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ABSTRACT 21 

Background: While the Programmed Death 1/Programmed Death Ligand 1 (PD-1/PD-L1) 22 

immune checkpoint is an important mechanism of immune evasion in cancer, recent studies have 23 

shown that it can also lead to resistance to chemotherapy in cancer cells via reverse signaling. 24 

Here we describe a novel mechanism by which autophagy mediates cancer cell drug resistance 25 

induced by PD-1/PD-L1 signaling.  26 

Methods: Human and mouse breast cancer cells were treated with recombinant PD-1 (rPD-1) to 27 

stimulate PD-1/PD-L1 signaling. Activation of autophagy was assessed by immunoblot analysis 28 

of microtubule-associated protein 1A/1B-light chain 3 (LC3)-II and Beclin 1 protein levels, two 29 

important markers of autophagy. Moreover, autophagosome formation was assessed in human 30 

breast cancer cells using green fluorescence protein (GFP)-tagged LC3. Cells were either treated 31 

with Beclin 1 or Atg7 shRNA to assess the role of autophagy on resistance to doxorubicin 32 

mediated by PD-1/PD-L1 signalling. We then investigated signaling mechanisms upstream of 33 

PD-1/PD-L1 induced autophagy by assessing phosphorylation of extracellular signal-related 34 

kinase (ERK).  35 

Results: Treatment of cells with rPD-1 resulted in a time-dependent increase in LC3-II as well 36 

as Beclin 1, and an increase in autophagosome formation. Knockdown of Beclin 1 or Atg7 37 

prevented drug resistance induced by PD-1/PD-L1 signaling. Exposure of breast cancer cells to 38 

rPD-1 resulted in increased ERK phosphorylation and inhibition of ERK activation abolished 39 

autophagy induced by PD-1/PD-L1 signaling.  40 

Conclusions: These studies provide a rationale for the use of PD-1/PD-L1 immune checkpoint 41 

blockers and autophagy inhibitors as potential chemosensitizers in cancer therapy.   42 
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INTRODUCTION 43 

An important immune checkpoint in cancer involves the upregulation and binding of 44 

Programmed Death Ligand 1 (PD-L1) on cancer cells to Programmed Death 1 (PD-1) on 45 

cytotoxic T cells. This ligand-receptor interaction leads to T cell anergy, exhaustion, apoptosis, 46 

and decreased cytokine production and proliferation, ultimately resulting in decreased cytotoxic 47 

activity against tumor cells (1). Thus, much effort has gone into developing PD-1/PD-L1 48 

immune checkpoint blockers, some of which have demonstrated unprecedented clinical efficacy 49 

as first-line or second-line therapy of various cancers including melanoma, non-small cell lung 50 

cancer, renal cell carcinoma, urothelial carcinoma, and colorectal cancer, among others (2-5).  51 

 52 

Because the PD-1/PD-L1 axis is an important mechanism of immune escape, most 53 

studies have focused on evaluating how PD-1-mediated signaling affects T cell properties. 54 

However, recent reports have demonstrated that  PD-1/PD-L1 signaling is bi-directional (6,7) 55 

and that engagement of PD-1 with PD-L1 can result in acquisition of drug resistance in tumor 56 

cells (8). We recently discovered that, following exposure to recombinant PD-1, breast and 57 

prostate cancer cells that express PD-L1 acquired resistance to different classes of conventional 58 

anti-cancer drugs, i.e. doxorubicin and docetaxel. Moreover, acquisition of this drug resistance 59 

phenotype was prevented when the PD-1/PD-L1 interaction was inhibited by incubating cells 60 

with anti-PD-1 antibody, anti-PD-L1 antibody or PD-L1 targeting siRNA (8). That study, 61 

however, did not fully characterize the mechanism of drug resistance. 62 

 63 

The autophagy intracellular degradation pathway plays a number of well-established 64 

roles in sustaining the high metabolic levels required for the abnormal growth of cancer cells (9).  65 
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In addition, autophagy has also been proposed to contribute to drug resistance mechanisms 66 

following therapy with various agents such as 5-flurouracil, cisplatin, gemcitabine, 67 

anthracyclines, and tamoxifen (9-15). In several contexts, inhibition of autophagy enhances the 68 

efficacy of chemotherapy (12-14). Thus, in the present study, we investigated the contribution of 69 

autophagy to breast cancer cell drug resistance induced by PD-1/PD-L1 signaling. We report 70 

here that engagement of PD-1 with PD-L1 on tumor cells mediates drug resistance via induction 71 

of autophagy.  72 
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MATERIALS AND METHODS 73 

Cell Lines 74 

Human MDA-MB-231 breast cancer cells and mouse mammary carcinoma 4T1 cells were 75 

purchased from the American Type Culture Collection (Manassas, VA, USA) and were cultured 76 

in RPMI 1640 medium (Wisent 350-000-CL; Wisent Bioproducts, Montreal, QC, Canada) 77 

supplemented with 5% or 10% fetal bovine serum (FBS; Sigma #F6178; Sigma-Aldrich Canada, 78 

Oakville, ON, Canada), respectively.  79 

 80 

Flow Cytometry to assess PD-L1 expression 81 

Flow cytometry was performed according to a standard protocol from Abcam (Toronto, ON, 82 

Canada).  Cells were stained for one hour using the following antibodies: Allophycocyanin 83 

(APC) anti-human CD274 (5 µL/test; BioLegend #329707; BioLegend, San Diego, CA, USA), 84 

APC anti-mouse CD274 (5 µL/test; BioLegend #124311), and matched isotype controls APC 85 

mouse IgG2b k isotype control (5 µL/test; BioLegend #400322), APC Rat IgG2b, k Isotype 86 

Control (5 µL/test; BioLegend #400611) and then fixed with 2% paraformaldehyde. Staining 87 

was assessed on the MACS Quant Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany) and 88 

analysis was done with FlowJoÔ Version 10 (BD, Franklin Lakes, NJ, USA).  89 

 90 

Exposure to rPD-1 91 

Tumor cells were seeded in six-well plates at a density of 2 x 105 cells/well in RPMI 1640 92 

medium supplemented with 2% FBS. Twenty-four hours later, cells were treated with 1 µg/mL 93 

of either human rPD-1 (hrPD-1-Fc; R&D Systems #1086-PD-050; Minneapolis, MN, USA) or 94 

mouse rPD-1-Fc (R&D Systems #1021-PD-100) for 0, 10, 30, 60 and 180 minutes. In some 95 
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experiments where indicated, 30 minutes prior to addition of rPD-1-Fc (dosage according to Cell 96 

Signaling Technologies (CST) protocol; Danvers, MA, USA) cells were incubated with anti-PD-97 

L1 blocking antibody (Ab; 4 µg/mL; BioLegend #29702; dosage determined from previous work 98 

(8)), or the mitogen-activated protein kinase kinase (MEK) inhibitor U0126 (10 µM; CST 99 

#9903).  100 

 101 

Immunoblotting 102 

Proteins from cell extracts were separated by sodium dodecyl sulphate-polyacrylamide gel 103 

electrophoresis (SDS-PAGE) on 4-20% gradient gels (Bio-Rad #4561095; Hercules, CA, USA) 104 

and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked in 105 

5% skim milk or BSA in 1x Tris-buffered saline/0.1% Tween-20 (TBST) for one hour at room 106 

temperature prior to overnight incubations at 4°C with the following primary antibodies: rabbit 107 

anti-LC3B (Novus NB11-2220, 1:1000; Littleton, CO, USA), rabbit anti-Beclin1 (Novus 108 

NB500-249, 1:1000), mouse anti-pERK (Santa Cruz sc7383; Dallas, TX, USA; 1:500), rabbit-109 

anti-ERK1 (Santa Cruz sc-94, 1:1000), rabbit anti-a-actinin (Santa Cruz sc-15335, 1:1000), or 110 

mouse anti-b-actin (Sigma Aldrich A5441, 1:10000). Secondary antibody incubations were 111 

performed for one hour at room temperature with the following antibodies: goat-anti-rabbit IgG 112 

HRP (Abcam ab97051) and goat-anti-mouse (Bio-Rad #1706516). Protein bands were visualized 113 

using chemiluminescence substrate (PerkinElmer #NEL104001EA; Waltham, MA, USA) and 114 

the Azure Biosystems c600 Gel Imaging System (Dublin, CA, USA. Densitometric analysis was 115 

performed using ImageJ version 1.51k. 116 

 117 
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Autophagosome Formation and Imaging 118 

MDA-MB-231 cells were seeded in eight-well chambered polymer coverslips (ibidi #80826) at a 119 

density of 4.5 x 103 cells/well. After 24 hours, cells were transfected with 0.24µg EGFP-LC3 120 

plasmid DNA (Addgene #11546; Watertown, MA, USA) using the FUGENE6 transfection 121 

reagent (Promega, Madison, WI, USA) in Opti-MEM medium (ThermoFisher). Eighteen hours 122 

after transfection, cells were treated with rPD-1 in the absence or presence of anti-PD-L1 123 

antibody or U0126 as described above. After treatment, cells were fixed with 100% cold 124 

methanol and imaged with a spinning disk confocal microscope (Quorum WaveFX; Quorum 125 

Technologies, Puslinch, ON) at 40x magnification. Ten cells per condition were selected 126 

randomly by an observer blinded to the treatment conditions. Autophagosomes were quantified 127 

using Image-Pro Plus and ImageJ version 1.51k. Data were pooled from at least three 128 

independent experiments. 129 

 130 

Knockdown of Beclin 1 and Atg7 expression 131 

Knockdown of Beclin 1 (using pLKO.1 for BECN1 clone TRCN0000087290) or Atg7 (using 132 

pLKO.1 for Atg7 clone TRCN0000092163) in mouse 4T1 cells was achieved following seven 133 

days of selection in puromycin as previously described (16,17).   pLKO scrambled shRNA 134 

(Addgene (#1864)) was used as control.  135 

 136 

Clonogenic assays 137 

Clonogenic assays were performed to determine the effect of autophagy on PD-1-induced drug 138 

resistance. 4T1 cells expressing shRNA to knock down Beclin 1 or Atg7 expression or control 139 

4T1 cells expressing scrambled shRNA were treated with mouse rPD-1-Fc (1 µg/mL) for 30 140 
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minutes and subsequently incubated in medium containing doxorubicin (0.5 µM; Sigma 141 

#D1515) for one hour. The concentration of doxorubicin chosen was based on preliminary dose-142 

response survival data. Cells were then trypsinized, plated at 300 cells/well, and colony numbers 143 

were counted 10 days later. The plating efficiency (PE) of all treatment groups was calculated by 144 

dividing the number of colonies counted by 300 (number of cells plated). Surviving fraction (SF) 145 

was calculated by dividing the PE of cells in all treatment groups by the mean PE of untreated 146 

(shRNA alone) control cells. Results from two independent experiments conducted in replicates 147 

of three wells per condition in each experiment were pooled for a total of six replicates. 148 

 149 

Statistical Analysis 150 

Statistical analysis was performed using GraphPad Prism software (versions 7.02 and 9.4.0; 151 

GraphPad Software, San Diego, CA, USA). Error bars represent standard error of the mean. 152 

Two-tailed unpaired Student’s t-test was used to compare means of two groups. One-way 153 

analysis of variance (ANOVA) followed by Tukey’s post-hoc test was used when comparing 154 

means of three or more groups. Two-way ANOVA was used for experiments involving two 155 

independent variables. Data were considered statistically significant when p<0.05.  156 
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RESULTS 157 

Human and mouse cancer cells exposed to rPD-1 express increased levels of the autophagy 158 

markers, LC3-II and Beclin 1 in vitro 159 

MDA-MB-231 and 4T1 cells were confirmed to express PD-L1 (Figure 1A). Conversion of 160 

LC3-I to LC3-II and global levels of Beclin 1 are established measures of autophagy. MDA-MB-161 

231 cells treated with 1 µg/mL rPD-1 exhibited a time-dependent increase in lipidated LC3-II 162 

(Figure 1B), which led to a statistically significant (p<0.05) LC3 activation ratio (LC3-II/actin) 163 

at the 30-minute timepoint. Thus, subsequent incubations involving the use of rPD-1 to stimulate 164 

autophagy involved a 30-minute incubation time. MDA-MB-231 cells treated with rPD-1 also 165 

showed a time-dependent increase in Beclin 1 levels (p<0.001), peaking at 60 minutes following 166 

rPD-1 exposure (Figure 1C). When cells were pre-treated for 30 minutes with an anti-PD-L1 167 

blocking antibody LC3-II levels returned to baseline (Figure 1D; p<0.01). Results of experiments 168 

using mouse mammary 4T1 cells revealed similar LC3-II activation patterns, with LC3-II levels 169 

peaking at 30 minutes of incubation with rPD-1; this effect was also attenuated when cells were 170 

pre-treated with anti-PD-L1 Ab (Figure 1E).  171 

 172 

rPD-1 exposure increases the number of autophagosomes in human breast cancer cells 173 

Upon activation of autophagy, lipidated LC3-II localizes to the autophagosome. To determine 174 

whether PD-1-induced PD-L1 signaling affects autophagosome formation, MDA-MB-231 cells 175 

were transfected with LC3 conjugated to GFP (GFP-LC3) and treated with rPD-1. Following 30 176 

minutes of exposure to rPD-1, MDA-MB-231 cells displayed increased numbers of 177 

autophagosomes identified as GFP-positive punctate (Figure 2A). This increase in 178 

autophagosome numbers was comparable to the increase observed in cells cultured under serum 179 
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starvation conditions, a stressor which induces autophagy. Furthermore, the increase in 180 

autophagosome numbers in rPD-1-treated cells was prevented by incubation with an anti-PD-L1 181 

blocking antibody (Figure 2B). 182 

 183 

Inhibition of autophagy prevents PD-1/PD-L1-induced drug resistance 184 

To assess the role of autophagy on PD-1/PD-L1 induced tumor cell drug resistance, we 185 

performed colony formation assays. Compared with control 4T1 cells incubated without rPD-1, 186 

incubation with rPD-1 did not affect the plating efficiency of these cells treated in the absence of 187 

doxorubicin, as shown by the lack of differences in their surviving fractions (Figure 3A-C). 188 

Incubation with doxorubicin decreased cell survival under all conditions (Figure 3A-C). 189 

However, pre-incubation with rPD-1 significantly increased the survival of control (scrambled 190 

shRNA) 4T1 cells following doxorubicin exposure (Figure 3A; p<0.01), but not the survival of 191 

Beclin 1- or Atg7-knockdown cells (Figure 3B and C). 192 

 193 

Autophagy mediated by PD-1/PD-L1 is dependent on ERK signaling 194 

To elucidate potential upstream regulators of autophagy, we next examined whether activation of 195 

the PD-1/PD-L1 axis altered oncogenic signaling pathways. MDA-MB-231 cells treated with 196 

rPD-1 showed a time-dependent increase in phosphorylated ERK (pERK) (Figure 4A). To 197 

establish the role of ERK signaling in PD-1/PD-L1 induced autophagy, cells were treated with 198 

the MEK inhibitor U0126 (MEK is upstream of ERK and regulates its phosphorylation and 199 

activation) prior to rPD-1 treatment, as described. Immunoblot analysis of cells treated with 200 

U0126 confirmed inhibition of pERK phosphorylation (data not shown). Treatment with U0126 201 

abolished the rPD-1 induced LC3-II accumulation in MDA-MB-231 cells (Figure 4B; p<0.01) as 202 
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well as in 4T1 cells (Supplementary Figure 1; p<0.01). In addition, treatment of MDA-MB-231 203 

cells with U0126 inhibited rPD-1 induced increase in autophagosome numbers (Figure 4C).   204 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2023. ; https://doi.org/10.1101/2023.01.17.524124doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.17.524124
http://creativecommons.org/licenses/by-nd/4.0/


Autophagy as a mechanism of PD-1/PD-L1 induced chemoresistance 

 12 

DISCUSSION 205 

This study demonstrates a novel mechanism of drug resistance in tumor cells induced by 206 

reverse PD-1/PD-L1 signaling. Specifically, our results reveal that activation of PD-L1 signaling 207 

increases resistance to doxorubicin in mammary cancer cells via induction of autophagy. 208 

Furthermore, we provide evidence that oncogenic ERK signaling is a key mediator of autophagy 209 

induced by PD-1/PD-L1 signaling.  210 

 211 

A study by Ishibashi et al. revealed that treating PD-L1-expressing myeloma cells with 212 

PD-1 stimulated drug resistance by inhibiting apoptotic pathways (7). Interestingly, Azuma et al. 213 

also demonstrated that tumor cells acquire resistance to pro-apoptotic mechanisms upon binding 214 

of PD-1 to PD-L1; however, these investigators provided evidence that classical apoptotic or 215 

anti-apoptotic pathways may not be involved in this process (6). Thus, when examining potential 216 

mechanisms of PD-1/PD-L1-mediated chemoresistance, we focused on the role of autophagy, as 217 

this biological process has been a proposed mediator of drug resistance (18-20). Our results 218 

indeed support a role for autophagy in PD-1/PD-L1-based chemoresistance. In contrast, a study 219 

by Clark et al. showed that low-PD-L1 expressing melanoma and ovarian cancer cells had 220 

decreased mammalian target of rapamycin (mTOR) activity, increased levels of autophagy, 221 

resistance to chloroquine (autophagy inhibitor) and slower tumor formation in 222 

immunocompromised mice compared to cells expressing normal levels of PD-L1 (21).  223 

 224 

To further explore a causal role for autophagy in PD-1/PD-L1 induced drug resistance, 225 

we determined the effect of Beclin 1 and Atg7 knockdown on rPD-1 mediated resistance to 226 

doxorubicin. Beclin 1 is a component of class III PI3K complexes that produce 227 
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phosphatidylinositol 3-phosphate [PI(3)P], which is essential for phagophore formation and the 228 

initiation of the autophagosome (20,22). Both Atg5 and Atg7 play important roles in the 229 

elongation and maturation of the autophagic membrane during canonical autophagy (23). 230 

However, cells can generate autophagic vacuoles via an alternative Atg5/Atg7-independent 231 

autophagy pathway (23). In our study, the fact that knockdown of either Beclin 1 or Atg7 232 

resulted in the complete inhibition of rPD-1-mediated resistance to doxorubicin in 4T1 cells 233 

indicates that activation of the canonical autophagy pathway is required.  234 

 235 

The Ras/Raf/MEK/ERK signal transduction pathway is an important mediator of 236 

malignant phenotypes and ERK activation has been shown to lead to both apoptotic and 237 

autophagic cell death in various models (24-26). In contrast, inhibition of ERK phosphorylation 238 

has been associated with decreased autophagy and increased susceptibility to tumor necrosis 239 

factor (TNF)-induced cell death (27). Furthermore, ERK activation induces conversion of LC3-I 240 

to LC3-II, a key step in autophagosome formation (28). Our study established that PD-1/PD-L1 241 

reverse signaling leads to increased phosphorylation of ERK, implicating this pathway as a 242 

potential driver of PD-1/PD-L1 induced autophagy and drug resistance. Furthermore, blocking 243 

this signaling pathway with a MEK inhibitor, U0126, led to a decrease in rPD-1-induced LC3-II 244 

expression and autophagosome numbers. Interestingly, it has been shown that activation of Raf, 245 

an upstream mediator of ERK signaling, leads to resistance to doxorubicin and paclitaxel in 246 

breast cancer cells (29). The relative contribution of autophagy to Raf-mediated drug resistance 247 

warrants further investigation. The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) 248 

signaling pathway has also been implicated in PD-1/PD-L1 induced drug resistance; however, 249 

this pathway may only be involved in an antiapoptotic response (7). The PI3K/AKT signaling 250 
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pathway is also known to inhibit autophagy (30,31), thus it is possible that it plays a role in 251 

regulating PD-1/PD-L1 induced drug resistance. 252 

 253 

In addition to mediating chemoresistance, autophagy has implications for tumor 254 

progression as it is a mechanism of stress response. It has been shown in multiple cancers that 255 

high levels of autophagy are required for the maintenance of metabolic function, and that 256 

inhibition of autophagy increases the intracellular concentrations of reactive oxygen species and 257 

leads to DNA damage (32,33). Therefore, PD-1/PD-L1-mediated induction of autophagy in 258 

tumor cells may promote tumor progression and malignancy in addition to inducing drug 259 

resistance. Furthermore, ERK signaling is important for the acquisition of malignant phenotypes, 260 

including cell proliferation, migration, and differentiation. This suggests that PD-1/PD-L1 261 

reverse signaling may not only promote drug resistance, but also the acquisition of other 262 

malignant phenotypes. 263 

 264 

CONCLUSIONS 265 

The widespread expression of PD-L1, its role as a prognostic marker for cancer outcomes, and 266 

the unprecedented clinical effects of anti-PD-1/PD-L1 treatment, make the characterization of 267 

this axis critical to improving on current therapeutics. This study presents autophagy via ERK 268 

signaling as a potential mechanism for PD-1/PD-L1 induced drug resistance. Chemoresistance is 269 

still an important barrier to cancer treatment and elucidating mechanisms of drug resistance is 270 

essential for improving therapeutic efficacy. Our study suggests that there is a potential role for 271 

combining autophagy inhibitors, as well as Ras/Raf/MEK/ERK inhibitors with PD-1/PD-L1 272 

blocking agents and standard chemotherapy protocols. Chloroquine, an inhibitor of autophagy, 273 
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has been used in combination therapies resulting in enhanced efficacy of tumor cell killing. 274 

There are also FDA approved inhibitors of Raf (dabrafenib) and MEK (trametinib), as well as 275 

various ERK inhibitors currently in clinical trials. Combining these therapies may sensitize 276 

tumor cells to current gold standard treatments and improve patient outcomes.  277 
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LIST OF ABBREVIATIONS 297 

Ab: antibody 298 

AKT: protein kinase B 299 

ANOVA: analysis of variance 300 

APC: allophycocyanin 301 

ATCC: American Type Culture Collection 302 

Atg7: autophagy-related gene 7 303 

ERK: extracellular signal-regulated kinase 304 

FBS: fetal bovine serum 305 

GFP: green fluorescence protein 306 

MEK: mitogen-activated protein kinase kinase 307 

mTOR: mammalian target of rapamycin 308 

PD-1: programmed cell death protein-1 309 

PD-L1: programmed death ligand-1 310 

PE: plating efficiency 311 

PI3K: phosphoinositide 3-kinase 312 

PVDF: polyvinylidene difluoride 313 

rPD-1: recombinant PD-1 314 

RPMI: Roswell Park Memorial Institute 315 

SDS-PAGE: sodium dodecyl sulphate-polyacrylamide gel electrophoresis 316 

SF: surviving fraction 317 

TBST: tris-buffered saline, 0.1% Tween 20 318 

TNF: tumor necrosis factor  319 
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FIGURE LEGENDS 405 

Figure 1: PD-1/PD-L1 reverse signaling increases expression of autophagy markers LC3-II 406 

and Beclin1. (A) PD-L1 expression of MDA-MB-231 and 4T1 cells was determined via flow 407 

cytometry. The shaded area represents staining with an anti-PD-L1 antibody, and the unshaded 408 

area represents staining with an isotype-matched control. MDA-MB-231 cells were incubated 409 

with 1 µg/mL rPD-1 and levels of (B) LC3-I, LC3-II and (C) Beclin1 protein were determined 410 

by western blotting. (D) MDA-MB-231 and (E) 4T1 cells were pre-treated with an anti-PD-L1 411 

antibody and LC3-I to LC3-II conversion was assessed via western blot. The ratio of LC3-I and 412 

Beclin 1 to 𝛽-actin was quantified and compared between groups using a one-way ANOVA 413 

followed by Tukey’s multiple comparisons test. Results shown were pooled from at least three 414 

independent experiments *, p<0.05; ***, p<0.001. 415 

 416 

Figure 2: MDA-MB-231 cells display increased numbers of autophagosomes following 417 

treatment with rPD1. MDA-MB-231 cells transfected with GFP-LC3 were incubated with 1 418 

µg/mL recombinant PD-1 for (A) 0, 30, 60, and 180 minutes or for (B) 30 min +/- an anti-PD-L1 419 

antibody and autophagosomes were observed via immunofluorescence. Results were pooled 420 

from at least three independent experiments. *, p<0.05, **, p<0.01, ***, p<0.001. 421 

 422 

Figure 3: Knockdown of Beclin 1 and Atg7 abolishes PD-1-induced resistance to 423 

doxorubicin. Results of colony formation assays using 4T1 cells expressing scrambled shRNA 424 

(A), Beclin 1 shRNA (B), and Atg7 shRNA (C). Cells were incubated in the absence or presence 425 

of 1 µg/mL rPD-1 prior to exposure to 0.5 μM doxorubicin (or control medium) for one hour. 426 

Surviving fractions were calculated as described in Materials and Methods. Significance was 427 
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determined by one-way ANOVA followed by Tukey’s multiple comparisons test. **, p<0.01, 428 

****, p<0.0001. 429 

 430 

Figure 4: ERK inhibition with U0126 abolishes PD-1-induced autophagy in cancer cells. 431 

ERK inhibition with U0126 abolishes PD-1-induced autophagy in cancer cells.  A. MDA-432 

MB-213 cells were incubated with 1 µg/mL rPD-1 for 0, 10, 30, and 60 minutes and pERK 433 

expression was assessed via western blot. B. MDA-MB-213 were incubated with 1 µg/mL rPD-1 434 

for 30 minutes ± 10 µM U0126 and LC3-I and LC3-II expression was assessed via western blot. 435 

C. MDA-MB-231 cells transfected with GFP-LC3 were incubated with 1 µg/mL recombinant 436 

PD-1 for 30 minutes ± 10 µM U0126 and autophagosome number was assessed via 437 

immunofluorescence. Significance was determined by one-way ANOVA followed byTukey’s 438 

post hoc test. Results shown were pooled from three independent experiments. *, P<0.05; **, 439 

P<0.01; ***, P<0.001. **. 440 

  441 
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Figure 1: PD-1/PD-L1 reverse signaling increases expression of autophagy markers LC3-II and Beclin1. (A) PD-L1 expression of MDA-MB-
231 and 4T1 cells was determined via flow cytometry. The shaded area represents staining with an anti-PD-L1 antibody, and the 
unshaded area represents staining with an isotype-matched control. MDA-MB-231 cells were incubated with 1 µg/mL rPD-1 and levels
of (B) LC3-I, LC3-II and (C) Beclin1 protein were determined by western blotting. (D) MDA-MB-231 and (E) 4T1 cells were pre-treated 
with an anti-PD-L1 antibody and LC3-I to LC3-II conversion was assessed via western blot. The ratio of LC3-I and Beclin 1 to 𝛽-actin was 
quantified and compared between groups using a one-way ANOVA followed by Tukey’s multiple comparisons test. Results shown were 
pooled from at least three independent experiments *, p<0.05; ***, p<0.001.
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Figure 2: MDA-MB-231 cells display increased numbers of autophagosomes following treatment with rPD1. MDA-MB-
231 cells transfected with GFP-LC3 were incubated with 1 µg/mL recombinant PD-1 for (A) 0, 30, 60, and 180 minutes 
or for (B) 30 min +/- an anti-PD-L1 antibody and autophagosomes were observed via immunofluorescence. Results 
were pooled from at least three independent experiments. *, p<0.05, **, p<0.01, ***, p<0.001.
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Figure 3: Knockdown of Beclin 1 and Atg7 abolishes PD-1-induced resistance to doxorubicin. Results of colony 
formation assays using 4T1 cells expressing scrambled shRNA (A), Beclin 1 shRNA (B), and Atg7 shRNA (C). Cells were 
incubated in the absence or presence of 1 µg/mL rPD-1 prior to exposure to 0.5 μM doxorubicin (or control medium) 
for one hour. Surviving fractions were calculated as described in Materials and Methods. Significance was 
determined by one-way ANOVA followed by Tukey’s multiple comparisons test. **, p<0.01, ****, p<0.0001.
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Figure 4: ERK inhibition with U0126 abolishes PD-1-induced autophagy in cancer cells. ERK inhibition with U0126 abolishes 
PD-1-induced autophagy in cancer cells.  A. MDA-MB-213 cells were incubated with 1 µg/mL rPD-1 for 0, 10, 30, and 60 
minutes and pERK expression was assessed via western blot. B. MDA-MB-213 were incubated with 1 µg/mL rPD-1 for 30 
minutes ± 10 µM U0126 and LC3-I and LC3-II expression was assessed via western blot. C. MDA-MB-231 cells transfected 
with GFP-LC3 were incubated with 1 µg/mL recombinant PD-1 for 30 minutes ± 10 µM U0126 and autophagosome number 
was assessed via immunofluorescence. Significance was determined by one-way ANOVA followed byTukey’s post hoc test. 
Results shown were pooled from three independent experiments. *, P<0.05; **, P<0.01; ***, P<0.001. **.
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Supplementary Figure 1: U0126 inhibits rPD-1 mediated LC-3II 
accumulation in 4T1 cells. 4T1 were incubated with 1 µg/mL rPD-1 for 
30 minutes ± 10 µM U0126 and LC3-I and LC3-II expression was 
assessed by western blot. *, p<0.05.
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