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Abstract 17 

Extracellular vesicles (EVs) are generated by all cells and systemic administration of allogenic EVs derived from 18 

epithelial and mesenchymal cells have been shown to be safe, despite carrying an array of functional molecules, 19 

including thousands of proteins. To address whether epithelial cells derived EVs can be modified to acquire the 20 

capacity to induce immune response, we engineered 293T EVs to harbor the immunomodulatory CD80, OX40L 21 

and PD-L1 molecules. We demonstrated abundant levels of these proteins on the engineered cells and EVs. 22 

Functionally, the engineered EVs efficiently elicit positive and negative co-stimulation in human and murine T 23 

cells. In the setting of cancer and auto-immune hepatitis, the engineered EVs modulate T cell functions and alter 24 

disease progression. Moreover, OX40L EVs provide additional benefit to anti-CTLA-4 treatment in melanoma-25 

bearing mice. Our work provides evidence that epithelial cell derived EVs can be engineered to induce immune 26 

responses with translational potential to modulate T cell functions in distinct pathological settings.   27 
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Introduction 28 

Extracellular vesicles (EVs) are membrane-enclosed entities released by cells into neighbor tissues and 29 

body fluids 1. EVs carry an array of functional molecules, which include nucleic acids 2, proteins 3, post-translational 30 

modifications 4, amino acids 5, lipids 6, and metabolites 7. Notably, EVs can function as signaling conduits between 31 

cells and across tissues, through the transfer of their molecular constituents, or by initiating receptor-mediated 32 

signaling in the target cells 8-13.  33 

EVs have emerged as regulators of immune cell functions in physiology and in pathologies where the 34 

immune system plays a fundamental role, such as cancer, auto-immune diseases, and sepsis 14-16. From a 35 

translational standpoint, EVs can be modified to carry biomolecules and agents that modulate the immune system 36 

to promote anti-tumor immunity 17. In fact, EVs harboring immunomodulatory proteins and cytokines  18-21 , 37 

chimeric antigen receptor 22, alarmin 23, and STING agonist 24 have shown promising anti-tumor activity in 38 

preclinical models of cancer. Additionally, immunomodulatory proteins were previously detected in patient derived 39 

EVs, linked to immunoregulation, and proposed to have a prognostic value in cancer 9,14,25. However, a 40 

comprehensive functional characterization of EV-mediated engagement of positive and negative T cell co-41 

stimulation, as well as their translational potential have been underexplored.  42 

Studies employing cross-species, dendritic cell, allogenic mesenchymal stem cells (MSC), or embryonic 43 

kidney epithelial cells (293T cells)-derived EVs, suggest that despite possessing thousands of proteins including 44 

MHC class I, EVs were well tolerated, did not elicit toxicity nor adverse immune responses 26-29. We hypothesized 45 

that the concentration of any individual protein in a single EV might be too low to elicit an immune response. To 46 

test this hypothesis, we engineered EVs to harbor T cell immunomodulatory proteins, namely CD80, OX40L and 47 

PD-L1. We validated the feasibility of our approach to generate EVs harboring high levels of the 48 

immunomodulatory proteins of interest with capacity to launch T cell-dependent adaptive immune response. We 49 

established the functionality of the engineered EVs to engage positive and negative T cell co-stimulation in both 50 

human and murine T cells. Notably, in the setting of cancer and auto-immune hepatitis, the engineered EVs 51 

modulate T cell functions and alter disease progression. Our findings provide evidence that epithelial EVs can be 52 

engineered to harbor immunomodulatory proteins that engage positive and negative signals in T cells and have the 53 

potential to be explored therapeutically in the setting of cancer and auto-immune diseases. 54 

 55 

Results  56 

EVs can be engineered to harbor immunomodulatory proteins. 57 

To establish the role of EVs in engaging positive and negative T cell co-stimulation, we engineered human 58 

293T cell-derived EVs to harbor the CD80, OX40L and PD-L1 proteins. Owing the function of these immune 59 

checkpoint proteins in T cell biology, we hypothesized that CD80-containing EVs may display a dual role in T cell 60 

functions, whereby upon binding to CD28 receptor, EV-resident CD80 would activate T cells, and upon binding to 61 
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CTLA-4, it would suppress T effector functions. In addition, we hypothesized that EVs harboring OX40L would 62 

functionally activate the OX40 pathway in T cells to enable T cell activation; and PD-L1-containing EVs, would 63 

inhibit T cell functions upon engagement of the PD-1 pathway (Fig. 1a). Based on these premises, we generated 64 

HEK293T cells overexpressing the human CD80, human OX40L and human PD-L1 proteins, hereafter referred to 65 

as hCD80, hOX40L, and hPD-L1. We validated the overexpression of hCD80, hOX40L, and hPD-L1 in comparison 66 

to WT cells at the transcript level by RT-qPCR, and at the protein level by western blot and flow cytometry (Fig. 67 

1, b-d). Notably, we observed that the EVs released by hCD80, hOX40L, and hPD-L1-overexpressing cells harbor 68 

high levels of the hCD80, hOX40L, and hPD-L1 proteins, respectively, as opposed to their WT counterpart, as 69 

demonstrated by western blot, and flow cytometry-based analysis of non-permeabilized EVs bound to beads (Fig. 70 

1c, d). Together, these results demonstrate that EVs can be successfully engineered to carry immunomodulatory 71 

checkpoint proteins capable of eliciting a T cell-dependent adaptive response. 72 

To investigate whether the overexpression of hCD80, hOX40L, and hPD-L1 influences biophysical 73 

characteristics of EVs, we evaluated the size distribution and the morphology of the nanoparticles released by 74 

hCD80, hOX40L, and hPD-L1-overexpressing cells using nanoparticle tracking analysis (NTA) and transmission 75 

electron microscopy (TEM). We observed that the size distribution, the nanoparticle mode, and the morphology of 76 

hCD80, hOX40L, and hPD-L1 EVs was comparable to WT EVs (Fig. 1e, f). Further, to establish whether the 77 

overexpression of hCD80, hOX40L, and hPD-L1 alters the molecular composition of cells and/or their shed EVs, 78 

we used an unbiased and global mass spectrometry (MS)-based proteomics approach based on label-free 79 

quantification (Fig. 1g). The total number of proteins quantified in the proteome of cells and EVs was similar across 80 

WT, hCD80, hOX40L, and hPD-L1, with ~4,000 and ~2,000 proteins quantified in cells and EVs, respectively (Fig. 81 

1h). Taken together, these findings suggest that the overexpression of the immunomodulatory proteins hCD80, 82 

hOX40L, and hPD-L1 did not induce major changes in the size, morphology, and in the number of proteins detected 83 

in parental cells and EVs. 84 

Global proteomic analysis revealed a specific enrichment of hCD80, hOX40L, and hPD-L1 proteins in the 85 

engineered cells and EVs in comparison to the WT counterparts, thus validating our previous observations from 86 

western blot-based and flow cytometry-based analyses (Fig. 1i). Additionally, we exploited the comprehensive 87 

proteomic dataset generated here to evaluate the presence and abundance of EV markers and exclusion markers 3. 88 

This analysis revealed that several exclusion markers (CANX, COX5B, EIF4B, HMGB1, HMGB2, HMGB3, 89 

NOLC1, SLIRP, SKP1, and PGM2) were abundant in the parental cells, and low abundant or undetected in EVs 90 

released by these cells (Fig. 1j). On the other hand, the EV markers SDCBP (Syntenin-1), TSG101, CD9, CD63, 91 

CD81, SLC1A5, GNAI3, ITGB1, LGALS3BP and RRAS were highly abundant in EVs as opposed to the parental 92 

cells (Fig. 1k).  93 

To gain additional insights into the proteomic composition of hCD80, hOX40L, and hPD-L1 cells and EVs 94 

in relation to their WT counterpart, we employed principal component analysis (PCA), Pearson correlation and 95 
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hierarchical clustering analyses. Together, these analyses demonstrated that the proteomic composition of hCD80, 96 

hOX40L, and hPD-L1 cells was comparable to the profile of WT cells (Fig. 1k-l, Extended Data Fig. 1a). 97 

Additionally, our analyses suggest that the proteomic composition of hCD80 and hOX40L EVs was closely related 98 

to the WT EVs, whereas hPD-L1 EV samples cluster separated and had lower correlation to the other EVs evaluated 99 

(Fig. 1k-l, Extended Data Fig. 1a). This suggests that high levels of PD-L1 in EVs may influence the packaging 100 

of other proteins in EVs. 101 

Further, we also generated HEK293T cells that produce EVs harboring the murine CD80, murine OX40L 102 

and murine PD-L1 proteins, hereafter referred to as mCD80, mOX40L, and mPD-L1. The transcript of mCD80, 103 

mOX40L, and mPD-L1 was detected at high levels in the overexpressing cells, but not in the WT counterparts 104 

(Extended Data Fig. 1b). Moreover, we validated that the engineered parental cells and their EVs display the 105 

immunomodulatory checkpoints at their surface by flow cytometry (Extended Data Fig. 1c), and that the 106 

engineering process did not induce major biophysical changes in terms of size distribution and morphology of 107 

mCD80, mOX40L, and mPD-L1 EVs (Extended Data Fig. 1d, e). 108 

To gain insights into the predicted specificity of the signaling elicited by the engineered EVs in T cells, we 109 

sought to understand whether the human 293T parental cells and EVs contain other co-stimulatory (OX40L, iCOSL, 110 

4-1BBL, CD70), co-inhibitory (Gal-9, HVEM, PD-L1, PD-L2) and dual-role (CD80) immune checkpoint proteins. 111 

Using flow cytometry-based analysis of parental cells and EVs, we observed that high levels of human CD80, 112 

OX40L, and PD-L1 proteins were readily detected in the engineered hCD80, hOX40L, and hPD-L1 cells and EVs, 113 

respectively, but not in the WT and in the mCD80, mOX40L, and mPD-L1 engineered cells and EVs (Extended 114 

Data Fig. 1g, h). Moreover, low levels of CD70, Gal-9, HVEM, iCOSL, PD-L1 and 4-1BBL were detected on the 115 

surface of cells (Extended Data Fig. 1g). From all the immune checkpoints evaluated, the co-stimulatory protein 116 

iCOSL was detected at low levels in the EVs (Extended Data Fig. 1h). We also conducted the flow cytometry-117 

based evaluation of the putative EV markers CD9, CD63 and CD81 in the WT, hCD80, hOX40L, hPD-L1, mCD80, 118 

mOX40L, and mPD-L1 EVs. We observed that all the EVs evaluated contain high levels of these tetraspanins 119 

(Extended Data Fig. 1f). Taken together, our results indicate that the overexpressing proteins of interest are the 120 

prevalent immunomodulatory signal in the engineered EVs. 121 

 122 

Engineered EVs elicit positive and negative co-stimulation in human T cells. 123 

To determine whether the engineered EVs can functionally engage their cognate pathways in T cells, we 124 

performed ex vivo assays using human T cells derived from PBMCs. As a first step to characterize our ex vivo 125 

system, we profiled the kinetics of the receptors of interest, namely CD28, CTLA-4, OX40 and PD-1 in human T 126 

cells every 24 hours, from 0 to 168 hours post T cell activation. For the evaluation of CD28 and CTLA-4 surface 127 

levels over time, T cells were stimulated with anti-CD3e, which mimics antigen presentation. For the evaluation of 128 

OX40 and PD-1 surface protein over time, in addition to CD3e, T cells were concomitantly stimulated with anti-129 
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CD28 (Extended Data Fig. 2a). Using flow cytometry, we observed that in culture both human CD4+ and CD8+ T 130 

cells were positive at their surface for CD28 in all time points evaluated, but not for CTLA-4, suggesting that under 131 

these conditions, the engineered hCD80 EVs potentially elicit positive T cell co-stimulation, considering the high 132 

availability of surface CD28 receptor as opposed to CTLA-4. As for the OX40 receptor, upon activation, the surface 133 

OX40 increased, peaked at 24-48 hours, and dramatically decreased after 96 hours. PD-1 receptor on the T cell 134 

surface increased upon activation of both CD4+ and CD8+ T cells over time and peaked at the later time point of 135 

168 hours (Extended Data Fig. 2c). The insights gained with the kinetics of the CD28, CTLA-4, OX40 and PD-1 136 

receptors in human T cells allowed us to design ex vivo assays leveraging the availability of these receptors to test 137 

the functionality of the engineered EVs in modulating CD4+ and CD8+ T cell functions (Fig. 2a).   138 

We treated human T cells with vehicle (PBS), WT EVs, or engineered EVs (hCD80, hOX40L, hPD-L1) 139 

and evaluated several parameters for T cell functions, namely activation (CD25 and CD69), proliferation (Ki67), 140 

cytokines (IL-2 and IFNg), and cytolytic potential (Granzyme B). Both CD4+ and CD8+ T cells responded to hCD80 141 

EVs by increasing the CD25, CD69, Ki67 and IFNg (Fig. 2b). Human CD4+ T cells treated with hOX40L EVs 142 

displayed a significant increase in CD25, CD69, Ki67 and IL-2, whereas CD8+ T cells treated with hOX40L EVs 143 

significantly increased CD25, CD69, IFNg, and Granzyme B (Fig. 2c). As for PD-L1-containing EVs, we observed 144 

that human CD8+ T cells significantly decreased their activation, proliferation and cytokine production when treated 145 

with hPD-L1 EVs in comparison to controls (Fig. 2d), as opposed to CD4+ T cells, in which no major changes in 146 

functional markers were observed (Extended Data Fig. 3b). 147 

Taken together, our results demonstrate that EVs harboring immune checkpoint proteins can functionally 148 

elicit positive and negative co-stimulation of human T cells ex vivo.  149 

 150 

Engineered EVs elicit positive and negative co-stimulation in murine T cells. 151 

Next, to understand whether the engineered EVs can also functionally engage their cognate pathways in 152 

murine-derived T cells, we performed ex vivo assays using T cells isolated from mouse spleen. To characterize the 153 

murine ex vivo system, we measured the kinetics of CD28, CTLA-4, OX40 and PD-1 in murine T cells post 154 

activation (Extended Data Fig. 2b). Both murine CD4+ and CD8+ T cells were positive for CD28 from 24 hours 155 

to 168 hours post activation, with a peak observed at 48 hours. Surface CTLA-4 was low in both CD4+ and CD8+ 156 

T cells for all time points evaluated. This suggests that under these conditions, the engineered mCD80 EVs would 157 

likely trigger positive T cell stimulation, considering the high availability of surface CD28 receptor in T cells in 158 

comparison to CTLA-4. The OX40 receptor increased upon murine T cell activation, peaked at 48 hours, and 159 

dramatically decreased after 72 hours. The surface PD-1 receptor increased upon activation of both CD4+ and CD8+ 160 

T cells and peaked at 48 hours post activation (Extended Data Fig. 2d). Since the murine CD28, OX40 and PD-1 161 

receptors were positive in T cells at 24 hours, and peaked at 48 hours post-activation, for our murine ex vivo assays, 162 
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T cells were treated with the engineered EVs at 24 hours and 48 hours post-activation, and the functional markers 163 

evaluated at 72 hours by flow cytometry (Fig. 3a).   164 

Murine CD4+ and CD8+ T cells responded to mCD80 EVs by increasing the CD25, Ki67, IL-2 and IFNg 165 

(Fig. 3b). The treatment with mOX40L EVs increased CD69, Ki67, IL-2 and IFNg in both murine CD4+ and CD8+ 166 

T cells (Fig. 3c) and decreased the T regulatory capacity of CD4+ T cells, as measured by FoxP3 (Extended Data 167 

Fig. 3d). As for PD-L1-containing EVs, we observed that murine CD8+ T cells significantly decreased their 168 

activation, cytokine production, and cytolytic potential when treated with mPD-L1 EVs (Fig. 3d), whereas murine 169 

CD4+ T cells did not undergo significant changes upon treatment with mPD-L1 EVs (Extended Data Fig. 3c). 170 

Taken together, our results show that EVs harboring immune checkpoint proteins can also elicit positive 171 

and negative co-stimulation of murine T cells ex vivo, suggesting that this strategy can be employed to engage 172 

immune checkpoint pathways in T cells from multiple species. 173 

 174 

EV-driven immunomodulation alters tumor growth kinetics and remodels the immune landscape of tumors. 175 

To investigate whether the engineered EVs can modulate T cell functions in vivo and influence cancer 176 

progression, we used an orthotopic melanoma model, whereby B16-F10 cells were implanted intradermally in 177 

immunocompetent mice. The engineered EVs were administered systemically via the intraperitoneal route, and 178 

tumor growth evaluated (Fig. 4a, e, i). The growth rate of B16-F10 melanoma tumors was not significantly altered 179 

upon treatment with EVs harboring mCD80, although a trend towards a delay in tumor growth was observed from 180 

day 12 to 16 post-tumor implantation (Fig. 4b-d). Notably, the administration of EVs containing mOX40L 181 

significantly delayed the growth of B16-F10 melanoma tumors (Fig. 4f-h), whereas EVs harboring mPD-L1 182 

significantly accelerated tumor growth (Fig. 4j-l).  183 

To gain insights into the mechanism of action of mOX40L and mPD-L1 engineered EVs in vivo, we 184 

characterized the landscape of lymphocytes using multiparametric flow cytometry. We found that the systemic 185 

administration of OX40L-containing EVs altered the landscape of tumor-infiltrating lymphocytes, as measured by 186 

a significant increase in the proportion of CD3+CD8+ T cells in tumors, as well as heightened cytotoxic potential of 187 

CD8+ T cells, as measured by increased Granzyme B (Fig. 4m). In addition, the treatment with mOX40L EVs 188 

promoted increased activation, IL-2, Perforin and T-bet levels in tumor-resident CD8+ T cells and enhanced the 189 

proliferation of CD4+ T cells and CD19+ B cells in circulation (Extended Data Fig. 4b). Taken together, our 190 

findings suggest that engineered EVs harboring OX40L promote anti-tumor immunity in the B16-F10 model 191 

through enhancement of cytotoxic T lymphocyte functions. On the other hand, we observed that PD-L1-containing 192 

EVs dampened anti-tumor immunity by suppressing the activation of CD4+ T cells, and the production IFNg in 193 

tumor resident CD8+ T cells (Fig. 4n). In addition, the administration of mPD-L1 EVs decreased the abundance of 194 

CD4+ T cells in circulation (Extended Data Fig. 4c). 195 
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Further, the effect of systemic administration of the engineered EVs was investigated in a second pre-196 

clinical model, in which colorectal cancer MC-38 cells were implanted subcutaneously. In this setting, similar 197 

phenotypic changes in tumor growth kinetics were observed to the melanoma model, whereby mCD80 EVs did not 198 

significantly alter the rate of MC-38 growth, mOX40L EVs delayed MC-38 tumor growth and mPD-L1 EVs 199 

accelerated MC-38 tumor growth (Fig. 5a-l).  200 

Immunophenotypic characterization of MC-38 lymphocytes was performed using multiparametric flow 201 

cytometry. Mechanistically, the treatment of MC-38-bearing mice with mOX40L EVs decreased the proportion 202 

tumor-resident regulatory T cells (Tregs), and reduced the exhaustion of CD4+ T cells, as measured by decreased 203 

TIM-3 (Fig. 5m). In addition, the proportion of activated versus naïve CD4+ T cells was altered upon administration 204 

of mOX40L EVs, whereby tumor-resident CD4+ T cells displayed a significantly more activated phenotype, as 205 

opposed to lymph node-resident CD4+ T cells, which show higher abundance of naïve CD4+ T cells, as measured 206 

by CD62L (Extended Data Fig. 5a, b). Similar to the T cell phenotypes observed in melanoma, mPD-L1 EVs 207 

reduced the production IFNg, as well as the production of IL-2 in tumor in CD8+ T cells (Fig. 5n).  208 

Together, using two distinct pre-clinical tumor models, our results show that EVs containing immune 209 

checkpoint proteins can elicit positive and negative co-stimulation of murine T cells, remodel the immune landscape 210 

of tumors and influence the kinetics of tumor growth. 211 

 212 

EV-driven immunomodulation influences the progression of acute autoimmune hepatitis. 213 

To investigate the role of immunomodulatory molecules in EVs in the context of auto-immune disorders, 214 

we exploited the Concanavalin A (ConA)-induced liver injury model, in which T cell hyperactivation causes liver 215 

damage 30. Immunocompetent mice were pre-treated with EVs or vehicle at 96 hours, 48 hours and immediately 216 

prior to ConA administration, tissues were harvested for analysis at 8 hours post ConA treatment (Fig. 6a). 217 

Histological analyses revealed that the treatment with mOX40L EVs exacerbated hepatocyte necrosis, resulting in 218 

an increased liver injury score (Fig. 6b, c). Mice treated with mPD-L1 EVs, and to a lesser extent, mCD80 EVs, 219 

displayed a trend towards decreased liver necrosis in comparison to control groups (Fig. 6b, c). 220 

To further dissect the mechanism through which our engineered EVs affect the progression of autoimmune 221 

hepatitis, we profiled immune landscape of liver, spleen and blood using flow cytometry. In line with the 222 

observations of heightened histological liver injury, we observed that the liver of mice treated with mOX40L EVs 223 

displayed an increased proportion of CD3+ CD4+ T cells, with increased Granzyme B (Fig. 6d). In addition, we 224 

observed a higher proportion of IFNg in CD8+ T cells in mice treated with mOX40L than control EVs or vehicle 225 

(Fig. 6d). In addition, in spleen-resident immune cells, there was an increase in Perforin+ CD4+ T cells, and in 226 

circulation, and overall increase in CD45+ immune cells upon treatment with mOX40L EVs (Fig. 6d).  227 
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The treatment with mPD-L1-containing EVs showed a trend towards decreased IFNg in CD4+ T cells, while 228 

mCD80-containing EVs increased the frequency of regulatory T cells in the liver, both changes argue towards an 229 

immunosuppressive phenotype upon administration of these EVs in the ConA model (Fig. 6e, f). 230 

Together, our results suggest that immunomodulatory molecules residing in EVs may condition T cells to 231 

promote or inhibit the progression of ConA-induced auto-immune hepatitis.  232 

 233 

Engineered EVs containing OX40L synergize with immune checkpoint blockade therapy to promote anti-234 

tumor immunity. 235 

 Based on our observations, mOX40L-containing EVs displayed an enhanced ability to delay the growth of 236 

tumors and to accelerate the progression of auto-immune hepatitis. These findings prompted us to further establish 237 

its potential as an anti-tumor therapy.  238 

To further understand the basis of action of mOX40L EVs, we exploited the B16-F10 melanoma model. 239 

To determine the contribution of the CD4+ and CD8+ T cell subsets in the antitumor phenotype mediated by OX40L 240 

EVs in the orthotopic B16-F10 model, we depleted CD4+ and CD8+ T cells using antibodies. We validated the 241 

depletion efficacy of CD4+ and CD8+ T cell subsets using flow cytometry (Extended Data Fig. 6). The depletion 242 

of CD4+ T cells did not impair the anti-tumor efficacy of mOX40L EVs; in fact, all treatment groups receiving the 243 

anti-CD4 antibodies exhibited delayed tumor growth and extended survival, which is likely a result of depletion of 244 

regulatory T cells (Treg) (Extended Data Fig. 7a-c). On the other hand, the depletion of CD8+ T cells abrogated the 245 

anti-tumor effect of mOX40L EVs, as measured by the rescue in tumor growth kinetics and survival (Extended 246 

Data Fig. 7d-f). Together with the immunophenotyping results in the B16-F10 model, these results suggest that 247 

mOX40L EVs primary signal to CD8+ T cells to promote anti-tumor immunity in B16-F10 melanoma. 248 

 Clinical trials conducted in melanoma patients have shown encouraging response to immune checkpoint 249 

blockade therapy, with significant improvement in overall survival and progression free survival rates 31. Given the 250 

promise of harnessing the immune system to treat cancer, we sought to investigate the anti-tumor potential of 251 

mOX40L EVs as a positive co-stimulatory signal in combination with aCTLA-4 administration in orthotopically 252 

implanted B16-F10 tumors (Fig. 7a). Notably, we observed that the EV-mediated OX40 engagement combined 253 

with CTLA-4 blockade further delayed the growth of B16-F10 melanoma tumors and extended the survival of 254 

tumor-bearing mice in comparison to the monotherapies alone and to control groups (Fig. 7, b-d). Thus, our findings 255 

suggest that OX40L EVs could potentiate CTLA-4 blockade to promote antitumor immunity in vivo and may 256 

represent an additional avenue to treat melanoma patients. 257 

  258 
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Discussion  259 

Here, we show that epithelial EVs harboring immunomodulatory molecules can functionally elicit positive 260 

and negative T cell co-stimulation in the setting of cancer and auto-immune disease, while control EVs from 261 

epithelial cells did not elicit T cell-dependent immune responses. This suggests that native EVs can be engineered 262 

to induce adaptive immune response, showcasing their ability to engage the immune system when proper context 263 

is provided.     264 

In the realm of cancer therapeutics, EVs have been engineered to harbor proteins that can induce apoptosis 265 

(e.g. SIRPa and TRAIL) and modulate specific cell populations of the immune system (e.g. CD40L, alarmin, CAR, 266 

IL-12 and IFNg), approaches which have been demonstrated to pose anti-tumor properties 18,20-23,32,33 . Our work not 267 

only adds to the existing toolkit of EV-based anti-cancer therapeutics 17, but also provides proof-of-principle 268 

evidence that immunomodulatory molecules in EVs can be used to alter the progression of auto-immune 269 

pathologies.  270 

We show that EVs harboring CD80, OX40L and PD-L1 can functionally elicit positive and negative T cell 271 

co-stimulation in both human and murine CD4+ and CD8+ T cells, using ex vivo assays, thus suggesting applicability 272 

of these engineered EVs in the context of human pathologies. Despite displaying functional activity ex vivo, in vivo 273 

CD80 EVs did not trigger significant T cell-mediated responses in cancer and auto-immune hepatitis. This is likely 274 

because in the complex in vivo scenario, CD80 EVs would have the ability to bind to both CD28 and to CTLA-4, 275 

unlike to the ex vivo assays, in which stimulated T cells displayed preferential expression of CD28 receptor at their 276 

surface. Similar to literature reports, PD-L1 EVs efficiently accelerated the growth of B16-F10 and MC-38 tumors 277 
9,34. Using flow cytometry, we found that PD-L1 EVs decreased IFNg production by T cells. Notably, in vivo OX40L 278 

EVs significantly delayed the growth of B16-F10 and MC-38 tumors. In the melanoma model, we found that the 279 

mechanism of action of OX40L EVs likely occurs through CD8+ T cells, as demonstrated by antibody depletion 280 

and by flow cytometry, whereby OX40L EVs enhance the proportion and the cytotoxicity of CD8+ T cells. On the 281 

other hand, in the MC-38 model, OX40L EVs likely mediate their anti-tumor role by decreasing the proportion of 282 

regulatory T cells and the exhaustion of CD4+ T cells. Thus, the molecular mechanism through which OX40L EVs 283 

mediates anti-tumor responses seems to be tumor type specific. In fact, in the literature, the engagement of the 284 

OX40 pathway was demonstrated to elicit T cell responses in both CD4+ and CD8+ subsets in a tumor model-285 

dependent manner 35. Advanced head and neck squamous cell carcinoma (HNSCC) patients treated with an OX40 286 

agonist in the neoadjuvant setting, had an increased activation and proliferation of CD4+ and CD8+ T cells in 287 

circulation and tumor 36. Using antigen-specific OX40-deficient CD8+ T cells, the OX40 pathway was shown to 288 

mediate the expansion of CD8+ T cells and to elicit cytotoxic T lymphocyte-mediated protection against tumor 289 

growth 37. The engagement of OX40 with Fc-mOX40L also promoted anti-tumor immunity through CD8+ T cells 290 

in colon- and renal cell carcinoma-bearing mice 38. In addition, OX40 agonist antibody enhanced CD8+ T cell 291 

.CC-BY-NC-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 November 4, 2023. ; https://doi.org/10.1101/2023.11.02.565371doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.02.565371
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 10 of 50 
 

infiltration and reduced immunosuppression in sarcoma, mammary carcinoma, and colorectal carcinoma models 39. 292 

OX40-mediated co-stimulation was also shown to decrease Treg-mediated immunosuppression and to promote 293 

tumor rejection 40,41. 294 

Immune checkpoint blockade therapies based on aCTLA-4 and aPD-1/aPD-L1 have revolutionized cancer 295 

treatment 42-45. However, clinical data shows that a long-lasting response to these treatments as single agents or as 296 

combination therapy in melanoma only occurs in a subset of cancer patients 31. Therefore, there is an unmet clinical 297 

need to further harness the immune system to prolong patient survival 45. In line with this goal, further to 298 

administering these agents as monotherapies or combination, the addition of other anti-cancer drugs has gained 299 

significant attention and several clinical trials are underway to establish their clinical value 46. In one of these 300 

modalities, therapeutic strategies that simultaneously combine the engagement of co-stimulatory signals in T cells 301 

with blockade of co-inhibitory signals are gaining traction 47. Here, we demonstrated that OX40L EVs synergize 302 

with aCTLA-4 to further delay the growth and to extend the survival of melanoma-bearing mice. Experimentally, 303 

we did not pursue the combination OX40L EVs with PD-1/PD-L1 inhibition because literature reports have shown 304 

mixed outcomes, including accelerated tumor progression 48-50. Of note, in human and murine melanoma tumors, 305 

aCTLA-4 and aPD-1 utilize distinct mechanisms to promote anti-tumor immunity, whereby CTLA-4 blockade 306 

induces Th1-like CD4 effector functions 51. Therefore, it is likely that in our study in the B16-F10 model, the 307 

synergistic anti-tumor effect observed upon OX40 engagement with CTLA-4 blockade, may occur through 308 

enhancement of cytotoxic functions mediated by OX40L EVs, with increased CD4 effector functions, promoted by 309 

aCTLA-4.  310 

 Taken together, we provide proof-of-principle evidence that immunomodulatory proteins in EVs can 311 

functionally engage T cell co-stimulation and alter the progression of cancer and auto-immune pathologies. Our 312 

study paves the way to understand the basic biology of EV-mediated positive and negative T cell co-stimulation 313 

and for further developing EV-based therapeutics that can be used in clinic.  314 
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Materials and Methods 315 

 316 

Cell culture and generation of overexpressing cells 317 

HEK293T/17 cells from ATCC (a gift from Dr. Lynda Chin’s lab), B16-F10 cells from the MD Anderson 318 

Cytogenetics and Cell Authentication Core, and MC-38 cells from Kerafast were cultured in DMEM (Corning) 319 

supplemented with 10% fetal bovine serum (FBS, Gemini) and 1% penicillin-streptomycin. Cells have been 320 

validated by STR. To generate overexpressing cells, plasmids for hCD80 (Sino Biological HG10698-UT)), 321 

hOX40L (Sino Biological HG13127-UT), hPD-L1 (Origene RC213071L4), mCD80 (Sino Biological MG50446-322 

UT), mOX40L (Sino Biological MG53582-UT), and mPD-L1 (Origene MR203953L4) were transfected using 323 

lipofectamine 3000 (Invitrogen) in HEK293T/17 cells according to manufacturer’s instructions and selected using 324 

hygromycin (CD80 and OX40L plasmids) or puromycin (PD-L1 plasmids). Cells were tested and confirmed 325 

negative for mycoplasma and maintained in humidified cell culture incubators at 37°C and 5% CO2.  326 

 327 

EV production 328 

Cultured cells at a confluency of approximately 80%, were washed twice with PBS and subsequently 329 

allowed to secrete EVs in serum-free medium for 24 hours (proteomics) or for 48 hours (all other assays). The 330 

conditioned medium of cells in serum-free medium was collected and subjected to differential centrifugation at 800 331 

x g for 5 minutes and 2,000 x g for 10 minutes, and then filtered using a 0.2 µm filter flask (Corning). EVs were 332 

isolated by ultracentrifugation at 100,000 x g for 3 hours at 4ºC. After ultracentrifugation, the supernatant was 333 

discarded and the EV pellet was resuspended in PBS and stored at -80ºC for downstream analyses, functional assays 334 

or for in vivo treatment.  335 

 336 

Nanoparticle tracking analysis 337 

The concentration and the size distribution of EVs was determined based on their Brownian motion using 338 

a NanoSight LM10 (Malvern), which is equipped with a Blue 488 nm laser and a high sensitivity sCMOS camera. 339 

The temperature was set and kept constant at 25ºC during measurements. The syringe pump speed was set to 20. 340 

For each acquisition, a delay of 90 seconds followed by three captures of 30 seconds each was employed.  341 

 342 

RT-qPCR 343 

RNA was isolated using RNeasy Kit (Qiagen), following manufacturer’s instructions, including the DNAse 344 

(Qiagen) treatment performed on column. RNA was resuspended in RNase-free water and the concentration was 345 

determined using Nanodrop. cDNA synthesis was performed using the High-Capacity cDNA Reverse Transcription 346 

Kit with RNase Inhibitor (Life technologies), following manufacturer’s instructions. For the qPCR reactions, Power 347 

SYBR green PCR master mix (Applied Biosystems) was used. The primers utilized are shown in Table S1. For 348 
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data analysis, the fold-change in expression was determined using the ddCt method. Technical triplicates were used, 349 

and statistical analyses conducted on the dCt values. In the analysis of murine checkpoints overexpression, murine 350 

transcripts were not detected in human HEK293T WT cells; thus, we computed the CT values for murine CD80, 351 

OX40L, PD-L1 and of the housekeeping gene GAPDH. 352 

 353 

Western blot 354 

Whole cell and EV lysates were loaded onto acrylamide gels for electrophoretic separation of proteins under 355 

denaturing conditions. Protein transfer was performed on methanol-activated PVDF membrane. Membrane was 356 

blocked in 5% BSA in TBST at room temperature for 1 hour. Antibodies are listed in Table S2. Visualization of 357 

immunolabels was performed with ECL solution (Pierce), following the manufacturer’s instructions. 358 

Chemiluminescent signals were captured using Amersham Hyperfilm (GE Healthcare). 359 

 360 

Transmission electron microscopy of EVs 361 

EVs were fixed in 2.5% EM grade glutahaldehyde. Formvar-carbon coated mesh nickel grids were treated 362 

with poly-l-lysine solution for 5 minutes, excess was removed with filter paper and grids were allowed to dry. Drops 363 

of suspended EV samples were deposited onto the formvar-carbon coated mesh nickel grids and EVs were allowed 364 

to adsorb for 1 hour. Grids were rinsed with PBS drops 5 times, 3 minutes; and incubated in filtered 1% uranyl 365 

acetate in distilled water for 1 minute, excess was removed with filter paper and grids were allowed to dry. Grids 366 

were examined in a JEM 1010 transmission electron microscope (JEOL, USA, Inc., Peabody, MA) at an 367 

accelerating voltage of 80 kV. Digital images were obtained using AMT Imaging System (Advanced Microscopy 368 

Techniques Corp, Danvers, MA). 369 

 370 

Flow cytometry-based analysis of 293T cells 371 

Approximately 5x105 cells were washed in 100 µl of FACS buffer. Cell pellet was resuspended in 100 µl 372 

of FACS buffer containing either the conjugated antibody of interest or its recommended isotype control, and 373 

incubated for 30 minutes on ice protected from light. The antibodies used are listed in Table S2. Cells were washed 374 

three times in FACS buffer, centrifuged at 300 x g and supernatant discarded. Stained cells were resuspended in 375 

200 µl of FACS buffer and fluorescent signal recorded with a BD LSRFortessaTM X-20 equipment. Data was 376 

analyzed in FlowJo software, the percentage of positive cells was determined based on the isotype control gate of 377 

each sample (set to approximately 2%).  378 

 379 

Flow cytometry-based analysis of beads-bound EVs  380 

In total, 5x109 EVs were resuspended in 100 µl of PBS, and mixed to 10 µl of aldehyde/sulfate beads 381 

(Invitrogen). Samples were incubated at room temperature rotating for 15 minutes. Subsequently, 200 µl of PBS 382 
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was added to each sample, vortex and incubated overnight at 4ºC rotating. The following day, 150 µl of 1M glycine 383 

was added to each tube, vortex and incubated at room temperature for 1 hour rotating. The bead-bound EVs were 384 

pelleted at 13,523g for 1.5 minutes, the supernatant discarded and the precipitate resuspended in 100 µl of 10% 385 

BSA for blocking, vortex and incubated rotating at room temperature for 1 hour. After blocking, samples were 386 

centrifuged at 13,523g for 1.5 minutes, supernatant discarded and the precipitate was resuspended in 20 µl of 2% 387 

BSA containing unconjugated primary antibodies or the conjugated antibodies, alongside their corresponding 388 

isotype control, vortex and rotated at room temperature for 1 hour. After incubation with the unconjugated primary 389 

antibodies, beads-bound EVs were washed twice in 200 µl of 2% BSA, centrifuged at 13,523g for 1.5 minutes, and 390 

supernatant discarded. Beads-bound EVs were incubated for 1 hour at room temperature rotating in 20 µl of 2% 391 

BSA containing 1 µl of secondary antibody. After secondary antibody staining, or staining with conjugated 392 

antibodies, beads-bound EVs were washed three times in 200 µl of 2% BSA, centrifuged at 13,523g for 1.5 minutes, 393 

and supernatant discarded. The antibodies used are listed in Table S2. 394 

After staining was finalized, the bead-bound EVs were resuspended in 500 µl of 2% BSA and fluorescent 395 

signal acquired in a BD LSRFortessaTM X-20 equipment. Data was analyzed in FlowJo software, and the percentage 396 

of positive beads was determined based on the isotype control gate of each sample (set to approximately 2%).  397 

 398 

Ex vivo assays with human T cells  399 

PBMCs were isolated from buffy coats using Ficoll PAQUE (GE Healthcare) and cryopreserved until 400 

further use. After thawing, PBMCs were cultured in RPMI 1640 (Corning) supplemented with 10% FBS, 1% 401 

penicillin-streptomycin, 50 μM β-mercapoethanol and 50 U/ml of human IL-2 (Peprotech) for 48 hours.  402 

For functional assays, PBMCs were cultured in RPMI 1640 (Corning) supplemented with 10% FBS, 1% 403 

penicillin-streptomycin and 50 μM β-mercapoethanol at a cell density of 1 x 106 cells/ml. T cells were activated 404 

with 1 μg/ml of anti-CD3e [OKT3] (BioLegend) and 1 μg/ml of anti-CD28 (eBioscience) for 16-24 h and then 405 

treated with EVs (50 μg/ml) or vehicle (PBS), in the presence of both anti-CD3e and anti-CD28 antibodies.  406 

 407 

Ex vivo assays with murine T cells 408 

Murine spleens were dissociated through a 100 μm mesh strainer. Cells were resuspended in PBS and 409 

layered on top of Histopaque®-1119 (Sigma-Aldrich), centrifuged at 700 x g for 15 min at room temperature, with 410 

the brake set to 0. Cells from the intermediary phase were collected and washed three times in PBS. Splenocytes 411 

were cultured in RPMI 1640 (Corning) supplemented with 10% FBS, 1% penicillin-streptomycin and 50 μM β-412 

mercapoethanol at a cell density of 1 x 106 cells/ml. T cells were activated with 1 μg/ml of anti-CD3e (BD) and 1 413 

μg/ml of anti-CD28 (BD) for 16-24 hours and then treated with EVs (50 μg/ml)  or vehicle (PBS) in the presence 414 

of both anti-CD3e and anti-CD28 functional antibodies.  415 
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 416 

Flow cytometry-based analysis of T cells from ex vivo assays 417 

The staining procedure was performed protected from light. Cells were washed in FACS buffer, 418 

resuspended in surface staining mix containing FACS buffer with 1/2 of final volume of Brilliant Stain Buffer (BD), 419 

50 μg/ml anti-mouse CD16/CD32 (2.4G2) (Tonbo Biosciences), surface antibodies and Fixable Viability Dye 420 

eFluor 780 (eBioscience), and incubated for 1 hour on ice. Subsequently, cells were washed 3 times in FACS buffer 421 

and incubated with Cytofix/Cytoperm (BD) for 1 hour on ice. Cells were washed 3 times with 1x perm/wash buffer 422 

(BD), and stained with intracellular staining mix containing intracellular antibodies in 1x perm/wash buffer (BD), 423 

and incubated for 1 hour on ice. The antibodies used are listed in Table S2. After staining, cells were washed 3 424 

times with 1x perm/wash buffer (BD), and fixed using Cytofix fixation buffer (BD). Samples were run on a BD 425 

LSRFortessaTM X-20 equipment and the data was analyzed using FlowJo software. 426 

 427 

Sample preparation for mass spectrometry 428 

Clear lysates from cells and EVs in 8M urea buffer (8 M urea, 75 mM NaCl, 50 mM Tris) were quantified 429 

using microBCA Protein Assay Reagent Kit (Thermo Scientific) following the manufacturer’s instructions. For in-430 

solution digestion, 10 µg of protein lysates derived from cells or EVs were used. Proteins were reduced using 1 mM 431 

DTT (Sigma) for 1 hour at room temperature, and alkylated using 5.5 mM of IAA (Sigma) for 45 minutes, at room 432 

temperature protected from light. Samples were diluted 8-fold in 50 mM ammonium bicarbonate (Sigma). To cleave 433 

the proteins into peptides, Trypsin/LysC mix mass-spec grade (Promega) was used at 1:10 enzyme:protein ratio, 434 

for an overnight digestion at room temperature. In the following day, samples were acidified to pH <4.0 using 1% 435 

TFA (Sigma). Peptides were desalted and concentrated using Pierce C18 spin tips (Thermo Scientific), following 436 

manufacturer’s instructions. 437 

 438 

nLC-MS/MS  439 

Digested peptides were run on a Q-Exactive HF mass spectrometer coupled to an EASY-nLC II 1200 440 

chromatography system (Thermo Scientific). Samples were loaded on a 50 cm fused silica emitter that was packed 441 

in-house with ReproSIL-Pur C18-AQ, 1.9 µm resin. The emitter was heated to 50°C using a column oven 442 

(Sonation). Peptides were eluted at a flow rate of 300 nl/minute for 125 minutes using a two-step gradient of solvent 443 

B 80% Acetonitrile:0.1% Formic Acid 2-20% in 73 minutes and to 41% at 93 minutes. Peptides were injected into 444 

the mass spectrometer using a nanoelectropsray ion source (Thermo Scientific) coupled with an Active Background 445 

Ion Reduction Device (ABIRD, ESI Source Solutions) to decrease air contaminants. Data was acquired with the 446 

Xcalibur software (Thermo Scientific) in positive mode using data-dependent acquisition. The full scan mass range 447 

was set to 375-1500m/z at 60,000 resolution. Injection time was set to 20 milliseconds with a target value of 3E6 448 

ions. HCD fragmentation was triggered on the 15 most intense ions for MS/MS analysis. MS/MS injection time 449 
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was set to 75 milliseconds with a target of 5E4 ions and with a resolution of 15,000. Ions that have already been 450 

selected for MS/MS were dynamically excluded for 13 seconds. 451 

 452 

MS data processing and analysis 453 

The raw MS files were processed in the MaxQuant software 52 version 1.6.1.0. Andromeda search engine 454 
53 performed the search against the human UniProt database. For identification, a false discovery rate (FDR) of 1% 455 

was used as threshold at both the peptide and the protein levels. Analysis settings included: a minimal peptide length 456 

of 7 amino acids, specificity for trypsin and maximum two missed cleavages. For label-free quantification, the LFQ 457 

parameter was enabled. For modifications: Acetyl (protein N-term) and oxidation (M) were set as variable 458 

modifications, and carbamidomethyl (C) as fixed modification. The match between runs parameter was not enabled. 459 

The remainder parameters used were MaxQuant default settings. 460 

The output table proteinGroups.txt from MaxQuant was loaded into Perseus software 54 version 1.6.6.0 for 461 

downstream analyses. Data was filtered to remove potential contaminants, reverse peptides that match a decoy 462 

database, and proteins only identified by site. For unambiguous identification, proteins with at least one unique 463 

peptide were used for analyses. The LFQ intensities were log2-transformed. The summed intensities were log10-464 

transformed. Annotations from Gene Ontology Cellular Compartment (GOCC), Gene Ontology Biological 465 

Processes (GOBP), Gene Ontology Molecular Function (GOMF) and Kyoto Encyclopedia of Genes and Genomes 466 

(KEGG) were added. 467 

 468 

In vivo studies 469 

Female C57BL/6J mice were purchased from The Jackson Laboratory. Mice were housed in ventilated 470 

cages on a 12 hour light:12 hour dark cycle at 21–23°C and 40–60% humidity. Mice had access to an irradiated diet 471 

and sterilized water ad libitum.  472 

For tumor models, implantation of 5x104 B16-F10 cells resuspended in 100 μl of PBS was performed 473 

intradermally into the left flank of mice. Implantation of 1x105 MC-38 cells resuspended in 100 μl of PBS was 474 

performed subcutaneously into the left flank of mice. For experiments using EVs administration as single treatment, 475 

injections started at day 8 post tumor implantation. Vehicle (PBS) or EVs (50 μg) in 100 μl of PBS were 476 

administered IP every other day. For the experiment combining EVs administration with CD4 depletion and CD8 477 

depletion, vehicle (PBS) or EVs (50 μg) in 100 μl of PBS were administered IP every other day starting from day 478 

8 post tumor implantation until endpoint. Isotype control or depletion antibodies were administered IP from day 6 479 

to day 30 post-tumor implantation in 100 μl of PBS. The dosage from day 6 to 20 was of 200 μg/mouse, and from 480 

day 20 to 30 was of 100 μg/mouse. For the experiment combining EVs administration with anti-CTLA-4, vehicle 481 

(PBS) or EVs (20 μg of WT or 20 μg of mOX40L EVs) in 100 μl of PBS were administered IP every other day 482 

starting from day 2 post tumor implantation until endpoint. Isotype control or anti-CTLA-4 were administered IP 483 
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at days 6, 9, 12, and day 16 post-tumor implantation in 100 μl of PBS. The dosage at day 6 was of 200 μg/mouse, 484 

and at days 9, 12 and 16 of 100 μg/mouse. The antibodies used are listed in Table S2. For all experiments, the 485 

tumor dimensions were measured using a digital caliper, and the volume was calculated using the formula V (mm3) 486 

= 0.52*a*b^2 (a=length and b=width).  487 

For ConA-induced auto-immune hepatitis model, mice were pre-treated with EVs or vehicle IP at -96 hours, 488 

-48 hours and immediately prior to 20 mg/kg Concanavalin A (Sigma) intravenous administration at 0 hour. The 489 

tissues were harvested for analysis 8 hours post ConA treatment. 490 

 491 

Immunophenotyping of lymphocytes from murine tissues using flow cytometry 492 

Immune cells from tumors, spleen, blood, liver and inguinal lymph nodes were isolated to characterize the 493 

distinct lymphocytes subsets by flow cytometry.  494 

Tumors and liver were cut is small pieces, dissociated using gentleMACS (Miltenyi Biotec) and digested 495 

in a solution containing DNase I (Roche) and Liberase TL (Roche) in RPMI 1640 media for 30 minutes, 150 rpm, 496 

at 37°C. After digestion, tumors were further dissociated using gentleMACS (Miltenyi Biotec) and strained through 497 

a 100 μm mesh strainer. Cells were washed in PBS, resuspended in PBS and layered on top of Histopaque (Sigma-498 

Aldrich), spin at 700 x g for 20 minutes at room temperature with the brake set to 0. Cells from the intermediary 499 

phase were collected and washed in PBS. Immune cells from spleen and inguinal lymph nodes were dissociated 500 

through a 100 μm mesh strainer. Circulating immune cells were isolated from peripheral blood. Red blood cell lysis 501 

was performed using ACK lysis buffer. After isolation, all cell populations were washed once in PBS and twice in 502 

FACS buffer. 503 

The staining procedure was performed protected from light. Immune cells were resuspended in surface 504 

staining mix containing FACS buffer with 1/2 of final volume of Brilliant Stain Buffer (BD), 50 μg/ml anti-mouse 505 

CD16/CD32 (2.4G2) (Tonbo Biosciences), surface antibodies and Fixable Viability Dye eFluor 780 (eBioscience), 506 

and incubated for 1 hour on ice. Subsequently, cells were washed 3 times in FACS buffer and fixed/permeabilized 507 

using Fixation/Permeabilization reagent (eBioscience), following manufacturer’s instructions. Cells were washed 508 

3 times with 1 x Permeabilization buffer (eBioscience) and stained with intracellular staining mix containing 509 

intracellular antibodies in 1 x Permeabilization buffer (eBioscience), incubated for 1 hour on ice. Cells were washed 510 

3 times with 1 x Permeabilization buffer (eBioscience) and fixed using Cytofix fixation buffer (BD). The antibodies 511 

used are listed in Table S2. Samples were run on a BD LSRFortessaTM X-20 equipment and the data analyzed using 512 

FlowJo software. 513 

 514 

Liver histopathological assessment 515 

To evaluate the histology of the livers of mice with ConA induced hepatitis and treated with various 516 

immunomodulating EVs. Formalin-fixed paraffin embedded livers were sectioned at 5μm thickness and stained 517 

.CC-BY-NC-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 November 4, 2023. ; https://doi.org/10.1101/2023.11.02.565371doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.02.565371
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 17 of 50 
 

them with hematoxylin & eosin (H&E). H&E-stained livers were imaged at 200X and randomly selected 5 visual 518 

fields per mouse liver. Areas of necrosis, apoptosis and damaged hepatocytes in liver parenchyma were quantified 519 

according to the following grading scale: 0; no hepatocyte damage, no necrosis or apoptosis, 1; total areas of 520 

hepatocyte damage, necrosis and apoptosis occupy 1 to 25% of each visual field, 2; total areas of hepatocyte 521 

damage, necrosis and apoptosis occupy 26 to 50%, 3; total areas of hepatocyte damage, necrosis and apoptosis 522 

occupy 51 to 75%, 4; total areas of hepatocyte damage, necrosis and apoptosis occupy 75 to 99%, 5; total areas of 523 

hepatocyte damage, necrosis and apoptosis occupy 100%. An arithmetic mean of 5 visual fields for each mouse 524 

were calculated, which represents the liver injury score.  525 

 526 

Statistical analysis 527 

Statistical analyses were performed using GraphPad Prism Software and the specific tests used are indicated 528 

in the figure legends. Unless otherwise stated, data is presented as mean values with standard error of mean (SEM). 529 

For the proteomics experiments, statistical analyses were conducted using Perseus software.  530 
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Fig. 1. EVs can be modified to harbor high levels of the immunomodulatory checkpoint proteins CD80, 711 
OX40L and PD-L1. (a) Schematic representation of APC/cell-mediated and of EV-mediated engagement of the 712 
CD28/CTLA-4, OX40 and PD-1 pathways in T cells. (b) Relative expression of human CD80, OX40L and CD274 713 
(PD-L1), in parental cells determined by RT-qPCR. Bar graph shows mean +/- s.e.m. of fold-change from n=3 714 
biological replicates normalized to GAPDH. Statistical significance was determined by two-tailed unpaired t-test, 715 
and p-values are shown. (c) Human CD80, OX40L and PD-L1 and loading control proteins in parental cells and 716 
EVs probed by western blot. (d) Flow cytometry-based evaluation of overexpressing proteins at the surface of 717 
parental cells and EVs. Overlaid histograms for each protein show the profile for WT and engineered cells and EVs 718 
stained with isotype control and with the antibody of interest. The accompanying bar graphs show mean +/- s.e.m. 719 
of percentage of positive cells and of positive beads (for EV analyses). Individual data points from n=3-4 biological 720 
replicates are shown. (e) Representative NTA profile of WT and engineered EVs. Bar graph shows mean +/- s.e.m. 721 
of nanoparticle mode measurements from n=6 biological replicates. (f) Morphology of WT and engineered EVs 722 
determined by TEM. Scale bar = 100 nm. (g) Schematic representation of the workflow utilized for the MS-based 723 
proteomics analysis of parental cells and EVs. (h) Bar graph shows mean +/- s.e.m. of number of proteins quantified 724 
in cells and EVs by MS, results from n=4 biological replicates. (i) Heatmap of CD80, OX40L and PD-L1 protein 725 
levels in parental cells and EVs determined by MS, results from n=4 biological replicates. Gray colored squares 726 
represent no detection. (j) Heatmap of EV markers and exclusion markers in parental cells and EVs determined by 727 
MS, results from n=4 biological replicates. Gray colored squares represent no detection. (k) PCA analysis of 728 
proteomes from parental cells and EVs, results from n=4 biological replicates. (l) Heatmaps show Pearson 729 
correlation of proteomes from parental cells (left) and EVs (right), results from n=4 biological replicates. 730 
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 731 
 732 

Fig. 2. Engineered EVs elicit positive and negative co-stimulation in human T cells. (a) Schematic 733 
representation of the experimental design deployed to investigate the functionality of engineered EVs ex vivo using 734 
human PBMCs. (b) Representative histograms of activation markers (CD25 and CD69), proliferation marker 735 
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(Ki67), and IFNg in human CD4+ T cells and CD8+ T cells treated with hCD80 EVs. Accompanying bar graphs 736 
show mean +/- s.e.m. of MFI from n=6 PBMC samples. (c) Representative histograms of activation markers (CD25 737 
and CD69), proliferation marker (Ki67), and IL-2 in human CD4+ T cells, and activation markers (CD25 and CD69), 738 
IFNg, and cytolytic marker (Granzyme B), in human CD8+ T cells treated with hOX40L EVs. Accompanying bar 739 
graphs show mean +/- s.e.m. of MFI from n=3 PBMC samples. (d) Representative histograms of activation markers 740 
(CD25 and CD69), proliferation marker (Ki67), and IFNg in human CD8+ T cells treated with hPD-L1 EVs. 741 
Accompanying bar graphs show mean +/- s.e.m. of MFI from n=8 PBMC samples. Statistical significance was 742 
determined using ordinary one-way ANOVA, p-values are shown. Statistical significance defined as p < 0.05.  743 
  744 
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 745 

Fig. 3. Engineered EVs elicit positive and negative co-stimulation in murine T cells. (a) Schematic 746 
representation of the experimental design used to investigate the functionality of engineered EVs ex vivo using 747 
murine splenocytes. (b) Representative histograms of activation marker (CD25), proliferation marker (Ki67), and 748 
cytokines (IL-2 and IFNg) in murine CD4+ T cells and CD8+ T cells treated with mCD80 EVs. Accompanying bar 749 
graphs show mean +/- s.e.m. of MFI from n=4 mice. (c) Representative histograms of activation marker (CD69), 750 
proliferation marker (Ki67), and cytokines (IL-2 and IFNg) in murine CD4+ T cells and CD8+ T cells treated with 751 
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mOX40L EVs. Accompanying bar graphs show mean +/- s.e.m. of MFI from n=4 mice. (d) Representative 752 
histograms of activation marker (CD69), cytokines (IL-2 and IFNg), and cytolytic marker (Granzyme B), in murine 753 
CD8+ T cells treated with mPD-L1 EVs. Accompanying bar graphs show mean +/- s.e.m. of MFI from n=4 mice. 754 
Statistical significance was determined using ordinary one-way ANOVA, p-values are shown. Statistical 755 
significance defined as p < 0.05.   756 
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 757 

Fig. 4: Engineered EVs modulate the growth and alter the immune landscape of melanoma tumors (a) 758 
Schematic representation of experimental design employed to assess the role of mCD80 EVs in vivo. (b) Kinetics 759 
of B16-F10 tumor growth upon administration of WT or mCD80 EVs. Graph shows mean +/- s.e.m. of tumor 760 
volume from n=10 mice per group. Statistical significance was determined using two-way ANOVA with Šídák's 761 
multiple comparison test. (c) Kinetics of B16-F10 tumor growth upon administration of WT or mCD80 EVs. Graph 762 
shows individual curves for tumor volume from n=10 mice per group. (d) Linear regression analysis test for 763 
significant differences in slope of tumor growth kinetics between WT and mCD80 EV treatments. Statistical 764 
significance was determined using Simple linear regression. (e) Schematic representation of experimental design 765 
employed to assess the role of mOX40L EVs in vivo. (f) Kinetics of B16-F10 tumor growth upon administration of 766 
WT or mOX40L EVs. Graph shows mean +/- s.e.m. of tumor volume from n=12-13 mice per group. Statistical 767 
significance was determined using two-way ANOVA with Šídák's multiple comparison test. (g) Kinetics of B16-768 
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F10 tumor growth upon administration of WT or mOX40L EVs, graph shows individual curves for tumor volume 769 
over time from n=12-13 mice per group. (h) Linear regression analysis test for significant differences in slope of 770 
tumor growth curves between WT EVs and mOX40L EV treatments. Statistical significance was determined using 771 
Simple linear regression, p-value is shown. (i) Schematic representation of experimental design employed to assess 772 
the role of mPD-L1 EVs in vivo. (j) Kinetics of B16-F10 tumor growth upon administration of WT or mPD-L1 773 
EVs. Graph shows mean +/- s.e.m. of tumor volume from n=10 mice per group. Statistical significance was 774 
determined using two-way ANOVA with Šídák's multiple comparison test. (k) Kinetics of B16-F10 tumor growth 775 
upon administration of WT or mPD-L1 EVs, graph shows individual curves for tumor volume over time from n=10 776 
mice per group. (l) Linear regression analysis test for significant differences in slope of tumor growth curves 777 
between WT EVs and mPD-L1 EV treatments. Statistical significance was determined using Simple linear 778 
regression, p-value is shown. Same control WT EVs used in comparison with mCD80 EVs and with mPD-L1 EVs. 779 
(m) The administration of mOX40L EVs promote the infiltration and the cytotoxic potential of CD8+ T cells. 780 
Representative contour plots show CD8+ T cells (left) and Granzyme B (right). Bar graphs show quantification 781 
results expressed as mean +/- s.e.m. of percentage of positive cells, n=6-7 mice per group. Statistical significance 782 
was determined using ordinary one-way ANOVA with Dunnet's multiple comparison test. (n) The administration 783 
of mPD-L1 EVs reduce the activation of CD4+ T cells and IFNg in CD8+ T cells. Representative contour plots show 784 
CD69+ CD4+ T cells (left) and IFNg+ CD8+ T cells (right). Bar graphs show quantification results expressed as 785 
mean +/- s.e.m. of percentage of positive cells, n=5 mice per group. Statistical significance was determined using 786 
ordinary one-way ANOVA with Dunnet's multiple comparison test. Statistical significance defined as p < 0.05. 787 

.CC-BY-NC-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 November 4, 2023. ; https://doi.org/10.1101/2023.11.02.565371doi: bioRxiv preprint 

https://doi.org/10.1101/2023.11.02.565371
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 31 of 50 
 

 788 
Fig. 5: Engineered EVs modulate the growth and alter the immune landscape of colorectal tumors (a) 789 
Schematic representation of experimental design employed to assess the role of mCD80 EVs in MC-38 model. (b) 790 
Kinetics of MC-38 tumor growth upon administration of WT or mCD80 EVs. Graph shows mean +/- s.e.m. of 791 
tumor volume from n=5 mice per group. Statistical significance was determined using two-way ANOVA with 792 
Šídák's multiple comparison test. (c) Kinetics of MC-38 tumor growth upon administration of WT or mCD80 EVs. 793 
Graph shows individual curves for tumor volume from n=5 mice per group. (d) Linear regression analysis test for 794 
significant differences in slope of tumor growth kinetics between WT and mCD80 EV treatments in MC-38 model. 795 
Statistical significance was determined using Simple linear regression. (e) Schematic representation of experimental 796 
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design employed to assess the role of mOX40L EVs in MC-38 model. (f) Kinetics of MC-38 tumor growth upon 797 
administration of WT or mOX40L EVs. Graph shows mean +/- s.e.m. of tumor volume from n=10 mice per group. 798 
Statistical significance was determined using two-way ANOVA with Šídák's multiple comparison test. (g) Kinetics 799 
of MC-38 tumor growth upon administration of WT or mOX40L EVs, graph shows individual curves for tumor 800 
volume over time from n=10 mice per group. (h) Linear regression analysis test for significant differences in slope 801 
of tumor growth curves between WT and mOX40L EV treatments in MC-38. Statistical significance was 802 
determined using Simple linear regression. (i) Schematic representation of experimental design employed to assess 803 
the role of mPD-L1 EVs in MC-38. (j) Kinetics of MC-38 tumor growth upon administration of WT or mPD-L1 804 
EVs. Graph shows mean +/- s.e.m. of tumor volume from n=5 mice per group. Statistical significance was 805 
determined using two-way ANOVA with Šídák's multiple comparison test. (k) Kinetics of MC-38 tumor growth 806 
upon administration of WT or mPD-L1 EVs, graph shows individual curves for tumor volume over time from n=5 807 
mice per group. (l) Linear regression analysis test for significant differences in slope of tumor growth curves 808 
between WT and mPD-L1 EV treatments in MC-38. Statistical significance was determined using Simple linear 809 
regression. (m) The administration of mOX40L EVs reduces Tregs and diminishes the exhaustion of CD4+ T cells 810 
in MC-38 tumors. Representative contour plots show FoxP3+ CD25+ Tregs (left) and TIM-3+ CD4+ T cells (right). 811 
Bar graphs show quantification results expressed as mean +/- s.e.m. of percentage of positive cells, n=5 mice per 812 
group. Statistical significance was determined by two-tailed unpaired Mann-Whitney t-test. (n) The administration 813 
of mPD-L1 EVs reduces IFNg and IL-2 in CD8+ T cells. Representative contour plots show IFNg+ CD8+ T cells 814 
(left) and IL-2+ CD8+ T cells (right). Bar graphs show quantification results expressed as mean +/- s.e.m. of 815 
percentage of positive cells, n=5 mice per group. Statistical significance was determined by two-tailed unpaired 816 
Mann-Whitney t-test. Statistical significance defined as p < 0.05. 817 
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 818 
Fig. 6: Engineered EVs modulate the severity and the immune landscape in the Concanavalin A-induced 819 
auto-immune hepatitis model. (a) Schematic representation of experimental design employed to assess the role of 820 
engineered EVs in the ConA-induced hepatitis model. (b) Images of liver sections from distinct treatment groups 821 
stained for Hematoxylin and Eosin. Highlighted areas in blue show necrotic tissue. (c) Histological liver injury 822 
score. Statistical significance determined by two-tailed unpaired t-test. (d) Immunophenotyping of liver, spleen and 823 
circulating immune cells from ConA model upon treatment with mOX40L EVs. Representative contour plots 824 
display differences in frequency of specified immune populations. Bar graphs show quantification results expressed 825 
as mean +/- s.e.m. of percentage of positive cells. Statistical significance was determined using ordinary one-way 826 
ANOVA with Dunnet's multiple comparison test. (e) Immunophenotyping of liver from ConA model upon 827 
treatment with mPD-L1 EVs. Representative contour plot displays frequency of IFNg+ CD4+ T cells. Bar graph 828 
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shows quantification results expressed as mean +/- s.e.m. of percentage of positive cells. Statistical significance 829 
was determined using ordinary one-way ANOVA with Dunnet's multiple comparison test. (f) Immunophenotyping 830 
of liver from ConA model upon treatment with mCD80 EVs. Representative contour plot displays frequency of 831 
FoxP3+ CD4+ T cells. Bar graph shows quantification results expressed as mean +/- s.e.m. of percentage of positive 832 
cells. Results from n=8 mice per group. Statistical significance was determined using ordinary one-way ANOVA 833 
with Dunnet's multiple comparison test. Statistical significance defined as p < 0.05. 834 
  835 
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 836 
Fig. 7. OX40L EVs synergize with anti-CTLA-4 to promote anti-tumor immunity. (a) Schematic representation 837 
of experimental design employed to assess the therapeutic potential of OX40L EVs combined with anti-CTLA-4 in 838 
B16-F10 melanoma. (b) Kaplan–Meier curve of tumor-bearing mice treated with vehicle, WT or mOX40L EVs in 839 
the presence of isotype or anti-CTLA-4 antibody. Survival plot shows results from n=8-12 mice per group. 840 
Statistical analysis performed using log-rank Mantel–Cox test. (c) Kinetics of B16-F10 tumor growth treated with 841 
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vehicle, WT or mOX40L EVs in the presence of isotype or anti-CTLA-4 antibody. Graph shows mean +/- s.e.m. of 842 
tumor volume from n=8-12 mice per group. Statistical significance was determined using two-way ANOVA with 843 
Šídák's multiple comparison test. (d) Linear regression analysis to test for significant differences in slope of tumor 844 
growth curves between experimental groups. Statistical significance was determined using Simple linear regression 845 
and p-value is shown. Statistical significance defined as p < 0.05.   846 
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 847 
Extended Data Fig. 1. EVs can be modified to harbor high levels of the immunomodulatory checkpoint 848 
proteins CD80, OX40L and PD-L1. (a) Hierarchical clustering of proteomes from WT and engineered cells (left) 849 
and EVs (right) using label-free MS-based proteomics, results from n=4 biological replicates. (b) Expression of 850 
murine CD80, OX40L and CD274 (PD-L1) in parental cells determined by RT-qPCR. Bar graph shows mean +/- 851 
s.e.m. of CT values from n=3-5 biological replicates. Expression of GAPDH used as housekeeping gene. (c) Flow 852 
cytometry-based evaluation of overexpressing murine proteins at the surface of parental cells and EVs. Overlaid 853 
histograms for each protein show the profile for WT and engineered cells and EVs stained with isotype control and 854 
with the antibody of interest. The accompanying bar graphs show mean +/- s.e.m. of percentage of positive cells 855 
and of positive beads (for EV analyses). Individual data points from n=3-4 biological replicates are shown. (d) 856 
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Representative NTA profile of WT and engineered EVs with murine proteins. Bar graph shows mean +/- s.e.m. of 857 
nanoparticle mode measurements from n=6 biological replicates. (e) Morphology of WT and engineered EVs with 858 
murine proteins determined by TEM. Scale bar = 100 nm. (f) On-beads flow cytometry-based evaluation of EV 859 
surface markers CD9, CD63 and CD81 in WT and engineered EVs. Heatmap shows percentage of positive beads. 860 
Results from n=3 biological replicates. (g) Flow cytometry-based evaluation of co-stimulatory (human OX40L, 861 
iCOSL, 4-1BBL, CD70), co-inhibitory (human Gal-9, HVEM, PD-L1, PD-L2) and dual-role (human CD80) 862 
immune checkpoint proteins at the surface of parental cells. Results from n=3-8 biological replicates. (h) Flow 863 
cytometry-based evaluation of co-stimulatory (human OX40L, iCOSL, 4-1BBL, CD70), co-inhibitory (human Gal-864 
9, HVEM, PD-L1, PD-L2) and dual-role (human CD80) immune checkpoint proteins at the surface of EVs on 865 
beads. Results from n=3 biological replicates. 866 
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 867 

Extended Data Fig. 2. Time course evaluation of CD28, CTLA-4, OX40 and PD-1 receptors in human and 868 
murine T cells. (a) Schematic representation of the experimental design employed to investigate the receptors 869 
surface levels over time in the ex vivo assays with human PBMCs. (b) Schematic representation of the experimental 870 
design deployed to investigate the receptors kinetics over time in the ex vivo assays with murine splenocytes. (c) 871 
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Representative overlaid histograms of human CD28, CTLA-4, OX40 and PD-1 receptors kinetics in CD4+ and 872 
CD8+ T cells. The accompanying quantification plots show the receptors levels over time in n=3 samples. (d) 873 
Representative overlaid histograms of murine CD28, CTLA-4, OX40 and PD-1 receptors kinetics in CD4+ and 874 
CD8+ T cells. The accompanying quantification plots show the receptors levels over time in n=5 mice.  875 
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 876 
Extended Data Fig. 3: Ex vivo assays with engineered EVs. (a) Pre-gating strategy used in human and mouse ex 877 
vivo T cell assays. (b) Flow cytometry-based analysis of activation marker (CD25), proliferation marker (Ki67), 878 
and cytokines (IL-2 and IFNg), in human CD4+ T cells treated with hPD-L1 EVs. Accompanying bar graphs show 879 
mean +/- s.e.m. of MFI from n=8 PBMC samples. (c) Flow cytometry-based analysis of activation marker (CD25), 880 
proliferation marker (Ki67), and cytokines (IL-2 and IFNg), in murine CD4+ T cells treated with mPD-L1 EVs. Bar 881 
graphs show mean +/- s.e.m. of MFI from n=4 mice. (d) Flow cytometry-based analysis of FoxP3, in murine CD4+ 882 
T cells treated with mOX40L EVs. Accompanying bar graphs show mean +/- s.e.m. of MFI from n=7 mice. 883 
Statistical significance was determined using ordinary one-way ANOVA. Statistical significance defined as p < 884 
0.05.   885 
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 886 
Extended Data Fig. 4: Engineered EVs alter the immune e landscape of melanoma tumors. (a) Pre-gating 887 
strategy used to define murine CD4+ and CD8+ T cells from in vivo experiments. (b) The administration of mOX40L 888 
EVs enhance the proportion of IL-2+, CD25+, T-bet+ and Perforin+ in tumor-infiltrating CD8+ T cells, and of 889 
proliferating CD4+ T cells and CD19+ B cells in circulation. Representative contour plots show the levels of each 890 
marker in the different treatment groups. Bar graphs show quantification results expressed as mean +/- s.e.m. of 891 
percentage of positive cells, n=6-7 mice per group. Statistical significance was determined using ordinary one-way 892 
ANOVA with Dunnet's multiple comparison test. (c) The administration of mPD-L1 EVs reduce the proportion of 893 
CD4+ T cells in circulation. Representative contour plots of CD4+ T cells. Bar graph shows quantification results 894 
expressed as mean +/- s.e.m. of percentage of positive cells, n=5 mice per group. Statistical significance was 895 
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determined using ordinary one-way ANOVA with Dunnet's multiple comparison test. Statistical significance 896 
defined as p < 0.05. 897 
  898 
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 899 
 900 
Extended Data Fig. 5: Engineered EVs alter the immune landscape of MC-38 tumor-bearing mice. The 901 
administration of mOX40L EVs alters the proportion of naïve (CD62L+) versus activated (CD62L-) in (a) tumor-902 
infiltrating and in (b) lymph node-resident CD4+ T cells. Representative contour plots show the CD62L+ and 903 
CD62L- populations in the distinct treatment groups. Bar graphs show quantification results expressed as mean +/- 904 
s.e.m. of percentage of positive and negative cells for CD62L, n=5 mice per group. Statistical significance was 905 
determined by two-tailed unpaired Mann-Whitney t-test. Statistical significance defined as p < 0.05. 906 
  907 
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 908 
 909 
Extended Data Fig. 6. Validation of CD4 and CD8 depletion in vivo.  (a) Representative contour plots of CD4+ 910 
and CD8+ T cells in the circulation of tumor-bearing mice treated with vehicle, WT or mOX40L EVs in the presence 911 
of isotype or anti-CD4 antibody. Accompanying bar graphs show quantification results expressed as mean +/- s.e.m. 912 
of percentage of CD4 positive cells, individual data points from n=6 mice per group are shown. (b) Representative 913 
contour plots of CD4+ and CD8+ T cells in the circulation of tumor-bearing mice treated with vehicle, WT or 914 
mOX40L EVs in the presence of isotype or anti-CD8 antibody. Accompanying bar graphs show quantification 915 
results expressed as mean +/- s.e.m. of percentage of CD8 positive cells, individual data points from n=6 mice per 916 
group are shown. 917 
  918 
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 919 
Extended Data Fig. 7. OX40L EVs promotes anti-tumor immunity in B16-F10 melanoma in a CD8+ T cell-920 
dependent manner. (a) Schematic representation of experimental design employed to assess the contribution of 921 
CD4+ T cells in the anti-tumor phenotype elicited by OX40L EVs, using anti-CD4 antibody. (b) Kaplan–Meier 922 
curve of tumor-bearing mice treated with vehicle, WT or mOX40L EVs in the presence of isotype or anti-CD4 923 
antibody. Survival plot shows results from n=6 mice per group. Statistical analysis performed using log-rank 924 
Mantel–Cox test. (c) Kinetics of B16-F10 tumor growth treated with vehicle, WT or mOX40L EVs in the presence 925 
of isotype or anti-CD4 antibody. Graph shows mean +/- s.e.m. of tumor volume from n=6 mice per group. Statistical 926 
significance was determined using two-way ANOVA with Šídák's multiple comparison test. (d) Schematic 927 
representation of experimental design employed to assess the contribution of CD8+ T cells in the anti-tumor 928 
phenotype elicited by OX40L EVs, using anti-CD8 antibody. (e) Kaplan–Meier curve of tumor-bearing mice treated 929 
with vehicle, WT or mOX40L EVs in the presence of isotype or anti-CD8 antibody. Survival plot shows results 930 
from n=6 mice per group. Statistical analysis performed using log-rank Mantel–Cox test. (f) Kinetics of B16-F10 931 
tumor growth upon treatment with vehicle, WT or mOX40L EVs in the presence of isotype or anti-CD8 antibody. 932 
Graph shows mean +/- s.e.m. of tumor volume from n=6 mice per group. Statistical significance was determined 933 
using two-way ANOVA with Šídák's multiple comparison test. Statistical significance defined as p < 0.05.  934 
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 935 
 936 
Extended Data Fig. 8. Full blots depicted in figure 1.   937 
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Table S1: Primers. 938 
Primer name Sequence F Sequence R 

hu OX40L CCAGGCCAAGATTCGAGAGG CCGATGTGATACCTGAAGAGCA 

hu PD-L1 TGGCATTTGCTGAACGCATTT TGCAGCCAGGTCTAATTGTTTT 

hu CD80 AAACTCGCATCTACTGGCAAA GGTTCTTGTACTCGGGCCATA 

mu OX40L 1 CTCTGGGATCAAGGGAGCA GCCCATCCTCACATCTGGTA 

mu OX40L 2 ACTCTCTTCCTCTCCGGCAAA TCCTTCGACCATCGTTCAGC 

mu PD-L1 GGCAGGAGAGGAGGACCTTA TTTGCGGTATGGGGCATTGA 

mu CD80 1 TTCACCTGGGAAAAACCCCC CCCGAAGGTAAGGCTGTTGT 

mu CD80 2 TTTCAGACCGGGGCACATAC GAGGGTCTTCTGGGGGTTTT 

GAPDH AATCCCATCACCATCTTCCA TGGACTCCACGACGTACTCA 

 939 
Table S2: Antibodies. 940 

Antibody [clone] Provider and 
Catalogue # Concentration Use 

OX40L [D6X2D]  CST #14991 1 in 1,000 Western blot 

PD-L1 [MIH5] Novus Biologicals 
#NBP1-43262 1 in 500 Western blot 

CD80 Abcam # ab254579 1 in 500 Western blot 
β-Actin [13E5] CST #4970 1 in 1,000 Western blot 
Alix [3A9] CST #2171S 1 in 1,000 Western blot 
CD81 [B-11] Santa Cruz #sc166029  1 in 1,000 Western blot 
Syntenin-1 [EPR8102] Abcam #ab133267 1 in 2,000 Western blot 
anti-rabbit HRP-conjugated  CST #7074 1 in 5,000 Western blot 
anti-mouse HRP-conjugated R&D #HAF007 1 in 1,000 Western blot 
IgG1κ isotype [MOPC-21] BD #555746 0.2 µg per staining Flow cytometry (beads assay) 
CD81 [JS-81] BD #555675 0.2 µg per staining Flow cytometry (beads assay) 
CD9 [MEM-61] Sigma #SAB4700092 0.2 µg per staining Flow cytometry (beads assay) 
CD63 [H5C6] BD #556019 0.2 µg per staining Flow cytometry (beads assay) 
Alexa Fluor 488 donkey anti-mouse  Invitrogen #A21202 1 µl per staining Flow cytometry (beads assay) 
Alexa Fluor 647 donkey anti-mouse  Invitrogen #A31571 1 µl per staining Flow cytometry (beads assay) 
Alexa Fluor 647 Mouse IgG1, κ Isotype 
[MOPC-21] Biolegend #400130 0.5 µg per staining Flow cytometry (beads assay, cells) 

Alexa Fluor 647 anti-human CD80 [2D10] Biolegend #305216 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC Armenian Hamster IgG Isotype 
[HTK888] Biolegend #400911 0.5 µg per staining Flow cytometry (beads assay, cells) 

APC anti-mouse CD80 [16-10A1]  Biolegend #104713 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC Mouse IgG2b κ Isotype [MPC-11]  BioLegend #400321 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD274/PD-L1 
[29E.2A3]  BioLegend #329707 0.5 µg per staining Flow cytometry (beads assay, cells) 

APC Rat IgG2bk [RTK4530]  Biolegend #400611 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC mouse PD-L1 [10F.9G2]  Biolegend #124312 0.5 µg per staining Flow cytometry (beads assay, cells) 
BV421 Mouse IgG1, k Isotype Control 
[X40]   BD #562438 0.5 µg per staining Flow cytometry (beads assay, cells) 

BV421 Anti-Human OX40 Ligand 
(CD252) [ik-1] BD #563766 0.5 µg per staining Flow cytometry (beads assay, cells) 

Alexa Fluor 647 Rat IgG2b, κ Isotype 
[RTK4530] BioLegend #400626 0.5 µg per staining Flow cytometry (beads assay, cells) 

Alexa Fluor 647 anti-mouse CD252 
(OX40L) Antibody [RM134L] BioLegend #108810 0.5 µg per staining Flow cytometry (beads assay, cells) 

APC Mouse IgG1, κ Isotype [MOPC-21]  BioLegend #400121 0.5 µg per staining Flow cytometry (beads assay, cells) 
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APC Mouse IgG2b κ Isotype [MPC-11]  BioLegend #400321 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD274/PD-L1 
[29E.2A3]  BioLegend #329707 0.5 µg per staining Flow cytometry (beads assay, cells) 

APC anti-human CD273/PD-L2 [MIH18]  BioLegend #345507 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD270/HVEM [122]  BioLegend #318807 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human Galectin-9 [9M1-3]  BioLegend #348907 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD80 [2D10]  BioLegend #305219 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD137L/4-1BBL [5F4]  BioLegend #311505 0.5 µg per staining Flow cytometry (beads assay, cells) 
APC anti-human CD70 [113-16] BioLegend #355109 0.5 µg per staining Flow cytometry (beads assay, cells) 
PE/Cyanine7 Mouse IgG2b κ Isotype 
[MPC-11]  BioLegend #400325 0.5 µg per staining Flow cytometry (beads assay, cells) 

PE/Cyanine7 anti-human CD275/ICOSL 
[2D3]  BioLegend #309409 0.5 µg per staining Flow cytometry (beads assay, cells) 

anti-CD3e [OKT3]  BioLegend #317302 1 µg/ml Functional antibody T cell (ex vivo) 

anti-CD28 [CD28.2]  eBioscience #16-0289-
85 1 µg/ml Functional antibody T cell (ex vivo) 

anti-CD3e [145-2C11]  BD #553057 1 µg/ml Functional antibody T cell (ex vivo) 
anti-CD28 [37.51]  BD #553294 1 µg/ml Functional antibody T cell (ex vivo) 

Fixable Viability Dye eFluor 780 eBioscience #65-0865-
14 1 in 1,000 Flow cytometry 

APC anti-human CD45 [HI30] BioLegend #304011 1 in 100 Flow cytometry (ex vivo) 
PE/Cyanine7 anti-human CD3 [HIT3a] BioLegend #300316 1 in 100 Flow cytometry (ex vivo) 
Brilliant Violet 605 anti-human CD4 
[RPA-T4] BioLegend #300556 1 in 100 Flow cytometry (ex vivo) 

Brilliant Violet 650 anti-human CD8 
[RPA-T8] BioLegend #301042 1 in 100 Flow cytometry (ex vivo) 

PerCP anti-human CD279 (PD-1) 
[EH12.2H7] Biolegend #329937  1 in 100 Flow cytometry (ex vivo) 

PE/Cyanine7 anti-human CD152 (CTLA-
4) [BNI3] BioLegend #369613  1 in 100 Flow cytometry (ex vivo) 

APC anti-human CD28 [CD28.2] BioLegend #302911  1 in 100 Flow cytometry (ex vivo) 
PE/Dazzle 594 anti-human CD134 
(OX40) [Ber-ACT35 (ACT35)] BioLegend #350020 1 in 100 Flow cytometry (ex vivo) 

APC-R700 Anti-Human CD25 [2A3] BD #565106 1 in 200 Flow cytometry (ex vivo) 
PE-CF594 Anti-Human CD69 [FN50] BD #562617 1 in 200 Flow cytometry (ex vivo) 
BV421 Anti-Ki-67 [B56] BD #562899 1 in 100 Flow cytometry (ex vivo) 
Brilliant Violet 510 anti-human IL-2 
[MQ1-17H12] BioLegend #500337 1 in 100 Flow cytometry (ex vivo) 

Brilliant Violet 711 anti-human IFN-γ 
[4S.B3] BioLegend #502539 1 in 100 Flow cytometry (ex vivo) 

FITC anti-human/mouse Granzyme B 
[GB11] BioLegend #515403 1 in 100 Flow cytometry (ex vivo) 

Pacific Blue anti-mouse CD45 [30-F11] BioLegend #103126 1 in 100 Flow cytometry (ex vivo) 

Alexa Fluor 700 anti-mouse CD3 [17A2] eBioscience #56-0032-
82  1 in 100 Flow cytometry (ex vivo) 

Brilliant Violet 605 anti-mouse CD4 
[RM4-5] BioLegend #100548 1 in 200 Flow cytometry (ex vivo) 

Brilliant Violet 650 anti-mouse CD8 [53-
6.7] BioLegend #100742 1 in 200 Flow cytometry (ex vivo) 

PerCP/Cyanine5.5 anti-mouse CD279 
(PD-1) [29F.1A12] BioLegend #135208  1 in 100 Flow cytometry (ex vivo) 

Brilliant Violet 421 anti-mouse CD152 
[UC10-4B9] BioLegend #106312  1 in 100 Flow cytometry (ex vivo) 

APC anti-mouse CD28 [37.51] BioLegend #102110  1 in 100 Flow cytometry (ex vivo) 
PE/Dazzle 594 anti-mouse CD134 (OX-
40) [OX-86] BioLegend #119417 1 in 100 Flow cytometry (ex vivo) 

APC-R700 Anti-Mouse CD25 [PC61] BD #565135 1 in 200 Flow cytometry (ex vivo) 
PE-CF594 Anti-Mouse CD69 [H1.2F3] BD #562455 1 in 200 Flow cytometry (ex vivo) 
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Brilliant Violet 510 anti-mouse IL-2 
[JES6-5H4] BioLegend #503833 1 in 200 Flow cytometry (ex vivo) 

BV711 Rat Anti-Mouse IFN-γ [XMG1.2] BD #564336 1 in 200 Flow cytometry (ex vivo) 
Pacific Blue anti-mouse CD45 [30-F11] BioLegend #103126 1 in 100 Flow cytometry (in vivo) 
Brilliant Violet 510 anti-mouse CD45 [30-
F11] BioLegend #103137 1 in 200 Flow cytometry (in vivo) 

BV786 Anti-mouse CD11b [M1/70] BD #740861 1 in 200 Flow cytometry (in vivo) 
BV711 Anti-mouse CD11b [M1/70] BD #563168  1 in 200 Flow cytometry (in vivo) 

Alexa Fluor 700 anti-mouse CD3 [17A2] eBioscience #56-0032-
82  1 in 100 Flow cytometry (in vivo) 

PE-Cyanine7 anti-mouse CD3e [145-
2C11] 

eBioscience #25-0031-
82  1 in 200 Flow cytometry (in vivo) 

Brilliant Violet 605 anti-mouse CD4 
[RM4-5] BioLegend #100548 1 in 200 Flow cytometry (in vivo) 

Brilliant Violet 650 anti-mouse CD8 [53-
6.7] BioLegend #100742 1 in 200 Flow cytometry (in vivo) 

FITC anti-human/mouse Granzyme B 
[GB11] BioLegend #515403 1 in 100 Flow cytometry (in vivo) 

PE-Cyanine7 T-bet Monoclonal Antibody 
[4B10] 

eBioscience #25-5825-
80 1 in 200 Flow cytometry (in vivo) 

Brilliant Violet 711 anti-mouse CD366 
(Tim-3) [RMT3-23] BioLegend #119727 1 in 200 Flow cytometry (in vivo) 

APC Rat Anti-Mouse CD62L [MEL-14] BD #553152  1 in 100 Flow cytometry (in vivo) 
PE-CF594 Anti-Mouse Foxp3 [MF23] BD #562466  1 in 50 Flow cytometry (in vivo) 

PerCP-Cyanine5.5 FOXP3 [FJK-16s]  eBioscience #45-5773-
80  1 in 50 Flow cytometry (in vivo) 

PE-CF594 Hamster Anti-Mouse CD69 
[H1.2F3] BD #562455  1 in 200 Flow cytometry (in vivo) 

Brilliant Violet 510 anti-mouse IL-2 
[JES6-5H4] BioLegend #503833  1 in 200 Flow cytometry (in vivo) 

PE anti-mouse Perforin [eBioOMAK-D] eBioscience #12-9392-
80  1 in 100 Flow cytometry (in vivo) 

BV711 Anti-Mouse IFN-γ [XMG1.2] BD #564336  1 in 200 Flow cytometry (in vivo) 
APC-R700 Anti-Mouse CD25 [PC61] BD #565135 1 in 100 Flow cytometry (in vivo) 
PerCP-Cy5.5 Anti-Mouse CD19 [1D3] BD #551001  1 in 50 Flow cytometry (in vivo) 
Alexa Fluor 488 Mouse anti-Ki-67 [B56] BD 558616  1 in 100 Flow cytometry (in vivo) 

InVivoMab Syrian hamster IgG BioXcell #BE0087 
200 µg/mouse (D6), 100 
µg/mouse (D9, D12, 
D16) 

In vivo treatment 

InVivoMAb anti-mouse CTLA-4 (CD152) 
[9H10] BioXcell #BE0131 

200 µg/mouse (D6), 100 
µg/mouse (D9, D12, 
D16) 

In vivo treatment 

InVivoMAb rat IgG2b isotype control 
[LTF-2] BioXcell #BE0090 

200 µg/mouse (D6-D20), 
100 µg/mouse (D21-
D30) 

In vivo treatment 

InVivoMAb anti-mouse CD8α [53-6.7] BioXcell #BE0004-1 
200 µg/mouse (D6-D20), 
100 µg/mouse (D21-
D30) 

In vivo treatment 

InVivoMAb rat IgG2a isotype control 
[2A3] BioXcell #BE0089 

200 µg/mouse (D6-D20), 
100 µg/mouse (D21-
D30) 

In vivo treatment 

InVivoMAb anti-mouse CD4 [GK1.5] BioXcell #BE0003-1 
200 µg/mouse (D6-D20), 
100 µg/mouse (D21-
D30) 

In vivo treatment 
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