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ABSTRACT 

The rapid advancement of generative artificial intelligence has enabled unprecedented 

progress for the field of computational protein design. A forthcoming challenge for 

generative protein design algorithms is the immunocompatibility of these de novo designed 

molecules with organism physiology, namely humans. A separate, but related, aspirational 

goal for synthetic biology is to perform cellular reprogramming in vivo so that cell-based 

therapies and biologics are generated endogenously by patients rather than being externally 

manufactured or expanded before delivery, as is the case with biologics, T cell therapies, 

and stem cell therapies; again, a major hurdle for the in vivo production of these therapies 

and in vivo cellular reprogramming is immunogenicity. 

To address these challenges, we first demonstrate a cell-like, cell-free approach for in vivo 

cellular reprogramming with the induced release of pMHCI and pMHCII-loaded synthetic 

antigen-presenting vesicles that are secreted from non-immune cells by DNA and mRNA 

transfection to facilitate the selective expansion or silencing of immune responses. Next, 

we show initial results for the use of human tonsil organoids as a quantitative assay for 

adenoviral vector immunogenicity, enabling future directed evolution approaches for 

immunogenicity reduction as well as generation of an immunogenicity dataset to tailor 

modern computational protein design algorithms for human immunocompatibility. 

Together, these projects represent complementary methods to control protein 

immunogenicity, either through rationally engineered or directedly evolved modifications 

identified by physiologically-relevant in vitro models, or with an administered mRNA 

therapeutic that selectively modifies the immune response to a protein that cannot be 

computationally redesigned. 
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C h a p t e r  1  

INTRODUCTION 

1.1 Overview of cellular immunity 

Cellular immunity requires the involvement of peptide, major histocompatibility complex 

(MHC), and T cell receptors (TCR). All nucleated cells of the human body present 

intracellular proteins on their surface as digested 9-11mer peptides bound to class I major 

histocompatibility complexes (MHCI); when a peptide is bound to MHCI, the complex is 

referred to as peptide:MHCI (pMHCI), and the T cell receptors (TCRs) of CD8+ T cells 

recognize the presence of infection or cancer if the binding pocket of the T cell’s TCR stably 

binds to the epitope presented by pMHCI, which typically occurs when the peptide presented 

by MHCI is of pathologic origin.1 Professional antigen-presenting cells (APCs), such as 

dendritic cells, are specialized cells of the immune system that are efficient at presenting 

antigens from a foreign pathogen, virus-infected cell, or cancer cell along with 

immunostimulatory molecules to initiate a focused downstream adaptive immune response 

that will eliminate a target containing the presented antigen.1,2 APCs internalize antigens, 

process the antigen into peptide fragments, and then display the digested peptides on their 

membrane as pMHCI or, unique to APCs, as peptide bound to class II major 

histocompatibility complex (pMHCII) which binds to TCRs on CD4+ T cells.1 

 

T cells initially recognize and interact with pMHC on the membrane of an APC. However, 

to further activate the T cell, professional antigen-presenting cells need to provide two more 

additional signals: a costimulatory signal from a membrane protein such as CD80/CD86 and 

a differentiation signal such as IL-12. When a T cell has received all three signals from a 

professional antigen-presenting cell, the T cell will differentiate into an immune effector cell 

capable of eliminating targets presenting the antigenic peptide presented by pMHCI.1,2 

However, in the absence of these costimulatory signals and in relatively sterile environments 

devoid of molecular patterns of cellular lysis, antigen recognition by pMHC-TCR 
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interactions induces a nonresponsive (anergic) state in lymphocytes that supports peripheral 

self-tolerance of autoantigens.1 

 

Figure 1.1 Professional antigen-presenting cells activate T cells  

Professional antigen-presenting cells, such as dendritic cells, engulf, process, and 

subsequently present bacterial, viral, or cancer-relevant peptide-MHC complexes on their 

cell surface to bind the specific, cognate T cell receptor (TCR) on T cells. TCR binding by 

pMHC represents the first of three signals needed for T cell activation and proliferation: (1) 

peptide-MHC binding to TCR, (2) a costimulatory signal from a membrane protein such as 

CD80/CD86 binding to CD28, and (3) a differentiation signal such as IL-12. Activated, 

cytotoxic T cells are primed to attack cancerous or virally infected T cells and spare healthy 

cells presenting pMHC for which the T cell does not have a relevant TCR. However, in 

pathological scenarios, T cells will bind pMHC presenting endogenous, autogenic peptides 

presented on healthy cells, initiating the destruction of healthy cells and tissue as seen in cell-

mediated autoimmune diseases. MHCI: major histocompatibility complex I, TCR: T cell 

receptor, IL-12: interleukin-12, PFN: perforin, GzmB: granzyme B, IFNγ: interferon 

gamma, TNFα: Tumor Necrosis Factor alpha 
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Self-tolerance is primarily maintained by four mechanisms: peripheral deletion or 

inactivation of autoreactive thymic T-cell or bone marrow-derived B-escapees as was just 

described; central deletion of high-avidity autoreactive T- or B-cell clones; export of mature 

regulatory T (Treg) cells from the thymus that are developed in response to stimulation by 

autoantigen that is too weak to cause deletion, but above the threshold for positive selection; 

and de novo generation of induced Treg or regulatory B (Breg) cells in the periphery when 

naïve self-reactive cells recognize their cognate antigen in the presence of TGF-B. Treg cells 

can suppress autoreactive lymphocytes that recognize a variety of different self-antigens, as 

long as the antigens are from the same tissue or are presented by the same APC.1 

Traditionally, Treg cells were largely considered a subset of CD4+ T cells, but recent 

advancements have recognized the significance of CD8+ Treg cells in regulating autogenic 

self-tolerance.3,4 As a result, APCs, or more specifically pMHCI and pMHCII, are capable 

of selectively inducing regulatory T cells and highly specific tolerization of autoantigens. 
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Figure 1.2 Professional antigen-presenting cells help maintain self-tolerance 

Professional antigen-presenting cells, such as dendritic cells, can engulf healthy cells and 

present the digested proteins as peptides on MHC to the TCRs of T cells without 

costimulatory signals. The lack of costimulation during peptide-MHC presentation causes 

potentially autoinflammatory T cells to become anergic, perform apoptosis, or differentiate 

into autoregulatory T cells that selectively tolerize the body to these self-antigens. MHCI: 

major histocompatibility complex I, TCR: T cell receptor 

 

Because of their critical ability to both initiate a protective immune response against 

pathogens and cancer as well as induce self-tolerance to commensal microbiota and 

autoantigens, APCs are intensely studied for their role as key linchpins in activating or 

dampening the immune system. Dendritic cell-based vaccination for cancer and infectious 

disease has seen considerable development over recent decades in parallel with the more 
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widespread attention chimeric T-cells have seen for immunotherapy.5-8 Even before the 

crystal structure of the human MHCI was resolved, researchers had tried to recreate the 

functionality of antigen-presenting cells by incorporating HLA-A and HLA-B pMHCI 

antigens into phospholipid vesicles to induce cytotoxic T lymphocytes.9  

 

Research teams have since ventured to engineer more complex versions of these vesicles that 

can direct the immune system to attack a target of interest, deeming them “artificial antigen-

presenting cells” (aAPCs).10 Initial rudimentary aAPCs were designed by conjugating MHC 

together as tetramers using biotin and streptavidin, which is still used today to capture and 

identify T cells with high affinity for a specific pMHC.11,12 Later designs for aAPCs included 

mammalian cells conjugated with immunostimulatory molecules,13-17 polymer nanoparticles 

conjugated with APC effector proteins,18-23 nanoparticles coated with dendritic cell 

membranes via extrusion or sonication,24,25 or engineered extracellular blebs produced by the 

exosome pathway26-30. While the direct manipulation of dendritic cells through gene therapy 

or targeted antigen delivery has shown promising results, the generation of sufficient 

autologous DCs to prepare exosomes or artificial APCs from dendritic cell lysates remains a 

barrier to the broad utility of DC-based therapies as dendritic cell copy numbers in blood are 

relatively low;31 what’s more, artificial APC publications have previously cited better T cell 

activation from their nanoparticle artificial APCs than from actual dendritic cells, possibly 

due in part to the low copy number and activation potential of the autologous dendritic cells 

and the added benefit afforded by ‘cross-dressing’ of nearby cells by the nano-sized 

aAPCs.16,32 At the nanometer scale, these synthetic artificial APCs, either intentionally or 

not, are recreations of the immunomodulatory extracellular vesicles that already exist in the 

human body: antigen-presenting vesicles. 

 

1.2 Antigen-presenting vesicles and the ESCRT and ALIX-Binding Region 

After decades of what was commonly identifed as cellular “debris”, the designation 

‘extracellular vesicles’ (EVs) was suggested in 2011 as a collective term for the lipid bilayer-

enclosed, cell-derived nanoparticles that were being isolated from biological fluids.33 EVs 

are produced and secreted by all cell types in all animal species, are present in all human 
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body fluids, and seem to be involved in nearly all biological processes, including adaptive 

immunity.34 Almost thirty years ago, Raposo, G. et al. first reported on the release of B cell-

derived extracellular vesicles (EVs) with functional peptide:MHC (pMHC) complexes on 

their surface35 and subsequent publications have elaborated on the immunomodulatory 

potential of these antigen-presenting vesicles (APVs).33 Typically ranging between 50-

150nm in diameter, APVs can present pMHC directly to T cells; APVs can attach and 

become concentrated on the surface of dendritic cells for efficient immune synapse 

formation; APVs can be endocytosed by APCs and their presenting peptides re-presented on 

the APC surface; and APVs can act as synaptic vesicles that transfer between migratory 

dendritic cells and conventional dendritic cells in lymph nodes.33 

 

Because of their biocompatibility,36,37 prolonged blood circulation,38 multivalency,39 

protective encapsulation of their contents,40,41 immunomodulatory potential, and ubiquity in 

biological fluids, cell-secreted EVs and APVs have emerged as promising  therapeutic 

vehicles.42,43 Despite their many advantages, however, the application of EVs for 

immunotherapeutic contexts has been limited because of difficulties scaling 

manufacturing,44 the heterogeneity of the harvested exosomal population,45 and cell-

targeting that is often defined by the vesicle’s original cell source,46 which is typically low 

in number resulting in low EV yield.40 In vivo production of APVs from a patient’s own 

somatic cells would address the problems of copy number and workflow complexity stated 

above. “Immunosomes” generated from virus-like particles were demonstrated nearly two 

decades ago by fusing lipid-raft targeting sequences to the immune-activating membrane 

proteins of professional APCs to generate antigen-presenting virus-like particles.32 These 

authors surmised that the HIV gag/pol proteins naturally assembled at lipid rafts and would 

carry the lipid-raft-associated pMHC along with the virus-like particle as it buds from the 

cell. However, expressing viral coat proteins to induce budding would unavoidably lead to 

inflammatory immune activation in patients, and the expression of multiple structural 

proteins would be difficult to encode in an mRNA-LNP therapeutic for downstream in vivo 

immune cell reprogramming.  
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In 2023, Dr. Magnus Hoffmann published his work pioneering the use of an ESCRT- and 

ALIX-binding region (EABR) sequence, taken from the human proteome, to generate 

enveloped virus-like particles (eVLPs) in vivo by mRNA-LNP vaccination.47 Appending an 

endosomal sorting complex required for transport (ESCRT)- and ALG-2-interacting protein 

X (ALIX)- binding region (EABR) to the cytoplasmic tail of membrane proteins directly 

recruits the ESCRT machinery and induces the release of vesicles displaying the EABR-

tagged protein. This EABR sequence was subsequently found to be universally applicable to 

nearly every membrane protein in which it was tested, and thus could be used to produce 

synthetic EABR-mediated antigen-presenting vesicles if the EABR sequence was appended 

to MHC. pMHCI and pMHCII, however, are complexes, and thus export of a complete 

pMHC on the surface of EABR-mediated antigen-presenting vesicles might benefit from 

structural linkers that guarantee pMHC complex formation before EABR-mediated export 

from the cell. 

 

1.3 Major Histocompatibility Complex 

1.3.1 MHCI 

MHCI is composed of two protein subunits, an α “heavy chain” and β chain referred to as 

“β2-Microglobulin” (β2m), which bind an 9-11-mer presenting peptide to form the complete 

pMHCI complex. MHC class I’s β chain (β2m) is conserved throughout the human species 

and has no direct interaction with the presenting peptide. The α heavy chain, typically 

referred to by its class I allele (e.g. human leukocyte antigen-A*02:01 or HLA-A*0201 or, 

more simply, HLA-A2), is the sole determinant of the peptide binding groove. Once 

synthesized and present in the endoplasmic reticulum, MHCI’s α chain is stabilized by 

calnexin until β2m binds. Calnexin is released, and calreticulin and ERp57 bind to help 

stabilize the MHCI α:β heterodimer for Tapasin. Tapasin forms a bridge between MHCI and 

TAP, allowing for peptides to be loaded into the MHC’s peptide-binding groove. Peptide 

editing and pMHCI quality control can occur throughout this process: Tapasin ensures that 

the groove remains open until a peptide of sufficient affinity is bound, and glucosidase II 

(GlsII) and TAPBPR ensure proper folding of the pMHCI complex before the stabilized 

complex is transported to the cell surface.1  
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This intricate series of steps can be bypassed, however, when the pMHCI complex is 

expressed as a single, uninterrupted amino acid chain termed a “single-chain heterotrimer” 

or “single-chain trimer” (SCT) pMHCI.48 In work published in 2023,49 William Chour in the 

lab of James Heath extensively characterized the thermostability of rationally-engineered, 

highly-stable variants of SCT pMHCI as well as their binding affinity for their respective 

TCRs. Covalent linkage of the pMHCI complex subunits into a SCT dramatically improves 

the diffusion kinetics required for complex formation, and some SCT variants have even 

been shown to circumvent the cell’s quality control mechanisms during transport to the cell 

surface.50 As a result, these SCT variants expedite pMHCI complex formation, even when 

the presenting peptide has poor binding efficiency to MHCI, and could thus enable the 

efficient production of APVs harboring therapeutically-relevant pMHCI. 

 

 

Figure 1.2 Single-chain heterotrimer pMHCI  

Single-chain heterotrimer (SCT) peptide-MHCI is composed of an α “heavy chain” and a β 

chain, referred to as “β2-Microglobulin” (β2m), which bind an 9-11-mer presenting peptide 

to form the complete pMHCI complex. The presenting peptide is connected to the N-

terminus of β2m by a glycine-serine linker, and the C-terminus of β2m is connected to the 

N-terminus of the α “heavy chain” by a second glycine-serine linker. 
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(A) Cartoon schematic diagram depicting a side view (left) and top view (right) of the 

peptide-binding cleft of SCT pMHCI 

(B) Sequence map describing the connection between peptide, β2m, and the α “heavy chain” 

using glycine-serine linkers. 

(C) Cartoon ribbon diagram of a side-view of SCT pMHCI drawn using the structure 

provided by Mitaksov et al.51 

 

1.3.2 MHCII 

Similar to MHCI, MHCII is composed of two protein subunits, an α chain and β chain, which 

together bind and present peptides that are typically between 13-17 amino acids, though 

shorter or longer lengths are not uncommon. Unlike MHCI, though, both the α chain and β 

chain of MHCII are involved in forming the peptide binding groove. The MHCII α:β 

heterodimer is initially synthesized and assembled in mammalian cells as part of a nine-chain 

complex of three α chains, three β chains, and three “invariant” chains (li) that are stabilized 

by calnexin. Once this complex is formed, calnexin releases the stable nine-chain complex 

as it departs the endoplasmic reticulum toward acidified endosomal vesicles. The MHCII 

complex is retained for 2-4 hours in endosomal vesicles while the li chain is proteolytically 

cleaved to generate a CLIP:α:β complex. HLA-DM, a complex similar to the MHCII α:β 

heterodimer, binds to and stabilizes the CLIP:α:β complex to catalyze the release of CLIP 

and the binding of antigenic peptides. Peptides rapidly bind to and release from this open α:β 

MHCII heterodimer, but only high-affinity peptides can induce HLA-DM dissociation from 

pMHCII to generate the final pMHCII complex that will traffic to the cell surface.1 Similar 

to MHCI, SCT variants of pMHCII, such as those designed by Thayer et al.,52 have 

previously been explored to circumvent this lengthy process and increase the stability of low-

affinity presenting peptides.48 

 

1.4 Adeno-Associated Viruses 

Cell-based therapies would naturally seem to be the best approach for modulating cellular 

immunity, but adoptive cell therapies are both expensive53 to manufacture and difficult to 

control,54 leading to a growing list of complicated receptors that bioengineers have designed 
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to shepherd cell therapies away from healthy cells and to include “kill-switches” to shut 

down lethal, unpredictable adverse events that are still occurring in clinical trial and 

therapeutic settings.55 On the other end of the therapeutic spectrum, soluble protein biologics 

have already been deployed in clinical settings as immunomodulators56-59, but previous work 

has demonstrated the importance of molecular avidity and the presence of a fluid lipid 

membrane on membrane receptor clustering that is critical for the formation of an 

“immunological synapse” and immune cell activation.60 In this context, EVs and EV-

forming sequences encoded by relatively short-acting mRNA-LNP therapies may be 

especially relevant as a form of cell-free, cell-like immunotherapy that improves upon the 

potency of soluble biologics and the safety of adoptive cell therapies. However, if a long-

term form of immunotherapy is required, in vivo cellular programming may require the 

application of gene therapy vectors such as AAVs. 

Adeno-associated virus (AAV) is a non-enveloped ssDNA parvovirus that transduces both 

dividing and non-dividing cells, but doesn’t integrate into the host genome. Rather, the genes 

flanked by inverted terminal repeats (ITRs) encoded within an AAV form concatemers that 

persist in the nucleus of transduced cells,61 resulting in stable long-term gene expression 

without integration in host DNA. The virus is not associated with disease in humans and is 

replication-deficient.62 These characteristics make AAVs an ideal delivery vehicle for gene 

therapy applications. To date, 11 wild-type AAV serotypes have been identified, each with 

distinct tropism for specific tissue and organs.63 The different serotypes arise from variations 

in the virus capsid, which is made up of three structural proteins. Recently, researchers 

aiming to capitalize on this feature have shown that using directed evolution and other 

methods to engineer the viral capsid can produce more specific tropism for desired target 

tissue.64-67 

One of the most significant obstacles for the clinical translation of AAV therapy is the 

immune response against the viral capsid and the delivered transgene. Due to prior exposure 

to wild-type AAVs, many individuals possess pre-existing adaptive immunity, characterized 

by neutralizing antibodies (NAbs) and T cells against AAV serotypes. This can lead to the 
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loss of transgene expression or the elimination of transduced cells, severely undermining 

clinical efficacy and preventing re-administration. The prevalence of pre-existing NAbs 

varies between AAV serotypes, with estimates ranging from 34.8% for anti-AAV5 to as high 

as 74% for anti-AAV2, the current most commonly used variant in clinical applications.68,69 

In addition to hindering therapeutic efficacy, immune response from the host triggered by 

the viral capsid can result in immune-mediated toxicities, most commonly hepatotoxicity and 

thrombotic microangiopathy, which presents a significant safety concern for patients. While 

most patients respond to steroid therapy, there have been a few cases of fatal immune-

mediated adverse events occurring post-AAV-administration.70,71 

Like any therapeutic that leads to anti-drug antibodies (ADAs), broadly acting 

immunosuppressants, such as steroids, mTOR inhibitors, or B-cell-depleting monoclonal 

antibodies, have been used to improve the efficacy of AAV administration and potentially 

allow for repeat dosing. However, systemic immunosuppression may increase the risk of 

opportunistic bacterial or viral infections and is not effective in complete remission of high 

titer NAbs.70,72,73 AAV-specific plasmapheresis columns and bacteria-derived antibody-

degrading proteases, such as the Immunoglobulin G-degrading enzyme of S.pyogenes 

(IdeS), have been used to deplete anti-AAV NAbs in plasma, but these methods may not 

completely eradicate NAbs nor antibody-producing cells.74 Further, plasmapheresis and IdeS 

proteases remove total antibody content and thus can also increase the risk of infection in 

patients. Chemical modification of AAV capsids, including PEGylation and polymer 

encapsulation, can potentially decrease transduction efficiency, alter biodistribution of AAV 

vectors, and result in anti-polymer antibody formation.75,76 Exosome-enveloped AAVs can 

transduce the target cells in the presence of pre-existing immunity, but encapsulating AAVs 

with exosomes can alter tropism and transduction efficiency, as well as introduce nucleic 

acid or protein contaminants that ultimately lead to ADAs.77-79 Shielding AAVs from NAbs 

via encapsulation in vaults, endogenous proteinaceous organelles recognized as self by the 

immune system, has also been proposed as a method for evading the immune system.80 

AAVs packaged inside vaults have been shown to transduce cells in the presence of anti-

AAV neutralizing serum, however this method has yet to be tested in vivo. Most recently, T 
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cell epitopes were identified and removed by rational design to reduce the immunogenicity 

of an AAV capsid, but the authors noted certain epitopes that they could not eliminate or 

“silence” in their chimeric design.81 A significant limitation in all of these studies is the 

evaluation of capsid immunogenicity by using animal models or in vitro T cell assays, which 

cannot accurately recapitulate the human adaptive immune response seen during clinical 

trials.82,83 An ideal AAV capsid for gene therapy would retain highly specific tissue tropism 

and transfection efficiency while avoiding an ADA response that would preclude repeat 

dosing in patients. 

 

1.5 Thesis Overview 

Chapter 2 describes the synthetic production of EABR-mediated antigen-presenting vesicles 

and characterizes the benefit of linking the three subunits of pMHC into a single protein 

chain for the purpose of releasing fully formed pMHC complexes on extracellular vesicles. 

Synthetic pMHCI APVs are shown to stimulate their cognate T cells selectively as a 

demonstration of their therapeutic immunomodulatory potential. Chapter 3 extends the work 

of Chapter 2 by showing these APVs can be engineered to include costimulatory signals or 

full-length membrane-bound cancer antigen for improved single-cell T cell capture and 

activation within hydrogel nanovials. Hydrogel functionalization with EABR-mediated 

vesicles could improve high-throughput screening of T cell populations for cell-based 

therapies, support future high-throughput studies investigating the membrane protein 

composition of EVs and their effect on immunomodulation, or improve the immunogenicity 

of patient-implanted biomaterials. Chapter 4 describes nascent work involving the use of 

human tonsil organoids to study the immunomodulatory potential of antigen-presenting 

vesicles and the immunogenicity of AAVs in a more physiologically-relevant context than 

previous in vitro studies. Lastly, some of my other PhD work, which was largely divorced 

from my immunology-focused work, is added as a set of appendices to share the range of 

translational applications in which Dr. Hoffmann’s vesicle-forming EABR sequence can be 

applied. 
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C h a p t e r  2  

RECRUITING ESCRT TO PEPTIDE-MHC GENERATES ANTIGEN-

PRESENTING VESICLES THAT STIMULATE T CELLS SELECTIVELY 

Adapted from: 

 

Olson, B. A., Huey-Tubman, K. E., Mao, Z., Hoffmann, M. A. G., Murray, R. M., & 

Mayo, S. L. (2025). Recruiting ESCRT to single-chain heterotrimer peptide-MHCI releases 

antigen-presenting vesicles that stimulate T cells selectively. bioRxiv, 

2025.2001.2017.633600. https://doi.org/10.1101/2025.01.17.633600  

 

2.1 Abstract 

Immune cells naturally secrete extracellular antigen-presenting vesicles (APVs) displaying 

peptide:MHC complexes to facilitate the initiation, expansion, maintenance, or silencing of 

immune responses. Previous work has sought to manufacture and purify these vesicles for 

cell-free immunotherapies. In this study, APV assembly and release is achieved in non-

immune cells by transfecting a single-chain heterotrimer (SCT) peptide/major 

histocompatibility complex I (pMHCI) construct containing an ESCRT- and ALIX-binding 

region (EABR) sequence appended to the cytoplasmic tail; this EABR sequence recruits 

ESCRT proteins to induce the budding of APVs displaying SCT pMHCI. A comparison of 

multiple pMHCI constructs shows that inducing the release of APVs by the addition of an 

EABR sequence generalizes across SCT pMHCI constructs. Purified pMHCI/EABR APVs 

selectively stimulate IFN-γ release from T cells presenting their cognate T cell receptor, 

demonstrating the potential use of these vesicles as a form of cell-free immunotherapy. 

 

2.2 Introduction 

Almost thirty years ago, Raposo, G. et al. first reported on the release of B cell-derived 

extracellular vesicles (EVs) with functional peptide:MHC (pMHC) complexes on their 

surface.35 Since then, EVs that were previously labeled as simple cellular “debris” have been 

increasingly recognized for their immunoregulatory potential as a simpler, cell-free 

alternative to cell-based immunotherapies.33,84 Naturally occurring pMHC-displaying 
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antigen-presenting vesicles (APVs) in particular have been demonstrated to orchestrate 

immune responses either directly or with the aid of antigen-presenting cells (APCs).9 

Research teams have ventured to engineer more complex versions of these antigen-

presenting vesicles: whole mammalian cells conjugated with immunostimulatory 

molecules,13-17 nanoparticles coated with APC-derived membranes via extrusion or 

sonication,24,25 or engineered extracellular blebs from dendritic cells.26-30 These previous 

approaches demonstrated the therapeutic potential of APVs, but production is often low yield 

or requires the patient’s own cells to be harvested and processed before treatment can be 

administered. Significant attention has been given to manufacturing APVs via 

microfluidics,85 but existing microfluidic vesicles suffer from short half-lives and are 

susceptible to rupture due to osmotic changes and the turbulent flow of the lymphatic and 

cardiovascular systems. Polymer-coated iron-oxide nanoparticles conjugated with pMHCI 

have shown remarkable therapeutic potential for autoimmune diseases such as type 1 

diabetes, but the stiff spherical structure of the nanoparticle scaffold reduces the potential 

surface area for ideal pMHC:T cell receptor (TCR) interactions;86-88 additionally, pMHC 

complexes are rigidly adhered to the nanoparticle surface, limiting pMHC movement and 

clustering considered important for the formation of a T cell stimulating immunological 

synapse.89 Optimal, engineered APVs would ideally recreate the endogenous form of APVs, 

while maximizing the concentration of proteins that are critical for immunoregulation. 

 

Here, we describe the engineered assembly and budding of peptide/MHCI-displaying APVs 

from the cell surface of non-immune cells by DNA transfection of an engineered single-chain 

heterotrimer (SCT) peptide/MHCI (pMHCI). Building on a recently described method for 

generating enveloped virus-like particles displaying the SARS-CoV-2 spike protein,47 we 

fused an endosomal sorting complex required for transport (ESCRT)- and ALG-2-interacting 

protein X (ALIX)- binding region (EABR) to the cytoplasmic tail of SCT pMHCI to directly 

recruit the ESCRT machinery and induce the release of pMHCI-displaying vesicles. 

Immuno-electron microscopy (immuno-EM) of the supernatant from transfected cells 

showed halos of black punctae surrounding exosome-like vesicles, confirming the presence 

of SCT pMHCI on APVs. ELISPOT assays show that SCT pMHCI/EABR APVs are capable 
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of stimulating IFN-γ release from T cells at a level equivalent to refolded pMHCI tetramer, 

and that the APVs selectively stimulate T cells presenting their cognate TCR. Altogether, 

these results demonstrate a new method for generating synthetic, native-like APVs in high 

copy number and valency with the therapeutic potential for improved cell-free 

immunoregulation. 

 

2.3 Results 

2.3.1 EABR addition to the cytoplasmic tail of SCT pMHCI promotes APV release 

To generate APVs from non-immune cells, we attached an EABR sequence from the human 

CEP55 protein90 to the cytoplasmic tail of MHCI (Fig. 2.1A). To ensure each APV presented 

the same, intended peptide on MHCI, the complete peptide:MHCI complex was formed into 

a single-chain heterotrimer; the N-terminus of the HLA-A*02:01 α chain was extended with 

a 4xG4S linker connecting to the C-terminus of beta-2 microglobulin (β2M), which was itself 

extended at its N-terminus by a 3xG4S linker connecting to either the 10-mer MART-1 

(MART1) or 9-mer NY-ESO-1(C165V)157-165 (NYESO1) cancer-related peptides.91 The 

EABR sequence used here was identical to the sequence used by Hoffmann et al.47 to create 

enveloped virus-like particles (eVLPs) displaying the SARS-CoV-2 spike protein, and was 

attached to the cytoplasmic tail of the HLA-A*02:01 α chain by a G3S linker (Fig. 2.1B). 

Adopting the nomenclature of Chour et al.’s thermostability studies48,49 on previous SCT 

pMHCI designs, our first SCT pMHCI construct was named “D1/EABR” to denote a “D1” 

SCT design with an “EABR” sequence appended to the end of its cytoplasmic tail. A second 

“D9” variant of SCT pMHCI, containing Y84C and A139C substitutions, was also tested 

given its reported improvements in thermostability and T cell receptor binding compared to 

the D1 design (Table S2.1).50 
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Figure 2.1. EABR addition to the cytoplasmic tail of SCT pMHCI promotes APV 

budding and release 

(A) Schematic of membrane-bound SCT pMHCI proteins on a cell surface containing 

cytoplasmic tail EABR additions that induce budding of an APV comprising a lipid bilayer 

with embedded SCT pMHCI proteins. 

(B) SCT pMHCI/EABR construct. Top: the SCT pMHCI protein is composed of a peptide 

fused to a 3x(Gly4Ser) linker, β2M, a 4x(Gly4Ser) linker, HLA-A*02:01 α chain, a Gly3Ser 

spacer, and an EABR sequence. Bottom: EABR sequence. 

(C) Schematic showing production and purification of APVs. 

(D) Chromatogram representative of the typical yield of SCT pMHCI APVs from a 100 mL 

transfection of Expi293F cells. Inset highlights void volume peak. 
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(E) Western blot analysis detecting SCT pMHCI protein from APVs purified by 

ultracentrifugation on a 20% sucrose cushion from transfected HEK293T cell culture 

supernatants. Cells were transfected with SCT MART1/D1, SCT MART1/D1/EABR, SCT 

MART1/D9, SCT MART1/D9/EABR, and SARS-CoV-2 spike(S)/EPM/EABR 

(S/EPM/EABR) constructs. Rabbit anti-HLA-A primary antibody and Alexa488-conjugated 

anti-rabbit secondary antibody were used to detect SCT pMHCI protein. 

(F) Immuno-EM images of SCT MART1/D1/EABR APVs purified from transfected 

Expi293F cell culture supernatants by ultracentrifugation and SEC. Primary rabbit anti-

HLA-A antibody identical to primary antibody used in (E). Secondary 6 nm gold-conjugated 

anti-rabbit antibody appears as black punctate in image. Left: representative APVs are 

highlighted in boxes. Scale bar, 100 nm. Right: close up of black-boxed APV. Scale bar, 20 

nm. 

 

APVs were expressed by transfecting HEK293T or Expi293F cells with DNA plasmids 

encoding the SCT pMHCI constructs. Vesicles were purified by ultracentrifugation of cell 

culture supernatant on a 20% sucrose gradient as is typical for the purification of viral 

particles and exosomes92 (Fig. 2.1C). Ultracentrifuged product was resuspended in pH 7.4 

phosphate-buffered saline (PBS) and optionally further purified by size exclusion 

chromatography (SEC) to yield a high concentration of product in the void volume (Fig. 

2.1D). Western blot analysis of the purified product showed that the addition of the EABR 

sequence to the cytoplasmic tails of both the MART1/D1/EABR and MART1/D9/EABR 

constructs generated higher levels of MHCI compared to their non-EABR counterparts (Fig. 

2.1E). Because pMHCI is difficult to resolve with cryo-EM or cryo-ET, we prepared 

immuno-electron microscopy grids of the purified product to confirm the presence of 

pMHCI-displaying APVs, which presented as cup-like, collapsed spheres resembling the 

canonical shape of exosomes that partially collapse upon paraformaldehyde fixation and 

negative staining93 (Fig. 2.1F and S2.1). Sandwich ELISAs of these pMHCI vesicles showed 

that pMHCI co-presented with the hallmark exosomal tetraspanin proteins CD81 and CD63 

(Fig. S2.2), which was further confirmed by mass spectrometry showing enrichment of 

pMHCI and exosomal tetraspanin proteins in the purified product (Document S1). As a 
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result, the vesicles have been denoted as pMHCI-displaying "antigen-presenting vesicles" 

resembling natural immunoregulatory extracellular vesicles or "exosomes". 

 

Table S2.1. Description of tested pMHCI constructs 

CONSTRUCT 

NAME 
ORIGIN DESCRIPTION 

MART1/D1 Human I.e. D1 SCT MART1/HLA-A*02:01 – the complete 

peptide:MHCI complex was formed into a single-chain 

heterotrimer (SCT); the N-terminus of the human HLA-A*02:01 

α chain was extended with a 4xG4S linker connecting to the C-

terminus of human beta-2 microglobulin (β2M), which was itself 

extended at its N-terminus by a 3xG4S linker connecting to the 

human 10-mer MART-1 (MART1) cancer-related peptide. 

MART1/D1/EA

BR 

Human I.e. D1 SCT MART1/HLA-A*02:01/EABR – identical to 

MART1/D1 above, but with the “EABR” sequence appended to 

the cytoplasmic tail with a 1xG3S glycine-serine spacer. 

MART1/D9 Human I.e. D9 SCT MART1/HLA-A*02:01 – identical to MART1/D1 

construct, but with A84C and Y139C mutations to resemble the 

“D9” variant of MHCI 

MART1/D9/EA

BR 

Human I.e. D9 SCT MART1/HLA-A*02:01/EABR – identical to 

MART1/D9 construct, but with the “EABR” sequence appended 

to the cytoplasmic tail with a 1xG3S glycine-serine spacer. 

NYESO1/D1 Human I.e. D1 SCT NYESO1(C165V)157-165/HLA-A*02:01 – identical 

to MART1/D1 above, but the MART1 cancer-related peptide 

was replaced with the human 9-mer NY-ESO-1(C165V)157-165 

(NYESO1) cancer-related peptide. 

NYESO1/D1/E

ABR 

Human I.e. D1 SCT NYESO1(C165V)157-165/HLA-A*02:01/EABR - 

identical to NYESO1/D1 above, but with the “EABR” sequence 

appended to the cytoplasmic tail with a 1xG3S glycine-serine 

spacer. 

NYESO1/D9 Human I.e. D9 SCT NYESO1(C165V)157-165/HLA-A*02:01/MHCI - 

identical to NYESO1/D1 above, but with A84C and Y139C 

mutations to resemble the “D9” variant of MHCI 

NYESO1/D9/E

ABR 

Human I.e. D9 SCT NYESO1(C165V)157-165/HLA-A*02:01/EABR - 

identical to NYESO1/D9 above, but with the “EABR” sequence 

appended to the cytoplasmic tail with a 1xG3S glycine-serine 

spacer. 

NYESO1/β2M Human I.e. NYESO1(C165V)157-165/β2M – the human HLA-A*02:01 α 

chain and the associated 4xG4S linker was removed from the 

MART/D1 single-chain trimer (SCT) construct described above 

to generate a construct encoding only the NY-ESO-1(C165V)157-

165 (NYESO1) cancer peptide connected to the N terminus of 

human β2M by a 3xG4S glycine-serine linker. 

D1HC Human The human HLA-A*02:01 α chain 



 

 

19 
D1HC/EABR Human The human HLA-A*02:01 α chain appended with the “EABR” 

sequence by a 1xG3S glycine-serine linker. 

D1SCD Human The N-terminus of the human HLA-A*02:01 α chain was 

extended with a 4xG4S linker connecting to the C-terminus of 

human beta-2 microglobulin (β2M). 

D1SCD/EABR Human Identical to D1SCD, but with the “EABR” sequence appended to 

the cytoplasmic tail of the HLA-A*0201 α heavy chain by a 

1xG3S glycine-serine linker. 

D9HC Human I.e. D9 HLA-A*02:01 HC - identical to the D1HC construct, but 

with A84C and Y139C mutations to resemble the “D9” variant 

of MHCI 

D9HC/EABR Human I.e. D9 HLA-A*02:01 HC/EABR – identical to the D9HC 

construct, but with the “EABR” sequence appended to the 

cytoplasmic tail with a 1xG3S glycine-serine spacer. 

D9SCD Human I.e. D9 SCD β2M/ HLA-A*02:01 - identical to the D1SCD 

construct, but with A84C and Y139C mutations to resemble the 

“D9” variant of MHCI 

D9SCD/EABR Human I.e. D9 SCD β2M/ HLA-A*02:01/EABR - identical to the 

D9SCD construct, but with the “EABR” sequence appended to 

the cytoplasmic tail with a 1xG3S glycine-serine spacer. 

NRP-V7/H-2Kd Murine NRP-V7/H-2Kd features the NRP-V7 mimotope for IGRP206-214 

connected by a glycine-serine linker to murine β2M followed by 

a glycine-serine linker connecting to the complete H-2Kd α heavy 

chain. The “EABR” sequence can optionally be added to the 

cytoplasmic tail of the H-2Kd α heavy chain by a glycine-serine 

linker. 

IGRP/H-2Kd Murine IGRP/H-2Kd or IGRP206-214/H-2Kd features the islet-specific 

glucose-6-phosphatase catalytic subunit related protein 

(IGRP206–214) connected by a glycine-serine linker to murine β2M 

followed by a glycine-serine linker connecting to the complete 

H-2Kd α heavy chain. The “EABR” sequence can optionally be 

added to the cytoplasmic tail of the H-2Kd α heavy chain by a 

glycine-serine linker. 

NRP-V7/D9_H-

2Kd 

Murine NRP-V7/H-2Kd construct with A84C and Y139C mutations to 

resemble the “D9” variant of MHCI, a.k.a. NRP-V7/D9_H-2Kd. 

IGRP/D9_H-2Kd Murine IGRP206-214/H-2Kd construct with A84C and Y139C mutations to 

resemble the “D9” variant of MHCI, a.k.a. IGRP206-214/D9_H-

2Kd or IGRP/D9_H-2Kd. 

NYESO1/D9/H-

2Db 

Chimeric The human NY-ESO-1(C165V)157-165 (NYESO1) cancer-related 

peptide (NYESO1) is connected by a 3xG4S glycine-serine linker 

to human β2M followed by a 4xG4S glycine-serine linker 

connecting to the N-terminus of the human HLA-A*02:01 α 

heavy chain. The α3 region and subsequent transmembrane and 

cytoplasmic regions of the human HLA-A*02:01 heavy chain are 

removed and replaced with the murine H-2Db α3 heavy chain, 

including the H-2Db transmembrane and cytoplasmic regions. 
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NYESO1/D9/H-

2Kb 

Chimeric Identical to NYESO1/D9/H-2Db above, but replacing all murine 

H-2Db regions with the murine H-2Kb α3, transmembrane, and 

cytoplasmic regions. 

 

 

Figure S2.1. Additional micrographs of pMHCI/EABR grids prepared by immuno-EM 

show APVs 

All micrographs show Expi293F cell culture supernatant after transfection with a SCT 

MART1/D1/EABR construct and purified by ultracentrifugation and SEC as outlined in 

Figure 1C. (A-D): 50 mL of purified Expi293F cell culture supernatant. (E-I) 200 mL of 



 

 

21 

purified Expi293F cell culture supernatant further diluted in pH 7.4 PBS after purification. 

All grids were prepared using the identical protocol as in Figures 1F and 2D-F. Secondary 6 

nm gold-conjugated anti-rabbit antibody bound to primary rabbit anti-HLA-A antibody 

appears as black punctate in the image. (A) Scale bar, 200 nm. (B-I) Scale bar, 100 nm. 

 

2.3.2 EABR addition to SCT pMHCI promotes budding of the complete, intended 

pMHCI complex on APVs 

To better quantify the relative improvement in APV formation with EABR addition, we 

performed ELISA of SCT MART1 and SCT NYESO1 constructs. Both showed over 100-

fold improvements in APV formation with the addition of the EABR sequence (Fig. 2.2A). 

Subsequent ELISAs showed that appending EABR to MHCI heavy chain (HC) alone (i.e., 

without covalently linked β2M and presenting peptide) still boosted MHCI yield in the 

purified transfection product relative to HC without an EABR tag, and an even greater 

concentration of MHCI resulted from transfection with EABR-tagged single-chain 

heterodimer (SCD) constructs comprised of MHCI heavy chain covalently linked to β2M 

without a presenting peptide (Table S2.1 and Fig. S2.3). Consequently, we next investigated 

whether the SCT form of pMHCI was necessary to assemble the intended pMHCI complex 

on released APVs. 
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Figure 2.2. EABR addition to SCT pMHCI promotes budding of the complete, intended 

pMHCI complex on APVs 

(A) Indirect ELISA of APVs purified by ultracentrifugation from transfected HEK293T cells 

with a primary rabbit anti-HLA-A antibody and secondary HRP-conjugated anti-rabbit 

antibody. Cells were transfected with SCT NYESO1/D1, SCT NYESO1/D1/EABR, SCT 

NYESO1/D9, SCT NYESO1/D9/EABR, SCT MART1/D1, and SCT MART1/D1/EABR 

constructs (2 replicates per dilution). 

(B) Sandwich ELISA of APVs purified by ultracentrifugation from transfected HEK293T 

cells using anti-NYESO1:HLA-A*02:01 (3M4E5) for capture, biotinylated 3M4E5 for 

detection, and HRP-conjugated streptavidin secondary. Cells were transfected with SCT 

NYESO1/D9/EABR, SCD D9/EABR and NYESO1 peptide (SCD/EABR + NYESO1)), HC 

D9/EABR and NYESO1/β2M (HC/EABR + NYESO1/β2M), SCT NYESO1/D9 (SCT), 
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SCD D9 and NYESO1 peptide (SCD + NYESO1), HC D9 and NYESO1/β2M (HC + 

NYESO1/β2M) constructs (2 replicates per dilution). 

(C) Schematic showing full SCT pMHCI/EABR construct (SCT/EABR) and various 

alternative constructs used for the ELISA in (B): NYESO1/β2M, HC, and SCD. 

(D) Dynamic light scattering measurement of SCT MART1/D1 and SCT 

MART1/D1/EABR APVs represented as a probability mass function of the expected 

diameter values for each sample. Points are connected by a simple interpolating spline. 

(E-G) Immuno-EM micrographs of different EABR vesicles purified from transfected 

Expi293F cell culture supernatants by ultracentrifugation and SEC. Samples were stained 

with a primary rabbit anti-HLA-A antibody and a secondary 6 nm gold-conjugated anti-

rabbit antibody that appears as black punctate in image. Scale bars, 100 nm. (E) SARS-

CoV2-S/EPM/EABR. Spike protein coronas are visible around the edges of the spherical 

vesicles. A single gold nanoparticle from a secondary antibody is visible in the middle of the 

image. (F) SCT MART1/D1/EABR gold particles from secondary antibody can be seen as 

halos of black punctate around deflated vesicles. (G) SCT MART1/D1 scattered gold 

particles from secondary antibody can be seen as non-specific staining without the presence 

of vesicles. 

 

To compare the impact of different NYESO1/MHCI construct designs on APV assembly 

and release, we selectively removed the Gly4Ser linkers from the SCT NYESO1/D9 

construct—either removing the 3xG4S linker between the peptide and β2M yielding SCD, or 

the 4xG4S linker between β2M and the MHCI heavy chain yielding NYESO1/β2M—and 

performed ELISAs with a TCR-like antibody specific for the fully formed NYESO1:HLA-

A*02:01 complex (Fig. 2.2B & 2.2C).94 Decoupling the NYESO1 peptide from the EABR-

tagged SCD MHCI complex led to an over 10-fold reduction in the detected level of 

expression of NYESO1/MHCI APVs in HEK293T cells to the extent that it was nearly 

undetectable by sandwich ELISA (Fig. 2.2B). Even in the higher-expressing Expi293F cell 

line, an exhaustive search of every possible combination of MHCI α heavy chain, β2M, and 

either the full-length NY-ESO-11-165 or 9-mer NYESO1 peptide did not produce measurable 

pMHCI product in the purified APVs when these constructs were assembled without glycine-
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serine linkers between the 9-mer NYESO1 peptide and β2M (Fig. S2.4). Co-transfecting 

two separate constructs of HC/EABR and NYESO1/β2M, however, generated APVs 

detectable by sandwich ELISA, and the fully connected SCT form of NYESO1/D9/EABR 

further improved the expression of pMHCI-displaying APVs out of all constructs tested (Fig. 

2.2B); in addition, because EABR-tagged MHCI heavy chain is capable of generating APVs 

without transfection of a presenting peptide such as NYESO1 (Fig. S2.3), the SCT form of 

pMHCI is the only design that ensures the APVs are presenting the transfection constructs’ 

intended peptide. 

 

 

Figure S2.3. Indirect ELISA of purified Expi293F and HEK293T transfection 

supernatant suggests complete pMHCI not required for release of vesicles harboring 

MHCI α heavy chain 

Indirect ELISA of purified Expi293F (A) and HEK293T (B) supernatant transfected with 

SCT MART1/D1/EABR (SCT/EABR), SCD D1/EABR (SCD/EABR), D1 HC-EABR 

(HC/EABR), and the non-EABR versions of the three constructs just described: SCT 

MART1/D1 (SCT), SCD D1 (SCD), and HC D1 (HC). See Figure 2C for diagrams of SCT, 

SCD, and HC. All supernatant was purified by ultracentrifugation  and resuspended in pH 

7.4 PBS. Polyclonal rabbit anti-HLA-A was used for the primary antibody, and HRP-

conjugated goat anti-rabbit was used for the secondary antibody (2 replicates per dilution). 
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Figure S2.4. Sandwich ELISA of purified Expi293F transfection supernatant shows 

heterotrimer form of pMHCI optimizes APV release 

Sandwich ELISA of purified Expi293F supernatant transfected with exhaustive permutations 

of pMHCI complex domains that are either linked covalently by glycine-serine linkers 

(denoted “/”) or separated across plasmids (denoted “+”) (Table S1). All supernatant was 

purified by ultracentrifugation and resuspended in pH 7.4 PBS. Monoclonal human anti-

NYESO1:HLA-A*02:01 complex was used for the initial capture antibody. Biotinylated 

monoclonal human anti-NYESO1:HLA-A*02:01 complex was used for the primary 

detection antibody and secondary strep-HRP was then incubated in each well before 

developing with HRP substrate (2 replicates per dilution). 

 

Interestingly, we still recovered low levels of MHCI protein after purification of non-EABR 

SCT pMHCI from transfected HEK293T supernatant, an effect that was amplified by 

expressing the same constructs in the higher-expressing Expi293F cell line that has been used 

previously for exosome production95 (Fig. 2.2A & S2.4). Dynamic light scattering (DLS) of 

both the purified SCT MART1/D1 and SCT MART1/D1/EABR constructs showed similar 
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median particle diameters of 60-80 nm (range 30-250 nm) with the SCT 

MART1/D1/EABR construct exhibiting a slightly narrower distribution compared to the 

non-EABR SCT MART1/D1 construct (Fig. 2.2D). This particle size distribution is 

consistent with the vesicle sizes seen in immuno-EM images of the EABR constructs. We 

were unable, however, to observe pMHCI vesicles when imaging immuno-EM grid 

preparations of the non-EABR SCT MART1/D1 construct purified from Expi293F 

supernatant. Instead, the non-EABR SCT MART1/D1 grids showed what appeared to be 

pMHC aggregates or blebbing of sparsely populated membrane, which was less frequently 

observed in the grids prepared for the EABR-tagged vesicles (Fig. 2.2F, 2.2G, & S2.1). As a 

direct contrast, identically prepared EM grids for both SARS-CoV-2 S/EPM/EABR and SCT 

MART1/D1/EABR constructs were densely populated with vesicles displaying their 

respective proteins, and only the MART1/D1/EABR vesicles stained positively with a halo 

of anti-HLA-A antibody around each vesicle (Fig. 2.2E & 2.2F). Altogether, our results show 

that SCT pMHCI promotes the display of complete pMHCI complexes on APVs, and that 

addition of the EABR sequence increases APV release. 

 

2.3.3 EABR-mediated APV release generalizes to mRNA transfection and across 

pMHCI variants 

To further explore the generalizability of EABR sequence addition and heterotrimerization 

of pMHCI on APV release, we tested whether EABR-tagged SCT constructs of murine 

MHCI and chimeric human/mouse MHCI would also generate APVs displaying pMHCI 

relevant for in vivo studies of immunoregulation. Chimeric human/mouse SCT MHCI HLA-

A2/H-2Db and HLA-A2/H-2Kb were designed according to the D9 SCT design, with an 

NYESO1 presenting peptide fused to a 3x(Gly4Ser) linker, human β2M, a 4x(Gly4Ser) 

linker, and a chimeric MHCI α heavy chain composed of the extracellular α1 and α2 domains 

of human Y84A,A139C HLA-A*02:01 heavy chain and the α3, transmembrane, and 

cytoplasmic domains of murine H-2Kb or H-2Db heavy chain, i.e., NYESO1/D9/H-2Db and 

NYESO1/D9/H-2Kb, respectively (Figure 2.3A and Table S1). D1 SCT constructs of murine 

MHCI H-2Kd were prepared with either an NRP-V7 or IGRP206-214 type 1 diabetes-relevant 

presenting peptide fused to a 3x(Gly4Ser) linker, murine β2M, a 4x(Gly4Ser) linker, and the 
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H-2Kd α chain, i.e., NRP-V7/H-2Kd and IGRP/H-2Kd, respectively; “D9” designs were 

further generated by introducing Y84A,A139C mutations in the H-2Kd α heavy chain to 

make NRP-V7/D9_H-2Kd and IGRP/D9_H-2Kd (Figure 2.3A and Table S2.1). 

 

For the chimeric human/mouse SCT NYESO1/D9/H-2Db and NYESO1/D9/H-2Kb, addition 

of an EABR sequence to the cytoplasmic tail of MHCI α heavy chain amplified the 

production of APVs as detected by sandwich ELISA (Fig. 2.3B). Similar to the previous 

SCT MART1/D1, NYESO1/D1, and NYESO1/D9 pMHCI constructs, the SCT 

NYESO1/D9/H-2Db pMHCI construct showed evidence of substantial vesicle production in 

HEK293T cells regardless of the addition of the EABR sequence. Swapping the α3, 

transmembrane, and cytoplasmic domains to a different MHC haplotype, NYESO1/D9/H-

2Kb, led to comparatively reduced APV expression (Fig. 2.3B), a phenomenon that could be 

attributed to increased cell surface presentation of the H-2Db haplotype due to differences in 

the MHCI α3 domain which has been observed previously.96 

 



 

 

28 

 

Figure 2.3. EABR-mediated APV release generalizes to mRNA transfection and across 

pMHCI variants 

(A) Schematic of pMHCI constructs used in (B-D) showing which domains are sequences 

of human or murine origin. Further descriptions of constructs and domains can be found in 

Table S1. 

(B) Sandwich ELISA of chimeric human/mouse SCT pMHCI protein on APVs purified by 

ultracentrifugation from transfected HEK293T cell culture supernatants (2 replicates per 

dilution). Mouse anti-NYESO1:HLA-A*02:01 capture antibody, biotinylated mouse anti-

NYESO1:HLA-A*02:01 primary antibody, and HRP-conjugated streptavidin secondary 

antibody. 
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(C) Sandwich ELISA of murine SCT pMHCI of APVs purified by ultracentrifugation from 

DNA transfected HEK293T cells (2 replicates per dilution). Mouse anti-H-2Kd capture 

antibody, biotinylated mouse anti-H-2Kd primary antibody, and HRP-conjugated 

streptavidin secondary antibody. 

(D) Sandwich ELISA of murine SCT pMHCI of APVs purified by ultracentrifugation from 

mRNA transfected NMuMG mammary epithelial cells (1 replicate per dilution). Mouse anti-

H-2Kd capture antibody, biotinylated mouse anti-H-2Kd primary antibody, and HRP-

conjugated streptavidin secondary antibody. 

 

In a similar fashion, the fully murine SCT NRP-V7/H-2Kd and SCT IGRP/H-2Kd constructs 

showed amplified APV formation upon addition of an EABR sequence to the cytoplasmic 

tail of MHCI α heavy chain (Fig. 2.3C). While NRP-V7/H-2Kd was capable of measurable 

vesicle formation without the addition of EABR, IGRP/H-2Kd vesicle production was 

comparatively undetectable despite the only sequence difference being a change in the 

presenting peptide, likely reflecting differences in pMHCI stability based on changes in the 

presenting peptide50,97,98; mRNA transfection with murine-optimized sequences of the 

murine NRP-V7/H-2Kd and IGRP/H-2Kd constructs using the lower-expressing murine 

NMuMG mammary epithelial cell line generated a much more pronounced improvement in 

vesicle formation, as high as 50-fold, upon addition of the EABR sequence, highlighting the 

vesicle-forming potential of the EABR sequence in a more translationally-relevant context 

involving mRNA delivery. 

 

Collectively, these results suggest that MHC haplotype and the loaded presenting peptide 

can influence vesicle production for SCT constructs. As shown previously by immuno-EM 

of the MART1/D9 and MART1/D9/EABR constructs (Fig. 2.2F, 2.2G), the increased yield 

of pMHCI product observed by ELISA in the non-EABR NRP-V7/H-2Kd and 

NYESO1/D9/H-2Db constructs may be an artifact of pMHCI aggregation or indiscriminate 

membrane blebbing rather than intact APV formation. Further, vesicle formation by SCT 

pMHCI without EABR may be a result of improved protein stability or protein over-

expression in the relatively higher-expressing HEK293T and Expi293F cell lines.99 
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Regardless of this intrinsic vesicle-forming potential, addition of the EABR sequence 

consistently increased APV release across these different pMHCI variants, and was shown 

to be further amplified in the context of mRNA transfection, demonstrating the 

generalizability of the EABR sequence for inducing APV production. 

 

2.3.4 pMHCI/EABR APVs stimulate their cognate T cells selectively in vitro 

Having confirmed that the EABR sequence reliably produces pMHCI-displaying APVs, we 

next asked whether EABR-induced pMHCI-displaying APVs were functional as T cell 

stimulators. SCT NYESO1/D9/EABR APVs were purified from transfected cell 

supernatants by ultracentrifugation and SEC, and the MHCI protein concentrations in 

purified APVs were determined by quantitative western blot analysis (Fig. S2.5). An 

equivalent concentration of MHCI for MART1/D9/EABR, NYESO1/D9/EABR, and 

NYESO1:HLA-A*02:01 tetramers was mixed with human donor T cells that were 

transduced with the 1G4 TCR specific for the NYESO1:HLA-A*02:01 epitope (Fig. S2.6), 

and T cell stimulation was evaluated using ELISPOT assay (Fig. 2.4A). 
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Figure 2.4. pMHCI/EABR APVs stimulate their cognate T cells selectively in vitro 

(A) Top: Scans of ELISPOT wells detecting IFN-γ release from one replicate test of Donor 

3’s T cells after being dosed with serial dilutions of NYESO1:HLA-A*02:01 tetramers 

(NYESO1 Tetramer), SCT NYESO1/D9/EABR APVs, and SCT MART1/D9/EABR APVs. 

Bottom: Scans of ELISPOT wells detecting IFN-γ release from T cells dosed with 1.5% PHA 

as a positive control, wells without cells as a negative control (No cells), and T cells plated 

without antigen challenge (No antigen). 

(B) ELISPOT spot forming units for IFN-γ from 1G4 T cells of three different donors dosed 

with SCT NYESO1/D9/EABR APVs, SCT MART1/D9/EABR APVs, NYESO1:HLA-

A*02:01 tetramers (NYESO1 Tetramer), or no antigen challenge. Each data point is the 

response per 1x105 cells. Baseline stimulation (i.e., “No antigen” – plated T cells without 

stimulation by antigen) was measured in triplicate for each donor and presented as a single 

mean in each plot with standard deviation. Because the NYESO1:HLA-A*02:01 tetramers 

generated larger spot sizes on average compared to the APVs, Donor 3’s spot forming units 

were too numerous to count when dosed with more than 10 ng of NYESO1:HLA-A*02:01 

tetramer, preventing direct comparison between antigen conditions at higher concentrations 

for this donor.  

(C) ELISPOT spot forming units for IL-2 from 1G4 T cells of “Donor 3” in (B). T cells were 

dosed with SCT NYESO1/D9/EABR APVs, NYESO1:HLA-A*02:01 tetramers (NYESO1 

Tetramer), NYESO1:HLA-A*02:01 monomers (NYESO1 Monomer), or no antigen 

challenge (3 replicates per dilution). 

Significant differences between conditions linked by vertical lines are indicated by asterisks: 

ns > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

 

Analysis of ELISPOT assay spot forming units (SFUs) from three different human T cell 

donors showed that both refolded NYESO1:HLA-A*02:01 tetramers and 

NYESO1/D9/EABR APVs significantly stimulated 1G4 T cells above background (Fig. 

2.4B). This level of activation was specific to the NYESO1 peptide, as 1G4 T cells dosed 

with MART1/D9/EABR APVs demonstrated a statistically similar response to 1G4 T cells 

without antigen challenge. Interestingly, the elevated baseline of T cell activation without 
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antigen challenge in “Donor 3” coincided with an increase in the potency of 

NYESO1/D9/EABR APVs relative to NYESO1:HLA-A*02:01 tetramers for this donor. The 

possible association between the baseline activation level of a donor’s T cells and the potency 

of the NYESO1/D9/EABR APVs is also seen in the relatively weakly activated “Donor 1” 

and moderately activated “Donor 2” T cells, which demonstrate correspondingly weak and 

moderate receptiveness, respectively, to NYESO1/D9/EABR APV stimulation as compared 

to NYESO1:HLA-A*02:01 tetramers (Fig. S2.7). Notably, soluble tetramers and monomers 

of natural, refolded pMHCI can activate pools of T cells by the release and subsequent 

representation of the pMHCI presenting peptide on T cell surfaces containing costimulatory 

signals, which then act as antigen-presenting cells for their T cell neighbors.100 Thus, T cell 

stimulation by these SCT pMHCI APVs may be altogether different than stimulation by 

refolded tetramer or monomer, which is further supported by our subsequent assay of IL-2 

release from the strongly responding “Donor 3” (Fig. 2.4C); at an equivalent mass of pMHCI, 

both monomer and tetramer forms of pMHCI induced significantly more IL-2 release than 

the EABR-mediated pMHCI. A dampened IL-2 release despite the substantial release of 

IFN-γ would coincide with in vitro studies of pMHCI-loaded extracellular vesicles in the 

context of Type 1 diabetes84, which showed limited IL-2 release when co-cultured alone with 

human T1D-relevant T cells, and pMHCI nanoparticles, which showed a substantial release 

of IFN-γ when co-cultured with murine T1D-relevant T cells and were therapeutic when 

administered in vivo.86,101  
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Figure S2.5. Quantitative Western Blots of purified Expi293F transfection 

supernatant in preparation for ELISPOT assays 

Quantitative western blots of NYESO1:HLA-A*02:01 tetramer (NYESO1 tet.) and either 

NYESO1/D9/EABR APVs (NYESO1 APVs) (A) or MART1/D9/EABR APVs (MART1 

APVs) (B) using mouse anti-B2m primary and goat Alexa488 anti-mouse secondary. 

(A) Quantitative western blot comparing known amounts of NYESO1:HLA-A*02:01 

tetramer (NYESO1 tet.) standards (lanes 1–5) with various dilutions of purified 

NYESO1/D9/EABR APVs (NYESO1 APVs) (lanes 6–9). 

(B) Quantitative western blot comparing known amounts of NYESO1:HLA-A*02:01 

tetramer (NYESO1 tet.) standards (lanes 1–5) with various dilutions of purified 

MART1/D9/EABR APVs (MART1 APVs) (lanes 6–9). 

 

Overall, these data confirm that the presence of pMHCI/EABR APVs is sufficient to 

stimulate IFN-γ release from T cells harboring their cognate TCR, and that their stimulation 

is specific to those T cells that feature their cognate TCR. Future studies will explore whether 

the observed difference in IL-2 release induced by APVs, and their seemingly dynamic 

potency for inducing IFN-γ release, is consistent across in vitro T cell clonal types and in 

vivo models of disease. 
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Figure S2.6. Flow cytometry of PBMCs after TCR transduction 

Total PBMCs from healthy donors were retrieved, thawed, and activated using CD3/CD28 

dynabeads to facilitate TCR overexpression through retroviral infection. The PBMCs were 

cultured in AIM V media supplemented with human AB serum, human IL-2, and human IL-

15. Left: at the end of the 7 to 10-day culture period, we observed that over 90% of the cells 

were CD3+. The proportion of CD4+ and CD8+ cells varies depending on the individual 

donor. Right: transduction efficiency (NGFR) and TCR membrane trafficking (murine TCRβ 

or mTCRb) were assessed using flow cytometry on day 7. The three donors from Fig. 4B are 

shown here. 
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Figure S2.7. Scans of ELISPOT plates detecting IFN-γ release from donor T cells 

after APV co-incubation 

(A-C) Scans of ELISPOT wells detecting IFN-γ release from donor T cells after being dosed 

with serial dilutions of SCT NYESO1/D9/EABR APVs (lanes 4,7,10), SCT 

MART1/D9/EABR APVs (lanes 5,8,11), and NYESO1:HLA-A2 tetramers (lanes 6,9,12); 

1.5% PHA (lane 3, row A); without cells or antigen challenge (lane 2, rows A); and cells 

without antigen challenge (lane 1, rows A-C). (A) Donor 1; (B) Donor 2; (C) Donor 3. 

 

2.3.5 EABR addition to MHCII α chain promotes budding of the complete pMHCII 

complex on APVs 

Class I and class II pMHC nanoparticles have been previously demonstrated to generate 

similar, selective immunosuppressive therapeutic outcomes in animal models. However, 

whereas pMHCI nanoparticles expanded pre-existing, disease-generated memory-like 

autoregulatory CD8+ T cells that arise spontaneously from low-avidity precursors,86 pMHCII 

nanoparticles induced the differentiation of pathogenic antigen-experienced CD4+ T cells 

into disease-suppressing TR1 cells, which further induced the formation and recruitment of 

regulatory B cells.102 Many cell-mediated autoimmune diseases are based on pMHCII 

epitopes, and a method for synthetically generating pMHCII APVs may improve the 

therapeutic potency of mRNA-based immunomodulation. Potentially more significant is that 

differentiation of pathogenic antigen-experienced CD4+ T cells by pMHCII nanoparticles 

would imply that pMHCII APVs may be useful as a general immunomodulator capable of 

reducing anti-drug antibodies or rescuing biologics or gene therapy vectors that fail in human 

trails due to unpredictable immunogenicity. 

 

To generate pMHCII APVs from non-immune cells, we attached the EABR sequence47 from 

the human CEP5590 protein to either, or both, of the cytoplasmic tails of the α and β chains 

of MHCII (Fig. 2.5A). Further, to promote pMHCII formation with the intended peptide 

presented on the complete peptide:MHCII complex, the N-terminus of the α and β chains 

were optionally extended with a 3xG4S linker connecting to the Eα52-68 peptide (Fig. 2.5B).103 

Like pMHCI, SCT variants of pMHCII have been explored in previous work, and we 
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recreated the design from Thayer et al.52 to compare against co-expression of the α and β 

chains without covalent glycine-serine linkers. Complete pMHCII complex formation on 

APVs purified by ultracentrifugation were assessed by immunoassays using the Y-Ae 

antibody specific for the complete Eα52-68:I-A
b complex. 
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Figure 2.5. EABR addition to MHCII α chain promotes budding of the complete 

pMHCII complex on APVs 
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(A) Schematic of MHCII complex α chain and β chain forming the peptide binding cleft, 

and the naming scheme for MHCII in mice and humans. 

(B) Naming convention for the different engineered MHCII α and β chains that include either 

the EABR vesicle-forming sequence appended to the cytoplasmic tail or the addition of an 

Ealpha52-68 (Eα) presenting peptide appended to the N-terminal of the sequence with a 

Gly3Ser spacer. The "SCT-T" variant uses the invariant chain to connect the α chain, 

presenting peptide, and β chain in a single-chain heterotrimer format first described in Thayer 

et al.52 

(C-E) Sandwich ELISA of APVs purified by ultracentrifugation from transfected Expi293F, 

HEK293T, or NMuMG cells using anti-Ea52-68:I-A
b (Y-Ae) for capture, biotinylated Y-Ae 

for detection, and HRP-conjugated streptavidin secondary (2 replicates per dilution). The Y-

Ae antibody is specific for the complete Ea/I-Ab complex; the MHCII α chain, the MHCII β 

chain, and the Eα presenting peptide must all be present in a fully formed complex for Y-Ae 

to bind. 

(C) Sandwich ELISA after DNA transfection of Expi293F cells. 

(D) Sandwich ELISA after DNA transfection of HEK293T cells. 

(E) Sandwich ELISA after mRNA transfection of murine NMuMG cells. 

 

Interestingly, ELISA of pMHCII APVs that were generated from DNA transfection of 

Expi293F cells showed that addition of the EABR sequence, or covalently linking the 

subunits of pMHCII into a single-chain heterotrimer, did not improve upon the natural 

tendency of pMHCII to form APVs (Fig. 2.5C). Similar to pMHCI, we hypothesized that 

improved protein stability or protein over-expression in the relatively higher-expressing 

Expi293F cell lines might be leading to vesicle formation regardless of EABR addition.99 

Supporting this hypothesis is that our subsequent DNA transfection of the same constructs 

in lower-expressing HEK293T cells showed an improvement in the potency of EABR (Fig. 

2.5D), a phenomenon that persisted upon mRNA transfection of NMuMG cells (Fig. 2.5E). 

While these early results support the conclusion that addition of EABR to the α chain of 

MHCII improves pMHCII APV release, ongoing work will seek to further improve pMHCII 
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yield and thermostability while we assay the relative immunological significance of APV 

formation for mRNA-based immunotherapies. 

 

2.4 Discussion 

Here, we present a new approach for generating immunomodulatory pMHCI-displaying 

APVs from non-immune cells. SCT pMHCI/EABR constructs containing a cytoplasmic 

EABR sequence47 from the human centrosomal protein CEP55 recruit ESCRT proteins 

involved in cell division and viral budding to drive efficient assembly and release of pMHCI-

displaying APVs. The lipid bilayer of the APV is expected to allow for pMHCI 

reorganization in the membrane and pMHCI clustering, both of which are considered 

important for the formation of a T cell stimulating immunological synapse. Purified 

pMHCI/EABR APVs elicited IFN-γ release from T cells, and the response was specific to T 

cells harboring the cognate TCR. 

 

Unlike previous methods that have used viral coat proteins to induce budding,32 the 

pMHCI/EABR construct does not require accessory proteins for vesicle release. 

Consequently, these pMHCI/EABR APVs could prove to be less immunogenic compared to 

other APV production methods as the pMHCI/EABR vesicles are composed of protein 

sequences already found in the human proteome. Thus, these T cell-targeting APVs, with 

putatively reduced immunogenicity and reduced potential for inducing release of IL-2 known 

for T cell proliferation and survival, could be applicable as a targeted immunosuppressive 

therapeutic for autoimmune diseases. As an example, the presenting peptides that were tested 

for SCT murine pMHCI H-2Kd in this study—NRP-V7 and IGRP206-214—are two 

therapeutically relevant epitopes for a murine type 1 diabetes (T1D) model that showed 

promise as a T1D therapeutic in vitro when formulated as SCT IGRP/H-2Kd tetramers104; 

these pMHCI complexes have also been conjugated to iron-oxide polymer nanoparticles and 

demonstrated in vivo efficacy as a targeted T1D therapy by selectively expanding the pool 

of antidiabetogenic memory-like autoregulatory CD8+ T cells,86 suggesting a potential 

clinical application for the APVs described here. 
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As we demonstrated in this study, another advantage of using the EABR sequence for 

APV budding is that pMHCI APV assembly requires expression of only a single 

pMHCI/EABR protein and the corresponding gene construct could be delivered as an mRNA 

therapeutic. Previous work has explored the use of mRNA therapeutics for multiple sclerosis 

by delivering a mRNA-LNP therapeutic coding for an autogenic peptide with the goal of 

loading and presenting that peptide on the endogenous MHC that resides on, and is often 

limited to, the surface of the cell.105 An mRNA therapeutic coding for pMHCI/EABR may 

result in increased presentation of the fully formed pMHCI complex on the cell surface in 

addition to the release of pMHCI-loaded APVs that could distribute throughout the body, 

mirroring the natural release of endogenous APVs seen during an immune response and 

potentially increasing their therapeutic effect.33 

 

The increase in purified pMHCI product resulting from the single-chain construct may be 

due to the single-chain heterotrimer’s increased stability.91 The D9 variant in particular has 

previously been shown to have increased traffic to the cell surface and maintains a steady-

state presence there by bypassing cellular quality control steps.50 This increased cell surface 

expression and stability may be acting synergistically with the EABR sequence to increase 

APV budding and release in the comparatively lower-expressing HEK293T and NMuMG 

cell lines, which would make the pMHCI/EABR APV approach particularly powerful as an 

injectable mRNA therapeutic that would likely be translated in lower-expressing primary 

cells in vivo. Future studies will investigate whether pMHCI/EABR APVs, or lipid 

nanoparticles encapsulating mRNA encoding a pMHCI/EABR construct, are effective as an 

autoimmune therapy. 

 

In summary, we present a new method for efficiently generating APVs from non-immune 

cells. We demonstrate that these APVs display complete pMHCI complexes and are capable 

of specific stimulation of cognate T cells, warranting further investigation as a potential cell-

free therapeutic strategy for targeted immunoregulation. 
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2.7 Methods 

Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

HLA-A Polyclonal Antibody Thermo Fisher Scientific Cat# PA5-29911 

RRID: AB_2547385 

Recombinant Anti-HLA-A2-peptide (SLLMWITQV) 

Complex (3M4E5) Mouse Monoclonal Antibody 

ProteoGenix Reference: 

RHM03002-100 
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Purified anti-human CD81 (TAPA-1) Antibody Biolegend Cat# 349502 

RRID: 

AB_10643417 

Biotin anti-human CD81 (TAPA-1) Antibody Biolegend Cat# 349514 

RRID: AB_2572038 

Ultra-LEAF™ Purified anti-human CD63 Antibody Biolegend Cat# 353039 

RRID: AB_2800940 

Biotin anti-human CD63 Antibody Biolegend Cat# 353017 

RRID: AB_2561675 

Goat Anti-Human IgG Fc, Multi-Species SP ads-HRP SouthernBiotech Cat# 2014-05 

RRID: AB_2795580 

Goat Anti-Mouse IgG Fc, Human/Bovine/Horse SP 

ads-HRP 

SouthernBiotech Cat# 1013-05 

RRID: AB_2794190  

 

Goat Anti-Rabbit IgG Fab, Mouse/Human SP ads-

HRP 

SouthernBiotech Cat# 4058-05 

RRID: AB_2795982 

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 

Secondary Antibody, Alexa Fluor™ Plus 488 

Thermo Fisher Scientific 

 

Cat# A32731 

RRID: AB_2633280 

Goat anti-Mouse IgG (H+L), Superclonal™ 

Recombinant Secondary Antibody, Alexa Fluor™ 

Plus 488 

Thermo Fisher Scientific Cat# A55058 

RRID: AB_2921066 

MHC Class I (H-2Kd/H-2Dd) Monoclonal Antibody 

(34-1-2S) 

Thermo Fisher Scientific Cat# 14-5998-82 

RRID: AB_467822 

MHC Class I (H-2Kd/H-2Dd) Monoclonal Antibody 

(34-1-2S), Biotin 

Thermo Fisher Scientific Cat# 13-5998-82 

RRID: AB_466872 

beta-2 Microglobulin Monoclonal Antibody (34) Thermo Fisher Scientific Cat#: MA5-36022 

RRID: AB_2866634 

6 nm Colloidal Gold AffiniPure™ Goat Anti-Rabbit 

IgG (H+L) (EM Grade) 

Jackson ImmunoResearch Cat# 111-195-144 

RRID: AB_2338015 

Bacterial and virus strains  

E. coli DH5 Alpha Zymo Research Cat# T3009 

Chemicals, peptides, and recombinant proteins   

Luria Broth Base (Miller's LB Broth Base), powder Thermo Fisher Scientific Cat# 12795084 

Dulbecco’s Modified Eagle 

Medium (DMEM) 

Gibco Cat# 11995-065 

Fetal bovine serum (FBS) R&D Systems Cat# S12450H 

Penicillin-Streptomycin Gibco Cat# 15-140-122 

FuGENE® HD Transfection Reagent Promega Cat# E2311 

OPTI-MEM I Reduced Serum Medium Gibco Cat# 31985-062 

Expi293 Expression Medium Gibco Cat# A14351-01 

Expi293 Transfection Kit Gibco Cat# A14524 

mMESSAGE mMACHINE™ T7 Transcription Kit Invitrogen Cat# AM1344 

MEGAclear™ Transcription Clean-Up Kit Invitrogen Cat# AM1908 

RiboRuler High Range RNA Ladder Thermo Fisher Scientific Cat# SM1821 

RNase AWAY™ Surface Decontaminant Thermo Fisher Scientific Cat# 21-402-178 

SeeBlue Plus2 Prestained Standard Thermo Fisher Scientific Cat# LC5925 

NuPAGE™ LDS Sample Buffer Thermo Fisher Scientific Cat# NP0007 

20X Bolt™ MES SDS Running Buffer Thermo Fisher Scientific Cat# B0002 

NucleoBond™ Xtra Maxi Plus Macherey-Nagel Cat# 12758412 
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Zyppy Plasmid Miniprep Kit Zymo Research Cat# D4019 

Sucrose Sigma-Aldrich Cat# S5016-1KG 

NaCl Fisher Scientific Cat# BP358-212 

Sodium hydroxide Macron Chemicals Cat# 7708-10 

Sodium bicarbonate Macron Chemicals Cat# 7412-12 

Sodium phosphate dibasic Sigma-Aldrich Cat# 04272-1KG 

Tris-HCl Fisher Scientific Cat# BP153-1 

TWEEN® 20 Sigma-Aldrich Cat# P1379-500ML 

BSA Sigma-Aldrich Cat# B4287-5G 

Trypsin Gibco Cat# 25200-056 

L-glutamine Gibco Cat# 25030-149 

Phytohemagglutinin, M form Gibco Cat# 10576015 

Paraformaldehyde 16% Aqueous Solution EM Grade Electron Microscopy 

Sciences 

Cat# 15710 

Uranyl Formate Electron Microscopy 

Sciences 

Cat# 22451 

Biotinylated NYESO1-HLA-A*02:01 monomer NIH Tetramer Core 

Facility at Emory 

Task order# 73345 

Unlabeled NYESO1-HLA-A*02:01 monomer NIH Tetramer Core 

Facility at Emory 

Task order# 74599 

Unlabeled NYESO1-HLA-A*02:01 tetramer NIH Tetramer Core 

Facility at Emory 

Task order# 73346, 

78618 

1-Step™ Ultra TMB-ELISA Substrate Solution Thermo Fisher Scientific Cat# 34029 

EZ-Link NHS-PEG4 Biotinylation Kit Thermo Fisher Scientific Cat# 21455 

Streptavidin (HRP) Abcam Cat# AB7403 

Critical commercial assays 

Human IFN-γ Single-Color ELISPOT- Rapid ImmunoSpot Cat# hIFNgp-1M/5-

Rapid 

Human IFN-γ / IL-10 / IL-2 Three-Color Fluorospot ImmunoSpot Cat# hT3025Fp 

Bolt™ Bis-Tris Plus Mini Protein Gels, 4-12%, 1.0 

mm, WedgeWell™ format 

Thermo Fisher Scientific Cat# NW04120BOX 

iBlot2 NC Mini Stacks Thermo Fisher Scientific Cat# IB23002 

iBind Cards Thermo Fisher Scientific Cat# SLF1010 

iBind Flex Fluorescent Detection (FD) Solution Kit Thermo Fisher Scientific Cat# SLF2019 

iBlot2 Gel Transfer Device Thermo Fisher Scientific Cat# IB21001 

Experimental models: Cell lines 

HEK293T cells 106 RRID:CVCL_0063 

Expi293F cells Gibco RRID:CVCL_D615 

NMuMG cells ATCC CRL-1636 

Recombinant DNA 

HLA-A2-peptide (SLLMWITQV) Complex 

(3M4E5) Human Monoclonal Antibody heavy 

chain 

94 https://patentscope.

wipo.int/search/en/d

etail.jsf?docId=EP3

2586798 

HLA-A2-peptide (SLLMWITQV) Complex 

(3M4E5) Human Monoclonal Antibody light chain 

94 https://patentscope.w

ipo.int/search/en/deta

il.jsf?docId=EP3258

6798 
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p3BNC-SARS-CoV-2 S-2P-DCT-EABR (a.k.a. 

SARSCoV2-S/EPM/EABR) 

47 doi:10.1016/j.cell.20

23.04.024 

D1 SCT MART1/ HLA-A*02:01 This paper N/A 

D1 SCT MART1/ HLA-A*02:01/EABR This paper N/A 

D9 SCT MART1/ HLA-A*02:01 This paper N/A 

D9 SCT MART1/ HLA-A*02:01/EABR This paper N/A 

D1 SCT NYESO1/ HLA-A*02:01 This paper N/A 

D1 SCT NYESO1/HLA-A*02:01/EABR This paper N/A 

D9 SCT NYESO1/ HLA-A*02:01/MHCI This paper N/A 

D9 SCT NYESO1/ HLA-A*02:01/EABR This paper N/A 

NYESO1/β2M This paper N/A 

β2M This paper N/A 

D9 SCD β2M/ HLA-A*02:01 This paper N/A 

D9 SCD β2M/ HLA-A*02:01/EABR This paper N/A 

D9 HLA-A*02:01 HC This paper N/A 

D9 HLA-A*02:01 HC/EABR This paper N/A 

CD81 This paper N/A 

CD81/EABR This paper N/A 

CD63 This paper N/A 

CD63/EABR This paper N/A 

NRP-V7/H-2Kd This paper N/A 

NRP-V7/D9_H-2Kd This paper N/A 

IGRP/H-2Kd This paper N/A 

IGRP/D9_H-2Kd This paper N/A 

NYESO1/D9/H-2Db This paper N/A 

NYESO1/D9/H-2Db/EABR This paper N/A 

NYESO1/D9/H-2Kb This paper N/A 

NYESO1/D9/H-2Kb/EABR This paper N/A 

Software and algorithms 
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Other 

Amicon Ultra-15 100 kDa MWCO 

Centrifugal Filter Unit 

EMD Millipore Cat# UFC910096 

Amicon Ultra-4 10 kDa MWCO 

Centrifugal Filter Unit 

EMD Millipore Cat# UFC801024 

Nanosep with 100K Omega Pall Life Sciences Cat# OD100C34 

Erlenmeyer cell culture flasks - 500mL Corning Cat# 431145 

6-well Clear Flat Bottom TC-treated Multiwell Cell 

Culture Plate, with Lid 

Falcon Cat# 353046 

30 mL BD Luer-Lok™ Syringe BD Cat# 302832 

3 mL BD Luer-Lok™ Syringe BD Cat# 309657 

AirOtop enhanced seal for 125 ml ultra yield flask VWR Cat# 899421 

Costar® Spin-X® Centrifuge Tube Filters, 0.22 µm 

Pore CA Membrane 

Corning Cat# 8160 

Polycarbonate centrifuge tubes Beckman Coulter Cat# 349622 

https://imagej.net/
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0.45um syringe filter Corning Cat# 431220 

0.2um syringe Filter VWR Cat# 28143-300 

Nalgene™ Rapid-Flow™ Sterile Disposable Filter 

Unit - 0.45um 

Thermo Fisher Scientific Cat# 156-4045 

Costar high binding plates, 96-well Corning Cat# 9018 

TempPlate Sealing Foil USA Scientific Cat# 2923-0100 

HiTrap MabSelect Cytiva Cat# 28408253 

Superose 6 Increase 10/300 column Cytiva Cat# 29-0915-96 

HiLoad 16/600 Superdex 200 column Cytiva Cat# 28-9893-35 

Formvar/Carbon 300 Mesh grids Electron Microscopy 

Sciences 

Cat# FCF300-Cu-50 

 

Experimental Model and Subject Details 

Bacteria 

E. coli DH5 Alpha cells (Zymo Research) used for expression plasmid productions were 

cultured in LB broth (Sigma-Aldrich) with shaking at 225 rpm at 37 °C. Plasmids were 

purified for transfection using Zymogen miniprep kits (Zymo Research) or maxiprep kits 

(Macherey-Nagel). 

 

Cell lines 

HEK293T cells plated in 6-well plates (Falcon) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, R&D Systems) and 1 U/mL penicillin-streptomycin (Gibco) at 37 °C and 5% 

CO2. Transfections were carried out with FuGENE transfection reagent (Promega) diluted 

in Opti-MEM (Gibco). Expi293F cells (Gibco) for APV expression and antibody expression 

were maintained at 37 °C and 8% CO2 in Expi293 expression medium (Gibco). Transfections 

were carried out with an Expi293 Expression System Kit (Gibco). Falcon tubes sealed with 

AirOtops (VWR) or culture flasks (Corning) containing Expi293F cells were maintained 

under shaking at 470 rpm for 10-30 mL transfections and 130 rpm for transfections larger 

than 30 mL. Expi293F and HEK293T cell lines were derived from female donors and were 

not specially authenticated. NMuMG cells plated in 6-well plates (Falcon) were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-

inactivated fetal bovine serum (FBS, R&D Systems) and 10 ug/mL insulin (Gibco) at 37 °C 

and 5% CO2. Transfections were carried out with Invitrogen Lipofectamine MessengerMAX 



 

 

48 

Transfection Reagent  (Invitrogen) diluted in Opti-MEM (Gibco). Transfection mRNA 

was synthesized using the mMessage mMachine T7 Transcription Kit (Invitrogen) and 

purified with the MEGAclear™ Transcription Clean-Up Kit (Invitrogen) according to the 

manufacturer’s instructions. 

 

T cells 

T cells were isolated from human donor whole blood samples by negative selection using 

the RosetteSep Human T Cell Enrichment Cocktail Kit (STEMCELL Technologies). 

Isolated T cells were seeded in a fresh complete ImmunoCult™-XF T cell expansion medium 

(STEMCELL Technologies) at 1 x 106 cells/mL with 2 μL/mL ImmunoCult™ human 

CD3/CD28 T cell activator. T cells were activated for 3 days and expanded for up to 12 days 

by changing into fresh expansion medium every 2-3 days. All cells were cultured in 

incubators at 37 °C and 5% CO2. 

 

Design of EABR constructs 

The EABR sequence was identical to the sequence used by Hoffmann et al. to create SARS-

CoV2-S eVLPs.47 Briefly, the EABR domain (residues 160-217) of the human CEP55 

protein was fused to the C-terminus of the SCT MART1/HLA-A*02:01 α chain separated 

by a (Gly)3Ser (GS) linker to generate “D1” and “D9” single-chain heterotrimer pMHCI 

constructs inserted in the p3BNC expression plasmid. To generate the “D1” SCT construct, 

the N-terminus of the HLA-A*02:01 α chain was extended with a 4x(G4S) linker connecting 

to the C-terminus of β2M, which was itself extended at its N-terminus by a 3x(G4S) linker 

connecting to either the 10-mer MART1 (ELAGIGILTV) or 9-mer NYESO1 

(SLLMWITQV) cancer-related peptides to make a single-chain heterotrimer (SCT)91 (Fig. 

2.1B). To generate the SCT “D9” construct, the “D1” SCT construct was edited with Y84C 

and A139C substitutions.50 

 

The “single-chain dimer” (SCD) construct removed both the peptide and the 3x(G4S) linker 

between the peptide and β2M of the “D9” SCT construct. The “heavy chain” (HC) construct 

removed the peptide, the 3x(G4S) linker between the peptide and β2M, β2M, and the 4x(G4S) 
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linker between β2M and the MHCI heavy chain of the “D9” SCT construct (Fig. 2.2C). 

Both the SCD and HC constructs were inserted in p3BNC expression plasmids. 

 

Murine SCT MHCI H-2Kd was constructed similar to the human D1 SCT HLA-A*02:01 

design, with either an NRP-V7 or IGRP206-214 presenting peptide fused to a 3x(Gly4Ser) 

linker, murine β2M, a 4x(Gly4Ser) linker, and the H-2Kd heavy chain, i.e., NRP-V7/H-2Kd 

and IGRP206-214/H-2Kd, respectively. The chimeric human/mouse MHCI HLA-A2/H-2Db 

and HLA-A2/H-2Kb were designed according to the D9 SCT design, with an NYESO1 

presenting peptide fused to a 3x(Gly4Ser) linker, human β2M, a 4x(Gly4Ser) linker, and a 

chimeric MHCI α chain composed of the extracellular α1 and α2 domains of human 

Y84A,A139C HLA-A*02:01 heavy chain and the α3, transmembrane, and cytoplasmic 

domains of murine H-2Kb or H-2Db heavy chain, i.e., NYESO1/A2_D9/H-2Db and 

NYESO1/A2_D9/H-2Kb, respectively. Murine and chimeric human/murine SCT pMHCI 

constructs were inserted into the p3BNC expression plasmid. 

 

Production of EABR APVs 

EABR APVs were generated by one of three means: 1) transfecting Expi293F cells (Gibco) 

cultured in Expi293F expression media (Gibco) on an orbital shaker at 37 °C and 8% CO2 

with plasmid DNA pre-filtered through 0.22 µm Spin-X filters (Corning); 2) transfecting 

HEK293T cells cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich) and 1 

U/ml penicillin-streptomycin (Gibco) at 37 °C and 5% CO2. 3) transfecting NMuMG cells 

cultured in Dulbecco’s modified Eagle’s medium with 4.5 g/L glucose (DMEM, Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich) and 

10ug/mL insulin at 37 °C and 5% CO2. 72 hours post-transfection, cells were centrifuged at 

1000 x g for 10 min, supernatants were passed through a 0.45 um filter (Corning) with Luer-

Lok syringes (BD) or a 0.45 um vacuum filter (Thermo Fisher Scientific), and concentrated 

using Amicon Ultra-15 centrifugal filters with 100 kDa molecular weight cut-off (Millipore). 

APVs were purified by ultracentrifugation at 50,000 rpm (135,000 x g) for 2 hours at 4 °C 

using a TLA100.3 rotor and an OptimaTM TLX ultracentrifuge (Beckman Coulter) on a 
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20% w/v sucrose cushion in polycarbonate centrifuge tubes (Beckman Coulter). 

Supernatants and the sucrose cushion were removed, and pellets were re-suspended in 200 

uL sterile pH 7.4 PBS at 4 °C overnight. To remove residual cell debris, re-suspended 

samples were transferred to microcentrifuge tubes and centrifuged at 10,000 x g for 10 min; 

clarified supernatants were collected for subsequent ELISA, DLS, and western blot assays. 

For immuno-EM grid preparations, quantitative western blots, and ELISPOT assays, APVs 

were further purified by SEC using a Superose 6 Increase 10/300 column (Cytiva) 

equilibrated with pH 7.4 PBS. Peak fractions in the void volume corresponding to pMHCI 

APVs were combined and concentrated to 250-500 uL in Amicon Ultra-4 centrifugal filters 

with 100 kDa molecular weight cut-off (Millipore) or Nanosep with 100K Omega centrifugal 

filters (Pall). Samples were stored at 4 °C and imaged directly after purification. 

 

Transduction of TCRs in PBMC 

Peripheral blood mononuclear cells (PBMCs) were isolated and processed following a 

previously published protocol with some modifications.107 The MSGV retroviral backbone 

was utilized to overexpress the target T cell receptors (TCRs) with a truncated human nerve 

growth factor receptor (tNGFR) serving as the transduction marker. TCR alpha and beta 

chains were expressed with a F2A linker to maintain approximately equal copy numbers. To 

reduce mispairing with endogenous human TCRs, the human TCR constant regions were 

replaced with murine constant regions. Commercially obtained, cryopreserved PBMCs from 

healthy donors (AllCells) were revived in T cell media (TCM) comprising AIM V media 

(Thermo Fisher, #12055-091), 5% Human AB serum (Omega Scientific), 50 U/mL human 

recombinant IL-2 (Peprotech, #200-02), 1 ng/mL human recombinant IL-15 (Peprotech, 

#200-15), 1X Glutamax (Thermo Fisher, 35050-061), and 50 μM β-mercaptoethanol. These 

cells were mixed with CD3/CD28 dynabeads (Thermo Fisher, #11132D) at a concentration 

of 25 µL beads per million PBMCs and incubated overnight at 37°C and 5% CO2 (day 0). 

On days 1 and 2, TCR-expressing retroviral supernatant was added at a ratio of 2 mL per two 

million PBMCs, followed by a 90-minute spin infection at 1,350 x g and 30°C. Excess 

retrovirus was removed on day 3 with a phosphate-buffered saline (PBS) wash, and cells 

were resuspended in TCM. CD3/CD28 dynabeads were removed using magnets on day 5, 
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and PBMCs were maintained in TCM at a concentration of one million cells per mL. Cell 

phenotypes (CD3, CD8), transduction efficiency (NGFR) and TCR membrane trafficking 

(murine TCRβ or mTCRb) were assessed using flow cytometry on day 7. For long-term 

storage, transduced PBMCs were preserved in CryoStor CS10 serum-free cryopreservation 

medium (STEMCELL Technologies #07930) at -80°C overnight before transferring to liquid 

nitrogen. 

 

Antibody Expression 

Anti-HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) antibody was made in-house by 

expressing the heavy chain and light chain of the 3M4E5 antibody at a 1.5:1 plasmid ratio in 

Expi293F cells.94 Supernatant from the transiently-transfected Expi293F cells (Gibco) was 

separated from the cells by pelleting at 3500g for 15 minutes and filtering the clarified 

supernatant through a 0.2 um syringe filter (VWR) or 0.45 um vacuum filter unit (Thermo 

Fisher Scientific). The filtered supernatant was further purified using Fc-affinity 

chromatography (HiTrap MabSelect, Cytiva) and SEC (HiLoad 16/600 Superdex 200 

column, Cytiva). Peak fractions corresponding to purified antibody proteins were pooled, 

concentrated, and stored at 4 °C. Biotinylated antibodies for ELISAs were generated and 

purified using an EZ-Link biotinylation kit (Thermo Fisher Scientific). The in-house 

generated antibody was compared to a commercially available 3M4E5 antibody 

(RHM03002-100; ProteoGenix) with ELISA and showed identical performance (data 

available upon request). 

 

Western blot analysis 

The presence of HLA-A on purified APVs was detected by Western blot analysis. Samples 

were diluted in NuPage SDS-PAGE loading buffer (Thermo Fisher Scientific) under 

reducing conditions, separated on Bolt™ Bis-Tris Plus Mini Protein Gels, 4-12% (Thermo 

Fisher Scientific), and transferred to nitrocellulose membranes in the form of an iBlot2 NC 

Mini Stack (Thermo Fisher Scientific) using the iBlot2 Gel Transfer Device (Thermo Fisher 

Scientific). Nitrocellulose membranes from the stack were transferred to water for 1-5 

minutes, then transferred to Flex FD solution (Thermo Fisher Scientific), before placing on 
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an iBind card (Thermo Fisher Scientific) for staining with antibodies per the iBlot2 

protocol. The following antibodies were used for detecting pMHCI: rabbit anti-HLA-A 

protein (PA5-29911; Thermo Fisher Scientific) at 1:1,000, mouse anti-β2M protein (MA5-

36022; Thermo Fisher Scientific) at 1:1,000, Alex488-conjugated goat anti-rabbit IgG 

(A32731; Thermo Fisher Scientific) at 1:1,000, and Alex488-conjugated goat anti-mouse 

IgG (A55058; Thermo Fisher Scientific) at 1:1,000. Protein was compared to a SeeBlue 

Plus2 Prestained protein ladder (Thermo Fisher Scientific). For T cell studies, the amount of 

MHCI on APVs was determined by quantitative Western blot analysis. Various dilutions of 

SEC-purified pMHCI APV samples and known amounts of soluble, biotinylated pMHCI 

protein (NIH Tetramer Core Facility at Emory) were separated by SDS-PAGE and 

transferred to nitrocellulose membranes as described above. Band intensities of the pMHCI 

standards and pMHCI APV sample dilutions were measured using ImageJ to determine 

MHCI concentrations. 

 

Mass Spectrometry 

Expi293F cells were DNA transfected with NYESO1/D9/EABR or NYESO1/D9 pMHCI 

constructs, and supernatant was concentrated using 100kDa MWCO (EMD Millipore; 

#UFC910096) to be ultracentrifuged on a 20% w/v sucrose cushion before SEC purification. 

Elution volumes corresponding with extracellular vesicles (Fig. 2.1D) were collected, 

digested with trypsin, and run on an Orbitrap Eclipse Tribrid Mass Spectrometer. Proteins 

were searched and identified against the human proteome using Proteome Discoverer 3.2. 

 

Immuno-EM of pMHCI/EABR APVs 

SEC-purified MART1/MHCI/EABR APVs were prepared on grids for negative stain 

transmission electron microscopy at room temperature. Formvar/Carbon 300 Mesh grids 

(Electron Microscopy Sciences) were first glow discharged. 20 uL of purified sample was 

pipetted onto paraffin, glow discharged formvar/carbon 300 mesh grids were placed on the 

droplet of sample for 5 minutes, then gently wicked away by dabbing the edge of the grid on 

filter paper. The grids were then placed on a 20uL droplet of 1% paraformaldehyde (Electron 

Microscopy Sciences) in pH 7.4 PBS for 10 minutes, and subsequently wicked away. Grids 
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were washed three times by placing the grids on droplets of pH 7.4 PBS for 5 minutes, and 

wicking away the PBS with filter paper after each wash. Grids were then blocked by placing 

the grids on droplets of 5% FBS diluted in pH 7.4 PBS for one hour. Blocking solution was 

wicked away from the grids, and the grids were then placed on droplets of rabbit anti-HLA-

A antibody (PA5-29911; Thermo Fisher Scientific) diluted 1:100 dilution in 5% sucrose, 5% 

FBS pH 7.4 PBS for 2 hours; to prevent drying of the primary antibody solution, the grids 

were placed in a humidified chamber made from wet paper towels folded under a pyrex glass 

dish. Grids were again washed three times by placing the grids on droplets of pH 7.4 PBS 

for 10 minutes, and wicking away the PBS with filter paper after each wash. The grids were 

then placed on droplets of 6 nm colloidal gold goat anti-rabbit antibody (PA5-29911; Thermo 

Fisher Scientific) diluted 1:20 dilution in 5% sucrose, 5% FBS pH 7.4 PBS for 1 hour. Grids 

were then washed three times, ten minutes per wash with pH 7.4 PBS, wicking away the PBS 

after the ten minute wash each time. Finally, the grid was placed on a droplet of 1.5% uranyl 

formate (Electron Microscopy Sciences), prepared fresh within 1 week of use, for 1 minute. 

The excess uranyl formate was wicked away and the grid was left to air dry for 30 minutes 

before storing at room temperature away from light. Imaging of the grids was performed on 

a FEI Tecnai T12 Transmission Electron Microscope within two weeks after the grids were 

prepared. 

 

Indirect ELISA 

96-well plates (Corning) were coated with APV samples diluted 1:10 or 1:4 or 1:1, 4-fold 

serially diluted in sterile 0.1 M NaHCO3 pH 9.6, and sealed with TempPlate sealing foil 

(USA Scientific) overnight at 4 °C. Plates were emptied and blocked with TBS-T/3% BSA 

(Sigma-Aldrich) for at least 30 minutes. Plates were again emptied, and 5 ug/mL of primary 

antibody diluted in TBS-T/3% BSA was added to the plates. The following were used as 

primary antibodies for detecting pMHCI: rabbit anti-HLA-A antibody (PA5-29911; Thermo 

Fisher Scientific), mouse anti-HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) 

antibody (RHM03002-100; ProteoGenix), mouse anti-H-2Kd antibody (14-5998-82; 

Thermo Fisher Scientific). 
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After a 2-hour incubation at room temperature, plates were emptied, washed three times 

with TBS-T, and 5 ug/mL of HRP-conjugated secondary antibody diluted in TBS-T/3% BSA 

was added to the plates for 30 minutes at room temperature. The following were used as 

secondary antibodies: HRP-conjugated goat anti-rabbit IgG (4058-05; Southern Biotech) at 

1:2,000, HRP-conjugated goat anti-mouse IgG (1013-05; Southern Biotech) at 1:2,000. 

 

After washing three times with TBS-T, plates were developed using 1-Step™ Ultra TMB-

ELISA Substrate Solution (Thermo Fisher Scientific) and absorbance was measured at 450 

nm. Standard 4-parameter sigmoidal binding curves were calculated using GraphPad Prism 

10.3.1 without any further editing. 

 

Sandwich ELISA 

96-well plates (Corning) were coated with 5 ug/mL of mouse anti-HLA-A2-peptide 

(SLLMWITQV) Complex (3M4E5) antibody (RHM03002-100; ProteoGenix) or in-house-

made anti-HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) antibody diluted in sterile 

0.1 M NaHCO3 pH 9.6, and sealed with TempPlate sealing foil (USA Scientific) overnight 

at 4 °C. Plates were emptied and blocked with TBS-T/3% BSA for at least 30 minutes. Plates 

were again emptied, and APV samples diluted 1:10 or 1:4, 4-fold serially diluted in TBS-

T/3% BSA were added to the plates. After a 2-hour incubation at room temperature, plates 

were emptied, and 5 ug/mL of biotinylated detection antibody diluted in TBS-T/3% BSA 

was added to the plates. 5 ug/mL of biotinylated (Thermo Fisher Scientific) mouse anti-

HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) antibody (RHM03002-100; 

ProteoGenix) or in-house-generated human anti-HLA-A2-peptide (SLLMWITQV) 

Complex (3M4E5) antibody was used as a capture antibody. After another 2-hour incubation 

at room temperature, plates were washed three times with TBS-T. HRP-conjugated 

streptavidin (Abcam) was diluted to manufacturer’s recommendations in TBS-T/3% BSA 

and added to plates for 30 minutes at room temperature. After washing three times with TBS-

T, plates were developed using 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo 

Fisher Scientific) and absorbance was measured at 450 nm. Standard 4-parameter sigmoidal 

binding curves were calculated using GraphPad Prism 10.3.1 without any further editing. 
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ELISPOT 

1G4 T cells were centrifuged at 300g for 10 min, and resuspended in CTL-TestTM media 

(ImmunoSpot) containing 1% L-glutamine (Gibco) for ELISPOT analysis to evaluate T cell 

responses. APVs were added to human IFN-g single-color ELISPOT plates (ImmunoSpot) 

and 10-fold serially diluted. Phytohemagglutinin (Gibco) was added in a separate well at a 

final concentration of 1.5% as a positive control. 100,000 cells were added per well, and 

plates were incubated at 37 °C in 8% CO2 for 24 hours. Biotinylated detection, streptavidin-

alkaline phosphatase (AP), and substrate solutions were added according to the 

manufacturer’s guidelines. Plates were gently rinsed with water three times to stop the 

reactions. Plates were air-dried for two hours in a running laminar flow hood. The number 

of spots and the mean spot sizes were quantified using a CTL ImmunoSpot S6 Universal-V 

Analyzer (Immunospot). 

 

Quantification and Statistical Analysis 

ELISA serial dilutions were plotted by fitting a standard sigmoidal four parameter logistic 

curve without weighting or special handling of outliers using Graphpad Prism 10.3.1. 

Statistical significance in IFN-γ ELISPOT data was calculated using multiple unpaired t-tests 

with Welch correction and Holm-Šídák’s multiple comparison tests to obtain adjusted p-

values in Graphpad Prism 10.3.1; adjusted p-values are reported for comparisons of the 

maximum concentrations. Statistical significance in IL-2 ELISPOT data was calculated 

using two-tailed unpaired t-tests with Welch’s correction to obtain p-values in Graphpad 

Prism 10.3.1. 
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C h a p t e r  3  

FUNCTIONALIZING HYDROGELS WITH ESCRT-MEDIATED 

VESICLES IMPROVES T CELL CAPTURE & ACTIVATION FOR HIGH-

THROUGHPUT SCREENING 

Adapted from: 

 

Olson, B. A., Mellody, M., Soemardy, C., Mao, Z., Mei, A., Lippert, K., Hoffmann, M. A. 

G., Carlo, D. D., & Mayo, S. L. (2025). Functionalizing hydrogel nanovials with vesicles 

mimicking antigen-presenting vesicles and cancer exosomes improves T cell capture and 

activation. bioRxiv, 2025.2006.2024.661128. https://doi.org/10.1101/2025.06.24.661128  

 
3.1 Abstract 

Recent advances have demonstrated the application of microcavity-containing hydrogel 

microparticles, known as nanovials, for the massively parallel and high-throughput screening 

of therapeutic T cell populations for adoptive cell therapies. Nanovial cavities coated with 

peptide-MHC (pMHC) or antigen tetramers selectively bind to their cognate T cell receptor 

(TCR) or chimeric antigen receptor (CAR) to activate T cells and capture secreted cytokines. 

However, binding of tetramers or recombinantly expressed antigen by T cells is not always 

correlated with T cell activation or cytotoxicity as the binding interface is not fully 

representative of the natural immunological synapse formed between T cells and professional 

antigen-presenting cells (APCs). Here, we leverage the recent discovery of an ESCRT- and 

ALIX-binding region (EABR) sequence to generate antigen-presenting vesicles and cancer-

mimicking exosomes from standard HEK293T and Expi293F cell cultures. EABR-mediated 

vesicles present natural, full-length oncologically-relevant membrane proteins embedded in 

lipid bilayers to functionalize the nanovial cavity with cell-like membranes. These hydrogel 

nanovials functionalized with the EABR-mediated vesicles show improved T cell capture of 

1G4 T cells and enhanced activation of HER2 CAR-T cells compared to hydrogel surfaces 

functionalized with recombinantly-expressed soluble proteins. 
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3.2 Introduction 

Adoptive cell therapy has shown remarkable effectiveness in the treatment of advanced 

hematological malignancies, and chimeric antigen receptor (CAR) T cell therapy has 

achieved high rates of complete recovery in patients with treatment-resistant, relapsed or 

refractory B cell malignancies108-113. However, a major hurdle in developing effective 

immunotherapies is the identification of reactive TCRs or CARs that can recognize targets 

with sufficient affinity, selectivity, and potency114. Further, the T cells that are identified to 

harbor a reactive TCR of sufficient affinity are often limited by suboptimal ex vivo T cell 

expansion rates and final T cell products ultimately have dysfunctional or limited clinical 

functionality115,116. Current tools for enriching and screening promising T cell populations 

typically rely on TCR or CAR affinity by staining with peptide-MHC (pMHC) or antigen 

tetramers. However, binding of multimers to T cells is not always correlated with T cell 

activation or cytotoxicity117 as the context in which these pMHC signals are presented is 

understandably not representative of how they are naturally presented by professional 

antigen-presenting cells (APCs) or cancer cells.60 

 

To efficiently screen through a pool of T cells and identify those with therapeutic potential, 

Koo and Mao et al. recently reported a high-throughput approach to selectively capture single 

antigen-specific T cells in cavity-containing hydrogel microparticles118, called nanovials.119 

Each nanovial acts as both an artificial APC that presents pMHC molecules to activate cells 

with cognate TCRs, and as a capture site for secreted effector molecules, such as IFN-γ and 

granzyme B, that enable high-throughput sorting of therapeutically relevant T cells by flow 

cytometry. While this capture and activation method was successful in isolating previously 

unidentified reactive T cells, we hypothesized that improved selection and activation would 

be possible by incorporating the immune-activating signaling molecules into lipid 

membranes with high fluidity. Signaling molecules in lipid membranes with high fluidity 

have been shown to activate T cells better than membranes with low fluidity85 due to the 

improved ability to facilitate receptor clustering in the supramolecular activation complex, 

or “immunological synapse”, that forms between an APC and a T cell during antigen 

presentation and subsequent immune activation60. 
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To recreate the potential benefits of these physiological lipid bilayers, researchers have 

previously imbued bioinert materials with bioactive cell-like membranes through extrusion, 

sonication, or centrifugation, which typically involve coating with non-specific cell lysates 

and may be difficult to achieve with heterogenous surfaces120. Recently, synthetic liposomes 

were coated on mesoporous silica micro-rods121 to generate supported lipid bilayers 

harboring combinations of biotinylated T cell activation cues, such as pMHC and αCD28 

antibodies, for the rapid expansion of highly functional T cells; while this method enabled 

biotinylated signaling molecules to have membrane fluidity for improved T cell activation, 

a known limitation of this approach is that many membrane proteins may be insoluble or 

display altered or absent activities if synthesized recombinantly outside of a lipid 

bilayer122,123; thus, an ideal functionalization strategy would allow for natural, full-length cell 

membrane proteins embedded in highly fluid lipid bilayers to coat the surface of the intended 

bioactive material without the need for recombinant expression of a soluble protein for 

surface conjugation. Accordingly, extracellular vesicles featuring natural, full-length 

membrane proteins have been increasingly pursued as a coating for biomaterials with 

successes seen in both tissue engineering124-126 and immunomodulatory127-130 settings. 

However, an ongoing struggle with natural extracellular vesicles is that their low expression 

yield131 and the heterogeneity of their protein composition132 precludes reliable 

experimentation and manufacturing. The surface density of certain immunoregulatory 

proteins, for example, is a critical parameter for immune activation101, as previous studies 

have demonstrated that exosomes or cell sonicates must be derived from APCs that express 

a high density of pMHCI and CD80/CD54 complexes to induce T cell responses133. 

 

Here, we demonstrate the expression and purification of high concentrations of extracellular 

vesicles that are densely coated with desired compositions of immunoregulatory membrane 

proteins, which we then use to functionalize the surfaces of nanovial cavities for improved T 

cell capture and activation. As initially described by Hoffmann et al., vesicles are generated 

by transfecting standard HEK293T and Expi293F cell cultures with protein constructs 

containing an appended ESCRT- and ALIX-binding region (EABR) sequence47 to the 
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cytoplasmic tail of the full-length membrane protein; this EABR sequence recruits ESCRT 

proteins to induce the budding of extracellular vesicles that can optionally mimic cancer-

derived HER2-presenting extracellular vesicles or antigen-presenting vesicles (APVs)134 co-

presenting both pMHCI and the immunoregulatory proteins CD274, CD83, or CD80. As a 

demonstration of the biological relevance of these engineered extracellular vesicles for 

advancing adoptive cell therapies, we show the facile coating of heterogeneous surfaces of 

microparticle hydrogel nanovials with these engineered extracellular vesicles to improve the 

loading and activation of therapeutically-relevant T cells when compared to their soluble 

recombinantly expressed variants. T cells captured in these nanovials can be isolated for 

further downstream analysis, enabling both improved high-throughput single cell discovery 

of T cells with therapeutic potential as well as future single cell studies of extracellular vesicle 

membrane protein composition on T cell activation and differentiation. 

 

3.3 Results 

3.3.1. Hydrogen nanovials enable single-cell comparison of T cell activation by 

extracellular vesicles 

Recent work by Hoffmann et al. demonstrated a generalizable method for inducing the 

release of transfected membrane proteins on densely coated, cell-derived extracellular 

vesicles47. Appending an endosomal sorting complex required for transport (ESCRT)- and 

ALG-2-interacting protein X (ALIX)- binding region (EABR) to the cytoplasmic tail of 

membrane proteins directly recruits the ESCRT machinery and induces the release of 

vesicles displaying the EABR-tagged protein (Fig. 3.1A). Transfecting common HEK293T 

or Expi293F cell cultures with DNA plasmids encoding EABR-tagged membrane proteins 

generates vesicles that can be purified from the cell culture supernatant by ultracentrifugation 

on a 20% sucrose gradient as is typical for the purification of viral particles and exosomes92 

(Fig. 3.1B). We hypothesized that these cell-derived extracellular vesicles would activate T 

cells more strongly than soluble protein by presenting cancer antigens and pMHCI 

complexes in a more physiologically-relevant format. 
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To evaluate the performance of these engineered extracellular vesicles for cell capture and 

activation, structured hydrogel microparticles, or “nanovials”119, were manufactured to hold 

single cells in inner cavities functionalized with the EABR-mediated extracellular vesicles 

(Fig. 3.1C). Briefly, a microfluidic device generates uniform water-in-oil emulsions, where 

aqueous two-phase separation of polyethylene glycol (PEG) and gelatin occurs to create 

millions of monodisperse PEG-based nanovials with an inner cavity selectively coated with 

biotinylated gelatin. Multiple biotinylated antibodies or peptide-MHC (pMHC) monomers 

with epitopes of interest can be flexibly linked to the cavity’s interior through streptavidin-

biotin noncovalent interactions118. These antibodies can be used for non-specific T cell 

capture (e.g. CD45), for capture of T cell activation cytokines (e.g. IFN-γ), or for capture of 

EABR-mediated engineered extracellular vesicles by binding to transfected membrane 

proteins present on the surface of the vesicles (e.g. HER2, CD54, CD274, CD83, CD80, or 

pMHCI). CAR-T or T cells are captured in the cavity of nanovials by binding to the EABR-

tagged membrane proteins of the extracellular vesicles functionalizing the nanovial surface. 

Subsequent T cell activation and IFN-γ release is measured by a sandwich antibody for IFN-

γ captured in the nanovial cavity’s interior (Fig. 3.1D). Extracellular vesicles, T cells, and 

their associated secretions are then analyzed and sorted using high-throughput commercial 

flow cytometers, which can conveniently isolate therapeutically-relevant, antigen-reactive T 

cells. This massively parallel and high-throughput system provides a single-cell resolution 

of T cell activation to compare the performance of T cell capture and activation by 

extracellular vesicles versus recombinantly expressed pMHCI and cancer antigen. 
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Figure 3.1. Engineered extracellular vesicles improve single cell capture and T cell 

activation of hydrogel nanovials 

(A) Top: schematic of a plasmid construct containing a membrane protein fused to a Gly3Ser 

spacer, and an EABR vesicle-forming sequence. Bottom: schematic of membrane-bound 

protein on a cell surface containing cytoplasmic tail EABR additions that induce budding of 

a vesicle comprising a lipid bilayer with embedded membrane proteins that contain the 

EABR sequence. 
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(B) Schematic showing production and purification of the engineered EABR-mediated 

extracellular vesicles. 

(C) Post-fabrication biotinylation of hydrogel nanovials via gelatin are then functionalized 

with streptavidin, followed by biotinylated capture antibodies. Capture antibodies can be any 

protein present on the vesicle surface, including the EABR- tagged membrane protein that 

induces vesicle formation. Cells, such as CAR-T cells, bind to the captured extracellular 

vesicles within the nanovial cavity, and cell activation cytokines are captured using the 

biotinylated capture antbiodies covering the nanovial surface. 

(D) Fluorescent sandwich antibodies detect cytokines released by activated cells that are 

captured within the nanovial to enable single-cell measurements of both cell capture and cell 

activation by flow cytometry. 

 

3.2. Co-expression of SCT pMHCI/EABR and CD274, CD83, or CD80 generates 

immunoregulatory antigen-presenting vesicles 

We previously demonstrated the engineered assembly and budding of pMHCI-displaying 

APVs from the cell surface of non-immune cells by DNA transfection of an engineered 

single-chain heterotrimer (SCT) pMHCI134. Expanding on this work, we simultaneously 

transfected cell cultures with two constructs encoding a single-chain heterotrimer 

peptide:MHCI (SCT pMHCI) complex and either programmed cell death ligand 1 (PD-L1) 

CD274, immunoregulatory CD83, or the costimulatory signal CD80, each of which has been 

found previously on immune cell surfaces135, immunoregulatory APVs136, and cancer-

derived exosomes137,138 (Fig. 3.2A). Continuing from our earlier work, we utilized the “D9” 

variant of SCT pMHCI48-50, containing Y84C and A139C substitutions in the alpha heavy 

chain that were previously reported to improve both thermostability and TCR binding. 
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Figure 3.2. Co-expression of SCT pMHCI/EABR and CD274, CD83, or CD80 generates 

immunoregulatory antigen-presenting vesicles 
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(A) Schematic showing the plasmid constructs for vesicles co-presenting NYESO1/HLA-

A*0201 and either CD274, CD83, or CD80 with an “EABR” vesicle-forming sequence 

optionally appended to the cytoplasmic tail. The plasmid is transfected into HEK293T or 

Expi293F cells and vesicles are harvested as shown previously in Figure 1B. 

(B) Schematic of the assay performed for the top row of Fig. 3.2D-F). Expression of 

immunoregulatory membrane proteins CD274, CD83, or CD80 on engineered extracellular 

vesicles were captured with plated antibody, then co-presented NYESO1/HLA-A*02:01 

were detected and quantified with biotinylated anti-NYESO:HLA-A*02:01 and HRP-

conjugated streptavidin (strep-HRP). 

(C) Schematic of the assay performed for the bottom row of Fig. 3.2D-F. Identical assay to 

(B), but the capture antibody and detection antibody have been swapped. 

(D) Sandwich ELISA of APVs purified by ultracentrifugation from transfected Expi293F 

cells using anti-CD274 for capture, biotinylated anti-NYESO1:HLA-A*02:01 (3M4E5) for 

detection, and HRP-conjugated streptavidin secondary. Cells were co-transfected with SCT 

NYESO1/D9/EABR and CD274, SCT NYESO1/D9/EABR and CD274/EABR, SCT 

NYESO1/D9 and CD274/EABR, or SCT NYESO1/D9 and CD274 constructs (2 replicates 

per dilution). 

(E) Sandwich ELISA of APVs purified by ultracentrifugation from transfected Expi293F 

cells using anti-CD83 for capture, biotinylated anti-NYESO1:HLA-A*02:01 (3M4E5) for 

detection, and HRP-conjugated streptavidin secondary. Cells were co-transfected with SCT 

NYESO1/D9/EABR and CD83, SCT NYESO1/D9/EABR and CD83/EABR, SCT 

NYESO1/D9 and CD83/EABR, or SCT NYESO1/D9 and CD83 constructs (2 replicates per 

dilution). 

(F) Sandwich ELISA of APVs purified by ultracentrifugation from transfected HEK293T 

cells using anti-CD80 for capture, biotinylated anti-NYESO1:HLA-A*02:01 (3M4E5) for 

detection, and HRP-conjugated streptavidin secondary. Cells were co-transfected with SCT 

NYESO1/D9/EABR and CD80, SCT NYESO1/D9/EABR and CD80/EABR, SCT 

NYESO1/D9 and CD80/EABR, or SCT NYESO1/D9 and CD80 constructs (2 replicates per 

dilution). 



 

 

65 

(G) Nano flow cytometry (NanoFCM) of APVs purified by ultracentrifugation from 

transfected HEK293T cells, and co-stained with APC anti-CD80 and Alexa488 anti-

NYESO1:HLA-A*02:01 (3M4E5). Top-Left: Vesicles purified from HEK293T transfected 

with the MART1/D9/EABR construct were used for gating non-specific signal from 

irrelevant extracellular vesicles. Top-Right: Vesicles from HEK293T cells transfected with 

the NYESO1/D9/EABR construct. Bottom-Left: Vesicles from HEK293T cells transfected 

with NYESO1/D9/EABR and CD80 constructs. Bottom-Right: Vesicles from HEK293T 

cells transfected with NYESO1/D9/EABR and CD80/EABR constructs. 

(H) NanoFCM size analysis of vesicles purified by ultracentrifugation from HEK293T cells 

co-transfected with NYESO1/D9/EABR and CD80/EABR constructs. 

(I) Immuno-EM image of vesicles purified by ultracentrifugation and size-exclusion 

chromatography from Expi293F cells co-transfected with NYESO1/D9/EABR and 

CD80/EABR constructs. Primary human anti-NYESO1:HLA-A*02:01 (3M4E5) antibody 

and mouse anti-CD80. Secondary 12 nm gold-conjugated anti-mouse antibody appears as 

black punctae in image and highlighted by green arrow. Secondary 6nm gold-conjugated 

anti-human antibody appears as smaller black punctae in image and highlighted by blue 

arrow. Scale bar, 200 nm. 

 

To quantify the relative concentration of the transfected proteins on our engineered vesicles, 

we performed sandwich ELISAs of the purified APVs using capture antibodies for either the 

co-expressed immunoregulatory proteins (Fig. 3.2B) or the NYESO1:HLA-A*0201 

complex (Fig. 3.2C) followed by biotinylated detection antibodies for the opposite co-

presenting protein. For all conditions tested, the best vesicle production occurs when at least 

one of the transfected proteins contains an EABR sequence (Fig. 3.2D-F). Interestingly, our 

ELISA data revealed that the ratio of proteins on the surface of the vesicles is influenced not 

only by which of the two transfected proteins is appended by an EABR sequence, but also 

by the identity of the co-expressed immunoregulatory protein. To better understand the 

relative ratio of proteins on a per-vesicle basis, we performed nano flow cytometry 

(nanoFCM)139 of the vesicles from Fig. 3.2F that co-present CD80 and NYESO/HLA-

A*0201 (Fig. 3.2G). Using the same antibodies as those used for the ELISA from Fig. 3.2F, 
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the nanoFCM detected a more concentrated presence of CD80 on vesicles when CD80 

was appended by an EABR sequence, which would be expected given that both CD80 and 

pMHCI would then be capable of inducing vesicle formation. The “unlabeled” P3 quadrant 

also shows that, while there may be cellular debris retained within the purified vesicle 

fraction that will appear in this unlabeled P3 quadrant, not all vesicles generated by cell 

cultures transfected with EABR-tagged proteins feature EABR-tagged proteins on their 

surface; in other words, it is possible that transfected CD80 and pMHCI proteins are 

competing with other vesicle-forming proteins for presentation on extracellular vesicles. 

Measurements of vesicle diameter provided by the nanoFCM demonstrate that most of the 

particles are between 60-80 nm in size, corroborating our previous APV size 

measurements134 (Fig. 3.2H). Notably, some vesicles are over 100 nm in diameter, which we 

further confirmed with immuno-electron microscopy (Fig. 3.2I) by co-staining with the same 

anti-CD80 and anti-NYESO1:HLA-A*0201 antibodies used in Fig. 3.2F and Fig. 3.2G.  

 

Altogether, these results demonstrate that the final protein composition of the vesicles 

generated using the EABR sequence can be finely tuned depending on the selective addition 

or removal of EABR from transfected proteins, and that inclusion of the EABR sequence 

allows for the high-yield synthesis of co-presenting immunoregulatory extracellular vesicles 

that mimic the endogenous immunoregulatory APVs studied extensively in literature33,35. 

 

3.3.3. Functionalizing nanovials with vesicles co-presenting pMHCI/EABR and CD80 

improves T cell loading and activation 

Koo and Mao et al. previously demonstrated that nanovials coated with peptide-major 

histocompatibility complex (pMHC) monomers could be used to isolate and selectively 

activate antigen-reactive T cells118. While this capture and activation method was successful 

in isolating previously unidentified reactive T cells, we hypothesized that functionalizing the 

nanovial surface with EABR-mediated APVs would provide a more physiologically 

representative interface for the “immunological synapse” that forms between an APC and a 

T cell during antigen presentation and subsequent immune activation60. As a known positive 

control for comparison, we recreated the original experimental conditions for pMHCI 
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nanovials by coating the interior cavity of nanovials with 20ug/mL biotinylated anti-

human IFN-γ and 20ug/mL biotinylated NYESO1-MHCI monomer before incubating with 

human peripheral blood mononuclear cells (PBMCs) that had been transduced with the 1G4 

TCR targeting the NYESO:MHCI complex140,141. Truncated nerve growth factor receptor 

(NGFR) was used as the cotransduction marker for the presence of the 1G4 TCR, and Calcein 

AM stain confirmed the cells captured in the nanovials were alive and capable of responding 

to pMHCI activation with IFN-γ secretion (Fig. 3.3A). The Calcein AM signal threshold was 

set using live 1G4 T cells not loaded into nanovials as a positive control. The IFN-γ signal 

threshold was set using 1G4 T cells loaded into nanovials via biotinylated anti-CD45, which 

is not associated with T cell activation. 
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Figure 3.3. Functionalizing nanovials with vesicles co-presenting pMHCI/EABR and 

CD80 improves T cell loading and activation 

(A) Flow cytometry gating strategy for T-cell loaded nanovials and secretion detection. 

Singlet nanovials are identified as separate from hydrogel debris and nanovial doublets. 

Positive Calcein AM signal represents living cells. Positive NGFR signal represents 

successful transduction of 1G4 TCR. IFN-γ release is measured by an ɑIFN-γ BV421 

sandwich antibody. 

(B-F) First row: Comparison of different pMHC vesicles conjugated to nanovial cavity 

surface. Second row: Relative cell loading rates into nanovials using different binding 

moieties. Third row: IFN-γ secretion levels from single T cells on nanovials. T cell loading 

is significantly improved by using a matched pMHC relative to standard anti-CD45 

antibody-based binding or inappropriately matched MART1/HLA-A*0201 for 1G4 TCRs. 

EABR-mediated pMHC vesicles further improve T cell loading rates. NYESO1/HLA-

A*0201 pMHCs in both protein monomer and vesicle format trigger 1G4 T cell activation. 

(B) Top: Schematic showing nanovials incubated with 20 μg/mL biotinylated 

NYESO1:HLA-A*0201 monomer and 20 μg/mL biotinylated ɑIFN-γ for 1G4 T cell and 

IFN-γ capture respectively. Middle: 24.7% of nanovials captured live T cells. Bottom: 28.4% 

of the live cells captured in nanovials stained positively for IFN-γ release. 

(C) Top: Schematic showing nanovials incubated with 20 μg/mL biotinylated ɑCD45 and 20 

μg/mL biotinylated ɑIFN-γ for 1G4 T cell and IFN-γ capture respectively. Middle: 4.57% of 

nanovials captured live T cells. Bottom: 0% of the live cells captured in nanovials stained 

positively for IFN-γ release. 

(D) Top: Schematic showing nanovials incubated with 20 µg/mL biotinylated 

MART1:HLA-A*0201 monomer and 20 μg/mL biotinylated ɑIFN-γ for 1G4 T cell and IFN-

γ capture respectively. Middle: 0.70% of nanovials captured live T cells. Bottom: 0.38% of 

the live cells captured in nanovials stained positively for IFN-γ release. 

(E) Top: Schematic showing nanovials incubated with 20 µg/mL biotinylated 

ɑNYESO1:HLA-A*0201 antibody and 20 μg/mL biotinylated ɑIFN-γ, followed by 

incubation with NYESO1/HLA-A*0201/EABR APVs for 1G4 T cell and IFN-γ capture. 
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Middle: 44.4% of nanovials captured live T cells. Bottom: 15.6% of the live cells captured 

in nanovials stained positively for IFN-γ release. 

(F) Top: Schematic showing nanovials incubated with 20 µg/mL biotinylated 

ɑNYESO1:HLA-A*0201 antibody and 20 μg/mL biotinylated ɑIFN-γ, followed by 

incubation with NYESO1/HLA-A*0201/EABR+CD80/EABR APVs for 1G4 T cell and 

IFN-γ capture. Middle: 51.9% of nanovials captured live T cells. Bottom: 46.3% of the live 

cells captured in nanovials stained positively for IFN-γ release. 

 

In accordance with the original flow cytometry experiment by Koo and Mao et al.118, we 

achieved comparable cell capture with live 1G4 T cells occupying ~25% of the nanovials, of 

which 28.4% were activated when using a ratio of 300,000 cells to 300,000 nanovials (Fig. 

3.3B). By comparison, nanovials coated with 20 μg/mL biotinylated anti-CD45 (Fig. 3.3C), 

which should capture T cells independent of TCR, or a combination of 20 µg/mL biotinylated 

anti-CD45 and 20 µg/mL biotinylated MART1-MHCI monomer (Fig. 3.3D), which is a non-

cognate pMHCI for 1G4 T cells, showed poor cell capture (4.57% and 0.70% respectively) 

and activation (0% and 0.38% respectively).  

 

We then captured our EABR-mediated APVs in nanovials by coating the surface with 20 

µg/mL biotinylated anti-human NYESO1/HLA-A2 (3M4E5) before incubating with our 

engineered vesicles (Fig. 3.3E). We intentionally chose the TCR-like anti-human 

NYESO1/HLA-A2 (3M4E5) antibody, which binds to the TCR binding site on 

pMHCI142,143, for vesicle capture to confirm that the activation of T cells would be due to 

intact APVs and not soluble pMHCI monomer from lysed vesicles. Nanovials functionalized 

with NYESO1/HLA-A2/EABR APVs improved T cell loading to ~45%, and 15.6% of these 

cells were activated to release IFN-γ. We used the same 20 µg/mL biotinylated anti-human 

NYESO1/HLA-A2 (3M4E5) antibody to capture APVs co-presenting NYESO1/HLA-

A*0201/EABR and CD80 (Fig. 3.3F); T cell capture increased further to ~52%, of which an 

increased fraction of 46.3% were activated to release IFN-γ, a result that would be expected 

from costimulation by CD80.144 This 100% improvement in cell loading is in spite of our use 

of the single-chain heterotrimer format of pMHCI48-50, which should theoretically bind with 
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less affinity than the recombinant, refolded soluble pMHCI used by Koo and Mao et al.; 

the flexible glycine-serine linker connecting the presenting NYESO1 peptide to β2m travels 

outward from the closed groove of the MHCI peptide binding cleft toward the TCR, and is 

thus expected to interfere with optimal TCR binding48,49. 

 

As a result, we conclude that EABR-mediated APVs improve the interface of hydrogel 

surfaces for T cell capture and activation compared to recombinant protein alone. This 

improvement in cell binding and activation may enable greater sensitivity and improve the 

recovery rate of rare cancer-specific functional TCRs for adoptive T cell therapies. Further, 

we demonstrated that a single antibody can be used to capture a variety of co-presenting 

immunoregulatory vesicles, which will enable future high-throughput single cell studies of 

extracellular vesicle protein composition on T cell capture, activation, and differentiation. 

 

3.3.4. Co-expression of HER2/EABR and CD54 generates vesicles mimicking cancer 

exosomes 

Following the successful functionalization of nanovials with EABR-mediated APVs for the 

capture of T cells, we hypothesized that we could also capture CAR-T cells by 

functionalizing the nanovial surfaces with EABR vesicles presenting membrane-bound 

cancer antigens. Membrane proteins in general have long presented a challenge to 

biochemical and functional studies as membrane proteins may be insoluble or display altered 

or absent activities in the absence of a lipid bilayer122,123. For instance, while antibodies 

screened against recombinant HER2 have been demonstrated to similarly bind membrane-

bound HER2, HER2 is known to homodimerize when the protein is overexpressed and 

densely populated in the lipid bilayer of the cancer cell membrane145; in this context, rare 

HER2 CAR-T cells that specifically bind the homodimer complex may activate more 

selectively against cancer cells, but these reactive CAR-T cells might otherwise be lost when 

screening with recombinant HER2. To generate vesicles presenting more natural, membrane-

bound HER2, we appended the EABR vesicle-forming sequence to the cytoplasmic tail of 

the full-length HER2 protein and purified the vesicles from transfected Expi293F cell culture 

supernatant (Fig. 3.4A). Recent observations on the immunological synapse formed by CAR-
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T cells has highlighted the significance of membrane-bound CD54 for organizing and 

maintaining the supramolecular activation complex that leads to T cell activation146 or 

suppression147, so we additionally generated vesicles co-presenting both HER2/EABR and 

CD54 by co-transfecting cell cultures with DNA plasmids encoding both constructs (Fig. 

3.4B). An added benefit of co-expressing CD54 was that future cancer-relevant membrane 

proteins, such as mesothelin148, carcinoembryonic antigen149, or prostate‐specific membrane 

antigen150, could be presented similar to HER2 on the EABR-mediated vesicles and the 

vesicles could be captured within nanovials by using the same CD54 antibody without 

requiring a bespoke antibody for every tested cancer antigen. 
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Figure 3.4. Co-expression of HER2/EABR and CD54 presents both proteins on 

purified extracellular vesicles 

(A) Schematic showing the plasmid construct for HER2 vesicles featuring a G3S spacer and 

the “EABR” vesicle-forming sequence. The plasmid is transfected into HEK293T or 

Expi293F cells and vesicles are harvested as shown previously in Figure 1B. 

(B) Schematic showing the plasmid construct for HER2 + CD54 vesicles. Only HER2 

requires a vesicle-forming “EABR” sequence to be appended for both CD54 and HER2 to 

appear on the harvested vesicles. 

(C) Sandwich ELISA of APVs purified by ultracentrifugation from transfected Expi293F 

cells. Cells were co-transfected with HER2/EABR and CD54, HER2/EABR alone, 

HER2/EABR and CD54/EABR, or HER2 constructs (2 replicates per dilution). Top: anti-

HER2 for capture, biotinylated anti-HER2 for detection, and HRP-conjugated streptavidin 

secondary. Bottom: anti-CD54 for capture, biotinylated anti-HER2 for detection, and HRP-

conjugated streptavidin secondary. 

(D) Immuno-EM image of vesicles purified by ultracentrifugation and size-exclusion 

chromatography from Expi293F cells co-transfected with HER2/EABR and CD54 

constructs. Primary mouse anti-HER2 antibody and rabbit anti-CD54. Secondary 12 nm 

gold-conjugated anti-mouse antibody appears as black punctae in image and highlighted by 

red arrows. Secondary 6nm gold-conjugated anti-rabbit antibody appears as smaller black 

punctae in image and highlighted by blue arrows. Scale bar, 200 nm. 

 

To quantify the relative yield of HER2-presenting vesicles by addition of the EABR 

sequence, we performed sandwich ELISAs with either HER2 antibodies or a sandwich of 

CD54 capture antibody and HER2 detection antibody (Fig. 3.4C). In agreement with 

previous studies on HER2-presenting exosomes that originate from HER2 over-expressing 

cancer cells151, over-expression of the full-length HER2 sequence in high-expressing 

Expi293F cells spontaneously generated vesicles without the addition of an appended EABR 

sequence. However, addition of the EABR sequence to HER2 further improved the yield of 

HER2+ vesicles. Interestingly, CD54 seems to act synergistically with HER2 to boost HER2 

vesicle production, as co-transfection with separate DNA plasmids encoding HER2/EABR 
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(5ug) and CD54 (5ug) leads to better vesicle expression than transfection with 10ug of 

plasmid DNA encoding HER2/EABR alone. Appending EABR to both HER2 and CD54 

leads to a reduction in total HER2 detected on the purified vesicles, which is likely due to an 

increase in CD54 presentation on the vesicles at the expense of HER2 presentation, a 

phenomenon that was observed previously when co-transfecting DNA constructs encoding 

equal amounts of NYESO1/HLA-A*0201I/EABR and CD80/EABR (Fig. 3.2G). We further 

confirmed that the detected co-presentation of HER2 and CD54 is localized on vesicle 

membranes by performing immuno-EM of the supernatant from transfected cells (Fig. 3.4D). 

Simultaneous co-staining of αCD54 and αHER2 showed halos of black punctae surrounding 

exosome-like vesicles mimicking cancer exosomes. Because our goal was to maximize 

HER2 presentation on vesicles while co-presenting a generalizable “capture” protein on the 

vesicle membrane, we moved forward with subsequent nanovial characterization 

experiments using the co-presenting HER2/EABR+CD54 vesicles as well as the 

HER2/EABR vesicles for comparison. 

 

3.3.5. Functionalizing nanovials with vesicles co-presenting HER2/EABR and CD54 

improves CAR-T cell loading and activation 

To optimize the capture of HER2/EABR vesicles inside the nanovial cavity, we incubated 

the nanovials with different concentrations of αHER2 capture antibody to determine the 

minimal concentration necessary for maximal HER2 signal as detected by a fluorophore-

conjugated αHER2 sandwich antibody. HER2 signal from captured HER2/EABR vesicles 

was saturated at 20 ug/mL αHER2 capture antibody (Fig. 3.5A), a concentration similar to 

that of the pMHCI nanovials. Surprisingly, this maximum fluorescent signal from 

HER2/EABR vesicles was orders of magnitude lower than the nanovials functionalized with 

biotinylated recombinant HER2. In comparison, coating the nanovials with biotinylated 

αCD54 capture antibodies and subsequent incubation with co-presenting 

HER2/EABR+CD54 vesicles produced an αHER2 fluorescent signal that was equivalent to 

biotinylated recombinant HER2 (Fig. 3.5B). As was demonstrated by previous nanoFCM 

analysis, immuno-EM micrographs, and ELISA results of EABR vesicles, we believe this 

dramatic increase in signal between the HER2/EABR and co-presenting 
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HER2/EABR+CD54 vesicles is likely due to differences in the binding affinities of the 

αHER2 and αCD54 capture antibodies for their target proteins, and not due to differences in 

vesicle stability or the relative density of HER2 or CD54 protein on the vesicle surface. 

Nonetheless, the comparable level of HER2 signal that was detected between the 

recombinant HER2 and HER2/EABR+CD54 vesicles captured within the nanovials 

provided a convenient comparison for our ensuing studies on the relative importance of a 

lipid bilayer and CD54 co-presentation for T cell capture and activation. 
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Figure 3.5. Functionalizing nanovials with vesicles co-presenting HER2/EABR and 

CD54 improves CAR-T cell loading and activation 

(A) Immobilization of HER2 vesicles on 35um and 50um nanovials based on concentration 

of ɑHER2 capture antibodies on the nanovials. Maximum capture signal is detected at 20 

ug/mL ɑHER2 for both 35um and 50um nanovials. 

(B) HER2/EABR+CD54 vesicles show significantly higher capture rate on nanovials 

compared to the HER2-only vesicles. This signal is comparable to the positive control of 

nanovials conjugated with 20 ug/mL recombinant HER2 (rHER2). 

(C) ɑHER2 CAR T cell and control untransfected (UTX) T cell loading in nanovials using 

both HER2/EABR vesicles and HER2/EABR+CD54 vesicles. Nanovials conjugated with 

ɑHER2 antibodies, then incubated with either HER2/EABR or HER2/EABR+CD54 

vesicles, cannot bind control UTX cells nor ɑHER2 CAR T cells. Nanovials conjugated with 

ɑCD54 antibodies show non-specific cell loading which may be due to endogenous CD54 

expression on T cells. This non-specific binding is significantly reduced when 

HER2/EABR+CD54 vesicles are immobilized on nanovials. Nanovials conjugated with 

ɑCD54 antibodies, then incubated with HER2/EABR+CD54 vesicles, bind ɑHER2 CAR T 

cells selectively. 

(D) Flow data showing improvement in nanovial assay from using EABR-mediated vesicles. 

Nanovials functionalized with rHER2 show 9.16% of captured, living CAR T cells are 

activated to release IFN-γ. Nanovials functionalized with ɑCD54 antibodies, then incubated 

with HER2/EABR+CD54 vesicles, show 24.8% of captured, living CAR T cells are 

activated to release IFN-γ. 

 

To investigate the significance of a lipid bilayer and co-presentation of CD54 on T cell 

capture and activation by cancer antigens, we compared the efficiency of nanovial loading 

between untransfected (UTX) T cells and T cells transfected with an αHER2 CAR (Fig. 

3.5C). Nanovials that were conjugated with biotinylated αHER2 antibodies and incubated 

with either HER2/EABR or HER2/EABR+CD54 vesicles did not appreciably bind UTX 

cells nor αHER2 CAR T cells, which aligned with our previous tests of HER2 signal intensity 

in nanovials (Fig. 3.5B) and would support our conjecture that our chosen αHER2 antibody 
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has low affinity for HER2. Alternatively, nanovials that were conjugated with biotinylated 

αCD54 antibodies and incubated with HER2/EABR+CD54 vesicles bound αHER2 CAR T 

cells selectively; these functionalized nanovials also showed a dramatic increase in CAR T 

cell activation compared to recombinant HER2 as measured by the levels of IFN-γ release 

and fraction of cells releasing IFN-γ (Fig. 3.5D). Nanovials conjugated with biotinylated 

αCD54 antibodies and incubated with HER2/EABR vesicles bound both αHER2 CAR T 

cells and UTX T cells indiscriminately; this non-specific binding of UTX cells is 

significantly reduced when HER2/EABR+CD54 vesicles are instead immobilized on the 

αCD54 nanovials, suggesting that the HER2/EABR+CD54 vesicles are saturating the 

αCD54 antibodies present on the nanovial surface and preventing binding to possible 

endogenous CD54 expression on T cells. 

 

Our results demonstrate that EABR-mediated cancer-mimicking vesicles that co-present 

CD54 and HER2 improve CAR T cell capture and activation on hydrogel surfaces. Antibody 

affinity is a limiting factor for vesicle functionalization on hydrogel surfaces, but, as we 

demonstrated, CD54 co-expression enables convenient and generalizable functionalization 

of hydrogel surfaces with EABR-mediated vesicles that present the natural structure of 

cancer antigens for high-throughput capture, activation, and downstream analysis of 

therapeutically-relevant CAR T cells. 

 

3.4 Discussion 

Here, we present a method for improving the T cell activation potential and T cell capture 

rates of the artificial antigen-presenting cavities in nanovials by functionalizing their 

hydrogel surface with engineered EABR-mediated vesicles mimicking APVs and cancer 

exosomes. EABR-mediated vesicles are densely coated in transfected immunoregulatory 

proteins embedded in a natural, cell-derived lipid bilayer, which provides a more 

physiologically representative interface for the “immunological synapse” that forms between 

an APC and a T cell during antigen presentation and subsequent immune activation. This 

approach can increase the sensitivity and control of nanovial-based enrichment of T cell and 

CAR-T cell libraries to identity and isolate reactive antigen-specific T cells on a single-cell 
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basis. Microparticle hydrogel nanovials functionalized with the EABR-mediated vesicles 

show a two-fold improvement in T cell capture of 1G4 T cells and an over two-fold 

improvement in activation of HER2 CAR-T cells compared to nanovials functionalized with 

recombinantly-expressed soluble protein. Further, we demonstrated the ability to fine-tune 

the composition of multiple co-presenting immunoregulatory proteins on single particles to 

more accurately reflect, or systematically modulate, the components of the cell surface of an 

APC. Future studies can either repurpose our methods for capturing endogenous EVs on 

nanovials or synthesize EABR-mediated immunoregulatory extracellular vesicles to study 

the influence of EV protein composition on T cell activation and differentiation. 

 

As observed by the synergistic increase in vesicle release when both HER2/EABR and CD54 

constructs were co-transfected, a future point of optimization for EV synthesis is seeing what 

parameters can be further engineered to maximize vesicle production. The vast majority of 

vesicles we detected by nanoFCM did not feature an EABR-tagged protein, implying that 

transfected EABR-proteins compete with endogenous vesicle-forming proteins or existing, 

unexploited vesicle-forming pathways for presentation on extracellular vesicles. Similarly, 

the range of vesicles detected by nano-FCM suggests that it may be possible to control the 

size distribution of the vesicles. Previous studies have demonstrated an improvement in T 

cell activation when synthetic antigen-presenting nanoparticles are larger in diameter152, but 

it is unclear how vesicle size will influence T cell activation when the vesicles are 

immobilized as a collection on the surface of a hydrogel. The improvement in T cell capture 

and activation we observed with our EABR-mediated vesicles compared to recombinant 

protein may be due to the density of stimulatory cues on the EABR-mediated vesicles133, the 

fluid lipid bilayer60,85, the co-presentation of cell-membrane derived proteins like 

CD54146,147, or the presence of the natural full-length membrane proteins123. Future studies 

that isolate the critical elements of T cell activation by these EABR-mediated vesicles will 

lead to more optimal hydrogel functionalization strategies for T cell activation. Nanovial-

based approaches may also be useful to select cells that secrete more extracellular vesicles, 

as was previously done for natural extracellular vesicles released by mesenchymal stem cells. 
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In summary, our current work here expands upon the growing collection of 

characterization studies and workflows already pioneered by nanovials118,119,153-156, which 

allow standard flow sorters and single-cell sequencing instrumentation to accelerate the 

development of personalized cell therapies. Additionally, with respect to the growing interest 

in cell-free, cell-like therapies42,56,157,158, we demonstrate here a system for optimizing the 

engineering and characterization of extracellular vesicles that can be used either 

cooperatively159 or in place of adoptive cell therapies160,161 for targeted immunoregulation. 
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3.7 Methods 

Key resources table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Recombinant Anti-HLA-A2-peptide (SLLMWITQV) 

Complex (3M4E5) Mouse Monoclonal Antibody 

ProteoGenix Reference: 

RHM03002-100 

Purified anti-human CD340 (erbB2/HER-2) Antibody Biolegend Cat# 324402 

RRID: AB_756118 

ICAM-1 Recombinant Rabbit Monoclonal Antibody (ST0487) Thermo Fisher 

Scientific 

Cat# MA5-41137 

RRID: AB_2898891 

CD54 (ICAM-1) Monoclonal Antibody (HA58) Thermo Fisher 

Scientific 

Cat# 14-0549-82 

RRID: AB_467304 

ErbB2 (HER-2) Monoclonal Antibody (3B5), Biotin Thermo Fisher 

Scientific 

Cat# MA5-13672 

RRID: 

AB_10982527 

CD54 (ICAM-1) Monoclonal Antibody (HA58), Biotin Thermo Fisher 

Scientific 

Cat# 13-0549-82 

RRID: AB_466483 

CD80 (B7-1) Monoclonal Antibody (2D10.4) Thermo Fisher 

Scientific 

Cat# 14-0809-82 

RRID: AB_467350 

CD80 (B7-1) Monoclonal Antibody (2D10.4), Biotin Thermo Fisher 

Scientific 

Cat# 13-0809-82 

RRID: AB_466513 

Purified anti-human CD83 Antibody Biolegend Cat# 305302 

RRID: AB_314509 

Biotin anti-human CD83 Antibody Biolegend Cat# 305304 

RRID: AB_314511 

CD274 (PD-L1, B7-H1) Monoclonal Antibody (MIH1) Thermo Fisher 

Scientific 

Cat# 14-5983-82 

RRID: AB_467784 

CD274 (PD-L1, B7-H1) Monoclonal Antibody (MIH1), Biotin Thermo Fisher 

Scientific 

Cat# 13-5983-82 

RRID: AB_466840 

6 nm Colloidal Gold AffiniPure® Goat Anti-Human IgG 

(H+L) (EM Grade) 

Jackson 

ImmunoResearch 

Cat# 109-195-088 

RRID: AB_2337747 

6 nm Colloidal Gold AffiniPure® Goat Anti-Rabbit IgG (H+L) 

(EM Grade) 

Jackson 

ImmunoResearch 

Cat# 111-195-144 

RRID: AB_2338015 

12 nm Colloidal Gold AffiniPure® Goat Anti-Mouse IgG 

(H+L) (EM Grade) 

Jackson 

ImmunoResearch 

Cat# 115-205-146 

RRID: AB_2338733 

anti-IFN-γ ms mAb – BV421 BioLegend Cat# 502532 

anti-HER2/ErbB2 Antibody – biotin Sino Biological Cat# 10004-MM01-

B 

Biotin anti-human CD45 Ab, 2D1 BioLegend Cat# 368534 

Human IFN-γ Biotinylated Antibody Biotechne/R&D 

Systems 

Cat# BAF285 

Anti-CD340 (erbB2/HER2) ms mAb – PE/Cy7 BioLegend Cat# 324413 

Bacterial and virus strains  

E. coli DH5 Alpha Zymo Research Cat# T3009 

Chemicals, peptides, and recombinant proteins   
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Luria Broth Base (Miller's LB Broth Base), powder Thermo Fisher 

Scientific 

Cat# 12795084 

Dulbecco’s Modified Eagle 

Medium (DMEM) 

Gibco Cat# 11995-065 

Fetal bovine serum (FBS) R&D Systems Cat# S12450H 

Penicillin-Streptomycin Gibco Cat# 15-140-122 

FuGENE® HD Transfection Reagent Promega Cat# E2311 

OPTI-MEM I Reduced Serum Medium Gibco Cat# 31985-062 

Expi293 Expression Medium Gibco Cat# A14351-01 

Expi293 Transfection Kit Gibco Cat# A14524 

NucleoBond™ Xtra Maxi Plus Macherey-Nagel Cat# 12758412 

Zyppy Plasmid Miniprep Kit Zymo Research Cat# D4019 

Sucrose Sigma-Aldrich Cat# S5016-1KG 

NaCl Fisher Scientific Cat# BP358-212 

Sodium hydroxide Macron 

Chemicals 

Cat# 7708-10 

Sodium bicarbonate Macron 

Chemicals 

Cat# 7412-12 

Sodium phosphate dibasic Sigma-Aldrich Cat# 04272-1KG 

Tris-HCl Fisher Scientific Cat# BP153-1 

TWEEN® 20 Sigma-Aldrich Cat# P1379-500ML 

BSA Sigma-Aldrich Cat# B4287-5G 

Trypsin Gibco Cat# 25200-056 

L-glutamine Gibco Cat# 25030-149 

Phytohemagglutinin, M form Gibco Cat# 10576015 

Paraformaldehyde 16% Aqueous Solution EM Grade Electron 

Microscopy 

Sciences 

Cat# 15710 

Uranyl Formate Electron 

Microscopy 

Sciences 

Cat# 22451 

1-Step™ Ultra TMB-ELISA Substrate Solution Thermo Fisher 

Scientific 

Cat# 34029 

EZ-Link NHS-PEG4 Biotinylation Kit Thermo Fisher 

Scientific 

Cat# 21455 

Streptavidin (HRP) Abcam Cat# AB7403 

Sulfo-NHS-Biotin ApexBio Cat# A8001 

Streptavidin Thermo Fisher 

Scientific 

Cat# 434302 

Human HER2/ErbB2 Protein (ECD), Biotinylated Sino Biological Cat# 10004-HCCH-

B 

X-VIVO15 Serum-free Media Lonza Cat# 04-418Q 

Invitrogen Molecular Probes Calcein, AM Thermo Fisher 

Scientific 

Cat# C3099 

Critical commercial assays 

   

Experimental models: Cell lines 
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HEK293T cells 106 RRID:CVCL_0063 

Expi293F cells Gibco RRID:CVCL_D615 

Recombinant DNA 

HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) Human 

Monoclonal Antibody heavy chain 

94 https://patentscope.w

ipo.int/search/en/deta

il.jsf?docId=EP3258

6798 

HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) Human 

Monoclonal Antibody light chain 

94 https://patentscope.w

ipo.int/search/en/deta

il.jsf?docId=EP3258

6798 

D9 SCT MART1/ HLA-A*0201/EABR This paper N/A 

D9 SCT NYESO1/ HLA-A*0201 This paper N/A 

D9 SCT NYESO1/ HLA-A*0201/EABR This paper N/A 

CD80 This paper N/A 

CD80/EABR This paper N/A 

CD83 This paper N/A 

CD83/EABR This paper N/A 

CD274 This paper N/A 

CD274/EABR This paper N/A 

HER2 This paper N/A 

HER2/EABR This paper N/A 

CD54 This paper N/A 

CD54/EABR This paper N/A 

Software and algorithms 

Image J 1.54f NIH https://imagej.net/ 

RRID: SCR_003070 

Prism 10.3.1 GraphPad  

Other 

Amicon Ultra-15 100 kDa MWCO 

Centrifugal Filter Unit 

EMD Millipore Cat# UFC910096 

Amicon Ultra-4 10 kDa MWCO 

Centrifugal Filter Unit 

EMD Millipore Cat# UFC801024 

Nanosep with 100K Omega Pall Life Sciences Cat# OD100C34 

Erlenmeyer cell culture flasks - 500mL Corning Cat# 431145 

6-well Clear Flat Bottom TC-treated Multiwell Cell Culture 

Plate, with Lid 

Falcon Cat# 353046 

30 mL BD Luer-Lok™ Syringe BD Cat# 302832 

3 mL BD Luer-Lok™ Syringe BD Cat# 309657 

AirOtop enhanced seal for 125 ml ultra yield flask VWR Cat# 899421 

Costar® Spin-X® Centrifuge Tube Filters, 0.22 µm Pore CA 

Membrane 

Corning Cat# 8160 

Polycarbonate centrifuge tubes Beckman Coulter Cat# 349622 

0.45um syringe filter Corning Cat# 431220 

0.2um syringe Filter VWR Cat# 28143-300 

Nalgene™ Rapid-Flow™ Sterile Disposable Filter Unit - 

0.45um 

Thermo Fisher 

Scientific 

Cat# 156-4045 

https://imagej.net/
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Costar high binding plates, 96-well Corning Cat# 9018 

TempPlate Sealing Foil USA Scientific Cat# 2923-0100 

HiTrap MabSelect Cytiva Cat# 28408253 

Superose 6 Increase 10/300 column Cytiva Cat# 29-0915-96 

HiLoad 16/600 Superdex 200 column Cytiva Cat# 28-9893-35 

Formvar/Carbon 300 Mesh grids Electron 

Microscopy 

Sciences 

Cat# FCF300-Cu-50 

 

Experimental Model and Subject Details 

Bacteria 

E. coli DH5 Alpha cells (Zymo Research) used for expression plasmid productions were 

cultured in LB broth (Sigma-Aldrich) with shaking at 225 rpm at 37 °C. Plasmids were 

purified for transfection using Zymogen miniprep kits (Zymo Research) or maxiprep kits 

(Macherey-Nagel). 

 

Cell lines 

HEK293T cells plated in 6-well plates (Falcon) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS, R&D Systems) and 1 U/mL penicillin-streptomycin (Gibco) at 37 °C and 5% 

CO2. Transfections were carried out with FuGENE transfection reagent (Promega) diluted 

in Opti-MEM (Gibco). 

Expi293F cells (Gibco) for APV expression and antibody expression were maintained at 37 

°C and 8% CO2 in Expi293 expression medium (Gibco). Transfections were carried out with 

an Expi293 Expression System Kit (Gibco). Falcon tubes sealed with AirOtops (VWR) or 

culture flasks (Corning) containing Expi293F cells were maintained under shaking at 470 

rpm for 10-30 mL transfections and 130 rpm for transfections larger than 30 mL. All cell 

lines were derived from female donors and were not specially authenticated. 

 

T cells 

T cells were isolated from human donor whole blood samples by negative selection using 

the RosetteSep Human T Cell Enrichment Cocktail Kit (STEMCELL Technologies). 
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Isolated T cells were seeded in a fresh complete ImmunoCult™-XF T cell expansion 

medium (STEMCELL Technologies) at 1 x 106 cells/mL with 2 μL/mL ImmunoCult™ 

human CD3/CD28 T cell activator. T cells were activated for 3 days and expanded for up to 

12 days by changing into fresh expansion medium every 2-3 days. All cells were cultured in 

incubators at 37 °C and 5% CO2. 

 

Design of EABR constructs 

The EABR sequence was identical to the sequence used by Hoffmann et al. to create SARS-

CoV2-S eVLPs47. Briefly, the EABR domain (residues 160-217) of the human CEP55 

protein was fused to the C-terminus of full length membrane proteins separated by a 

(Gly)3Ser (GS) linker to generate constructs inserted in a p3BNC expression plasmid. To 

generate the SCT pMHCI construct, the N-terminus of the HLA-A*0201 alpha chain was 

extended with a 4x(G4S) linker connecting to the C-terminus of B2M, which was itself 

extended at its N-terminus by a 3x(G4S) linker connecting to either the 10-mer MART1 

(ELAGIGILTV) or 9-mer NYESO1 (SLLMWITQV) cancer-related peptides to make a 

single-chain heterotrimer (SCT)91. To generate the “D9” version of SCT pMHCI, the alpha 

heavy chain was further edited with Y84C and A139C substitutions48-50. Constructs encoding 

CD80/EABR, CD83/EABR, CD274/EABR, HER2/EABR, and CD54/EABR all similarly 

appended an EABR domain onto the full-length native CD80, CD83, CD274, HER2, or 

CD54 proteins respectively. 

 

Production of EABR APVs 

EABR APVs were generated by one of two means: 1) transfecting Expi293F cells (Gibco) 

cultured in Expi293F expression media (Gibco) on an orbital shaker at 37 °C and 8% CO2 

with plasmid DNA pre-filtered through 0.22 µm Spin-X filters (Corning); 2) transfecting 

HEK293T cells cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich) and 1 

U/ml penicillin-streptomycin (Gibco) at 37 °C and 5% CO2. 72 hours post-transfection, cells 

were centrifuged at 1000 x g for 10 min, supernatants were passed through a 0.45 um filter 

(Corning) with Luer-Lok syringes (BD) or a 0.45 um vacuum filter (Thermo Fisher 
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Scientific), and concentrated using Amicon Ultra-15 centrifugal filters with 100 kDa 

molecular weight cut-off (Millipore). APVs were purified by ultracentrifugation at 50,000 

rpm (135,000 x g) for 2 hours at 4 °C using a TLA100.3 rotor and an OptimaTM TLX 

ultracentrifuge (Beckman Coulter) on a 20% w/v sucrose cushion in polycarbonate 

centrifuge tubes (Beckman Coulter). Supernatants and the sucrose cushion were removed, 

and pellets were re-suspended in 200 uL sterile pH 7.4 PBS at 4 °C overnight. To remove 

residual cell debris, re-suspended samples were transferred to microcentrifuge tubes and 

centrifuged at 10,000 x g for 10 min; clarified supernatants were collected for subsequent 

ELISA and nanoFCM assays. For immuno-EM grid preparations, APVs were further 

purified by SEC using a Superose 6 Increase 10/300 column (Cytiva) equilibrated with pH 

7.4 PBS. Peak fractions in the void volume corresponding to pMHCI APVs were combined 

and concentrated to 250-500 uL in Amicon Ultra-4 centrifugal filters with 100 kDa molecular 

weight cut-off (Millipore) or Nanosep with 100K Omega centrifugal filters (Pall). Samples 

were stored at 4 °C and imaged directly after purification. 

 

Transduction of TCRs in PBMC 

Peripheral blood mononuclear cells (PBMCs) were isolated and processed following a 

previously published protocol with some modifications. The MSGV retroviral backbone 

was utilized to overexpress the target T cell receptors (TCRs) with a truncated human nerve 

growth factor receptor (tNGFR) serving as the transduction marker. TCR alpha and beta 

chains were expressed with a F2A linker to maintain approximately equal copy numbers. 

To reduce mispairing with endogenous human TCRs, the human TCR constant regions 

were replaced with murine constant regions. Commercially obtained, cryopreserved 

PBMCs from healthy donors (AllCells) were revived in T cell media (TCM) comprising 

AIM V media (Thermo Fisher, #12055-091), 5% Human AB serum (Omega Scientific), 50 

U/mL human recombinant IL-2 (Peprotech, #200-02), 1 ng/mL human recombinant IL-15 

(Peprotech, #200-15), 1X Glutamax (Thermo Fisher, 35050-061), and 50 μM β-

mercaptoethanol. These cells were mixed with CD3/CD28 dynabeads (Thermo Fisher, 

#11132D) at a concentration of 25 µL beads per million PBMCs and incubated overnight at 

37°C and 5% CO2 (day 0). On days 1 and 2, TCR-expressing retroviral supernatant was 
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added at a ratio of 2 mL per two million PBMCs, followed by a 90-minute spin infection 

at 1,350 x g and 30°C. Excess retrovirus was removed on day 3 with a phosphate-buffered 

saline (PBS) wash, and cells were resuspended in TCM. CD3/CD28 dynabeads were 

removed using magnets on day 5, and PBMCs were maintained in TCM at a concentration 

of one million cells per mL. Cell phenotypes (CD3, CD8), transduction efficiency (NGFR), 

and TCR membrane trafficking (murine TCRβ or mTCRb) were assessed using flow 

cytometry on day 7. For long-term storage, transduced PBMCs were preserved in CryoStor 

CS10 serum-free cryopreservation medium (STEMCELL Technologies #07930) at -80°C 

overnight before transferring to liquid nitrogen. 

 

Antibody Expression 

Anti-HLA-A2-peptide (SLLMWITQV) Complex (3M4E5) antibody was made in-house by 

expressing the heavy chain and light chain of the 3M4E5 antibody at a 1.5:1 plasmid ratio in 

Expi293F cells.94 Supernatant from the transiently-transfected Expi293F cells (Gibco) was 

separated from the cells by pelleting at 3500g for 15 minutes and filtering the clarified 

supernatant through a 0.2 um syringe filter (VWR) or 0.45 um vacuum filter unit (Thermo 

Fisher Scientific). The filtered supernatant was further purified using Fc-affinity 

chromatography (HiTrap MabSelect, Cytiva) and SEC (HiLoad 16/600 Superdex 200 

column, Cytiva). Peak fractions corresponding to purified antibody proteins were pooled, 

concentrated, and stored at 4 °C. Biotinylated antibodies for ELISAs were generated and 

purified using an EZ-Link biotinylation kit (Thermo Fisher Scientific). The in-house 

generated antibody was compared to a commercially available 3M4E5 antibody 

(RHM03002-100; ProteoGenix) with ELISA and showed identical performance (data 

available upon request). 

 

Immuno-EM of EABR-mediated vesicles 

SEC-purified EABR-mediated vesicles were prepared on grids for negative stain 

transmission electron microscopy at room temperature. Formvar/Carbon 300 Mesh grids 

(Electron Microscopy Sciences) were first glow discharged. 20 uL of purified sample was 

pipetted onto paraffin, glow discharged formvar/carbon 300 mesh grids were placed on the 
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droplet of sample for 5 minutes, then gently wicked away by dabbing the edge of the grid 

on filter paper. The grids were then placed on a 20uL droplet of 1% paraformaldehyde 

(Electron Microscopy Sciences) in pH 7.4 PBS for 10 minutes, and subsequently wicked 

away. Grids were washed three times by placing the grids on droplets of pH 7.4 PBS for 5 

minutes, and wicking away the PBS with filter paper after each wash. Grids were then 

blocked by placing the grids on droplets of 5% FBS diluted in pH 7.4 PBS for one hour. 

Blocking solution was wicked away from the grids, and the grids were then placed on 

droplets of primary antibody (pMHCI vesicles: αNYESO1:HLA-A*02:01 (3M4E5) diluted 

to 150ug/mL and mouse αCD80 (#14-0809-82; Thermo Fisher Scientific) diluted 1:10; 

HER2 vesicles: aCD54 (#MA5-41137; Thermo Fisher Scientific) diluted 1:10 and aHER2 

(#324402; BioLegend) diluted 1:20) in 5% sucrose, 5% FBS pH 7.4 PBS for 2 hours. To 

prevent drying of the primary antibody solution, the grids were placed in a humidified 

chamber made from wet paper towels folded under a pyrex glass dish. Grids were again 

washed three times by placing the grids on droplets of pH 7.4 PBS for 10 minutes, and 

wicking away the PBS with filter paper after each wash. The grids were then placed on 

droplets of colloidal gold-conjugated secondary antibody (pMHCI vesicles: 6 nm colloidal 

gold goat anti-human antibody (#109-195-088; Jackson ImmunoResearch) diluted 1:20 and 

12 nm colloidal gold goat anti-mouse antibody (#115-205-146; Jackson ImmunoResearch) 

diluted 1:20; HER2 vesicles: 6 nm colloidal gold goat anti-rabbit antibody (#111-195-144; 

Jackson ImmunoResearch) diluted 1:20 and 12 nm colloidal gold goat anti-mouse antibody 

(#115-205-146; Jackson ImmunoResearch) diluted 1:20) in 5% sucrose, 5% FBS pH 7.4 

PBS for 1 hour. Grids were subsequently washed three times, ten minutes per wash with pH 

7.4 PBS, wicking away the PBS after the ten minute wash each time. Finally, the grid was 

placed on a droplet of 1.5% uranyl formate (Electron Microscopy Sciences), prepared fresh 

within 1 week of use, for 1 minute. The excess uranyl formate was wicked away and the grid 

was left to air dry for 30 minutes before storing at room temperature away from light. 

Imaging of HER2 grids were performed on a FEI Tecnai T12 Transmission Electron 

Microscope within two days after the grids were prepared. The NYESO1/HLA-

A*0201/EABR+CD80 formvar grids were unexpectedly sensitive to the T12 beam and 
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frequently ruptured before we could acquire an image, so these negative-stain grids were 

imaged using an FEI Talos Arctica. 

 

Sandwich ELISA 

96-well plates (Corning) were coated with 5 ug/mL of capture antibody diluted in sterile 0.1 

M NaHCO3 pH 9.6, and sealed with TempPlate sealing foil (USA Scientific) overnight at 4 

°C. Capture antibodies included: CD340 (erbB2/HER-2) (#324402; Biolegend), CD54 

(ICAM-1) (#14-0549-82; Thermo Fisher Scientific), CD80 (B7-1) (#14-0809-82; Thermo 

Fisher Scientific), CD83 (#305302; Biolegend), CD274 (PD-L1, B7-H1) (#14-5983-82; 

Thermo Fisher Scientific). Plates were emptied and blocked with TBS-T/3% BSA for at least 

30 minutes. Plates were again emptied, and vesicle samples 4-fold serially diluted in TBS-

T/3% BSA were added to the plates. After a 2-hour incubation at room temperature, plates 

were emptied, and 5 ug/mL of biotinylated detection antibody diluted in TBS-T/3% BSA 

was added to the plates. Detection antibodies included: biotinylated αErbB2 (HER-2) 

(#MA5-13672; Thermo Fisher Scientific), biotinylated αCD54 (ICAM-1) (#13-0549-82; 

Thermo Fisher Scientific), biotinylated αCD80 (B7-1) (#13-0809-82; Thermo Fisher 

Scientific) biotinylated αCD83 (#305304; Biolegend), biotinylated αCD274 (PD-L1, B7-

H1) (#13-5983-82; Thermo Fisher Scientific). After another 2-hour incubation at room 

temperature, plates were washed three times with TBS-T. HRP-conjugated streptavidin 

(Abcam) was diluted to manufacturer’s recommendations in TBS-T/3% BSA and added to 

plates for 30 minutes at room temperature. After washing three times with TBS-T, plates 

were developed using 1-Step™ Ultra TMB-ELISA Substrate Solution (Thermo Fisher 

Scientific) and absorbance was measured at 450 nm. Standard 4-parameter sigmoidal binding 

curves were calculated using GraphPad Prism 10.3.1 without any further editing. 

 

Nanovial Fabrication 

Polyethylene glycol biotinylated nanovials with 35 μm diameters were fabricated using a 

three-inlet flow-focusing microfluidic droplet generator, sterilized and stored at 4 °C in 

Washing Buffer consisting of Dulbecco’s Phosphate Buffered Saline (Thermo Fisher) with 
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0.05% Pluronic F-127 (Sigma), 1% 1X antibiotic-antimycotic (Thermo Fisher), and 0.5% 

bovine serum albumin (Sigma) as previously reported.119 

 

Nanovial Functionalization 

Streptavidin conjugation to the biotinylated cavity of nanovials. Sterile nanovials were 

diluted in Washing Buffer five times the volume of the nanovials (i.e., 100 µL of nanovial 

volume was resuspended in 400 µL of Washing Buffer). A diluted nanovial suspension was 

incubated with equal volume of 200 μg/mL of streptavidin (Thermo Fisher) for 30 min at 

room temperature on a tube rotator. Excess streptavidin was washed out three times by 

pelleting nanovials at 2,000 × g for 30 s on a Galaxy MiniStar centrifuge (VWR), removing 

supernatant and adding 1 mL of fresh Washing Buffer.  

Anti-CD45 and cytokine capture antibody labeled nanovials. Streptavidin-coated 

nanovials were reconstituted at a five times dilution in Washing Buffer containing 140 nM 

(20 μg/mL) of each biotinylated antibody or cocktail of antibodies: anti-CD45 (Biolegend, 

368534) and anti-IFN-γ (R&D Systems, BAF285), anti-human NYESO1/HLA-A2 

(3M4E5). Nanovials were incubated with antibodies for 30 min at room temperature on a 

rotator and washed three times as described above. Nanovials were resuspended at a five 

times dilution in Washing Buffer or culture medium prior to each experiment.  

pMHC labeled nanovials. MHC monomers with peptides of interest were synthesized and 

prepared according to a published protocol.162 Streptavidin-coated nanovials were 

reconstituted at a five times dilution in Washing Buffer containing 20 μg/mL biotinylated 

pMHC and 20 µg/mL biotinylated anti-human IFN-γ antibody. 
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C h a p t e r  4  

HUMAN TONSIL ORGANOIDS AS A TESTBED FOR ENGINEERING 

ANTIGEN-PRESENTING VESICLES & ADENO-ASSOCIATED VIRUS 

IMMUNOGENICITY 

4.1 Abstract 

Recent advances have demonstrated the application of human tonsil organoids for studying 

the adaptive immune response during vaccination.163 Under the guidance of Dr. Lisa Wagar’s 

lab at UC Irvine, we recreated this nascent platform and subsequently performed initial 

experiments with EABR-mediated synthetic antigen-presenting vesicles to explore their 

immunomodulatory potential in a more physiologically-relevant environment than the 

monoclonal TCR-transduced T cells assayed in Chapter 2. The latter half of this chapter then 

explores the potential for human tonsil organoids to recapitulate anti-AAV antibodies seen 

in clinical gene therapy trials.68,69 The translatability of AAVs into clinical settings is still 

limited by the prevalence of pre-existing anti-AAV antibodies and the adaptive immune-

responses that neutralize the therapeutic efficacy of the virus, as well as immune-mediated 

toxicity that leads to adverse-events post-AAV administration. Optimization of AAV capsids 

to evade the host immune response is needed to create the ideal vehicle for in vivo gene 

delivery, and human tonsil organoids provide a high-throughput platform for directed 

evolution of AAV capsids with reduced immunogenicity. 

 

4.2 Introduction 

Recent studies have demonstrated the importance of physiologically relevant model systems 

for studying immune cell activation by extracellular vesicles (EVs), particularly in the 

context of cancer and autoimmune diseases.3,84,136,147 However, these curated cell assays and 

animal models, while valuable, do not fully recapitulate the inherent complexity of human 

immune organs, potentially limiting their physiological relevance. More than two decades 

ago, foundational work by Owen and Jenkinson illustrated the capacity of dissociated murine 

thymic cells to reassociate in vitro, successfully recapitulating critical aspects of T cell 
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development, including T cell selection and precursor differentiation.164,165 More recently, 

Wagar et al. characterized a method for generating human tonsil organoids from routine 

tonsillectomies.163 These tonsil organoids provide a facile, physiologically-relevant context 

for examining immune cell dynamics, including B cell and T cell maturation upon antigen 

exposure. Under the guidance of the Wagar lab, we replicated the human tonsil organoid 

platform and subsequently investigated the immunomodulatory properties of EABR-

mediated pMHCI synthetic antigen-presenting vesicles. Early results with HLA-A*0201 

donors show that purified antigen-presenting vesicles displaying for M158-

66(GILGFVFTL)/HLA-A*0201/EABR antigen-presenting vesicles stimulate changes in the 

relative surface expression of CD25 and CD69 in T cells after enriching for M158-

66(GILGFVFTL):HLA-A*0201 binding. Importantly, human tonsil organoids support future 

studies of pMHCII antigen-presenting vesicles, enabling detailed investigations of their 

immunomodulatory roles in B cell activation, differentiation, and antibody production. 

We then build upon Dr. Wagar’s tonsil organoid studies of immunogenicity by stimulating 

the production of anti-AAV (Adeno-associated virus) antibodies to model the adaptive 

immune response of patients that respond negatively to gene therapy. Adeno-associated 

viruses are small, non-pathogenic viruses that have become the leading candidate vector for 

in vivo gene therapy due to their ability to achieve stable long-term transgene expression 

without integration into the host genome. AAV-based gene therapies have already shown 

preliminary success in the clinic, with 7 FDA and EMA approved on market and many more 

in trials. However, the translatability of AAVs into clinical settings is still limited by the 

prevalence of pre-existing anti-AAV antibodies and the adaptive immune-responses that 

neutralize the therapeutic efficacy of the virus, as well as immune-mediated toxicity that 

leads to adverse-events post-AAV administration.69,71 Previous methods for AAV 

immunogenicity reduction have relied on computational models that have not been 

experimentally validated, simplified in vitro models that do not measure the critical endpoint 

of antibody production, or non-human animal models which cannot accurately recapitulate 

the human immune response.81-83 Leveraging Wagar’s tonsil organoid system, we 

demonstrate the expansion of B cell plasmablasts in cultures stimulated with AAV9, and 

subsequently quantify their de novo antibody production that is specific to AAV. Not all 
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tonsil donors respond to AAV challenge, and future work will look to identify what 

features are critical for inducing antibody production in reactive donors, as well as scaling 

this platform to support directed evolution of non-immunogenic AAV capsid variants. 

 

4.3 Results 

4.3.1. Human tonsil organoids provide a testbed for engineering immunomodulatory 

antigen-presenting vesicles 

Mirroring the original tonsil organoid protocol in Wagar et al.,163 healthy human tonsils 

collected from routine patient tonsillectomies are dissociated into single-cell suspensions 

within 36 hours of removal and assayed for HLA-A*0201 positivity during cryopreservation 

(Fig. S4.1). Subsequent thaw and plating of these HLA-A*0201+ donor single-cell 

suspensions are co-cultured with synthetic antigen-presenting vesicles generated as 

described in Chapter 2. After 7 days of culture, aggregates of tonsillar immune cell organoids 

are resuspended by aspiration, washed, and stained with APC-conjugated M1:A2 tetramer 

that binds T cells with TCRs specific for the M158-66 (GILGFVFTL):HLA-A*0201 epitope. 

Tetramer staining was followed by FITC anti-CD8, PE-Cy7 anti-CD25, PE-Dazzle 594 anti-

CD127, Brilliant Violet 785 anti-CD69, and Zombie Violet Live/Dead stain. Subsequent 

washes are followed by incubation with anti-APC magnetic beads that allow for enrichment 

of M1:A2-specific T cells (Fig. 4.1). As described in prior work, this magnetic bead 

enrichment is often necessary for significant isolation and identification of M1:A2-specific 

T cells, even when monitoring M158-66 (GILGFVFTL)-specific T cell proliferation after 

influenza vaccination.166 The CD8+ T cell population of the cells retained by the magnetic 

beads was significantly increased compared to unfiltered tonsil organoid cells, and the APC 

fluorescence of this enriched population was increased compared to the filtrate (Fig S4.2). 

Human tonsil organoid cells that were stimulated with 10ug of M1/D9/EABR antigen-

presenting vesicles immediately after plating showed a noticeable increase in CD69+ cells, 

an early activation marker on T cells (Fig. 4.2). More specifically, the CD25+ CD69+ 

population increased and the CD25+ CD69- population decreased compared to unstimulated 

control, demonstrating a change in T cell activation. Though only one donor is shown here, 

and only simple markers of activation were assayed, these results provide a first 
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demonstration of the utility of human tonsil organoids for assaying and engineering the 

immunomodulatory potential of antigen-presenting vesicles for targeted T cell and B cell 

therapies. 

 

 

Figure 4.1. Human tonsil organoids provide a testbed for engineering 

immunomodulatory antigen-presenting vesicles 

Schematic demonstrating the pipeline for testing and analyzing the immunomodulatory 

potential of synthetic antigen-presenting vesicles. 
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Figure S4.1. Flow cytometry of human tonsil donors showing HLA-A*0201 positivity 

Tonsils from patient donors arrived in three separate deliveries and were assayed for HLA-

A*0201 presence by flow cytometry on three separate days (left, middle, and right). Donor 

68 (right) was found to be both HLA-A*0201+ and had a pronounced population of CD8+ 

T cells (8-10% of the tonsil cells were CD8+ after processing), so initial testing of EABR-

mediated pMHCI APVs was performed with this donor. 
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Figure S4.7.2. Comparison of flow cytometry signals from unfiltered, filtrate, and 

retained M1:A2-binding tonsil organoid cells 

Flow cytometry of cells stained with APC-conjugated M1:A2 tetramer and gated as in Fig. 

4.7.2.A after magnetic bead separation with anti-APC magnetic MicroBeads. “Unfiltered” 

cells were not passed through a magnetic bead column. “Filtered” cells were tonsil organoid 

cells that were not retained on the magnetic bead column and passed through to collection 

during multiple washes. “M1:A2 enriched” cells were retained on the magnetic bead column 

after multiple washes with FACS buffer and were subsequently eluted after removal from 

the magnetic field. Cells bound to M1:A2 tetramer are noticeably difficult to identify in the 

“unfiltered” fraction, but are much more pronounced after magnetic bead enrichment. 
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Figure 4.2. Flow cytometry of human tonsil organoids after stimulation by EABR-

mediated antigen-presenting vesicles & magnetic-bead enrichment by M1:A2 tetramer 
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(A) Representative gating pipeline for identifying CD8+ T cells isolated from human tonsil 

organoids after magnetic bead sorting in Fig. 4.6.1. From left to right: lymphocytes are 

identified by comparing SSC to FSC-A, single cells are identified when comparing FSC-H 

to FSC-A, zombie violet separates live cells from dead, and FITC CD8+ cells should 

subsequently be enriched. 

(B-C) Flow cytometry of human tonsil organoids that were enriched by magnetic bead 

sorting of M1:A2-binding cells as described in Fig. 4.6.1. Cells were co-stained with FITC 

anti-CD8, PE-Cy7 anti-CD25, PE-Dazzle 594 anti-CD127, and Brilliant Violet 785 anti-

CD69, and then gated as in Fig. 4.6.2.A. 

(B) Flow cytometry results of unstimulated cells from a single donor after a 7-day culture in 

a single transwell. The top subplot is a pseudocolor display of individual data points that is 

represented in the bottom subplot by a log contour plot of the same data.   

(C) Flow cytometry results of cells from the same donor as Fig. 4.6.2.B after a 7-day culture 

in a single transwell; cells were stimulated with 10ug of M1/D9/EABR antigen-presenting 

vesicles immediately after plating. The top subplot is a pseudocolor display of individual 

data points that is represented in the bottom subplot by a log contour plot of the same data. 

The CD25+ CD69- population has decreased and the other quadrants, most notably the 

CD25+ CD69+ population, have increased compared to Fig. 4.6.2.B. 

 

4.3.2. Human tonsil organoids provide a testbed for engineering the immunogenicity of 

Adeno-Associated Viruses 

We next explored the utility of human tonsil organoids for characterizing the 

immunogenicity of the AAV9 capsid that is used for current clinical trials of gene 

therapy.63,81 Human tonsil organoids from four donors were dosed with a series titration of 

AAV9 capsid after confirming that all four donors were responsive to FluMist live attenuated 

influenza A virus (Fig. S4.3). One of the donors was completely unresponsive to AAV9, one 

of the donors generated non-specific antibodies against AAV9 that were similar to 

unstimulated control, and two of the donors generated AAV9-specific antibody. “Donor 2” 

seemed capable of generating anti-AAV9 IgG in a narrow AAV9 dosing window, and 

“Donor 3” generated high concentrations of anti-AAV9 IgM. This same “Donor 3” generated 
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anti-AAVx1.1 antibodies that were broadly cross-reactive with AAV9 and AAV-DJ (data 

not shown). Though anti-AAV9 antibody production and plasmablast differentiation was not 

as pronounced as the response to FluMist LAIV, flow cytometry of these donors’ tonsil 

organoids demonstrated an increase in the CD27+ CD38+ plasmablast population when 

dosed with AAV9 capsid, indicating B cell differentiation and de novo antibody production 

(Fig. 4.3). Further engineering and assays of AAV9 immunogenicity using human tonsil 

organoids are ongoing. 
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Figure S4.3. Indirect ELISA of human tonsil donors demonstrating influenza-

specific antibody responses after stimulation by multiple antigens 

Indirect ELISA of inactivate influenza A virus (Fluzone) using primary antibody from 

human tonsil organoid cultures. Human tonsil organoids from each donor were challenged 

with LAIV, AAVx1.1, AAV9, AAV-DJ, AAV2, or left unstimulated. Primary antibody 

from organoid cultures that bound inactivated influenza A virus (Fluzone) were detected 

using secondary HRP-conjugated IgG and IgM anti-human antibody. 
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Figure 4.3. ELISA and flow cytometry data of two tonsil donors that generated anti-

AAV9 antibodies during a titration study in human tonsil organoids 

(A) ELISA of IgM and IgG antibody responses from human tonsil organoids that were 

challenged with a series titration of AAV9 capsid carrying DNA encoding GFP.   

(B) Flow cytometry results of Donors 2 and 3 from (A) that were gated on live, CD19+ single 

cells. The antibody-forming plasmablast populations are increased when the organoids are 

dosed with 2E10 AAV9 capsid or 1uL of FluMist LAIV. 

 

4.4 Discussion 

Here, we demonstrate the use of human tonsil organoids for characterizing the T cell 

activation potential of pMHCI EABR-mediated synthetic antigen-presenting vesicles. This 

initial feasibility study acts as a proof of concept for further characterization studies of the 

immunomodulatory potential of extracellular vesicles, including EABR-mediated vesicles 

generated by mRNA transfection. Further, we show here initial experimental results 

demonstrating that human tonsil organoids can be used to advance our understanding of 

AAV immunogenicity. 

After processing the tissue for cryopreservation, a typical tonsil from a human donor contains 

~1 billion viable cells that can be used for tonsil organoid cultures. Considering 1.5E6 of 

these cryopreserved cells are used per well for a 96-well organoid culture, and each donor 

yields two tonsils, over 1,000 wells of a 96-well plate can be plated per donor, enabling high-

throughput assays of immunogenicity. With over 250,000 tonsillectomies performed 

annually in children less than 15 years of age,167 tonsils are a readily available resource with 

which we can build a platform for pre-clinical optimization and analysis of AAV 

immunogenicity in preparation for AAV clinical studies. 

Together, these findings demonstrate the utility of human tonsil organoids for engineering 

antigen-presenting vesicles and the feasibility of using human tonsil organoids as a 

quantitative assay for adenoviral vector immunogenicity, enabling directed evolution 

approaches for immunogenicity reduction as well as generation of an immunogenicity 

dataset to tailor modern computational protein design algorithms for human applications 

(Fig. 4.4). 
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Figure 4.4. Human tonsil organoids provide a testbed for engineering the 

immunogenicity of Adeno-Associated Viruses 

(A) A schematic describing the high-level clinical need for reduced AAV immunogenicity 

and an experimental approach to reducing immunogenicity through directed evolution and 

human tonsil organoids. 

(B) A schematic providing further details for how AAV capsids with reduced 

immunogenicity could be engineered and selected in a high-throughput fashion. 
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4.6 Methods 

Informed consent and sample collection 

Whole palatine tonsils from 12 consented individuals with no prior chemotherapy or 

radiation therapy undergoing routine tonsillectomy for obstructive sleep apnea (OSA) or 

benign tonsillar hypertrophy were collected by the Cooperative Human Tissue Network 

(CHTN) with ethics approval granted by the California Institute of Technology IRB 

(protocols IR24-1440). After surgery, whole tonsils were collected in RPMI supplemented 

with 10% FBS and 100 ug/mL Penicillin, 100 ug/mL Streptomycin, and 2.5ug/mL 

Amphotericin B. Tonsils were delivered within 24 hours of surgery and subsequently 

immersed in an antimicrobial bath of Ham’s F12 medium (Gibco) containing Normocin 

(InvivoGen), penicillin, and streptomycin for at least 1 h at 4 °C for decontamination of the 

tissue. Tonsils were then briefly rinsed with Ham’s F12 medium supplemented with 1% 

Anti-Anti (Gibco) and processed as needed for culturing (see below). Only de-identified 

demographic information was obtained. 
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Tonsil organoid preparation 

For cryopreservation of tonsil cells, tissue was dissected into roughly 5 mm × 5 mm × 5 mm 

pieces and manually disrupted into a suspension by processing through a 100-μm strainer 

with a glass pestle. Tissue debris was reduced by Ficoll density gradient separation and the 

buffy coat was collected using plastic sterile Pasteur pipettes. After washing with complete 

medium (RPMI with glutamax, 10% FBS, 1× nonessential amino acids, 1× sodium pyruvate, 

1× penicillin–streptomycin, 1× Normocin (InvivoGen) and 1× insulin/selenium/transferrin 

cocktail (Gibco)), cells were enumerated and frozen into aliquots in FBS + 10% DMSO. 

Frozen cells were stored at −150 °C until use. 

For culture of cryopreserved cells, aliquots were thawed into complete medium, enumerated 

and resuspended to 6E7 cells per ml. Cells were plated, 100 μl per well, into permeable (0.4-

μm pore size) membranes (24-well size PTFE or polycarbonate membranes in standard 12-

well plates; Millipore), with the lower chamber consisting of complete medium (1 ml for 12-

well plates) supplemented with 1 μg/ml of recombinant human B cell-activating factor 

(BAFF; BioLegend). 

LAIV (1 μl per well, equivalent of 1.6E4 to 1.6E5 fluorescent focus units per strain; 2024-

2025 FluMist Trivalent, Medimmune) or AAV9 (dosed as indicated in provided Figures) 

were then added directly to the cell-containing portion of the culture setup. Cultures were 

incubated at 37 °C, 5% CO2 with humidity and supplemented with additional complete 

culture medium to the lower wells every 3-4 days. 

 

Tetramer staining & flow cytometry 

Organoids were harvested from the upper portion of the permeable membranes by rinsing 

the membranes with complete medium from the respective lower wells. Cells were washed 

with FACS buffer (DPBS + 0.2% FBS) and were then incubated at 37°C in 100uL of 50nM 

Dasatinib protein kinase inhibitor (PKI; STEMCELL Technologies) for 30 minutes. 1.5ug 

of APC-conjugated M1:A2 tetramer (NIH Tetramer Core) and 5uL of Fc block (Biolegend) 

were added to the cells at 4°C for 60 minutes. Cells were washed again with FACS buffer 

before staining at 4°C for 30 minutes with FITC CD8 (Biolegend, #300906), Brilliant Violet 

785 CD69 (Biolegend, #310932), PE/Cyanine7 CD25 (Biolegend, #302612), PE/Dazzle 594 
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CD127 (Biolegend, #351336), anti-APC MicroBeads (Miltenyi Biotec; #130-090-855). 

Cells were then washed in DPBS before staining at 4°C for 15 minutes with live/dead Zombie 

Violet (Biolegend, #423113), and subsequently washing with FACS buffer. Stained cells 

were passed through a Miltenyi Biotec MS column to separate and enrich for tetramer-

stained cells before running the cells through a Cytoflex S Analyzer. All flow data was 

analyzed using FlowJo (TreeStar). 

 

Antibody detection by ELISA 

For detection of influenza-specific, ELISA plates (Costar) were coated with 0.1 μg per well 

of season-matched 2024-2025 Fluzone inactivated influenza vaccine (Sanofi) overnight at 

4C to act as the capture antigen. For detection of AAV9-specific antibodies, ELISA plates 

(Costar) were coated with 25ng per well of AAV9 capsid overnight at 4C to act as the capture 

antigen. Tonsil organoid culture supernatants were series diluted in 3% BSA, 0.1% Tween 

TBS and added to influenza or AAV9-coated plates for 2hr at room temperature after 

blocking with 3% BSA, 0.1% Tween TBS for 30 minutes at room temperature. Plates were 

washed with 0.1% Tween TBS before adding horseradish peroxidase-conjugated anti-human 

secondary antibodies to either IgM (Southern Biotech; #2020-05) or IgG (Southern Biotech; 

2014-05) for 2hr at room temperature to detect captured antibodies. Plates were again washed 

with 0.1% Tween TBS and then developed with TMB substrate solution (Thermo Scientific). 

Before 7 minutes had passed, color development was quenched with 1N hydrochloric acid 

and read at 450 nm. 
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C h a p t e r  5  

CONCLUDING REMARKS 

Altogether, this thesis work describes a vesicle-mediated approach for selective T cell 

immunomodulation that may ultimately be useful as a form of cell-like, cell-free therapy 

for autoimmune diseases. Synthetic antigen-presenting vesicles were demonstrated to be 

useful for high-throughput T cell isolation assays investigating the relevance of co-receptor 

presentation, and these vesicles can be coupled with recent human organoid systems to 

probe their immunological significance within the greater cellular diversity and complexity 

of the human immune system. Although the work herein is focused on T cell-mediated 

immunomodulation by antigen-presenting vesicles, these initial results provide an 

experimental pathway for subsequent advances in extracellular vesicle engineering and 

protein immunogenicity reduction that can serve to advance the therapies available to 

patients in the near-term and, coupled with ongoing discoveries in synthetic biology and de 

novo protein design, enable humans to adapt faster than natural evolution to thrive within 

our rapidly changing environment. 

Though small molecule drugs have historically been the pillars of traditional medicine, 

biologics are now among the best-selling drugs globally.168 In parallel with continued 

innovation in the small molecule and biologics space, researchers have heralded the 

successes of stem cell and adoptive T cell therapies that have shown remarkable success in 

the clinic.53 Sitting between the relative safety of protein biologics and tremendous potency 

of cell therapies is a nascent therapeutic platform gaining considerable attention in both the 

scientific community and biotech industry: extracellular vesicles.34,42,44,157,169 EVs are 

naturally multivalent, feature adhesion proteins147 for improved cell-binding and formation 

of immunological synapses,60,85 and can be administered repeatedly without causing 

inflammation.56 While this thesis expands upon Dr. Hoffmann’s earlier work by 

demonstrating an immunocompatible, non-inflammatory application of EABR-mediated 

vesicles, additional near-term advances will serve to improve the safety, potency, and 
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translational potential of nanoparticles generated in vivo. The appendices following this 

chapter describe three example applications of therapeutic EABR-mediated vesicles and 

the advances required to enable their development: protein logic gates, chemically-induced 

dimerization, and mRNA longevity/packaging. 

First, in Appendix A, an example project describes the delivery of therapeutics across the 

blood-brain barrier by extracellular vesicles generated in vivo. EABR-mediated vesicles 

could be used to improve drug delivery to specific cell types in the brain, which has 

previously been demonstrated by ex vivo engineered exosomes.170 Dr. Hoffmann’s group is 

already working on the packaging of therapeutic mRNA into EABR-mediated vesicles that 

could be delivered to diseased cells. Incorporating protein logic gates in these vesicles, 

either as simple OR gates, or potentially more recent AND gates and XOR gates,171-175 

could improve cell-targeting while maintaining the immunocompatibility of these vesicle-

based therapeutic vectors. 

Second, in Appendix B, an example project describes a method for increasing the safety 

and sensitivity of existing cancer therapies by using vesicle protein co-display and 

chemically induced dimerization (CID). EABR-mediated vesicles inherently feature 

increased avidity for cancer antigen due to protein co-display on the vesicles’ membrane 

surface, and the activation of T cells would be limited by the presence of a titratable small 

molecule inducer that could be carefully monitored by the patient or physician. 

Third, in Appendix C, an example project describes a “prophylaxis for trauma” that would 

provide intravascular hemostasis in the event of noncompressible hemorrhage. This project 

would require CID to be implemented to prevent unintended thrombosis, and advances in 

the longevity of exogenous mRNA after administration in vivo would subsequently enable 

long-acting protection from internal bleeds that are not readily apparent by visual 

inspection. 

These three example projects provide use-cases to drive the engineering of extracellular 

vesicles toward key breakthroughs that can improve human health in our lifetime. Looking 
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farther into the future, when we have fully characterized the behavior of cells and the 

interactions of cell networks in tissues at a molecular level, an ideal outcome for synthetic 

biology may be to reprogram whole cells in vivo to achieve a desired function instead of 

transplanting whole cells and tissues or administering mRNA-LNP formulations for the 

expression of single proteins and nanovesicles. In this regard, the initial work described in 

Chapter 4 regarding human tonsil organoid assays of immunogenicity describe very early 

efforts to develop nonimmunogenic gene therapy vectors such as AAVs and, as Amgen is 

already planning,176 develop immunogenicity datasets with which we can train modern 

protein design algorithms to develop immunocompatible de novo biologics that improve 

human health.177 Hopefully, far in the future, when computational protein design 

algorithms can accurately design with immunogenicity in mind, we’ll be able to imbue 

humans with ostentatious, immunocompatible metabolic pathways, like photosynthesis,178 

and the performance-enhancing “drug glands”179 from Iain Banks’ Culture series so that 

patients can diagnose and treat themselves from home with the aid of artificial intelligence 

while we invent new, currently unforeseeable ways to maintain the unsustainable 

healthcare costs and physician burnout rates of today.180 
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A p p e n d i x  A  

DELIVERY OF THERAPEUTICS ACROSS THE BLOOD-BRAIN 

BARRIER BY EXTRACELLULAR VESICLES GENERATED IN VIVO 

BY MRNA-LNP VACCINATION 

Included here is another example therapeutic application of EABR-mediated vesicles. This 

brief research proposal was prepared for internal funding at Caltech and could be applied to 

a wide range of neurogenic diseases. 

 

A.1 Abstract 

The blood-brain barrier (BBB) presents a fundamental bottleneck for the delivery of effective 

research tools and therapeutics to the central nervous system (CNS),181-183 as it can prevent 

the passage of therapeutically useful large molecules, biologics, and gene delivery vectors 

such as adeno-associated viruses (AAVs). Only a handful of receptors have been validated 

for crossing the BBB for research and therapy,184-187 and these existing, non-specific 

receptors have shown off-target therapeutic delivery.188 Further, while AAV-based gene 

therapies have seen preliminary success in the clinic,68 the translatability of AAVs is still 

limited by the cost of production, the toxicity of the virus, and the host immune response 

which can neutralize the therapeutic efficacy of the virus.189 However, recent advances from 

Caltech researchers have now 1) enabled the facile engineering of endogenous, 

biocompatible therapeutic delivery vesicles from a patient’s own cells via mRNA-LNP 

vaccination47,134 and 2) revealed a conserved carbonic anhydrase IV (CA-IV) receptor 

present with high specificity on the surface of BBB endothelial cells that is sufficient to 

shuttle biologic cargo across the BBB.190 We intend to leverage these two advances to 

generate biocompatible, cell-secreted extracellular vesicles that will specifically target the 

CA-IV receptor and cross the BBB to deliver therapeutic cargo to the brain. We expect this 

combined approach will generate a superior gene delivery vehicle with reduced cost, reduced 

immunogenicity, improved avidity, and improved cell-targeting, addressing previous 

shortcomings191 to establish a new therapeutic platform for brain diseases. 
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Figure A.1: (Left) EABR-mediated vesicles display anti-CA-IV, which will bind CA-IV 

present on cell surfaces and allow for cell-specific internalization and crossing of the BBB. 

(Middle) EABR-mediated vesicles co-displaying anti-CA-IV and neurotensin will bind CA-

IV as well as the neurotensin receptor on neurons to support both BBB crossing and neuron-

specific targeting. (Right) EABR-mediated vesicles will encapsulate therapeutically-relevant 

RNA by appending a RNA-binding motif to the EABR-tagged membrane proteins. EABR: 

ESCRT and ALIX binding region, CA-IV: carbonic anhydrase IV, siRNA: silencing RNA, 

miRNA: micro RNA, mRNA: messenger RNA.  

 

A.2 Internalization of EABR-mediated anti-CA-IV vesicles in cells over-expressing CA-

IV 

Cell-secreted extracellular vesicles (EVs), such as exosomes, have emerged as promising 

therapeutic vehicles42,43 because of their biocompatibility,36,37 prolonged blood circulation,38 

and protective encapsulation of their contents.40,41 Despite their many advantages, the 

application of exosomes in gene delivery has been limited because the impurities and foreign 

material from exogenously-produced exosomes can trigger immune responses,192 and cell-

targeting is typically defined by the exosome’s cell source,46 which is typically low in number 

and show low yield.40 However, recent work by Hoffmann et al.47 has demonstrated a 

generalizable method for inducing the release of membrane proteins on densely-coated, cell-

derived extracellular vesicles from a patient’s own cells in vivo by mRNA vaccination, 

abrogating the need for isolation and purification of the EVs and allowing for simple 
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intramuscular injection for therapeutic delivery. Appending an endosomal sorting 

complex required for transport (ESCRT)- and ALG-2-interacting protein X (ALIX)- binding 

region (EABR) to the cytoplasmic tail of membrane proteins directly recruits the ESCRT 

machinery and induces the release of vesicles displaying the EABR-tagged protein. We will 

append this EABR sequence to membrane-bound anti-CA-IV scFv or to recently-identified 

mini-protein binders specific for the CA-IV receptor identified by the Gradinaru Lab 

(developed with support from a Merkin Translational Research grant). The Gradinaru lab has 

established that the receptor-dependent BBB crossing in vivo by AAVs and other CA-IV 

binders correlates with receptor-dependent enhancement in cell internalization of these 

molecules in cell culture.190 Therefore, for this initial proof of concept, we will harvest and 

purify the EABR-mediated anti-CA-IV vesicles from transfected Expi293F cells and co-

incubate the vesicles with HEK293T cells over-expressing CA-IV. Successful targeting and 

internalization of the vesicles will be confirmed by immunocytochemistry. 

 

A.3 Cell-specific targeting of EABR-mediated vesicles co-displaying anti-CA-IV and a 

neuron targeting protein 

Cellular uptake of EVs is highly dependent on their protein corona,193,194 which is critical 

for targeting particular brain cell populations with sufficient therapeutic concentrations 

while avoiding off-target effects.195 The specificity of CA-IV expression in brain 

vasculature presents an opportunity for engineering cell type-specific targeting of 

therapeutic vesicles after BBB crossing through the incorporation of a second vesicle 

receptor-targeting moiety. The Mayo lab has recently demonstrated the co-display of 

defined proteins on EABR-mediated vesicles by simultaneous co-transfection of DNA 

constructs encoding two proteins (manuscript in preparation). We will extend this work by 

co-displaying an anti-CA-IV protein with a neuron-targeting protein, such as 

neurotensin,196 on EABR-mediated vesicles. Successful targeting and internalization of 

these co-presenting EABR-mediated vesicles will be confirmed by engineering the co-

presenting EABR-mediated vesicles to carry GFP and co-culturing with HEK293T cells 

over-expressing either the neurotensin receptor197 or the CA-IV receptor. We expect co-

displaying EABR vesicles to selectively enter cells expressing either receptor, 
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demonstrating the capability of both BBB endothelium targeting as well as neuron-

specific targeting after successfully crossing the BBB. 

 

A.4 Delivery of RNA via EABR-mediated vesicles 

Because the lipid bilayer of extracellular vesicles naturally encapsulates and protects RNA 

from degradation, EVs have garnered attention as delivery vehicles for a diverse range of 

therapeutic RNA species, and studies have repeatedly demonstrated that exosomal RNA 

mediates the therapeutic effects of endogenous exosomes. Several RNA-binding proteins, 

their RNA recognition motifs, and their selective RNA cargo have already been identified 

and linked to EVs,198 including SYNCRIP,199 hnRNPU,200,201 and YBX1.202-205 We will 

append sequences from these known RNA-binding proteins to the EABR-tagged 

membrane proteins to support selective loading of over-expressed, therapeutically-relevant 

RNA189 into EABR-mediated vesicles. To confirm successful packaging of RNA into 

vesicles and cell-specific delivery, the encapsulated vesicle RNA in this initial proof-of-

concept study will encode a fluorescent NanoLuc206 reporter that will fluoresce brightly in 

cells that have internalized the engineered EABR vesicles. 

 

A.5 Acknowledgments 
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A p p e n d i x  B  

INCREASING THE SAFETY AND SENSITIVITY OF CANCER 

THERAPY WITH VESICLE PROTEIN CO-DISPLAY AND 

CHEMICALLY INDUCED DIMERIZATION 

The following research proposal illustrates some of the possible cancer-focused uses of the 

EABR technology. While pursuing this opportunity is not planned by the author, it is 

presented here for use by others who may wish to explore it. 

 

B.1 Abstract 

Despite major advances in cancer treatment, protein biologics and cell therapies still 

struggle with tumor escape variants, tumor cells that express low levels of targeted cancer 

antigen, and maintaining efficacy within the immunosuppressive tumor microenvironment. 

Further, cell therapies are both expensive to manufacture and difficult to control, leading to 

a growing list of complicated receptors that bioengineers have designed to shepherd cell 

therapies away from healthy cells and to include “kill-switches” to shut down lethal, 

unpredictable adverse events that are still occurring in clinical trial and therapeutic settings. 

Extracellular vesicles (EVs) represent a therapeutic sweet spot between protein biologics 

and cell therapies that can address some of these shortcomings. EVs are cell-specific, have 

increased avidity compared to traditional protein-based biologics, and can harness the 

activation potential of cellular therapies without the drawback of uncontrolled mitotic 

proliferation and complex, expensive manufacturing. To advance EVs into the clinic, we 

will extend recent breakthroughs in vesicle-forming technology from the Bjorkman and 

Mayo Labs by co-displaying multiple therapeutic antigen-binding domains on extracellular 

vesicles generated by patients in vivo using an mRNA-LNP formulation. These multivalent 

EVs will have improved sensitivity for cancer antigens on low-expressing tumor cells as 

compared to their commercially available monoclonal antibody equivalents. Second, to 

improve the safety of our vesicles and enable titratable dosing, we will gate vesicle anti-

CD3 T cell activation by administration of the small molecule cancer drug Venetoclax. 
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Together, these advances will increase the safety and sensitivity of EV therapies and 

establish a translational pathway for our EV-based therapeutic platform.  

 

B.2 Introduction 

Cell-secreted extracellular vesicles (EVs), such as exosomes34, have emerged as promising 

therapeutic vehicles42,43 because of their biocompatibility36,37, prolonged blood circulation38, 

multivalency39, and protective encapsulation of their contents40,41. Despite their many 

advantages, the application of EVs in cancer therapy has been limited because of difficulties 

scaling manufacturing44, the heterogeneity of the harvested exosomal population45, and cell-

targeting by EVs is often defined by the vesicle’s original cell source46, which is typically 

low in number and low yield40. However, recent work by Hoffmann et al.47 in the Bjorkman 

lab has demonstrated a generalizable method for inducing the release of transfected 

membrane proteins on densely-coated EVs from a patient’s own cells in vivo, abrogating the 

need for scale-up of manufacturing and subsequent purification. Appending an endosomal 

sorting complex required for transport (ESCRT)- and ALG-2-interacting protein X (ALIX)- 

binding region (EABR) to the cytoplasmic tail of membrane proteins directly recruits the 

ESCRT machinery and induces the release of vesicles displaying the EABR-tagged protein. 

We will append this EABR sequence to membrane-bound single-chain variable fragments 

(scFv) specific for cancer-relevant membrane proteins, such as human epidermal receptor 2 

(HER2) and programmed cell death protein 1 (PD-1), to generate EVs that home to tumor 

sites and amplify the number of binding sites for T cell activation through vesicle protein co-

display (Fig. 1). This amplification of T cell activation by EABR-mediated vesicles will 

outperform commercial biologics at inducing T cell-mediated tumor killing, and, because the 

vesicles can be generated endogenously by patients in vivo by administration of an mRNA 

lipid nanoparticle (mRNA-LNP) formulation, our therapy is cheaper, safer, and more 

convenient than adoptive cell therapies. If our RI2 proposal is successful, our ultimate 

product will be EABR-mediated anti-cancer EVs administered either as an mRNA-LNP 

vaccine encoding the vesicles or as a solution containing the vesicles themselves. 
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Figure B.1: Schematic of a solid tumor being treated with EABR-mediated anti-cancer 

vesicles. (Left circle inlet) Existing biologic designs have limited avidity for multiple 

therapeutic targets, and typically require multiple biologics to be administered for a 

combination therapy to be realized. EABR-mediated vesicles can target multiple receptors 

or cytokines simultaneously, improving antigen sensitivity, reducing off-target toxicity, 

improving T cell activation, and reducing the likelihood of tumor escape variants. (Right 

circle inlet) Chemically-induced dimerization of nanobodies by the small molecule 

Venetoclax allows for fine-tuned titration or gating of anti-CD3-mediated T cell cytotoxicity 

initiated by EABR-mediated vesicles. 

 

B.3 Technical Approach 

Mammalian Expi293F cells will be transfected with a DNA construct encoding anti-HER2 

and anti-CD3 scFvs that are appended with a vesicle-forming EABR sequence; the resulting 

EABR-mediated extracellular vesicles released from the Expi293F cells will be harvested 

from the cell culture supernatant by ultracentrifugation and size-exclusion chromatography. 

Protein co-display and vesicle avidity will be characterized by immuno-electron microscopy, 

ELISA, and cryo-ET. Successful tumor cell targeting by the EABR EVs will be evaluated 

using well-established human breast cancer cell lines (SK-BR-3, HCC 1954) or gastric 

carcinoma lines (N87, SNU-216) compared to negative control cell lines (MDA-MB-468, 
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HEK293T), and the initiation of T cell-mediated killing by the EVs will be performed 

with human PBMCs from healthy volunteers. T cell-mediated killing will be evaluated using 

LDH cytotoxicity assays and ELISAs for markers of T cell activation (Granzyme B, IFN-γ). 

The performance of EABR-mediated vesicles that are simultaneously co-displaying anti-

CD3, anti-HER2 and anti-PD-1 will be compared to commercially available anti-PD-1 

antibody (pembrolizumab), anti-HER2 antibody (trastuzumab), and recent bispecific anti-

HER2/anti-CD3 antibodies. If we see initial success with our co-displayed scFv vesicles, we 

will next co-display small-molecule gated anti-CD3 scFv (Figure 1) and evaluate our ability 

to titrate T cell-mediate tumor cell killing with the addition of the small molecule 

Venetoclax207. 

 

B.4 Rationale 

Over the last few decades, targeted biological medications, such as anti-HER2 treatment 

against breast cancer and, more recently, immunotherapy with immune checkpoint 

inhibition, have achieved tremendous advances in managing cancer56-58. Despite the 

overexpression of cancer neoantigens and PD-L1 in various malignancies, only a subset of 

patients exhibit a durable response from these biologics208 and off-target toxicity remains 

an especially critical issue for solid tumors55. Strategies to improve the response rate to 

biologic therapy include combinational approaches with biologics and chemotherapies, 

multiple checkpoint inhibition, and the development of increasingly sophisticated 

bispecific, trispecific, or combinatorial antibody designs59. These strategies remain limited 

in their coordinated delivery to the target of interest and activation of a full, targeted 

immune response at their intended site209. On the opposite end of the therapeutic spectrum, 

adoptive cell therapies, including chimeric antigen receptor (CAR) T cells, have 

demonstrated remarkable progress for hematological malignancies53. However, these cells 

struggle with trafficking to solid tumors, preferential targeting and elimination of 

antigenically heterogeneous tumors, and the loss of T cell effectiveness within the 

immunosuppressive tumor microenvironment57. Further, adoptive cell therapies are both 

harmful to the patient and difficult to scale; patients often require lymphodepletion before 

treatment, leading to an increased risk of infection, and the therapy is expensive to 
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manufacture and requires months of preparation before expanded autologous T cells 

can be administered to a patient that may have already passed from what can often be a 

rapidly progressive chemorefractory disease53. Clinical translation is further complicated by 

T cells remaining a biological blackbox with unpredictable adverse events such as cytokine 

release syndrome (CRS) and immune effector cell-associated neurotoxicity syndrome from 

overactive T cells54, which have inspired a myriad of bioengineered receptors to provide 

cell-specificity and “kill-switches” to help manage the dangerous unpredictability of 

autonomous adoptive cell therapies55. However, these engineered receptors further 

complicate the manufacturing, validation, and clinical reliability of an already complex 

form of cancer therapy. Sitting between protein biologics and cell therapies is a nascent 

therapeutic platform gaining considerable attention in both the scientific community and 

biotech industry: extracellular vesicles34,42,44,157,169. EVs are naturally multivalent, feature 

adhesion proteins147 for improved cell-binding and formation of immunological 

synapses60,85, and can be administered repeatedly without causing inflammation56. 

Researchers have previously capitalized on these desirable properties by designing tumor-

homing, cancer-killing exosomes that have demonstrated remarkable efficacy in models of 

cancer both in vitro and in vivo38,39,43,210. However, major limitations preventing clinical 

deployment of these therapies include difficulty with scaling-up manufacturing of the 

vesicles and the heterogeneity of the vesicles that are ultimately purified for therapy45, 

which can vary considerably depending on the cell source and culturing conditions211. A 

major benefit of the EABR sequence pioneered at Caltech47 is the ability to turn any cell 

into a high-secreting source of therapeutic EVs, and doing so without requiring 

immunogenic viral proteins that have been used previously to induce vesicle budding. 

These vesicles are more uniform compared to the heterogeneous nature of naturally-

sourced extracellular vesicles, and encoding the EABR-tagged proteins in an mRNA-LNP 

formulation precludes the need for difficult scale-up and purification. 

B.5 Acknowledgments 

Thank you to Steve Mayo for helpful discussions. 
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A p p e n d i x  C  

INTRAVASCULAR HEMOSTATIC PROPHYLAXIS FOR 

NONCOMPRESSIBLE HEMORRHAGE 

If performance athletes “carbo-load” or take various supplements before a sporting event to 

improve their performance or recovery, why don’t we have similar supplementation for 

soldiers or surgical patients that are about to undergo significant physical trauma? I drafted 

the following research proposal for a “trauma prophylaxis” that could both reduce blood loss 

during combat trauma and potentially save lives in planned surgical scenarios. In addition to 

using EABR-mediated vesicles, this proposal describes the use of platelets as a chassis for 

therapeutic protein production, an idea that has been championed by Dr. Christian Kastrup 

at the Medical College of Wisconsin. Because they lack a nucleus and have no mitotic 

potential, platelets could be a compelling new cell-based therapy to rival existing T cell and 

stem cell therapies. 

 

C.1 Basic Research Executive Summary 

Noncompressible hemorrhage consistently emerges as the leading cause of potentially 

preventable trauma mortality on the battlefield,212,213 and the recent conflict in Ukraine has 

demonstrated that future warfighters may not reach a medical care facility for days after 

injury as the long range fire capabilities of near-pear adversaries precludes timely medical 

evacuation.214 Point-of-injury battlefield trauma care has previously focused on the use of 

synthetic intravascular hemostatic agents215-220 and lyophilized platelets.221 However, 

synthetic hemostatic agents suffer from immunogenic foreign body adverse events,222 and 

platelet products demand a cold chain223 or require additional time to resuspend the agent 

before injection,221 limitations which have inspired a recent proposal for a trauma 

prophylaxis.224 

 

This project aims to leverage recent breakthroughs in mRNA transfection of platelets,225,226 

mRNA stability,227 in vivo nanoparticle synthesis,47,134 and chemically induced dimerization 
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(CID)207,228-231 to develop a “trauma prophylactic”. The prophylactic is administered up 

to a week in advance of combat, and will activate either directly before or within seconds of 

injury by the convenient administration of an FDA-approved small molecule drug to 

chemically induce dimerization of platelets specifically at sites of hemorrhage. Unlike 

previous hemostatic agents, gating activation of a procoagulant therapeutic by a small 

molecule allows for long-term, prophylactic protection from noncompressible hemorrhage 

while minimizing the risk of thromboembolism, creating a paradigm shift in our approach to 

preventable trauma mortality on the frontline. 

 

We propose creating three types of injectable hemostatic prophylaxis, at increasing levels of 

potency and implementation complexity, and subsequently exploring their potential for 

accelerated hemostasis while minimizing off-target clotting. The objectives for this two-year 

project are to (1) create an antibody-based chemically-induced hemostatic (CIH) agent; (2) 

utilize the ESCRT pathway to create a microplatelet-like nanoparticle-based CIH agent; (3) 

utilize recent advances in platelet transfection to create a platelet-based CIH agent as outlined 

in Figure 1; (4) study the potency of these hemostatic agents using an in vitro model of 

hemorrhage. 

  

  

Figure C.1: mRNA-LNP vaccine of platelets for on-demand, small-molecule activated 

intravascular hemostasis and life-saving care. vWF: von Willebrand Factor, CID1: 



 

 

120 

chemically induced dimerization protein #1, CID2: chemically induced dimerization 

protein #2, LNP: lipid nanoparticle, IV: intravascular. 

 

C.2 Scientific Objectives 

The goals of this project are to create three novel approaches for prophylactic chemically-

induced hemostatic (CIH) agents, and to study their relative hemostatic potency. The specific 

objectives for this two-year project are to (1) create an antibody-based CIH agent, (2) create 

a microplatelet-like nanoparticle-based CIH agent, (3) create an mRNA-transfected platelet-

based CIH agent, and (4) study the potency of these hemostatic agents in an in vitro model 

of hemorrhage. 

 

C.3 Rationale 

A turning point in military prehospital trauma care came in 1996 when a review of battlefield 

deaths led to the recommendation for immediate application of limb tourniquets as the first-

line treatment for extremity hemorrhage.232 Over the next decade, the US military gradually 

adopted widespread implementation of extremity tourniquets for all deployed forces, 

ultimately resulting in an 85% decrease in deaths attributed to limb hemorrhage.213 While 

efforts to control isolated extremity hemorrhage after injury have been remarkably 

successful, junctional and torso hemorrhage continues to be the leading cause of potentially 

preventable trauma mortality on the battlefield.212 In a large contemporary autopsy study of 

combat deaths from 2001 to 2011, 87% of the 4574 battlefield deaths occurred prior to arrival 

at a medical treatment facility, and 24% of those prehospital deaths were considered 

potentially survivable. Hemorrhage was associated with 91% of these potentially survivable 

injuries, and bleeding overwhelmingly occurred in noncompressible areas: torso 67%, 

junctional 19%.213 A rapid response is critical for counteracting fatal hemorrhage. Casualties 

with penetrating battlefield trauma often only have a “platinum 5 minutes” for life saving 

interventions as the mortality rate for high grade torso injury with hemorrhage can be >40% 

in as little as 15 minutes after injury.233,234 
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Point-of-injury battlefield trauma care has previously focused on reducing death from 

noncompressible hemorrhage through the use of synthetic intravascular hemostatic 

agents,215-220 resuscitative endovascular balloons,235 lyophilized platelets,221 or 

antifibrinolytic tranexamic acid.236,237 However, synthetic intravascular hemostatic agents 

suffer from immunogenic foreign body adverse events222 and short half-life, and surgical 

intervention with endovascular balloons requires expert skill that may not be readily 

available on the frontline. Further, lyophilized platelet products and many proposed 

intravascular hemostatic agents either demand a cold chain,223 require additional time to 

resuspend the agent before injection,221 or expect precise intravenous administration which 

may not be possible within the “platinum 5 minutes” of a life-threatening injury. These 

limitations have inspired a new proposal to use tranexamic acid as a prophylactic measure 

for trauma,224 but a large, multicenter randomized controlled trial demonstrated that 

prehospital administration of tranexamic acid does not result in a greater number of patients 

surviving with a favorable functional outcome at 6 months compared to placebo; rather, 

tranexamic acid intervention provided a mild benefit in converting patients from death 

toward severe disability.237 A potent, convenient well-tolerated, safe, long-lasting molecular 

prophylactic for traumatic hemorrhage is needed to address the problems of intervention 

response time, the inaccessibility of internal bleeds, and the intractability of noncompressible 

bleeds during battlefield triage and frontline wound care. 

 

We want to radically transform outcomes from noncompressible junctional and torso 

hemorrhage in the same way that the tourniquet radically decreased deaths from extremity 

hemorrhage. To that end, recent advances in mRNA transfection of platelets,225,226 mRNA 

stability,227 in vivo nanoparticle synthesis,47,134 and chemically induced dimerization 

(CID)207,228-231 have now enabled new approaches for the design of a safe, long-lasting 

intravascular hemostatic “trauma prophylaxis” that aims to significantly improve outcomes 

from noncompressible hemorrhage on the battlefield. 

 

C.4 Technical Approach & Project Plans 
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We propose creating three types of hemostatic agents and characterizing their potential 

to accelerate hemostasis without increasing the risk of unwanted thromboembolism and off-

target clotting. These three proposed hemostatic agents are related in that they all use 

chemically-induced dimerization to improve their safety profile to the extent that they could 

be administered prophylactically, but the agents differ in their level of avidity and thus differ 

in their expected hemostatic potential.238-240 Designing and testing all three prototypes will 

reveal the relative significance of avidity for hemostasis as well as the hemostatic protein 

expression potential from platelet transfection. 

 

 

Figure C.2. (A) Antibody-mediated hemostatic agent is pharmacologically stable for up to 

a month in vivo and accelerates hemostasis only upon administration of a small molecule 

dimerizer. (B) mRNA-LNP vaccine that generates synthetic nanovesicular micro-platelets to 

supplement and accelerate hemostasis only upon administration of a small molecule 

dimerizer. vWF: von Willebrand Factor, CID1: chemically induced dimerization protein #1, 

CID2: chemically induced dimerization protein #2, LNP: lipid nanoparticle, IV: 

intravascular, IM: intramuscular, ESCRT: endosomal sorting complex required for 

transport. 
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(Objective 1) Antibody-mediated chemically induced hemostasis: Chemically induced 

dimerization (CID) is an approach for gating the binding of two proteins to be dependent on 

the presence of a conveniently administered small molecule.207,228-231 Thus, CID gives 

pharmaceutical designers precise control over the therapeutic activity of a biologic drug after 

it is administered to a patient. CID has previously been explored as a safety mechanism for 

gating and tuning T cell activation during immunotherapy by preventing adverse events such 

as epitope spreading and cytokine storm229; titrating low doses of a dimerizing small 

molecule in mice enabled rapid, reversible, and tunable assembly of functional antibody 

complexes to control the tumor localization of a radioligand and the antitumor activity of 

bispecific t-cell engaging antibodies.207 When immunotherapeutic antibody complexes were 

dosed into mice without the administration of a dimerizing small molecule, Martinko et al. 

found no T cell activation, no evidence of cytokine production, and a complete lack of T cell-

mediated killing.207 As an initial proof of concept to demonstrate the use of CID for 

switchable hemostasis, our plan is to extend this engineered CID system from an 

immunotherapy setting toward a hemostatic context (Figure 2A). The immune-activating 

anti-CD3 antibody arm used by Martinko et al.207,228 will be replaced with a vWF-binding 

moiety241 that has been shown to not interfere with normal clotting242; as a result, 

prophylactic administration of this antibody system should neither accelerate nor interrupt 

physiologically normal hemostasis. However, upon administration of a dimerizing small 

molecule, we expect therapeutic protein binding to specifically occur at sites of hemorrhage 

and accelerated hemostasis to occur within seconds. 

 

(Objective 2) Nanoparticle-mediated chemically-induced hemostasis: Hoffmann et al. 

recently described a method for in vivo production of nanoparticles displaying desired 

proteins on their surface by utilizing the endogenous endosomal sorting complex required 

for transport (ESCRT) pathway.47 Cells transfected with membrane proteins engineered to 

feature an ESCRT and ALIX-binding region (EABR) peptide appended to their cytoplasmic 

tail are preferentially assembled and released on nanoparticles originating from the 

transfected cells. Hoffmann et al. demonstrated that these nanoparticles are densely 
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decorated with engineered EABR-tagged proteins, and the nanoparticles are capable of 

stimulating immune responses in both in vitro and in vivo contexts.47,134 Mimicking the 

existing physiological microplatelets243 that are generated endogenously by natural platelets, 

we aim to induce the creation and release of synthetic microplatelet-like nanoparticles from 

human cells by mRNA transfection. Insertion of the EABR peptide into the cytoplasmic tail 

of a membrane-bound version of the CID antibodies from objective (1) will lead to EABR-

mediated microplatelet-like nanoparticles displaying a human antibody-based CID 

system207; the antibody-decorated nanoparticles will dimerize with known epitopes of 

endothelial damage242 at sites of hemorrhage only upon administration of a small molecule 

to safeguard against thromboembolism (Figure 2B). Because nanoparticles generated by 

ESCRT have been shown to be densely coated in EABR-tagged protein,47,134 we expect the 

avidity of these microplatelet-like nanoparticles to contribute significantly to their clotting 

potential in comparison to an antibody-exclusive CID system.238-240 Further, because of 

advances in mRNA stability, we expect the nanoparticles to be present in the blood to 

participate in CID hemostasis for up to a week.227 

 

(Objective 3) Platelet-mediated chemically-induced hemostasis: Leung et al. recently 

described the successful transfection of platelets using an optimized mRNA-LNP 

formulation that increases protein expression in platelets 10-100 fold.225 Leung et al. 

demonstrated that the coagulability or clotting potential of these transfected platelets is not 

statistically different from untransfected platelets either at baseline or post-trauma, and the 

transfected platelets were well-tolerated in mice.225 Notably, platelets lack both a nucleus and 

DNA, and platelets do not perform mitosis, so the safety profile of genetically modified 

platelets is greatly improved over other cell-based engineering strategies. Further, previous 

work has shown that supramolecularly-conjugated platelets perform better than endogenous 

platelets at hemostasis when transfused at equal amounts into a mouse model of 

hemorrhage.223 We intend to build upon this “platelet modification” approach by engineering 

a membrane-bound version of the CID antibodies from objective (1) to be encoded by an 

mRNA-LNP formulation that will preferentially transfect platelets (Figure 1). We expect no 

change in bleed times or blood loss between mRNA-transfected platelets and physiologically 
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normal platelets until a small molecule is administered, at which point we expect to see 

significantly accelerated hemostasis that leads to reduced blood loss and reduced bleeding 

times. 

 

(Objective 4) In vitro characterization of chemically-induced hemostasis agents: 

Characterization of our antibody-mediated CID system and microplatelet-like nanoparticles 

will be performed by SDS-Page, Western Blot, and ELISA-based assays. Platelet protein 

expression after mRNA-LNP transfection will be evaluated using Western Blot with 

radioactive labels to increase the sensitivity of potentially low-expressing proteins in 

platelets. Microfluidic systems mimicking blood flow will be fabricated to better understand 

the performance of these systems under physiological conditions, and the hemostatic 

functionality of our prophylactic agents will be assessed using ROTEM (Tem International 

GmbH), including clotting time, clot-forming time, maximum clot formation, and clot 

firmness. 

 

Success with our in vitro studies will provide motivation to perform in vivo testing using 

standard animal models of hemorrhage covered under a subsequent grant. 

 

C.5 Expected Benefits and Military Relevance 

For more than 20 years during the Global War on Terror (GWOT) in Iraq and Afghanistan, 

US military forces engaged enemies whose capability to mount offensive and defensive 

strategies against US forces was limited, and the air, ground, and sea dominance of the US 

assured relative freedom of movement for medical evacuation.214 In the current conflict in 

Ukraine, however, which is representative of a war with a near-peer adversary, Russia has 

equivalent or superior combat forces to Ukraine, which limits Ukrainian mobility and 

evacuation.244 There is minimal ability for the Ukrainian Air Force to perform airborne 

medical evacuation (MEDEVAC) from frontline positions or areas adjacent within the 

envelope of Russian antiaircraft fire.245 MEDEVAC by ground forces also routinely comes 

under attack by Russian forces. The US should assume that advanced, accurate, and very 

long-range weapon systems will be readily available to future near-peer adversaries and, 
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consequently, future US service members may not reach definitive care for days after a 

combat injury.214 

 

A shelf-stable, life-saving hemostatic agent that is activated by convenient administration of 

a small molecule pill or injection would provide a paradigm-changing solution to the greatest 

cause of preventable pre-hospital mortality in warfighters.212 In addition to the obvious 

benefit of preventing lethal hemorrhage, warfighters will perform more confidently on the 

frontline knowing they can better survive being shot, stabbed, or hit by an explosive blast 

compared to their adversary. Further, for non-combatant personnel who are on 

anticoagulants, this CID hemostatic system could be repurposed as a form of reversible 

anticoagulant agent when these active-duty personnel need to undergo emergency surgery. 
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