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Abstract 
 

Engineered plasma cells: a novel platform for long-term delivery of biologics to treat leukemia 
and other diseases 

 
Tyler F. Hill 

 

 

Advances in genome-engineering have enabled the generation of human plasma cells that 

secrete therapeutic proteins and are capable of long-term in vivo engraftment in humanized 

mouse models. To assist the clinical translation of engineered plasma cells (ePCs), we present 

three key studies evaluating: a) engineering approaches for optimized expression and secretion 

of non-immunoglobulin G (IgG)-like bispecific antibodies by human plasma cells to treat 

leukemias in vivo; b) a humanized mouse model to assess engraftment function and 

pharmacokinetics of adoptively transferred autologous ePC; and c) a novel B cell signaling 

BCR/Ab-screening method to evaluate highly expressed monoclonal antibodies for secretion by 

ePCs. We show that human ePCs expressing either anti-CD19 x anti-CD3 (blinatumomab) or 

anti-CD33 x anti-CD3 bispecific antibodies mediate T cell activation and direct T cell killing of 

specific primary human cell subsets and leukemia cell lines in vitro and in vivo. We demonstrate 

that the presence of autologous human hematopoietic cells in immunodeficient mice permits the 

establishment of a robust model for studying the in vivo biology and potential therapeutic benefit 

of long-lived human ePCs. Finally, we developed a B cell signaling-based method for the 

screening of BCRs for use as recombinant monoclonal antibody therapy and in engineered B 

cells and ePCs. Collectively, these findings support further development of ePCs for use as a 

durable system for the treatment of acute leukemias, and potentially other diseases.
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Chapter 1. 

INTRODUCTION AND BACKGROUND ON THE MOLECULAR 

ENGINEERING OF B CELLS AND PLASMA CELLS 
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1.1. FEATURES OF B CELLS AND PLASMA CELLS RELATED TO THEIR USE AS CELL 

THERAPIES 

Cells of the B cell lineage are adaptive immune cells best known for their production of 

antibodies (Abs). During their life cycle, B cells undergo various stages of differentiation, leading 

to the adoption of diverse phenotypes and functions. The development of B cells initiates in the 

bone marrow, where genetic recombination events lead to the expression of a unique B cell 

receptor (BCR) conferring antigen specificity. Following this, mature naive B cells egress into 

the systemic circulation, distributing in both blood and lymphoid organs, seeking an encounter 

with their respective cognate antigens. When exposed to cognate antigens, appropriately 

stimulated naive B cells can undergo clonal expansion and differentiation, giving rise to diverse 

subsets. Among those differentiated subsets are long-lived plasma cells (PCs). For a more 

comprehensive and in-depth exploration of the intricate mechanisms governing the various B 

cell differentiation fates, we recommend referring to the following reviews by Jason Cyster and 

Stephen Nutt1–3.  

We consider long-lived PCs to be the optimal B cell subset for long term delivery of 

biologics, however, it is worth mentioning some of the functionalities of other B cell subsets and 

their potential applications. For instance, antigen-specific B cells of can undergo differentiation 

towards an IL-10 secretory regulatory B cell phenotype or alternatively be modified to function 

as tolerogenic antigen-presenting cells by expressing an antigen fused to the heavy chain (HC) 

of IgG, and thus facilitate immunological tolerance for autoimmune diseases or monogenic 

disorders4–8. Alternatively, B cells under the right activation conditions can present antigen such 

as  tumor associated antigens and induce antigen-specific T cell responses as a potential 

cancer vaccine9–11. Another function of many antigen-specific B cells subsets is their ability to 

clonally expand when stimulated with cognate antigen which can allow for the priming/boosting 

of adoptively transferred cells12–14 To date, adoptively transferred B cells have been used in 

https://paperpile.com/c/UJRaTF/rUg8+Bw99+y02g
https://paperpile.com/c/UJRaTF/Dkf1+5g8c+qsYE+J2k2+xsgk
https://paperpile.com/c/UJRaTF/sCTY+d55P+vy45
https://paperpile.com/c/UJRaTF/ORKa+15W3+nzXM
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clinical trials as a cancer vaccine15 and as a way to prevent infectious complications during stem 

cell transplantation16. These trials indicate that adoptive B cell immunotherapy is generally safe 

and associated with little toxicity. However, the cell product transferred in these trials contained 

a variety of B cell subsets with various functionalities and abilities which may not necessarily be 

beneficial in the context of a biologic secreting cell-based platform. For example, B cells that 

encounter cognate antigen can secrete inflammatory cytokines (IL-6 and IFNγ) that may 

enhance immunogenicity of biologic being secreted or lead to volatile levels of biologic through 

antigen-driven expansion of biologic-secreting cells.  

To avoid these undesirable B cell functionalities and enhance desired PC functionality,  

one can ex vivo differentiate and select a B cell product that consists primarily of long-lived PCs 

during in vitro manufacturing 17–19. BCR surface expression and antigen presentation machinery 

is downregulated as B cells approach terminally differentiated IgG class-switched long-lived 

PCs and thus reduces the antigen-dependent B cell functions we just mentioned20–22. Using 

long-lived PCs has several additional benefits as a platform for the delivery of therapeutic 

biologics. Firstly, B cells are easily accessible from peripheral blood and readily expand and 

differentiate into plasma cells. Secondly, differentiated PCs can survive for decades in the 

absence of further antigen stimulation or proliferation23 which may allow for a continuous long-

term secretion of biologics. Thirdly, PCs have a high secretory capacity (up to 10,000 

Immunoglobulin (Ig) G molecules per second24–26, which may allow for the use of a smaller cell 

dose to achieve therapeutic levels. Additionally, PCs have a propensity to migrate and persist in 

hard to access tissue sites such as the bone marrow and mucosal tissues allowing for more 

localized delivery of biologics27–29. Lastly, there is a wide range of tools available for the 

molecular engineering of B cells and PCs to express exogenous therapeutic proteins and 

peptides (see section 1.2). 

 

https://paperpile.com/c/UJRaTF/Cyux
https://paperpile.com/c/UJRaTF/6xSr
https://paperpile.com/c/UJRaTF/WD7D+Kgqj+rK1B
https://paperpile.com/c/UJRaTF/C7I9+p4v9+gJCk
https://paperpile.com/c/UJRaTF/FSIY
https://paperpile.com/c/UJRaTF/EJKP+slys+pUZ5
https://paperpile.com/c/UJRaTF/xzcX+xc9S+ezW2
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1.2. SHORT HISTORY OF THE MOLECULAR ENGINEERING OF HUMAN B CELLS 

The past decade has seen a major shift in technology allowing for the stable integration 

of transgenes into the genome of B cells and subsequent PCs. While we will focus on 

technologies that stably integrate transgenes, it is worth mentioning there are many methods 

that use of mRNA30,31, naked/plasmid DNA32,33, viral vectored episomal DNA34–37 for the 

transient expression of exogenous transgenes in human B cells. Progress in the early days of 

engineering stable gene integration into B cells was challenging because traditional VSV-g 

integrative lentiviral vectors do not readily transduce human B cells38. However, the introduction 

of lentiviral vectors pseudotyped with RD114 cat endogenous virus, baboon endogenous virus, 

or measles virus glycoproteins have significantly augmented transduction efficiency39–41. 

Integrative lentiviral vectors have been used in proof of concept studies to engineer B cells to 

treat cancer42 and infectious disease43,44. Additionally, the Sleeping Beauty (SB) transposon 

system has also been used to generate IUDA-secreting plasma cells45. However, the non-site-

specific integration of lentiviral vectors and SB along with their tendency to integrate into 

transcriptionally active regions, poses an inherent risk of introducing harmful mutations46. 

Furthermore, both systems lack control over the viral copy number47 (gene integration events for 

SB) or lentiviral promoter silencing48. 

In part to improve control over where transgenes insert in the genome, the B cell 

engineering field has moved towards the use of clustered regularly interspaced short 

palindromic repeats(CRISPR)/CRISPR associated protein (Cas9) technology coupled with 

homology directed repair to allow for the targeted integration of transgenes at specific loci in B 

cells. Cheong et al. were the first to show locus-specific editing using CRISPR/Cas9 in human B 

cells. Interestingly, they also showed the ability to induce class switch recombination in murine 

B cells49. Then in 2018, Hung et al. were able to use homology directed repair to generate the 

first CRISPR/Cas9 genome-engineered B cell to secrete a clinically-relevant biologic drug50. In 

https://paperpile.com/c/UJRaTF/AlAW+Rrhl
https://paperpile.com/c/UJRaTF/0hKT+Ucfe
https://paperpile.com/c/UJRaTF/VrlS+bN5V+bkYa+Vnok
https://paperpile.com/c/UJRaTF/tBAX
https://paperpile.com/c/UJRaTF/aVmA+hsCE+JxeJ
https://paperpile.com/c/UJRaTF/0f3p
https://paperpile.com/c/UJRaTF/OqBR+tor8
https://paperpile.com/c/UJRaTF/LGTR
https://paperpile.com/c/UJRaTF/Ncdd
https://paperpile.com/c/UJRaTF/y0az
https://paperpile.com/c/UJRaTF/IpZv
https://paperpile.com/c/UJRaTF/le0d
https://paperpile.com/c/UJRaTF/PPNH
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their seminal study, they used CRISPR/Cas9 ribonucleoprotein to cause a double stranded 

break at the safe harbor locus, CCR5. They then used AAV6 vectored homologous repair 

templates to deliver a gene cassette containing Factor IX, which is inserted into the CCR5 locus 

via the homology directed repair pathway. This has led to proof-of-concept studies using 

homology directed repair to engineer B cells that deliver biologic drugs to treat protein 

deficiency diseases51,52 and viral infections12,14,53–55. For a more comprehensive and in-depth 

discussion of B cell engineering methods, we recommend referring to the following reviews by 

James Voss, Paula Cannon and François-Loïc Cosset38,44,56,57.  While editing efficiency with 

CRISPR/Cas9 and AAV6 vectored repair templates remains challenging when trying to deliver 

large transgene payloads (>4.7kB)58, it is now possible to engineer B cells and subsequent PCs 

to secrete a variety of biologics against a wide range of targets. 

1.3. POTENTIAL APPLICATIONS OF ENGINEERED PLASMA CELLS FOR THE 

DELIVERY OF CHRONICALLY ADMINISTERED BIOLOGICS 

In Section 1.1, we summarized data that indicate that PCs have several features that 

make them an excellent candidate for a long-term biotherapeutic delivery platform. In section 

1.2, we established that it was possible to engineer PCs to secrete a wide variety of biologics. 

Combined, we can generate a biologic drug delivery platform with the potential of providing 

continuous stable levels of therapeutic biologics (Figure 1). The initial success in B cell 

engineering raises a range of key questions including: what are the potential clinical applications 

where ePC therapy would prove beneficial? How can we model the in vivo functionality of ePC 

therapies in a manner that is most biologically relevant to humans? How can we screen future 

potential biologics for technical feasibility and high secretion in an ePC therapy?   

Diseases treated chronically through repeat infusions or injections such as monogenic 

protein deficiency disorders may benefit from a continuous in vivo source of exogenous 

replacement protein. Maintaining sustained and effective serum concentrations of the desired 

https://paperpile.com/c/UJRaTF/W1JC+mqxZ
https://paperpile.com/c/UJRaTF/cer6+nzXM+jtbQ+p98m+ORKa
https://paperpile.com/c/UJRaTF/tBAX+kK29+AYmv+tor8
https://paperpile.com/c/UJRaTF/wxQ8
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exogenous protein is a significant hurdle in protein replacement therapy. This is further 

complicated by the propensity of recombinant drug therapy to elicit anti-drug immune responses 

that diminish or neutralize the therapeutic efficacy59. Exogenous protein secreting ePCs, due to 

their potential for long-term persistence, could offer a lifelong cure with just one injection. 

Moreover, these ePCs may present the exogenous protein peptides as a self-antigen, 

potentially reducing the immunogenicity associated with exogenous replacement protein 

therapies60,61. Both Hung et al. and Levy at al. have provided proof of concept that human 

engineered B cells and ePCs can produce human factor IX, the missing clotting factor in 

patients with hemophilia B50,52. In the future, we hope that researchers will use 

immunocompetent models to investigate whether delivering exogenous replacement protein via 

ePC results in lower immunogenicity compared to injected protein or gene therapies that cause 

the secretion of exogenous proteins from other tissues, such as the liver62 or muscle63. 

Additionally, deficiencies of sphingomyelin phosphodiesterase 1 (SMDP1)64, alkaline 

phosphatase (ALPL)65 alpha-galactosidase A (GLA)66 alpha-L- iduronidase (IDUA)67 and many 

other monogenic protein and enzyme deficiency diseases that require repeated injection of 

recombinant proteins with short half-lives may also benefit from ePC-based therapies. 

In addition to monogenic diseases, there is considerable interest in using ePCs to deliver 

biologics to provide protection against pathogens that are hard to vaccinate against such as 

HIV, EBV, dengue and RSV. Several groups have published data on genome-engineering 

strategies that insert anti-pathogen Ab transgenes into the immunoglobulin heavy chain locus, 

where they can be expressed using B cell-endogenous H chain constant gene exons, which 

allows them to function as both BCRs and subsequently as secreted therapeutic Abs12,14,53,55. 

Anti-pathogen Ab engineered B cells showed evidence of antigen-specific immune responses 

(HIV12,14,55) and in vivo protection (RSF53). These studies used murine B cells and, to date, no 

one has demonstrated in vivo functional protection using human anti-pathogen Ab secreting B 

https://paperpile.com/c/UJRaTF/uaRy
https://paperpile.com/c/UJRaTF/XPGB+vDSs
https://paperpile.com/c/UJRaTF/PPNH+mqxZ
https://paperpile.com/c/UJRaTF/iTYO
https://paperpile.com/c/UJRaTF/FaJB
https://paperpile.com/c/UJRaTF/LXS7
https://paperpile.com/c/UJRaTF/bB55
https://paperpile.com/c/UJRaTF/RK73z
https://paperpile.com/c/UJRaTF/cgmv
https://paperpile.com/c/UJRaTF/nzXM+p98m+cer6+ORKa
https://paperpile.com/c/UJRaTF/ORKa+nzXM+p98m
https://paperpile.com/c/UJRaTF/cer6
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cells. Modeling anti-pathogen Ab secreting ePCs in a humanized small animal model 

susceptible to human tropic disease would allow for the functional testing of disease protection 

and is further explored in Chapter 3.  Alternatively to anti-pathogen Abs, Vamva et al. were able 

to show antiviral activity in vitro when plasma cells engineered to produce an anti-HIV-1 

immunoadhesin, eCD4-Ig, were cultured with NL4-3 HIV-1-infected SupT1 CD4+ T cells40. An 

additional strategy yet to be explored is the use of ePCs to deliver antiviral peptides such as 

enfuvirtide68. 

 Hematological and non-hematological malignancies may be another indication where 

engineered B cells and ePCs may provide benefit. For example, Luo et al. show that ePCs that 

produce the checkpoint inhibitor, pembrolizumab, could suppress human melanoma growth in 

xenograft-tumor mice42. Page et al. provide a very comprehensive review of past and current 

strategies for exploiting adoptive transfer of modified and unmodified B cells to treat 

malignancies38. A strategy that has yet to be explored in proof of concept studies is the 

engineering of B cells to express BCRs/Abs against tumor-associated antigens. For example, 

expression of anti-EGFR, cetuximab, from ePCs may provide long lasting inhibition of EGFR 

growth pathways in a variety of tumors. Alternatively, one potential use in cancer discussed in 

Chapter 2 is the use of ePCs to deliver anti-cancer biologics such as blinatumomab, a bispecific 

t cell engager targeting CD19. In Chapter 2 we will further explore the use of ePCs as a delivery 

platform for the delivery of anti-cancer therapeutics. 

Additional potential of biologics or therapeutic peptides that may benefit by being 

delivered by ePC are summarized in Figure 2. In the following chapters, we will present studies 

that show that ePCs cells secreting anti-cancer biologics suppress patient-derived leukemia in 

immunodeficient mice. We will establish an autologous adoptive ePC transfer humanized 

mouse model for a more biologically-relevant evaluation of ePC functionality against human 

https://paperpile.com/c/UJRaTF/hsCE
https://paperpile.com/c/UJRaTF/u9xc
https://paperpile.com/c/UJRaTF/0f3p
https://paperpile.com/c/UJRaTF/tBAX
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pathogens. Furthermore, we developed a novel human B cell-based BCR screening system to 

develop highly expressed mAbs for ePC therapies. 

 

1.4. FIGURES 

1.4.1. Generalized workflow for the generation of autologous engineered plasma cell 

therapeutics 
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1.4.2. Potential applications of ePC therapeutics 

 
 
Engineered plasma cells can be engineered to produce a variety of therapeutic proteins to treat 

a variety of different diseases. Broadly neutralizing antibodies (BnAbs), Bispecific T cell engager  

(BiTE), Tumor associated antigen(TAA), Interleukin (IL).  
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2.1. ABSTRACT 

Bispecific antibodies are an important tool for the management and treatment of acute 

leukemias. Advances in genome-engineering have enabled the generation of human plasma 

cells that secrete therapeutic proteins and are capable of long-term in vivo engraftment in 

humanized mouse models. As a next step towards clinical translation of engineered plasma 

cells (ePCs) towards cancer therapy, here we describe approaches for the expression and 

secretion of bispecific antibodies by human plasma cells. We show that human ePCs 

expressing either fragment crystallizable domain deficient anti-CD19 x anti-CD3 (blinatumomab) 

or anti-CD33 x anti-CD3 bispecific antibodies mediate T cell activation and direct T cell killing of 

specific primary human cell subsets and B-acute lymphoblastic leukemia or acute myeloid 

leukemia cell lines in vitro. We demonstrate that knockout of the self-expressed antigen, CD19, 

boosts anti-CD19 bispecific secretion by ePCs and prevents self-targeting. Further, anti-CD19 

bispecific-ePCs elicited tumor eradication in vivo following local delivery in flank-implanted Raji 

lymphoma cells. Finally, immunodeficient mice engrafted with anti-CD19 bispecific-ePCs and 

autologous T cells potently prevented in vivo growth of CD19+ acute lymphoblastic leukemia in 

patient-derived xenografts. Collectively, these findings support further development of ePCs for 

use as a durable, local delivery system for the treatment of acute leukemias, and potentially 

other cancers.  
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2.2. INTRODUCTION 

Immunotherapies that recruit cytotoxic T cells to kill cancer cells, such as bispecific 

antibodies, have played a significant role in the improved survival rates for patients with B-cell 

acute lymphoblastic leukemia (B-ALL)1–4. Blinatumomab is an anti-CD19 x anti-CD3 non-

immunoglobulin G -like bispecific antibody (non-IgG-like bispecific; also called a bispecific T cell 

engager, BiTE™) that received FDA approval in 2014 for the treatment of patients with 

relapsed/refractory B-ALL 4,5. Blinatumomab is now used in multiple B-ALL settings, including 

frontline therapy, as a bridge to transplantation, consolidation therapy, and as a low toxicity 

alternative to chemotherapy regimens6.  A limitation of Blinotumamab7 and other non-IgG-like 

bispecifics8,9 is that these molecules lack fragment crystallizable domains and have short half-

lives, which necessitate continuous high dose intravenous infusions. However, this intensive 

regimen can be challenging for patients, especially those with limited hospital access10,11. A 

range of methods have been utilized in an attempt to extend biologic half-life of non-IgG-like 

bispecifics12, including conjugation with small molecules, fragment crystallizable domains, or 

albumin binding motifs. However, it remains unclear whether these fusion molecules will be 

effective, lack immunogenicity, and/or overcome the need for multiple continuous high-dose 

infusions.  

We, and others, have explored using engineered plasma cells (ePCs) as a long-term 

biologic drug delivery platform13–16. Engineered B cell populations have been investigated in 

proof-of-concept studies to deliver biologic drugs to treat protein deficiency diseases13,17, viral 

infections18–22, and cancer15,23. Based on these observations, we predicted that adoptive transfer 

of bispecific expressing ePC might mitigate challenges related to both bispecific half-life and 

high dose systemic toxicity. Plasma cells are uniquely suited to deliver biologics over long 

periods due to their long lifespan24 (half-life is estimated to be 11 to 200 years25), and high 

https://paperpile.com/c/CpPMuz/FvqZ+fQkE+nUMl+Cms3
https://paperpile.com/c/CpPMuz/Cms3+Wu2u
https://paperpile.com/c/CpPMuz/SFoU
https://paperpile.com/c/CpPMuz/W11A
https://paperpile.com/c/CpPMuz/dSSx+LEnu
https://paperpile.com/c/CpPMuz/6e5G+qp9P
https://paperpile.com/c/CpPMuz/X4eD
https://paperpile.com/c/CpPMuz/q6vV+kIr5+wxUH+5OSH
https://paperpile.com/c/CpPMuz/q6vV+Kzi7
https://paperpile.com/c/CpPMuz/fE8s+3Lkd+QxOG+9xHA+jn13
https://paperpile.com/c/CpPMuz/X6xi+wxUH
https://paperpile.com/c/CpPMuz/ZSvr
https://paperpile.com/c/CpPMuz/d5Lt
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secretory capacity (up to 10,000 IgG molecules per second26–28),  Furthermore, ex-vivo 

generated ePCs resemble endogenous plasma cells, and can stably secrete therapeutically 

relevant levels of immunoglobulin for greater than one year in hIL6-humanized mice14. Because 

PCs29,30 and ePCs14 preferentially localize to bone marrow and other tissue microenvironments 

where progenitor B-ALL cells reside31, we predicted that ePCs could harmonize with local 

bispecific delivery to induce potent anti-leukemia activity. 

In this study, we describe a homology-directed repair strategy (HDR) based gene editing 

strategy for the generation of ePC that produce large quantities of anti-CD19 x anti-CD3 or anti-

CD33 x anti-CD3 non-IgG-like bispecifics to target B-ALL or acute myeloid leukemia (AML), 

respectively. Our combined findings demonstrate that ePCs secreting bispecifics can promote 

T-cell driven killing of primary human cells, human leukemic cell lines in vitro, and patient-

derived B-ALL xenografts in vivo. Based upon our preclinical results, we propose that ePC 

strategies could be translated to the clinic for evaluation of bispecific delivery to patients with 

acute leukemias, and other scenarios where half-life is limiting or local delivery could reduce on-

target adverse effects.  

2.3. MATERIALS AND METHODS  

2.3.1. B cell culturing and PC differentiation  

We isolated B cells from healthy human donors’ PBMCs (Fred Hutchinson Cancer 

Research Center) using the EasySep Human B cell enrichment kit (Stem Cell Technologies). 

We obtained >95% purity for B cells defined by CD3 negativity and CD19 positivity. Isolated B 

cells were cultured in Iscove’s modified Dulbecco’s medium (Gibco), supplemented with 2-

mercaptoethanol (55μM) and 10% FBS. For Figure 1, cells were cultured for seven days as 

described in Hung et al13. For experiments in Figure 2-6 cells were cultured as described in 

https://paperpile.com/c/CpPMuz/Cpnb+YIml+R2Fy
https://paperpile.com/c/CpPMuz/kIr5
https://paperpile.com/c/CpPMuz/UK0Q+SStP
https://paperpile.com/c/CpPMuz/kIr5
https://paperpile.com/c/CpPMuz/t5AD
https://paperpile.com/c/CpPMuz/q6vV
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Cheng et al32. Cell concentrations were kept between 5-15x105 live cells per ml. Cells for in vivo 

experiments were purified via CD3 bead depletion column (Miltenyi) prior to injection. 

2.3.2. AAV6 HDR CRISPR Cas9 Engineering of B cells 

Clustered regularly interspaced short palindromic repeats (CRISPR) RNAs (crRNAs) 

targeting the CCR5, JCHAIN, IgG1, Eμ18, and CD19 (sequences in Table S1) were identified 

using the Broad Institute GPP sgRNA Designer 

(http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) and synthesized (IDT) 

containing phosphorothioate linkages and 2′O-methyl modifications. crRNA and trans-activating 

crRNA (tracrRNA; IDT) single guide hybrids were mixed with 3uM Cas9 nuclease (Berkeley 

Labs) at a 1.2:1 ratio and delivered to cells by Lonza 3D (CA-137) or Maxcyte GTX (B cell 3) 

electroporation. After electroporation, cells were transferred into the activation medium 

(1.5x106cells/mL) in the presence of adeno-associated virus 6 (AAV6) vectors carrying 

homologous DNA repair templates (20% AAV by volume or viral copy of 1x104 per cell, Figure 

1E schema). The medium was changed 24 hours following AAV6 administration. AAV6 vectors 

were produced as previously described13 or manufactured by Sirion Biotech. Synthetic construct 

sequences can be found in GenBank (OQ743465-OQ743468). 

 

2.3.3. In vitro ePC-mediated killing assays (K562, PBMC, leukemia cell line, and 

self-killing assays) 

For the K562 killing assay, K562 cells were obtained from ATCC and lentivirally 

transduced to express either CD19 linked in cis to green fluorescent protein (GFP) (referred to 

as target cells) via self-cleaving P2A or BCMA linked in cis to BFP (referred to as control cells) 

and purified by flow cytometry assisted sorting. 5x103 target cells, 5x103 control cells and 5x104 

CD8+ T cells were incubated with either various dilutions of supernatants from genome-

https://paperpile.com/c/CpPMuz/9XJ8
https://paperpile.com/c/CpPMuz/fE8s
https://paperpile.com/c/CpPMuz/q6vV
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engineered cells or media containing various concentrations of recombinant anti-CD19 x anti-

CD3 bispecific (Invivogen, bimab-hcd19cd3) for 48 hours (Figure 1F-H& 3G-I). For the 

peripheral blood mononuclear cell (PBMC) killing assay, 2x105 PBMCs and 4x104 autologous 

CD8+ T cells were incubated with either supernatants from engineered PCs or media containing 

recombinant anti-CD19 x anti-CD3 bispecific (Invivogen, bimab-hcd19cd3) or anti-CD33 x anti-

CD3 bispecific (AMG 330) for 48 hours (Figure 2H-K). For leukemia cell line killing assay 5x103 

NALM-6 cells, 5e3 MOLM-14 cells and 5x104 CD8+ were incubated with either supernatants 

from engineered PCs or media containing recombinant bispecifics (Figure 2D-F). For the self-

killing assay, 2x105 genome-engineered B cells were incubated with autologous T cells at 

various effector to target ratios and cultured for 24 hours (Figure 3BE-F). Each assay was 

performed in 200uL in duplicate in 96 wells with RPMI-1640 supplemented with 10% FBS as the 

base media at 37oC and 5% CO2. At the end of each assay, cells from duplicate wells were 

pooled, washed with PBS, stained according to Table S2, and analyzed by flow cytometry. 

2.3.4. In vivo assessment of ePCs against human B-cell malignancies 

All animal studies were performed according to AAALAC standards and were approved 

by the Seattle Children’s Research Institute (SCRI) Institutional Animal Care and Use 

Committee. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ-c (NSG) mice were purchased from Jackson 

Laboratory and all mice were kept in a designated pathogen-free facility at SCRI. For the 

subcutaneous lymphoma flank model (Figure 4A-C), 2.5x105 ePCs, 5x104 autologous T cells, 

and 2.5x104 luciferase transduced Raji cells (human Burkitt lymphoma cell line) were delivered 

subcutaneously to the right flank. For the disseminated leukemia experiments (Figure 5 and 

Figure 6), 2.5x106-15x106 GFP or bispecific-ePCs were injected intravenously into NSG. The 

following day (Figure 5) or the two days prior (Figure 6) mice received 1x105 luciferase 

expressing B-ALL cells intravenously (model NL482B [Children’s Oncology Group unique 

specimen identifier PALJDL]). For Figure 5, the following day and three days later mice received 
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1x105 or 1x106 T cells administered retro-orbitally. For Figure 6, 2.5x106 T cells were injected 

retro-orbitally the day following ePC engraftment, Tumor burden was monitored by 

bioluminescence imaging using IVIS Lumina S5 (Perkin Elmer) following subcutaneous injection 

of luciferin (75-150 mg/kg). Peripheral blood was collected via submandibular bleed and 

processed to collect sera and quantify human T cell numbers. Mice were euthanized for 

harvesting of bone marrow and spleens that were processed via erythrocyte lysis (ACK lysis) 

and then immunophenotyped by flow cytometry to quantify human leukemia cell and plasma cell 

numbers (Table S2). 

2.4. RESULTS 

2.4.1. Primary human B cells engineered by HDR-based gene editing secrete functional 

bispecifics 

To integrate a bispecific gene expression cassette into B cells, we adapted AAV-based 

HDR that we have used for delivery of transgenes in B cells at the safe harbor gene CCR513. 

We designed CCR5-targeted HDR templates for delivery of Blue Fluorescent Protein (BFP) 

alone (as control) or an anti-CD19 x anti-CD3 bispecific cis-linked with GFP (heretofore referred 

to as a αCD19). We initiated gene editing by transfecting the activated human peripheral B cells 

with Cas9 ribonucleoprotein complexes (RNPs) containing guide RNAs targeting sequence 

within CCR5, and subsequently transduced with rAAV6 HDR donor vector (Figure 1A & S1A). 

We found that HDR integration rates were slightly lower with the vectors containing the αCD19 

bispecifics when evaluated by digital droplet PCR (ddPCR; Figure S1B Figure 1B). However, 

despite similar integration rates the proportion of cells expressing the fluorescent reporter was 

substantially diminished in cells edited using the bispecific design, resulting in a significant drop 

in the ratio of fluorescent reporter marking to integration rate (Figure 1C-D).  

https://paperpile.com/c/CpPMuz/q6vV
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We hypothesized that αCD19 bispecific expression could be increased by targeting 

transgene integration to loci that are natively expressed in B cells or plasma cells. Therefore, we 

built three additional AAV-based repair template designs for delivery of transgene cassettes to 

the highly expressed B cell loci IGHG1, JCHAIN, and a region proximal to an heavy chain 

enhancer, Eμ18 (repair arms and sgRNA were previously described in 18; overall schematic for 

all vectors, Figure 1E). Although the same ubiquitous viral-derived promoter (MND33) was used 

at all loci, we observed variable increases in GFP+ percentage and GFP mean fluorescent 

intensity in B cells following delivery to the antibody-associated loci, relative to that at CCR5 

(Figure S1C-D). While integration was detected at all loci, we observed significant increases in 

the mean fluorescent intensity of the cis-linked GFP at the antibody loci relative to CCR5 (Figure 

1F-G).  

To initially assess the functionality of the B cell-produced αCD19 bispecific, we 

developed a fluorescent reporter-based in vitro killing assay using a K562 cell line that stably 

expresses CD19, a reference K562 cell line, CD8+ T cells incubated with either recombinant 

αCD19 bispecific or with supernatants from engineered cells (Figure H). After 48 hours, flow 

cytometry was used to quantify T cell activation (percent CD69+CD137+) and specific lysis of 

CD19+ target cells (Figure S2A). Recombinant αCD19 bispecific elicited dose and time-

dependent increases in T cell activation and CD19-specific lysis (Figure S2B-C). Supernatants 

from B cells engineered to express the αCD19 bispecific induced T cell activation and specific 

lysis, whereas supernatants from GFP-engineered B cells did not (Figure 1I-J). We generated 

standard curves using recombinant bispecific T cell activation data to quantify the αCD19 

bispecific concentrations in the supernatants derived from engineered B cells (Figure 1K). 

These findings indicate that primary human B cells can be engineered at various loci to express 

and secrete a functional αCD19 bispecific. 

https://paperpile.com/c/CpPMuz/fE8s
https://paperpile.com/c/CpPMuz/fE8s
https://paperpile.com/c/CpPMuz/ZsB6
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2.4.2. Bispecific-ePCs exhibit in vitro activity against common leukemia target antigens 

We next asked whether ex vivo-differentiated human ePCs could produce bispecifics 

that specifically target primary human hematopoietic cells expressing physiological levels of 

candidate leukemia antigens (including CD19 or CD33) within a heterogeneous cell population. 

We built an Eμ locus-directed bispecific vector for delivery of an anti-CD33 x anti-CD3 bispecific 

(heretofore referred to as a αCD33 bispecific; Figure 2A)8. We introduced each Eμ locus-

directed bispecific or GFP alone control into B cells using HDR-based editing and differentiated 

the edited population into ePCs as previously described (Figure S1A).13,32 Following editing and 

differentiation, we observed detectable transgene expression with all vectors and donors (Figure 

2B-C). Although we observed donor-dependent differences in relative expression of the plasma 

cell differentiation markers CD38 and CD138, introduction of the bispecifics did not impact 

differentiation into plasma cells (defined as CD38++ CD138+; Figure S3A-C), demonstrating that 

human plasma cells can be engineered to express bispecifics. 

 To investigate the functionality of bispecifics secreted by the ePCs to target 

physiological levels of antigen, we evaluated αCD19 and αCD33 ePC supernatants using two 

assays of heterologous cell populations. First, we applied recombinant bispecific to a PBMC 

killing assay wherein effector CD8+ T cells were co-cultured with autologous PBMCs that 

contained B cell and myeloid cell subpopulations expressing endogenous levels of CD19 and 

CD33 respectively (Figure 2D). As expected, recombinant αCD19 bispecific elicited a dose-

dependent decrease in IgM+ B cells (Figure S4B), whereas recombinant αCD33 bispecific 

elicited a dose-dependent decrease in CD14+ CD33+ monocytes (Figure S4B). Supernatants 

from both αCD19- and αCD33-ePCs elicited higher T cell activation relative to that from control 

GFP-ePCs (Figure 2E). Furthermore, supernatants from αCD19-ePCs specifically lysed IgM+ B 

cells (Figure 2F), while supernatants from αCD33-ePCs specifically lysed CD33+ CD14+ 

monocytes (Figure 2G). Secondly, we evaluated ePC supernatants in a leukemia cell line killing 

https://paperpile.com/c/CpPMuz/dSSx
https://paperpile.com/c/CpPMuz/q6vV+9XJ8
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assay wherein a CD19+ precursor B-ALL cell line (NALM-6), a CD33+ AML cell line (MOLM-14) 

and CD8+ effector T cells were co-cultured for 48 hours (Figure 2D). Increasing concentrations 

of recombinant αCD19 bispecific led to increased lysis of NALM-6 cells whereas increasing 

concentrations of recombinant αCD33 bispecific led to increased lysis of MOLM-14 cells (Figure 

S5A-B). T cells showed upregulation of activation markers CD69+ and CD137+ when cultured 

with supernatants from ePCs producing either bispecific relative to supernatants from control 

GFP-ePCs (Figure 2H). Supernatants from αCD19- ePCs specifically lysed NALM-6 cells 

(Figure 2I), whereas supernatants from αCD33- ePCs cells specifically lysed MOLM-14 cells 

(Figure 2J). Together, these data show that ePCs secreting αCD19 or αCD33 bispecifics elicit 

specific T cell killing of PBMC subsets or leukemia cell lines expressing physiological levels of 

CD19 or CD33 respectively. 

2.4.3. CD19KO ePCs are protected from self-targeting and exhibit increased αCD19 

bispecific secretion   

CAR T cells engineered to recognize T-cell antigens can kill other CAR T cells within the 

same cell product, resulting in diminished anticancer activity34,35. We hypothesized that upon T 

cell encounter, αCD19-ePCs could similarly elicit self-targeting (ie fratricide) due to their surface 

CD19 expression (Figure S6). To evaluate the degree of self-targeting, we incubated Eμ locus-

directed GFP-ePCs or αCD19-ePCs with autologous T cells (Figure 3A). Addition of autologous 

T cells lead to a progressive decline in the proportion of αCD19-ePCs but not GFP-ePCs 

(Figure 3B; gating Figure S7), implying that CD19 self-targeting likely impacts αCD19-secreting 

ePCs. Based on these observations, we predicted that elimination of CD19 would prevent 

αCD19 bispecific-elicited self-targeting. 

To knockout CD19, we co-delivered RNPs targeting CD19 with the Eμ locus-directed 

αCD19 bispecific editing reagents. The addition of the CD19-targeting RNPs resulted in >85% 

reduction in the proportion of CD19+ PCs (Figure 3C-D). CD19 knockout did not overtly impact 
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differentiation of edited B cells into plasmablasts or PCs in vitro (Figure S8C). Upon challenging 

these CD19 knockout αCD19-ePCs with T cells, we observed no differences in GFP percentage 

with increased starting T cell numbers (Figure 3E). When comparing CD19KO to CD19wt, only 

CD19wt αCD19-ePCs exhibited a significant decrease in edited cells at the highest T cell dose 

(Figure 3F). These data suggest that CD19 knockout protects αCD19-ePCs from self-targeted 

death.  

 An additional challenge with CD19 surface expression is that the αCD19 

bispecific produced from ePCs may bind to surface CD19 and limit the quantity that is released 

by the cells. Therefore, we predicted that knocking out CD19 would increase the level of αCD19 

bispecific in supernatants. To assess free bispecific in the context of knocking out CD19, 

supernatants from αCD19 ePCs (co-engineered with or without CD19 RNPs) were assessed 

using the K562 killing assay (Figure 1E). Supernatants from CD19KO αCD19-ePCs resulted in 

higher T cell activation, and higher αCD19 bispecific concentrations and a trend towards higher 

specific lysis when compared to CD19wt αCD19-ePCs (Figure 3G-I). Collectively these findings 

indicate that knocking out CD19 prevents self-targeting by T cells and boosts αCD19 bispecific 

levels. 

 Similar strategies could be employed for ePCs expressing biologics targeting 

additional B cell surface proteins. We individually knocked out the B cell surface markers CD19, 

MS4A1 (CD20), CD38 and TNFRSF17 (BCMA) to assess our ability to generate ePCs lacking 

these markers. Knock outs were confirmed by Inference of CRISPR Editing and by staining for 

surface expression (Supplemental 9A,C-D). None of the knockouts impacted cell expansion, 

viability, differentiation, or antibody secretion (Supplemental 9B-E). These data suggest that 

ePCs can be made that lack B cell associated antigens currently targeted in the clinic. 
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2.4.4. αCD19 bispecific ePCs exhibit anti-tumor activity in vivo 

To begin to test whether bispecific-secreting ePCs maintained function in vivo, we used a 

subcutaneous flank model of B cell lymphoma wherein luciferase-expressing lymphoma target 

cells, autologous T cells and ePCs were co-delivered to the flanks of immune deficient mice 

(Figure 4A). The lymphoma cells engrafted similarly in all groups (day 1 time point, Figure 4C-

D). However, at later time points, tumor burden decreased in mice that received αCD19-ePCs 

relative to mice that received control GFP-ePCs (Figure 4B-D). In the αCD19-ePCs group, 

reductions in tumor size were below background luminescence levels in >50% of the mice 

within 5 days (Figure 4B-D). These findings demonstrate that αCD19-ePCs can promote robust 

local anti-tumor responses in vivo.   

 In some clinical settings, non-IgG-like αCD19 bispecifics are used to treat high-risk B-

ALL patients as a bridge to hematopoietic stem cell transplantation.36–41 To potentially mimic this 

clinical scenario, we utilized a patient-derived, Philadelphia chromosome (PH)-like B-ALL 

xenograft model wherein CD19KO GFP or αCD19-ePCs were adoptively transferred into 

immunodeficient mice and subsequently followed 1 day later with intravenous transfer of 

luciferase expressing PH-like B-ALL cells (NL482B; IL7R gain–of-function, SH2B3 deletion).42,43 

Effector T cells syngeneic with the ePCs were transferred retro-orbitally at 1 and 3 days after 

the B-ALL engraftment (Figure 5A). Control mice that received leukemia cells showed a steady 

increase in luciferase activity over time(Figure 5B-C). In contrast to control animals, mice that 

received αCD19-ePCs showed near complete leukemia control (Figure 5B-D). Consistent with 

these findings, the frequency of human T cells in the peripheral blood of the αCD19-ePC treated 

group trended higher, which is consistent with bispecific-driven T cell expansion in vivo (Figure 

5E). Most importantly, the proportion of CD19+ leukemia cells was markedly reduced in both the 

spleen and bone marrow in the αCD19-ePC treated cohort upon sacrifice at 34 days post-

https://paperpile.com/c/CpPMuz/oPxz+rOzO+odwb+ihLK+xOql+nKxk
https://paperpile.com/c/CpPMuz/STQg+obre
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leukemia cell transfer (Figure 5F). These findings demonstrate that bispecific-ePCs can limit in 

vivo growth and dissemination of a patient-derived leukemia in a B-ALL xenograft model. 

 Next, we tested the therapeutic potential of ePCs to treat established leukemia. Briefly, 

immunodeficient mice were intravenously engrafted with luciferase expressing PH-like B-ALL. 

After tumors were detectable by luciferase, CD19KO GFP or αCD19-ePCs, and syngeneic T 

cells were adoptively transferred (Figure 6A). In contrast to control animals which exhibited 

increases in luciferase, mice that received αCD19-ePCs exhibited leukemia control (Figure 6B-

D), exemplified by a slight decrease in luminescence between day 3 and day 8 post tumor 

engraftment (Figure 6C). Almost no leukemic cells were detectable in the bone marrow of the 

αCD19-ePC treated mice (Figure 6H). Upon quantifying bispecific levels in sera, we found that 

mice that received αCD19-ePCs had detectable signals in the T cell activation assay (Figure 

6E). Furthermore, the concentration of bispecific in the sera of αCD19-ePCs remained stable 

between days 12 and 20 (Figure 6F). Consistent with a stable source of bispecific, αCD19-ePCs 

plasma cells that expressed the cis-linked GFP reporter could be detected in the bone marrow 

of mice 18 days after receiving αCD19-ePCs, but not in control mice that did not receive ePCs 

(Figure 6H-I). Together these findings suggest that αCD19-ePCs stably engraft in the bone 

marrow where they secrete αCD19 bispecific at detectable levels that are sufficient to mediate 

and maintain leukemia clearance in vivo. 

2.5. DISCUSSION 

Engineered plasma cells comprise an emerging cell-based modality for high-level, 

sustained delivery of therapeutic proteins; herein, we report the novel use of ePCs to produce 

bispecific therapeutics. Using HDR-based editing, expression of two alternative clinical 

bispecifics, αCD19 and αCD33, was achieved across a range of candidate loci actively 

expressed in primary human B cells and PCs (Figure 1). B cells engineered to express 
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bispecifics could be differentiated into PCs that mediated specific killing of primary human cells 

and leukemia cell lines expressing CD19 or CD33, respectively (Figure 2). Further, knockout of 

the target antigen, CD19, led to a significant increase in functional αCD19 bispecific 

concentrations and prevented ePC self-targeting (Figure3). Finally, we show that αCD19 ePCs 

were capable of directing a T cell dependent anti-leukemia response against a locally engrafted 

cell line and, most notably, controlling the expansion of patient-derived leukemia xenograft, 

partially mimicking bispecific treatment in patients with high-risk B-ALL (Figure 4-6).   

Persistent on-target off-tumor toxicity to normal bystander B cells is common in patients 

that respond to CD19-targeted chimeric antigen receptor (CAR) T cell therapy.44–46  Similarly, 

ePC therapies targeting lymphoid malignancies have the potential to cause B cell aplasia, 

hypogammaglobulinemia and long-term dysfunction of the immune system. These treatment 

related sequelae may last beyond the desired treatment window given that the ePCs persisted 

for at leasts 18 days and that the phenotype of bispecific ePCs-engineered cells described in 

this study (CD38++ CD138+) resembles the phenotype of long-lived PCs isolated from human 

bone marrow47. ePCs engineered using similar methods can persist in humanized mice >1 

year14. Antibiotics, intravenous immunoglobulin replacement therapy as well as vaccinations 

effectively manage hypogammaglobulinemia and recurrent infections seen in CD19-CAR 

treated patients48,49, and may be effective for patients treated with αCD19 ePCs. To further 

mitigate on-target/off-tumor toxicity, ePCs could be engineered with a kill switch such as the 

clinically validated inducible caspase50–52 suicide gene system.  

A potential barrier for use of ePCs for treatment of leukemia, and possibly other 

lymphoid malignancies, is that ePCs14,15,18 retain expression of surface markers targeted by 

many biologics (eg. CD19, CD20, CD38, and BCMA), which could result in self-targeting of the 

ePC. Consistent with this concept, we demonstrate that αCD19-ePCs express endogenous 

surface CD19 and are self-targeted in the presence of T cells. This phenomenon parallels 

https://paperpile.com/c/CpPMuz/Q67Z+ZSG6+Qboi
https://paperpile.com/c/CpPMuz/wQCF
https://paperpile.com/c/CpPMuz/kIr5
https://paperpile.com/c/CpPMuz/GIQP+bRYL
https://paperpile.com/c/CpPMuz/HYM4+3Bgp+rUFf
https://paperpile.com/c/CpPMuz/kIr5+wxUH+fE8s
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similar findings in chimeric antigen receptor T cells engineered to target T cell-associated 

antigens (ie fratricide)53–55. As CD19 is not critical for PC function44,56, and is downregulated in 

long-lived PCs47,56,57, our engineering strategy for dual CD19 knockout and expression of 

αCD19 at Eμ locus is unlikely to impact the ePC function or longevity. An alternative strategy to 

also achieve this goal would be to engineer only at the CD19 locus. Our data suggest that ePCs 

could be engineered to utilize a range of candidate bispecifics or monoclonal antibody-based 

therapeutics targeting B cell expressed tumor targets. Like CD19, knockout or depletion of the 

lymphoma and myeloma targets MS4A1 (also known as CD20)58–61, and CD3862,63 in plasma 

cells does not acutely impact durable antibody titers, a corollary of their longevity and secretory 

capacity. Knockouts of MS4A1 and CD38 did not impair our ability to generate ePCs. Thus, our 

findings imply that similar strategies could be used to generate ePCs expressing biologics in 

use for chronic lymphocytic lymphoma (CD20; glofitamab64), non-Hodgkin’s lymphomas (CD20; 

rituximab65, odronextamab66, mosunetuzumab67) and multiple myeloma (CD38; daratumomab68, 

Bi3869). In contrast, knockout of TNFRSF17 (also known as BCMA) in mice decreases PC 

survival and eliminates the antibody response70; hence, knockout of TNFRSF17 would likely 

hamper ePC longevity and/or function.  

 Our findings suggest that ePCs may provide benefits for delivery of protein therapeutics 

beyond delivery of bispecifics as studied here. Therapeutic protein biologics were the second 

most approved drugs from 2009 to 201771 and many suffer from suboptimal half-lives 

exemplified by blinatumomab7. Because of poor pharmacokinetics, many biologics used in 

chronic diseases require frequent (up to daily) and, in some cases, life-long dosing. Examples, 

include treatments for enzyme replacement (agalsidase beta; half-life of 56 to 76 minutes72, 

factor IX; 18 to 40 hours73, laronidase; 1.5 to 3.6 hours74), chronic autoimmune disorders 

(infliximab; 9.5 days75 etanercept; 80 hours76), diabetes (liraglutide; 13 hours77) and human 

immunodeficiency virus (enfuvirtide 3.4 hours78). The potential for ePCs to persist long term14 
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and produce robust levels of exogenous protein could be a key to unlocking the therapeutic 

potential of biologics or therapeutic peptides that lack efficacy due to poor pharmacokinetics.  

In summary, these findings demonstrate the potential for human ePCs to mediate anti-leukemia 

responses and marks a key step in the realization of ePC as therapies to treat cancer, auto-

immune disorders and protein deficiency disorders. Further studies in humanized mice and non-

human primates are warranted to fully understand the activity, longevity, and tissue localization 

of ePCs.  
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2.6. FIGURES 

2.6.1. Genome engineered primary human B cells secrete functional αCD19-bispecific in a 

locus dependent manner  
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A) Schematic showing the experimental flow of a primary B cell experiment. Briefly, after 

isolation from PBMCs, B cells were edited to express either BFP or αCD19.T2A.GFP 

transgenes at CCR5 genetic loci via HDR-gene editing with AAV6 delivered DNA repair 

templates. Five days later genomic DNA, cells and supernatants were analyzed as indicated. B) 

Transgene integration at CCR5 locus shown here as HDR allele frequency was measured by 

ddPCR. C) Representative flow cytometry plots showing transgene expression of fluorescent 

proteins in engineered B cells shown and quantified as % edited of live cells. D) Ratio of 

engineering rate as determined by ddPCR vs flow cytometry. E) Schematic showing the editing 

strategies for delivery of GFP or αCD19.T2A.GFP to antibody-associated loci. F) Representative 

flow cytometry plots of αCD19.T2A.GFP edited B cells with G) the quantification of % edited and 

GFP mean fluorescent intensity of edited cells. H) K562 killing assay schema. Supernatants 

from edited B cells were incubated with target (CD19+) and control (CD19-) K562 cells with 

CD8+ T cells for 48 hours. Cells were harvested for flow cytometry to obtain I) specific lysis of 

CD19+ K562 and J) T cell activation (%CD69+CD137+ of CD3+ cells). K) The concentration of 

bispecific in the supernatants as interpolated from %T cell activated data. Data are from five 

donors in five independent experiments. Error bars represent SEM. P values calculated using 

D) a paired student's t test and G,I-K) paired one-way ANOVAs with Dunnett’s posttest. 

Illustrations were created in part with biorender.com. 
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2.6.2.  Human plasma cells engineered to secrete anti-leukemia bispecifics specifically target 

cells expressing physiological levels of antigen   

 
Primary human B cells were isolated and cultured for two days in activating media then edited. 
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A) Schematic showing how primary activated human B cells were edited to express GFP or 

αCD19.T2A.GFP or αCD33.T2A.GFP. After editing activated B cells, the engineered cells were 

then cultured in expansionary media for 5 days followed by differentiation into PCs over 3 days 

and cells and supernatants. B) Representative flow cytometry plots assessing editing via 

expression of  GFP and C) quantification as % of live cells. D) Schematic illustrating in vitro 

PBMC or Leukemia cell line killing assays. Briefly, autologous CD8+ T cells are co-cultured with 

PBMCs or mixed leukemia cell populations (NALM-6 and MOLM-14) in the presence of 

supernatants from ePCs for 48 hours. Flow cytometry was used to quantify E) T cell activation 

(%CD69+CD137+ of CD3+ cells), F) the % B cells (IgM+) of live cells, G) the % monocytes 

(CD14+CD33+) of live cells in PBMC cultures at the end of the 48-hour co-culture. Likewise flow 

cytometry was used to quantify H) T cell activation (%CD69+,CD137+ of CD8+ cells), the 

frequency of I) NAML-6 (CD19+) and J) MOLM-14 (CD33+) in the leukemia cell line killing assay. 

In E-G, data were obtained from six donors in three independent experiments, and in H-J, data 

were obtained from four donors.  Error bars represent SEM. P-values were calculated using 

paired one-way ANOVAs with Dunnett’s posttest. Illustrations were created in part with 

biorender.com. 
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2.6.3. CD19 knockout prevents self-targeting of αCD19- ePCs and increases αCD19-

bispecific secretion 

 
A) Schematic showing the self-targeting assay of ePCs with and without CD19 knockout. 

Primary human B cells were engineered to express either GFP or αCD19.T2A.GFP at the Eμ 

locus, and/or to eliminate CD19. These engineered cells were incubated with the indicated 

ratios of autologous T cells. B) After 24 hours, flow cytometry was used to calculate the 

percentage of GFP+ of live CD20+ B cells. The relative quantity of transgene-expressing cells 

was plotted. sgRNAs targeting CD19 were included to elicit knock out CD19 while engineering 

into the Eμ. Representative flow cytometry images C) and quantification D) of CD19 expression 

in engineered cells is shown. E) CD19KO cells were incubated with the indicated ratios of T cells 

for 24 hours. After incubation of edited cells with T cells, we used flow cytometry to quantify the 

% GFP+ of CD20+ cells. F) Combined data showing the GFP percentage following incubation of 
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edited cells with T cells at a nine:one ratio. G-I) Engineered B cells were further differentiated 

over 3 days into ePCs. Supernatants from CD19KO and WT αCD19 ePCs were incubated with T 

cells, K562 CD19+ and K562 CD19- cells for 48 hours. G) Specific lysis of CD19+ K562 and H) T 

cell activation (%CD69+CD137+ of CD3+ cells) was quantified. I) αCD19 bispecific concentration 

was interpolated using recombinant αCD19 bispecific standards curves. These data are from 

four donors. Error bars represent SEM. P-values were calculated by paired one-way ANOVA 

with Dunnett’s posttest (F) and paired student’s T test (G-I). Illustrations created in part with 

biorender.com. 
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2.6.4. CD19KO PCs engineered to secrete αCD19 bispecific have anti-lymphoma 

efficacy in vivo 

 

 
A) Schematic showing an in vivo model for lymphoma growth. Briefly, GFP.CD19KO or 

αCD19.GFP.CD19KO ePCs, autologous T cells, and luciferase expressing Raji cells were 

injected subcutaneously into the right flank of immunodeficient NSG mice. B) Representative 

bioluminescence images were obtained via in vivo imaging (color scale; min:8x103 max:1x105). 

C) Bioluminescence was quantified from each mouse as total flux and graphed over time. D) 

Area under the curve analysis was conducted with baseline correction of 6x105 flux. A-D) Data 

across 4 donors in two independent experiments with p-value calculated by unpaired student's t 

test. Illustrations created in part with biorender.com. 
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2.6.5. CD19KO PCs engineered to secrete αCD19 bispecific can prevent leukemia 

engraftment 

 

 
 
A) Schematic showing prophylactic treatment of a patient-derived xenograft model of high-risk 

ALL. Either GFP.CD19KO or αCD19.GFP.CD19KO ePCs were injected intravenously into 

immunodeficient NSG mice. 24 hours later, luciferase-labeled patient-derived NL482B 

[Children’s Oncology Group unique specimen identifier PALJDL] cells were administered. 

Finally, we delivered T cells syngeneic to the ePCs in two doses by retro-orbital injection. B) 

Bioluminescent images showing dissemination of the luciferase-expressing leukemia cells (color 

scale; min:8x103 max:1x105). C) Leukemia growth was quantified via total bioluminescent flux at 

the indicated time points. D) Area under the curve analysis was conducted with baseline 

correction 1x106 flux. E) Peripheral blood flow analysis showing the percent of CD3+ cells of 
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singlet live cells is elevated in the αCD19 cohort. Mice were euthanized 34 days after leukemia 

engraftment and tissues were stained and analyzed by flow. F) The percent CD19+ of live 

CD45+ singlet cells shows suppression of leukemic cells in bone and spleens of the αCD19 ePC 

cohort.  A-F) Data from one donor with p-values calculated by one-way unpaired ANOVA with 

Šídák’s posttest (D) and unpaired student’s T test between GFP and αCD19 cohorts (E-F). 

Illustrations created in part with biorender.com. 
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2.6.6. αCD19 bispecific secreting ePCs can persist in bone marrow and treat established 

leukemia 

 
A) Schematic showing therapeutic treatment of a patient-derived xenograft model of high-risk 

ALL. Luciferase-labeled patient-derived NL482B [Children’s Oncology Group unique specimen 

identifier PALJDL] cells were administered intravenously. After 48 hours, either GFP.CD19KO or 

αCD19.GFP.CD19KO ePCs were injected intravenously into immunodeficient NSG mice. 24 

hours later, we delivered T cells syngeneic to the ePCs via retro-orbital injection. B) 

Bioluminescent images showing dissemination of the luciferase-expressing leukemia cells (color 

scale; min:5x10e3 max:5x10e4). C) Leukemia growth was quantified via total bioluminescent flux 

at the indicated time points. D) Area under the curve analysis was conducted with baseline 
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correction 1.25x106 flux. Peripheral blood sera from mice at day 12 and day 20 was collected 

and used in the previously described K562 Killing assay. E) Specific lysis of sera from mice 

twenty days post tumor engraftment is shown. F) Concentration of αCD19 bispecific in the 

mouse seras were interpolated from a standards curve. Twenty days after tumor engraftment, 

bone marrow cells were harvested, stained, and analyzed by flow cytometry. G) The percent of 

tumor (huCD19+huCD45+moCD45-) of live cells was quantified. H) Representative flow plots of 

human cells show plasma cells present in the bone marrow of mice that received ePCs. The 

percent of plasma cells (huCD38+huCD45+moCD45-huCD138+) of live cells was calculated. I) 

The percentage of plasma cells that were GFP+ was quantified and plotted. Data from one 

donor with p-values calculated by one-way unpaired ANOVA with Šídák’s posttest. Illustrations 

created in part with biorender.com. 
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2.8. SUPPLEMENT 

Supplemental Methods 

Cell lines 

K562 and Raji cell lines were obtained from the ATCC and cultured in RPMI 1640 

supplemented with 10% fetal bovine serum. K562 were retroviral transduced with VSV-g 

pseudotyped virus containing CD19 in cis to GFP or BCMA (NP_001183) in cis to BFP and 

subsequently purified using fluorescence activated cell sorting (FACS) to generate target K562 

CD19+ GFP+ and control reference K562 BCMA+ BFP+ cell lines. Raji were lentivirally 

transduced with firefly luciferase (AB261984.1) and enhanced green fluorescent protein 

(HM640279.1) and FACS-purified. NL428B cells expressing luciferase were provided by K. 

Thomas and S. Tasian. MOLM-14 cells lentiviral transduced to express GFP and luciferase 

were provided by S. Tasian. 

  

Flow cytometry 

Cells were stained according to staining panels in supplementary table 2. Flow cytometric 

analysis was performed on an LSR II flow cytometer (BD Biosciences) and events were 

analyzed using FlowJo software (Tree Star). Flow cytometry gating for fluorescent proteins, 

viability, and immunophenotyping can be found in supplementary figures. 

  

Supplementary Figure Legends 

Supplemental 1: High GFP editing efficiencies achieved at multiple loci 

A) Schematic showing the protocols used for B cell expansion and differentiation. B cells were 

enriched from human PBMCs and cultured in activating media for two days. B cells were then 

engineered using homologous directed repair gene editing. Engineered cells were further 

expanded for 5 days. For figure 1 experiments only: engineered expanded B cells were 
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harvested on day 7 for ddPCR, flow cytometry, and supernatants for killing assays. In 

subsequent experiments, cells were then cultured at 1x106/mL in cytokines driving differentiation 

towards PCs. B) Schematic showing the primer design for quantification of homology directed 

repair upon integration at the CCR5 locus. Integrated alleles and reference alleles were 

measured by ddPCR and used to calculate HDR allele frequency in Figure 1B. C) Gating 

strategy for determining the %GFP+ and GFP MFI of edited B cells at Day 7. Flow data was first 

gated on lymphocytes by SSC-A vs FSC-A. Lymphocytes were then gated on live cells (AF350-

). Live lymphocytes were then gated for single cells and analyzed for GFP expression. D) 

%GFP+ was calculated from singlet live cells and the mean fluorescent index was calculated 

from GFP+ cells. 

  

Supplemental 2: Recombinant bispecific results in dose and time dependent T cell 

activation and CD19-specific lysis in a K562 killing assay 

Various concentrations of recombinant αCD19 bispecific were cultured with target 

(GFP+:CD19+) and control reference (BFP+:CD19-) K562 cells and CD8+ T cells. Cells were 

harvested for analysis by flow cytometry after 48 hours. A) Gating strategy for flow cytometry of 

K562 killing assay. T cell activation is defined as the percent of live CD8+ cells that are CD69+ 

CD137+. Specific lysis is calculated using the ratio of GFP+:CD19+ to BFP+:CD19- cells 

normalized to the same ratio in the controls that received media only. B) Standard curves were 

interpolated for each experiment. Recombinant anti-CD19, anti-CD3 bispecific antibodies were 

added to the K562-CD8 T cell co-cultures. At the indicated concentration of bispecific, we 

quantified specific lysis and T cell activation as described in A). These standard curves were 

then used to back calculate the concentration of the supernatants from ePCs engineered to 

secrete the αCD19 bispecific in Figure 1J. C) T cell activation and specific lysis at various time 
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points with various concentrations of recombinant bispecific was determined. D) Time course 

showing optimal T cell activation and specific lysis at 48 hours using supernatants from ePCS.    

  

Supplemental 3: Cells differentiated to day 10 maintain bispecific transgene expression 

and express phenotypic markers of plasma cells 

B cells were enriched from human PBMCs and cultured in activating media for two days. B cells 

were then engineered to express GFP or αCD19.T2A.GFP or αCD33.T2A.GFP transgenes. 

Engineered cells were further expanded for 5 days and then cultured at 1x106/mL in cytokines 

driving differentiation towards PCs for an additional 3 days. Engineered PCs were analyzed for 

PC phenotype by flow cytometry. A) Gating strategy for flow cytometry analysis of the PC 

phenotypes. B) Quantification of PC phenotype (CD38+ CD138+) of singlet live lymphocytes in 

cells engineered to express the indicated bispecific antibodies. C) Representative flow plots and 

quantification of transgene positivity in bulk D10 cells or in the CD38+ CD138+ PC subsets. 

  

Supplemental 4:  PBMC killing assay shows specific lysis and specific T cell activation in 

a dose dependent manner 

Human PBMCs and autologous CD8+ T cells were co-cultured in the presence of either 

recombinant αCD19 bispecific or recombinant αCD33 bispecific for 48 hours. A) Cells were 

harvested and analyzed using the flow gating strategy shown. B) Cell frequencies were 

quantified and plotted by concentration of either αCD19 bispecific or αCD33 bispecific. 

Standards curves were interpolated by four parameter logistic based on T cell activation data. 

  

Supplemental 5: Bispecifics drive T cell dependent specific lysis in a leukemia cell line 

killing assay 
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NALM-6 (B-ALL), MOLM-14 (AML) and autologous CD8+ T cells were co-cultured in the 

presence of either recombinant αCD19 bispecific or recombinant αCD33 bispecific for 48 hours. 

A) Cells were harvested and analyzed by flow cytometry using the gating strategy shown. B) 

NALM-6 (IgM+) and MOLM-14 (CD33+) cell frequencies were quantified and plotted as a 

function of the indicated bispecific concentrations. C) T cell activation (CD69+CD137+ of CD8+) 

were quantified and plotted as a function of the indicated bispecific. Standard curves were 

interpolated by four parameter logistic based on T cell activation data. 

  

Supplemental 6: CD19 surface staining on αCD19 engineered plasma cells 

Primary human B cells were enriched from PBMCs and cultured in activating media for two days 

and then engineered to express GFP or αCD19.T2A.GFP at the Eμ locus. Engineered cells 

were then expanded and subsequently differentiated into plasma cells over an additional 8 

days. A) Gating strategy to analyze CD19 expression on engineered cells (GFP+). B) 

Quantification of CD19 mean fluorescent intensity on engineered cells (GFP+) shown. 

  

Supplemental 7: Flow cytometry gating Strategy for B cell self-targeting assay 

Primary human B cells were enriched from PBMCs and cultured in activating media for two days 

and then engineered to express GFP or αCD19.T2A.GFP at the Eμ locus with or without CD19 

knockout. Engineered cells were expanded for an additional 5 days. The expanded engineered 

cells were incubated with autologous T cells. After 24hrs the percentage of edited B cells was 

determined by flow cytometry according to the gating strategy shown. 

  

  

Supplemental 8: CD19 knockout does not affect differentiation of bispecific engineered B 

cells into plasma cells 
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Primary human B cells were enriched from PBMCs and cultured in activating media for two days 

and then engineered to express GFP or αCD19.T2A.GFP at the Eμ locus with or without CD19 

knockout. Edited cells were expanded for an additional 5 days. A) A slight trend towards lower 

viability was seen in cells that had CD19 knocked out. B) However, cell count remained high by 

day 7 of culturing. Engineered cells were further differentiated for 3 days into PCs. C) Cells were 

stained for surface markers and quantified as PCs (CD38++CD138+) and plasmablasts 

(CD38++CD138-). Data across 4 biologic donors. 

  

Supplemental 9: Knockout of B cell tumor associated antigens does not affect the 

generation of engineered plasma cells 

Primary human B cells were enriched from PBMCs and cultured in activating media for two days 

and then engineered to knock out various B cell tumor associated antigens. Edited cells were 

then expanded and differentiated into PCs A) gDNA from Day 10 cells were harvested and 

analyzed by Inference of CRISPR Editing (ICE). B) Cell counts and viability was quantified at 

various times during cell expansion and differentiation. Key B cell and plasma cell markers were 

stained and quantified at days 6 and day 10 by flow cytometry; C) representative flow plots 

shown (blue boxes highlight knockout relevant staining) and D) quantified as percent of live 

cells. E) IgM and IgG secretion was assessed by ELISA of supernatants of edited cells after 

differentiation. Data across two independent biologic donors. 
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Chapter 3. 

ENGRAFTMENT OF ENGINEERED PLASMA 

CELLS INTO HUMANIZED MICE SHOWS EARLY 

PROMISE FOR THE FEASIBILITY OF 

ENGINEERED PLASMA CELL THERAPIES 
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3.1. ABSTRACT 

Advances in genome-engineering have enabled the generation of engineered plasma cells 

(ePCs) that secrete large quantities of therapeutic proteins. However, in vivo modeling of human 

ePCs has largely been limited to short-term studies following adoptive transfer of ePCs into 

immunodeficient mouse models including immuno-deficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ  

(NSG) mice. Recent advances have shown improved ePC engraftment in immunodeficient mice 

that express human IL-6, but still have deficiencies (missing or lack of cross-species reactivity) 

in many key factors provided by human bone marrow stromal, myeloid and adaptive immune 

cells. In this study, we tested the hypothesis that immunodeficient mice humanized by 

engraftment of syngeneic human CD34+ hematopoietic peripheral stem cells would increase 

the engraftment potential of human ePCs. Further, we predicted that this approach might help to 

elucidate critical interactions between human PCs and human host BM-resident cells (myeloid 

cells and lymphocytes). Consistent with this concept, autologous ePCs engrafted more 

efficiently in NSG mice engrafted with syngeneic CD34 cells (NSG-huCD34) than in NSG 

control mice without. Further, ePCs in NSG-huCD34 mice secreted substantially higher levels of 

endogenous human antibodies (>100 IgG ug/mL for over 90 days) and engrafted in additional 

lymphoid compartments. ePCs migrated to and localized in the bone marrow and spleen and 

were retained in these locations based upon luciferase-based in vivo and ex vivo imaging, ex 

vivo flow analysis and histopathology. Plasma cells engineered to express an anti-EBV antibody 

produced robust levels for longer than 3 months. Anti-EBV levels remained stable relative to 

polyclonal-derived human IgG indicating that engineered plasma cells maintain similar fitness to 

non-engineered plasma cells. Taken together, these data demonstrate that the presence of 

autologous human hematopoietic cells in NSG-huCD34 mice permit the establishment of a 

robust model for studying the in vivo biology and potential therapeutic benefit of long-lived 

human ePCs. 
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3.2. INTRODUCTION 

In the previous chapter, we established that human PCs can be engineered to secrete a 

therapeutic bispecific antibody that can effectively target leukemia cells in vivo. Importantly, we 

showed that the therapeutic bispecific was present in the sera and the ePCs were present in the 

bone marrow 20 days after engraftment (the timepoint where these animals were sacrificed). 

Taken together with our previous findings in hu-IL6 expressing NSG models1, these 

observations suggest that human ePCs may be able to persist and secrete therapeutics for long 

periods of time. To begin to assess the longevity and function of ePCs in a physiological setting, 

we hypothesized that humanized mice could provide a more optimal platform to evaluate the 

functional capabilities of ePCs. Here, we describe development of an adoptive transfer 

humanized mouse model to better understand the biology, kinetics and localization of ePCs, as 

well as assess the functional potential of ePCs to deliver therapeutic monoclonal antibodies. 

Numerous therapeutic monoclonal antibodies (mAbs) have been produced in the effort 

to better treat hematologic malignancies, solid tumors, immune disorders, hypercholesterolemia, 

asthma, osteoporosis, inflammatory bowel disease, and various infections.2 In April 2021, the 

FDA approved the 100th mAb for clinical use in the USA3. However, many mAbs are 

prohibitively expensive and achieving therapeutic benefit requires repeated intravenous 

injections. For example, Eculizumab, a mAb that binds C5 and is used to treat paroxysmal 

nocturnal hemoglobinuria, costs $409,500 a year6. Furthermore, several antibody therapies 

require repeated injections or transfusions to provide long-term benefit. Repeated infusions can 

pose a logistical and quality of life challenge for patients that can lead to lower patient 

adherence5,74,5 . Gene and cell therapies that aim to continuously produce mAbs in vivo are 

being investigated as a way to provide therapeutic levels of mAbs over long periods of time8–10 

with the goal of both improving patient adherence and decreasing costs5.  

https://paperpile.com/c/RExG6I/tpvl7
https://paperpile.com/c/RExG6I/IwaF
https://paperpile.com/c/RExG6I/O9z4
https://paperpile.com/c/RExG6I/ecGUB
https://paperpile.com/c/RExG6I/77OD+ZiI1
https://paperpile.com/c/RExG6I/xc6Xk+ZiI1
https://paperpile.com/c/RExG6I/1e7pr+3Mta+zfGG
https://paperpile.com/c/RExG6I/ZiI1
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Recent advances have made it feasible to genome engineer human B cells to 

continuously produce large quantities mAbs.8,11–13 Engineered B cells that are differentiated into 

engineered plasma cells (ePCs) are uniquely suited to deliver mAbs over long periods due to 

their long lifespan14 (half-life is estimated to be 11 to 200 years15), and high secretory capacity 

(up to 10,000 Immunoglobulin (Ig) G molecules per second16–18),  Furthermore, ex-vivo 

generated ePCs resemble endogenous human PCs, and can stably secrete therapeutically 

relevant levels of immunoglobulin for greater than one year in human IL6 transgenic mice1. 

Finally, B cells and PCs engineered to secrete mAbs have been shown to provide protection 

from RSV infection12, produce mAbs against common leukemia targets19 as well as produce 

mAb checkpoint inhibitors8. However, no work to date has demonstrated that mAb secreting 

human ePCs are able to provide functional therapeutic benefit over a long period of time 

(greater than 42 days) in a biologically relevant humanized small animal system.  

Modeling anti-pathogen secreting ePCs in a humanized small animal model susceptible 

to human tropic disease would allow for the functional testing of disease protection. Models 

using mice bearing human hematopoietic cells are some of the only small animal models that 

allow for infection by many clinically important human tropic diseases such as HIV, EBV, 

dengue, and influenza.20  A breakthrough in EBV modeling showed that immunodeficient, 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG), mice that receive human CD34+ hematopoietic grafts 

(NSG-huCD34) become susceptible to human tropic EBV infection.21,22   These NSG-huCD34 

mice exhibit multilineage human hematopoietic engraftment which allows for EBV infection of 

the graft derived human B cells. Injections of  a new potent anti-EBV neutralizing mAb, AMMO-

123, into the NSG-huCD34 mice provided protection against EBV infection.21 It may be possible 

that AMMO-1 secreting ePCs could also provide long-lasting protection in this model.  

We anticipated that the NSG-huCD34 model would provide insight into both the 

protective capacity of anti-pathogen mAb secreting ePCs and human ePC biology such as 

https://paperpile.com/c/RExG6I/1e7pr+UjoB0+FXPL4+b8jDV
https://paperpile.com/c/RExG6I/wt0n8
https://paperpile.com/c/RExG6I/qO9Za
https://paperpile.com/c/RExG6I/xmbaD+MrMI3+kUeQn
https://paperpile.com/c/RExG6I/tpvl7
https://paperpile.com/c/RExG6I/FXPL4
https://paperpile.com/c/RExG6I/fh9E
https://paperpile.com/c/RExG6I/1e7pr
https://paperpile.com/c/RExG6I/XHOxW
https://paperpile.com/c/RExG6I/DPHlM+TFMn
https://paperpile.com/c/RExG6I/M0oUq
https://paperpile.com/c/RExG6I/DPHlM
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localization, longevity. Many cell lineages that play a role in PC homeostasis are present in 

NSG-huCD34 mice including CD4 T cells24, and macrophages25. While NSG-huCD34 mice do 

develop human PCs, the PCs generated do not class switch and only express IgM without 

strong inflammatory stimuli.26 Therefore, these mice do not develop human IgG PCs which 

allows for the tracking of ePCs by their secretion of IgG.1,27 Thus, we predicted that adoptive 

transfer of AMMO-1 secreting ePCs into a syngeneic NSG-huCD34 model would allow for the 

study of mAb-secreting ePCs cellular kinetics, Ab kinetics and the potential to provide anti-

pathogen neutralizing titers, and in parallel, permit detailed study of human PC biology in the 

context of a substantially reconstituted human hematopoietic system.  

Herein we develop a biologically relevant in vivo NSG-huCD34 humanized mouse model 

for evaluating the engraftment and functionality of human ePCs. We observed the presence of 

various cytokine, cellular, and structural factors associated with PC homeostasis in mice bearing 

human CD34+ hematopoietic grafts. We demonstrate that the engraftment of ePCs was more 

efficient in mice engrafted with syngeneic CD34+ cells and resulted in significantly higher and 

more stable levels of ePC-derived endogenous polyclonal antibodies. Additionally, ePCs 

secreting anti-EBV antibodies demonstrated robust and sustained production for greater than 3 

months. This syngeneic ePC NSG-huCD34 mouse model holds promise as a future therapeutic 

ePC testing platform as well as a model to help uncover additional fundamental features of long-

lived PCs.  

 

 

https://paperpile.com/c/RExG6I/4yM7
https://paperpile.com/c/RExG6I/gQa2
https://paperpile.com/c/RExG6I/dxKCk
https://paperpile.com/c/RExG6I/Z19F+tpvl7
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3.3. MATERIAL AND METHODS 

3.3.1. Generation and Analysis of NSG-huCD34 mice 

All animal studies were performed according to AAALAC standards and were approved 

by the Seattle Children’s Research Institute (SCRI) Institutional Animal Care and Use 

Committee. NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ-c (NSG) mice were purchased from Jackson 

Laboratory and all mice were kept in a designated pathogen-free facility at SCRI. Human 

peripheral blood stem cells (PBSCs) were obtained from healthy G-CSF mobilized donors in 

accordance with Seattle Children's Research Institute's institutional review board. Frozen 

human CD34-enriched PBSCs were thawed and then cultured in SCGM (CellGenix) with 

100ng/mL each of human recombinant Thrombopoietin, stem cell factor, and Flt3-ligand at a cell 

density of 1×106 cells/mL in a humidified 37°C incubator with 5% CO2. After 24 hours in culture, 

cells were washed in phosphate buffered saline (PBS) and 1×106 CD34+ cells delivered per 

busulfan-conditioned NSG mouse by retro-orbital injection. Busulfan conditioning was 

performed by intraperitoneal (i.p.) injection of 35 mg/kg clinical grade busulfan into 7-8 week-old 

NSG mice 24 hours prior to human PBSC transfer. 6-10 weeks post-cell transfer, successful 

human cell engraftment was confirmed by the presence of human CD45+ cells in peripheral 

blood using flow cytometry. 10 weeks post-cell transfer, NSG-huCD34 and matched NSG 

littermates were harvested for peripheral tissues. Half of the spleens were fixed in 10% neutral 

pH formalin and sent to the Fred Hutch Experimental Histopathology for H&E staining. Half of 

the spleens were processed and analyzed by flow cytometry (for flow antibodies see table S1). 

Peripheral blood was processed for sera and then cytokine concentrations were measured via 

multiplexed ELISA (U-Plex MSD).  
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3.3.2. Homology directed repair of B cells using CRISPR Cas9 and AAV6 repair templates 

Mobilized peripheral mononuclear cells (PBMCS) were collected from the CD34- fraction 

from mobilized PBSC donors in accordance with Seattle Children's Research Institute's 

institutional review board. We isolated B cells from PBMCs using the EasySep Human B cell 

Enrichment Kit (Stem Cell Technologies). We obtained >95% purity for B cells defined by CD3 

negativity and CD19 positivity. Isolated B cells were cultured in Iscove’s modified Dulbecco’s 

medium (Gibco), supplemented with 2-mercaptoethanol (55μM) and 10% FBS and various 

human cytokines. Cells were cultured in activating and differentiating conditions as described in 

Cheng et al (Figure 2A).28 Cells for in vivo experiments were purified via CD3 bead depletion 

column (Miltenyi) prior to tail vein injection. Cells were immunophenotyped by flow cytometry (for 

flow antibodies see table S1). 

  

3.3.3. Trackable ePCs generated through genome engineering via AAV6 Homology Directed 

B cells and subsequent PCs were engineered to express the trackable reporter firefly luciferase 

or blue fluorescent protein (BFP) as previously described in Cheng et al.1  Digital droplet PCR 

was performed to calculate the HDR allele frequency as previously described in Hung et al27. 

BFP expression was confirmed by flow cytometry. 

 

3.3.4. Tracking and phenotyping of ePCs in NSG-huCD34 mice 

One to ten million Luciferase or BFP-expressing ePCs were injected intravenously into NSG and 

NSG that had been engrafted with CD34+ cells 10 weeks prior (ie NSG-huCD34). ePC 

engraftment was monitored by bioluminescence imaging using IVIS Lumina S5 (Perkin Elmer) 

following subcutaneous injection of luciferin (75-150 mg/kg). Peripheral blood was collected by 
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retro-orbital bleed or submandibular bleed and processed to collect sera and quantify peripheral 

IgG titers. A subset of mice was euthanized for ex vivo tissue imaging following subcutaneous 

injection of luciferin (75-150 mg/kg). A subset of the mice was euthanized for ex vivo spleen and  

bone marrow immunophenotyping by flow cytometry (for flow antibodies see table S1). A subset 

of the mice was euthanized for ex vivo spleen and bone marrow immunophenotyping by flow 

cytometry (for flow antibodies see table S1). Tissues were fixed in 10% neutral pH formalin and 

provided to Fred Hutch Experimental Histopathology for immunohistochemical analysis. 

  

3.3.5. Generation of AMMO1- secreting ePCs and detection of AMM0-1 and human total IgG 

B cells were engineered to express an engineered version of the anti-EBV antibody, AMMO-1,  

as previously described in Moffett et al (Figure 5A).12 Engineered B cells were differentiated to 

PCs as previously described in Cheng et al.28 Editing rates were calculated by intracellular Strep 

Tag II staining of AMMO-1 ePCS. AMMO-1 was detected via ELISA using a gHgL-based capture 

reagent (provided by Andy Mcguire) and human peroxidase conjugated anti-human IgG detection 

antibody (Jackson). Total human IgG was determined using a IgG (total) human ELISA kit 

(Invitrogen). The expected AMMO titers were determined by multiplying the STII+ cell frequency 

by the total IgG found in the sera or supernatant. 

  

3.3.6. Statistical analysis 

Statistical analyses using parametric tests were performed using Prism 7 (GraphPad, San Diego, 

CA) as described in figure legends. 
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3.4. RESULTS 

3.4.1. Immunodeficient mice engrafted with human peripheral hematopoietic stem cells 

reconstitute key cellular and soluble factors involved in plasma cell homeostasis 

We first wanted to establish whether or not immunodeficient mice engrafted with 

peripheral CD34+ hematopoietic stem cells reconstituted several key factors known to influence 

human PC biology. NSG-huCD34 mice and control NSG were sacrificed, and their tissues 

harvested 10 weeks after initial adoptive transfer of CD34+ hematopoietic stem cells. Spleens 

harvested from humanized mice were larger and contained ordered sections of white pulp 

(lymphoid compartment) while control mice had smaller spleens with little to no white pulp 

(Figure 1A). PC homeostasis is thought to be strongly influenced by the presence of myeloid 

cells, as well as both follicular and memory CD4 T cells24. Within the spleens of the NSG-

huCD34 mice we found robust engraftment of CD34-derived human myeloid cells, B cells, and, 

to a lesser extent, CD4 T cells (Figure 1B). Additionally, PC homeostasis also relies on several 

cell extrinsic soluble factors such as human cytokine levels1,27,29–34. We were able to find 

measurable levels of human BAFF, IL-6 and IL-21 in the NSG-huCD34 mice but not in control 

mice. This data is consistent with the generation of an environment that recapitulates many 

features known to positively influence the generation and maintenance of long-lived PCs. 

  

3.4.2. Engrafted trackable ePCs show superior engraftment in humanized mice 

Next, we generated ePCs that expressed reporters that we could track in the syngeneic 

NSG-huCD34 mouse model. Mobilized PBMCs were collected at the same time as CD34+ cells 

in order to have syngeneic ePC and NSG-huCD34 pairs. Subsequently, we engineered B cells 

from mobilized donors to express either blue fluorescent protein (BFP) or luciferase using 

https://paperpile.com/c/RExG6I/4yM7
https://paperpile.com/c/RExG6I/tpvl7+Z19F+PLIQ+1zr3+Cnm6+py85+6QEK+cyMW
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homology directed repair and then differentiated them into ePCs (previously published1, 

schematized in Figure 2A). We confirmed robust integration of the transgene reporters via 

ddPCR (Figure 2B). Additionally, BFP expression was confirmed in greater than 20% of the 

BFP-ePCs via flow cytometry (Figure 2C). We immunophenotyped the ePCs to confirm that 

being sourced from mobilized PBMCS did not interfere with plasma cell differentiation. Similar to 

findings previously published with non-mobilized-PBMCs1,27, greater than 20% of cells 

expressed the plasma cell markers (CD38+CD138+, Figure 2D) and greater than 75% of the 

CD38+CD138+ cells had class switched to IgG (Figure 2F). To our knowledge, this is the first 

demonstration that human ePCs can be generated from a G-CSF mobilized PBMC source.  

We adoptively transferred luciferase expressing ePCs into syngeneic NSG-huCD34 and 

control NSG mice to assess whether humanization improved ePC engraftment (Figure 3A). 

Initial imaging of NSG-huCD34 with ePCs showed a bioluminescence pattern consistent with 

ePC engraftment in bone marrow of the limbs, spine, spleen and lungs (Figure 3B). Initial 

engraftment was relatively similar between control NSG and NSG-huCD34. However, the 

luminescence signal remained stable in the NSG-huCD34, whereas it deteriorated rapidly in the 

control NSG (Figure 3D). Consistent with the bioluminesce data, human IgG secreted from 

ePCs in the sera indicates a similar initial engraftment of ePCs followed by stable secretion in 

NSG-huCD34 and a steep decrease to below detectable levels in NSG (Figure 3E). Area under 

the curve analysis indicates that in all 4 independent experiments plasma cells showed superior 

long-term engraftment in NSG-huCD34 than in control mice as measured by luminescence 

(Figure 3F) and human total IgG serum titer (Figure 3G). Lastly, the sternum, lungs, spleen liver, 

jejunum and femurs were harvested and imaged ex vivo after perfusing the mice. Luminescence 

of all tissues was higher in all the tissues from NSG-huCD34, but most notably in the lungs and 

spleen (Figure 3H). We did not test whether perfusion potentially moves labile bone marrow 

ePCs and thus affects where signal is found in the tissues. NSG-huCD34 mice that received an 

https://paperpile.com/c/RExG6I/tpvl7
https://paperpile.com/c/RExG6I/Z19F+tpvl7
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additional dose of Luciferase-ePCs exhibited higher levels of luminescence than mice that only 

received one dose suggesting that the PC niche is not saturated in this model (Figure S1). 

Collectively, these findings strongly suggest that humanization improves the engraftment and 

long-term survival of ePCs. 

3.4.3.  Engineered plasma cells home to known plasma cell niches and retain their plasma 

cell phenotype in NSG-huCD34 mice 

While the above in vivo and ex vivo bioluminescence data strongly suggests that ePCs 

move to the bone marrow and spleen where they maintain their phenotype, it is not definitive. 

Thus, we collected tissues for immunohistology as well as for flow cytometry based 

immunophenotyping to confirm the presence and phenotype of ePCs in NSG-huCD34 that 

received adoptive transfer of either BFP expressing ePCs, luciferase expressing ePCs or PBS 

(Figure 4A). Human PCs (huCD3-CD38+huCD45+CD138+) could be found in the bone marrow 

and spleens of NSG-huCD34 five weeks after receiving ePCs (Figure 4B) and in NSG-huCD34 

that received PBS (data not shown). However, only the NSG-huCD34 mice that received ePCs 

had class switched (IgM-IgG+) PCs in the bone marrow and spleen (Figure 4C). Importantly, we 

were only able to find BFP+ PCs in the spleens and bone marrow of ePC treated NSG-huCD34 

and not PBS treated NSG-huCD34 (Figure 4D). We performed immunohistology to further 

demonstrate and understand localization of the engrafted ePCs. Luciferase expressing cells 

were found within the marrow space of the femur as well as the spleen in an evenly distributed 

manner (Figure 4E). Nearly all luciferase positive cells stained positive for human plasma cell 

marker CD138 (Figure 4E). Additional staining showed that luciferase+ CD138+ cells seem to 

preferentially colocalize with huCD33+ myeloid cells in the spleen (Figure 4F). These data 

clearly demonstrate that ePCs are capable of migrating to the bone marrow and spleen niches 

of NSG-huCD34 mice where they can maintain a canonical PC phenotype, persist for months 

and potentially interact with myeloid cells derived from the CD34+ graft.  
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3.4.4. Monoclonal antibody secreting engineered plasma cells engrafted in humanized mice 

show robust long-term kinetics 

One potential use of the ePC adoptive transfer NSG-huCD34 model is to study the 

therapeutic potential of ePC that secrete mAbs that neutralize human pathogens. We used a 

previously published homology directed repair strategy to engineer B cells to express an anti-

EBV engineered mAb (emAb) consisting of a light chain linked via the trackable StrepTag II 

(STII) linker to an anti-EBV heavy variable domain (AMMO-1,Figure 5A)12. After differentiation 

into ePCs, editing was detected via intracellular staining of the STII tag between the light and 

heavy chains of the AMMO-1 (Figure 5B). Secretion of AMMO-1-IgG was detected in the 

supernatants of AMMO-1 ePCs by antigen(gHgL)-specific ELISA (Figure 5C). Using total IgG 

levels in the supernatants (Figure 5D) and STII+ editing rates, we calculated the expected 

concentration of AMMO-1-IgG in the supernatants. AMMO-1-IgG antibody levels in 

supernatants were roughly 20-fold lower than expected levels calculated from the editing levels 

and respective total IgG levels (Figure 5E). We confirmed that the difference was not due to an 

affinity difference caused by expressing AMMO-1 as an emAb with an STII linker (data not 

shown).  

 While the lower than expected supernatant levels of AMMO-1 was discouraging, we still 

wanted to test whether neutralizing titers could be achieved in vivo using these cells. ePCs 

secreting AMMO-1 or control GFP-ePCs were then injected into NSG-huCD34 mice according 

to the schema in Figure 5F. AMMO-1-IgG was detected in all mice that received AMMO-1-ePCs 

and could not be detected in mice that received GFP-ePCs (Figure 5G). Levels of AMMO-1-IgG 

decreased slowly over the course of 90 days. Similarly, total IgG in these mice also slowly 

decreased over the course of 90 days (Figure 5H). When adjusted for the decrease in total IgG 

we see that AMMO-1 remains stable indicating no selective disadvantage to cells expressing 

AMMO-1 vs PCs that do not (Figure 5I). Consistent with the in vitro data, AMMO-1-IgG levels 

https://paperpile.com/c/RExG6I/FXPL4
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were ~20 fold lower than what we would have predicted assuming expression at levels 

equivalent to endogenous IgG(Figure 5J). Mouse sera were harvested between 30 and 60 days 

to perform pseudo neutralization assays. Not surprisingly, we were not able to neutralize EBV 

using sera from these mice likely due to the low titers of AMMO-1 (data not shown). Together, 

this data indicates that ePCs expressing anti-pathogen mAbs stably engraft in NSG-huCD34 

mice for greater than 90 days and suggest that following improved secretion levels this 

approach may lead to generation of ePCs that generate neutralizing titers.   
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3.5. DISCUSSION 

Engineered plasma cells comprise an emerging cell-based modality for high-level, 

sustained delivery of therapeutic proteins, but lack a biologically relevant small animal model for 

their study. Herein, we report the adoptive transfer of ePCs into immunodeficient mice bearing 

syngeneic human CD34+ hematopoietic stem cells as a novel platform for assessing ePC 

biology, their potential for long-term persistence, and their ability to deliver therapeutic 

monoclonal antibodies (mAbs). We confirmed that immunodeficient mice engrafted with human 

hematopoietic stem cells exhibited key cellular (Mo, T cells) and soluble factors (BAFF, IL6, 

IL21) involved in plasma cell homeostasis (Figure 1). Importantly, adoptive transfer of these 

ePCs into NSG-huCD34 mice resulted in superior engraftment compared to control NSG mice 

(Figure 3). Furthermore, we confirmed the presence and phenotype of ePCs in the bone marrow 

and spleen of NSG-huCD34 mice (Figure 4). Lastly, we achieved stable levels of an anti-EBV 

mAb for over 90 days in NSG-huCD34 engrafted with anti-EBV secreting ePCs (Figure5).  

Primary human PCs and ex vivo generated PCs are notoriously difficult to engraft in 

immunodeficient mice1. This is likely due in part to imperfect interactions between mouse 

cytokines and human receptors. For instance, the BAFF (72% conservation) and BAFFR (54% 

conservation) interaction is imperfect as evidenced in engraftment studies showing that human 

PBMCs into hBAFF knock-in mice led to increased immature B cell development35. Likewise, IL-

6 (39% conservation) IL6R (52%) IL-21 (53% conservation) and IL-21R (63% conservation) are 

also poorly conserved between humans and mice. In this study we found that NSG-huCD34 

mice had detectable levels of circulating human BAFF (mean 10,322pg/mL), IL-6 (17.53pg/mL) 

and IL-21(480pg/mL). Interestingly, all levels were elevated relative to normal human circulating 

levels (BAFF mean 906pg/mL36, IL6 0.007-7pg/mL37,38, IL21  28pg/mL39). These circulating 

https://paperpile.com/c/RExG6I/tpvl7
https://paperpile.com/c/RExG6I/Zjz0
https://paperpile.com/c/RExG6I/WAHB
https://paperpile.com/c/RExG6I/hPjM+GLub
https://paperpile.com/c/RExG6I/Epul
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levels of human cytokines likely contributed in part to the increased engraftment and 

maintenance of ePCs seen in our adoptive transfer model. These findings open the possibility of 

future mechanistic studies exploring how blocking specific circulating cytokines may impact 

human PC engraftment or survival. This approach is likely to lead to advancement in the 

understanding of human PC biology as well as a potential mechanism(s) for targeting 

pathogenic PCs.  

The increased engraftment of ePCs in humanized mice likely reflects a combination of 

paracrine signaling and human cell-cell interactions as well as potential differences in tissue 

architecture mediated by human hematopoietic engraftment. The limitations of NSG-huCD34 

mice to recapitulate proper lymphoid structures such as lymph nodes, periarterial lymphoid 

structures and germinal centers is well documented40,41. Despite this, many ePCs were found 

within the white pulp compartment of NSG-huCD34 spleens suggesting that the reconstituted 

spleen maintains at least part of its capacity to form lymphoid structures that may support PCs. 

Additionally, we found that human PCs colocalized with myeloid (CD33+) human cells in NSG-

huCD34 spleens (Figure 4F). While it is known that myeloid cells play a critical role in 

maintaining long lived PCs, there is considerable debate as to which cell type within the myeloid 

compartment plays the most critical role 42–44. Future studies using spatial transcriptomics in 

association with this adoptive transfer model could help elucidate the cellular components 

surrounding PCs and their potential role in the improved maintenance of ePCs in various 

tissues.    

 The enhanced long-term maintenance of ePCs in NSG-huCD34 mice led to relatively 

high and stable endogenous human Ab levels (Figure 3E) as well as stable anti-EBV mAb levels 

(Figure 5G) for greater than 90 days. Despite these improvements in engraftment, we did not 

move forward with EBV protection studies as we did not reach AMMO-1-IgG serum levels 

required for neutralization (B cell neutralization potency of AMMO-1-IgG1 is 160ng/mL23). 

https://paperpile.com/c/RExG6I/jGzO+opcs
https://paperpile.com/c/RExG6I/kwM3+8SHA+QXpf
https://paperpile.com/c/RExG6I/M0oUq


74 
 

 

Importantly, the insufficient AMMO-1-IgG levels was primarily due to poorer expression of the 

emAb relative to endogenous IgG expression (Figure 5J) and not altered engraftment of AMMO-

1-IgG expressing ePCs. Studies are underway to investigate ways to achieve higher emAb 

expression in ePCs. Regardless, the improvements seen in stable exogenous protein 

expression may allow for the study of other biologic-secreting ePCs that would otherwise not 

reach sufficient biologic levels for long-term function or for biologics that require human 

hematopoietic cells to be present for functional testing.  

 In summary, we have developed a robust ePC adoptive transfer humanized mouse 

model that recapitulates many biological features of human PC homeostasis. Future studies 

using this ePC adoptive transfer platform will help to uncover additional fundamental features of 

long-lived PCs, and in parallel, support the capacity to build and test ePC-based cell therapies. 
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3.6. FIGURES 

3.6.1. Humanization of NSG mice with human CD34+ hematopoietic stem cells partially 

reconstitute human plasma cell niches 

 
 

Immunodeficient NSG mice were injected with huCD34+ hematopoietic stem cells via tail vein 

injection. Mouse tissues and peripheral sera were harvested 10 weeks after engraftment. A) 

Representative H&E images of spleens from NSG and NSG-huCD34+. B) Representative flow 

plots of cells harvested from a NSG-huCD34 spleen that was processed, stained for human 

surface markers and then analyzed by flow cytometry. C) Cytokine concentrations in the sera of 

NSG-huCD34 and NSG mice were measured by MSD ELISA and graphed as shown. Dotted 

line indicates lower limit of detection. 
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3.6.2. Genome-engineering of mobilized primary human B cells followed by differentiation 

generates trackable ePCs 

 

A) Schematic indicating the in vitro culturing and genome engineering strategies to generate 

ePCs from mobilized PBMCs. B) HDR allele frequency as calculated by ddPCR of genomic 

DNA from ePCs. C) The percent BFP+ of day 13 ePCs as measured by flow cytometry. D) 

Representative flow cytometry plot of ePCs at the end of the differentiation phase. Gate shown 

for the E) quantification of cells expressing both plasma cell markers CD38 and CD138. 

Intracellular staining IgG was performed on D13 ePCs. F) Representative flow plot and 
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quantified percent IgG+ staining of CD38+ CD138+ plasma cells. 
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3.6.3. Hematopoietic stem cell humanization of immunodeficient mice leads to robust 

engraftment of human engineered plasma cells for over 100 days  

 

A) Experimental timeline for the assessment of luciferase expressing ePCs in NSG and NSG-

huCD34 mice. Mice were injected (s.c.) with luciferin and bioluminescence was measured at 
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various time points. B) Representative bioluminescence dorsal and ventral images of NSG-

huCD34 mice 21 days after engraftment with ePC were obtained via in vivo imaging C) 

Representative bioluminescence ventral images of NSG and NSG-huCD34 mice at various 

times after ePC are shown. D) Bioluminescence was quantified from each mouse as average 

radiance and graphed over time for each experiment and graphed over time. F) Area under the 

curve analysis of average radiance was conducted with baseline correction of 2x103 average 

radiance. E) The concentration of human IgG was measured via ELISA of peripheral sera and 

graphed over time for each experiment. F) Area under the curve analysis of the [IgG] was 

conducted and graphed as shown. E) Mice 21 days after engraftment with ePCswere perfused 

with PBS containing luciferin and tissues were harvested for ex vivo bioluminescence imaging. 

E-G) Data across 4 donors in 4 independent experiments with p-value calculated by unpaired 

student's t test for each experiment (* p < 0.05, ** p <0.01, *** p < 0.001). 
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3.6.4. Engineered plasma cells maintain plasma cell phenotype and persist in the bone 

marrow and spleen of humanized mice 
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A) Experimental timeline for the assessment of plasma cell phenotype and localization in NSG-

huCD34 mice. Mouse bone marrow and spleen were harvested between 5 and 10 weeks post 

ePC engraftment. B) Representative flow plots showing the staining and gating strategy to 

determine the isotype of plasma cells found in the bone marrow and spleens of ePC engrafted 

NSG-huCD34 mice. C) The percentage of PCs (huCD45+,CD38+,CD138+) that express IgM and 

IgG were quantified and graphed to show that only mice receiving ePC have IgG+ PCs. D)  

Representative flow plots and quantification of the percent of PCs that express BFP. E) 

Immunohistology of bone marrow and spleens from ePC engrafted NSG-huCD34 mice showing 

colocalization of Luciferase with CD138 positive cells. F) Spleens were also stained for human 

CD33. The percentage of PCs in close contact was calculated and graphed as shown. B-D) 

Data across two donors in two independent experiments. F) Data across four mice from one 

experiment.   
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3.6.5. ePCs produce stable titers of anti-pathogen mAb for over 100 days 

 
 

A) Schematic showing the genome editing approach used to generate ePCs that produce 

AMMO-1 emAb. B) Day 13 ePCs were intracellularly stained for the STII epitope tag within the 
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linker of the AMMO-1 emAb. C) Secreted AMMO-1 IgG in the supernatants of D13 AMMO-1 

ePCS was measured by antigen specific (gHgL) ELISA and graphed. D) Total secreted IgG in 

the supernatants of D13 AMMO-1 ePCS was measured and graphed. E) Using total IgG levels 

in the supernatants and STII+ editing rates, we calculated the expected concentration of AMMO-

1 in the supernatants. We then compared the measured AMMO-1 to the expected AMMO-1. F) 

Experimental timeline for the assessment of AMMO-1 emAb engraftment and secretion kinetics 

in NSG-huCD34 mice.  and localization in NSG-huCD34 mice. G) Secreted AMMO-1 IgG in the 

sera of AMMO-1 ePCS engrafted mice was measured by antigen specific (gHgL) ELISA and 

graphed. H) Total secreted IgG in the sera of AMMO-1 ePCS engrafted mice was measured. I) 

AMMO-1 IgG levels was compared to total IgG levels and graphed to show a steady ratio 

between AMMO-1 IgG levels and total IgG levels. J) We compared the measured AMMO-1 to 

the expected AMMO-1 based on AMMO-1 editing rates and graphed the ratio. B-E) data across 

3 biologic donors in 2 independent experiments. G-H) data across 4 biologic donors in 5 

independent experiments. 
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3.6.6. NSG-huCD34 can be engrafted with multiple doses of ePCs  

 

NSG-HuCD34 mice were engrafted with luciferase expressing ePCs. A second dose of luciferase 

expressing ePCs was administered to two mice on day 24 (arrow). Engraftment was monitored 

via in vivo imaging studies (IVIS).  
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3.6.7. STII-emAb-AMMO-IgG has similar binding affinity to AMMO-IgG.  

 

Surface plasmon resonance was used to measure antibody binding kinetics to EBV antigen 

gHgL.  
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Chapter 4.  

ENGINEERING TOOLS FOR THE SCREENING OF 

ANTIBODIES BASED ON B CELL SIGNALING AND 

ANTIBODY EXPRESSION IN HUMAN B CELLS 
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4.1. INTRODUCTION 

In Chapter 3, we established a powerful engineered plasma cell (ePC) adoptive transfer 

humanized mouse model as a tool for the functional testing of biotherapeutic-secreting ePC. 

Unfortunately, we were not able to test whether anti-EBV monoclonal antibody (mAb)-secreting 

ePCs could protect humanized mice from EBV infection. This was due in part to lower than 

expected secretion of the anti-EBV mAb from the ePCs. In this chapter, we seek to develop a 

tool that will help screen libraries of antigen-specific B cell receptors (BCRs) for both functional 

BCR signaling and for robust expression levels in human B cells. An antigen-specific BCR and 

its corresponding secreted antibody share a nearly identical structure except for a cTerminal 

transmembrane domain. Thus, screening BCRs using a BCR signaling reporter may prove to be 

a biologically relevant tool to help identify high affinity mAbs that will express and secrete well 

when used in ePCs. 

Monoclonal antibody therapies are a form of immunotherapy that uses mAbs to bind 

monospecifically to certain cells or proteins to treat a wide range of diseases. The first 

monoclonal antibody was generated in 1975 by Köhler and Milstein1. The first mAb therapy, 

muromonab-CD3, was approved for clinical use in 19862. Now there are over 162 mAb 

therapies approved by at least one regulatory agency (more than half in the last decade) and 

the global mAb market is estimated to grow from $205 billion dollars in 2022 to $534 billion by 

20253. This rapid growth in mAb therapeutics has been due in part to the expansion in powerful 

technologies used for antibody discovery and development. Nevertheless, when it comes to 

tackling challenging antigen targets, predicting the expressibility of a mAb in mammalian cells, 

elucidating strong BCR (and mAb) functionality, and producing optimized therapeutic antibodies, 

conventional in vitro methods fall short. 

https://paperpile.com/c/h6Cy6z/wnld
https://paperpile.com/c/h6Cy6z/UH6n
https://paperpile.com/c/h6Cy6z/zTnM
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The majority of antibody discovery and development methodologies rely on mouse 

hybridoma, phage display, and single-B cell screening techniques4. Hybridoma technology 

leverages the natural ability of the host to generate B cells capable of producing antibodies that 

exhibit specific isotype functionality and high affinity towards foreign antigens. The considerable 

time frame, typically lasting 3-4 months, and the animal-derived nature of the antibodies 

produced through hybridoma technology present substantial constraints on the widespread 

application of this approach for human therapeutics5. In the 1990s, the introduction of phage 

display technology brought about a revolutionary change in the field, enabling the creation of 

fully human monoclonal antibodies against virtually any desired target utilizing combinatorially 

rearranged human Ab libraries6. To generate phage-displayed antibody repertoires, human 

variable regions of heavy (VH) and light (VL) chains are interconnected by a flexible linker and 

then fused to the coat proteins (pIII or pVIII) of the filamentous bacteriophage M13 effectively 

displaying them as surface molecules. Phages expressing antigen-specific Abs are then 

enriched for target antigen binding. However, the selection and screening process of phage 

antibody libraries for human mAb is inherently limited by expression bias, folding errors, off-

target binding and the number of clones that can be evaluated through downstream validation 

assays7. Alternatively for the development of pathogen-specific mAbs, antigen-specific memory 

B cell repertoires derived from naturally infected individuals can provide many high affinity BCRs 

(and subsequent mAbs). Our group has established robust protocols for BCR sequencing of 

rare, antigen-specific memory B cells8–11. The full utilization of single-cell memory B cell 

repertoires are still often limited by labor intensive in vitro antibody expression and validation 

ELISAs. Therefore, new methods are needed that allow for the rapid screening of BCRs from 

single-cell memory B cell libraries for Abs that are functional, antigen-specific, high-affinity and 

can be expressed from ePCs.  

https://paperpile.com/c/h6Cy6z/jbNq
https://paperpile.com/c/h6Cy6z/o0C4
https://paperpile.com/c/h6Cy6z/I22R
https://paperpile.com/c/h6Cy6z/a8Zg
https://paperpile.com/c/h6Cy6z/4mBF+hzBL+iSrY+UcWi
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  In this study, we develop and validate a novel human B cell-based BCR screening 

platform to address the validation bottleneck in mAb development, to better understand BCR 

biology, and to develop highly expressed mAbs for ePC therapies. 

4.2. MATERIAL AND METHODS 

4.2.1. Generation of Nur77 (NR4A1) reporter Cell Line 

OCI-Ly7 cells were obtained from the Leibniz Institute DSMZ and cultured in IMDM 

(Gibco) media supplemented with 10% FBS. Clustered regularly interspaced short palindromic 

repeats (CRISPR) RNAs (crRNAs) targeting the c-terminus of NR4A1 were identified using the 

Broad Institute GPP sgRNA Designer (http://portals.broadinstitute.org/gpp/public/analysis-

tools/sgrna-design) and synthesized (IDT) containing phosphorothioate linkages and 2′O-methyl 

modifications (sequences in Table S1). crRNA and trans-activating crRNA (tracrRNA; IDT) 

single guide hybrids were mixed with 3uM Cas9 nuclease (Berkeley Labs) at a 1.2:1 ratio and 

delivered to cells by Lonza 3D electroporation (Pulse code: CM-137). After electroporation, cells 

were incubated in the presence of adeno-associated virus 6 (AAV6) vectors carrying 

homologous DNA repair templates consisting of 400bp homology flanking the remaining 

cTerminal NR4A1 sequence (codon optimized) followed by a T2A ribosomal skip element and 

enhanced green fluorescent protein (20% AAV by volume, Figure 1A schema). Engineered Ly-7 

cells were then serially diluted into monoclonal lines. Monoclonal lines were screened for 

reporter activity (see methods Stimulation and Sorting of eBCRs) and one was carried forward 

herein referred to as NR4A1-GFP reporter cell line.  
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4.2.2. Engineering the BCRs of Ly7 

NR4A1-GFP reporter cell line was cultured in IMDM (Gibco) media supplemented with 

10% FBS. Clustered regularly interspaced short palindromic repeats (CRISPR) RNAs (crRNAs) 

targeting the second exon of IGHM (sequences in Table S1) were identified using the Broad 

Institute GPP sgRNA Designer and synthesized (IDT) containing phosphorothioate linkages and 

2′O-methyl modifications. crRNA and tracrRNA; single guide hybrids were mixed with 3uM Cas9 

nuclease (Berkeley Labs) at a 1.2:1 ratio and delivered to cells by Lonza 3D (CM-137) 

electroporation. After electroporation, cells were incubated in the presence of adeno-associated 

virus 6 (AAV6) vectors carrying homologous DNA repair templates consisting of a T2A ribosomal 

skip element in cis with a light chain linked via a 3x strep tag II (STII) sequence to the variable 

domain of a heavy chain linked to a codon optimized version of the first exon of IGHM flanked by 

400bp homology (20% AAV, Figure 2A schema). NR4A1-GFP cells expressing eBCRs were 

sorted via FACS ARIA II based on staining of the STII linker. 

 

4.2.3. Stimulation and sorting of eBCRs 

To assess the reporter activity, WT BCR expressing NR4A1-GFP reporter cell line was 

cultured for various amounts of time with various concentration of anti-AffiniPure F(ab')₂ 

Fragment Goat Anti-Human IgG + IgM (H+L) (Jackson ImmmunoResearch). Reporter 

expression was assessed by flow cytometry. Recombinant Spike RBD-His was purified from 

supernatants of HEK 293T cells transfected with a SARS-CoV2 Spike RBD-His expression 

plasmid. Recombinant hen egg lysozyme (HEL) was purchased from Sigma (L4919). Both RBD 

and HEL were biotinylated using EZ-Link Pentylamine-Biotin (Thermo 21345) and desalted 

using Zeba Spin columns (Thermo). M-280 beads (Invitrogen) were labeled with biotinylated 

HEL and RBD and subsequently washed 3 times with PBS. One million NR4A1-GFP cells 
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expressing a mixture of eBCRs were incubated with 3x107 antigen coated beads for 6 hours. 

Cells were then washed with PBS, stained for IgM, and sorted on FACS ARIA II. The sorted 

cells were cultured for 2 days at which point gDNA was collected and eBCRs were using a 

miseq nano kit v3. 

 

4.2.4. Generation of eBCR library and library analysis 

We developed a gibson assembly-based drop in cloning method to rapidly generate a 

library of gene pAAV transfer plasmids containing 95 eBCR sequences. The majority of the pool 

of sequences consisted of antibodies targeting the RBD of SARS-CoV2 spike protein (14 clinical 

mAbs, 29 published10–12, 14 unpublished). An additional 10 known control eBCRs that do not 

bind RBD (ie Palivizumab, VRC01, MSP1 etc), 6 nonsense controls and 10 eBCR sequences 

that were codon optimized (codon optimization tool, IDT) away from germline sequence were 

included in the library. Another 5 of the eBCR sequences had their signal peptide swapped to 

each of three VH signal peptides for an additional 15 sequences. Each eBCR sequence had its 

IgHM exon 1 silently mutated to a unique barcode sequence to allow for easy sequencing and 

tracking of each sequence. These barcodes were amplified by nested PCR and sequenced 

using a miseq nano kit v3. Barcodes were counted using 2Fast2Q.13 Each eBCR count was 

normalized to total counts from each sample to get sequence prevalence. By comparing 

sequence prevalence in the high STII group to the low STII group we were able to calculate an 

enrichment score. 

  

4.2.5. Statistical analysis 

Statistical analyses using parametric tests were performed using Prism 7 (GraphPad, San Diego, 

CA) as described in figure legends. 

https://paperpile.com/c/h6Cy6z/mNj8+UcWi+iSrY
https://paperpile.com/c/h6Cy6z/fEOP
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4.3. RESULTS 

4.3.1. Fluorescent reporter expressed under NR4A1 control generates a BCR signal reporter 

cell line 

We first wanted to establish a human B cell line that could report surface BCR 

stimulation via expression of a fluorescent reporter. Previous labs have shown that NR4A1 (also 

known as Nur77) is a specific indicator of antigen receptor signaling in human T and B cells14. 

Leveraging this knowledge, we used homology directed repair (HDR) to link the expression of a 

fluorescent reporter expression to the expression of NR4A1. Briefly, OCI-Ly7 (diffuse large B 

cell lymphoma) cells were electroporated in the presence of Cas9 ribonucleoprotein complexes 

containing guide RNAs targeting the C-terminal sequence within NR4A1, and were 

subsequently transduced with rAAV6 HDR donor vector containing a transgene cassette 

consisting of NR4A1 homology followed by a P2A ribosomal skip element and green fluorescent 

reporter (GFP) (Figure 1A). The cell line was serially diluted to create a monoclonal reporter line 

with high GFP expression upon BCR stimulation (referred herein as NR4A1-GFP, data not 

shown). NR4A1-GFP cells were stimulated with αIgM F(ab')₂. Upon stimulation we found a 

decrease in surface IgM consistent with BCR internalization (Figure 1B). Importantly, we saw an 

increase in GFP reporter expression in stimulated cells (Figure 1C). The level of GFP 

expression reflected both the amount of stimulation as well as the duration of the stimulation 

(Figure 1D). This data supports that the NR4A1-GFP reporter cell line is capable of reporting 

BCR signaling. 

  

https://paperpile.com/c/h6Cy6z/zvaE
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4.3.2. NR4A1-GFP reporter cells engineered to express a variety of engineered BCRs 

demonstrate antigen-specific reporter activity 

To begin to test whether NR4A1-GFP reporter cells were capable of reporting antigen-

specific signaling in response to cognate antigens, we next replaced the endogenous BCR with 

various BCRs of interest. Moffett et al. previously showed that inserting a full light chain linked to 

the heavy chain variable domain between the IGHJ6 and IGHM  loci in B cells results in the 

expression of engineered BCRs and engineered antibodies (emAbs)15. We modified the  

 Moffett engineering strategy to edit directly into exon 2 of the IGHM locus. This design 

was utilized to directly link eBCR expression with the abrogation of endogenous BCR 

expression. The resulting BCR engineered NR4A1-GFP cells express an exogenous 

immunoglobulin light chain linked by a strep tag II linker (STII) to an exogenous IgM heavy chain 

(herein referred to as an eBCR, Figure 2A). We used this strategy to individually express a 

series of eBCRs specific to hen egg lysozyme (αHEL) or the receptor binding domain of the 

SARS-CoV2 spike protein (αRBD), respectively. NR4A1-GFP cells treated with a CRISPR guide 

targeting exon 2 of IGHM in the absence of repair templates resulted in loss of IgM surface 

expression, whereas cells edited using eBCR repair templates showed restoration of IgM 

surface expression (Figure 2B). Consistent with surface expression of the eBCR, FACS staining 

for the STII linker demonstrated eBCR expression in engineered but not in control cell lines 

(Figure 2B). Importantliy, expression of the eBCRs did not impact the baseline GFP reporter 

expression consistent with the concept that eBCRs do not mediate tonic BCR signaling (Figure 

2C). These data indicate that the endogenous BCR of NR4A1-GFP cells can be replaced with 

various eBCRs of interest.  

Next, we determined if antigen-specific stimulation of cells expressing eBCRs would 

result in detectable GFP reporter expression and eBCR internalization. We treated NR4A1-GFP 

cells expressing either an αHEL-eBCR or an αRBD-eBCR with beads that were coated with 

https://paperpile.com/c/h6Cy6z/W5CY
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either HEL or RBD (Figure 3A). Consistent with antigen triggered cellular activation and 

subsequent integrin signaling, in response to addition of beads, αRBD-eBCR cells formed 

clusters in culture following the addition of RBD-coated- but not with HEL-coated beads. 

Conversely, αHEL-eBCR cells clustered with HEL coated beads but not with RBD coated beads 

(Figure 3B). Consistent with antigen driven eBCR internalization, IgM surface staining 

decreased on eBCR-cells stimulated with cognate antigen but not with control antigen (Figure 

3C). Finally, GFP expression increased in eBCR-cells stimulated with cognate but not with 

control antigen (Figure 3D). These data indicate antigen-specific stimulation of eBCR 

expressing NR4A1-GFP cells leads to detectable eBCR internalization and BCR signaling 

reporter expression. 

4.3.3.  Sorting on reporter expression and eBCR internalization correctly enriches for cells 

expressing eBCRs specific to target antigens  

Having established that antigen stimulation of eBCR expressing NR4A1-GFP cell lines 

results in antigen-specific reporter activity, we next wanted to determine whether this reporter 

system could be used to screen for antigen-specific eBCRs within a mixed population of cells 

expressing different eBCRs. To test this, we mixed an αRBD-eBCR cell line with an αHEL-

eBCR cell line to create a mixed population of eBCR expressing cells. We then stimulated this 

mixed population with either HEL or RBD coated beads, sorted on reporter positive cells and 

sequenced their eBCRs (Figure 4A). Both HEL and RBD bead stimulations resulted in a 

sortable population of GFP+IgMlow from the mixed population (Figure 4B). eBCRs were 

sequenced from the genomic DNA of the sorted cells and bulk control cells. The control bulk 

cells resulted in roughly equal counts of αRBD and αHEL-eBCRs, whereas HEL stimulated cells 

enriched for the αHEL-eBCR and RBD stimulated cells enriched for the αRBD-eBCR (Figure 

4C). We repeated the experiment with a more complex mixture of cells expressing 2 different  

αHEL-eBCR (D1.3 and HyHel10)16 and 3 different αRBD-eBCRs (284, 30011, 2B0412). We were 

https://paperpile.com/c/h6Cy6z/UcO4
https://paperpile.com/c/h6Cy6z/UcWi
https://paperpile.com/c/h6Cy6z/mNj8
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able to enrich for cells expressing eBCRs that had corresponding specificity to the antigen used 

to stimulate (Figure 4DE). This data suggests that one could use the eBCR NR4A1-GFP to 

screen for antigen-specific eBCRs from a population of unknown eBCRs. 

4.3.4. NR4A1-GFP reporter cells can be edited to express libraries containing many eBCRs 

Next, we wanted to express a large library of eBCR sequences in the NR4A1-GFP cell 

line to test whether the system was compatible with screening BCRs for features including: the 

level of protein expression (surface STII staining), binding specificity (enrichment with differing 

antigen stimulations), and binding affinity (enrichment upon repeat low dose antigen 

stimulations). To accomplish this we gathered 95 eBCR sequences from both published and 

unpublished antibodies targeting a variety of antigens with a variety of affinities and specificities. 

The majority of the library focused on antibodies targeting the RBD of SARS-CoV2 spike protein 

(14 clinical mAbs, 29 published11,12, 14 unpublished). Additionally, to test how nucleotide 

sequence alterations and signal peptides might affect surface eBCR expression, we included 10 

codon optimized sequences along with their analogous germline sequences and 15 sequences 

using 3 different signal peptide sequences. In parallel, we added 6 sequences containing stop 

codons at various locations within the eBCR sequence that should act as negative controls for 

eBCR expression.   

The eBCR library sequences were cloned into eBCR transfer vectors to generate a 

plasmid library containing 95 unique sequences (Figure 5A). The plasmid library was 

sequenced to reveal that all sequences were present within a normal distribution (Figure 5B). 

We then engineered the NR4A1-GFP cell line with a low MOI of AAV6 containing the eBCR 

library to reduce the chance of double edits and passenger effects. We confirmed successful 

engineering by surface staining of STII which stained 9.36% of the library engineered cells 

(Figure 5C). Additionally, library engineered cells showed a wide continuous STII staining 

https://paperpile.com/c/h6Cy6z/mNj8+UcWi


100 
 

 

pattern instead of a discrete positive population (Figure 5C). Finally, we sequenced the genomic 

DNA from the library engineered NR4A1-GFP cells and found all unique eBCR sequences 

represented in a normal distribution (Figure 5D). This data is consistent with the successful 

generation of NR4A1-GFP cells that express a large library of eBCRs with sufficient sequence 

coverage for further hypothesis testing. 

We hypothesized that the variability of STII staining (Figure 5C) may be due to 

differences in the expression levels of each eBCRs. To test this hypothesis, we sorted eBCR 

library engineered NR4A1-GFP cells based on high, medium and low/negative STII staining 

(Sort gating shown in Figure 6A). Two days after the sort, we confirmed that we had three 

distinct populations by surface staining of STII (Figure 6B). Genomic DNA was harvested from 

each of the three populations and their eBCRs were sequenced. All controls with nonsense 

mutations were present in the low/negative but were absent from the high STII population 

(Figure 6C) indicating that the STII sort likely correctly screen out eBCR sequences that fail to 

express properly. We assigned an STII enrichment score to each eBCR sequence by 

comparing the prevalence of each eBCR in the high STII sort group to the prevalence in the 

low/negative STII sort group. We then plotted each eBCR sequence based on enrichment score 

from low to high (Figure 6D). As expected, nonsense control eBCR sequences were 

disproportionately found in the low expressors (Figure 6E). The top 10 eBCR sequences by STII 

enrichment score are shown (Figure 6F). OCI-Ly7 cells express endogenous kappa light chain 

which could interfere with expression of kappa light chain eBCRs. We compared the enrichment 

scores between kappa and lambda chain containing eBCRs and saw no difference indicating 

that our eBCR expression system is compatible with eBCRs containing either light chain (Figure 

6G). Lasty, we were curious whether codon optimization of the human germline nucleotide 

sequences would improve expression. We did not see any difference in enrichment score 

between germline (median: 0.9715) and codon optimized sequences (median 0.9042, Figure 
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6H), suggesting that both germline and codon optimized sequences are compatible in our 

system. This data suggests that enrichment for STII staining may predict the level of 

mammalian expression level of a given BCR or antibody sequence.  
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4.4. DISCUSSION 

Here we describe the use of a human B cell line to screen single-cell memory B cell 

derived Ab/BCR libraries based on their capacity to signal when in the presence of antigen as a 

platform to rapidly evaluate high-affinity mAbs with optimal expression in mammalian cells.  

            Antigen specific single-cell antibody discovery often leads to discovery of hundreds to 

thousands of potential antigen-specific BCRs10,17,18. Many of the potential hits are not truly 

antigen-specific because the low frequency of antigen-specific cells, even after a robust immune 

reaction, is only between 0.01–0.1% of total circulating B cells19,20. Additionally, not every 

sequence will lead to expressed BCR (sequences from recombined but silenced alleles). Similar 

to other antibody discovery platforms, it is often costly and labor intensive to screen all clones to 

evaluate and identify the best mAb candidates to develop using traditional methods (e.g., 

plasmid-based cloning, transfection, cell-based protein expression, protein purification, binding 

assessment through enzyme-linked immunosorbent assays (ELISAs), etc.)21,22. Our NR4A1-

GFP system could be applied to create a short optimal list of mAbs to characterize by in vitro 

expression and therefore reduce the time needed to discover mAbs. While we show NR4A1-

GFP screening data for a library of 95 unique sequences, the true limit is likely to be limited by 

FACs sorting capacity at ~104. However, this limitation is likely to be circumvented by 

performing a magnetic enrichment with antigen coated nanoparticles prior to antigen stimulation 

prior to sorting. Combining magnetic enrichment data with BCR signaling information would also 

provide insight regarding BCRs that bind to antigen but are incapable of signaling, potentially 

providing information on the biochemical constraints required for BCR signaling.   

 

https://paperpile.com/c/h6Cy6z/iSrY+LZpT+KIb5
https://paperpile.com/c/h6Cy6z/NODq+P1kU
https://paperpile.com/c/h6Cy6z/jToo+0RTx


103 
 

 

In addition to magnetic selection, computation pipelines could further enhance the 

screening efficiency of the NR4A1-GFP platform by shortlisting BCR repertoires prior to eBCR 

library generation. Cao et al use a computation pipeline to consider the frequency of somatic-

hypermutations (SHMs) and potentially, other antigen-specific features; for example, focusing 

on already known antigen-specific VH–VL combinations, or specific IgG isotypes to shortlist 

potential Ab candidates23,24. However, this potentially risks the biasing towards 

immunodominant epitopes which may or may not provide protection25. Skewing towards 

immunodominant clones could potentially be counteracted by modifications to the epitope used 

in the NR4A1-GFP screen. For example by using subsequent positive screens with antigens 

that lack problematic immunodominant epitopes or with the use of immunodominant epitope 

blocking antibodies (as F’ab2 to prevent BCR signaling negative feedback)26–28. This is critical for 

the development of neutralizing mAbs against pathogens known for their highly polymorphic 

immunodominant epitopes such as HIV and Influenza A29,30.      

Another strength of the NR4A1-GFP platform is that it is derived from a human B cell 

line. Many methods for screening large memory B cell repertoires use non-human display 

systems such as yeast and phage display to further screen antigen-specific memory B cell Ab 

libraries. However, Abs expressed in phage and yeast display have folding errors and 

glycosylation differences31. Human B cells offer a highly advantageous environment for a 

screening platform, as they facilitate proper folding, human B cell glycosylation patterns, and 

other essential B cell post-translational modifications32,33. Additionally, the majority of 

commercially available antibody therapeutics are manufactured using mammalian cell systems 

such as human PER.C6 cells34. Therefore, Abs screened via the NR4A1-GFP platform are more 

likely to succeed as manufacturable human therapeutics than Ab screened from other non-

mammalian discovery technologies.    

https://paperpile.com/c/h6Cy6z/JMay+IXes
https://paperpile.com/c/h6Cy6z/7CtU
https://paperpile.com/c/h6Cy6z/PrgH+RVPg+MCln
https://paperpile.com/c/h6Cy6z/zu2w+zQnU
https://paperpile.com/c/h6Cy6z/EQcd
https://paperpile.com/c/h6Cy6z/phWf+Cvru
https://paperpile.com/c/h6Cy6z/Xlvc
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            The NR4A1-GFP platform may prove useful for discovery of emAbs for engineered B 

cell and engineered plasma cell therapeutics, which are emerging cell-based modalities for 

high-level sustained delivery of therapeutic biologics. In the previous chapter we engineered 

PCs (ePC) to express an engineered anti-EBV antibody, AMMO-115,35. We found that AMMO-1 

expressed ~20 fold lower than expected. Consistent with the poor expressibility of this 

sequence, we found that the AMMO-1 eBCR sequence had the sixth lowest STII enrichment 

score (Figure 6E). This finding suggests that STII enrichment score may predict the 

expressibility of an emAb in human ePCs. Further experiments are underway to establish 

whether The NR4A1-GFP platform will accurately predict secretion levels of a variety of emAbs.  

In summary, we developed an Ab screening platform that uses a NR4A1 reporter in 

human B cell line to screen antigen-specific memory B cells libraries for BCR signaling in order 

to discover high-affinity mAbs. This platform shows promise for the discovery of antibodies for 

use as manufacturable mAb therapies and as emAb secreting ePC therapeutics. 

 

 
 

https://paperpile.com/c/h6Cy6z/26Bv+W5CY
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4.5. FIGURES 

4.5.1. Fluorescent reporter of NR4A1 expression allows for readout of BCR signaling in a 

human B cell line 

 
A) Schematic showing the genome engineering strategy used to produce a BCR signaling 

reporter. Red arrows indicate C terminus of NR4A1. B) Flow cytometry surface IgM staining of 

NR4A1-GFP cells after 24 hour hours of stimulation with 10uM αIgM (Blue) or with media only 

(Red). C) GFP expression as measured by flow cytometry.  D) NR4A1-GFP cells were 

simulated using various concentrations of αIgM for various amounts of time and GFP 

expression was measured.  
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4.5.2. NR4A1-GFP cells engineered to replace endogenous BCR with surface trackable 

exogenous eBCRs 

 

A) Schematic showing the genome engineering strategy used to replace the endogenous BCR 

with exogenous eBCRs. eBCRs contain a stainable strep tag II linker (STII) between the heavy 

and light chain. NR4A1-GFP cells were engineered to express 4 different eBCRs targeting HEL 

or Spike RBD.  B) Flow cytometry surface IgM staining and strep tag II. C) GFP expression as 

measured by flow cytometry. 
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4.5.3. Antigen-specific stimulation of eBCR induces BCR signaling reporter expression  

 

A) Schematic showing NR4A1-GFP cells expressing either an αHEL-eBCR or an αRBD-eBCR 

stimulated with either RBD or HEL coated beads. B) Light microscopy of eBCR NR4A1-GFP in 
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the presence of antigen-coated beads. C)  Cells were stained for surface IgM and analyzed by 

flow cytometry to assess eBCR internalization. Gates indicate BCR internalization D) Cells were 

analyzed by flow cytometry to measure GFP positivity as a read out for BCR signaling. Gates 

indicate GFP positive cells. 
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4.5.4. Antigen-specific cells can be enriched from a mixed population of eBCR-cells 

 

A) Schematic depicting the workflow for screening eBCRs based on GFP expression. A mixture 

of NR4A1-GFP cells expressing various αHEL and αRBD-eBCRs is stimulated with either RBD 
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or HEL coated beads. GFP cells are then sorted and grown for 2 days. Cells are then lysed and 

the eBCRs are sequenced. B) Cells were sorted according to flow cytometry gates shown. C) 

Sequence reads for each eBCR were counted and then graphed as a percentage of total eBCR 

sequence counts for each sorted population. D) Cells were sorted according to flow cytometry 

gates shown. E) Sequence reads for each eBCR were counted and then graphed as a 

percentage of total eBCR sequence counts for each sorted population.  
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4.5.5. NR4A1-GFP cells engineered to express an eBCR library containing 95 unique 

sequences 

 

 

A) Representation of eBCR transfer plasmid library. B)  eBCRs were sequenced from the library 

plasmid prep and graphed according to sequence count. C) NR4A1-GFP cells were engineered 

with the eBCR library. Two days later engineering success was determined by staining for STII 

surface expression. D) eBCRs were sequenced from genomic DNA that was harvested from 

library engineered cells. Sequence counts were graphed for each unique eBCR sequence.  
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4.5.6. Expressibility of eBCRs determined by surface STII staining and sorting  
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A) eBCR library engineered NR4A1-GFP cells were stained for surface IgM and for STII. The 

stained cells were then sorted according to the gates shown. B) Two days after sorting, each 

sorted population was stained for STII. Genomic DNA was then harvested from each sorted 

population and their eBCRs were sequenced. Each eBCR sequence count was normalized to 

total sequence counts of each population to calculate the sequence prevalence. C) Sequence 

prevalence for each nonsense control was mapped by a heat map for each sorted population. 

D) Enrichment scores were calculated by comparing the sequence prevalence of each eBCR in 

the high STII sorted group to the low STII sorted group. Sequence prevalence for each eBCR 

was plotted from low to high STII enrichment score. The blue box indicates eBCR sequences 

that have low STII enrichment scores while the red box indicates sequences with high STII 

enrichment scores. E) Heat map showing the 10 worst expressing eBCRs by STII enrichment 

score. F) Heat map showing the 10 highest expressing eBCRs by STII enrichment score. G) 

Violin plot showing the enrichment score of eBCRs with kappa light chains or lambda light 

chains. H)  Enrichment score of eBCRs expressed as germline sequence or as codon optimized 

sequence.  

 

 

 

 

 

 

 
  



114 
 

 

4.6. BIBLIOGRAPHY 

1. Köhler G, Milstein C. Continuous cultures of fused cells secreting antibody of predefined 
specificity. Nature. 1975;256(5517):495-497. 

2. Van Wauwe JP, De Mey JR, Goossens JG. OKT3: a monoclonal anti-human T 
lymphocyte antibody with potent mitogenic properties. J Immunol. 1980;124(6):2708-2713. 

3. Research, Markets. Global Monoclonal Antibody Therapeutics Market Report 2023: 
Sector is Expected to Reach $534.2 Billion by 2030 at a CAGR of 12.7%. Published June 
8, 2023. Accessed July 11, 2023. https://www.globenewswire.com/en/news-
release/2023/06/08/2684545/28124/en/Global-Monoclonal-Antibody-Therapeutics-Market-
Report-2023-Sector-is-Expected-to-Reach-534-2-Billion-by-2030-at-a-CAGR-of-12-7.html 

4. Wang Z, Wang G, Lu H, Li H, Tang M, Tong A. Development of therapeutic antibodies 
for the treatment of diseases. Mol Biomed. 2022;3(1):35. 

5. Moraes JZ, Hamaguchi B, Braggion C, et al. Hybridoma technology: is it still useful? 
Curr Res Immunol. 2021;2:32-40. 

6. Parray HA, Shukla S, Samal S, et al. Hybridoma technology a versatile method for 
isolation of monoclonal antibodies, its applicability across species, limitations, advancement 
and future perspectives. Int Immunopharmacol. 2020;85:106639. 

7. Pedrioli A, Oxenius A. Single B cell technologies for monoclonal antibody discovery. 
Trends Immunol. 2021;42(12):1143-1158. 

8. Krishnamurty AT, Thouvenel CD, Portugal S, et al. Somatically Hypermutated 
Plasmodium-Specific IgM(+) Memory B Cells Are Rapid, Plastic, Early Responders upon 
Malaria Rechallenge. Immunity. 2016;45(2):402-414. 

9. Thouvenel CD, Fontana MF, Netland J, et al. Multimeric antibodies from antigen-specific 
human IgM+ memory B cells restrict Plasmodium parasites. J Exp Med. 2021;218(4). 
doi:10.1084/jem.20200942 

10. Rodda LB, Netland J, Shehata L, et al. Functional SARS-CoV-2-Specific Immune 
Memory Persists after Mild COVID-19. Cell. 2021;184(1):169-183.e17. 

11. Hale M, Netland J, Chen Y, et al. IgM antibodies derived from memory B cells 
are potent cross-variant neutralizers of SARS-CoV-2. J Exp Med. 2022;219(9). 
doi:10.1084/jem.20220849 

12. Alsoussi WB, Turner JS, Case JB, et al. A Potently Neutralizing Antibody 
Protects Mice against SARS-CoV-2 Infection. J Immunol. 2020;205(4):915-922. 

13. Bravo AM, Typas A, Veening JW. 2FAST2Q: a general-purpose sequence 
search and counting program for FASTQ files. PeerJ. 2022;10:e14041. 

14. Ashouri JF, Weiss A. Endogenous Nur77 Is a Specific Indicator of Antigen 
Receptor Signaling in Human T and B Cells. J Immunol. 2017;198(2):657-668. 

http://paperpile.com/b/h6Cy6z/wnld
http://paperpile.com/b/h6Cy6z/wnld
http://paperpile.com/b/h6Cy6z/wnld
http://paperpile.com/b/h6Cy6z/wnld
http://paperpile.com/b/h6Cy6z/UH6n
http://paperpile.com/b/h6Cy6z/UH6n
http://paperpile.com/b/h6Cy6z/UH6n
http://paperpile.com/b/h6Cy6z/UH6n
http://paperpile.com/b/h6Cy6z/zTnM
http://paperpile.com/b/h6Cy6z/zTnM
http://paperpile.com/b/h6Cy6z/zTnM
https://www.globenewswire.com/en/news-release/2023/06/08/2684545/28124/en/Global-Monoclonal-Antibody-Therapeutics-Market-Report-2023-Sector-is-Expected-to-Reach-534-2-Billion-by-2030-at-a-CAGR-of-12-7.html
https://www.globenewswire.com/en/news-release/2023/06/08/2684545/28124/en/Global-Monoclonal-Antibody-Therapeutics-Market-Report-2023-Sector-is-Expected-to-Reach-534-2-Billion-by-2030-at-a-CAGR-of-12-7.html
https://www.globenewswire.com/en/news-release/2023/06/08/2684545/28124/en/Global-Monoclonal-Antibody-Therapeutics-Market-Report-2023-Sector-is-Expected-to-Reach-534-2-Billion-by-2030-at-a-CAGR-of-12-7.html
http://paperpile.com/b/h6Cy6z/jbNq
http://paperpile.com/b/h6Cy6z/jbNq
http://paperpile.com/b/h6Cy6z/jbNq
http://paperpile.com/b/h6Cy6z/jbNq
http://paperpile.com/b/h6Cy6z/o0C4
http://paperpile.com/b/h6Cy6z/o0C4
http://paperpile.com/b/h6Cy6z/o0C4
http://paperpile.com/b/h6Cy6z/o0C4
http://paperpile.com/b/h6Cy6z/I22R
http://paperpile.com/b/h6Cy6z/I22R
http://paperpile.com/b/h6Cy6z/I22R
http://paperpile.com/b/h6Cy6z/I22R
http://paperpile.com/b/h6Cy6z/I22R
http://paperpile.com/b/h6Cy6z/a8Zg
http://paperpile.com/b/h6Cy6z/a8Zg
http://paperpile.com/b/h6Cy6z/a8Zg
http://paperpile.com/b/h6Cy6z/a8Zg
http://paperpile.com/b/h6Cy6z/4mBF
http://paperpile.com/b/h6Cy6z/4mBF
http://paperpile.com/b/h6Cy6z/4mBF
http://paperpile.com/b/h6Cy6z/4mBF
http://paperpile.com/b/h6Cy6z/4mBF
http://paperpile.com/b/h6Cy6z/hzBL
http://paperpile.com/b/h6Cy6z/hzBL
http://paperpile.com/b/h6Cy6z/hzBL
http://paperpile.com/b/h6Cy6z/hzBL
http://paperpile.com/b/h6Cy6z/hzBL
http://dx.doi.org/10.1084/jem.20200942
http://paperpile.com/b/h6Cy6z/iSrY
http://paperpile.com/b/h6Cy6z/iSrY
http://paperpile.com/b/h6Cy6z/iSrY
http://paperpile.com/b/h6Cy6z/iSrY
http://paperpile.com/b/h6Cy6z/UcWi
http://paperpile.com/b/h6Cy6z/UcWi
http://paperpile.com/b/h6Cy6z/UcWi
http://paperpile.com/b/h6Cy6z/UcWi
http://paperpile.com/b/h6Cy6z/UcWi
http://dx.doi.org/10.1084/jem.20220849
http://paperpile.com/b/h6Cy6z/mNj8
http://paperpile.com/b/h6Cy6z/mNj8
http://paperpile.com/b/h6Cy6z/mNj8
http://paperpile.com/b/h6Cy6z/mNj8
http://paperpile.com/b/h6Cy6z/fEOP
http://paperpile.com/b/h6Cy6z/fEOP
http://paperpile.com/b/h6Cy6z/fEOP
http://paperpile.com/b/h6Cy6z/fEOP
http://paperpile.com/b/h6Cy6z/zvaE
http://paperpile.com/b/h6Cy6z/zvaE
http://paperpile.com/b/h6Cy6z/zvaE
http://paperpile.com/b/h6Cy6z/zvaE


115 
 

 

15. Moffett HF, Harms CK, Fitzpatrick KS, Tooley MR, Boonyaratanakornkit J, Taylor 
JJ. B cells engineered to express pathogen-specific antibodies protect against infection. Sci 
Immunol. 2019;4(35). 

16. Batista FD, Neuberger MS. Affinity dependence of the B cell response to antigen: 
a threshold, a ceiling, and the importance of off-rate. Immunity. 1998;8(6):751-759. 

17. Hurtado J, Rogers TF, Jaffe DB, et al. Deep repertoire mining uncovers ultra-
broad coronavirus neutralizing antibodies targeting multiple spike epitopes. bioRxiv. 
Published online March 31, 2023:2023.03.28.534602. doi:10.1101/2023.03.28.534602 

18. Zost SJ, Gilchuk P, Chen RE, et al. Rapid isolation and profiling of a diverse 
panel of human monoclonal antibodies targeting the SARS-CoV-2 spike protein. Nat Med. 
2020;26(9):1422-1427. 

19. Franz B, May KF Jr, Dranoff G, Wucherpfennig K. Ex vivo characterization and 
isolation of rare memory B cells with antigen tetramers. Blood. 2011;118(2):348-357. 

20. Hoven MY, De Leij L, Keij JF, The TH. Detection and isolation of antigen-specific 
B cells by the fluorescence activated cell sorter (FACS). J Immunol Methods. 
1989;117(2):275-284. 

21. Vazquez-Lombardi R, Nevoltris D, Luthra A, Schofield P, Zimmermann C, Christ 
D. Transient expression of human antibodies in mammalian cells. Nat Protoc. 
2018;13(1):99-117. 

22. Gieselmann L, Kreer C, Ercanoglu MS, et al. Effective high-throughput isolation 
of fully human antibodies targeting infectious pathogens. Nat Protoc. 2021;16(7):3639-
3671. 

23. Cao Y, Su B, Guo X, et al. Potent Neutralizing Antibodies against SARS-CoV-2 
Identified by High-Throughput Single-Cell Sequencing of Convalescent Patients’ B Cells. 
Cell. 2020;182(1):73-84.e16. 

24. Goldstein LD, Chen YJJ, Wu J, et al. Massively parallel single-cell B-cell receptor 
sequencing enables rapid discovery of diverse antigen-reactive antibodies. Commun Biol. 
2019;2:304. 

25. Angeletti D, Kosik I, Santos JJS, et al. Outflanking immunodominance to target 
subdominant broadly neutralizing epitopes. Proc Natl Acad Sci U S A. 2019;116(27):13474-
13479. 

26. Schaefer-Babajew D, Wang Z, Muecksch F, et al. Antibody feedback regulates 
immune memory after SARS-CoV-2 mRNA vaccination. Nature. 2023;613(7945):735-742. 

27. Bournazos S, Ravetch JV. Fcγ Receptor Function and the Design of Vaccination 
Strategies. Immunity. 2017;47(2):224-233. 

28. Heyman B. Regulation of antibody responses via antibodies, complement, and 
Fc receptors. Annu Rev Immunol. 2000;18:709-737. 

29. Altman MO, Angeletti D, Yewdell JW. Antibody Immunodominance: The Key to 

http://paperpile.com/b/h6Cy6z/W5CY
http://paperpile.com/b/h6Cy6z/W5CY
http://paperpile.com/b/h6Cy6z/W5CY
http://paperpile.com/b/h6Cy6z/W5CY
http://paperpile.com/b/h6Cy6z/W5CY
http://paperpile.com/b/h6Cy6z/UcO4
http://paperpile.com/b/h6Cy6z/UcO4
http://paperpile.com/b/h6Cy6z/UcO4
http://paperpile.com/b/h6Cy6z/UcO4
http://paperpile.com/b/h6Cy6z/LZpT
http://paperpile.com/b/h6Cy6z/LZpT
http://paperpile.com/b/h6Cy6z/LZpT
http://paperpile.com/b/h6Cy6z/LZpT
http://paperpile.com/b/h6Cy6z/LZpT
http://dx.doi.org/10.1101/2023.03.28.534602
http://paperpile.com/b/h6Cy6z/KIb5
http://paperpile.com/b/h6Cy6z/KIb5
http://paperpile.com/b/h6Cy6z/KIb5
http://paperpile.com/b/h6Cy6z/KIb5
http://paperpile.com/b/h6Cy6z/KIb5
http://paperpile.com/b/h6Cy6z/NODq
http://paperpile.com/b/h6Cy6z/NODq
http://paperpile.com/b/h6Cy6z/NODq
http://paperpile.com/b/h6Cy6z/NODq
http://paperpile.com/b/h6Cy6z/P1kU
http://paperpile.com/b/h6Cy6z/P1kU
http://paperpile.com/b/h6Cy6z/P1kU
http://paperpile.com/b/h6Cy6z/P1kU
http://paperpile.com/b/h6Cy6z/P1kU
http://paperpile.com/b/h6Cy6z/jToo
http://paperpile.com/b/h6Cy6z/jToo
http://paperpile.com/b/h6Cy6z/jToo
http://paperpile.com/b/h6Cy6z/jToo
http://paperpile.com/b/h6Cy6z/jToo
http://paperpile.com/b/h6Cy6z/0RTx
http://paperpile.com/b/h6Cy6z/0RTx
http://paperpile.com/b/h6Cy6z/0RTx
http://paperpile.com/b/h6Cy6z/0RTx
http://paperpile.com/b/h6Cy6z/0RTx
http://paperpile.com/b/h6Cy6z/JMay
http://paperpile.com/b/h6Cy6z/JMay
http://paperpile.com/b/h6Cy6z/JMay
http://paperpile.com/b/h6Cy6z/JMay
http://paperpile.com/b/h6Cy6z/IXes
http://paperpile.com/b/h6Cy6z/IXes
http://paperpile.com/b/h6Cy6z/IXes
http://paperpile.com/b/h6Cy6z/IXes
http://paperpile.com/b/h6Cy6z/IXes
http://paperpile.com/b/h6Cy6z/7CtU
http://paperpile.com/b/h6Cy6z/7CtU
http://paperpile.com/b/h6Cy6z/7CtU
http://paperpile.com/b/h6Cy6z/7CtU
http://paperpile.com/b/h6Cy6z/7CtU
http://paperpile.com/b/h6Cy6z/PrgH
http://paperpile.com/b/h6Cy6z/PrgH
http://paperpile.com/b/h6Cy6z/PrgH
http://paperpile.com/b/h6Cy6z/PrgH
http://paperpile.com/b/h6Cy6z/RVPg
http://paperpile.com/b/h6Cy6z/RVPg
http://paperpile.com/b/h6Cy6z/RVPg
http://paperpile.com/b/h6Cy6z/RVPg
http://paperpile.com/b/h6Cy6z/MCln
http://paperpile.com/b/h6Cy6z/MCln
http://paperpile.com/b/h6Cy6z/MCln
http://paperpile.com/b/h6Cy6z/MCln
http://paperpile.com/b/h6Cy6z/zu2w


116 
 

 

Understanding Influenza Virus Antigenic Drift. Viral Immunol. 2018;31(2):142-149. 

30. Mayr LM, Su B, Moog C. Non-Neutralizing Antibodies Directed against HIV and 
Their Functions. Front Immunol. 2017;8:1590. 

31. Wildt S, Gerngross TU. The humanization of N-glycosylation pathways in yeast. 
Nat Rev Microbiol. 2005;3(2):119-128. 

32. Majewska NI, Tejada ML, Betenbaugh MJ, Agarwal N. N-Glycosylation of IgG 
and IgG-Like Recombinant Therapeutic Proteins: Why Is It Important and How Can We 
Control It? Annu Rev Chem Biomol Eng. 2020;11:311-338. 

33. Wang TT, Ravetch JV. Functional diversification of IgGs through Fc 
glycosylation. J Clin Invest. 2019;129(9):3492-3498. 

34. Li F, Vijayasankaran N, Shen AY, Kiss R, Amanullah A. Cell culture processes 
for monoclonal antibody production. MAbs. 2010;2(5):466-479. 

35. Snijder J, Ortego MS, Weidle C, et al. An Antibody Targeting the Fusion 
Machinery Neutralizes Dual-Tropic Infection and Defines a Site of Vulnerability on Epstein-
Barr Virus. Immunity. 2018;48(4):799-811.e9. 

  

http://paperpile.com/b/h6Cy6z/zu2w
http://paperpile.com/b/h6Cy6z/zu2w
http://paperpile.com/b/h6Cy6z/zu2w
http://paperpile.com/b/h6Cy6z/zQnU
http://paperpile.com/b/h6Cy6z/zQnU
http://paperpile.com/b/h6Cy6z/zQnU
http://paperpile.com/b/h6Cy6z/zQnU
http://paperpile.com/b/h6Cy6z/EQcd
http://paperpile.com/b/h6Cy6z/EQcd
http://paperpile.com/b/h6Cy6z/EQcd
http://paperpile.com/b/h6Cy6z/EQcd
http://paperpile.com/b/h6Cy6z/phWf
http://paperpile.com/b/h6Cy6z/phWf
http://paperpile.com/b/h6Cy6z/phWf
http://paperpile.com/b/h6Cy6z/phWf
http://paperpile.com/b/h6Cy6z/phWf
http://paperpile.com/b/h6Cy6z/Cvru
http://paperpile.com/b/h6Cy6z/Cvru
http://paperpile.com/b/h6Cy6z/Cvru
http://paperpile.com/b/h6Cy6z/Cvru
http://paperpile.com/b/h6Cy6z/Xlvc
http://paperpile.com/b/h6Cy6z/Xlvc
http://paperpile.com/b/h6Cy6z/Xlvc
http://paperpile.com/b/h6Cy6z/Xlvc
http://paperpile.com/b/h6Cy6z/26Bv
http://paperpile.com/b/h6Cy6z/26Bv
http://paperpile.com/b/h6Cy6z/26Bv
http://paperpile.com/b/h6Cy6z/26Bv
http://paperpile.com/b/h6Cy6z/26Bv


117 
 

 

CONCLUDING THOUGHTS   

 

In conclusion, the remarkable strides achieved in genome-engineering and human B cell 

biology have paved the way for the creation of human engineered plasma cells with 

transformative potential for long term therapeutic protein delivery with applications across a 

wide variety of human diseases. This dissertation encompasses a trio of pivotal investigations 

that collectively provide evidence and tools for the clinical translation of ePCs from basic 

research to bedside cure. The first study demonstrates that ePCs that secrete functional 

bispecific antibodies can suppress growth of leukemia xenografts, thus providing evidence that 

ePCs can mediate a clinically beneficial response in a clinically relevant model of human 

disease. The second study establishes a humanized mouse model that serves as an essential 

platform for demonstrating that autologously transplanted ePCs are capable of long term 

therapeutic secretion in vivo.The third study introduces an innovative B cell signaling-based 

screening method, facilitating the identification of high-expression monoclonal antibodies for 

secretion by ePCs. Collectively, these discoveries lend strong support to the advancement of 

ePC therapies. Nonetheless, uncertainties persist regarding ePCs. 

An unresolved concern for the application of ePCs to humans pertains to the effective 

elimination or control of therapeutic protein secreted by ePCs subsequent to their 

administration. For example, ePC therapies targeting lymphoid malignancies have the potential 

to cause on-target off-tumor toxicity such as B cell aplasia, hypogammaglobulinemia and long-

term dysfunction of the immune system. While such toxicities can be effectively managed via 

antibiotics, intravenous immunoglobulin replacement therapy as well as vaccinations, it may be 

preferably or necessary to remove ePCs therapeutics after a desired treatment period. For 

ePCs targeting lymphoid malignancies as a bridge to hematopoietic stem cell transplant, ePCs  

may be naturally removed via allo-rejection upon allogeneic immune reconstitution. The allo 
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rejection of host PCs is well documented1 and may occur for ePCs as well. This could be a 

preferred method for ePC removal as it eliminates the ePCs right at the moment in which their 

therapeutic benefit is no longer necessary. In addition, ePCs may be removed using plasma cell 

targeting therapeutics such as daratumumab2 or carfilzomib3. Lastly, a kill switch such as an 

inducible caspase suicide gene system may be required to eliminate ePCs4. The James lab is 

investigating engineering methods to generate ePCs that can be eliminated via inducible 

degradation of essential proteins. As an alternative to elimination, researchers are developing 

systems in which ePCs only secrete therapeutic protein when induced5. Various strategies, 

ranging from natural allo-rejection mechanisms to targeted therapies and engineered systems, 

are being developed to ensure the timely removal or controlled functioning of ePCs, allowing for 

the safe and optimized application of ePC therapies. 

Another outstanding concern for ePC therapies is whether or not ePCs will contribute to 

the immunogenicity of a given therapeutic protein or promote immune tolerance towards the 

therapeutic protein. A major challenge for therapeutic proteins is their propensity to cause anti-

drug antibodies (ADA). ADAs develop in around 25–30% of patients with severe hemophilia A 

within the initial 50 exposure days6,7. Both dose, route of administration, frequency, and the 

interval of dosing play a role in anti-drug antibody responses8,9. ePCs represent a novel route of 

drug administration that circumvents many of the treatment regimen factors most highly 

associated with ADA formation such as high injection frequency, and or subcutaneous 

administration. Moreover, these ePCs may present the exogenous protein peptides as a self-

antigen, potentially reducing the immunogenicity associated with exogenous replacement 

protein therapies10,11. One study found the use of retrovirally transduced primary B cells 

expressing FIX antigen could prevent antibody formation and desensitize animals against FIX12. 

While lacking for ePCs, current evidence suggests that ePCs may induce therapeutic protein 

tolerance when compared to the immunogenicity of conventional recombinant protein 
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replacement therapy. We suggest that studies in immunocompetent animals and future clinical 

trials design their studies so that a direct comparison between the immunogenicity of ePCs and 

standard of care can be assessed.  

Another unknown is how ePCs will traffic and localize in fully immunocompetent humans 

and whether this localization can be manipulated to direct ePCs to target tissues. We report in 

chapter 2 evidence that αCD19 expressing plasma cells mediate a potent anti-tumor response 

which may in turn be due to engineered plasma cells homing to the same bone marrow niche as 

the patient derived ALL cells. However, these studies were done in immunodeficient mice that 

lack the “normal” human plasma cell microenvironments13. We go on to show in Chapter 3 and 

in previous studies that ePCs are capable of long-term engraftment in the bone marrow of 

humanized mice14. This feature of plasma cells could be particularly useful for the local delivery 

therapeutics that have on-target but off-tissue side effects such as CD33 and CD123 targeting 

agents15–17. IgA PCs are also known for their localization in mucosal tissues, suggesting a link 

between PC and plasma cell localization18. Further studies in rhesus macaques examining 

tissue localization are warranted to further understand the tissue homing of ePCs and whether it 

can be manipulated to boost therapeutic protein levels in target tissues. 

 At this juncture, the data collected from in vitro and in vivo studies strongly emphasize 

the considerable potential of ePCs as a platform for delivering therapeutic proteins and 

peptides. Nonetheless, much remains to be uncovered about ePCs, and future studies will not 

only unveil their therapeutic prospects but also contribute to the broader understanding of 

plasma cell biology. This growing knowledge holds the promise of revealing mechanisms and 

targets for diseases influenced by plasma cell dysfunction. Further studies in humanized mice, 

non-human primates and humans are warranted to fully understand the therapeutic potential of 

ePCs 

 

https://paperpile.com/c/MdN8bH/PqdDm
https://paperpile.com/c/MdN8bH/5cUwl
https://paperpile.com/c/MdN8bH/qqBPe+bwKzR+RidYH
https://paperpile.com/c/MdN8bH/iEYX


120 
 

 

CONCLUDING THOUGHTS BIBLIOGRAPHY 

1. Kamboj M, Shah MK. Vaccination of the Stem Cell Transplant Recipient and the 
Hematologic Malignancy Patient. Infect Dis Clin North Am. 2019;33(2):593-609. 

2. Mateos MV, Sonneveld P, Hungria V, et al. Daratumumab, Bortezomib, and 
Dexamethasone Versus Bortezomib and Dexamethasone in Patients With Previously 
Treated Multiple Myeloma: Three-year Follow-up of CASTOR. Clin Lymphoma Myeloma 
Leuk. 2020;20(8):509-518. 

3. Dimopoulos MA, Moreau P, Palumbo A, et al. Carfilzomib and dexamethasone versus 
bortezomib and dexamethasone for patients with relapsed or refractory multiple myeloma 
(ENDEAVOR): a randomised, phase 3, open-label, multicentre study. Lancet Oncol. 
2016;17(1):27-38. 

4. Di Stasi A, Tey SK, Dotti G, et al. Inducible apoptosis as a safety switch for adoptive cell 
therapy. N Engl J Med. 2011;365(18):1673-1683. 

5. Page A, Delles M, Nègre D, Costa C, Fusil F, Cosset FL. Engineering B cells with 
customized therapeutic responses using a synthetic circuit. Mol Ther Nucleic Acids. 
2023;33:1-14. 

6. van den Berg HM, Fischer K, Carcao M, et al. Timing of inhibitor development in more 
than 1000 previously untreated patients with severe hemophilia A. Blood. 2019;134(3):317-
320. 

7. Peyvandi F, Mannucci PM, Garagiola I, et al. A Randomized Trial of Factor VIII and 
Neutralizing Antibodies in Hemophilia A. N Engl J Med. 2016;374(21):2054-2064. 

8. Schellekens H. Factors influencing the immunogenicity of therapeutic proteins. Nephrol 
Dial Transplant. 2005;20 Suppl 6:vi3-vi9. 

9. De Groot AS, Scott DW. Immunogenicity of protein therapeutics. Trends Immunol. 
2007;28(11):482-490. 

10. Van Meerhaeghe T, Néel A, Brouard S, Degauque N. Regulation of CD8 T cell 
by B-cells: A narrative review. Front Immunol. 2023;14:1125605. 

11. Bennett SR, Carbone FR, Toy T, Miller JF, Heath WR. B cells directly tolerize 
CD8(+) T cells. J Exp Med. 1998;188(11):1977-1983. 

12. Wang X, Moghimi B, Zolotukhin I, Morel LM, Cao O, Herzog RW. Immune 
tolerance induction to factor IX through B cell gene transfer: TLR9 signaling delineates 
between tolerogenic and immunogenic B cells. Mol Ther. 2014;22(6):1139-1150. 

13. Hung KL, Meitlis I, Hale M, et al. Engineering Protein-Secreting Plasma Cells by 
Homology-Directed Repair in Primary Human B Cells. Mol Ther. 2018;26(2):456-467. 

14. Cheng RYH, Hung KL, Zhang T, et al. Ex vivo engineered human plasma cells 
exhibit robust protein secretion and long-term engraftment in vivo. Nat Commun. 
2022;13(1):6110. 

http://paperpile.com/b/MdN8bH/ziXh
http://paperpile.com/b/MdN8bH/ziXh
http://paperpile.com/b/MdN8bH/ziXh
http://paperpile.com/b/MdN8bH/ziXh
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/PsJ6
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/xBYs
http://paperpile.com/b/MdN8bH/3j99
http://paperpile.com/b/MdN8bH/3j99
http://paperpile.com/b/MdN8bH/3j99
http://paperpile.com/b/MdN8bH/3j99
http://paperpile.com/b/MdN8bH/mStt
http://paperpile.com/b/MdN8bH/mStt
http://paperpile.com/b/MdN8bH/mStt
http://paperpile.com/b/MdN8bH/mStt
http://paperpile.com/b/MdN8bH/mStt
http://paperpile.com/b/MdN8bH/udRR
http://paperpile.com/b/MdN8bH/udRR
http://paperpile.com/b/MdN8bH/udRR
http://paperpile.com/b/MdN8bH/udRR
http://paperpile.com/b/MdN8bH/udRR
http://paperpile.com/b/MdN8bH/pyL4
http://paperpile.com/b/MdN8bH/pyL4
http://paperpile.com/b/MdN8bH/pyL4
http://paperpile.com/b/MdN8bH/pyL4
http://paperpile.com/b/MdN8bH/ojIc
http://paperpile.com/b/MdN8bH/ojIc
http://paperpile.com/b/MdN8bH/ojIc
http://paperpile.com/b/MdN8bH/ojIc
http://paperpile.com/b/MdN8bH/uSOP
http://paperpile.com/b/MdN8bH/uSOP
http://paperpile.com/b/MdN8bH/uSOP
http://paperpile.com/b/MdN8bH/uSOP
http://paperpile.com/b/MdN8bH/JLJJ
http://paperpile.com/b/MdN8bH/JLJJ
http://paperpile.com/b/MdN8bH/JLJJ
http://paperpile.com/b/MdN8bH/JLJJ
http://paperpile.com/b/MdN8bH/1p8o
http://paperpile.com/b/MdN8bH/1p8o
http://paperpile.com/b/MdN8bH/1p8o
http://paperpile.com/b/MdN8bH/1p8o
http://paperpile.com/b/MdN8bH/myZr
http://paperpile.com/b/MdN8bH/myZr
http://paperpile.com/b/MdN8bH/myZr
http://paperpile.com/b/MdN8bH/myZr
http://paperpile.com/b/MdN8bH/myZr
http://paperpile.com/b/MdN8bH/PqdDm
http://paperpile.com/b/MdN8bH/PqdDm
http://paperpile.com/b/MdN8bH/PqdDm
http://paperpile.com/b/MdN8bH/PqdDm
http://paperpile.com/b/MdN8bH/5cUwl
http://paperpile.com/b/MdN8bH/5cUwl
http://paperpile.com/b/MdN8bH/5cUwl
http://paperpile.com/b/MdN8bH/5cUwl
http://paperpile.com/b/MdN8bH/5cUwl


121 
 

 

15. Kenderian SS, Ruella M, Shestova O, et al. CD33-specific chimeric antigen 
receptor T cells exhibit potent preclinical activity against human acute myeloid leukemia. 
Leukemia. 2015;29(8):1637-1647. 

16. Guy DG, Uy GL. Bispecific Antibodies for the Treatment of Acute Myeloid 
Leukemia. Curr Hematol Malig Rep. 2018;13(6):417-425. 

17. Lamble AJ, Eidenschink Brodersen L, Alonzo TA, et al. CD123 Expression Is 
Associated With High-Risk Disease Characteristics in Childhood Acute Myeloid Leukemia: 
A Report From the Children’s Oncology Group. J Clin Oncol. 2022;40(3):252-261. 

18. Wang X, Hao GL, Wang BY, et al. Function and dysfunction of plasma cells in 
intestine. Cell Biosci. 2019;9:26. 

http://paperpile.com/b/MdN8bH/qqBPe
http://paperpile.com/b/MdN8bH/qqBPe
http://paperpile.com/b/MdN8bH/qqBPe
http://paperpile.com/b/MdN8bH/qqBPe
http://paperpile.com/b/MdN8bH/bwKzR
http://paperpile.com/b/MdN8bH/bwKzR
http://paperpile.com/b/MdN8bH/bwKzR
http://paperpile.com/b/MdN8bH/bwKzR
http://paperpile.com/b/MdN8bH/RidYH
http://paperpile.com/b/MdN8bH/RidYH
http://paperpile.com/b/MdN8bH/RidYH
http://paperpile.com/b/MdN8bH/RidYH
http://paperpile.com/b/MdN8bH/RidYH
http://paperpile.com/b/MdN8bH/iEYX
http://paperpile.com/b/MdN8bH/iEYX
http://paperpile.com/b/MdN8bH/iEYX
http://paperpile.com/b/MdN8bH/iEYX


VITA 
 

 

 

 
 

© Copyright 2023 
 

Tyler F. Hill 



123 
 

 

 


