoptosis witnessed in Vps34-deficient T cells, as enhanced ROS are cytotoxic to cells,
and the deletion of autophagy machinery leads to increased ROS levels (118).
Furthermore, Vps34f/fLck-cre T cells had equal proliferative capacity to wildtype T cells
from littermate controls (Figure 17C). Therefore, not only do Vps34f/fLck-cre T
lymphocytes show no defect in the initiation nor progression of autophagy, they are
phenotypically distinct from Atg3-, Atg5-, and Atg7-deficient T cells.

71

Figure 18: Vps34f/fLck-cre T lymphocytes show no phenotypic similarity to
autophagy-deficient T cells
CD4+ T cells from 6-week old control and Vps34-deficient mice were examined for
mitochondria volume, ROS production and proliferation. (A) Mitochondrial masses as
measured by Mitotracker staining. (B) ROS production as measured by DHE conversion.
(C) Proliferation of splenic Vps34-deficient T cells 72 hrs post soluble anti-CD3 and antiCD28 stimulation. Dotted line: negative staining control; solid line: unstimulated T cells;
gray histogram: stimulated T cells.
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6. Class I PI3K Activity is Necessary for Autophagy
Induction in T Lymphocytes
We have thus far shown that Vps34 kinase activity is dispensable for autophagy
induction and progression. However, both starvation- and TCR-induced autophagy are
sensitive to pan-PI3K inhibition, such as 3MA. Additionally, since other classes of PI3K,
especially class Ia, are activated during TCR engagement with peptide-MHC complexes,
and have specialized roles in the immune system (119), I hypothesized that these Ia
family PI3K are responsible for linking TCR activation to autophagy. Interestingly, the
class I PI3K subunit, P110β, functions as a positive regulator of autophagy by serving as
a scaffolding protein in mouse embryonic fibroblasts (MEFs) (120). In contrast,
knockdown on the class I PI3K subunit, P110δ, in myeloma cells results in the potent
activation of autophagy (121).Therefore, we sought to determine the specific classes and
isoforms responsible for autophagy induction in starvation and TCR activation-induced
autophagy. To do this, we employed both small molecule inhibitors and genetic models
of class I PI3K deletion and constitutive activation.

6.1 Class I PI3K Activity is Required for T Cell StarvationInduced Autophagy.
Since the kinase activity of the class III PI3K, Vps34, is dispensable for autophagy
induction in T cells (60), if not the entire protein itself (122), we investigated what other
classes of PI3K were required for starvation-induced autophagy. We measured acidic
vesicular organelle (AVO) formation in naïve T cells with acridine orange staining as a
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surrogate for autophagy induction. Starved murine CD4+ T cells had increased AVO
formation while the addition of interleukin 7 (IL-7), 3-methyladenine (3MA), and the
class I PI3K inhibitor PIK75, all inhibited autophagy at various levels (Figure 19A). The
use of PIK75 at 20nM reflected an IC50 for PI3K1α, while 100nM reflects an IC50 of
PI3K1γ and δ. 2uM PIK75 inhibits all four class I isoforms, α, β, γ, and δ. Atg3f/fLck-cre
CD4+ T cells were used to assess the contribution of lysosomes as background readings
to the AVO’s observed (Figure 19A), as they have severely impaired autophagosomal
formation (87). The pan-PI3K inhibitor, 3MA, and 100nM PIK75 had the greatest impact
upon AVO formation (Figure 19A and 19B), suggesting that PI3K1γ and/or δ are the
major contributors to starvation-induced autophagy in T cells.

6.1.1 AVO’s Represent De Facto Autophagosomes
We next sought to validate the AVO’s observed in Figure 19A were de facto
autophagosomes using endogenous LC3II punctate formation as a measure of
autophagy induction. Starvation increased the number of LC3 positive structures, while
the addition of 3MA, wortmannin, 100nM PIK75, and 2uM PIK75 reduced the number of
LC3 positive structures (Figure 19C and 19D). 20nM PIK75 had a much smaller
inhibitory effect on autophagy induction, suggesting that P110α is only minimally
involved in starvation-induced autophagy in primary T cells (Figure 19D).
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Figure 19: Class I PI3K activity is essential for starvation-induced autophagy in
T lymphocytes
(A) AVO profiles of CD4 T lymphocytes starved for 48hrs in HBSS and treated with the
indicated activators inhibitors of PI3K. Atg3f/fLck-cre T cells were used as a negative
control to assess background lysosomal contribution. Gates and numbers indicate the
percentage of cells that have upregulated autophagy above basal levels. (B) Quantitation
of (A), representative of at least 4 independent experiments per condition. (C)
Fluorescence microscopy of endogenous LC3 punctate structures 48hrs post starvation
with the indicated inhibitors. (D) Quantitation of starvation-induced LC3 aggregates 48
hrs post starvation. Data are representative of at least 2 independent experiments per
condition with at least 30 cells counted in each replicate.
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To further investigate the role of P110α in autophagy induction, mouse T cells
were induced to express a constitutively active form of P110α (P110caf/fER-cre). 48 hours
post induction, CD4+ T cells had increased Akt activity, suggesting a constitutively
active PI3K pathway (Figure 20A). Although P110ca expressing naïve T cells cultured
under complete media had slightly increased levels of LC3+ punctae (Figure 20B), no
difference in AVO formation could be detected 48 hours post-starvation (Figure 20C and
20D), further reinforcing that P110α is not the major isoform responsible for autophagy
induction in T cells, but that p110γ, p110δ, and perhaps p110β are the major drivers of
autophagy.
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Figure 20: A constitutively active PI3K isoform only has a minimal effect on
autophagy induction
(A) pAKT Western blot for constitutively active P110α knock in CD4 T cells
(KI=P110caf/fER-cre). CD4 T cells were subjected to 500nM 4OH Tamoxifen treatment for
the indicated times and protein isolated for Western Blot. (B) LC3 punctate formation in
resting naïve CD4 T cells expressing 0, 1, or 2 alleles of constitutively active p110α, 48
hours post induction with 500nM 4OH Tamoxifen. (C) Representative histograms
detailing AVO formation of CD4 T cells treated as in (B) and starved for 48 hours in
HBSS (D) Quantitation of (C), representative of 4 independent experiments.
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6.1.2 Common Gamma Chain Cytokines Inhibit Starvation-Induced
Autophagy and Reduce Cellular PI(3)P
Since the addition of IL-7 was able to prevent AVO formation, despite the
absence of both serum and amino acids, and despite the purported ability of the γc chain
to activate the PI3K pathway, we next sought to determine the capacity of other
homeostatic T cell cytokines to affect autophagy. IL-4 and IL-7 both had a potent
inhibitory effect on AVO formation in CD4+ T cells, while IL-15 had a reduced potency
(Figure 21A). Furthermore, IL-7 reduced the production of PI(3)P in CD4+ T cells (Figure
21B and 21C). The capacity of IL-4, IL-7, and IL-15 to regulate T cell autophagy was
further confirmed using LC3 punctate formation (Figure 21D and 21E). Each cytokine
was able to significantly reduce autophagy in naïve T lymphocytes. This would suggest
that in addition to the shared PI3K pathway activated by these cytokines, additional
factors are involved in mediating an autophagic response downstream of PI3K.
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Figure 21: Common gamma chain cytokines restrict autophagy and decrease
cellular PI(3)P
(A) AVO profiles of naïve CD4 T lymphocytes starved in HBSS for 48hours with the
indicated cytokines. Histograms are representative of 3 independent experiments. IL-4
and IL-7 had potent effects on starvation-induced AVO formation, while IL-15 had a less
drastic effect. (B) FACS analysis of PI(3)P levels in CD4 T lymphocytes either at steadystate or treated with IL-7. IL-7 had the effect of reducing PI(3)P levels to background
levels. (C) Quantitation of (B), PI(3)P levels in CD4 T cells, entailing 3 independent
experiments. (D) Fluorescence microscopy of LC3 aggregates in naïve, starved CD4 T
lymphocytes treated with the indicated γc cytokines for 48 hours, permeabilized, and
stained with anti-LC3. Data are representative of fields observed. (E) Quantitation of
(D), with at least 30 cells counted for each condition. The indicated cytokines
significantly reduced LC3 punctate formation. P values are from unpaired, two-tailed
Student’s T tests.
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6.2 Induction of Autophagy Via the TCR Requires Class I PI3K
Activity
T cell receptor (TCR) signaling is a highly potent activator of autophagy in T cells
(123, 124). TCR engagement is also known to strongly activate the class I PI3K pathway,
providing an important clue as to how the two processes might be linked. To this end,
we activated splenocytes with anti-CD3 and anti-CD28 for 24 or 48 hours in the presence
of various PI3K inhibitors, and examined AVO induction. For these experiments,
CytoID was used because less background lysosomal staining was observed when
compared to AO. TCR stimulation induced AVO formation, which was inhibited by
100nM and 2uM PIK75, suggesting p110γ/δ involvement in TCR-induced autophagy
(Figure 22A and 22B).
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Figure 22: Class I PI3K isoforms are required for TCR stimulation induced
autophagy
(A) AVO formation histograms from TCR stimulated CD4 T lymphocytes stimulated
with 1ug/mL soluble anti-CD3 and anti-CD28 for 24 and 48hrs with the indicated
reagents. 5mM 3MA, 100nM PIK75, and 2uM PIK75 potently reduced AVO formation,
especially at 48hrs. Histograms are representative of at least 3 independent experiments
under each condition. (B) Quantitation of AVO formation from (A) summarizing at least
3 independent experiments per condition.
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6.2.2 Proper Localization of Class I PI3K is Necessary for TCRMediated Autophagy
In order to fully inhibit class I PI3K, we crossed mice with loxP sites flanking the
p85 regulatory subunit of PI3KI (which also contains the p55 splice variant that acts as
the regulatory subunit of class Ib PI3K) to an estrogen inducible cre recombinase to
create p85f/fER-cre mice. p85 is required for the proper localization, and therefore the
activity of the p110 catalytic subunits of class I PI3K. 96 hours after deletion with 4-OH
tamoxifen, all the floxed allele was absent, leaving only the deleted allele (Figure 23A).
When p85f/fER-cre or p85f/+ER-cre CD4+ T lymphocytes were stimulated through the TCR,
they showed an AVO formation profile that was impaired by 60-80% compared to WT
CD4+ T cells treated with 4-OH Tamoxifen or p85f/fER-cre T cells treated with vehicle
controls (Figure 23B and 23C). Additionally, when p85f/fER-cre T cells were stimulated,
they had a reduction in LC3II processing that was 50% reduced from undeleted controls
(Figure 23D, lower panel). The absence of p85 and p55 also almost completely inhibited
autophagic flux, as assessed by the degradation of p62, after TCR stimulation, whereas
WT T cells had a 40% degradative efficiency (Figure 23D, upper panel). These results
suggest that not only is PI3K kinase activity required for TCR-induced autophagy, but
also proper localization of the PI3K complex.
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Figure 23: The regulatory subunit of class I PI3K is required for maximal TCR
induced autophagy
(A) Genomic deletion efficiency of p85 in p85f/fER-cre CD4 T cells. CD4 T cells
were treated with 4OH Tamoxifen for the indicated times and DNA was isolated. 2
bands corresponding to the deleted band (298bp) and the loxP band (1275bp) were
visualized. By 4 and 6 days, all the loxP flanked genomic DNA was deleted by 4OH
Tamoxifen. (B) AVO formation in p85f/f and p85f/fER-cre CD4 T cells demonstrates the
requirement for class I PI3K in TCR-mediated autophagy induction. Splenocyte and
lymphocyte mixtures were cultured for 4 days in 1ng/mL IL-7 and either 500nM 4OH
Tamoxifen or EtOH, and stimulated for 2 days with 1ug/mL soluble anti-CD3 and antiCD28 for 48hrs. (C) Quantification of (B). Ratios of AVO formation of CD4 T cells pretreated with 4OH Tamoxifen or EtOH to those kept in complete media for 96hrs. Data
are compiled from 3 independent experiments. (D) p62 degradation and LC3 lipidation
are impaired in p85-deficient CD4 T cells. Cells were treated as in (B). Numbers indicate
band densities compared to those of β-actin.

83

6.2.3 TCR Activation-Induced Autophagy Requires Internalization of
the TCR Complex
Since p85 is required for the induction of autophagy in T lymphocytes, we
hypothesized that the production of PI(3)P occurs on endomembranes after the
internalization of the TCR complex. Consequently, early endosomes are highly enriched
for PI(3)P, and Vps34 is localized to early endosomes in T cells as well (60, 125). Utilizing
dynasore to inhibit dynamin function, including the internalization of TCR complexes
after TCR stimulation (126), AVO formation was examined. T cells treated with
dynamin failed to upregulate AVO’s and had an almost complete block in TCR
downregulation from the cell surface (Figure 24A and 24B), whereas rapamycin treated
cells had efficient AVO increase and no TCR internalization, and 3MA treated cells had a
block in AVO formation, but complete TCR internalization (Figure 24A and 24B).
Hence, the signaling events required for TCR-induced autophagy induction occur postinternalization of the TCR complex on signaling endomembranes.
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Figure 24: TCR internalization is a prerequisite of autophagy
(A) AVO formation in CD4 T cells pre-treated with 100uM Dynasore or 5mM 3MA for 1
hour and stimulated for 24 hours with 1ug/mL soluble anti-CD3 and anti-CD28. Lower
panel indicates the relative levels of TCR-β on the cell surface to demonstrate the
efficacy of Dynasore versus other treatments. (B) Quantification of AVO formation in
(A), data represents 3 independent experiments.
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6.3 HIV Glycoprotein Mediated Autophagy Requires Class I PI3K
Activity
The HIV glycoproteins GP40 and GP120 can bind to CXCR4 on uninfected T
lymphocytes and induce autophagy (65). CXCR4 is a G-protein coupled receptor
(GPCR), the downstream signaling of which often occurs through the class Ib PI3K,
PI3Kγ (127). To test whether autophagy downstream of HIV glycoprotein binding was
dependent on PI3K, we subjected hPBMCs to a soluble fusion protein consisting of the
exodomains of GP41 and GP120, termed GP140. Co-culture of hPBMC with the
synthetic glycoprotein induced an extremely high level of autophagy (Figure 25).
However, this autophagy was sensitive to 100nM PIK75 treatment, suggesting that HIV
glycoprotein autophagy induction follows a similar trend to that of TCR-mediated
autophagy induction (Figure 22). Whether this is through the delta or gamma isoform of
p110 remains to be determined, but might offer new insights into an elusive therapy for
this infection.

86

Figure 25: HIV glycoprotein autophagy is dependent upon class I PI3K

(A) AVO formation in hPBMC CD4 T cells exposed to soluble HIV GP140 fusion protein
at the indicated concentrations. Total PBMC’s were treated with the glycoprotein and
100nM PIK75 for 48 hours.
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7. The Inositol Phosphatases SHIP and Inpp4 are
Positive Regulators of Autophagy
Thus far, it is apparent that various class I isoforms, including p110γ, δ, and β are
positive regulators of autophagy in T lymphocytes. However, p110 kinase activity
canonically results in the production of PI(3,4,5)P3, and not PI(3)P, which is the
phosphatidylinositol species required for autophagy. This suggests that other enzymes
related to phosphatidylinsotiol phosphate production may also be involved. Two
different inositol phosphatase families, with linked activity, would be necessary to
derive PI(3)P from PI(3,4,5)P3. A 5’ inositol phosphatase, such as SHIP, known to be
involved in TCR signal quenching, could generate PI(3,4)P2 for PI(3)P production. And
in a like manner, certainly without mutual exclusion, a 4’ inositol phosphatase, such as
Inpp4, could generator PI(3)P from PI(3,4)P2. These two processes might be linked into
one complex, occur in rapid succession, or occur completely separated temporally and
spatially.

7.1 Inpp4 and SHIP Levels are Regulated and Directly
Correspond with Autophagy
Two 4’ phosphatases have been well described, Inpp4A and Inpp4B (reviewed in
(128)). Two SHIP isoforms are also well studied, SHIP1 and SHIP2. SHIP1 is of special
interest, as it is expressed almost exclusively in hematopoietic lineages. We used
quantitative PCR to measure how autophagic stimuli affect the levels of these 4’ and 5’
inositol phosphatases in T cells subjected to starvation and IL-7 treatment. IL-7
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treatment decreased the levels of Inpp4A and Inpp4B, as well as the levels of SHIP1 and
SHIP2 (Figure 26A) However, starvation had the opposite effect, with levels of Inpp4A
increasing dramatically (Figure 26A). While Inpp4A protein is expressed sparingly by
naïve T cells in media sufficient conditions, TCR stimulation increases the level of
Inpp4A 2-fold (Figure 26B and 26C). Additionally, naïve Vps34f/fLck-cre T cells have
increased levels of Inpp4A and that level is further increased upon TCR stimulation
(Figure 26D). This could be a compensatory mechanism that allows further processing
of PI(3,4)P2 into PI(3)P in the absence of Vps34’s kinase activity to directly produce
PI(3)P from PI. Hence the levels of various polyinositol phosphatases are directly
correlated to autophagic stimulators and are inversely correlated to the autophagic
repressor, IL-7. This could account for the difference seen in the autophagic response
between IL-7 treatment and TCR stimulation, even though PI(3,4,5)P3 is produced under
both circumstances.
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Figure 26: Inositol phosphatases are dynamically expressed and correlate with
autophagy induction signals
(A) Relative levels of inositol phosphatase mRNA in CD4 T cells 48 hours after
starvation in HBSS or with 10ng/mL IL-7. QPCR results were normalized to that of Bactin. Data are representative of 3 independent experiments with 3 replicates per
experiment. (B) Histogram of Inpp4A protein level in naïve or 24 hr stimulated CD4 T
cells, quantified in the right panel as 4 replicates from 3 independent experiments. Gray
histogram represents the isotype control, the dotted histogram is the naïve level, and
black histogram is the level in TCR activated cells. (C) Levels of Inpp4I from (B) in
activated or naïve subsets of T lineage cells. (D) Intracellular stains for Inpp4A protein
levels in WT or Vps34f/fLck-cre CD4 T cells (Vps34-/-). Data are from 3 replicates in 2
independent experiments.
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7.2 SHIP Activity is Required for TCR-Mediated Autophagy
Though levels of SHIP proteins correlated well with autophagy levels, we
wanted to investigate a direct role of SHIP in the induction of autophagy. As PI(3)P
could be derived from PI(3,4,5)P3, catalyzed by SHIP in T cells, we tested the effect of
pharmacological inhibition of SHIP on autophagy induction in T cells. The compound
AS1949490, which we termed Anchor because it prevents SHIP activity, had a drastic
impact on TCR-induced autophagy. We further sought to dissect the SHIP pathway by
investigating the activity of both SHIP1 and SHIP2. Using 500nM Anchor, selectively
inhibiting SHIP2 activity, and 15uM Anchor, inhibiting both SHIP2 and SHIP1, TCR
activity was modified and AVO formation measured. Although 500nM Anchor had
only a minor impact on AVO formation, 15uM almost completely inhibited any AVO
upregulation over unstimulated controls (Figure 27A and 27B).
To expand upon which SHIP protein is largely responsible for autophagy
induction, we collected hPBMCs from healthy donors and used siRNA knockdown of
either SHIP1, SHIP2, or both. 48 hours post TCR stimulation, AVO formation was
measured in CD4 or CD8 cells. Knockdown of either SHIP1 or SHIP2 had no discernible
effects on autophagy levels. However, knockdown of both proteins decreased AVO
formation by 50% (Figure 28A and 28B), suggesting that these proteins can compensate
for one another, or act in a redundant pathway.

91

Figure 27: Pharmacological inhibition of SHIP proteins interrupts autophagy
(A) AVO formation in CD4 T lymphocytes pre-treated with 500nM or 15uM
Anchor (AS1949490) for 1 hour and stimulated with either 1ug/mL soluble anti-CD3
alone or with anti-CD28 for 24 hours. 500nM Anchor inhibits SHIP2 activity and 15uM
inhibits both SHIP1 and SHIP2. (B) Quantification of AVO’s from (A). p values are
from paired, two tailed, Student’s T tests from 6 replicates in 3 independent
experiments.

92

Figure 28: The inositol phosphatases Inpp4 and SHIP are positive regulators of
autophagy
(A) AVO formation in siRNA mediated knockdown of Inpp4A, Inpp4B, and both SHIP1
and SHIP2. hPBMC CD4 T cells were purified as in (A) and electroporated to allow
uptake of 5ug/5x106 cells siRNA cocktails, allowed to recover in complete media for 72
hours and stimulated with .5ug/mL anti-CD3 and anti-CD28 for 48 hours. (B)
Quantification of stimulated CD4 T cells in (A), comparing the percentage of cells
upregulating AVO formation in the siRNA knockdown samples to a scrambled control
siRNA. Data are representative of cells from 5 donors in 4 independent experiments.
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7.2.1 Inpp4 is an Enhancer of Autophagy
Owing to the fact that SHIP activity was essential for TCR-mediated autophagy
induction, and that SHIP enzymatic products could impact autophagy, we next sought
to test the effects on knocking down Inpp4A and Inpp4B on TCR-mediated autophagy.
Using siRNA cocktails containing 4 clones each, hPBMCs were electroporated with
scrambled controls or siRNAs to Inpp4A and/or Inpp4B. When either Inpp4A or Inpp4B
were knocked down (efficiency figure), AVO formation in T cells stimulated with antiCD3 and anti-CD28 was reduced by ≈50% (Figure 28A and 28B). Interestingly, when
both Inpp4 proteins were knocked down, autophagy was not reduced any further than
when only one was inhibited (Figure 28B). Thus, Inpp4 proteins play positive roles in
autophagy induction, though based solely on knockdown studies, they are not
completely responsible for activation-induced autophagy.
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7.2.2 PI(3,4)P2, a Product of SHIP Can Be Hydrolyzed to PI(3)P and
Participate in the Autophagic Pathway
If PI(3,4)P2 is a relevant intermediate in TCR-mediated autophagy, the addition
of exogenous phospholipids should impact the autophagic pathway. To test this, we
added PI(3,4)P2 to T cell cultures and measured both PI(3)P production and AVO
formation. Naïve CD4+ T cells contain minimal amounts of PI(3)P and the addition of
PI(3,4)P2 only slightly increased PI(3)P levels, despite efficient loading of cells with
PI(3,4)P2 (Figure 29A and 29B). However, when cells were stimulated through the TCR,
cells that had previously been loaded with PI(3,4)P2 produced twice the amount of
PI(3)P and more efficiently hydrolyzed PI(3,4)P2, thus reducing the amount of loaded
phospholipid (Figure 29A and 29B). This had a major impact on autophagic
progression. Although by 24 hours, AVO formation was only slightly enhanced (Figure
29A), 120 hours later AVO’s had been completely cleared in stimulated T cells treated
with PI(3,4)P2 , while TCR-stimulated cells in the absence of exogenous lipid were still
undergoing some autophagy (Figure 29A right panels). Naïve T cells started to undergo
autophagy after a few days, despite being kept in complete media culture conditions,
possibly due to a stress response (Figure 29A). Consistent with previous data, PI(3,4)P2
loaded naïve T cells did not upregulate autophagy over unloaded controls, since no
upregulation of inositol phosphatases occur without an autophagic stimulus, nor should
any PI3K have been activated.
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Figure 29: PI(n)Ps can be loaded into T lymphocytes and are readily
convertible upon receiving autophagic stimuli
(A, left panel) Histograms of relative levels of PI(3)P and PI(3,4)P2 CD4 T cells were
loaded with 10uM PI(3,4)P2 and stimulated with 1ug/mL soluble anti-CD3 and antiCD28 for 24 and 120 hours. PI(3,4)P2 is largely converted to PI(3)P only after TCR
stimulation. (A, right panel) AVO formation of CD4 T cells loaded with PI(3,4)P2.
Exogenous PI(3,4)P2 effects an accelerated autophagic profile that is resolved by 120
hours compared to unloaded controls. (B) Quantification of phosphatidyl inositol levels
from CD4 T cells left untreated or loaded with PI(3,4)P2 and stimulated for 24 hours as in
(A). Data represent 4 replicates from 3 independent experiments.
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8. Discussion
8.1 Vps34 is Not Required for T Cell Autophagy but Class I PI3K
Isoforms Are.
Phosphatidylinositol 3-kinases consist of three classes and play important roles
in a wide variety of cellular functions (129). Although extensive studies have been
performed on the function of class I and II PI3Ks, relatively little is known about the
specific function of Vps34, the sole class III PI3K, in vivo. Through mice specifically
lacking Vps34 in T lineage cells, we have demonstrated that Vps34 is essential for
thymocyte survival and naïve T lymphocyte homeostasis. Though Vps34 is critical for
autophagy induction in other types of cells (92, 93), our data clearly demonstrate that it
is not required for autophagy induction in T lymphocytes. This conclusion is supported
by our findings that three major forms of autophagy including TCR-induced, starvation,
and basal level autophagy in Vps34f/fLck-cre T cells are comparable to those in wildtype
T lymphocytes.
Additionally, autophagic flux, measured by the turnover of an autophagyspecific substrate, p62/SQSTM1, is normal in Vps34f/fLck-cre T cells. We have not ruled
out that other, more specific forms of chaperone-mediated autophagy are intact in the
Vps34-deficient T cells, for example those utilizing GABARAP and Gate16 as autophagic
receptors, but as of yet, very few soluble proteins have been identified as trafficking to
the autophagosome in T cells.

97

It is also crucial not to overlook the significant differences of the phenotypes
exhibited by autophagy-deficient (Atg5- or Atg7-null) and Vps34f/fLck-cre T
lymphocytes. The T lymphocytes of both genotypes undergo apoptosis. However,
autophagy-deficient T lymphocytes have expanded mitochondria, elevated ROS
production and Bcl-2 expression, and normal IL-7Rα surface expression (11, 57). The
aforementioned phenotype in autophagy-deficient T cells is caused by a defective
clearance of excess mitochondria during thymocyte egress, consistent with an essential
role for autophagy to regulate intracellular organelle homeostasis. In contrast,
Vps34f/fLck-cre T cells do not have detectable defects in mitochondrial clearance. These
results suggest that Vps34 is either not involved or functionally compensated for in the
autophagy induction pathway by other molecules in T lymphocytes, perhaps even by
other classes of PI3K’s or degradation products of PI3KI substrates.
The ability of pan PI3K inhibitors such as 3-MA or wortmannin to successfully
limit autophagy induction in T lymphocytes would suggest that Vps34 and class I/II
PI3K are all involved in this process, either in compensating for Vps34 kinase activity,
contributing to PI3K scaffolding, or by generating higher ordered PIP substrates that
could be devolved to PI(3)P. The use of specific PI3KI inhibitors, such as variable
concentrations of PIK75, further support this notion, and further delineate this
paradigm, by suggesting that while P110α and P110β have small roles in this process,
P110δ and P110γ play major roles. Since P110δ is expressed almost exclusively in
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leukocytes, this might be a special mechanism used by the immune system, especially
downstream of specialized immune receptors, such as the TCR. P110γ, often found
downstream of G-protein coupled receptors could also play a role, especially during
HIV glycoprotein-mediated autophagy, but also during chemokine or cytokine-induced
autophagy. The reduction in autophagic activity observed utilizing a knockout of
p85/p55 in T cells, support that class I PI3K is the major mover in autophagic activity.
This was confirmed by looking not only at the induction, but the progression of
autophagy in p85 deficient T cells. However, as of this time, the role of the class II PI3K
has not been investigated. Although distinct from class I or III PI3K, class II complexes
have no regulatory subunits, no need for Ca2+ to bind lipids, and are less homologous to
the other 2 classes, but can produce PI(3)P directly from raw PI (130). This makes class II
an attractive candidate for further studies of autophagy in the immune system.

8.2 Vps34 and T cell Homeostasis
Vps34 regulates T cell homeostasis by promoting their survival via cell surface
expression of IL-7Rα. The inability to maintain IL-7Rα surface expression on Vps34f/fLckcre T cells likely plays a predominant role in their increased apoptosis. Consistent with
the lowered IL-7Rα surface expression, Vps34f/fLck-cre T cells have lowered expression of
Bcl-2 and defective signaling as reflected by reduced phospho-Stat5 upon IL-7
stimulation and reduced IL-7 uptake and degradation. Interestingly, Mcl-1, another
member of the Bcl-2 family that is critical for naïve T cell survival, is expressed at a
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higher level in Vps34f/fLck-cre T cells than that in control T cells. This result suggests that
Mcl-1 is not only induced by different upstream signals, but it may be subjected to an
additional level of regulation that depends on Vps34. Nevertheless, IL-7Rα signaling
functions to promote T cell survival, by regulating the expression of the anti-apoptotic
Bcl-2 family members (103). IL-7R stimulation also activates PI3K-AKT-mTOR pathway
and sustains expression of the glucose transporter GLUT1(131). Thus, transgenic
expression of Bcl-2 can only partially rescue the T cell defect in IL-7Rα-deficient mice
(132, 133). Consistent with this, crossing of Vps34f/fLck-cre mice to a Bcl-2 transgenic line
only partially rescued the apoptotic T cell compartment. Interestingly, deletion of Bim
did not have any rescuing effect on the T cell compartment in Vps34f/fLck-cre mice. This
is in sharp contrast to a near normal T cell compartment in IL-7Rα-/-Bim-/- mice (134).
This result strongly suggests that Vps34f/fLck-cre T cells have additional defects that are
not caused by the lowered surface expression of IL-7Rα.
From our data and other studies, it is evident that IL-7Rα is regulated at both the
transcriptional and posttranslational level. IL-7Rα is continuously internalized for
recycling and degradation, both after signaling and in its absence. Our results have
mapped out a detailed route for IL-7Rα intracellular trafficking that is critically
regulated by Vps34 at multiple points. Under steady-state conditions, IL-7Rα that has
not been bound to ligand is internalized, and returned to the surface through
homeostatic recycling (109). IL-7R internalized by the cell is sorted via the early
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endosome into the multivesicular body. The internalized receptor proteins are shuttled
through the network of MVB compartments, and our data shows ESCRT-0 and ESCRT-II
seem to be distinctly located within the network. Some of the receptor will be destined
for the late endosome, and ultimately, the lysosome, even under optimally signaled
conditions (108). However, during the MVB to late-endosomal transition, Vps34 activity
rescues a proportion of the IL-7Rα chain from destruction for a retrograde endosomal to
Golgi translocation for surface re-expression (Figure 30). It is likely that this MVB to
late-endosomal transition is the rate-limiting step in this whole process, since we
observed a majority of the internalized IL-7Rα within the Vps36 compartment, but not
the HRS-bearing compartment containing the ESCRT-0 complex, after taking the cells
from an IL-7 rich environment in vivo and starving them.
This process appears to be disrupted upon deletion of Vps34 at several stages
(Figure 30). First, Vps34 has a profound effect on the localization and inward
vesiculation of HRS-containing multivesicular bodies. This early ESCRT protein has
been shown to regulate the fate of Na+ channels by binding to the ubiquitinated form
and either targeting it for degradation or shuttling it into a later cell surface recycling
pattern (88). The HRS-containing ESCRT-0 complex is generally thought to cluster
ubiquitinated cargoes for further intralumenal vesicle formation (135), and we observe a
striking aggregation of this complex in the MVB of T cells lacking Vps34.
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Second, Vps34 deficiency disrupts the localization of Vps36, which contains a
GLUE domain. This PI(3)P binding domain allows the protein to function as part of the
ESCRT-II complex, which has been shown to be important for membrane invagination
and budding of ubiquitin positive-containing intralumenal vesicles (135). The
consequence of this mislocalization likely accounts for not only the inability of IL-7Rα to
enter the late-endosomal to retromer pathway, but also accounts for the inability for
internalized IL-7 to be properly targeted to lysosome. In the absence of Vps34,
internalized IL-7Rα might be either mislocalized within abnormal Eea1 negative early
endosomes (136), or in HRS negative early MVB compartments, that are unable to
further mature without sufficient PI(3)P production and become aggregated
intracellularly. The exact stage at which lysosomal targeting is disrupted in the absence
of Vps34 remains to be determined. However, given the inability of HRS bearing
vesicles to de-aggregate, and the differing levels of Vps36 in Vps34f/fLck-cre T cells, we
hypothesize that it occurs in the MVBs containing ESCRT complexes.
Finally, it has been shown that Vps34 has a profound effect on the localization of
Eea1, which contains the eponymous FYVE (The E stands for Eea1) domain, in the early
endosome, synergizing with Rab5 (136). This interaction has been proposed to be
necessary for both endosomal membrane fusion within the early endosomal
compartment, as well as providing an inward directionality to vesicle transport (136).
However, internalization of IL-7Rα is intact in the absence of Vps34, and the surface
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levels of many other receptors, which undoubtedly require unique sorting mechanisms,
are normal in Vps34f/fLck-cre T cells. Only the levels of CD71 are higher in Vps34 T cells,
suggesting some early endosomal dysfunction.
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Figure 30: A model for IL-7R recycling and degradation
IL-7 signaling causes the receptor to be internalized into early endosomes which
aggregate and fuse to multivesicular bodies (MVB). Here sorting of the receptor occurs
into distinct subunits, with the common gamma chain bound for the lysosome. Some of
the alpha chain is bound for the lysosome, but other fractions are recycled from MVB
and late endosomes via the retromer for surface display. Red lines indicate those stages
that may be disrupted by deletion of Vps34.
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8.3 Polyinositol Phosphatases Downstream of TCR Signaling
and Autophagy
Our studies have also investigated the requirement of inositol phosphatases to
translate TCR signaling into the autophagic process. Using an inhibitor of SHIP activity,
or by knocking down Inpp4 or SHIP, we demonstrated the necessity of these proteins to
sustain PI(3)P production. Interestingly, both SHIP1 and SHIP2 had to be inhibited or
removed before a significant reduction in autophagy could be observed, suggesting
these proteins can compensate for one another. However, Inpp4A and Inpp4B could not
compensate for one another, and knockdown of either one was sufficient to reduce
autophagic potential. However, knockdown of both had no synergistic effect on AVO
formation. This would suggest that they operate within a single complex or pathway.
The significance of the Inpp4 complex to participate in TCR-mediated autophagy was
further confirmed by the ability of T cells to convert exogenous PI(3,4)P2 into PI(3)P,
only after TCR stimulation, leading to a more rapidly resolved autophagy. This
correlates very well with the upregulation of Inpp4A after TCR stimulation.
Indeed, the levels of all the polyinositol phosphatases correlated very well with
the autophagic stimulus. Starvation leads to the upregulation of Inpp4A, Inpp4B,
SHIP1, and SHIP2, while IL-7 treatment leads to repression of all these phosphatases.
The regulation of Inpp4A and SHIP2 are especially dynamic, suggesting that they might
be the limiting factors in substrate conversion. It is the levels of these inositol
phosphatases that we believe to account for the difference in autophagy observed in
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TCR-stimulated versus IL-7 treated T cells, despite the production in PI(3,4,5)P3 in both
cases. This is an important point because pro-survival cues such as TCR stimulation and
IL-7 treatment need to be quenched to avoid pathogenic T cell activation and
proliferation. However, another possibility is that autophagic stimuli lead to
posttranslational modification of Inpp4 and SHIP, causing closer association with the
PI3K signaling complex. The activities of inositol phosphatases ensure that higher
ordered species of inositol phosphates are not only removed, but converted into
intermediates for alternative pro-survival pathways such as autophagy (Figure 31). This
paradigm goes beyond PI(3)P production for PI(3,4,5)P3 for the purpose of autophagy,
and can be applied to any cell membranes that need to be converted into another type of
organellar membrane with an alternative phosphatidyl inositol coat (Reviewed in (61)).
Therefore, we believe that inositol polyphosphatases, including the Inpp4 and SHIP
families, should not just be considered off switches to PI signaling, but important lateral
switches, making the necessary conversions from higher ordered phosphorylated
species to lower ones to recruit a new subset of effector molecules with lipid binding
domains.
Exactly when and where phosphatidyl inositol substrate conversion is taking
place in the context of TCR stimulation is still unclear, but we have uncovered several
clues. First of all, inhibition of dynamin completely blocks TCR stimulation-induced
autophagy, and hence we believe this to be occurring on endomembranes. Additionally,
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PI(3)P is found on early endosomes and autophagosomal membranes, and PI(3,4,5)P3
that found itself incorporated into these membranes would be out of place. The rapid
conversion to PI(3)P would be necessary to ensure organelle identity. As a result, our
model envisions the production of PI(3,4,5)P3 from PI(4,5)P2 at the plasma membrane,
and the further conversion to PI(3)P in signaling endosomes (Figure 31).
One major caveat to consider is that it is not yet clear is how PI3KI would be
activated under starvation conditions, as the PI3K/Akt/mTOR pathway is thought to
operate exclusively under growth factor sufficient conditions. T lymphocytes have very
little PI(3,4,5)P3 at steady-state conditions, and only a large pool of PI(4,5)P2. However,
this work has elucidated a clear pathway by which TCR signaling leads to class I PI3K
activation and to the production of PI(3,4,5)P3, as well as a concurrent increase in the
levels of Inpp4A and SHIP2. These phosphatases convert PI(3,4,5)P3 into PI(3,4)P2 and
finally into PI(3)P, which is able to recruit further FYVE-domain bearing proteins on
autophagic precursor membranes. Although many PI3K inhibitors are toxic to cells, and
therefore unsuitable as therapeutic agents, modulators of inositol phosphatase activity
may prove to be more specific and usable in the clinical setting.
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Figure 31: Inositol phosphatases synergize with PI3K activity downstream of
TCR signaling to produce PI(3)P
TCR signals activate the PI3K pathway, specifically P110γ and P110δ. PI(3,4,5)P3 is
produced on the inner leaflet of the plasma membrane to facilitate the activation of Akt
to support the cell’s energy requirements. However, as the TCR complex is internalized,
PI(3,4,5)P3 is continuously produced on endomembranes. Meanwhile, Inpp4 and SHIP
transcriptional levels are enhanced leading to greater inositol phosphatase levels and/or
tighter association with the PI3K complex, resulting in the production of PI(3)P. This
leads to the recruitment of proteins that promote autophagy, as well as inward traffic.
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