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Thymic epithelial cells require lipid kinase Vps34 for
CD4 but not CD8 T cell selection
J. Luke Postoak1, Wenqiang Song1, Guan Yang1, Xingyi Guo2, Shiyun Xiao3, Cherie E. Saffold1, Jianhua Zhang4,5, Sebastian Joyce1,6,
Nancy R. Manley3, Lan Wu1, and Luc Van Kaer1

The generation of a functional, self-tolerant T cell receptor (TCR) repertoire depends on interactions between developing
thymocytes and antigen-presenting thymic epithelial cells (TECs). Cortical TECs (cTECs) rely on unique antigen-processing
machinery to generate self-peptides specialized for T cell positive selection. In our current study, we focus on the lipid kinase
Vps34, which has been implicated in autophagy and endocytic vesicle trafficking. We show that loss of Vps34 in TECs causes
profound defects in the positive selection of the CD4 T cell lineage but not the CD8 T cell lineage. Utilizing TCR sequencing, we
show that T cell selection in conditional mutants causes altered repertoire properties including reduced clonal sharing. cTECs
from mutant mice display an increased abundance of invariant chain intermediates bound to surface MHC class II molecules,
indicating altered antigen processing. Collectively, these studies identify lipid kinase Vps34 as an important contributor to the
repertoire of selecting ligands processed and presented by TECs to developing CD4 T cells.

Introduction
The thymus is a specialized primary lymphoid organ that
functions to generate a pool of immunologically competent
T cells that can recognize and eliminate foreign antigens while
tolerating the body’s own tissues (Kadouri et al., 2020). T cells
sense cognate peptide antigens bound to MHC molecules
through their diverse TCRs that are highly specific for a par-
ticular peptide–MHC complex. The generation of a broad and
tolerant TCR repertoire is mainly directed by self-peptide/MHC
complexes displayed by thymic epithelial cells (TECs) during
thymocyte development in a process called thymic selection
(Han and Zuniga-Pflucker, 2021; Takaba and Takayanagi, 2017).
Cortical TECs (cTECs) present self-peptides bound toMHC class
I or class II molecules to immature CD4+CD8+ (double-positive
[DP]) thymocytes for positive selection of CD8+ or CD4+ (single-
positive [SP]) T cells, respectively. Here, TCR engagement with
low avidity or antagonistic peptide–MHC complexes provides
prosurvival signals (Klein et al., 2014).

MHC class II–mediated antigen presentation in cTECs relies
on cellular processes and machinery that are unique among
APCs (Kondo et al., 2017). While most APCs depend on extra-
cellular sources to supply peptides for MHC class II binding,

cTECs predominantly rely on intracellular sources for this pro-
cess (Klein et al., 2014). In addition to utilizing a unique spec-
trum of endosomal and lysosomal proteases and relying on
distinct machinery for trafficking of membrane proteins, a high
frequency of cTECs is constitutively active in macroautophagy
(Mizushima et al., 2004; Nedjic et al., 2008; Schuster et al.,
2015). Macroautophagy (hereafter called autophagy) is a cata-
bolic cellular process that targets components of the cytosol to
the lysosome for degradation and recycling (Levine and
Kroemer, 2019). A previous study provided evidence that au-
tophagosomal vesicles constantly fuse with the MHC class II
peptide-loading compartment to facilitate antigen presentation
(Schmid et al., 2007), raising the possibility that the autophagy
pathway contributes to the repertoire of self-peptides that binds
MHC class II molecules and is optimized for positive selection of
CD4+ T cells. Autophagy has common features with endocytosis
and vesicle trafficking with which it shares effector molecules,
including several of the autophagy-related (Atg) factors (Galluzzi
and Green, 2019). However, how these processes and their
shared machinery regulate antigen presentation remains
incompletely understood.
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Vacuolar protein sorting 34 (Vps34, also called Pik3c3
[phosphatidylinositol 3-kinase catalytic subunit type 3]) is a
class III phosphoinositide 3-kinase (PI3K) that plays a role in
endocytosis, intracellular vesicular trafficking, and autophago-
some formation during autophagy (Backer, 2016). Vps34-
deficient dendritic cells display defective autophagic flux
leading to the accumulation of aggregated cellular proteins
and organelles (Parekh et al., 2017). Loss of Vps34 also sig-
nificantly attenuated the CD4+ T cell stimulatory capacity of
dendritic cells in response to a central nervous system–

derived autoantigen that relies on the extracellular route of
antigen processing (Yang et al., 2022). However, whether
Vps34-mediated cellular processes regulate the intracellular
route for MHC class II–mediated antigen processing that TECs
rely on to generate a broad CD4+ TCR repertoire is unknown.

In the present study, we generated mice with a TEC-specific
deletion of Vps34 to determine its effects on the antigen-
presenting function of TECs. Our findings revealed a critical
role for Vps34 in the capacity of TECs to facilitate the positive
selection of CD4+ but not CD8+ T cells in a manner independent
of the canonical, Atg5-dependent autophagy pathway.

Results
TEC-specific Vps34 deficiency causes progressive thymic
hypoplasia, blunted thymopoiesis, and T cell lymphopenia
To determine the function of Vps34 in TECs, we used mice ex-
pressing Cre recombinase from the endogenous Foxn1 locus,
with high Cre activity within TECs and their precursors (Gordon
et al., 2007). To confirm Cre activity, we crossed Foxn1-Cre
transgenic mice to Ai14 mice, which contain a floxed-stop-
tdTomato reporter cassette knocked into the Rosa26 locus
(Madisen et al., 2010). Flow cytometric analysis confirmed Cre
reporter activity in TECs of Cre+ Ai14+ mice but not Cre− controls
or in CD45+ cells from either group (Fig. S1 A). Next, we crossed
Foxn1-Cre mice with mice carrying a floxed allele of the Vps34
gene (Jaber et al., 2012) to generate mice with a TEC-specific loss
of Vps34 (hereafter referred to as Vps34TEC mice). These animals
were born at the expected Mendelian ratios and, apart from
altered thymic development described below, did not show any
obvious anatomic abnormalities, including the skin where Foxn1
is expressed by keratinocytes (Fig. S1 B; Gordon et al., 2007).
Gross examination of the thoracic cavity revealed similar thymic
size at 1 wk of age but severely hypoplastic thymi by 4 wk of age
in Vps34TEC mice (Figs. 1 A and S1 C). Coincident with thymic
atrophy, Vps34TEC mice displayed a progressive loss in thymic
cellularity (Fig. 1 B). Additionally, Vps34TEC mice had a pro-
gressive loss in CD4+CD8+ DP thymocytes, indicating a severe
loss in thymic function by 3 wk of age (Fig. 1 C). Analysis of the
development of CD4−CD8− double-negative (DN) thymocytes in
young adult animals revealed accumulation of thymocytes at the
CD44+CD25− DN1 and CD44−CD25− DN4 stages (Fig. S1 D), fur-
ther highlighting the extent of thymic dysfunction in mutant
animals. This loss of thymic function was associated with sig-
nificant T cell lymphopenia in adult Vps34TEC mice, with a rel-
atively stronger effect on the CD4+ than the CD8+ T cell
compartment (Fig. 1 D). Consistent with the observed T cell

lymphopenia, mature T cells in the periphery of Vps34TEC mice
displayed a more activated phenotype as revealed by a decrease
in the frequency of naive CD44loCD62Lhi T cells (Fig. 1 E), likely
resulting from increased homeostatic proliferation. These data
indicate that Vps34TEC mice exhibit rapid thymic involution,
with profound loss of thymic function as the animals become
juveniles, an age when thymic function normally peaks (Baran-
Gale et al., 2020; Manley et al., 2011).

Vps34 deficiency disrupts autophagy and alters cellularity and
morphology in TECs
Autophagy in mouse TECs occurs constitutively at levels de-
tectable by reporter alleles, making it unique amongmammalian
tissue, wheremost other cell types require inducing stimuli such
as starvation to measure autophagic flux (Mizushima et al.,
2004). Many studies have identified a critical requirement for
Vps34 expression in multiple mammalian tissues for the con-
stitutive or induced generation of autophagy (Jaber et al., 2012;
Parekh et al., 2017; Parekh et al., 2013; Zhou et al., 2010).
Nevertheless, situations where autophagy can be induced
in a Vps34-independent manner have also been described
(Boukhalfa et al., 2020; Martinez-Martin et al., 2017). To mea-
sure the contribution of Vps34 to autophagy in TECs, we used an
autophagy reporter strain that expresses transgenic LC3 (mi-
crotubule-associated protein 1A/1B-light chain 3) that is dually
labeled with EGFP and RFP (Li et al., 2014). During autophagy,
cytosolic LC3 is recruited to the autophagosome, where it is la-
beled with both EGFP and RFP. As an autophagosomematures, it
fuses with the lysosome and acidifies, which quenches the pH-
sensitive EGFP (Fig. 2 A). Flow cytometric analysis of TECs iso-
lated from reporter+ WT controls showed an RFP+EGFP+ DP
population indicating cytosolic and autophagosomal LC3 and an
RFP+EGFPlo population representing autolysosomes (Fig. 2 B).
This confirms previous reports that autophagy is active in TECs
under physiological conditions (Mizushima et al., 2004; Nedjic
et al., 2008; Schuster et al., 2015). In TECs isolated from re-
porter+ Vps34TEC mice, we found a significant decrease in the
frequency of EGFPlo cells among the RFP+ population, indicating
a block in autophagic flux and confirming an essential role for
Vps34 in TEC autophagy.

To assess the effects of Vps34 loss on TEC cellularity and
morphology, we focused our analysis on the neonatal age before
extensive atrophy occurs in Vps34TEC mice. Histological exam-
ination of thymic morphology revealed a disruption of thymic
architecture in Vps34TEC mice. H&E staining and immunofluo-
rescence analysis with the medullary TEC (mTEC)–specific
markers Keratin-5 and UEA-1 showed disruption of the medulla
and cortex organization in Vps34TEC mice resulting in smaller
and more diffuse medullary islets at 3 d of age that becamemore
profound by 10 d of age (Figs. 2 C and S1 E). To quantify these
effects of Vps34 deficiency, we analyzed TECs by flow cytome-
try, which revealed a significant decrease in the frequency and
number of EpCAM+CD45− TECs at postnatal days 3 and 10 (Figs.
2 D and S1 F). Among TEC subsets, there was a relative loss in the
frequency of mTECs (Ly-51−UEA-1+) compared with cTECs (Ly-
51+UEA-1−) in Vps34TECmice vs. control mice (Figs. 2 E and S1 G),
which agreed with the histological analysis. Interestingly,

Postoak et al. Journal of Experimental Medicine 2 of 19

Thymic epithelial cell Vps34 controls CD4 T cell selection https://doi.org/10.1084/jem.20212554

https://doi.org/10.1084/jem.20212554


Figure 1. Vps34 deficiency in TECs causes thymic hypoplasia, decreased thymopoiesis, and T cell lymphopenia. (A) Thoracic cavity at 1 wk (top, scale
bar = 0.5 cm) and 4 wk (bottom, scale bar = 0.4 cm) of age in Vps34f/f or Vps34TEC mice. (B) Total thymocyte cellularity at the indicated ages in Vps34f/f or
Vps34TEC mice. (C) Flow cytometric analysis of CD4 and CD8 DP thymocytes at the indicated ages in Vps34f/f or Vps34TEC mice. The graph represents the
frequency of DP thymocytes among all thymocytes. Data for A–C obtained from two or three independent experiments (n = 3–10 mice per genotype). (D) CD4
and CD8 expression profiles of T cells isolated from spleen (top) and mesenteric lymph nodes (mLN; bottom) in 7-wk-old Vps34f/f or Vps34TEC mice. Graphs
represent total CD4+ T cells (CD4+CD3+) and CD8+ T cells (CD8+CD3+) in the spleen (top) and mLN (bottom). (E) CD44 and CD62L expression profiles of T cells
isolated from the mLN of 7-wk-old Vps34f/f or Vps34TEC mice. Graphs represent the frequency of CD62LhiCD44lo cells among total CD4+ T cells (top panels) or
total CD8+ T cells (bottom panels). Data for D and E obtained from two independent experiments (n = 5–6 mice per genotype). Data signify the mean ± SD
where each data point represents a biological replicate. *, P < 0.05; ***, P < 0.001; ns, not significant by unpaired t test.
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Figure 2. TEC-specific Vps34 deficiency modulates TEC autophagy, cellularity, and morphology. (A) Schematic of LC3-EGFP/RFP reporter. (B) Flow
cytometric analysis of TECs (CD45−EpCAM+) for LC3-EGFP/RFP reporter expression in nontransgenic control (left), Vps34f/f (middle), and Vps34TEC (right) mice
at 3 d of age. The graph represents percent EGFPlo TECs, cTECs (UEA-1− TECs), and mTECs (UEA-1+ TECs) among corresponding RFP+ TEC populations. Data
are representative of four (for all TECs) and two (for cTEC and mTEC) independent experiments. (C) Thymus tissue sections from 3-d-old Vps34f/f or Vps34TEC

mice were stained with H&E (scale bar = 800 μm), anti-keratin 5 (K5; green) and DAPI (blue), or UEA-1 lectin (red) and DAPI (blue; scale bar = 500 μm). Data are
representative of three independent experiments with three biological replicates. (D and E) Flow cytometric analysis of total TECs (D) and TEC subsets (E),
including mTECs (UEA-1+Ly-51−) and cTECs (UEA-1−Ly-51+) at 3 d of age. Graphs represent frequency (left) and total number (right) of TECs or TEC subsets.
(F) Ki67 expression among cTECs (MHC IIhiUEA-1− TECs) and mTECs (MHC IIhiUEA-1+ TECs). The graph represents frequency of Ki67+ cells among TEC subsets.
Data for D–F obtained from two independent experiments with four to seven biological replicates. Data signify the mean ± SD where each data point rep-
resents a biological replicate in all graphs. **, P < 0.01; ***, P < 0.001; ns, not significant by unpaired t test. PE, phosphatidylethanolamine.

Postoak et al. Journal of Experimental Medicine 4 of 19

Thymic epithelial cell Vps34 controls CD4 T cell selection https://doi.org/10.1084/jem.20212554

https://doi.org/10.1084/jem.20212554


mTECs isolated from mutant mice also displayed a more im-
mature (mTEClo) phenotype as gleaned from lower surface
expression of the antigen presentation-associated molecules
MHC class II and CD80 (Fig. S1 H). We next considered that
alterations in cellular proliferation may contribute to decreases
in TEC cellularity in Vps34TEC mice. We performed flow cyto-
metric analyses for intracellular Ki67 expression in TEC pop-
ulations isolated from Vps34TEC neonatal mice. Compared with
littermate controls, we found significant decreases in cell cy-
cling in Vps34-deficient mTECs but not cTECs (Fig. 2 F). This
suggests that the defects seen in mTEC cellularity in Vps34TEC

mice can be partially explained by a loss of proliferating
mTECs. These data indicate that TECs require Vps34 for normal
cellularity in neonatal mice and that loss of Vps34 results in a
progressive loss of TEC cellularity, with more profound effects
on mTECs than cTECs.

Postnatal deletion of Vps34 decreases TEC cellularity
and homeostasis
Because the hypoplastic thymi observed in Vps34TEC mice could
be caused by a loss of TEC progenitors (TEPC) during develop-
ment, it is unclear if TECs require Vps34 expression to maintain
their homeostasis in adulthood. To address this question, we
analyzed neonatal mice for putative TEPC populations (Wong
et al., 2014) to test if there are defects in the establishment of
postnatal TEPCs in Vps34TEC mice. We identified the putative
TEPC population as CD45−EpCAM+UEA-1loItga6+Sca-1+ cells. Our
analysis revealed no significant difference in the numbers of
putative TEPCs in postnatal day 3 Vps34TEC mice compared
with littermate controls (Fig. S1 I). To further test whether
there is an ongoing requirement for Vps34 function in TEC
homeostasis, we used an inducible deletion system in which
ablation of Vps34 can be achieved specifically in the thymic
stroma after the microenvironment has been fully estab-
lished. Thymic lobes from newborn Rosa26-CreERT2;Vps34f/f

or Vps34f/f mice were grafted under the kidney capsule of
adult C57BL/6 mice. Host hematopoietic cells were allowed to
reconstitute for 3 wk, and Cre-ERT2–mediated deletion of
Vps34 was induced by tamoxifen administration, whereas
control Rosa26-CreERT2;Vps34f/f mice were treated with ve-
hicle, and a second control group of Vps34f/f mice were also
treated with tamoxifen. Host kidney capsules were collected
3 wk after administration of the last tamoxifen or vehicle
dose, and the grafted thymic lobes were analyzed (Fig. 3 A).
The size and cellularity of grafts isolated from tamoxifen-
treated Rosa26-CreERT2;Vps34f/f mice were significantly re-
duced compared with both groups of control mice (Fig. 3 B).
Additionally, flow cytometric analysis revealed that TEC
numbers were also significantly reduced in the Vps34-
deficient grafts compared with the controls (Fig. 3 C). These
results indicate a postnatal requirement of Vps34 in TECs to
maintain thymopoiesis and TEC homeostasis.

Altered T cell development in neonatal Vps34TEC mice
Given the essential role Vps34 plays in endocytosis, vesicle
trafficking, and autophagy (Bilanges et al., 2019), cellular pro-
cesses that can influence antigen presentation (Roche and

Furuta, 2015), we next investigated intrathymic development
of T cells in neonatal Vps34TEC mice. Because DN thymocyte
development is significantly disrupted in adult Vps34TEC mice,
we analyzed DN thymocyte subsets in neonatal mice. We did not
observe alterations in the frequency or cellularity of DN subsets,
including early thymic progenitors (ETPs; Fig. S2 A). This
finding indicates that TECs do not require Vps34 for DN thy-
mocyte development in neonates, a time period before extensive
loss of thymic cellularity. However, we observed similar fre-
quency and numbers of DP thymocytes in mutant mice com-
pared with controls, but a relative decrease in CD4 SP and a
relative increase in CD8 SP cells (Fig. 4 A). Similar shifts in the
distribution of T cell subsets were observed in the spleen of
mutant mice (Fig. S2 B). To further investigate thymic selection,
we analyzed CD4 and CD8 expression on developing thymocytes
at discrete developmental stages. Developing thymocytes un-
dergo sequential stages of TCRβ and CD69 cell surface expres-
sion that provide phenotypic markers of T cell positive selection
(Barthlott et al., 1997). Under physiological conditions, positive
selection sets off a transient upregulation of CD69 among
TCRβint thymocytes (stage II). In turn, these cells sequentially
adopt a TCRβhiCD69+ (stage III) and eventually a TCRβhiCD69lo

(stage IV) cell surface phenotype as they move from the DP to-
ward the CD4 SP or CD8 SP lineages. The relative frequencies of
these distinct thymocyte populations were undisturbed in neo-
natal Vps34TEC mice (Fig. 4 B). However, at stages III and IV,
there was an increase in the frequency of thymocytes that re-
tained CD4 and CD8 DP expression. Further, the thymocytes at
stages III and IVweremore skewed toward the CD8 SP lineage in
Vps34TEC mice (Fig. 4 B).

Given the alterations in SP thymocytes, we also analyzed
maturation in SP subsets. Following positive selection, SP thy-
mocytes express high surface levels of CD24 (heat-stable anti-
gen), which they downregulate as they mature (Nikolic-Zugic
and Bevan, 1990; Ramsdell et al., 1991). Interestingly, we ob-
served no alterations in the frequency of mature TCRβhiCD24lo

cells among CD4 SP thymocytes but an increase in the frequency
of these cells among CD8 SP thymocytes (Fig. 4 C). This finding
implies that the alterations seen in CD4 SP selection in Vps34TEC

mice are unlikely to be due to defects in postselection
maturation.

An important subset of CD4 SP thymocytes is thymic regu-
latory T cells (tTregs), which are essential for maintaining im-
mune tolerance and can be identified by the lineage-defining
transcription factor Foxp3 (Savage et al., 2020). mTECs are
critical for the development of tTregs (Cowan et al., 2013). Given
the observed defects in the mTEC compartment of Vps34TEC

mice, we next analyzed tTreg development, using a Foxp3-RFP
knock-in reporter line crossed onto Vps34TEC mice. We observed
no alterations in the frequency of Foxp3+CD25+ Tregs among
CD4 SP thymocytes (Fig. 4 D) or CD4+ splenocytes (Fig. S2 C).
These observations indicate that Vps34 in TECs is dispensable
for the thymic development of Tregs.

Finally, we assessed the thymic development of two
nonconventional T cell subsets, invariant natural killer T
(iNKT) and mucosal associated invariant T (MAIT) cells, that
are positively selected on DP thymocytes (Mayassi et al.,
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2021). Prior studies have shown that iNKT cell development
is impacted by mTECs (Lucas et al., 2020). We used PBS57/
CD1d-tetramers to identify iNKT cells, which were present
among thymocytes from adult Vps34f/f but not CD1d knock-
out mice (Fig. S2 D). Consistent with a previous report
(Benlagha et al., 2005), we found iNKT cells to be very rare in
the thymus of neonatal mice, and we were unable to detect
significant differences between Vps34fl/fl and Vps34TEC mice
(Fig. S2 D). We next used 5-OP-RU/MR1 tetramers to identify
MAIT cells and 6-FP/MR1 tetramers for control staining.
Similar to iNKT cells, we found MAIT cells to be very rare in
the thymus of both neonatal control and Vps34TEC mice (Fig.
S2 E).

Vps34 regulates positive selection of MHC class II–restricted
transgenic TCRs
To further investigate the contribution of TEC-specific Vps34 to
T cell positive selection, we tested the development and selection
of T cells expressing antigen-specific, MHC class I– or class II–
restricted TCRs in transgenic animals. Although such studies are
often performed with TCR transgenic bone marrow chimeras,
we opted against this approach owing to the severe thymic hy-
poplasia in Vps34TEC mice. Instead, we bred individual TCR
transgenic lines with the Vps34TEC mice and compared these
animals with their Cre− littermate controls at 7–10 d of age. We
did not observe any defects in the frequency or numbers of CD8
SP thymocytes for the MHC class I–restricted OTI or P14 lines

Figure 3. Postnatal deletion of Vps34 in thymic stromal cells decreases cellularity and TEC homeostasis in a transplant model. (A) Schematic of the
experimental design. Thymic lobes isolated from newborn Rosa26-CreERT2; Vps34f/f, or Vps34f/f mice were transplanted under the kidney capsule of 6–8-wk-
old C57BL/6 recipient mice. Recipients were treated with tamoxifen or vehicle by oral gavage 3 wk after grafting and were analyzed 3 wk after the last
tamoxifen treatment. (B) Examples of kidneys transplanted with a thymus lobe from vehicle- or tamoxifen-treated recipient mice (scale bar = 0.5 cm). The
graph represents total cellularity from transplanted thymi. (C) Flow cytometric analysis of TECs isolated from vehicle- or tamoxifen-treated mice. The graph
represents total TEC cellularity (CD45−EpCAM+ cells) from transplanted thymi. Data signify the mean ± SD. Data are representative of four independent
experiments where each data point represents a biological replicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by unpaired t test.
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Figure 4. Defective CD4+ T cell development in neonatal Vps34TEC mice. Thymocytes from 3-d-old Vps34f/f or Vps34TEC mice were analyzed by flow
cytometry. (A) CD4 and CD8 expression. Graphs represent frequency and total numbers of indicated thymocyte subsets. Data obtained from three inde-
pendent experiments (n = 8–10 mice per genotype). (B and C) CD69 and TCRβ expression (top panel) on thymocytes was used to gate on the indicated
developmental thymocyte stages, and the percentage of cells within each stage is depicted in the graph at the top. Cells within stages II–IV were then analyzed
for CD4 and CD8 surface expression. Graphs represent the frequency of DP, CD4 SP, and CD8 SP thymocytes within each specified developmental stage (B)
and CD24 and TCRβ expression (C). The graph represents the frequency of mature thymocytes (TCRβ+CD24lo) among the CD4 SP or CD8 SP subsets. Data for B
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(see Table S1 for the specificities of the transgenic TCRs). We also
did not find any alterations in the expression of the clonotypic
TCRs of these lines among CD8 SP cells (Fig. 5, A–C). In contrast, a
near-complete block in development from the DP to CD4 SP thy-
mocyte stage occurred in each of the MHC class II–restricted TCR
transgenic lines, OTII, LLO56, LLO118, and female Marilyn mice.
Additionally, among the CD4 SP thymocytes, there was a decrease
in the frequency of T cells expressing the clonotypic TCRs of in-
dividual transgenic lines (Fig. 5, D–H). Interestingly, the frequency
of DP populations of some but not all transgenic TCRs was also
altered (Fig. S3 A). These data indicate that Vps34 is required by
TECs to positively select MHC class II–restricted but not MHC
class I–restricted transgenic TCRs. Importantly, similar trends
were observed in the spleen at 7–10 d of age. There was a slight
decrease in the frequency of splenic OTI cells and total OTI and P14
splenocytes in the mutant mice (Fig. S3, B–D). This is likely due to
decreased thymopoiesis independent of selection, because poly-
clonal Vps34TEC mice analyzed at a similar age range exhibited a
profound decrease in thymocyte cellularity (Fig. 1 B). However,
there was an almost-complete absence of TCR transgenic CD4+

splenocytes in Vps34TEC mice (Fig. S3, E–I).
Appropriate TCR signal strength is crucial for thymic selec-

tion (Gascoigne et al., 2016). Surface CD5 expression on devel-
oping thymocytes positively correlates with TCR signal strength
and can be used as a surrogate marker of TCR signal strength
(Azzam et al., 1998). Interestingly, surface CD5 expression was
decreased on DP thymocytes in transgenic lines expressingMHC
class II–restricted but not class I–restricted TCRs (Fig. 5 I). This
finding indicates that altered TCR signaling coincides with de-
fective positive selection. It is possible that changes in self-
peptide/MHC class II displayed on Vps34-deficient TECs leads to
alterations in TCR signaling on developing MHC class II–
restricted transgenic thymocytes and thus causes these defects
in positive selection. Alternatively, given that Vps34TEC mice
display decreased cTEC cellularity, it is plausible that the re-
duced CD5 expression is due to developing thymocytes sensing
fewer total numbers of self-peptide/MHC class II complexes.
However, we disfavor this as an explanation considering that
developing thymocytes similarly encounter fewer peptide/MHC
class I complexes, yet CD5 signaling remains unaltered in MHC
class I–restricted TCR transgenic Vps34TEC mice (Fig. 5 I).

The Marilyn TCR transgenic system allows for the interro-
gation of negative selection in addition to positive selection
(Lantz et al., 2000). Marilyn transgenic TCRs are specific for the
male H-Y antigen. As such, developing Marilyn T cells undergo
negative selection in the thymus of male but not female mice.
We did not observe any differences in the thymic selection of
Marilyn T cells in male Vps34TEC mice compared with controls
(Fig. S3 J). While this may suggest that negative selection (and
thus the antigen processing and presentation of the male H-Y
antigen) is intact in Vps34-deficient thymi, the severe defects in

positive selection in female mice confound the interpretation of
these observations.

Altered TCRβ chain gene usage and repertoire sharing in CD4
SP thymocytes of neonatal Vps34TEC mice
To explore how Vps34-mediated cellular processes in TECs impact
the CD4+ TCR repertoire, we conducted deep sequencing of the
complementarity-determining region 3 (CDR3) sequences of TCR
Vβ chains of genomic DNA from CD4 SP TCRβ+ thymocytes iso-
lated from three neonatal Vps34TEC mice and three littermate
controls. TCR repertoire diversity was assessed using Simpson
clonality index downsampled to 24,791 randomly chosen se-
quencing reads to correct for differences in the total productive
templates sampled (Fig. 6 A). This analysis revealed that the
repertoire diversity of CD4 SP T cells from Vps34TEC mice was
maintained similarly to control mice (Fig. 6 B). The hypervariable
CDR3 of the TCR is crucial for antigen recognition, as it contacts
MHC class II peptide complexes on APCs. The diversity in the
CDR3 is generated through genetic recombination and by the
addition of random nucleotides, producing CDR3s of variable
length with a Gaussian-like distribution (Pannetier et al., 1993).
Strikingly, we found that the CDR3 sequences in CD4 SP T cells
from Vps34TEC mice were longer compared with control mice
(Fig. 6 C). We next assessed TCR Vβ region gene usage and noticed
significant changes in the prevalence of 6 Vβ chain gene segments
(Fig. 6 D). Importantly, the altered Vβ gene segments were not of
low use frequency in controls. To further assess how Vps34 de-
ficiency in TECs impacts the CD4+ TCR Vβ repertoire, we calcu-
lated clonal overlap using the Morisita index (Fig. 6 E), which
revealed significantly more clonal overlap among CD4 SP T cells
from control animals than in any control-mutant repertoire
comparisons. Intriguingly, there was also significantly lower clo-
nal overlap among the repertoires of mutant animals compared
with controls. Thus, while Vps34 in TECs is dispensable for
maintaining CD4+ TCR repertoire diversity, its absence leads to
altered CDR3 length, Vβ gene usage, and repertoire sharing.

To explore functional consequences of the altered CD4+ T cell
development and repertoire in Vps34TEC mice, we tested the
response of these animals and littermate controls to experi-
mental autoimmune encephalomyelitis (EAE), an animal model
of human multiple sclerosis. Results showed a delayed onset of
clinical disease in Vps34TEC mice compared with littermate
controls (Fig. S4 A). Mutant mice also experienced significantly
reduced incidence and severity of disease (Fig. S4, B and C).
These data indicate that Vps34 in TECs is required for a normal
level of disease directed at a central nervous system autoantigen.

cTECs present increased abundance of CLIP-bound I-Ab

complexes in the absence of Vps34
Surface levels and turnover rates of MHC class II on cTECs are
critically important for positive selection of CD4+ T cells (von

and C obtained from two independent experiments (n = 4–5 mice per genotype). (D) Foxp3-RFP and CD25 expression of cells within the CD4 SP CD3+ gate. The
graph represents the frequency of thymic regulatory T cells (Foxp3-RFP+CD25+) among CD4 SP CD3+ thymocytes. Data obtained from three independent
experiments (n = 5–7 mice per genotype). Data signify the mean ± SD where each data point represents a biological replicate. *, P < 0.05; **, P < 0.01; ***, P <
0.001; ns, not significant by unpaired t test.
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Figure 5. Vps34 in TECs is critical for positive selection of MHC class II–restricted but not MHC class I–restricted transgenic TCRs. Six separate TCR
transgenes were introgressed into the Vps34TEC strain and analyzed for positive selection compared with TCR transgenic Vps34f/f controls (see Table S1 for the
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Rohrscheidt et al., 2016). Autophagy-related proteins including
Vps34 have been implicated in regulating surface expression of
MHC molecules (Van Kaer et al., 2019). However, we found no
significant changes in the surface expression levels of either the
MHC class I molecule Kb or the MHC class II molecule I-Ab on
Vps34-deficient cTECs (Fig. 7, A and B). To investigate whether a
particular MHC class II–bound peptide on cTECs was affected by
loss of Vps34, we used a monoclonal antibody (15G4) that rec-
ognizes I-Ab when occupied by the invariant chain peptide de-
rivative CLIP (class II–associated invariant chain peptide; Beers
et al., 2005). After synthesis in the ER, MHC class II molecules
contain CLIP in their peptide binding groove. In MHC class II
compartments, the peptide editor DM promotes the exchange of
CLIP for higher-affinity peptide. However, a fraction of class II
molecules is presented at the surface while containing CLIP
(Denzin et al., 2017). Indeed, we found that cTECs from Vps34f/f

animals express CLIP-bound I-Ab molecules at levels above
background staining of cTECs isolated from an MHC disparate
strain (I-Ad-expressing BALB/c; Fig. 7 C). cTECs isolated from
Vps34TEC mice expressed significantly increased levels of CLIP-
bound I-Ab vs. WT controls. These findings indicate that Vps34
is required by cTECs to present normal surface levels of an en-
dogenous self-peptide/MHC class II complex and suggest a role
for Vps34 in generating the repertoire of self-peptides that is
specialized for positive selection.

To analyze the contribution of Vps34 to vesicle trafficking in
TECs, we used the mouse cTEC cell line C9 (Wertheimer et al.,
2018). We deleted Vps34 in C9 cells using the CRISPR/Cas9 ap-
proach, generating stable control sgLacZ cells and Vps34-
deficient sgVps34 cells. Efficient deletion of Vps34 in sgVps34
cells was confirmed by significant decrease in Vps34 protein
expression (Fig. 7 D). Basal autophagy was disrupted in sgVps34
cells as evidenced by the accumulation of P62, a factor that
targets cargo to autophagosomes and is itself degraded by au-
tophagy. Previous studies report that disruption of Vps34 ex-
pression in vitro and in vivo causes a vacuolization phenotype
associated with defects in endosomal trafficking (Bechtel et al.,
2013; Jaber et al., 2016; Johnson et al., 2006). Examination of the
cultures by light microscopy revealed that a significant pro-
portion of Vps34-deficient cells accumulated numerous phase-
lucent spherical cytoplasmic vacuoles (Fig. 7 E). Strikingly, H&E
staining of thymic sections from neonates also revealed vacuo-
lization caused by the absence of Vps34. To assess vesicle traf-
ficking, we analyzed the maturation of the lysosomal protease
cathepsin L, which is required by cTECs for efficient positive
selection of CD4+ T cells in vivo (Honey et al., 2002; Nakagawa
et al., 1998).We found a significant decrease in the mature forms
of cathepsin L, suggesting a significant abnormality in the ability
of the lysosome to cleave cathepsin L (Fig. 7 D). We next

considered that lysosomal alkalinization in Vps34-deficient cells
may contribute to altered lysosomal protease activity and thus
altered antigen processing. To determine whether Vps34 defi-
ciency affects lysosomal pH, we stained C9 cells with LysoSensor
Green DND-189, which accumulates in acidic organelles, where
it increases its green fluorescence. Our results failed to show a
significant difference in the relative acidity of lysosomes in
sgVps34 cells compared with control sgLacZ cells (Fig. 7 F).
However, in this assay, it remains possible that changes in total
lysosomal content in Vps34-deficient cells could obscure dif-
ferences in lysosomal pH.

Vps34 regulates positive selection in a canonical autophagy-
independent mechanism
In addition to autophagy, Vps34 plays a role in endocytosis and
vesicle trafficking (Backer, 2016), both of which can contribute
to antigen presentation (Kondo et al., 2017). To investigate the
role autophagy plays in the T cell selection phenotype observed
in Vps34TEC mice, we generated mice with a TEC-specific defi-
ciency of Atg5 (Atg5TEC mice), an essential component of the
autophagy pathway (Levine and Kroemer, 2019), by crossing the
Foxn1-Cre strain to mice with a floxed Atg5 allele (Hara et al.,
2006). We restricted our initial analysis to neonates for a better
comparison with Vps34TEC mice. Consistent with a recent report
in adult mice (Jain et al., 2018), Atg5 deficiency in TECs did not
cause a detectable change in TEC frequency or cellularity (Fig. S5
A). Further, there was no change in subset ratios or numbers
(Fig. S5 B). Consistent with a previous report using Atg5-
deficient thymus grafts (Nedjic et al., 2008), we failed to detect
any difference in the intrathymic development of the polyclonal
repertoire in Atg5TEC mice (Fig. S5 C). To test if the autophagy
pathway is necessary for positive selection of an MHC class II–
restricted transgenic TCR that was dependent on Vps34 suffi-
ciency in TECs, we investigated positive selection of OTII cells in
Atg5TEC mice. We generated bone marrow chimeric animals by
lethally irradiating either WT or Atg5TEC mice and transplanting
bone marrow isolated from OTII transgenic donors. Our analysis
revealed no significant change in the selection and development
of OTII cells in Atg5TEC recipient mice (Fig. S5 D).

Radiation has been shown to induce autophagy (Chaurasia
et al., 2016) and it is feasible that thymic recovery following
radiation is compromised in the absence of Atg5, which may
confound the interpretation of these results. Further, recent
reports have highlighted the changes that occur in thymic se-
lection from early life to adulthood (Dong et al., 2017; Smith
et al., 2018). Therefore, for a more direct comparison, we ana-
lyzed positive selection of OTII cells in neonatal Atg5TEC mice by
breeding in the OTII TCR transgene to Atg5TEC mice. Consistent
with data from the chimera experiments, we found no alteration

specificities of these TCRs). (A–G) Flow cytometric analysis of thymocytes for CD4 and CD8 expression from the following TCR transgenic lines: OTI (A), P14
(B), OTII (D), LLO56 (E), LLO118 (F), and Marilyn (females only; G). Representative flow plots or histograms show clonotypic TCR expression profiles of Vps34f/f

(blue line), Vps34TEC (red line), and control staining (shaded gray) of the indicated cell populations. (C) Total cell number (top) and frequency (bottom) of CD8
SP thymocytes in the indicated MHC class I–restricted TCR transgenic lines. (H) Total cell number (top) and frequency (bottom) of CD4 SP thymocytes in the
indicated MHC class II–restricted TCR transgenic lines. (I) Surface CD5 expression on DP thymocytes (CD4+CD8+) from the indicated mouse strains. Data
signify the mean ± SD. Data are representative of at least two independent experiments with three to six biological replicates per genotype. Each data point
represents a biological replicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant by unpaired t test. FMO, fluorescence minus one.
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Figure 6. TCRβ chains display altered gene usage and repertoire sharing in CD4 SP thymocytes of neonatal Vps34TEC mice. The somatically rearranged
TCRβ CDR3 sequences were amplified from genomic DNA isolated from CD4 SP TCRβ+ thymocytes flow sorted from 4- or 6-d-old Vps34f/f or Vps34TEC mice
(n = 3/genotype). (A) Numbers of productive TCR sequences. (B) Simpson clonality indexes of TCR repertoire diversity. (C) Distribution of CDR3 lengths (χ2

test). (D) Distribution of TCR Vβ gene usage. (E) Heatmap of Morisita repertoire overlap across all samples. The graph represents the Morisita overlap index for
each individual comparison organized by group. Data signify the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by unpaired t test unless
otherwise indicated.
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Figure 7. cTECs present increased abundance of CLIP-bound I-Ab complexes in the absence of Vps34. (A–C) cTECs (CD45−EpCAM+Ly-51+) isolated from
the indicated strains (isotype and FMO [fluorescence minus one] staining are from Vps34f/f isolated cells) were analyzed for (A) MHC class I (H-2Kb), (B) MHC
class II (H-2I-A/I-E), or (C) CLIP-bound I-Ab expression by flow cytometry. Data are representative of at least two independent experiments (n = 4–7 per
genotype). (D) Protein isolated from control and Vps34-deleted C9 cells were analyzed by Western blot for markers of autophagy and vesicle trafficking.
β-Tubulin was used as loading control. The graph represents the relative densities of pre-pro-cathepsin L, pro-cathepsin L, and mature cathepsin L bands
(CatL) between sgLacZ and sgVps34. Data are representative of two independent experiments. (E) Light micrograph of live control (sgLacZ) and Vps34-deleted
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in OTII cell-positive selection between Atg5TEC mice and their
littermate controls (Fig. S5 E). Collectively, our data show that
Atg5-dependent autophagy is not required by TECs to positively
select a TCR that is dependent on Vps34-mediated cell processes
in TECs. Therefore, we propose that Vps34 in TECs regulates
positive selection in a canonical autophagy-independent
mechanism.

Discussion
The class III PI3K Vps34 plays key roles in autophagy, endocy-
tosis, and vesicle trafficking (Bilanges et al., 2019), processes that
control the presentation of self-antigens by TECs to developing
thymocytes (Klein et al., 2014). Here we analyzed mice with a
TEC-specific Vps34 gene ablation. Vps34TEC mice exhibited a
progressive loss in thymocyte cellularity that led to T cell lym-
phopenia in adult animals. The gradual loss in thymopoiesis was
preceded by a reduction in TEC cellularity, suggesting that the
eventual loss of DP thymocytes is likely due to insufficient TEC
numbers. Using the Foxn1 promoter to drive Cre recombinase
expression for gene targeting, Vps34 is likely deleted in TECs
starting at the initiation of thymic organogenesis (Martinez-
Ruiz et al., 2022), which raises the possibility that the ob-
served alterations in TEC cellularity are due to loss of TEPCs.
Our results with a genetic system to inducibly target Vps34 ab-
lation in postnatal thymi indicate that TECs continue to require
Vps34 for their homeostasis and to facilitate thymopoiesis after
mature TECs have completed their development. TEC-specific
loss of Vps34 also caused significant alterations in thymic
morphology. While conditional loss of Vps34 reduced the cel-
lularity of both cTECs and mTECs, the latter TEC subset was
relatively more profoundly impacted. However, at present it is
unclear if the deficiency in the mTEC compartment is a result of
a defect in the capacity of TEC precursors to develop intomTECs,
a failure of committed mTECs to expand, or increased mTEC
death. We observed a significant decrease in Ki67+ mTECs in
Vps34TEC mice, indicating that a reduction in proliferating
mTECs may partially explain these defects. However, it is un-
clear whether there is an mTEC-intrinsic requirement for cell
proliferation. Positively selected CD4+ T cells supply pro-
expansion signals to mTECs via RANK and CD40 interactions
(Akiyama et al., 2008; Hikosaka et al., 2008). Therefore, TEC-
specific loss of Vps34 may have secondary effects on mTEC
cellularity driven by altered CD4 SP/mTEC crosstalk. Collec-
tively, our data identify a critical role for Vps34 in maintaining
thymic function. These findings also provide a rationale for
targeting Vps34 activity in scenarios where enhancement of
thymic function may be desired, such as during aging, recovery
from radiation therapy or chemotherapy, T cell reconstitution

following stem cell transplantation, and infection or inflamma-
tion that compromise T cell thymic output.

cTECs rely on unique antigen-processing machinery to pro-
duce a repertoire of self-antigens specialized for T cell positive
selection (Kondo et al., 2017). While in most APCs, antigens
presented on MHC class II are derived from extracellular
sources, cTECs present self-antigens derived from intracel-
lular origins (Klein et al., 2014). Here, we propose that TECs
require Vps34-mediated cellular processes to produce a di-
verse collection of self-peptides needed for the development
and positive selection of a broad CD4+ T cell repertoire. Our
finding that Vps34-deficient cTECs express increased sur-
face levels of CLIP-bound MHC class II molecules provides
indirect support for this possibility.

Our results show that loss of Vps34 in TECs causes defects in
the development of CD4+ T cells in neonatal mice. Vps34-
deficient TECs were also unable to positively select MHC class
II–restricted transgenic TCRs but retained their capacity to se-
lect MHC class I–restricted transgenic TCRs, providing further
evidence that Vps34 is crucial in processing antigens for pre-
sentation by MHC class II but not MHC class I in cTECs. Because
MHC class I–restricted TCRs were selected in Vps34TEC mice, it
is unlikely that the defect in CD4+ T cell development in neonatal
mice is due to TEC dysfunction other than MHC presentation,
such as producing and secreting factors necessary for recruiting
lymphoid progenitors, T cell lineage commitment, or T cell lin-
eage expansion before positive selection.

Previous reports analyzing the TCR repertoire of mice with
targeted mutations that significantly reduce the variety of
self-peptides bound to MHC class II molecules have provided
evidence that positive selection on a restricted collection of
self-peptides is sufficient to select for a broad but distinct CD4+

TCR repertoire (Pacholczyk et al., 2006; Wong et al., 2007).
Consistent with these findings, we found a close degree of
clonality maintained in the CD4+ TCR repertoire in Vps34TEC

mice compared with control mice. However, we found signif-
icantly reduced clonal sharing and altered TCR Vβ gene seg-
ment usage in CD4+ T cells in the absence of Vps34 in TECs.
These results indicate that Vps34-mediated cellular processes
in TECs are crucial for shaping the TCR repertoire in CD4+

T cells. Although the defect in the development of CD4+ T cells
expressing MHC class II–restricted transgenic TCRs illustrates
a role for Vps34 in the positive selection of CD4+ T cells, we
cannot exclude that the TCR sequencing data of the polyclonal
repertoire is influenced by alterations in negative selection in
Vps34TEC mice.

A previous report using Atg5-deficient thymic grafts argued
that autophagy promotes positive selection of the CD4+ TCR
repertoire by providing selecting ligands bound to MHC class II

(sgVps34) C9 cells (top, scale bar = 100 μm). Thymus tissue sections from 3-d-old Vps34f/f or Vps34TEC mice stained with H&E (bottom, scale bar = 75 μm).
Arrows highlight areas of significant vacuolization. The graph represents the number of vacuolated areas per medullary islet. Data are from one randomly
selectedmedullary islet from three independent biological replicates of each genotype. (F) sgVps34 and sgLacZ cells were stained with Lysosensor green probe
and then analyzed by flow cytometry. The graph represents relative mean fluorescence intensity (MFI) of Lysosensor green. Data are representative of two
independent experiments. All data signify the mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant; nd, none detected by unpaired t test.
Source data are available for this figure: SourceData F7.
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molecules (Nedjic et al., 2008). In that system, more modest
effects in positive selection using transgenic TCR lines were
observed compared with the positive selection defects of MHC
class II–restricted transgenic TCRs reported here in Vps34TEC

mice. Importantly, we did not observe significant changes in
positive selection of OTII cells in mice with a TEC-specific Atg5
deficiency. Yet we found a near-complete block in positive se-
lection of OTII cells in Vps34TEC mice. Given these observations,
along with a profound block in autophagic flux in Vps34-
deficient TECs, it is unlikely that the observed alterations in
positive selection of CD4+ T cells in Vps34TEC mice are due solely
to a loss in autophagy. Nevertheless, it remains possible that
Atg5-independent autophagy plays a role in the defective CD4+

T cell selection phenotype observed in Vps34TEC mice. Atg5-
independent autophagy has been reported in some studies
(Honda et al., 2014; Ma et al., 2015; Nishida et al., 2009). Fur-
thermore, a Vps34-dependent noncanonical form of autophagy,
termed LC3-associated phagocytosis (LAP), has been described
(Martinez et al., 2015). LAP supports antigen presentation in
mousemacrophages by regulating the processing of endocytosed
antigens for presentation to MHC class II–restricted CD4+ T cells
(Munz, 2018). Importantly, mice that are deficient in LAP due to
genetic targeting of Rubicon do not display defects in T cell
development (Martinez et al., 2016). Therefore, it is unlikely that
Vps34 contributes to antigen presentation by TECs via LAP. Fi-
nally, a recent study analyzed T cell selection in thymic grafts
deficient in Lamp2 (Rodrigues et al., 2022), a lysosomal protein
that has been implicated in chaperone-mediated autophagy,
macroautophagy, and lysosomal function (Kaushik and Cuervo,
2018; Sudhakar et al., 2020). Lamp2 was shown to be necessary
for cTEC autophagy, normal cathepsin L activity, and CD4 but
not CD8 T cell selection. Considering the similarities of this
phenotype with the defects reported here in Vps34TEC mice, it is
tempting to speculate that Lamp2 and Vps34 modulate TEC cell
function by similar mechanisms.

We propose that the thymic selection defect in Vps34TEC mice
is caused by defects in endocytosis and/or vesicle trafficking,
rather than canonical autophagy. We found that loss of Vps34 in
TECs did not alter levels ofMHC class II molecules on the surface
of cTECs, indicating that endocytic turnover or recycling of
peptide-MHC class II molecules is not the underlying cause for
the defect in positive selection of CD4 T cells. However, we
found an increase in the abundance of surface MHC class II
molecules occupied by the invariant chain derivative peptide
CLIP, indicating quantitative alterations in the repertoire of self-
peptides bound toMHC class II molecules. Previous reports have
identified vesicle trafficking dependent on Vps34 catalytic ac-
tivity as necessary for the endosomal processing of the protease
cathepsin D into its active mature form (Jaber et al., 2016; Reifler
et al., 2014; Ronan et al., 2014; Row et al., 2001). Our analysis of
Vps34-deficient C9 cells provides evidence that steady-state
levels of mature cathepsin L require Vps34 in cTECs. Strik-
ingly, many of the T cell defects observed in cathepsin L
knockout mice resemble those seen in Vps34TEC mice, including
altered CD4+ T cell selection and increased abundance of CLIP-
bound MHC class II molecules on cTECs (Honey et al., 2002;
Nakagawa et al., 1998). Taken together, our findings provide

evidence that cTECs require Vps34 for the generation of the self-
peptide/MHC class II repertoire in a mechanism involving
Vps34-dependent proteolytic activity, but likely not autophagy-
mediated delivery of antigens to MHC class II–containing
compartments.

In summary, our present study provides new insights into
the mechanisms governing the processing and presentation of
self-antigens by cTECs required for thymic selection of a broad
CD4+ T cell repertoire. These findings could have practical
implications for restoring or rejuvenating thymic function
in situations of defective thymopoiesis.

Materials and methods
Mice
All mouse strains used, their genetic background, and their
sources are outlined in Table S2. TEC-specific deletion of Vps34
and Atg5was achieved by crossing Vps34f/f and Atg5f/f mice with
Foxn1-Cre mice. Cre− littermates were used as controls in all
experiments except the bone marrow chimera experiments
represented in Fig. S5 D. Newborn to 10-wk-old animals of both
sexes were used in this study. All breeder and experimental
mice were housed under specific pathogen–free conditions in
compliance with guidelines from the Institutional Animal Care
and Use Committee at Vanderbilt University.

Flow cytometric analysis
T cells from thymi, lymph nodes, and spleens were obtained by
mashing the organ through a 70-μm cell strainer (22-363-548;
Thermo Fisher Scientific) and suspended in FACS buffer (PBS
containing 2% FBS). Cells were incubated with conjugated
monoclonal antibodies against mouse CD4 (Tonbo), CD8α
(Tonbo), CD3ε (BioLegend), CD44 (Tonbo), CD62L (BD Bio-
sciences), CD69 (BD Biosciences), TCRβ (Tonbo), CD24 (BD Bio-
sciences), CD25 (Tonbo), cKit (eBioscience), CD5 (BioLegend),
TCR Vα2 (BioLegend), TCR Vβ5.1 (BioLegend), and/or TCR V β 6
(BD Biosciences).

For iNKT cell and MAIT cell analysis, thymi were processed
as above. Cells were incubated with monoclonal antibody
against mouse CD3ε (BioLegend), PBS57/CD1d-tetramer conju-
gated to allophycocyanin (APC), and 5-OP-RU/MR1-tetramer
conjugated to Pacific blue. Both tetramers were obtained from
the National Institutes of Health Tetramer Core Facility at
Emory University (Atlanta, GA).

For TEC analysis, thymi were dissected and digested in 1 mg/
ml collagenase/dispase (Roche) and passed through a 100-μm
mesh to remove debris. Monoclonal antibodies against mouse
CD45.2 (Tonbo), EpCam (BioLegend), Ly51 (eBioscience), CD80
(BD Biosciences), Kb (BD Biosciences), I-Ab plus CLIP (15G4;
Santa Cruz), mouse IgG1 (eBioscience) and I-A/I-E (eBioscience),
Sca-1 (eBioscience), Itga6 (BioLegend), and the UEA1 lectin
(Vector Labs) were used in the TEC analysis.

For intracellular staining, TECs were processed and stained
for extracellular markers as described. Cells were fixed and
permeabilized using FOXP3 fix/perm buffer kit (BioLegend)
overnight at 4°C. Cells were then incubated with a monoclonal
antibody against Ki67 (eBioscience). Cells were washed and then
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analyzed. Flow cytometric analyses were performed using a
Canto II or 4 laser Fortessa (BD Biosciences) flow cytometer. The
acquired data were analyzed using FlowJo software (v10.0.7;
TreeStar).

FACS
Cells were stained as described for flow cytometry. ∼1.1 × 105

TCRβhi, CD4+CD8− thymocytes were sorted into cold Hepes
buffer (PBS with 2% FBS and 0.025 M Hepes) and immediately
used for genomic DNA isolation. Sorting was performed using a
FACS Aria III (BD Biosciences) flow cytometer.

Immunofluorescence and histology
For cryosectioning, thymi were snap-frozen on dry ice and
stored at −80°C. Tissues were sectioned at 8-μm thickness and
fixed in ice-cold acetone for 5 min. Tissues were rinsed with
PBS, blocked with 10% donkey serum in PBS for 30 min at room
temperature, and incubated with the primary antibody anti-
Keratin 5 (Abcam) or biotin-labeled UEA-1 lectin (Vector Labs)
overnight at 4°C. Secondary detection was performed with goat
anti-rabbit IgG (Jackson ImmunoResearch) and Streptavidin-
Cy3 (Vector Labs). Sections were examined by fluorescent mi-
croscopy using a Zeiss LSM 710 confocal microscope.

For paraffin sectioning, tissues were collected and fixed in
10% paraformaldehyde for formalin overnight. Tissues were
dehydrated through an ethanol series and embedded in paraffin
wax using standard procedures. Sections (8 μm) were cut and
rinsed in xylene before rehydration through a reverse ethanol
series. H&E staining was performed on paraffin sections using
standard procedures; sections were then imaged on a Nikon AZ
100M wide-field microscope.

Thymus grafts
Thymic lobes were dissected from newborn Rosa26-CreERT2;
Vps34f/f or Vps34f/f mice and placed in ice-cold PBS. Thymi were
separated into single lobes, and connective tissue was removed.
A single lobe was transplanted under the kidney capsule of each
6-wk-old male C57BL/6 recipient as described (Jain et al., 2017).
Grafts were allowed to reconstitute for 3 wk, and mice were
orally gavaged with 3 mg of tamoxifen (Sigma-Aldrich) in pea-
nut oil or vehicle for three alternate days and analyzed 3 wk
after the final dose.

TCR sequencing and analysis
Sample preparation
Genomic DNA was prepared from CD4+CD8− TCRβhi thymocytes
sorted from 4- or 6-d-old mice using a standard Qiagen DNA
extraction kit according to the manufacturer’s instructions. Li-
brary preparation and sequencing sample data were generated
using the immunoSEQ Assay (Adaptive Biotechnologies). The
somatically rearranged mouse TCRβ CDR3 regions were ampli-
fied from genomic DNA using a two-step, amplification bias-
controlled multiplex PCR approach. The first PCR consisted of
forward and reverse amplification primers specific for every
known V and J gene segment and amplified the hypervariable
CDR3 of the immune receptor locus. The second PCR added a
proprietary barcode sequence and Illumina adapter sequences.

In addition, reference gene primers were included in the PCR
reaction to quantify total sequenceable nucleated cells and to
accurately measure the fraction of T cells in each sample. CDR3
and reference gene libraries were sequenced on an Illumina
instrument according to the manufacturer’s instructions.

Data analysis
Raw sequence reads were demultiplexed according to Adaptive’s
proprietary barcode sequences. Demultiplexed reads were then
further processed to remove adapter and primer sequences and
to identify and remove primer dimers, germline, and other
contaminant sequences. The filtered data were clustered using
both the relative frequency ratio between similar clones and a
modified nearest-neighbor algorithm, to merge closely related
sequences to correct for technical errors introduced through
PCR and sequencing. The resulting sequences were sufficient to
allow annotation of the V, D, and J genes and the N1 and N2
regions constituting each unique CDR3 and the translation of the
encoded CDR3 amino acid sequence. Gene definitions were
based on annotation in accordance with the International Im-
munogenetics Information System database (http://www.imgt.
org). The set of observed biological TCRβ CDR3 sequences was
normalized to correct for residual multiplex PCR amplification
bias and quantified against a set of synthetic TCRβ CDR3 se-
quence analogues. Data were analyzed using the immunoSEQ
Analyzer toolset. Data were imported into GraphPad Prism 6.0
for statistical analyses and graph generation.

Induction and evaluation of active EAE
6- to 8-wk-old animals were used for EAE induction, as de-
scribed (Miller et al., 2010). Under isoflurane anesthesia, the
animals were subcutaneously injected at two sites into the flank
with 200 μl of 1 mg/ml MOG35–55 (MEVGWYRSPFSRVVH-
LYRNGK) peptide (Biomatik) emulsified in Freund’s complete
adjuvant (2 mg/ml Mycobacterium tuberculosis extract H37Ra in
incomplete Freund’s adjuvant [263910; BD Bioscience]). Imme-
diately after immunization and 48 h later, all mice received
400 ng of pertussis toxin (516560; Calbiochem) by i.p. injection.
Mice were scored daily in a blinded manner according to the
following scale: 0, no clinical signs; 0.5, partially limp tail; 1,
paralyzed tail; 1.5, paralyzed tail and hind leg inhibition; 2, loss
in coordinated movement, hind limb paresis; 2.5, one hind limb
paralyzed; 3; both hind limbs paralyzed; 3.5, hind limbs
paralyzed, weakness in forelimbs; 4, forelimbs paralyzed; 5,
moribund.

TEC culture
C9 cells (Wertheimer et al., 2018; kindly provided by Dr. M. van
den Brink from Memorial Sloan Kettering Cancer Center, New
York, NY) were cultured in DMEM supplemented with 10%
(v/v) FBS (HyClone Fetal Clone III), 100 units/ml penicillin, and
100 μg/ml streptomycin.

CRISPR-Cas9 editing of Vps34 in C9 cells
For excision of the Vps34 gene, we used a lentivirus harboring
either lentiCRISPR v2 empty vector (#52961; Addgene) or len-
tiCRISPR v2 sgVps34. We amplified lentiviruses as described
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(Song et al., 2014). Parental C9 cells were transfected with the
respective virus to produce control sgLacZ cells and stable
Vps34-deficient sgVps34 cells. gRNA sequence for Vps34 was 59-
TCTCGTAGCATGTTTCGCCA-39.

Western blotting
C9 cells were lysed in radioimmunoprecipitation assay buffer
(Sigma-Aldrich) containing a cocktail of protease inhibitors
(Roche) with brief sonication. Total proteins (50 μg) were sep-
arated on SDS-PAGE gels, transferred onto PVDF membranes,
and incubated with primary antibodies. Secondary antibodies
were subsequently applied and proteins were detected with ECL
substrate (Clarity; Bio-Rad) or using an LI-COR Odyssey Infrared
Imaging System.

Lysosomal pH measurement
sgLacZ and sgVps34 C9 cells were trypsinized and loaded with
LysoSensor Green DND-189 (1 mM; Thermo Fisher Scientific) in
PBS buffer for 15 min at 37°C. Cells were washed twice with PBS
and immediately analyzed by flow cytometry. LysoSensor Green
DND-189 dye accumulates in acidic organelles and becomes
more fluorescent with decreasing pH. Relative mean fluores-
cence intensity in the GFP channel was used to compare
lysosomal pH.

Generation of bone marrow chimeras
Recipient mice were lethally irradiated (1,000 cGy) and 6 h later
injected with ∼107 bone marrow cells derived from OTII mice.
Mice were used for experiments at 5–6 wk after injection of
bone marrow cells.

Statistical analysis
Statistical analysis was performed with Prism 6.0 (GraphPad
Software). Data are presented as mean ± SD. N was ≥3 for each
genotype in each experiment, as indicated in the text and/or
figure legends. Comparisons between two groups were made
using two-tailed Student’s t test; P < 0.05 was considered
significant.

EAE
EAE clinical scores and disease incidence were analyzed using
ANOVA and Kaplan–Meier curves by log-rank test. Peak disease
score was analyzed by two-tailed Student’s t test. P < 0.05 was
considered significant.

TCR sequencing
Clonality, gene usage, and overlap comparisons were analyzed
by two-tailed Student’s t test. CDR3 length was analyzed by
χ2 test (Miqueu et al., 2007). P < 0.05was considered significant.

Online supplemental material
Fig. S1 shows Vps34TEC phenotype related to Figs. 1 and 2. Fig. S2
shows DN thymocyte development, splenic T cell phenotype,
and nonconventional T cell development in neonatal Vps34TEC

mice. Fig. S3 shows splenic phenotype in 1-wk-old TCRTg

Vps34TEC mice. Fig. S4 shows EAE disease severity and incidence
in adult Vps34TEC mice. Fig. S5 shows TEC phenotype and T cell

selection in neonatal Atg5TEC mice. Table S1 describes the spe-
cificities of TCR transgenic lines used in Fig. 5. Table S2 out-
lines information pertaining to mouse strains used in the
present study.

Data availability
The datasets generated during the current study are available
from the corresponding author upon request.
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Figure S1. Vps34TEC phenotype. (A) Flow cytometric analysis of TECs (CD45−EpCAM+) and thymocytes (CD45+, EpCAM−) for tdTomato expression isolated
from 1-wk-old Foxn1-Cre−Ai14+ or Foxn1-Cre+Ai14+ mice. (B) Dorsal skin tissue sections from 8-wk-old Vps34f/f or Vps34TEC mice stained with H&E (scale
bar = 100 μm). (C) Gross images of thymic lobes isolated from 1-wk-old Vps34f/f or Vps34TEC mice. (D) Flow cytometric analysis of CD4−CD8−Lin (CD3, B220,
NK1.1)− DN thymocytes including DNI (CD44+CD25−), DNII (CD44+CD25+), DNIII (CD44−CD25+), and DNIV (CD44−CD25−) isolated from 6- to 8-wk-old Vps34f/f

and Vps34TEC mice. The graph represents the relative frequency of each indicated DN thymocyte population. (E) Thymus tissue sections from 7- to 10-d-old
Vps34f/f or Vps34TEC mice stained with H&E (scale bar = 1,000 μm), anti-keratin 5 (K5; green) and DAPI (blue), or UEA-1 lectin (red) and DAPI (blue; scale bar =
500 μm). (F and G) Flow cytometric analysis of (F) total TECs and (G) TEC subsets, including mTECs (UEA-1+Ly-51−) and cTECs (UEA-1−Ly-51+) at 10 d of age.
(H)mTEChi (MHC IIhiCD80hi) and mTEClo (MHC IIloCD80lo) frequency among mTECs. (I) Sca-1 and Itga-6 expression by UEA-1lo TECs. The graph represents Sca-
1+Itga6+ cells among UEA-1lo TECs. Data are representative of at least two independent experiments with at least two mice per group. Each graphed data point
represents a biological replicate. Data signify the mean ± SD. *, P < 0.05; ***, P < 0.001; ns, not significant by unpaired t test.
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Figure S2. DN thymocytes, iNKT cells, MAIT cells, and splenic T cells in neonatal Vps34TEC mice. (A) Flow cytometric analysis of CD4−CD8−Lin (CD3,
B220, NK1.1)− DN thymocytes including DNI (CD44+CD25−), DNII (CD44+CD25+), DNIII (CD44−CD25+), DNIV (CD44−CD25−), and ETPs (CD44+CD25−cKit+)
isolated from 3-d-old Vps34f/f and Vps34TEC mice. The graph represents total numbers of the indicated thymocyte subset per thymic lobe. Data obtained from
two independent experiments (n = 3–4 biological replicates per genotype). (B and C) Splenocytes from 3-d-old Vps34f/f or Vps34TEC mice were analyzed by
flow cytometry. Flow cytometric analysis of (B) CD4 and CD8 expression, and (C) Foxp3-RFP expression among CD4+ T cells (CD3+CD4+). Graphs represent
frequency and total numbers of the indicated splenic subsets. Data obtained from three independent experiments (n = 5–7 mice per genotype). (D) Flow
cytometric analysis of iNKT cells (PBS57/CD1d-tetramer+CD3+) isolated from the thymus of the indicated mouse strains at the indicated ages. (E) Flow cy-
tometric analysis of MAIT cells (5-OP-RU/MR1-tetramer+CD3+) isolated from 3-d-old Vps34f/f or Vps34TEC mice. As a control, cells were stained with 6-FP/
MR1-tetramers (top). Data obtained from two independent experiments with at least three biological replicates. Data signify the mean ± SD where each
graphed data point represents a biological replicate. **, P < 0.01; ***, P < 0.001; ns, not significant by unpaired t test.
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Figure S3. Splenic phenotype of T cells in TCR transgenic mice. (A) DP thymocyte frequency of 1-wk-old Vps34f/f or Vps34TEC mice transgenic for the
indicated MHC class I–restricted (left) or MHC class II–restricted (right) TCRs. (B and C) Flow cytometric analysis of splenocytes for CD4 and CD8 expression
from the following MHC class I–restricted TCR transgenic lines: (B) OTI and (C) P14. (D) Frequency (left) and total cell number (right) of CD8 SP cells in the
indicated TCR lines. (E–H) Flow cytometric analysis of splenocytes for CD4 and CD8 expression from the following MHC class II–restricted TCR transgenic
lines: (E) OTII, (F) LLO56, (G) LLO118, and (H) Marilyn (females only). (I) Frequency (left) and total cell number (right) of CD4 SP in the indicated transgenic TCR
lines. (J)Marilyn thymocyte development in male Vps34TEC and Vps34f/f mice. Data signify the mean ± SD. Data are representative of at least two independent
experiments (n = 3–6 mice per genotype) where each data point represents a biological replicate. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant by
unpaired t test.
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Figure S4. Vps34 deficiency attenuates the incidence and severity of active EAE. EAE was induced by active immunization with MOG35–55 peptide.
(A) Daily clinical score (ANOVA). (B) Disease onset (Kaplan–Meier curves by log-rank test). (C) Peak disease score (unpaired t test). Results are accumulated
from three independent experiments with a combined total of 15 mice per group. The data shown are the average ± SEM. *, P < 0.05; **, P < 0.01; dpi, days
postimmunization.
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Figure S5. Vps34 regulates CD4+ T cell positive selection in a canonical autophagy-independent mechanism. (A and B) Flow cytometric analysis of (A)
total TECs (CD45−EpCAM+) and (B) TEC subsets, including mTECs (UEA-1+Ly-51−) and cTECs (UEA-1−Ly-51+) on postnatal day 10. Graphs represent frequency
(left) and total number (right) of TECs or TEC subsets. Data obtained from two independent experiments (n = 4 mice per genotype). (C–E) Thymocytes were
analyzed for CD4 and CD8 expression by flow cytometry. (C) Analysis of 10-d-old Atg5f/f or Atg5TEC mice. Graphs represent frequency and total numbers of the
indicated thymocyte subsets. Data obtained from two independent experiments (n = 5–6 mice per genotype). (D) B6 or Atg5TEC mice 5 wk after lethal ir-
radiation following engraftment with OTII TCR transgenic bone marrow. Graphs represent frequency and total numbers of OTII cells (CD4 SP TCR Vα2hi). Data
obtained from two independent experiments (n = 7 mice per group). (E) OTII TCR transgene was introgressed into the Atg5TEC strain and offspring were
analyzed for positive selection compared with OTII TCR transgenic Atg5f/f controls. Data obtained from two independent experiments (n = 4 mice per
genotype). Graphs represent frequency and total numbers of OTII cells (CD4 SP TCR Vα2hi). Data signify the mean ± SD where each data point represents a
biological replicate. ns, not significant by unpaired t test.
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Provided online are Table S1 and Table S2. Table S1 shows specificity of TCR transgenic mice used in this study. Table S2 lists mouse
strains used in this study.
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