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Abstract 25 

CD4+ T cells orchestrate both humoral and cytotoxic immune responses. While it is 26 

known that CD4+ T cell proliferation relies on autophagy, direct identification of the 27 

autophagosomal cargo involved is still missing. Here, we created a transgenic mouse 28 

model, which, for the first time, enables us to directly map the proteinaceous content 29 

of autophagosomes in any primary cell by LC3 proximity labelling. IL-7Rα, a cytokine 30 

receptor mostly found in naïve and memory T cells, was reproducibly detected in 31 

autophagosomes of activated CD4+ T cells. Consistently, CD4+ T cells lacking 32 

autophagy showed increased IL-7Rα surface expression, while no defect in 33 

internalisation was observed. Mechanistically, excessive surface IL-7Rα sequestrates 34 

the common gamma chain, impairing the IL-2R assembly and downstream signalling 35 

crucial for T cell proliferation. This study provides proof-of-principle that key autophagy 36 

substrates can be reliably identified with this model to help mechanistically unravel 37 

autophagy’s contribution to healthy physiology and disease. 38 
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Introduction  50 

Macroautophagy, hereafter as autophagy, is an evolutionarily conserved catabolic 51 

pathway that mediates the degradation of cellular components. Autophagy plays an 52 

essential role in the differentiation, homeostasis and renewal of many immune cells11. 53 

Among these immune populations is the CD4+ T cell, or helper T cell, which 54 

orchestrates both adaptive and innate immunity. To exert their helper function, CD4+ 55 

T cells need to be activated and differentiated into effector populations. The activity is 56 

finely tuned by three sequential signals: 1) T cell receptor (TCR) recognising their 57 

cognate antigen in a major histocompatibility complex (MHC)-restricted manner, 2) 58 

costimulatory receptors activated by their ligands, and 3) cytokine-amplified 59 

differentiation and expansion12. Moreover, activated T cells undergo a dramatic shift in 60 

their proteome, which facilitates their functional and metabolic transition13. Autophagy 61 

has been shown to contribute to the expansion, differentiation, and maintenance of 62 

CD4+ T cells, suggesting that autophagy can selectively degrade a spectrum of 63 

molecules to mediate these physiological processes14-16. The systematic identification 64 

of autophagosomal cargoes in CD4+ T cells will fill a gap in our understanding of the 65 

molecular mechanisms of T cell activation and proliferation. 66 

 67 

Traditional methods for mapping autophagosomal content are based on purifying 68 

autophagosomes with extensive cell fractionation and mass-spectrometry analysis. 69 

However, the results are compromised by contamination from other co-purified cellular 70 

compartments and by the low reproducibility caused by variation introduced during the 71 

differential centrifugation and extensive manipulation. Furthermore, the number of cells 72 

required often exceeds what can be obtained from primary material. To determine 73 

bona fide autophagosomal constituents, the proximity-dependent biotinylation 74 
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approach provides a solution. It uses a modified ascorbate peroxidase (APEX2) to 75 

transform biotin-phenols into short-lived reactive radicals, which can covalently tag 76 

proteins in close proximity17. When genetically fused to a protein of interest, the 77 

enzyme provides a snapshot of the local environment and maps the spatial proteome 78 

of subcellular compartments18. Le Guerroué et al. employed the technique to profile 79 

potential autophagosomal substrate proteins in HeLa cells through overexpressing 80 

APEX2 fused with hATG88. To extend its application to primary cells under different 81 

physiological contexts, we created a knock-in mouse model by introducing the APEX2 82 

sequence into the endogenous Lc3b locus, an Atg8 homolog in mammalian cells. This 83 

model helped us to identify IL-7Rα as a major autophagy cargo in proliferating CD4+ 84 

T cells, thus revealing how autophagy contributes to CD4+ T cell expansion by 85 

modulating signal 3. 86 

 87 
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Results 99 

Autophagy-deficient CD4+ T cells show delayed proliferation 100 

In a study by Ahmed et al. and our previous study, it was revealed that autophagy is 101 

crucial for the formation of memory CD8+ T cells4,19. We used a mouse model 102 

conditionally deleting Atg7, a key autophagy gene, in both CD4 and CD8 T 103 

lymphocytes (CD4cre Atg7flox/flox, hereafter as T-Atg7-/-). Using the same mouse model 104 

here, we addressed the role of autophagy in CD4+ T cells and found that the formation 105 

of CD4+ effector T cells was severely affected in two models of antigen exposure (Fig. 106 

1a-d). We excluded the effects of autophagy deletion in antigen-presenting cells 107 

expressing CD4 by generating chimera with bone marrow from wild-type littermate 108 

controls (CD45.1+) and T-Atg7-/- mice (CD45.2+) (Fig. 1a). Hosts were challenged with 109 

murine cytomegalovirus (MCMV) after 7 weeks and MCMV-specific CD4+ T cells in 110 

both spleens and lungs were evaluated with MHC class II tetramers, on day 7-9, the 111 

peak time for effector T cell formation20. The number of CD45.2+ MCMV-specific T-112 

Atg7-/- cells were significantly lower than that of CD45.1+ wild-type cells (spleens in 113 

Fig. 1b and lungs in supplementary Fig. 1a). 114 

 115 

To further confirm that autophagy-deficient CD4+ T cells fail to expand upon antigenic 116 

stimulation, we bred the T-Atg7-/- mice with the OT-II T-cell receptor transgenic mouse 117 

model, where T cells specifically recognise an epitope spanning peptide residues 329–118 

337 of ovalbumin (OVA)21. Neither CD4+ T cell lymphopenia nor increase of effector 119 

memory population (CD62L- CD44high) were observed in the spleens of naïve 6-week-120 

old T-Atg7-/- OT-II mice (supplementary Fig. 1b-c). We transferred either wild-type or 121 

T-Atg7-/- OT-II T cells of CD45.2+ background into CD45.1+ host mice. After 24 hours, 122 

mice were challenged with recombinant H5 adenovirus expressing OVA (AdH5-OVA) 123 
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to activate the OT-II T cells (Fig. 1c). On day 9, phenotyping of antigen-specific cells 124 

revealed that autophagy-deficiency significantly compromised effector T cell formation 125 

in both spleen and blood (Fig. 1d and supplementary Fig. 1d), which is consistent with 126 

our findings measuring endogenous T cell responses to MCMV. 127 

 128 

To understand why antigen-specific CD4+ T cells show impaired expansion in vivo, we 129 

next dissected the dynamics of the TCR-mediated proliferation in autophagy-deficient 130 

cells. We activated wild-type and autophagy-deficient OT-II CD4+ T cells in vitro and 131 

assessed their proliferation profile. We observed a delay in proliferation of T-Atg7-/- 132 

CD4+ T cells compared to their wild-type counterparts on day 3 and day 7 (Fig. 1e). 133 

However, by day 10, autophagy-deficient CD4+ T cells caught up and exhibited a 134 

similar profile to wild-type. In line with previous work, the upregulation of early 135 

activation markers is not significantly changed between autophagy-deficient and -136 

proficient cells, indicating that the TCR-signalling is not affected (Supplementary Fig. 137 

1e and f)22.  138 

 139 

To rule out the preferential proliferation (and escape) of CD4+ T cells with incomplete 140 

Atg7 knockout, we tested Atg7 mRNA expression by qRT-PCR on day 7 in sorted T 141 

cells that had undergone a maximum number of detectable cell divisions (i.e. that 142 

diluted the cell dye to the maximum). Indeed, Atg7 mRNA in proliferated CD4+ T cells 143 

from T-Atg7-/-; OT-II mice was undetectable (Supplementary Fig. 1g). Moreover, 144 

decreased expansion cannot be explained by increased apoptosis or cell death, since 145 

the percentages of Annexin V+/LD-NIR- and LD-NIR+ CD4+ T cells do not differ 146 

significantly between wild-type and knockout cells on day 1 or 3 (supplementary Fig. 147 

1h and i). Our observation of delayed proliferation in response to antigen-stimulation 148 
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confirms and extends the findings of other autophagy-knockout models that 149 

demonstrated an issue with CD4 expansion in response to non-specific stimulation22-150 

26. Next, we aimed to identify the proteins that are selectively degraded by autophagy 151 

by using proximity labelling.  152 

 153 
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 174 

Figure 1 Autophagy-deficient CD4+ T cells show delayed proliferation.  175 

(a) Experimental set-up for the generation of bone marrow (BM) chimeras. Lethally 176 

irradiated CD45.1+ hosts reconstituted with a 1:1 mix of BM of either T-Atg7-/- or wild-type 177 

(donors both CD45.2+) and CD45.1+ wild-type BM. After 7 weeks, hosts were 178 

intravenously (i.v.) infected with 1x106 PFU murine cytomegalovirus (MCMV). Cells from 179 

spleens were collected and analyse 7 days post-infection. 180 

(b) Dot plots (left) of splenic MCMV-specific CD4+ T cells within CD19- population from 181 

CD45.2+ wild-type or T-Atg7-/- donors and CD45.1+ donors. Bar graph (right) indicates 182 
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percentage of Tet+ CD4+ T cells within the CD45.2+ CD19- or CD45.1+ CD19- population 183 

(n = 8-9 mice per group) and is representative of three independent experiments. 184 

(c) Experimental set-up for the adoptive transfer: OT-II lymphocytes (2 x 104) from either 185 

CD45.2 wild-type or T-Atg7-/- mice were adoptively transferred into CD45.1 recipient mice. 186 

The recipient mice were orally immunised with 1x106 IU recombinant H5 adenovirus 187 

expressing ovalbumin (AdH5-OVA). The number of OT-II cells was determined by flow 188 

cytometry 8 days after immunisation. 189 

(d) Dot plots (left) are gated on CD45.2+, TCR Vα2+ in the spleens of recipient mice. Bar 190 

graph (right) depicts the frequency of gated population within total CD4+ T cell population 191 

(n = 5 mice per group) and is representative of three independent experiments. 192 

(e) Splenic OT-II+ T cells from wild-type or T-Atg7-/- mice were stimulated with ovalbumin 193 

in culture medium supplemented with mIL2 for 1, 3, 7 or 10 days. Histograms by flow 194 

cytometry (left) represent OT-II+ CD4+ T cell proliferation. Bar graph (right) indicates the 195 

percentage of CellTrace Violet-negative cells (most divided, defined by gate on day 7) 196 

within total OT-II+ CD4+ T cells (n = 4 mice per group). Data are representative of 3 197 

independent experiments.  198 

All data except for (b) are represented as mean ± SEM with unpaired two-tailed Student’s 199 

t-test, p*<0.05, p**<0.01, ns: not significant. 200 

 201 
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A novel mouse model based on the proximity biotinylation technique 208 

Among the six mammalian ATG8 homologs, MAP1LC3B (LC3B) is the most widely 209 

used to detect autophagic flux. Furthermore, in the study by Le Guerroué et al., 210 

autophagosomal substrates labelled by LC3B-fused APEX2 (AP2) displayed the 211 

highest reproducibility between biological samples among all six ATG8 homologs8. 212 

Therefore, we created a novel transgenic mouse model, knocking the sequence of AP2 213 

and a flexible GS-linker into the endogenous Lc3b locus (Fig. 2a). In the presence of 214 

both biotin-phenol (BP) and hydroxyl-peroxide (H2O2), LC3B-fused AP2 transforms 215 

biotin-phenol into highly reactive radicals, which can further be covalently conjugated 216 

to proteins nearby (Figure 2a). Then, these biotinylated proteins undergo affinity 217 

purification and mass spectrometry-based profiling. LC3B is expressed on the 218 

cytosolic and luminal side of autophagosomes but only on the cytosolic side of LC3-219 

associated phagosomes27,28. To increase the chance of discovering targets on the 220 

luminal side of autophagosomes, homogenates extracted from the proximity-labelled 221 

cells, which contains intact autophagosomes and other organelles, were incubated 222 

with Proteinase K (Prot K) (Fig. 2a). This allows Prot K to degrade the cytosolic proteins 223 

bound to LC3B, while those residing inside autophagosomes and other vesicles 224 

remained largely intact due to the protective effect of the membranes9. 225 

 226 

Wild-type, heterozygous and homozygous mice are identified by genomic PCR 227 

(supplementary Fig 2a). We first confirmed that the LC3B-AP2 chimeric protein is 228 

expressed. Cellular LC3B has two major isoforms – the free LC3B-I located in the 229 

cytosol and the membrane-bound LC3B-II. Immunoblotting of splenocytes showed 230 

bands around 44 kDa in heterozygotes and homozygotes with both anti-LC3B (17 kDa) 231 

and anti-AP2 (27 kDa) staining, but not in wild-type cells (Fig. 2b). In wild-type and 232 
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heterozygous splenocytes, LC3B was mostly expressed as non-fused to AP2. As 233 

expected, the lipid-conjugated form of LC3B-AP2 (LC3B-II-AP2) and non-fused LC3B-234 

II accumulated when cells were treated with Bafilomycin A1 (BafA1), an inhibitor 235 

preventing the lysosomal degradation of LC3 in autophagosomes. These results 236 

confirm that LC3B-fused AP2 is targeted to autophagosomes and undergoes 237 

lysosomal degradation, as expected from a functional LC3B protein. Next, we 238 

determined the enzymatic activity of AP2. After 30 min BP pre-incubation and 1 min 239 

H2O2 treatment, mouse splenocytes were lysed and analysed by western blotting with 240 

streptavidin. Cellular lysates from homozygote mice (two copies of Lc3b-AP2) treated 241 

with BP and H2O2 showed the strongest bands spanning from 11 kDa to 200 kDa, 242 

whereas negative controls in which we omitted BP or H2O2, or cell lysates from mice 243 

that do not express LC3B-AP2, showed only weak biotin bands (Supplementary Fig. 244 

2b). 245 

 246 

To optimise the protocol of autophagosomal protein purification, we immortalised 247 

mouse embryonic fibroblast (imMEF) extracted from Lc3b-AP2 embryos by 248 

transfecting them with lentivirus expressing SV40 antigens. In the imMEFs, as 249 

expected, we observed the co-localisation of biotinylated proteins with AP2 and 250 

LAMP1, a lysosomal marker (Fig. 2c), further confirming the autophagosomal 251 

enrichment of LC3B-AP2. In addition, the LC3B-AP2 chimeric protein generated 252 

electron microscope-dense autophagosomal structures when cells were subjected to 253 

3,3-diaminobenzidine labelling and H2O2 pulsing, which were more prominent with 254 

BafA1-treatment (Figure 2d). To further validate that the LC3B-AP2 chimeric protein is 255 

indeed located on the autophagosomal inner membrane, thus labelling luminal 256 

proteins, we performed Prot K protection assays. Homogenates from proximity-257 
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biotinylated imMEFs were incubated with Prot K and/or Triton-X, a detergent that 258 

breaks all membrane structures. Compared to untreated or Triton-X treated control, 259 

the sample treated with only Prot K partly preserved p62, an autophagy cargo receptor 260 

protein, AP2 and biotinylated bands, while the cytosolic tail of the transmembrane 261 

protein ATG9A was completely degraded (Fig. 2e). By contrast, adding both Prot K 262 

and Triton-X removed all proteins. Together, these results indicate the correct 263 

localisation of LC3B-AP2 proteins in autophagosomes and the protective effect of the 264 

autophagosomal membranes to Prot K. 265 

 266 

To test whether our mouse model can indeed help identify autophagy substrates, we 267 

next performed quantitative MS-based proteomics using Lc3b-AP2 imMEFs 268 

(Supplementary Fig. 2c). Cells were treated or not with BafA1 and four biological 269 

replicates were included in each group. After excluding Prot K-resistant candidates 270 

found when cells were treated with MS-compatible detergent RAPIGest, we 271 

reproducibly identified a total of 352 proteins specifically protected from Prot K 272 

treatment (Fig. 2f and Supplementary Table 1)29. Among the Prot K-protected proteins, 273 

43 proteins were significantly increased upon BafA1 treatment (Fig. 2g). Gene ontology 274 

analysis revealed that the identified proteins belong to the category of proteins that are 275 

usually enriched in autophagosomes and other cytoplasmic vesicles, where the 276 

membrane-bound LC3B is mainly located (Supplementary Fig. 2d)30. As expected, 277 

most of the proteins identified under basal conditions include autophagic receptors 278 

(p62/SQSTM1, NBR1, NCOA4, CALCOCO1 and TAX1BP1), autophagy regulators 279 

interacting with LC3 (NEDD4), autophagy substrates (KEAP1, FTH1) and another 280 

ATG8 homolog (GABARAPL2). Taken together, these observations support the 281 
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reliability of our mouse model, which can be used as a tool to specifically identify 282 

autophagosomal cargoes. 283 

 284 

To determine the minimum cell number to detect autophagosomal cargo effectively, 285 

we performed a cell titration experiment with cell numbers ranging from 0.125 to 8 286 

million. Although two autophagic receptors, TAX1BP1 and p62/SQSTM1, could be 287 

consistently identified as BafA1-sensitive candidates in all conditions, the total number 288 

of proteins being significantly upregulated by BafA1 showed a sharp decrease when 289 

less than 1 million imMEFs were used (Supplementary Fig. 2e). These data indicate 290 

that a greater cell number potentially yields more candidates when using the LC3B-291 

AP2 labelling system. 292 

 293 

 294 
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Figure 2 LC3B-AP2 transgenic mouse model facilitates the direct identification of 308 

autophagosomal cargoes. 309 

(a) Generation of mouse model and experimental set-up for proximity labelling.  310 

(b) Western blot of whole splenic cell homogenates from wild-type, heterozygous and 311 

homozygous mice. Cells were treated with 10 nM Bafilomycin A1 (BafA1) or DMSO for 2 312 

hours. These experiments were repeated as biological triplicates (one mouse each) with 313 

similar results. 314 

(c) Confocal imaging of biotinylated proteins, AP2 and LAMP1 in proximity-labelled 315 

immortalised mouse embryonic fibroblasts (imMEFs) generated from the Lc3b-AP2 316 

mouse model. Light blue arrows indicate colocalization events with magnifications at the 317 

upper-left corners. These experiments were repeated as biological triplicates with similar 318 

results. 319 

(d) Electron micrographs of DMSO- or BafA1-treated Lc3b-AP2 imMEFs. Following 320 

fixation, cells were incubated with 3,3-diaminobenzidine and H2O2 prior to standard 321 

embedding and ultrathin sectioning. Squares highlight the autophagosomal structures. 322 

Squares that are marked by asterisks are magnified in the upper-right corner. 323 

(e) Homogenates from imMEFs were labelled, then left untreated or incubated with Prot 324 

K, Triton-X-100, or both and followed by immunoblotting for AP2, Biotin, p62 and ATG9A. 325 

(f) Venn diagrams depicting Prot K-protected, biotinylated proteins identified in imMEFs 326 

with more than two spectral counts across four biological replicates in both DMSO and 327 

BafA1 treated groups. Pearson’s correlation coefficients of the label-free quantity of each 328 

protein included in two replicates are displayed in italic.  329 

(g) Volcano plot of proteins from (f) labelled by LC3B-AP2 in imMEFs. Proteins 330 

significantly upregulated in response to BafA1 treatment are highlighted in red (p<= 0.05 331 
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by unpaired two-tail Student’s t-test, n = 4 biological replicates). Known autophagosomal 332 

candidates are labelled with protein names. 333 

 334 

 335 

 336 
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IL-7Rα is detected in LC3-containing vesicles in activated CD4+ T cells 357 

Aiming to better understand the underlying causes of the observed delayed 358 

proliferation in autophagy-deficient CD4+ T cells, we decided to apply the LC3B-AP2 359 

labelling system to investigate the autophagosomal degradome in autophagy-360 

proficient proliferative CD4+ T cells. For that, we used activated CD4+ T cells isolated 361 

from Lc3b-AP2 mice. The proliferative state of CD4+ T cells allowed us to obtain a 362 

large number of fully activated CD25+ cells, which, based on the results obtained from 363 

imMEFs, contributes to the identification of higher numbers of autophagosomal 364 

candidates (Supplementary Fig. 3a). In addition, we could determine that the 365 

autophagic flux was highest on days 2 and 3 (Supplementary Fig. 3b), indicating these 366 

are appropriate time points to evaluate the role of autophagy in CD4+ T cell 367 

proliferation. Finally, we identified an accumulation of LC3B-II-AP2 protein in BafA1-368 

treated cells 3 days post-activation (Supplementary Fig. 3c). Thus, we decided to 369 

activate CD4+ T cells in vitro for 3 days, using anti-CD3/CD28 Dynabeads, prior to 370 

performing proximity labelling. 371 

 372 

Again, the mass-spectrometry analysis showed high reproducibility between each 373 

biological replicates (Fig. 3a). Among 112 Prot K-protected and streptavidin-enriched 374 

proteins, seven candidates were significantly upregulated by BafA1-treatment (Fig. 3b 375 

and Supplementary Table 2). Of these candidates, interleukin-7 receptor alpha (IL-376 

7Rα) showed the highest fold change robustly among all biological replicates (4.67-377 

fold increase, p = 0.033, Fig. 3c). Moreover, IL-7Rα was found to be significantly 378 

upregulated (p = 0.0089) in a repeat experiment, and a meta-analysis combining the 379 

two experiments found that IL-7Rα was the only protein that was significant after 380 

multiple testing correction (meta-analysed p = 0.00087, Benjamini-Hochberg-corrected 381 
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q-value = 0.0315, Supplementary Fig. 3d and Supplementary Table 3). Therefore, we 382 

decided to further investigate this protein. IL-7Rα is highly expressed on naive T cells, 383 

and TCR/CD28-mediated signalling induces its downregulation31. This is in line with 384 

our data suggesting that IL-7Rα is degraded in an LC3B+ compartment during T cell 385 

activation. 386 

 387 

IL-7Rα is a subunit of the heterodimeric cytokine receptor IL-7R, and its signalling is 388 

crucial for peripheral T cell survival and homeostatic proliferation32. It is constantly 389 

internalised and recycled through membrane-enveloped organelles and therefore may 390 

be found in LC3-containing compartments other than autophagosomes33,34. To ensure 391 

that IL-7Rα is found in bona fide autophagosomes, we performed immunostaining of 392 

IL-7Rα with LC3 or WIPI2, an early autophagosomal marker. We observed 393 

colocalization of IL-7Rα with both molecules when cells are either activated or not (Fig. 394 

3d). Therefore, we confirmed that IL-7Rα was indeed located in the autophagosomal 395 

compartment. 396 

 397 

IL-7Rα accumulation in T-Atg7-/- CD4+ T cells is due to impaired autophagy 398 

To validate whether lack of autophagy impairs the degradation of IL-7Rα, we measured 399 

IL-7Rα expression level in CD4+ T cells freshly isolated from the spleen of T-Atg7-/- 400 

mice by flow cytometry. IL-7Rα was upregulated both at the surface and whole-cell 401 

level in naïve T-Atg7-/- CD4+ T cells (Fig. 3e). By contrast, no significant changes in 402 

effector T cells were observed. To make sure this is an autophagy-related effect and 403 

not an Atg7-specific effect, we further confirmed this result by deleting Atg16l1, another 404 

autophagy gene, specifically in T cells (Supplementary Fig. 3e). The increased 405 

expression of IL-7Rα protein was not due to enhanced transcription of Il7ra as 406 
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indicated by the qRT-PCR performed on different days after activation (Supplementary 407 

Fig. 3f). It is worth noting that both surface and whole-cell levels of IL-7Rα remained 408 

higher in T-Atg7-/- CD4+ T cells after one day of activation, while the difference 409 

disappeared on day 3 (Supplementary Fig. 3g).  410 

 411 

Previous studies showed that key autophagy genes, like Atg7 and Atg5, control the 412 

internalisation of surface receptors5,35. To address whether the accumulation of IL-7Rα 413 

in autophagy-knockout CD4+ T cells is caused by decreased internalisation, we 414 

measured the amount of IL-7Rα binding to the biotin-conjugated antibody at the cell 415 

surface over time. We confirmed that the surface level of IL-7Rα was generally higher 416 

in T-Atg7-/- naïve CD4+ T cells in comparison to their wild-type counterparts, but could 417 

not observe any differences in the rate of receptor internalisation, represented by the 418 

percentage of internally trafficked IL-7Rα (Supplementary Fig. 3h). Therefore, we ruled 419 

out the possibility that the surface accumulation of IL-7Rα is due to impaired 420 

internalisation. 421 

 422 

 423 

 424 

 425 

 426 

 427 

 428 

 429 

 430 

 431 
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 432 

Figure 3. IL-7Rα is degraded via autophagy in CD4+ T cells.  433 

(a) Venn diagrams depicting Prot K-protected, biotinylated proteins identified in activated 434 

CD4+ T cells with more than two spectral counts across four biological replicates in both 435 

DMSO and BafA1 treated groups. Pearson’s correlation coefficients of the label-free 436 

quantity of each protein included in two replicates are displayed in italic.  437 

(b) Volcano plot of proteins from (a) labelled by LC3B-AP2 in activated CD4+ T cells. 438 

Proteins significantly upregulated in response to BafA1 treatment are highlighted in red, 439 
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p<0.05 by unpaired two-tailed Student’s t-test, n = 4 biological replicates per group, with 440 

each replicate combining T cells from two mice. 441 

(c) A log2(BafA1/Ctrl) heat map of the BafA1-upregulated candidates. Red colour 442 

indicates an upregulation in BafA1-treated samples, while blue represents a decrease. 443 

(d) Confocal imaging of IL-7Rα, LC3 and WIPI2 in wild-type CD4+ T cells without 444 

activation or activated for 3 days. Red arrows indicate colocalization events, whose 445 

magnifications are displayed at the upper-right corners. These experiments were 446 

repeated as biological triplicates with similar results. 447 

(e) Histogram (left) of IL-7Rα surface level, gated on splenic CD4+ T cells from wild-type 448 

or T-Atg7-/- mice. Bar graphs show the surface (middle) or whole-cell (right) level of IL-449 

7Rα in total CD4+ T cell, naïve CD4+ T cell (CD62L+ CD44lo) or effector CD4+ T cell 450 

(CD62L- CD44hi). Quantitative analyses are representative of four independent 451 

experiments. All values are represented as mean ± SEM with unpaired two-tailed 452 

Student’s t-test, n = 3-4 mice per group, p*<0.05, p***<0.001, p****<0.0001, ns: not 453 

significant. 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 
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Excessive IL-7Rα on autophagy-deficient T cell surface impair the IL-2R assembly and 464 

signalling 465 

While we confirmed that the accumulation of IL-7Rα in CD4+ T cells is autophagy-466 

dependent, the molecular basis of how it leads to impaired proliferation remained 467 

elusive. Both IL-7R and IL-2R share a common gamma-chain (γc) to transduce 468 

downstream signalling36. IL-7R (heterodimer comprised of γc and IL-7Rα) is highly 469 

expressed on naïve T cells and co-exists with the low-affinity IL-2R (heterodimer 470 

comprised of γc and IL-2Rβ). During TCR-mediated activation, IL-7Rα is 471 

downregulated from the cell surface and IL-2Rα takes over to form high-affinity IL-2R 472 

(heterotrimer comprised of γc, IL-2Rα and IL-2Rβ). When binding to IL-2, high-affinity 473 

IL-2R mediates persistent and robust downstream signalling, which is crucial for the 474 

proliferation of CD4+ T cells37. It has been reported in regulatory T cells that γc has 475 

limited availability and pre-associates with excessive IL-7Rα independently of IL-7, 476 

which impedes IL-2R signalling38. Therefore, we hypothesized that excessive IL-7Rα 477 

expression leads to delayed proliferation of T-Atg7-/- CD4+ T cells by a similar 478 

mechanism (Fig. 4a).  479 

 480 

To test whether IL-2R signalling is impaired in CD4+ T cells lacking autophagy, we 481 

measured the level of phosphorylated Stat5 (pStat5), the classical downstream 482 

transducer of IL-2 signalling. Since naïve T cells respond poorly to IL-2, we 483 

hypothesized that IL-2 signalling contributes to T cell activation mainly after high-484 

affinity IL-2R is expressed39. We observed an upregulated expression of IL-2Rα 24 485 

hours after TCR-mediated activation (Supplementary Fig. 3a), while IL-7Rα remained 486 

accumulated on the cell surface of autophagy-deficient CD4+ T cells at the same time 487 

point (Supplementary Fig. 4a). To determine whether accumulated IL-7Rα impacts on 488 
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IL-2-driven signalling, we incubated activated CD4+ T cells with different doses of IL-489 

2 (Fig. 4b). Corroborating our initial hypothesis, pStat5 level was higher in presence of 490 

increased concentrations of IL-2 in wild-type CD4+ T cells, whereas IL-2R signalling in 491 

T-Atg7-/- T cells was refractory to the administration of IL-2 (Fig. 4c). Importantly, this 492 

was not due to different expression of IL-2R, as we found no significant differences in 493 

the expression of its three subunits between T-Atg7-/- and wild-type T cells 494 

(Supplementary Fig. 4b). 495 

 496 

To further confirm whether the assembly of these cytokine receptors is impaired in T-497 

Atg7-/- CD4+ T cells, we measured the co-localisation of γc with either IL-7Rα or IL-498 

2Rα. Since IL-2 signalling is polarised at the immunological synapse, we incubated the 499 

activated T cells on supported lipid bilayers containing ICAM1 and anti-CD3 proteins, 500 

in the presence of IL-240. We then visualised the receptor subunits at the 501 

immunological synapse (Fig. 4d, left). As expected, we found a significantly lower co-502 

localisation of IL-2Rα and γc in T-Atg7-/- CD4+ T cells (Fig. 4d, right), indicating that the 503 

formation of IL-2R complex was indeed impaired in autophagy-deficient CD4+ T cells 504 

at the immunological synapse. However, we did not see any significant differences in 505 

the colocalization of γc with IL-7Rα (Supplementary Fig. 4b). To evaluate whether IL-506 

7Rα sequestration happened outside the immunological synapse, we performed 507 

confocal analysis of whole cell volumes, where we could observe that γc-IL-7Rα co-508 

localisation is indeed higher in T-Atg7-/- CD4+ T cells (Fig. 4e). Taken together, our 509 

results suggest that autophagy plays a key role in CD4+ T cell activation, by degrading 510 

IL-7Rα, which releases γc and promotes its assembly in high-affinity IL-2R, a signalling 511 

receptor that is essential for T cell proliferation. 512 

 513 
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 514 

Figure 4. IL-2R signalling is impaired in autophagy-deficient CD4+ T cells.  515 

(a) Schematic overview of how excessive IL-7Rα may lead to impaired T cell 516 

proliferation. During T cell activation, the IL-2Rα is upregulated on the cell surface, while 517 
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surface IL-7Rα is decreased. In T-Atg7-/- CD4+ T cells, excessive IL-7Rα sequestrates 518 

the common gamma chain (γc), a key subunit of both IL-7R and IL-2R, and abrogates 519 

the downstream IL-2R signalling which is crucial for the expansion of the effector 520 

population. 521 

(b) Experimental set-up: naïve CD4+ T cells from either wild-type or T-Atg7-/- mice were 522 

activated with anti-CD3/CD28 Dynabeads for 24 hours, followed by a treatment with 523 

murine IL-2 for 15 min. Phosphorylated Stat5 (pStat5) level was measured by flow 524 

cytometry.  525 

(c) Histograms (left) of pStat5 level in activated CD4+ T cells from wild-type or T-Atg7-/- 526 

mice, stimulated with different doses of murine IL-2. Bar graph (right) depicts the ratio of 527 

increase in p-Stat5 signal in response to 20 ng/ml murine IL-2 (pStat5IL-2 – pStat5ctrl) to 528 

the basal level (pStat5ctrl), determined from two independent experiments, n = 5 mice per 529 

group. Data are represented as mean ± SEM with unpaired two-tailed Student’s t-test, 530 

p**<0.01. 531 

(d) TIRF imaging (left) of IL-7Rα, IL-2Rα and γc at the immunological synapse. Naive 532 

CD4+ T cells activated for 24 hours were exposed to supported lipid bilayers containing 533 

ICAM1 and anti-CD3 proteins, then fixed after a 10-min incubation with 50 U/ml mIL-2. 534 

Cytokine receptors were stained for imaging. Square insets show magnification of the 535 

co-localisation events. Box graph (right) shows Pearson’s correlation coefficient between 536 

the IL-2Rα and γc, n = 15 cells per group. Data are represented as mean ± max and min 537 

values, with unpaired two-tailed Student’s t-test, p*<0.05. 538 

(e) Confocal imaging of IL-7Rα and γc at the surface of activated CD4+ T cells (with high 539 

CD25 expression). Box graph (right) shows Pearson’s correlation coefficient between 540 

the IL-7Rα and γc at the cell surface, n = 23 cells per group. Data are represented as 541 

mean ± max and min values, with unpaired two-tailed Student’s t-test, p***<0.001. 542 
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Discussion 543 

In this study, we dissected the molecular mechanism of autophagy in the antigen-544 

induced proliferation of CD4+ T cells. Using a novel powerful mouse model based on 545 

the proximity biotinylation technique, we demonstrate that autophagic degradation of 546 

IL-7Rα plays a crucial role in T cell activation, since it can competitively inhibit IL-2R 547 

signalling through sequestration of the limited amount of γc. Thus, we identified 548 

autophagy’s role in the transition of cytokine signalling, from IL-7R-mediated 549 

homeostasis in naïve T cells to IL-2R-mediated expansion in effector T cells. This 550 

research not only provides proof-of-principle application of the Lc3b-AP2 mouse model 551 

but also fills a key gap in our knowledge of CD4+ T cell activation. 552 

 553 

We observed that IL-7Rα levels were higher in autophagy-deficient naïve CD4+ T cells, 554 

while the difference disappears on 3 days post-activation, suggesting that other 555 

compensatory pathways for degradation of excessive IL-7Rα might take place. 556 

Previous studies indicated that IL-7Rα can be degraded through both lysosome- and 557 

proteasome-mediated pathways in naïve T cells33,34. During T cell activation, genes of 558 

proteasome subunits are upregulated, which may contribute to the compensatory 559 

degradation of IL-7Rα in autophagy-deficient CD4+ T cells41. Other pathways 560 

compensating gradually for the loss of autophagy in T-Atg7-/- CD4+ T cells may help 561 

to explain why the cells catch up on their proliferation in vitro. 562 

 563 

Our observation of accumulated IL-7Rα in both Atg7- and Atg16l1-deficient CD4+ T 564 

cells is in contrast to a report in T cells lacking Vps34, a PI3-kinase involved in the 565 

initiation of autophagy42. In this study, McLeod et al. describe that Vps34-deficient 566 

CD4+ T cells downregulate the surface expression of IL-7Rα. However, the autophagic 567 
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flux in that model is not impaired and the lower level of surface IL-7Rα was proposed 568 

to be due to a deficit in the retromer pathway mediated by Vps34. By contrast, in 569 

another study in which bone marrow chimera model were generated to exclude the 570 

effect of lymphopenia, IL-7Rα expression is higher in Vps34-deficient CD4+ T cells 571 

compared to autophagy-proficient cells, further corroborates our findings, which were 572 

also made in a non-lymphopenic environment43. 573 

 574 

It is known that proteins firstly described for their function in autophagy can perform 575 

diverse other functions44. Indeed, the autophagy machinery also participates in cellular 576 

processes other than classical macroautophagy, such as endosomal microautophagy 577 

(eMA), and in particular, LC3-associated phagocytosis (LAP) and LC3-associated 578 

endocytosis (LANDO), where lipidated LC3 is expressed on the cytosolic surface of 579 

vesicles30. However, any proteins associated with these vesicles would be excluded 580 

from our analysis, as LC3 would be located towards the cytosol, and our protocol 581 

specifically enriches for autophagosomal luminal proteins. Another pathway to be 582 

considered is the LC3-dependent extracellular vesicle loading and secretion (LDELS), 583 

where lipid-conjugated LC3s reside in the lumen of extracellular vesicles45. In fact, 584 

using a pulse-chase proximity labelling strategy, the LC3-dependent secretome of 585 

extracellular vesicles was recently profiled in vitro45. Interestingly, we found a putative 586 

target potentially involved in this pathway. Rab8b, a small Rab GTPase indispensable 587 

for exocytic trafficking of post-Golgi vesicles to the plasma membrane was revealed 588 

as a putative cargo in the LC3 compartment in activated CD4+ T cells (Fig. 3b and c)46. 589 

In addition to this role, the protein has also been suggested to be co-localised with LC3 590 

to mediate autophagy-based secretion and autophagosome maturation47,48. In 591 

summary, since membrane-bound LC3 is prevalent in degradative and non-592 
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degradative vesicles, the Lc3b-AP2 mouse model is not only a powerful technique to 593 

reveal macroautophagic cargo but may also identify other cargoes when BafA1 is 594 

replaced with other specific inhibitors. In addition, this model will be useful to explore 595 

the cytosolic subproteome of LC3 under physiological conditions when the Prot K 596 

treatment is left out. 597 

 598 

Two other molecules, CDKN1B/p27Kip, a cell cyclin-dependent kinase inhibitor, and 599 

PTPN1, a protein tyrosine phosphatase, were shown to be removed by autophagy 600 

during the early activation of naïve CD4+ T cells and Th1 cells respectively49,50. 601 

CDKN1B/p27Kip1 was found upregulated by Jia et al. using whole-cell proteomics of 602 

autophagy-knockout T cells49. Further validation showed that the autophagy-mediated 603 

degradation of CDKN1B is a prerequisite for the proliferation of naïve CD4+ T cells. 604 

Proteomics and western blots have been widely used to indirectly map 605 

autophagosomal content from autophagy-deficient T cells. However, these techniques 606 

cannot exclude that cells without autophagy may have synthesized these as new 607 

proteins. By purifying autophagosomes with extensive subfractionation from activated 608 

Th1 cells, Mocholi et al. showed that autophagy degrades PTPN150. It is possible that 609 

we did not identify either of these proteins due to the duration of activation. Both studies 610 

used T cells activated for no longer than 24 hours, while we activated cells for three 611 

days to maximise autophagy levels and cell numbers.  612 

 613 

The Lc3b-AP2 mouse model overcomes the obstacles of previous methods and 614 

facilitates the identification of transient binding partners and subcellular structures. 615 

One caveat of the method is the biased detection of the proteome. Proteins 616 

embedded in large complexes, or with very few electron-rich amino acid residues 617 
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exposed at the surface, have a lower chance to be tagged by the biotin-phenol 618 

radicals, which limits the use of this method to detect a certain type of proteins. In our 619 

study activated primary CD4 T cells show greater biological and technical variation 620 

than imMEFs. This is most likely due to the high amount of systemic variation in 621 

immune development and variation induced by activation/ expansion in T cells, which 622 

made this pilot study particularly challenging. In addition, T cells are smaller in size 623 

with little cytoplasm compared to imMEFs. As a result, a large number of T cells were 624 

required to map autophagy-regulated proteins. However, this pilot study has proven 625 

that it is possible to detect abundant proteins (such as IL-7Rα) targeted for 626 

autophagic degradation in T cells. Identifying less abundant proteins targeted by the 627 

autophagosome in T cells will require further optimisation and more repeats. This is 628 

not necessarily true for other primary cell types. Therefore, our model, together with 629 

other murine models based on this technique, indicates their broader application for 630 

the study of proteins in organelles in primary cells and in vivo51-56. 631 

 632 

Overall, it is likely that autophagy is required to selectively degrade a spectrum of 633 

molecules at different time points to lift the brake on T cell proliferation, which is finely 634 

tuned by multiple signalling pathways. An autophagic programme will also be key to 635 

remodelling the cell and providing energy, nutrients and building blocks for protein 636 

synthesis and for the generation of the daughter cells.  637 

 638 

 639 

 640 

 641 

 642 
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Materials and Methods 643 

Mice 644 

Atg7flox/flox mice1 (from M Komatsu) and CD4cre mice2 (from Adeline Hajjar) were 645 

crossed to obtain CD4cre Atg7-/- mice (T-Atg7-/-) on a C57BL/6 background. All mice 646 

were 6-8 weeks of age at the start of each experiment and were matched in age and 647 

gender. CD4cre Atg7+/+ littermates were used as wild-type controls (wild-type). C57BL/6 648 

SJL CD45.1 mice for bone marrow chimera and T cell adoptive transfer were 649 

purchased from Charles River, UK. OT-II mice were crossed with CD4cre Atg7-/- mice. 650 

CD4cre Atg16l1-/- mice were from Kevin Maloy. Lc3b-APEX2 (Lc3b-AP2) mice were 651 

generated by Cyagen, by constitutively knocking in an APEX-tag and a 652 

GGGGSGGGGGS-linker into the exon 1 of the mouse Map1lc3b allele. All mice were 653 

held in BSU at the Kennedy Institute of Rheumatology. All mice were under specific 654 

pathogen-free level maintenance at 24 °C, 50% humidity, and a 12:12 h light/dark cycle. 655 

Mice were kept in individually ventilated cages, with ad libitum access to autoclaved 656 

water and irradiated food pellets. 657 

 658 

Viral vectors and lentivirus production 659 

P-Lenti CMV/TO SV40 small + Large T (w612-1) was a gift from Eric Campeau 660 

(Addgene plasmid # 22298). For packaging the virus, HEK293T cells were transfected 661 

with vector and replication-incompetent lentiviral packaging constructs, harvested after 662 

48-hour post-transfection, and viral supernatants filtered through a 0.45 µM cellulose 663 

acetate filter. 664 

 665 

Cell line generation 666 
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The mouse embryonic fibroblasts (MEFs) were generated according to published 667 

protocols3. In brief, Lc3b-AP2 homozygous embryos were separated from female uteri 668 

on E13.5. After removing the head above eyes and red organs (heart and liver), the 669 

rest of the embryos were minced and subjected to 0.25% Trypsin (Sigma) digestion, 670 

with intermittent pipetting up and down. Digestion was terminated by MEF culture 671 

media (Dulbecco's Modified Eagle Medium, Sigma-Aldrich) supplemented with 10% 672 

Fetal Bovine Serum (Sigma-Aldrich), 2% penicillin-streptomycin (Sigma-Aldrich) and 2 673 

mM L-Glutamine (Sigma-Aldrich). Single cells and clusters were transferred onto the 674 

T25 flask and incubated with MEF culture media overnight. After replacing the old 675 

media and removing the debris, cells were passaged until reaching confluency. To 676 

immortalise the Lc3b-AP2 cell line, MEFs were re-seeded to 6-well plates and 677 

transduced with the supernatant of the lentivirus expressing SV40 small and large T 678 

antigens overnight. Monoclonal immortalised MEFs were selected through dilution 679 

cloning and over 10 rounds of passaging. 680 

 681 

Bone marrow (BM) chimera 682 

Bone marrow chimeras were generated similarly as described before4. After 683 

erythrocyte lysis, BM cells extracted from a single 8-week-old wild-type or T-Atg7-/- 684 

(both CD45.2) were 1:1 mixed with C57BL/6 SJL mouse (CD45.1) in a total volume of 685 

200 µl PBS, with 3 x 106 cells each. The mixture was injected intravenously into 686 

C57BL/6 SJL CD45.1 recipients 2 hours after being lethally irradiated (450 cGy twice, 687 

4 hours apart). Followed by an 8-week reconstitution, BM chimeras were immunised 688 

with 1 x 106 PFU MCMV (Smith strain ATCC:VR194). 689 

 690 

T-cell adoptive transfer 691 
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For adoptive transfer, 2 x 104 purified splenic OT-II T cells from CD45.2 wild-type or T-692 

Atg7-/- mice were intravenously injected into C57BL/6 SJL CD45.1 recipients. After 24 693 

hours, recipient mice were immunised with 1x106 IU recombinant adenovirus H5-694 

ovalbumin (abm). 695 

 696 

CD4+ T Cell isolation 697 

Total CD4+ T cells were purified with EasySep Mouse T Cell Isolation Kit (Stemcell 698 

Technology). Total splenocytes suspended in MACS buffer (2% FBS in DPBS) were 699 

incubated with rat serum and isolation cocktail for 10 min at room temperature, then 700 

incubated with Streptavidin RapidSpheres for 2.5 min. After topped up to 2.5 ml, tubes 701 

were placed into the magnet and incubated at room temperature for 2.5 min. Purified 702 

CD4+ T cells were transferred to new tubes for further analysis. 703 

 704 

CD4+ T cell in vitro activation 705 

T cells were cultured in RPMI-1640 Medium (Sigma-Aldrich) containing 10% Fetal 706 

Bovine Serum (Sigma-Aldrich), 2% penicillin-streptomycin (Sigma-Aldrich) and 2 mM 707 

L-Glutamine (Sigma-Aldrich). For antigen-induced activation, total splenocytes 708 

isolated from OT-II mouse spleens were cultured with OVA 323-339 peptide (1 mg/ml, 709 

InvivoGen) and recombinant murine IL-2 (20 ng/ml, PeproTech). For anti-CD3/CD28-710 

induced activation, CD4+ T cells were stimulated with Dynabeads Mouse T-Activator 711 

CD3/CD28 (Gibco) and recombinant murine IL-2 (20 ng/ml, PeproTech), following 712 

manufacturer’s instructions. 713 

 714 

Flow cytometry 715 
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The following antibodies were used for flow cytometry (dilution in brackets) – from 716 

BioLegend: α-CD4 BV605 GK1.5 (1:400), α-CD3 AF700 17A2 (1:200), α-CD25 PerCP-717 

Cy5.5 PC61 (1:200), α-CD62L APC-Cy7 MEL-14 (1:400), α-CD69 PE-Cy7 H1.2F3 718 

(1:400), α-CD127 (IL-7Rα) PE A7R34 (1:200 for surface staining, 1:100 for intracellular 719 

staining); from BD Biosciences: α-CD122 (IL-2Rβ) BV650 5H4 (1:200), α-CD132 (γc) 720 

BV650 TUGm2 (1:200); from eBioscience: α-TCRVa2 APC B20.1 (1:400), α-CD44 PE-721 

Cy7 IM7 (1:200), α-CD8a FITC 53-6.7 (1:400); from Cell Signalling: α-phosphor-Stat5 722 

(Tyr694) AF647 C71E5 (1:100); from Luminex: α-LC3 FITC 4E12 (1:20).  723 

 724 

To assess the surface receptor level, cells were washed with ice-cold phosphate buffer 725 

saline (PBS) and incubated for 20 min at 4 °C in the dark, with cold PBS containing Fc 726 

block (0.125 g/ml Biolegend) and antibodies. After washing with cold PBS, cells were 727 

fixed for 10 min at room temperature with 2% Paraformaldehyde and analysed using 728 

LSRFortessa™ X-20 Cell Analyzer (BD Biosciences), LSR II Flow Cytometer (BD 729 

Biosciences) and Flowjo software (Tree Star). For intracellular staining of IL-7Rα, cells 730 

were fixed with Fixation Buffer (BioLegend) in the dark for 20 min at room temperature 731 

after surface staining, then permeabilised with Intracellular Staining Perm Wash Buffer 732 

(BioLegend) and incubated with anti-IL-7Rα antibody 1:100 diluted in Perm/Wash 733 

Buffer in the dark for 1 hour at room temperature. Cells were extensively washed with 734 

Perm/Wash buffer and resuspended with FACS buffer for further flow cytometry 735 

analysis. 736 

 737 

To measure cell proliferation profile in vitro, cells isolated from mouse spleens were 738 

stained with CellTrace Violet (5 µM, Invitrogen) for 20 min at room temperature in dark. 739 

After extensive washing, cells were counted and seeded for activation. 740 
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To identify viable cells, cells were stained with LIVE/DEAD Fixable Aqua Stain Kit 741 

(1:400, Invitrogen) or LIVE/DEAD Fixable Near-IR Stain Kit (1:1,000, Invitrogen) 742 

diluted with PBS at 4 °C for 20 min. For apoptosis detection, splenocytes were stained 743 

with surface antibody and LIVE/DEAD Fixable Aqua Stain Kit. The cells were stained 744 

with Annexin V APC (BioLegend) 1:50 diluted in Annexin V binding buffer (BioLegend). 745 

Apoptotic cells were gated on the LIVE/DEAD-negative, Annexin V-positive population. 746 

 747 

Tetramer staining was performed similarly as previously described4. In brief, before 748 

surface staining, cells were incubated with 20ug/ml tetramer in PBS at 37 °C for 30 749 

min.  750 

 751 

For assessing the phosphor-Stat5 level, cells were fixed with pre-heated 2% PFA for 752 

15 min at 37 °C after the live-dead staining, permeabilised with pre-cooled 90% 753 

methanol for more than 4 hours, and stained overnight with the phospho-Stat5 754 

antibody diluted with 0.5% BSA in PBS at 4 °C overnight. 755 

To measure the autophagic flux, cells were treated with Bafilomycin A1 (10 nM) or 756 

DMSO for 2 hours before staining. We adapted the Guava Autophagy LC3 Antibody-757 

based Detection Kit (Luminex) as follows: After surface staining, cells were washed 758 

once with Assay Buffer. After permeabilization with 0.05% Saponin, cells were spun 759 

immediately and incubated with anti-LC3 (FITC) antibody (1:20 diluted in Assay Buffer) 760 

at room temperature for 30 minutes in dark. After extensive washing with Assay Buffer, 761 

cells were fixed with 2% PFA and underwent flow cytometry analysis. Autophagic flux 762 

was calculated as LC3-II mean fluorescence intensity of (BafA1-Vehicle)/Vehicle. 763 

 764 

IL-7Rα internalisation assay 765 
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IL-7Rα internalisation assay was performed similar as described before5. In brief, 766 

CD4+ T cells were purified from the spleens of wild-type or T-Atg7-/- mice. After 767 

incubation with biotin-conjugated anti-IL-7Rα antibody (BioLegend, A7R34) 1:50 768 

diluted in DPBS on ice for 30 min, cells were extensively washed and fractionated into 769 

the following groups (5 x 106 cells/group): 90 min on ice, 90, 60 and 30 min at 37 °C, 770 

5% CO2. After incubation, cells were stained with AF647-Streptavidin (BioLegend), α-771 

CD4 BV605 GK1.5 (BioLegend, 1:400), anti-CD44 BV785 IM7 (BioLegend, 1:400), 772 

LIVE/DEAD Fixable Aqua (Invitrogen) stain for 20 min on ice and fixed with 2% PFA. 773 

The % internalised IL-7Rα is calculated as the following equation (MFI: mean 774 

fluorescence intensity): 775 

 776 

% internalised IL-7Rα = 100 − [(
𝑀𝐹𝐼 𝑠𝑎𝑚𝑝𝑙𝑒

𝑀𝐹𝐼 90 min 𝑖𝑐𝑒
) ×  100] 777 

 778 

Western blots 779 

Cells were washed with cold PBS and lysed using RIPA lysis buffer (Sigma-Aldrich) 780 

supplemented with complete Protease Inhibitor Cocktail (Roche) and PhosSTOP 781 

(Roche). Total protein concentration in supernatant after spinning down the debris was 782 

quantified by BCA Assay (Thermo Fisher). Samples were added with 4x Laemmli 783 

Sample Buffer (Bio-Rad) and boiled at 100 °C for 5 min, with 20-30 µg protein per 784 

sample for SDS-PAGE analysis. 4–20% Mini-PROTEAN TGX Precast Protein Gels 785 

(Bio-Rad) with Tris/Glycine/SDS running buffer (Bio-Rad) was used. PVDF membrane 786 

(Millipore) transferred with protein were blocked with 5% skimmed milk-TBST. 787 

Membranes were incubated overnight with following primary antibodies diluted in 1% 788 

skimmed milk: LC3B (2775, Cell Signalling, 1:1000), APEX (IgG2A) (custom made, 789 

Regina Feederle, 1:200), GAPDH (MAB374, Millipore, 1:10,000), β-actin (3700, Cell 790 
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Signalling, 1:5,000), Atg9a (ab108338, Abcam, 1:1,000), followed by 1-hour room 791 

incubation at room temperature with secondary antibodies diluted in 1% milk with 0.01% 792 

SDS: IRDye 680LT Goat anti-Mouse IgG (H + L) (Licor, 1:7,500), IRDye 680LT Goat 793 

anti-Rat IgG (H + L) (Licor, 1:10,000) and IRDye 800CW Goat anti-Rabbit IgG (H + L) 794 

(Licor, 1:10,000). Biotinylated proteins were detected by IRDye 680RD Streptavidin 795 

(Licor, 1:1,000) diluted in 1% milk with 0.01% SDS. Membranes were imaged with the 796 

Odyssey CLx Imaging System (Licor). Data were analysed using Image Studio Lite 797 

(Licor). 798 

 799 

Immunofluorescence staining and confocal microscopy 800 

For intracellular staining of imMEFs, cells were seeded on coverslips in tissue culture 801 

plates. After reaching 70% confluency, proximity labelled imMEFs were washed with 802 

ice-cold PBS and fixed with 2% paraformaldehyde (Invitrogen) for 10 min, then 803 

permeabilised with 0.5% Triton X for 15 min and blocked with PBS containing 0.5% 804 

bovine serum albumin (Sigma-Aldrich) for 1 h at room temperature.  805 

 806 

For intracellular staining of purified CD4+ T lymphocytes, cells were washed in PBS 807 

and transferred on PolyL-Lysine (Sigma-Aldrich) treated coverslips, followed by 808 

incubation for 30 min at 37 °C. For intracellular staining, cells were fixed with 2% 809 

paraformaldehyde (Sigma-Aldrich) for 10 min and permeabilised with 0.1% Triton X 810 

(Sigma-Aldrich) for 10 min, then blocked in PBS containing 2% bovine serum albumin 811 

(Sigma-Aldrich) and 0.01% Tween 20 (Sigma-Aldrich) for 1 h at room temperature.  812 

 813 

For surface staining of purified CD4+ T lymphocytes, activated cells were washed in 814 

PBS and transferred on PolyL-Lysine (Sigma-Aldrich) treated coverslips, followed by 815 
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incubation for 30 min at 37 °C. After cytokine treatment for 15 min, cells were washed 816 

and stained with antibodies at 4 °C for 20 min and fixed with 2% PFA. 817 

 818 

All antibodies for immunofluorescence stain are as follow: FITC-LAMP1 (121605, 819 

BioLegend, 1:100), WIPI2 (SAB4200399, Sigma, manually conjugated with AF568, 820 

1:100), AF647-Streptavidin (405237, BioLegend, 1:1,000), LC3 (PM036, MBL 821 

International, manually conjugated with AF488, 1:100), AP2 (custom made from 822 

Regina Feederle, manually conjugated with AF568), IL-7Rα (135002, BioLegend, 823 

manually conjugated with AF488, 1:100), IL-2Rα (154202, BioLegend, manually 824 

conjugated with AF568, 1:100), γc (132307, BioLegend, manually conjugated with 825 

AF647, 1:100). 826 

 827 

After stained with antibodies for 45 min at room temperature and washed, samples 828 

were stained with DAPI (1 µg/ml, Thermo Fisher), mounted to slides with SlowFade 829 

Gold Antifade Mountant (Invitrogen), and imaged with Zeiss LSM 980 confocal 830 

microscope 63x oil immersion-lens (Zeiss). Data were analysed with ZEN Blue (Zeiss) 831 

and ImageJ software. Pearson correlation coefficients were obtained using JACoP 832 

pug-in6. 833 

 834 

Supported Lipid Bilayer (SLB) preparation and use 835 

Glass coverslips were plasma cleaned and mounted onto six-channel chambers (Ibidi). 836 

SLB were prepared as previously described7, using 1,2-dioleoyl-sn-glycero-3-[(N-(5-837 

amino-1-carboxypentyl) iminodiacetic acid) succinyl]-Ni (NTA-lipids, Avanti Polar 838 

Lipids), biotinylated 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (biotinyl cap PE-839 

lipids, Avanti Polar Lipids) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC-lipids, 840 
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Avanti Polar Lipids). Channels in Ibidi chamber were covered with liposome mixture 841 

and after a 20 min incubation at room temperature, they were washed and blocked 842 

with 3% Bovine Serum Albumin (BSA, Sigma-Aldrich) and 100 μM NiSO4 for 20 min. 843 

After incubation with 10 µg/ml streptavidin, bilayers were incubated with mono-844 

biotinylated 2c11 (anti-mouse CD3 antibody) and his-tagged mouse ICAM1-AF405, to 845 

reach a molecular density of 200 molecules/µm2. Channels were washed and cells 846 

were added on the bilayer and incubated at 37°C for 10 min before fixation with 4% 847 

PFA. Next, samples were permeabilized with 0.1% Saponin for 10 min and blocked 848 

with 100 mM Gly 3% BSA for 30 min. Finally, samples were incubated with primary 849 

antibodies in 1% BSA.  850 

 851 

Total Internal Reflection Fluorescence Microscopy (TIRFM) and image analysis 852 

Imaging was performed on an Olympus IX83 inverted microscope equipped with a 853 

TIRF module. The instrument was equipped with an Olympus UApON 150 x 1.45 NA 854 

objective, 4-line illumination system (405, 488, 561 and 640 nm laser) and 855 

Photomertrics Evolve delta EMCCD camera. Image analysis and visualization was 856 

performed using ImageJ software. Pearson correlation coefficients were obtained 857 

using JACoP pug-in6. 858 

 859 

Electron Microscopy 860 

Lc3b-AP2-expressing imMEFs were grown on aclar sheets (Science Services), 861 

supplemented with 4.83 µM Hemin chloride (ROTH) for 16 h and treated with 200 nM 862 

BafA1 (Biomol) 2 h before fixation. Cells were fixed in 2.5% glutaraldehyde (EM-grade, 863 

Science Services) in 0.1 M sodium cacodylate buffer (pH 7.4; CB) for 30 min. Fixation 864 

and the following processing steps were carried out on ice. After washes in CB, 865 
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endogenous peroxidases were blocked in 20 mM glycine (Sigma) in CB for 5 min and 866 

cells washed in CB. 1x diaminobenzidine (DAB) in CB with 2 mM calcium chloride was 867 

prepared from a 10x DAB stock (Sigma) in hydrochloric acid (Sigma) and added to the 868 

cells for 5 min without and for another 40 min with 10 mM H2O2 (Sigma). After washes 869 

in CB, cells were postfixed in reduced osmium (1.15% osmium tetroxide, Science 870 

Services; 1.5% potassium ferricyanide, Sigma) for 30 min, washed in CB and water 871 

and incubated over-night in 0.5% aqueous uranylacetate (ScienceServices). 872 

Dehydration was accomplished using a graded series of ice-cold ethanol. Cell 873 

monolayers were infiltrated in epon (Serva) and cured for 48 h at 60°C. Cells were 874 

ultrathin sectioned at 50 nm on formvar-coated copper grids (Plano). TEM images were 875 

acquired on a JEM 1400plus (JEOL) using the TEMCenter and Shotmeister software 876 

packages (JEOL) and analyzed in Fiji. 877 

 878 

Proximity labelling 879 

The proximity labelling based on AP2 peroxidase was performed as described before8. 880 

After 30 min biotin-phenol (500 µM, Iris Biotech) treatment at 37 °C, cells were 881 

supplemented with H2O2 (1 mM, Sigma-Aldrich) for 1 min and immediately quenched 882 

three times with cold quenching solution (10 mM sodium ascorbate, 5mM Trolox and 883 

1mM sodium azide in DPBS). After 3 times more wash with PBS, the dry pellets of the 884 

harvested cells were flash frozen and stored in -80 °C. 885 

 886 

Proteinase K digestion 887 

All steps were performed essential as previously described at 4 °C or on ice unless 888 

specified9. The pellets of labelled cells were washed and re-suspended in 889 

Homogenisation Buffer I (10 mM KCl, 1.5 mM MgCl2, 10 mM HEPES-KOH and 1 mM 890 
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DTT adjusted to pH 7.5). After incubating on overhead shaker for 20 min, cell 891 

suspension was homogenised with a tight-fitting pestle in Dounce homogeniser 892 

(Scientific Laboratory Supplies) with 70 strikes and balances with 1/5 volume of 893 

Homogenisation Buffer II (375 mM KCl, 22.5 mM MgCl2, 220 mM HEPES-KOH and 894 

0.5 mM DTT adjusted to pH 7.5). After centrifugation with 600x g for 10 min, clear 895 

supernatant containing autophagosomes were transferred to new tubes. For 896 

Proteinase K protection assay, supernatant was equally divided into four portions, 897 

added with 0.2% Triton X-100 (Merck) and/or 30 µg/mL proteinase K (Roche), or 898 

nothing. Following 30 min incubation at 37 °C, PMSF (10mM, Sigma-Aldrich) was 899 

administrated to inhibit the proteinase K activity. For mass spectrometry, samples were 900 

subjected to 100 µg/mL proteinase K digestion for 1 hour at 37 °C followed by PMSF 901 

treatment. For control samples 0.1% RAPIGestTM was additionally added to the 902 

proteinase K digest. Membrane-protected material was enriched by centrifugation at 903 

17,000x g for 15 min.  904 

 905 

Streptavidin-pulldown and on-beads peptide digestion 906 

The pellets of membrane-protected material were lysed with RIPA buffer containing 907 

quenchers (50 mM Tris, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5% sodium 908 

deoxycholate, 1x cOmplete Protease Inhibitor Cocktail (Roche), 1x PhosSTOP 909 

(Roche), 10 mM sodium ascorbate, 1 mM Trolox and 1 mM sodium azide), sonicated 910 

and centrifuged at 10,000x g for 10 min. The supernatant was incubated with 911 

Streptavidin-agarose (Sigma-Aldrich) overnight, which was balanced with RIPA buffer 912 

containing quenchers. After 3x wash with RIPA buffer and 3x wash with 3 M Urea 913 

dissolved in 50 mM NH4HCO3, beads were incubated TCEP (5 mM, Sigma-Aldrich) at 914 

55 °C for 30 min and shaken at 1000x rpm. Samples were alkylated with IAA (10 mM, 915 
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Sigma-Aldrich) at room temperature for 20 min and shaken at 1000x rpm, further 916 

quenched by DTT (20 mM, Sigma-Aldrich) and washed 2x with 2 M Urea dissolved in 917 

50 mM NH4HCO3. After overnight incubation with trypsin (1 µg/20 µl beads, Promega), 918 

supernatants were collected, plus 2x washes with 2 M Urea buffer. The samples were 919 

acidified with trifluoroacetic acid (1%) and underwent vacuum centrifugation to 920 

decrease the volume. After being desalted on C18 stage tips (Thermo Scientific), 921 

peptides were reconstituted with 0.5% acetic acid for mass spectrometry analysis. 922 

 923 

Mass spectrometry data analysis 924 

MaxQuant (version 1.6.10.43) were used for peak detection and quantification of 925 

proteins based on RAW data. MS spectra were searched referred to the manually-926 

annotated UniProt Mus musculus proteome (retrieved 30/03/2020), using the 927 

Andromeda search engine with the parameters as follow: full tryptic specificity, allowing 928 

two missed cleavage sites, modifications included carbamidomethyl (C) and the 929 

variable modification to acetylation (protein N terminus) and oxidation (M), and filtered 930 

with a false discovery rate (FDR) of 0.01. Analysis of label-free quantification intensities 931 

of proteins were log2-transformed with Python programming (Version 3.7.6). Missing 932 

values were replaced by random values from a distribution a quarter of the width, and 933 

-1.8 units of the original sample distributions. Proteins without greater-than-934 

background values in both replicates for at least one condition were removed. Volcano 935 

plots were generated using GraphPad Prism software (Version 8.2.1). The 936 

log2(BafA1:DMSO) fold change of each protein is plotted on x versus the log10(p-value) 937 

of each protein plotted on y. Gene ontology analysis was performed with g:Profiler10. 938 

 939 

Statistics 940 
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Data were displayed as mean  SEM in bar graphs, or mean  max/min value in box 941 

plots. p-values were determined by two-tailed Student’s t-test with GraphPad Prism 942 

software (Version 8.2.1), with significant statistical differences displayed in the figure 943 

legends or graphs. For meta-analysis, proteins that were detected in both MS studies 944 

were meta-analysed using a Z-score meta-analysis weighted by the square root of 945 

sample size (N=8 for the first experiment, N=6 for the second), and the Benjamini-946 

Hochberg procedure was used to identify significantly differential abundant proteins 947 

with FDR < 0.05. 948 
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