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Abstract

Modulating antigen-specific humoral immunity with non-differentiating B cells

Ragan A. Pitner

Chair of the Supervisory Committee:
David J. Rawlings
Department of Immunology

Antibody-derived inhibitors pose an ongoing challenge to the treatment of patients with inherited
protein deficiency disorders, limiting the efficacy of both protein replacement therapy and
corrective gene therapy. Beyond their central role as producers of serum antibody, B cells also
exhibit many unique properties that could be exploited in cell therapy applications, notably
including antigen-specific recognition and the linked capacity for antigen presentation. Here we
employed CRISPR/Cas9 to demonstrate that ex vivo antigen-primed Blimpl-knockout “decoy” B
cells, incapable of differentiation into plasma cells, participated in and downregulated host
antigen-specific humoral responses after adoptive transfer. Following ex vivo antigen pulse,
adoptively transferred high affinity antigen-specific decoy B cells were diverted into germinal
centers en masse, thereby reducing participation by endogenous antigen-specific B cells in T-
dependent humoral responses and suppressing both cognate and linked antigen-specific 19G
following immunization with conjugated antigen. This effect was dose-dependent and, importantly,
did not impact concurrent unrelated antibody responses. We demonstrated the therapeutic potential

of this approach by treating factor VIII (FVIII)-knockout mice with antigen-pulsed decoy B cells



prior to immunization with a FVIII conjugate protein, thereby blunting the production of serum
FVIll-specific 1gG by an order of magnitude as well as reducing the proportion of animals
exhibiting functional FVIII inhibition by 6-fold. Finally, we demonstrated that these Blimpl-
deficient decoy B cells can be simultaneously gene-edited to enable constitutive secretion of the
regulatory cytokine IL-10. Together, these results suggest that it will be possible to generate
engineered regulatory B cells capable of modulating the activation and differentiation of antigen-

specific CD4 T cells.
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Chapter 1: Introduction

The protection afforded by antibodies is a cornerstone of adaptive immunity and is essential to
control infections by numerous pathogens. Central to the efficacy of antibody-mediated protection
is the vast potential for binding specificities conferred by the combination of V(D)J recombination
and somatic hypermutation® as well as the ability of antibody-producing plasma cells to provide
long-term protection by secreting antibody for decades.? However, these same features that make
antibodies so valuable for protection from infectious disease can also generate hurdles for the
treatment of chronic illnesses, as anti-drug antibodies can be detrimental to the efficacy of multiple
biological therapies. Inhibitors of recombinant interferon § are known to abrogate the therapeutic
efficacy in the treatment of multiple sclerosis.®* Similar antibody-derived inhibition has been
severe enough to cause the termination of a clinical trial for a promising checkpoint inhibitor.®
This is especially problematic in the treatment of protein deficiencies borne out of genetic
disorders, as the adaptive immune response cannot enforce central tolerance to a protein that is
accurately recognized as non-self.

One such example is hemophilia A, a monogenic disorder in which patients have a
mutation in the gene encoding factor VIII (FVIII), an important member of the blood clotting
cascade.® To date, the only FDA-approved approaches for treating hemophilia A involve either
provision of recombinant FVIII as an injected therapy or, in severe cases, gene therapy utilizing
an adeno-associated virus (AAV) to introduce a functional FVIII secretion cassette into the
patient.” A frequent problem limiting the efficacy of either approach is the generation of inhibiting
antibodies. Since individuals with congenital hemophilia A do not express native FVI1I, they also

lack central immune tolerance for the protein and, in about 30% of cases,® repeated long-term



treatment with recombinant FVI11 results in the generation of FVI1I1-specific antibodies that inhibit
the drug. Gene therapy approaches that leverage viral vectors do not entirely avoid this problem;
although liver-targeted gene therapy may prevent or reduce the generation of FVIII-specific
inhibitors,® patients will certainly generate neutralizing antibodies specific for the viral vectors
used to deliver the corrected gene.'® This means that most gene therapy approaches that leverage
in vivo delivery of viral vectors are “one-shot” options due to antibody neutralization. Therefore,
an antigen-specific prophylactic therapy that could prevent the generation of drug inhibitors

without requiring broader immune suppression would have significant value.

1.1  Antibody-Derived Drug Inhibitors

B cell receptor (BCR) V(D)J recombination during B cell development and somatic
hypermutation (SHM) during T-dependent antibody responses yield up to an estimated 1
quintillion different possible antibody sequences,* meaning that it is theoretically possible for the
humoral immune system to generate an antibody capable of binding to any macromolecule with at
least moderate affinity. In adaptive immune responses however, the breadth of permissible
antibody specificities is circumscribed by mechanisms of central and peripheral tolerance that lead
to deletion or enforced anergy of B cells encoding BCRs specific for self-antigen.*** While such
vast potential is crucial for host defense against pathogenic infection, it can become a hurdle for
patients requiring therapy with macromolecules that are accurately recognized as non-self.

FVIII is an essential member of the coagulation cascade and is absent or significantly
mutated in patients with hemophilia A.}* For most patients, replacement therapy with recombinant
FVIII is an effective prophylactic for preventing dangerous bleeding events. In patients with major

nonsense mutations or deletions of FVIII, therapeutic FVII1 is recognized as non-self and 20-40%



generate serum antibody specific for critical regions of FVIII that greatly reduce its efficacy.®
Presently, the only accepted clinical method to attempt to eliminate inhibitors is immune tolerance
induction (ITI), the basic premise of which is long-term treatment with high doses of recombinant
FVIII until serum inhibitors are no longer detectable by clotting assays.*>" Although ITI is
effective in generating tolerance approximately 70% of the time,*® it is expensive, time-consuming,
and still leaves 10-20% of FVIlI-treated hemophilia A patients with incurable FVIII inhibitors.
Such patients must rely on some combination of bypassing agents such as recombinant activated
factor V11, activated prothrombin complex concentrate, and emicizumab, a bispecific antibody that
bypasses FVI1I by binding to factors IX and X to mediate clotting.*® These limit adverse bleeding
events, but are limited by poor half-life and a potential for thrombotic events and thrombotic
microangiopathy.?°

Gene therapy is a promising alternative approach to protein deficiencies such as hemophilia
A. Delivery of FVIII expression cassettes to the liver using AAV is a particularly intriguing
approach, as the low turnover of hepatocytes in healthy liver tissue limits the dilution of episomal
DNA and access to the circulatory system supports systemic distribution of secreted FVIII. 2122
There is also evidence that FVIII secreted from an immune privileged site such as the liver may
not only induce tolerance,?® but it also may eradicate pre-existing inhibitors.?* Unfortunately,
neutralizing antibodies specific for the AAV vectors used to deliver corrected genes are a major
obstacle to wider application of gene therapy. The seroprevalence of pre-existing antibody specific
for AAV serotypes investigated for the transfer of repaired genes varies from 6% for AAV5 in the
United Kingdom to 95% for AAV2 in South Korea?®? and the high degree of sequence
conservation between AAV serotypes results in significant cross-neutralization.?”?® Furthermore,

the humoral immune system has evolved to be acutely responsive to viral infection and so repeat



administration of AAV is greatly limited by the generation of neutralizing antibodies following
primary exposure. Although some AAV-mediated gene therapies have demonstrated continued
efficacy 15 years after treatment,?® acquired inhibitors prevent re-administration and so are
problematic in cases where a patient first receives gene therapy early in life>* or where repeat
administration of a low dose of vector is needed to limit immunogenicity of the gene product or
toxicity of the viral vector.31*? Coadministration of AAV with immunosuppressive drugs® such
as rapamycin®~3¢ and rituximab®-3¢%° has shown some promise preventing the generation of
AAV-targeted antibodies, and one approach using rapamycin-loaded nanoparticles even
demonstrated potential tolerance that allowed repeat administration of mice with AAV8.%’ There
will, however, always be risks associated with even transient nonspecific immune suppression and
there presently exists no truly antigen-specific therapy for preventing the generation of antibody-
derived drug inhibitors. Rather than transiently dampening the adaptive immune response in
general, we aimed to exploit germinal center (GC) biology to blunt T-dependent antibody

responses in an antigen-specific manner.

1.2 T-Dependent Antibody Responses

Antibodies arises from both T-independent and T-dependent pathways. Although T-
independent B cell responses can yield long-term humoral protection,*! most of these responses
are low-affinity or polyreactive.*? There is some evidence of affinity maturation occurring in
extrafollicular responses*® but the consensus is that a majority of long-lived high-affinity antibody
responses derive from long-lived plasma cells (LLPCs) that emerge from T-dependent GC
responses.** As these antibodies are those most likely to cause problematic long-term inhibition of

protein replacement and gene therapies, we focus here on antibody responses arising from pre-GC



plasmablasts (PBs) and GC-derived plasma cells (PCs), collectively referred to as antibody-

secreting cells (ASCs).

1.2.1 GC Initiation and Dynamics

Initiation of a GC begins when antigen-specific CD4" helper T cells are first activated by
antigen presenting cells (APCs), primarily dendritic cells (DCs). This occurs when their T cell
receptor binds to cognate antigen peptide presented on major histocompatibility complex class 11
(MHC-I11) on the surface of the DC in combination with CD28 co-stimulation. These signals in
conjunction with DC-derived IL-6 direct the activated T cell to an intermediate pre-T follicular
helper (Tfh) phenotype.*® This results in expression of the transcription factor B cell lymphoma 6
(BCL6), followed by downregulation of CC-chemokine receptor 7 (CCR7) in favor of C-X-C
chemokine receptor type 5 (CXCR5), drawing the activated pre-Tfh out of the T cell zone and
migration to the T-B border. Antigen-specific B cells, in turn, also migrate to the T-B border by
upregulating CCR7 following antigen stimulation following engagement of the BCR. These B
cells present antigen on MHC-II to cognate pre-Tfh cells, maintaining stable, motile conjugates
for up to hours at a time.*¢4” CD40 stimulation from cognate pre-Tfh drives Epstein-Barr virus-
induced G-protein coupled receptor 2 (EBI2) expression in the interacting B cells,*® directing
migration of those conjugates along the T-B border, into the interfollicular region, and nearer to
the follicles. Following this extended conjugation, activated B cells proliferate, disengage, and 1)
differentiate into pre-GC memory B cells (MBCs),* 2) differentiate into short-lived pre-GC PBs,*
or 3) upregulate their expression of BCL6 and migrate into the follicle where they seed a GC.

Reciprocally, B cells provide signals to their cognate pre-Tfh which appear to complete

their differentiation into effector Tth, driving increased expression of CXCR5 and subsequent



recruitment into the follicle.** Once in the follicle, ongoing inducible costimulatory (ICOS)
stimulation from ICOS ligand (ICOSL) on cognate and non-cognate B cells drives increased
CXCR5 and decreased CCR7, which is thought to allow fully differentiated Tfh to overcome
suppressive signals that keep other activated T cells out of the follicle.>! A subset of Tfh then
downregulates EBI2 in favor of even greater CXCRS5, driving them deeper into the follicle where
they will serve as GC Tfh.*>%2 Shortly after, GC precursor B cells will have moved towards the
center of the B cell follicle and formed an early GC.5? Here they rapidly divide over the next 2-3
days until a fully established GC has formed, polarized into a light zone (LZ) and dark zone (DZ).*2
While proliferating, GC B cells within the DZ undergo SHM that diversify BCR affinity before
trafficking into the LZ, where B cells compete for access to antigen presented on follicular
dendritic cells (FDCs). Those B cells expressing higher-affinity BCR outcompete B cells
expressing lower-affinity BCR to capture and present more antigen to GC Tth also localized to the
LZ. These B cells then receive differing degrees of CD40 stimulation and cytokine instruction
signals that guide them to alternative fates, including 1) GC exit as precursor MBCs, 2) GC exit

as PCs,%? or 3) recirculation into the DZ to undergo additional proliferation and rounds of SHM.

1.2.2 Affinity Dependency of B Cell Selection and Differentiation

Relative BCR affinity for cognate antigen appears to be a dominant driver of B cell fate in
T-dependent antibody responses. Generally, the highest-affinity B cells preferentially differentiate
into early PBs, those with intermediate affinity preferentially enter GCs, and those with relatively
low affinity preferentially differentiate into pre-GC MBCs.* Initially this was believed to be due
to direct competition for antigen depleting and sequestering antigen, thereby depriving lower-

affinity B cells of necessary survival and differentiation signals triggered by BCR ligation.®2>4



This was supported by observations that dampening initial BCR affinity by discretely mutating
antigen selectively depleted the pre-GC PB response while leaving the GC response intact.>
Subsequent work utilizing antigen conjugated to antibody that binds DEC-205, a cell-surface lectin
expressed on GC B cells® that delivers antigen to antigen processing compartments,®
demonstrated that competition for help from CD4* T cells is the limiting factor guiding selection
of B cells for both entry into® and selection in® GCs. Since higher BCR affinity allows for greater
endocytosis and presentation of antigen, BCR affinity and access to T cell help are highly
correlated.

A later study utilized a limiting dilution approach to transfer single naive antigen-specific
B cell clones and track their fates 7 days after immunization.® In mice receiving polyclonal B cells
containing at most one antigen-specific clone, roughly half of these generated only one B cell
subset (PB, GC B cells, MBCs, or activated precursors (APs)). MBC clones that also generated
PBs bound roughly twice as much antigen as those clones that only generated MBCs, suggesting
that the tendency to form early PBs was correlated with increased affinity. This was supported in
dilution experiments with transgenic B cell lines of defined affinity as well. 58% of hen egg-
lysozyme (HEL)-specific single MD4 B cells produced only pre-GC PBs and GC B cells following
stimulation with HEL whereas only 12.5% of MD4 B cells repeated this pattern when stimulated
with duck egg lysozyme (DEL), for which MD4 B cells have only limited affinity. HEL-stimulated
clones also generated more PBs and fewer MBCs than DEL-stimulated clones. Another study®®
utilized single-cell transcriptomics and fate mapping to demonstrate that immunization yielded
antigen-specific APs that generate a short wave of PBs followed a day later by the generation of
GC B cells, while the majority of APs exited the cell cycle to become pre-GC MBCs. This pre-

GC wave of PBs could be augmented at the expense of AP and GC B cell subsets with a secondary



immunization 3.5 days later. This suggests that differential access to limited antigen signaling over
time, exacerbated by differential affinity, is a major driving force in the trifurcation of antigen-
specific B cells into pre-GC PBs, pre-GC MBCs, or GC B cells following immunization.>®

The general mechanics of B cell selection within GCs has been understood for some time.%°
When a B cell has received sufficient activation to enter a GC, it undergoes rapid proliferation in
the DZ. This proliferation allows cytoplasmic activation-induced cytidine deaminase (AID) to
access genomic DNA when the nuclear membrane breaks down during early mitosis, resulting in
random mutations to the BCR.®* B cells that undergo damaging mutations preventing BCR
replacement apoptose in the DZ while those that retain a mutated BCR traffic into the LZ% where
they compete for access to antigen presented on FDCs.®35%4 This competition is the crux of the
affinity maturation that occurs in GCs, as B cells with higher-affinity BCRs receive more positive
signaling through their BCR and endocytose more antigen for presentation to antigen-specific Tfh
in the LZ. While access to T cell help via CD40 signaling appears to be the primary checkpoint
driving B cell participation in GCs,> BCR crosslinking upon antigen acquisition appears to
augment B cell selection when T cell help is subsaturating.®® Similar to the extrafollicular pre-GC
response, the fate of B cells participating in GCs may be linked with antigen affinity. In models
utilizing high-affinity transgenic B cells, PCs emerging from GCs tended to be enriched for
affinity-enhancing mutations at timepoints when these mutations were rare in GC B cells.®56 Loss
of one copy of CD40 had no impact on B cell participation in GCs, although it inhibited their
export from GCs as PCs.®8 This correlation is not without counter-evidence; another study utilizing
transgenic B cells encoding a low-affinity germline-encoded precursor to a high-affinity BCR
found no differences in affinity-enhancing mutations between GC B cells fated to return to the DZ

and those that have initiated PC differentiation.®® Both DZ- and PC-fated B cells, however, had



increased affinity-enhancing mutations relative to B cells that have initiated MBC differentiation.
Furthermore, differentiation into MBCs appears to require a cessation of proliferation and BCL6
expression,®”" factors that are driven by access to T cell help and are necessary for either ongoing
participation in the GC or differentiation into PCs.

In summary, in T-dependent humoral responses, relative low BCR affinity (and therefore
limited T cell help) appears to favor B cell differentiation into MBCs, relative intermediate affinity
favors entry into GCs, and relative high affinity favors differentiation into antibody-secreting PBs
and PCs (Fig 1.1). Consequently, the presence of very high-affinity B cells can impact GC entry
and differentiation by lower-affinity B cells following immunization. In one key study, Schwickert
et al. showed that in the presence of high-affinity transgenic B cells, lower-affinity B cells received
reduced activation and proliferation signals and that both pre-GC PB differentiation and GC entry
were greatly reduced.®” This at least partially explains the results from an earlier study’ that
demonstrated that the adoptive transfer of 10° high-affinity nitrophenyl (NP)-specific B cells
greatly reduced both the amount and affinity of NP-specific antibody produced by host B cells
following immunization with NP antigen. Because of both their affinity and their number, the
transferred cells presumably endocytosed and presented more antigen, thereby acquiring
preferential access to limiting help from activated T cells and reducing the efficiency of
differentiation by lower-affinity endogenous B cells. Total NP-specific serum antibody, however,
remained unchanged, since the transferred high-affinity B cells leveraged the superior access to T
cell help to differentiate into ASCs and secrete their own NP-specific antibody. If it were possible
to leverage the ability of transferred high affinity B cells to impair lower-affinity host B cell access
to differentiation signals while preventing ASC differentiation of those transferred B cells, it may

be possible to specifically blunt total production of antibody with that specificity.



1.3  Transcriptional Antagonism of GC and ASC Differentiation

In T-dependent GC responses, both GC recycling and ASC differentiation require
simultaneous signals from antigen-engaged BCR and CD40 engaged with CD40 ligand (CD40L)
on Tfh’® (Fig. 1.2). Tfh-secreted IL-4 and IL-21 are also important in vivo, though less is
understood as to how their balance and timing differentially impact GC and ASC fates. Naive B
cells are activated by BCR ligation and CD40 signaling, both of which drive the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) pathway and the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB) transcription factor. Upon GC entry, BCR
ligation ceases to induce NF-xB and CD40 signaling ceases to drive the PI3K/Akt pathway,
disentangling activation of these signals and rendering GC B cells dependent on both BCR and
CDA40 ligation.”? These collaborate to drive phosphorylation of ribosomal protein S6 (pS6) through
mammalian target of rapamycin complex 1 (MTORC1) as well as expression of MYC.”® pS6
supports the expression of forkhead box O1 (FOXO1)”® and MYC drives activating enhancer
protein 4 (AP4).”* These transcription factors support the development of DZ GC B cells™ and
proliferation’, respectively. BCLS6, already highly expressed in GC B cells,”®"” induces expression
of BTB domain and CNC homology 2 (BACH2) which represses B lymphocyte-induced
maturation protein 1 (Blimp1) expression.” Together, FOXO1, AP4, and BCL6 support ongoing
B cell cycling in the GC.®

The PI3k/Akt pathways and NF-kB also collaborate to induce transient expression of the
transcription factor interferon regulatory factor 4 (IRF4),”®8% which further promotes expression
of BCL6.8* However, high and maintained levels of CD40 stimulation increases IRF4 expression
both by direct means®® and by repression of the ubiquitin ligase CBL, which targets IRF4 for

degradation.®? High levels of IRF4 suppress rather than promote expression of BCL6.%° BCR
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ligation also engages the tyrosine kinases SYK and LYN and the adaptor protein BLNK to engage
the GTPase KRAS, activating the kinase ERK and repressing BCL6.7° This combined suppression
of BCL6 leads to an increase in Blimp1 expression that further represses BCL6.2% Blimp1 in turn
initiates the transcriptional program enabling ASC differentiation, which is marked by
significantly reduced proliferation, the loss of antigen presenting capability due to the combined
loss of MHC-11 and surface BCR, and massive secretion of antibody.®*

IRF4 and Blimp1 stand out as the most promising targets for ablation in a B cell to prevent
ASC differentiation in the presence of strong BCR and CD40 ligation. IRF4 is essential not just
for ASC differentiation, but also for initiating the GC program® as well as survival after
differentiation;® Blimp1 expression, stimulated by IRF4, suppresses B cell-defining transcription
factors to enable mature ASC differentiation®2® but is not known to be required for survival of
any particular B cell state.®> Previously published work demonstrated that although knockout of
IRF4 prevented ASC differentiation, it also resulted in substantial defects in B cell proliferation
such that over time, the IRF4X© cells were outcompeted in culture by IRF4VT cells.®” Knockout of
Blimpl, by comparison, appeared to prevent ASC differentiation without the same extreme loss
of proliferative potential. Together, these factors imply that high-affinity Blimpl-deficient B cells
may be able to compete favorably with low-affinity Blimpl-sufficient B cells for access to limiting

T cell help in GCs.

14 Regulatory B Cells
There is increasing recognition that some B cells play an important role in suppressing
immune responses and maintaining immunological tolerance through the secretion of regulatory

cytokines such as interleukin-10 (IL-10) and transforming growth factor beta-1 (TGF-p1).88#°
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These regulatory B cells (Bregs) can limit T cell activity indirectly through other APCs,%*°2 but
some of the induced tolerance appears to be antigen specific. Adoptively transferred Bregs have
been found to be protective in the murine multiple sclerosis model experimental autoimmune
encephalomyelitis (EAE), but this protection disappears when the transferred Bregs are MHC-I1-
deficient.%* In another study, IL-10-producing Bregs isolated from collagen-immunized mice were
able to prevent collagen-induced arthritis but not ovalbumin (OVA)-dependent hypersensitivity
upon adoptive transfer; in vitro, these Bregs inhibited the differentiation of interferon-gamma
(IFNvy)-producing CD4" T cells in the presence of irradiated APCs and collagen (but not OVA)
antigen.®® In humans, it was found that Bregs isolated after but not prior to flu vaccination
suppressed the in vitro proliferation of CD8" T cells in the presence of flu antigen.

These antigen-specific effects make induced Bregs @ potentially attractive therapeutic
option. However, there are presently multiple challenges to their application as an immune
modulating therapy. Bregs appear capable of arising from almost any B cell subset in response to
toll-like receptor (TLR) signaling, cytokine signaling, CD40 ligation, and/or BCR activation
during infection or autoimmune dysregulation.8%%” This variability of origin means that a
regulatory phenotype is likely not associated with any single gene expression pattern. Furthermore,
no lineage-defining transcription factor has been defined and multiple experiments have found that
the secretion of regulatory cytokines is transient.®® Other investigations have shown that Bregs
frequently differentiate further into PCs, thereby downregulating their expression of surface BCR
and MHC-II and losing their ability to act as efficient APCs.2* Thus, unlike Tregs, Natural Bregs
likely exist as an activation state rather than a permanent lineage. If existing gene editing
technology can be optimized to induce constitutive secretion of regulatory cytokine while

maintaining the antigen presentation capability of non-differentiated activated B cells, it may be
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possible to precisely tolerize antigen-specific CD4* T cells with engineered regulatory B cells

(eBRegs).

1.5  Central Hypothesis: T-dependent humoral responses can be blunted with high-

affinity non-differentiating “decoy” B cells

High-affinity B cells have a competitive advantage for acquiring, endocytosing, and
presenting antigen relative to lower-affinity B cells following immunization, and differential
access to early T cell help is known to result in a competitive advantage for both GC entry and PB
differentiation.®” When high-affinity antigen-specific B cells are delivered to naive mice prior to
immunization, this competition results in a large reduction in host-derived antigen-specific
antibody.” However, this reduction is buttressed by antibody secreted by ASCs that differentiate
from the transferred high-affinity B cells, resulting in no net change in total antigen-specific
antibody circulating in the serum. Upon acquiring sufficient activation signals to drive
differentiation, master transcription factor Blimpl orchestrates both massive antibody secretion
and simultaneous repression of the GC transcriptional program.’®% B cell-intrinsic deletion of
Blimp1 has been shown to increase the number, size, and duration of GCs after immunization.®®
This, paired with the reduced capacity of ASCs to act as antigen-presenting cells (APCs) after
reduction of surface BCR and MHC-II, suggest that Blimpl deficiency confers an advantage in
the competition for access to help from GC Tfh. These factors combine to suggest that it may be
possible to specifically suppress the generation of undesired antibody-derived inhibitors via
prophylaxis with Blimp1-deficient, antigen-specific, high affinity “decoy” B cells. Furthermore, it

may also be possible to augment the anticipated decoy effect by enabling constitutive regulatory
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cytokine secretion. Outcomes from these studies will enable us to explore the potential of

engineered antigen-specific B cells to serve as precise regulators of the adaptive immune response.

1.5.1 Hypothesis #1: Adoptively transferred high-affinity B cells reduce the host humoral
response to linked antigen.

In the case of hemophilia A, antibody-derived inhibitors typically target multiple domains
of FVIII, with multiple domains often targeted in the same patient. One study found that 83% of
patients with measurable FVII1I inhibitors had serum antibodies that targeted two or more different
domains.'%* As previously established, it is known that adoptively transferred high affinity B cells
reduce host-derived antibody specific for cognate antigen. B cells are able to receive help from T
cells specific for both cognate and linked antigen,'%? suggesting that competition for access to a
rate-limiting pool of T cell help may also impact antibody specific for linked antigen. This would
be a great advantage for clinical translation, as the ability to reduce the generation of host antibody
specific for both the C2 and A2 domains of FVIII using engineered B cells that encode a single
high-affinity BCR specific for the C2 domain would greatly broaden the potential scope of
application. To investigate this possibility, we immunized immune competent mice with
HEL-OVA conjugate antigen and measured the impact of adoptively transferring high-affinity
HEL-specific MD4 B cells'® on the generation of host mouse antibody specific for both cognate
(HEL) and linked (OVA) antigen. If MD4 B cell treatment blunted the generation of host OVA-
specific antibody following HEL-OVA immunization, this would suggest that B cell competition
for limited T cell help might be leveraged to reduce polyclonal host-derived antigen-specific

antibodies.
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1.5.2 Hypothesis #2: Blimpl-deficient, antigen-specific “decoy” B cells blunt the host

humoral response without secreting antibody.

Previous studies®®®’ strongly suggest that access to T cell help rather than antigen
sequestration by higher-affinity B cells is the primary rate-limiting factor in generating T-
dependent humoral responses. However, other studies have demonstrated that the transfer of high-
affinity monoclonal antibody decreases antigen access in ongoing GCs, resulting in increased
apoptosis in antigen-specific B cells and smaller GCs.1%* If the observed reduction in antigen-
specific antibody following adoptive transfer of high-affinity B cells is dependent on such antibody
feedback, then the adoptive transfer of Blimpl1-deficient high-affinity B cells is unlikely to result
in a net reduction in antigen-specific antibody. Using CRISPR/Cas9 to target the Prdm1 gene, we
knocked out Blimpl in MD4 B cells and repeated the experiment described in 1.5.1 to determine
whether high-affinity Blimpl-deficient B cells could serve as “decoys” that continue to blunt the

generation of host-antigen specific antibody despite being unable to secrete antibody themselves.

1.5.3 Hypothesis #3: Decoy-mediated antibody suppression is antigen-specific.

It is possible that the adoptive transfer of large numbers of high-affinity antigen-specific B
cells results in larger and more numerous GC following immunization, since greater numbers of
activated B cells may drive increased Tth differentiation while providing larger numbers of B cells
to seed those GCs. This may be exacerbated by Blimpl deficiency, as B cell-intrinsic deletion of
Blimp1 has been associated with larger, more numerous, longer-lasting GCs.2® Previous work has

suggested that there is a fixed number of permissive GC niches containing preassembled FDC
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clusters and that prohibitive cluster occupancy by competing GC reactions can compromise
subsequent GC formation.’® Therefore, although adoptively transferred high-affinity B cells
appear to outcompete host antigen-specific B cells in nascent and established GCs, large numbers
may transiently disrupt T-dependent humoral responses non-specifically. To test the antigen
specificity of decoy-mediated suppression, we simultaneously immunized MD4 decoy-treated
mice with HEL-OVA and the unrelated antigen NP-CGG,; if suppression was antigen-specific, we

expected to see no change in NP-specific IgG with MD4 decoy treatment.

1.5.4 Hypothesis #4: Decoy Blimpl deficiency supports decoy and reduces host B cell

participation in GCs.

Past studies suggest that Blimp1 deficiency favors rather than inhibits B cell participation
in GCs® and these observations are supported by the discovery that Blimp1 reciprocally represses
BCL6.8 However, we are unaware of any experiments that have examined the behavior of
adoptively transferred high-affinity Blimp1-deficient B cells in GCs following immunization with
cognate antigen, nor their impact on the participation of host B cells in those GCs. Blimp1'® B cells
in the DZ are associated with higher rates of proliferation than Blimp1™9 B cells,%® suggesting
that low levels of Blimpl expression may confer some advantage for GC competition. Using
confocal microscopy and flow cytometry, we examined the impact of Blimp1 deficiency on decoy
B cell dominance in GCs as well as the impact of this dominance on host B cell participation in

GCs.

1.5.5 Hypothesis #5: Decoy B cells can be leveraged to reduce functional antibody

inhibitors of clinically relevant therapeutic proteins.
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Findings gleaned from earlier research suggest that decoy-mediated suppression may be an
effective strategy for blunting the T-dependent humoral response to specific antigens. However,
as described it is likely to have a more limited impact on antigen-specific IgM than on IgG, and
FVIIi-specific IgM antibodies are known to occasionally act as inhibitors both of FVII1*% and
AAV 1% Fyrthermore, a reduction in antigen-specific antibody does not necessarily translate to a
reduction of functional inhibition. To determine whether a reduction in antigen-specific antibody
correlated with a reduction in functional antibody-derived inhibitors, we transferred HEL-specific
decoy B cells into FVIII-deficient HemA micel® !0 pefore immunizing them with an antigen
composed of HEL conjugated to the immunogenic C2 domain of human FVIII. We then utilized
Bethesda assays''! to measure the impact of decoy-mediated suppression on the generation of

FVI1I11 inhibitors in immunized mice.

1.5.6 Hypothesis #6: Primary murine B cells can be dual-edited to simultaneously prevent
differentiation and secrete regulatory cargo.

The therapeutic potential of immunosuppressive B cells has long been recognized.®” %2 If
high-affinity decoy B cells were augmented to constitutively secrete regulatory cytokine(s), it may
be possible to leverage their inherent advantages as antigen-specific APCs to confer enduring
antigen tolerance by directly modulating the activation and differentiation of antigen-specific CD4
T cells. However, there is no known master transcription factor that confers a regulatory phenotype
onto B cells and this instead seems to represent a transient phenotype exhibited by B cells across
multiple stages of their development and activation.® It is, however, possible to directly force
constitutive expression of secreted factors by inserting an expression cassette into a cell’s genome.

Since primary B cells are resistant to lentiviral transduction'31* and the insertion of genes via
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lentivirus occurs at random loci,**® multiple groups have begun editing the genomes of primary
human and murine B cells at precise loci by introducing gene cassettes via AAV transduction
immediately following electroporation with CRISPR/Cas9 ribonucleoprotein (RNP) targeting that
gene locus.''®18 This method utilizes homology directed repair (HDR) to insert homology arm-
flanked cassettes of up to ~4.4 kb into the precise location surrounding the Cas9 cut site. Using

this approach, we endeavored to generate dual-edited Blimpl-deficient, IL-10-secreting eBregs.
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Figure 1.1. BCR affinity partially guides B cell differentiation. Antigen-specific B cells of
varying BCR affinity are activated following antigen stimulation, migrate to the borders between
B cell follicle and T cell zone, and interact with pre-GC Tfh that have been activated by antigen
presenting cells. B cells then take one of three paths: the lowest-affinity cells favor differentiation
into pre-GC memory B cells, the highest-affinity cells favor differentiation into short-lived pre-
GC plasmablasts, and the cells of intermediate affinity favor migration into the follicle to seed a
GC. During the GC reaction, GC B cells enter the DZ where they proliferate and undergo SHM,
then enter the LZ where they compete for antigen presented by follicular dendritic cells. This
antigen is endocytosed, processed, and presented on MHC-I1I to GC Tfh cells and the degree of T
cell help received is thought to play a role guiding subsequent B cell fate. Lower-affinity cells tend
to emerge from GCs as memory B cells and higher-affinity cells either differentiate into plasma
cells or re-enter the DZ to undergo further proliferation, SHM, and affinity-based selection in the
LZ. Created with BioRender. Adapted from the dissertation “Activated PI3Ko signaling in

humoral immunity ” by Fahd Al-Quresah (2021).
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Figure 1.2. Differential T cell help guides differentiation in GC B Cells. Ligation of the B cell
receptor (BCR) results in activation of the phosphatidylinositol 3-kinase/protein kinase B
(PI3K/Akt) pathway, and when paired with nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) driven by CD40 signaling they collaborate to induce expression of MYC and to
induce phosphorylation of ribosomal protein S6 (pS6) through mammalian target of rapamycin
complex 1 (mTORCL1). pS6 induces expression of forkhead box O1 (FOXO1), which supports
proliferation and migration to the DZ, while MYC induces activating enhancer protein 4 (AP4)
which also supports cell proliferation. Together, FOXO1 and AP4 support the transcriptional
program necessary for proliferation and SHM in the DZ while BCL6 (highly expressed in GC B
cells) inhibits plasma cell differentiation by inducing BTB domain and CNC homology 2 (BACH?2)
expression. BCR and CD40 ligation also support the expression of interferon regulatory factor 4
(IRF4), which transiently supports the expression of BCL6 (which in turn represses IRF4).
However, strong NF-kB expression derived from CD40 represses the signal molecule ubiquitin
ligase CBL, which represses IRF4. As CBL is depleted, IRF4 expression increases and instead
represses BCL6, leading to increased expression of Blimpl. Further supported by BCR ligation-
derived repression of BCL6 through SYK/LYN/BLNK, KRAS, and ERK, Blimpl extinguishes
the GC transcriptional program by directly repressing BCL6. Blimpl initiates the transcriptional
program associated with plasma cell differentiation, losing much capacity for antigen presentation
in favor of massive antibody secretion. Signaling molecules are colored yellow while transcription

regulators are red. Created with BioRender. Adapted from Laidlaw et al.”
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Chapter 2: Blunting specific T-dependent antibody responses with

engineered 'decoy' B cells

This chapter is adapted from the following manuscript:

Pitner, RA, Chao JL, Dahl NP, Fan MN, Cai X, Avery NG, Roe K, Spiegel Jr PC, Miao CH,
Gerner MY, James RG, Rawlings, DJ. Blunting specific T-dependent antibody responses with

engineered 'decoy’ B cells. Manuscript in review.
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2.1 Introduction

Despite being vital for immune defense against numerous pathogens, some antibody
responses pose challenges to modern therapies. Of particular concern are monogenic diseases such
as hemophilia A where the success of both recombinant FVIII therapy*'®'?° and viral-mediated
gene therapy'?1?2 are limited by the generation of antibody-derived inhibition of the foreign
therapeutic protein and/or immune responses targeting components of the viral vector. The only
presently approved strategy to eliminate FVII1 inhibitors is ITI, the basic premise of which is long-
term treatment with large quantities of FVIII — a process that is time-consuming and often
incompletely effective.’>1?% In the case of gene therapy, repeat administration of potentially
therapeutic AAV is limited by the generation of antibody inhibitors to multiple components of the
vector.'0 Strategies for preventing such unwanted immune responses might permit repeat vector
administration, for example, in cases where a patient first receives gene therapy early in life® or
where repeat administration of a low dose of vector is needed to limit immunogenicity of the gene
product or toxicity of the viral vector.33 Thus, a prophylactic therapy for preventing the
generation of undesired antibody inhibitors without requiring broader immunosuppression*?4125
would be a valuable addition to existing strategies for treating genetic disorders.

Engineered B cells and plasma cells are emerging as a potential therapy to secrete
pathogen-specific antibodies*'”'!® or a broad range of other protein therapeutics.t*6:12612" These
new therapy platforms leverage key properties of plasma cells including longevity and capacity
for very high rates of protein secretion. Importantly, B cells also function as antigen-specific
antigen-presenting cells (APCs) and can therefore shape specific immune responses without
secreting antibodies. B cells alone are sufficient to prime Tfh responses to Plasmodium infection

in mice'?® and in one model were found to be the dominant antigen APC following immunization
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with virus-like particles.'?® Moreover, because GC entry is regulated by affinity-mediated access
to limited CD4 T cell help,® it should be possible to influence the humoral output of specific T-
dependent antibody responses with engineered high-affinity B cells. Consistent with this notion,
adoptively transferred, naive mature B cells expressing a defined, high-affinity BCR can enter GCs
and compete with endogenous B cells recognizing the same antigen.®’ Importantly, in this
competitive setting, high-affinity, antigen-specific B cells can out-compete lower-affinity B cells
for access to antigen and receipt of activation, expansion and differentiation signals mediated by
Tfh cells, thereby reducing the generation of ASCs* derived from the endogenous B cell
populations.

In this study, we tested whether engineering competition for antigen could effectively
regulate specific humoral responses. Importantly, we hypothesized that by eliminating the capacity
of antigen-specific B cells to differentiate into plasma cells, we could exploit affinity-based
selection to flood antigen-specific GCs with non-differentiating “decoy” B cells. To achieve these
goals, we utilized Prdm1-targeted CRISPR/Cas9 gene editing to knock out Blimp18® in the decoy
B cell population, thereby blocking plasma cell development. In parallel, we leveraged the APC
activity of decoy B cells as a means to limit the host humoral response to a target protein antigen
while leaving non-specific antibody responses intact. Strikingly, we show that Prdml-edited
primary B cells enter and dominate GCs in an antigen-specific fashion, and that these antigen-
specific, Blimpl-knockout decoy B cells can suppress humoral responses to both cognate and cis-
linked antigen. We demonstrate the therapeutic potential of this approach by preventing the
generation of FVIII-specific clotting inhibitors in a murine model of hemophilia A. Finally, we

show that primary B cells can be dual-edited to simultaneously knock out Blimpl and insert a
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constitutive IL-10 secretion cassette, suggesting that it may be possible to generate non-

differentiating eBregs.

2.2 Results

2.2.1 Adoptive transfer of antigen-primed, antigen-specific B cells reduces the humoral
response to both cognate and cis-linked antigen

We hypothesized that adoptively transferred, high-affinity B cells specific for one protein
antigen might be able to outcompete lower-affinity host (endogenous) B cells specific for the same
and/or linked antigens. We predicted that transferred B cells might achieve this dominance by
competing more effectively for access to antigen, subsequent peptide presentation on MHCII,
and/or access to T cell help sufficient to mount a robust antibody response. Further, we predicted
that the competitive advantage conferred by high affinity B cells could be amplified by exposing
activated, antigen-specific B cells to cognate antigen ex vivo prior to adoptive transfer and
subsequent immunization.

To begin to examine these ideas, we performed adoptive transfer studies shown
schematically in Fig 2.1 A. To obtain primary B cells with a defined antigen-specificity, we utilized
B cells from MD4 transgenic mice, in which ~95% of splenic B cells express a high-affinity BCR
(HyHEL10) which recognizes HEL and is expressed on the B cell surface as non-switchable IgM
and IgD.1%313% primary B cells were first enriched from the spleens of MD4 or control C57BI6 (B6)
mice. To drive B cell activation, these respective bulk B cell populations were cultured for 2 days
in media supplemented with multimeric CD40 ligand (MCD40L) to mimic CD4 T-cell help*3! and
a-CD180 to mimic Toll-like receptor 4 engagement'3213% without driving cytokine secretion.'®*

Next, to initiate cis-linked antigen presentation, activated B cell populations were exposed to HEL
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conjugated to ovalbumin (HEL-OVA conjugate) in the presence of soluble IL-4 for 2 hours. IL-4
was utilized to promote B cell survival.1®13¢ Activated HEL-OVA-pulsed B cells were then
adoptively transferred into cohorts of antigen-naive B6 mice and three days later these mice were
immunized intraperitoneally (i.p.) with HEL-OVA antigen in Sigma Adjuvant.

To track antigen-specific humoral responses, serum was collected at days 7, 14, and 28.
We found that a-HEL IgM was increased and, as predicted by prior reports,®”"* that a-HEL 1gG
was decreased in mice receiving MD4 cells regardless of whether they had been primed in vitro
(Fig. 2.1 B,C). Strikingly, we also found that MD4 cells primed with HEL-OVA significantly
depressed OVA-specific IgG responses. This along with the increased inhibition of a-HEL I1gG
suggests that ex vivo antigen priming prior to adoptive transfer may confer an additional
competitive advantage to the transferred B cells in T-dependent antibody responses. Collectively,
these data show that transfer of B cells primed with cis-linked antigens can regulate subsequent

humoral responses to both cognate and cis-linked antigen.

2.2.2 Blimpl-deficient, antigen-specific B cells blunt the host humoral response without
secreting antibody

While antigen-primed MD4 B cells markedly reduced the production of both a-HEL and
a-OVA 1gG, the recipient mice exhibited significantly increased levels of serum a-HEL IgM. We
predicted that differentiation of adoptively transferred MD4 B cells, rather than endogenous B
cells, was responsible for the rise in serum HEL-specific IgM. The transcription factor Blimpl
plays an essential role in terminal differentiation of B cells into ASCs.8%13" Therefore, to eliminate
differentiation of adoptively transferred B cell populations we developed a strategy to knock out

Blimp1 expression using CRISPR/Cas9 to target the Prdm1 gene.®’
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We first assessed the efficiency of Prdml disruption. Enriched splenic B cells were
cultured for 2 days as in Fig 2.1 A and then electroporated with ribonucleoprotein complexes
(RNPs) consisting of Cas9 bound to single guide RNA (sgRNA) targeting either a control locus
(Rosa26) or Prdml. Electroporated cells were expanded in IL-4 on a fibroblast line (40LB feeder
cells) expressing surface murine CD40L and secreting murine B cell-activating factor (BAFF)'%
for 8 days (Fig. 2.2 A). The Prdm1 gene was PCR-amplified from genomic DNA (gDNA) purified
from feeder-depleted, expanded B cells and submitted for Sanger sequencing. Trace files were
analyzed via inference of CRISPR edits (ICE) to estimate Prdm1 gene indel and knockout rates®
of 98% and 93%, respectively (Fig. 2.2 B). Total antibody levels and the size of the CD19'°CD138*
ASC5%84 population were greatly reduced following Prdm1 targeting relative to mock or control
edited populations (Fig 2.2 C,D), findings consistent with near complete loss of Blimpl-mediated
ASC differentiation and antibody secretion.

To determine if Blimpl-deficient MD4 B cells lacking the ability to generate antibodies
retain the ability to reduce antigen-specific IgG following immunization, HEL-OVA antigen-
primed Prdm1-targeted B cells were adoptively transferred into B6 mice (Fig. 2.2 E). Relative to
Rosa26-targeted B cells, transfer of Blimpl-deficient B cells led to a marked reduction in a-HEL
IgM (Fig. 2.2 F). Together with in vitro data, these findings are strong evidence that the increase
in a-HEL IgM in recipients of Blimp1"VTMD4 B cells is derived from the transferred B cells.
Consistent with Fig 2.1, a-HEL IgG and a-OVA 1gG responses were also markedly reduced in
recipients of antigen-primed Prdm1-targeted MD4 B cells (Fig. 2.2 F).

MD4 B cells compete for binding to HEL-OVA during ongoing humoral responses via
their specificity for HEL; they should not be able to compete for binding to unconjugated OVA.

We observed no significant reduction in a-OVA 1IgG if mice were immunized with unconjugated
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OVA following the transfer of HEL-OVA-primed Blimp1%® MD4 B cells (Fig. 2.S1), suggesting
that the reduction in antigen-specific antibody requires the ongoing ability to compete for antigen.
Because antigen-primed, Blimp1KX© MD4 B cells can effectively blunt both cognate and cis-linked
humoral responses without contributing to the humoral response, they are referred to hereafter as

“decoy” B cells.

2.2.3 Decoy B cells exhibit cell dose-dependent antigen-specific suppression.

To examine the relationship between cell dose and decoy-mediated suppression, we
transferred a range of doses of CD45.2" antigen-pulsed MD4 decoy B cells into CD45.1"B6 mice.
Spleens were collected from a subset of host mice at Day 3 post-transfer to assess B cell
engraftment and the remaining animals were immunized as above (Fig. 2.3 A). Flow cytometry-
based cell enumeration showed a linear increase in B cell engraftment with an average splenic
engraftment rate of ~1-2% of the total transferred decoy cell population (Fig 2.3 B). The reduction
in a-HEL IgG following immunization was dose-dependent, with reductions observed at each
decoy B cell dose. In contrast, a significant reduction in serum a-OVA IgG was present only at the
highest dose of decoy B cells (Fig. 2.3 C).

As GC-dependent responses may be restricted by a finite number of FDC niches,!?
adoptive transfer of large numbers of antigen-specific B cells may limit the response to concurrent
antigenic challenge. To examine this possibility, mice were treated with either polyclonal or MD4
decoy B cells and then immunized simultaneously with HEL-OVA and NP-CGG, another T-
dependent antigen (Fig. 2.3 D). While a-HEL and a-OV A IgG were reduced with antigen-specific

decoy treatment, a-NP IgG was unaffected across conditions (Fig 2.3 E). This suggests that
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antigen-primed decoy B cells may outcompete endogenous antigen-specific B cells without

limiting the humoral output from B cells specific for other antigens.

2.2.4 Blimp1X°MD4 decoy B cells outcompete endogenous B cells in germinal centers.

To directly assess the impact of decoy B cells on GC responses in vivo, we next performed
a series of imaging experiments and parallel flow cytometry studies evaluating the kinetics of GC
formation and cellular distribution. Antigen-primed Blimp1™T or Blimp1¥° B6 or HEL-specific
MD4 B cells expressing the CD45.2 congenic marker were adoptively transferred into cohorts of
CD45.1"B6 recipient mice (Fig. 2.4 A). Following immunization with HEL-OVA, spleens were
harvested and analyzed via confocal microscopy at multiple timepoints to examine the impact of
antigen-specificity and Blimp1 expression on decoy B cell localization across the GC response.
Immediately prior to immunization, transferred B cells appeared to be distributed throughout the
splenic B cell follicles regardless of specificity or Blimp1 expression (Fig. 2.S2). Strikingly, five
days after immunization, Blimp1¥°MD4 B cells dominated most GCs (Fig. 2.4 B,D, Fig. 2.S3 A).
In contrast, while GCs were readily detected in immunized mice that received Blimp1¥°Bé6 or
Blimp1WT™D4 B cells, those GCs exhibited significantly reduced penetrance of transferred
CD45.2" B cells and were largely composed of endogenous B cells (Fig. 2.4 B,D, Fig. 2.S3A). By
day 11, GC penetrance by both Blimpl“TMD4 and Blimp1X°MD4 was equivalent, and both
conditions exhibited increased penetrance over Blimp1Y“TB6 or Blimp1X°B6 transfer conditions
(Fig. 2.4 C,D, Fig. 2.S3A). Adoptive transfer of Blimp1%© B cells appeared to increase the variance
in GC size but did not appear to disrupt germinal center formation per se, as average GC size

across mice across conditions was found to be comparable (Fig. 2.S3 B).
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Next, we used flow cytometry to help further define the impact of Blimp1X© antigen-
specific decoy B cells on the host GC response, utilizing congenic markers and HEL and OVA
tetramers to track and quantify endogenous and decoy B cells following immunization. Our
experimental approach is shown schematically in Fig. 2.5 A with representative cell gating strategy
displayed in Fig. 2.S4. Ten days after immunization, a-HEL and a-OV A serum IgG were similarly
reduced in mice treated with Blimp1 ™' or Blimp1X¥°MD4 (Fig. 2.5 B). Importantly, the reduction
in serum antibody correlated with a marked decrease in the proportion of endogenous antigen-
specific GC B cell populations (Fig 2.5 C, shows representative data for one Blimp1¥°MD4
recipient). Specifically, in comparison to the no cell transfer control, at day 11, Blimp1™T or
Blimp1X°MD4 recipient mice exhibited a significant reduction in both HEL- and OV A-specific
GC B cells (Fig. 2.5 D) and HEL- and OV A-specific GC ASCs (Fig. 2.5 E). Surprisingly, despite
not impacting day 14 serum concentrations of IgG in previous experiments, a-HEL and a-OVA
serum IgG (Fig. 2.5 B), a-HEL and a-OVA GC B cells (Fig. 2.5 D), and a-HEL and a-OVA GC
ASCs (Fig. 2.5 E) were also partially reduced in mice treated with polyclonal Blimp1X° B6 B
cells, though to a lesser extent than the reduction upon treatment with Blimp1 %" or Blimp1X° MD4
B cells. Notably, in recipients of adoptively transferred Blimp1 "' and Blimp1¥° MD4 B cells, but
not Blimp1X¥©B6 B cells, transferred B cell populations present within the GC expressed increased
LZ markers (CXCR4°CD86") relative to endogenous HEL- or OV A-antigen-specific GC B cells
(Fig. 2.5 F). Together, these results demonstrate that high-affinity antigen-specific B cells primed
with antigen conjugate not only invade GCs but also inhibit participation of endogenous B cells
specific for either antigen in GCs initiated following immunization. Interestingly, the increased
dominance of early GCs suggests that this effect may be augmented by Blimp1 deficiency during

the early GC response.
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2.2.5 HEL-specific decoy B cells prevent the generation of factor V111 inhibitors in a
murine model of hemophilia A.

To explore whether decoy B cells could be used to suppress an undesired antibody response
to a clinically relevant therapeutic protein, we next performed studies assessing inhibitory
responses to human FVIII. The C2 domain of FVIII contains binding sites for von Willebrand

factor and phosphatidylserine!#%-14!

and may serve as a docking module to promote FVIII
proteolytic activation by thrombin or activated factor X.!4%!43 Its necessity for the proper function
of FVIII paired with its immunogenicity makes the C2 domain a frequent target of inhibitory
antibodies following FVIII therapy.'**!%> We therefore chemically conjugated the C2 domain of
human FVIII to HEL in a 1:1 ratio and primed Blimp1¥°MD4 B cells with the conjugate. These
antigen-primed decoy B cells, or alternatively, HEL-C2 primed, polyclonal B cells, were then

injected into the FVIII exon 16-mutated HemA mouse strain!%%!1

prior to immunization with the
same HEL-C2 conjugate to model the generation of FVIII inhibitors with or without decoy B cell
treatment (Fig. 2.6 A). Strikingly, transfer of HEL-C2 primed, HEL-specific, Blimp1-deficient
decoy B cells significantly reduced the generation of a-C2 IgG following immunization relative
to the antibody produced in untreated mice (Fig. 2.6 B,C). In contrast, mice treated with HEL-C2
primed, polyclonal B cells exhibited marginally increased a-C2 IgG. Importantly, the reduction in
0-C2 IgG in Blimp1¥°MD4 B cell-treated mice translated to a stark reduction in functional
inhibition of FVIII-mediated clotting 28 days after immunization (Fig 2.6 D). Collectively, our
results show that antigen-specific decoy B cells can reduce not only host humoral responses to

relatively weak cis-linked antigens such as OVA, but also functional inhibitors of immunogenic

and clinically relevant antigens.
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2.2.6 Primary murine B cells can be dual-edited to simultaneously disrupt Blimpl and
incorporate a constitutive 1L-10 secretion cassette.

To determine whether decoy B cells could be augmented to constitutively secrete
regulatory cargo, we adapted existing protocols for editing primary B cells via AAV-mediated
HDR.16-118 As in previous experiments, primary B cells were stimulated ex vivo for 2 days with
MCD40L and a-CD180 before editing (Fig. 2.7A). They were then electroporated with a 1:1 molar
combination of Rosa26- and Prdm1-targeted RNPs and incubated overnight with AAV serotype
2.5 delivering a repair template composed of a Rosa26 homology arm-flanked expression cassette.
The expression cassette was composed of either green fluorescent protein (GFP) or IL-10 separated
upstream from the non-coding membrane-bound region of the low affinity nerve growth factor
receptor (LNGFR), chosen as a marker for cell editing and potential target for enrichment, by the
polycistronic linker P2A and driven by the synthetic MND promoter.'%® B cells were washed the
next day and plated on irradiated 40LB feeder cells with recombinant IL-4 for 6 days before the
cells and media were harvested for analysis. Flow cytometry revealed that this dual editing
approach yielded a population of non-differentiating B cells of which 5-10% also expressed
detectable LNGFR (Fig. 2.7B). Although unlikely, it was possible that the observed LNGFR
derived from episomal expression rather than true genomic integration. To address this, we
designed a droplet digital polymerase chain reaction (ddPCR) strategy to distinguish unedited
Rosa26 loci from disrupted Rosa26 loci repaired by non-homologous end-joining (NHEJ) and
disrupted Rosa26 loci that incorporated an MND promoter via HDR. We confirmed that the
LNGFR expression was derived from genomically integrated cassettes rather than episomal
expression using this strategy, calculating HDR editing rates of 3-6%, consistent with

heterozygous cell editing rates of 6-12% (Fig. 2.7C). Finally, we harvested cell supernatants and
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measured secreted I1L-10 via ELISA (Fig. 2.7D). While populations of unedited B cells and RNP-
only edited B cells did not secrete detectable IL-10 above background, B cell populations dual-
edited to disrupt Prdm1 and incorporate either GFP or IL-10 did secrete detectable IL-10. This was
consistent with prior reports documenting that costimulation through CD40 and toll-like receptor

147 and human*® B cells. However, the B cell

9 (TLR9) induces IL-10 expression in both murine
populations edited to incorporate an IL-10 expression cassette secreted significantly more IL-10
than populations that incorporated a GFP cassette. These results demonstrate that Blimp1-deficient

decoy B cells can be further functionalized to constitutively secrete regulatory cargo.

2.3 Discussion

Engineered plasma cells are being investigated as a potential cell-based therapy that
leverages the native capacities of plasma cells to secrete large quantities of therapeutic protein and
engraft long-term.116-118.126 1mportantly, B cells also manifest a unique combined ability for
antigen-specific recognition and subsequent antigen presentation'?®2°, This latter capability
suggests the potential to use engineered B cell therapies to directly manipulate endogenous
humoral immune responses.

Consistent with this notion, adoptively transferred, naive mature B cells expressing a
defined high-affinity B cell antigen receptor are known to enter GCs and compete with endogenous
B cells recognizing the same antigen for access to antigen and subsequent differentiation signals
from T follicular helper cells®” L. We hypothesized that by utilizing CRISPR/Cas9 gene editing to
knock out Blimp1, the master transcription factor for plasma cell differentiation, we could exploit
affinity-based selection to flood antigen-specific GCs with non-differentiating “decoy” B cells,

thereby blunting the primary endogenous humoral response to cognate antigen while leaving non-
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specific responses intact. Using a combination of antigen-specific ELISA, flow cytometric analysis,
and confocal microscopy, we showed not only that gene-edited primary B cells can enter and
dominate GCs in an antigen-specific fashion, but that antigen-specific Blimpl-knockout decoy B
cells suppress the humoral response to both cognate and cis-linked antigen. Importantly, we
demonstrate that the suppression of the humoral response to linked antigen prevents the generation
of functional factor V111 inhibitors in a murine model of hemophilia A, highlighting the therapeutic
potential of the approach.

Taken together, these findings suggest a novel method that exploits GC biology to
negatively modulate specific humoral immune responses including, for example, generation of
antibody inhibitors to clinically important target antigens such as various protein therapeutics or
gene therapy vectors. We also demonstrate that decoy B cells can be armed to constitutively secrete
regulatory cargo, insinuating that it may be possible to generate eBregs capable of inducing antigen-
specific tolerance. With optimization, gene-edited decoy B cells may provide a robust platform for

precise, antigen-specific, engineered immune regulation.

2.4 Materials and Methods

Mice

B6 (C57Bl/6), CD45.1-B6 (Ptprc® Pepc®/Boyl), and MD4 mice were either purchased from the
Jackson Laboratory or bred in-house. CD45.1-HemA mice (Factor VIII exon 16-knockout) on a
CD45.1-B6 background!'?!'® were bred and maintained within the Seattle Children’s Research

Institute vivarium. All mice were maintained in a specific pathogen-free environment and
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protocols were approved by the Institutional Animal Care and Use Committee of Seattle Children’s

Research Institute.

Antigen preparation

HEL and OVA were purchased from ThermoFisher Scientific. NP-CGG, ratio >40 was
purchased from Biosearch Technologies.

The gene for human FVI11 C2 domain (residues 2171-2332) was subcloned into a pET28a-
TEV(+) plasmid with Ndel and Xhol restriction sites, and an N-terminal His6 tag by Genscript.
Wildtype C2 was then expressed in SHuffle T7 B cells (New England Biolabs) and grown in 2XYT
media containing 20 mM MgCl2and 50 pg/mL Kanamycin at 30°C. Bacterial cultures were shaken
at 220 rpm until ODeoo reached 0.6-0.8, induced with 0.5 mM IPTG, and shaken for 18-20 hours
at 15 °C. Bacterial cultures were pelleted by centrifugation at 7000 x g (FIBERL.ite F10-6x500y
rotor, Thermo Fisher Scientific, Waltham, MA) for 10 minutes. Bacterial pellets were resuspended
in 6 mL per g of pellet of lysis buffer (20 mM Tris pH 7.4, 300 mM NaCl, 10 mM Imidazole, 0.1%
Triton X-100, and 10% glycerol) supplemented with 1 mM PMSF, 1 mg/mL chicken egg white
lysozyme, and 5 pg/mL DNAse. Resuspended pellet was incubated stirring for 30 minutes at 4 °C
and lysed via sonication (50% duty cycle and 30 seconds on and off cycles) for 6 minutes on ice.
Whole cell lysate was clarified via centrifugation at 40,000 x g (FIBERLite F21- 8x50y rotor,
Thermo Fisher Scientific, Waltham, MA) and supernatant was loaded onto a preequilibrated 5 mL
HisTrap HP Nickel fast protein liquid chromatography (FPLC) column (Cytiva) attached to a
AKTA prime Plus FPLC (GE Healthcare Life Sciences) at 3 mL/min. The column was washed
with wash buffer (20 mM Tris pH 7.4, 300 mM NaCl, and 15 mM Imidazole) until UV2go reached

baseline. A 12-column volume (CV) ATP wash (20 mM HEPES pH 7.4, 300 mM KCI, and 20
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mM MgCl2) supplemented with 5 mM ATP disodium salt heptahydrate was performed to remove
contaminating chaperones. The column was washed again with wash buffer until UV2go reached
baseline, washed with 5% elution (20 mM Tris pH 7.4, 300 mM NacCl, and 500 mM Imidazole)
and 95% wash buffer, and a gradient elution (5-100% elution buffer in 100 mL at 3 mL/min) was
performed. Thirty 4 mL fractions were collected and fractions containing C2 WT were pooled,
cleaved with a 1:10 (w/w) ratio of TEV protease:protein, and dialyzed into 20 mM Tris pH 7.4 and
300 mM NacCl. Cleaved C2 WT was loaded onto a 5 mL HisTrap HP column and eluted with 5%
elution and 95% wash buffer. Protein purity was analyzed via 12.5% SDS-PAGE. Cleaved C2 WT
was concentrated using a 10 kDa MWCO spin concentrator (Amicon) to 5 mL and purified by size
exclusion chromatography (Hiload 16/600 S75; Cytiva) and stored at 2 mg/mL in (20 MM HEPES
pH 7.4 and 150 mM NaCl).

Maleimide-activated OV A was conjugated to sulthydrylated HEL to generate stable HEL-
OVA conjugates. OVA was maleimide-activated with a 100-fold molar excess of
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC;
ThermoFisher). HEL was incubated with a 7-10-fold molar excess of N-succinimidyl S-
acetylthioacetate (SATA; ThermoFisher), and HEL-SATA was deacetylated in 0.5M
hydroxylamine/25mM EDTA in PBS, pH 7.2-7.5. Activated proteins were then conjugated with a
4-fold molar excess of HEL to OVA before removal of unconjugated HEL and OVA monomers
via size exclusion chromatography.

Maleimide-activated C2 was conjugated to sulfhydrylated HEL similarly, except C2 was
activated with PEGylated SMCC (SM(PEG)s; ThermoFisher) and HEL was activated with
PEGylated SATA (SAT(PEG)4, ThermoFisher) to maintain antigen solubility. HEL and C2 were

conjugated at a 1:1 molar ratio.
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CRISPR/Cas9 editing, culture of edited B cells, and quantification of gene editing

Spleens were harvested from 8-14 week-old B6 or MD4 donor mice and B cells were
enriched using the EasySep™ Mouse B Cell Isolation Kit (StemCell) according to the
manufacturer’s instructions. Enriched B cells were activated for 2 days in IMDM supplemented
with 55uM 2-mercaptoethanol, 10% FBS, 100 ng/mL murine multimeric CD40L (AdipoGen), 1
ug/mL rat a-mouse CD180 (BD Pharmingen), and 100 IU ml™! of penicillin and 100 ug ml™! of
streptomycin (Gibco) at a density of 3-4 x 10° cells/mL. After 2 days in media at 37°C, B cells
were harvested from plates, washed with MACS buffer (0.5% BSA/2mM EDTA in PBS), and
counted via hemocytometer.

For Rosa26 or Prdm1 gene targeting, Rosa26 or Prdm1 sgRNA (Synthego) (Table 2.1) was
complexed with AIt-R™ S.p. Cas9 Nuclease V3 (IDT) at a molar ratio of 3:1 sgRNA:Cas9 in
electroporation buffer (MaxCyte) for 10-20 minutes at room temperature (RT). Electroporation
reactions consisted of 1E8 cells/mL in electroporation buffer with a final Cas9 concentration of
1.25 uM. All electroporations were performed on a MaxCyte EXPERT GTx with the “B Cell 2”
protocol. Following electroporation, cells were immediately diluted into B cell media (IMDM +
55uM 2-mercaptoethanol + 10% FBS) supplemented with 100 ng/mL murine multimeric CD40L,
1 pg/mL rat o-mouse CD180, 10 ng/mL murine IL-4 (PeproTech), 100 IU ml™! of penicillin and
100 pg ml™! of streptomycin, and 1 pg/mL HEL-OVA or HEL-C2 (where indicated) at a cell
density of 3-5 x 10° cells/mL. Cells recovered in media at 37°C for 2 hours before adoptive
transfer.

For characterization of Prdm 1 knockout efficiency, 5 x 10* electroporated cells were added

to each of 3 wells of a 12-well plate coated with 2 x 10° irradiated 40LB feeder cells'*® in 4 mL B
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cell media supplemented with 1 ng/mL IL-4 and Pen/Strep. After 4 days, all cells were harvested
from each well, washed with MACS buffer, and transferred to a fresh 10 cm plate coated with 3 x
10° irradiated 40LB feeder cells in 40 mL B cell media supplemented with 1 ng/mL IL-4 and
Pen/Strep. After 4 more days, all cells were harvested from the 10cm plates, incubated with
biotinylated a-H-2Kd antibody (BioLegend), and 40LB feeder cells were depleted with a-biotin
microbeads (Miltenyi) and LD columns (Miltenyi) according to the manufacturer’s directions.
Half of the remaining B cells were phenotypically characterized for expression of surface CD138
via flow cytometry. Genomic DNA was isolated from the other half of the B cells using the Zymo
Research Quick-DNA Microprep Kit and gene regions surrounding Cas9 cut sites were amplified
via PCR with primers manufactured by IDT and PrimeSTAR GXL DNA Polymerase (Takara Bio).
Gene amplicons were cleaned with the QIAquick PCR Purification Kit, submitted to Genewiz for
Sanger sequencing, and Inference of CRISPR Edits (ICE) analysis was performed to obtain indel
and knockout scores by submitting .abl files to Synthego’s online tool

(https://ice.synthego.com/#/).

For dual editing, Rosa26, Prdm1, or TRAC sgRNA (Synthego) (Table 2.1) was complexed
with Alt-R™ S.p. Cas9 Nuclease V3 (IDT) at a molar ratio of 1.23:1 sgRNA:Cas9 in P4 Primary
Cell Nucleofector Solution (Lonza) for 10-20 minutes at RT. Electroporation reactions consisted
of 3E7 cells/mL in P4 buffer with final sgRNA concentrations of 1.875 uM per target and final
Cas9 concentrations of 3.05 uM. Electroporation was performed on a Lonza 4D-Nucleofector with
the “DI-100” protocol. Following electroporation, cells were immediately diluted into B cell media
supplemented with 100 ng/mL murine multimeric CD40L, 1 pg/mL rat a-mouse CD180, 10 ng/mL
murine IL-4 (PeproTech), 100 IU ml! of penicillin and 100 pg ml™! of streptomycin, and 20%v/v

of either PBS or the appropriate AAV serotype 2.5. The next morning, B cells were harvested and
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washed with MACS buffer before transferring them to 10cm plates coated with 3 x 10° irradiated
40LB feeder cells'*® in 40 mL B cell media supplemented with 1 ng/mL IL-4 and Pen/Strep. After
3 days, media was carefully aspirated from the 10 cm plates and replaced with fresh B cell media
supplemented with IL-4 and Pen/Strep. After 3 more days, all cells were harvested from the 10cm
plates and the media was set aside for IL-10 ELISAs. Half of the B cells were phenotypically
characterized for expression of surface CD138 and LNGFR via flow cytometry. Genomic DNA
was isolated from the other half of the B cells using the Zymo Research Quick-DNA Microprep
Kit and ddPCR was performed and analyzed with a QX200 Droplet Generator and QX200 Droplet
Reader (Bio-Rad) as previously described!'* using primers and guides in Table 2.2. The presence
of feeders would lead to an underestimation of HDR editing. To account for this, gDNA was also
harvested from a feeder-only plate and the estimated contribution of feeder-derived DNA was used

to normalize calculated HDR rates.

Adoptive transfer and immunization

B cells were harvested from plates, washed with MACS buffer, and counted via
hemocytometer before exchanging buffer into sterile PBS at an appropriate cell density. Cells were
transferred intravenously (i.v.) in 200 pL via tail vein. Pooled B cells from 8-14 week-old mice of
both sexes were transferred into age-matched male B6 and CD45.1-B6 mice in HEL-OVA
immunization experiments. Pooled B cells from 8-14 week-old female mice were transferred into
age-matched CD45.1-HemA mice of both sexes in HEL-C2 immunization experiments.

Where indicated, mice were immunized intraperitoneally (i.p.) with 25 pg HEL-OVA, 25
pg HEL-C2, or 100 ng NP-CGG prepared in Sigma Adjuvant System (Sigma-Aldrich) according

to the manufacturer’s directions.
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ELISAs and Bethesda assays

For all mice except those of the HemA phenotype, serum was collected via bleeds from the
submandibular or submental vein or terminally via cardiac puncture. In these experiments, blood
was collected in BD Microtainer Blood Collection Tubes with clot activator and SST gel, spun at
maximum speed on a benchtop microcentrifuge for 5 minutes. For experiments using HemA mice,
serum was collected via retroorbital bleed with plain capillary tubes and dispensed into
polypropylene microcentrifuge tubes, followed by centrifugation for 5 min at 5,000 x g.
Supernatant was either used for ELISAs immediately or stored at -80°C until assayed. For
measurement of total antibody secreted from cultured cells, culture supernatant was collected from
centrifuged cell cultures and stored at -80°C until assayed. 96-well polystyrene plates were coated
overnight at 4°C with 2 pg/mL goat a-mouse Ig (Southern Biotech), HEL, OVA, C2, or NP-BSA
(ratio 1-9, Biosearch Technologies) in PBS. Wells were washed three times with 300 pL 0.05%
Tween-20 in PBS (PBST) and blocked overnight with 200 uL 1% BSA, 0.05% Tween-20 in PBS
at 4°C. Wells were washed three times with PBST and sevenfold serial dilutions of sera in
duplicate were added to the wells with sevenfold dilutions of appropriate standards (mouse IgM,
IgG, IgE, or IgA (Southern Biotech) and pooled B6 serum) in blocking buffer and the plates were
incubated at RT for 90 mins. Wells were then washed six times with PBST and HRP goat a-mouse
IgM, IgG, IgE, or IgA (Southern Biotech), diluted 1:2000 in blocking buffer, was added to wells
and incubated at RT for 60 mins. Wells were then washed six times with PBST and treated with
100 uL TMB substrate (BD Bioscience) for 3-5 minutes before the addition of 100 pL stop solution
(2N H2SO4). Absorbance at 450 nm was measured with a SpectraMax microplate reader

(Molecular Devices). Concentrations of antibodies were calculated from standard curves generated
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from diluted mouse IgM and IgG then corrected for plate-to-plate variation by normalization with
the pooled B6 serum on every plate. Statistical differences in antibody in all experiments were
calculated using a Kruskal-Willis test with a Dunn’s test for multiple comparisons.

IL-10 ELISAs were performed with the Mouse IL-10 DuoSet ELISA (R&D Systems)
according to the manufacturer’s instructions. IL-10 concentrations were calculated via standard
curve and blanked to control feeder wells without B cells, then normalized to cell concentration to
report concentration per 1 x 10° B cells (edited and unedited). Statistical differences were
calculated using a one-way ANOVA with a Tukey’s test for multiple comparisons.

Bethesda assays were performed to examine FVIII inhibition as described previously!!t*
using a modified clotting assay with aPTT reagent and FVIlI-deficient plasma. Residual activity
numbers below 100 were subtracted from 100 and reported as percent inhibition of normal FVIII
activity while residual activity calculated above 100 was reported as O percent inhibition.
Statistical significance was calculated via Kruskal-Wallis test with a Dunn’s multiple comparisons

test.

Flow cytometry

Single-cell suspensions from spleens or cell cultures were incubated with fluorochrome-
conjugated antibodies (Table 2.2) or antigen tetramer (prepared as reported previously!®!) for 20
min at RT in PBS, washed with 5 ml PBS supplemented with 2% FBS (FACS buffer), and
resuspended in FACS buffer for acquisition. For experiments requiring cell counting, 50 pL of
AccuCount Fluorescent Particles (Spherotech) was added to samples after final wash and used to
quantify total cell numbers. Data were acquired on a LSR II or LSRFortessa and analysed using

FlowJo (TreeStar).

42



Confocal microscopy and analysis
For confocal imaging, PFA-fixed and sectioned spleens were imaged as previously

152 Briefly, isolated spleens were fixed using BD Cytofix

described using a Leica SP8 microscope
(BD Biosciences) diluted 1:3 in PBS for 24 hours at 4°C, and were then dehydrated with 30%
sucrose solution for 1-3 days at 4°C. Spleens were cut longitudinally and then embedded in OCT
compound (Tissue-Tek) and stored at -20°C. Spleens were sectioned on a Thermo Scientific
Micron HMS550 cryostat into 20pum sections and stained as previously described!®. A Leica SP8
tiling confocal microscope equipped with a 20X 0.8NA oil objective was used for confocal image
acquisition. Multiparameter confocal images were corrected for fluorophore spillover using the
built-in Leica Channel Dye Separation module. Single stained controls were acquired using
UltraComp eBeads (Invitrogen) that were incubated with fluorescently conjugated antibodies,
mounted on slides with Fluormount-G slide mounting media (ThermoFisher), and imaged. All raw
imaging data was processed, visualized, and analyzed using Imaris (Bitplane).

For analysis of germinal centers, surfaces were created on GL7 signal using the surface
object creation wizard in Imaris. Surfaces were then filtered by volume and positive Bcl6 signal.
In some experiments, another filter was applied for positive CD21/35 signal. Volume and CD45.2

mean intensity signal, representing relative abundance of transferred B cells, was then exported

for each germinal center surface and plotted.

Data Availability.

The data that support the findings of this study are available from the corresponding author, D.J.R.,

upon reasonable request.

43



2.5

Figures

C57BI6
or
MD4
B Cells

MCD40L + a-CD180

Day -3
Pulse with
antigen

B Cells

: D7/D14/D28
% Bleeds -
—_—— —_— o
£

C57BI6
a-HEL/a-OVA
Day -3 Day 0 1° Ab ELISA
Transfer HEL-OVA +
cells via tail Sigma Adjuvant
vein injection P

a-OVA IgM

-o- No Transfer

- B6 + HEL-OVA
-+ MD4

+ MD4 + HEL-OVA

Days

a-OVA IgG

Normalized IgG

a-HEL IgM
105 104
105+
= -
§. 104+ _E_ 1034
=] (=]
c c
10!_
102 T T T T 102
0 7 14 21 28 0
Days
a-HEL IgG
108 104+
1054
_ 103_
! p=0.007 p=0.0001 <
i 104 £
! 2
1024
103
10 T T T T 10!
0 T 14 21 28 0
Days
>0.9999
<0.0001 >0.9999
1000 _—
<0.0001
-] b-]
8 g
£ z
S S
=z =z
Transferred Strain - | B6 | MD4|MD4
HEL-OVA Pulse - + - + + - +

44

7 14 21 28
Days
0.0001 0.0036
0.0040 0.0834
~0.9999 10, 70-9999

Normalized IgG




Figure 2.1. Antigen-primed MD4 B cells reduce endogenous humoral responses to both
cognate and linked antigen. A) Workflow for experiment. Splenic B cells were enriched from a
single-cell suspension and incubated ex vivo in the presence of MCD40L and a-CD180 for 2 days
before IL-4 was then added with or without HEL-OVA for an additional 2 hours. B cells were then
washed and 1 x 107 were transferred via tail vein into B6 mice. These mice in addition to “No
Transfer” (NT) controls were immunized 3 days later with HEL-OV A antigen in Sigma Adjuvant
(IP). Mice were bled thereafter for ELISA analysis. Created with BioRender. B) Time course
ELISA data for a-HEL and a-OVA IgM and total IgG. Data presented as mean ng/mL IgM or IgG.
p values shown represent comparisons between the color-coded treatment condition and NT and
were calculated using a Kruskal-Wallis test to analyze area under the curve values with Dunn’s
test for multiple comparisons. C) Day 14 a-HEL and a-OVA IgM and total IgG. Data presented
as measured antibody normalized to the NT population average. p values were calculated using
Kruskal-Wallis with Dunn’s test for multiple comparisons. n=13 per condition from 2

experimental repeats. All error bars indicate 95% CI.
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Figure 2.2. Antigen-primed Blimp1-deficient MD4 decoy B cells blunt specific endogenous
humoral responses without secreting antibody. A) Experimental workflow for knocking out
Blimp1. Enriched B cells are electroporated with Cas9 ribonucleoproteins (RNP) targeting either
Rosa26 or Prdm1 after 2 days of stimulation in vitro, then cultured for 8 days on 40LB feeder cells
in the presence of IL-4. Feeders are depleted and genomic DNA collected from expanded B cells
for ICE analysis. B cells are analyzed for differentiation via FACS. Supernatant is collected and
total Ig secretion is measured via ELISA. Generated with BioRender. B) Mean indel and knockout
rates in the Prdm1 gene of edited B cells at Day 8, as measured via ICE. N=3 biological replicates.
C) Mean concentration of total Ig (combined IgM, IgG, IgA, and IgE) in supernatant of expanded
B cells at Day 8, as measured by ELISA. n=3 biological replicates per condition. p values
calculated via one-way ANOVA with a Tukey’s test for multiple comparisons. D) Representative
FACS plots (left panels) and summary data (right panel) showing CD19'°CD138" ASC proportion
within treated cell populations, gated as Live/Dead H-2Kd™ lymphocyte singlets. n=3 biological
replicates per condition. p values calculated via one-way ANOVA with a Tukey’s test for multiple
comparisons. E) Workflow for treating mice with CRISPR-edited B cells. Enriched B cells were
electroporated with Rosa26- or Prdmi-targeted RNP and primed with IL-4 and HEL-OVA for 2
hours before adoptive transfer of 6 x 10° cells into B6 mice. Recipient and NT control mice were
immunized 3 days later with HEL-OVA antigen in Sigma Adjuvant. Mice were bled thereafter for
ELISA analysis. Created with BioRender. F) Day 14 a-HEL IgM, a-HEL IgG, and a-OVA IgG.
Data presented as measured antibody normalized to the NT population average. p values were
calculated using Kruskal-Wallis with Dunn’s test for multiple comparisons. Total n per condition

from 2 experimental repeats indicated on graph. All error bars indicate 95% CI.
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Figure 2.3. Blimp1¥°MD4 B cells mediate dose-dependent suppression of antigen-specific
IgG responses without impacting simultaneous responses to an unrelated antigenic
challenge. A) Workflow for examining the impact of cell dose on decoy-mediated suppression of
antigen-specific antibody. Created with BioRender. B) Representative FACS plots (left) and
summary data (right) showing mean engraftment of antigen-primed Blimp1X°MD4 B cells across
a range of adoptive cell doses, gated as Live/Dead Dump CD19" lymphocyte singlets. n=3
biological replicates per condition. p values calculated via one-way ANOVA with a Tukey’s test
for multiple comparisons. C) Day 14 o-HEL IgG and a-OVA IgG. Data presented as measured
antibody normalized to the NT population average. p values were calculated using Kruskal-Wallis
with Dunn’s test for multiple comparisons. n=13 per condition from 2 experimental repeats. D)
Workflow for dual immunizing mice following adoptive transfer of Blimp1X° B cells. Blimp1X©
B6 or MD4 B cells were antigen-primed and 7 x 10° cells were transferred into B6 mice. Recipient
and NT controls were immunized 3 days later with both HEL-OVA and NP-CGG antigen in Sigma
Adjuvant. Mice were bled thereafter for ELISA analysis. Created with BioRender. E) Day 14 a-
HEL, a-OVA, and o-NP IgG. Data presented as measured antibody normalized to the NT
population average. p values were calculated using Kruskal-Wallis with Dunn’s test for multiple

comparisons. Total n per condition from 2 experimental repeats indicated on graph. All error bars

indicate 95% CI.
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Figure 2.4. Blimp1X°MD4 decoy B cells dominate germinal centers. A) Workflow for
microscopy experiments. CD45.2"B6 or CD45.2"MD4 B cells are enriched and stimulated,
electroporated with either Rosa26- or Prdm1-targeted RNPs followed by antigen priming. 6 x 10°
Blimp1"TB6, Blimp1X®B6, Blimp1WTMD4, or Blimp1X°MD4 B cells were adoptively transferred
into CD45.1"B6 recipient mice. Three days later recipient mice were immunized with HEL-OVA.
Mice were sacrificed at Day 5 or Day 11 for GC analysis via confocal microscopy. Created with
BioRender. B) Representative micrographs of splenic GCs in mice 5 days after immunization. C)
Representative micrographs of splenic GCs in mice 11 days after immunization. D) CD45.2 mean
fluorescence intensity of GCs on Day 5 (left) and Day 11 (right). p values were calculated using a
one-way ANOVA with Sidak’s test for multiple comparisons. Number of mice per condition as
well as total number of GCs analyzed are indicated for each group. Representative of two

experimental repeats.
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Figure 2.5. Blimp1X°MD4 decoy B cells outcompete endogenous B cells for germinal center
entry and access to the light zone. A) Workflow for GC analysis experiments. CD45.2"B6 or
CD45.2'MD4 B cells were enriched. stimulated, then electroporated with either Rosa26- or
PrdmI-targeted RNPs prior to 2-hour antigen priming. 6 x 10° Blimp1¥°B6, Blimp1¥TMD4, or
Blimp1X°MD4 B cells were adoptively transferred into CD45.1"B6 recipient mice. Three days
later recipient mice were immunized with HEL-OVA. Mice were bled for ELISA analysis 10 days
later and sacrificed 1 day later for GC analysis. Created with BioRender. B) Day 10 a-HEL and o-
OVA IgG. Data presented as measured antibody normalized to the NT population average. p
values were calculated using Kruskal-Wallis with Dunn’s test for multiple comparisons. Total n
per condition from 2 experimental repeats indicated on graph. C) Representative FACS plots
showing adoptively transferred antigen-specific vs. endogenous GC B cells. Gated as Live/Dead
Dump CD19"PNA"CD38 lymphocyte singlets (see also Supplementary Figure 4). D) Absolute
counts per spleen of endogenous HEL-specific (top) or OV A-specific (bottom) GC B cells across
treatment conditions. p values were calculated using one-way ANOVA with Tukey’s test for
multiple comparisons. E) Absolute counts per spleen of endogenous HEL-specific (top) or OVA-
specific (bottom) GC ASCs, defined as the CD138" subset of (D), across treatment conditions. p
values were calculated using one-way ANOVA with Tukey’s test for multiple comparisons. F)
Light zone residency (defined as GC B cells in the CXCR4°CD86" subset) of transferred cells vs.
endogenous HEL-specific (top) or OV A-specific (bottom) GC B cells. p values were calculated
using a repeated measures one-way ANOVA with Sidak’s test for multiple comparisons. n=9 per
condition from 2 experimental repeats for D-F. All error bars indicate 95% CI. (*p<0.05;

*4p<0.01; ##%p<0.001; ****p<0.0001)
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Figure 2.6. Antigen-primed Blimp1X°MD4 decoy B cells suppress the generation of C2-
specific IgG and reduce the incidence of functional FVIII inhibition. A) Workflow for
experiment. Blimp1X°B6 or Blimp1X¥°MD4 B cells were primed with HEL-C2 conjugate antigen
and 107 cells were transferred via tail vein into HemA mice. Recipient mice were immunized i.p.
three days later with the HEL-C2 antigen. Mice were bled at days 7, 14, and 28 and their serum
tested for a-C2 IgG via ELISA and functional FVIII inhibitors via clotting assay. B) Time course
ELISA data for a-C2 IgG. Data presented as mean fold difference in antibody relative to pooled
serum from unimmunized HemA mice. p value shown represents comparison between the
Blimp1X°MD4 and NT conditions and was calculated using a Kruskal-Wallis test to analyze area
under the curve values with Dunn’s test for multiple comparisons. C) Day 28 a-C2 IgG. Data
presented as measured antibody normalized to the NT population average. p values were calculated
using Kruskal-Wallis with Dunn’s test for multiple comparisons. Total n per condition from 2
experimental repeats indicated on graph. D) Day 28 FVIII inhibition as measured via Bethesda
clotting assay. Data presented as % inhibition of FVIII-mediated clotting relative to control. p
values were calculated using Kruskal-Wallis with Dunn’s test for multiple comparisons. Total n

per condition from 2 experimental repeats indicated on graph. All error bars indicate 95% CI.
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Figure 2.7. Dual-edited primary murine B cells constitutively secrete IL-10 without
differentiating. A) Experimental workflow for dual-editing B cells. Enriched B cells are
electroporated with RNPs targeting both Rosa26 and Prdm1l after 2 days of stimulation in vitro,
then cultured for 6 days on 40LB feeder cells in the presence of IL-4. B cells are analyzed for
differentiation via FACS. Genomic DNA is collected from cells and HDR is calculated via ddPCR.
Supernatant is collected and Il-10 secretion is measured via ELISA. Generated with BioRender.
B) Representative FACS plots showing CD19'°CD138" ASC proportion and LNGFR" Rosa26-
edited proportions within treated cell populations, gated as Live/Dead’H-2Kd™ lymphocyte
singlets. C) Mean NHEJ and HDR rates in the Rosa26 gene of edited B cells at Day 6, as measured
via ddPCR. D) Mean concentration of IL-10 in supernatant of expanded B cells at Day 9, as
measured by ELISA. n=3 technical replicates per condition. p values calculated via one-way
ANOVA with a Tukey’s test for multiple comparisons. Data from one experiment but

representative of greater than 10 experiments. All error bars indicate 95% CI.
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Figure 2.S1. HEL-OVA priming is insufficient for Blimp1¥°MD4 B cells to blunt OVA-
specific humoral responses upon immunization with unconjugated OVA. A) Experimental
workflow. Enriched B cells were electroporated with Prdm-targeted RNP and primed with IL-4
and HEL-OVA for 2 hours before adoptive transfer of 7 x 10° cells into C57B16 mice. These mice
in addition to NT controls were immunized 3 days later with unconjugated OVA antigen in Sigma
Adjuvant. Mice were bled thereafter for ELISA analysis. Created with BioRender. B) Day 14 a-
OVA IgG. Data presented as measured antibody normalized to the NT population average. p
values were calculated using Kruskal-Wallis with Dunn’s test for multiple comparisons. Total n

per condition from 1 experimental repeat indicated on graph. All error bars indicate 95% CI.
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Figure 2.52. B cells are distributed throughout B cell follicles three days after adoptive
transfer. A) Workflow for microscopy experiments. CD45.2"B6 or CD45.2"MD4 B cells are
enriched and stimmed as before, then electroporated with either Rosa26- or Prdm1-targeted RNPs
before 2-hour antigen priming. CD45.1*B6 mice then received 6 x 106 Blimp1""B6, Blimp1X°Bs,
Blimp1"“TMD4, or Blimp1“°MD4 B cells. Three days later the mice were sacrificed and their
spleens analyzed via confocal microscopy. Created with BioRender. B) Representative confocal
micrographs of spleens from mice three days after receipt of Blimp1VB6, Blimp1"VTMD4,
Blimp1X°B6, or Blimp1X°MD4 B cells. B cell follicles. IlgD = blue; CD4 = grey; CD45.2 =

magenta
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Figure 2.S3. Per-mouse quantitative analysis for confocal microscopy. A) Measured CD45.2
mean fluorescence intensity per germinal center in analyzed mice. Each bar represents a different
mouse and each point a different germinal center in that mouse. B) Measured GC area per germinal
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Figure 2.54. Germinal center B cell gating strategy. Gating strategy used for HEL-specific
quantitative analyses outlined in Figure 5D-F. The same strategy was used for OVA-specific
analyses, except these samples were stained with OVA-APC tetramer instead of HEL-APC
tetramer. Note: In this figure, “Decoy” refers to the usage of a decoy tetramer used to distinguish

APC-specific B cells from HEL-specific B cells.

2.6 Tables

Table 2.1. sgRNA, Primer, and Probe Sequences

Reagent Sequence

Rosa26 sgRNA GGCAGGCUUAAAGGCUAACC
Prdm1 sgRNA GGUUAUUGGCGUGGUAAGUA
TRAC sgRNA UCUCUCAGCUGGUACACGGC
Prdm1-F GCTAATATTCTAGGCAGAGC
Prdm1-R CCTTCTGATTCTCTTAGAACG
Rosa26-F CTAGGGGTTGGATAAGCCAG

Binds to genomic Rosa26 upstream of
the 5° HA sequence

Rosa26-R CTCTTCCCTCGTGATCTGCA

Binds to 3° HA of Rosa26 construct

MND-R GCCCATATTCTGCTGTTCCA

Binds to region spanning 5°’HA and the

MND promoter

HDR Probe FAM-TCTGTTCCTACGCGTACCTGGT-BHQ1
Binds to MND

WT Probe HEX-ACCAGGTTAGCCTTTAAGCCTGC-BHQ1
Binds across Rosa26 cut site

mActinB-F GTGACAAAACTCCTGAGGCCA

mActinB-R ACGGATGTCAACGTCACACTT

Reference Probe HEX-AGGTATGGAATCCTGTGGCATCCA-BHQ1

Binds to murine beta actin
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Table 2.2 — Flow Cytometry Reagents

Reactive Group Conjugate Clone Manufacturer Cat#
NHS ester Alexa Fluor 350 N/A ThermoFisher A10168
a-mouse H-2K¢ Biotin SF-1.1 BioLegend 116603
Streptavidin PE N/A BD Biosciences 554061
o-mouse H-2K“ Brilliant Violet 510 SF-1.1 BioLegend 116625
a-mouse CD3¢g Brilliant Violet 510 145-2C11 | BioLegend 100353
a-mouse F4/80 Brilliant Violet 510 BM8 BioLegend 123135
a-mouse/human CD11b | Brilliant Violet 510 M1/70 BioLegend 101245
a-mouse NK-1.1 Brilliant Violet 510 PK136 BioLegend 108737
a-mouse CD19 Brilliant Violet 605 6D5 BioLegend 115539
a-mouse CD19 Brilliant Ultraviolet 737 | 1D3 BD Biosciences 612781
a-mouse CD138 Brilliant Violet 421 281-2 BD Biosciences 562610
a-mouse IgM PerCP-eFluor 710 11/41 eBioscience 46-5790-82
a-mouse IgD Brilliant Violet 786 11-26¢.2a | BD Biosciences 563618
Peanut Agglutinin (PNA) | Fluorescein N/A Vector Laboratories | FL-1071
a-mouse CD38 PE 90/CD38 | BD Biosciences 553764
a-mouse CXCR4 Brilliant Violet 711 L276F12 | BioLegend 146517
a-mouse CD86 Brilliant Violet 605 GL-1 BiolLegend 105037
a-human/mouse LNGFR | PE REA648 | Miltenyi 130-118-793
HEL APC N/A In-house N/A
OVA APC N/A In-house N/A
None (Decoy Tetramer) | APC-DyLight 755 N/A In-house N/A
a-mouse CD45.1 Brilliant Violet 650 A20 BD Biosciences 563754
a-mouse CD45.2 Alexa Fluor 700 104 eBioscience 50-168-96
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Chapter 3: Summary and Concluding Remarks

3.1  Discussion

Antibody inhibitors are a frequent complication in the treatment of patients with inherited
protein deficiency disorders;10:1530-32118-124 the [ack of targeted prophylactics that do not require
broad immunosuppression limits the efficacy of the care available to these patients. In this study,
we describe a cell-based approach for reducing antigen-specific antibody responses without the
use of immunosuppression. We showed that adoptive transfer of exogenously antigen-primed,
high-affinity B cells inhibited the generation of host ASCs and antibody responses specific for
both cognate and cis-linked antigens. Rather than hindering this effect, Blimpl deficiency
appeared to convey an early advantage to antigen-primed “decoy” B cells for GC dominance and
accomplished the same reduction in systemic antibody without undermining that reduction by
differentiating and secreting decoy-encoded antibody. Decoy B cells outcompeted endogenous B
cells for participation in GCs, which likely explains our observation of significant decreases in
endogenous antigen-specific ASCs emerging from those GCs — all while leaving concurrent
unrelated antibody responses intact. Finally, we leveraged the linked decoy effect to prevent the
generation of FVI1I-specific clotting inhibitors in a murine model of hemophilia A, demonstrating
the therapeutic potential of this platform.

Previous studies have demonstrated that relatively lower-affinity B cells are outcompeted
by high-affinity B cells for germinal center entry®’ and in adoptive transfer models, this correlates
with a decrease in antigen-specific antibody produced by the lower-affinity endogenous B cells
when high-affinity transgenic B cells are present.”* However, it was unknown whether this effect
could be leveraged to reduce antibody responses specific for a cis-linked antigen. Our studies

demonstrate that when transgenic high-affinity B cells are primed with conjugate antigen ex vivo
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prior to adoptive transfer, not only is this effect increased, but it extends to endogenous antibody
responses specific for the linked antigen (Fig. 2.1 B,C). This critical observation, and our
subsequent use in the FVIII model, suggest this cis-linked antigen approach is likely leverageable
for B cell-based therapies designed to limit the humoral response to a broad range of candidate
antigens.

Notably, Blimp1"WT MD4 B cells retained the capacity for secretion of antigen-specific
antibodies following adoptive transfer. Prdm1 was chosen as a target for gene ablation to curtail
antibody secretion by transferred cells and, in parallel via limiting differentiation, to potentially
enhance decoy cell antigen-presenting function.'®3>* We developed a CRISPR/Cas9 protocol to
disrupt the Prdm1 gene in activated primary B cells before adoptive transfer (Fig. 2.2 A). Mice
treated with antigen-primed, Blimp1-deficient, high-affinity decoy B cells mounted significantly
reduced antigen-specific antibody responses to both cognate and cis-linked antigen upon
immunization (Fig. 2.2 D-F). The ability of Blimp1-deficent decoy cells to retain their suppressive
activity supports the concept that the inhibitory impact of decoy B cells is driven primarily by
competition for access to finite T cell help rather than by antibody feedback limiting the
availability of soluble antigen potentially required for maintaining the GC response. This latter
inference is supported both by previous work® and by our observation that the suppression of
antibody specific for either cognate (HEL) or cis-linked (OVA) antigen is dose-dependent —
cognate responses exquisitely so, with stepped reductions at every dose (Fig. 2.3 C). Finally,
Blimpl deficiency appeared to improve rather than handicap decoy access to antigen-specific T
cells by driving early dominance of GCs (Fig 2.4 B,D).

Fig. 3.1 suggests a working model for decoy B cell function based upon the above detailed

observations. Following adoptive transfer and immunization, both Blimpl-sufficient and Blimp1-
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deficient MD4 decoy B cells are predicted to compete with endogenous B cells for help from pre-
GC T cells and receive signals to either differentiate into short-lived plasmablasts or enter a GC.
A large proportion of Blimp1"VTMD4 B cells likely become short-lived plasmablasts instead of
entering a GC (supported by our observation of high serum levels of a-HEL IgM at Day 7 in HEL-
OVA-immunized mice receiving Blimp1VTMD4 B cells (Figs 2.1 B,C)), whereas the day 5
confocal microscopy suggests that Blimp1“°MD4 B cells are diverted into GCs en masse to a
greater degree than are Blimp1"“TMD4 (Fig. 2.4 B,D). Our microscopy findings further suggest
that between days 5 and 11, the relatively fewer Blimp1WTMD4 B cells that did enter GCs were
also able to outcompete endogenous B cells and proliferated to the extent that domination by
Blimp1X© vs. Blimp1"T MD4 B cells was indistinguishable at day 11. Not only did both Blimp1-
sufficient and Blimpl-deficient MD4 B cells enter and seemingly dominate GCs, but their
presence also correlated with a steep reduction in the number of endogenous HEL- and OVA-
specific B cells and ASCs present in peak GCs (Fig. 2.5 C-E). Importantly, both Blimp1-sufficient
and Blimp1-deficient MD4 B cells exhibited phenotypic features consistent with increased access
to the GC light zone relative to endogenous antigen-specific B cells (Fig. 2.5 F). This likely
translates to superior access to Tfh help relative to endogenous B cells and therefore decoy B cells
may suppress endogenous affinity maturation, paralleling previously documented observations.’
Overall, the reduction in endogenous antibody specific for both cognate and cis-linked antigen is
likely due to a reduction in both pre- and post-GC endogenous antigen-specific ASCs, resulting
from reduced competition for finite T cell help in the presence of decoy B cells.

This model also raises several unanswered questions. In addition to outcompeting
endogenous B cells for access to T cell help, it is possible that decoy B cells may also directly

tolerize antigen-specific T cells. However, if this were the case, we would have expected that
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serum a-OVA IgG would be reduced following immunization of HEL-OVA-primed decoy-treated
mice with unconjugated OVA. This was not the case (Fig. 2.S1), suggesting that ongoing
acquisition of antigen and competition for T cell help is essential for decoy-mediated suppression.
Additionally, other studies have found that lower-affinity B cell clones preferentially emerge from

GCs as memory B cells,*™®

suggesting that while decoy B cells may blunt the emergence of pre-
and post-GC ASCs following primary immunization, they may not inhibit emergence of antigen-
specific memory B cells. The duration of decoy-mediated suppression and whether secondary
humoral responses are impacted remains to be determined. Decoy MD4 B cells are detectable in
the spleens of treated mice up to 3 months post-immunization but not observed in spleens after 12
months (R.A.P., unpublished data). Although the long-term fate of decoy B cells after primary
immunization is beyond the scope of this study, this would suggest that as presently conceived
decoy therapy may require repeated administration.

Our combined data support the possibility for future therapeutic application. First, decoy
B cells limited responses specific for cognate and cis-linked antigen but did not impact concurrent
GC responses to an unrelated antigenic challenge (Fig. 2.3 E), suggesting this approach is unlikely
to impact a simultaneous, but independent, infectious challenge. The therapeutic potential for
decoy-mediated suppression was further demonstrated in a clinically relevant setting, as decoy B
cells limited the generation of pathogenic clotting inhibitors in a murine model of hemophilia A.
Upon immunization of FVIIIX® HemA mice with an antigen comprised of HEL chemically
conjugated to the immunogenic C2 domain of human FVIII (Fig. 2.6 A), nearly half of immunized
control animals exhibited functional inhibition of FVIII-mediated clotting (Fig 2.6 D).

Pretreatment with HEL-C2-primed MD4 decoy B cells resulted in a profound reduction of serum

a-C2 1gG (Fig 2.6 B,C) and the proportion of mice that developed FVIII inhibitors dropped six-
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fold (Fig 2.6 D). A prophylactic therapy that could prevent the generation of inhibitors to biologic
therapies may be less time-consuming and more effective than ITI and might provide a powerful
means to extend the therapeutic window of existing treatments.

The utility of the decoy B cell platform described here may be applicable to current
challenges in gene therapy and, in parallel, is likely to be augmented by additional cell engineering.
Future studies will investigate whether AAV-specific decoy B cells might be capable of limiting
humoral response to therapeutic AAV vectors. Further, we show that it is possible to enforce
constitutive IL-10 secretion from decoy B cells, foreshadowing an ability to manipulate adaptive
immune responses in more nuanced ways.381% We are now investigating whether we can exploit
the ability of decoy B cells to invade and dominate GCs as a means to deliver other
immunoregulatory cargoes such as TGFB1%®" and T cell immunoreceptor with Ig and ITIM
domains (TIGIT),'%® thereby leveraging decoy cell antigen-presenting capacity to suppress
antigen-specific CD4 T cells or drive them to a regulatory phenotype.® Further, it is tempting to
speculate that decoy B cells secreting regulatory cargo may be able to leverage their ability to
impact responses specific for linked antigen to impose broader tolerance on related pathogenic T
cells via an inverted form of epitope spreading.

In summary, we demonstrate that pretreatment with antigen-primed, antigen-specific,
Blimp1-deficient B cells reduced serum antibody specific for both cognate and cis-linked antigen
following immunization without impacting concurrent unrelated humoral responses. (Fig. 3.2)
These “decoy” B cells readily entered germinal centers, reducing the number of endogenous
antigen-specific B cells that emerged from these GCs as functional antibody-secreting cells. This
approach has clinical implications, as decoy prophylaxis profoundly reduced the emergence of

FVIlI-targeted clotting inhibitors in a murine model of hemophilia A. Taken together, our studies
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suggest that with further engineering and augmentation, Blimpl-knockout decoy B cells may

provide a robust platform for precise, antigen-specific, engineered immune regulation.

3.2 Key Future Studies

Impact of Decoy B Cells on MBC Differentiation and Secondary Antibody Responses

Preliminary experiments in which decoy-treated mice were immunized a second time 4-8 weeks
after primary immunization suggest that some degree of decoy-mediated suppression remains,
though the difference is diminished (data not shown). This is not surprising, as we hypothesize
that decoy B cells suppress T-dependent humoral responses by competing for access to limited T
cell help rather than by competing for limited antigen. Endogenous B cells with low affinity for
antigen are likely to receive a combination of weak BCR and weak CD40 signaling. Since these
conditions likely favor memory B cell differentiation,’® it is highly probable that decoy-mediated
suppression allows the generation of MBCs that can be in turn induced to secrete antibody upon
secondary immunization. However, these MBCs are expected to have undergone limited affinity
maturation due to decoy-mediated competition for GC entry and residency (Fig. 2.5). Furthermore,
some decoy B cells, unable to differentiate into ASCs, may persist as MBCs capable of competing
in subsequent GCs. Future work should study the long-term fate of decoy B cells, changes in MBC
differentiation by endogenous B cells in the presence of decoy competition, and the titer and

affinity of secondary antibody responses.
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Impact of Decoy B Cells on Antibody Affinity

While recent studies have demonstrated that class switch recombination primarily occurs outside
the GC,'*° optimal affinity maturation is believed to require the dynamic competitive environment
of a GC.> Since decoy B cells quickly dominate most GCs (Fig 2.4, 2.5), we predict that decoy
prophylaxis will disproportionately impact the generation of high-affinity antibody arising from
affinity-matured GC-derived ASCs. This may also result in the GC-derived MBC pool being of
diminished average affinity since these may be out-competed after fewer cycles through the DZ.
This is of particular importance since the translational efficacy of decoy-mediated suppression is
likely to be impacted by not just the titer but also the affinity of antibody that is still produced. The
impact of decoy treatment on SHM in endogenous B cells could be measured by sequencing the
BCR genes of flow cytometry-sorted endogenous antigen-specific MBCs and ASCs in decoy-
treated and control mice and comparing the number of mutations in the BCRs in the different
experimental groups.®® The quantity of high-affinity antibody in previously collected serum can

be measured by performing a “stringent” ELISA with urea washes.'®

Impact of Decoy B Cells on AAV Inhibitors

Despite decoy B cells’ demonstrated efficacy in reducing the generation of C2-specific antibody
inhibitors of FVIII (Fig 2.6), cell therapies are both expensive and invasive and so the bar for their
application is high. As designed, decoy B cells may be a better-suited for preventing viral inhibitors
during AAV-mediated gene therapy than for preventing FVIII inhibitors. AAV-mediated gene
therapy is also expensive and invasive, but it has the limitation that it may be performed only once
on a patient due to the inevitable generation of antibody-derived inhibitors and effector memory

CD4*and CD8* T cells.®?1%2 Although by design gene therapy is not intended to require continuous
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dosing, it may be advantageous to enable some repeated dosing for patients who first received
gene therapy early in life or to enable repeated low doses to minimize immunotoxicity. Engineered
vector-specific decoy B cells may be an effective pre-treatment that greatly reduces the production
of antibody-derived viral inhibitors. Future studies should leverage existing CRISPR/Cas9 editing
strategies*' 118 to insert an AAV-specific BCR into Blimp1-deficient B cells and examine their
ability to blunt the production of capsid-specific antibodies after following treatment of immune-
competent mice with AAV. If there is a reduction in capsid-specific antibody in the serum of these
mice, repeat dosing with AAV may be possible. Furthermore, the addition of immunomodulatory

cargo such as IL-10 and TGF-B1 may augment this impact by tolerizing AAV-specific T cells.

Engineering Tolerance with Decoy-Delivered Immunomodulatory Cargo

Our studies show that high-affinity Blimp1-deficient decoy B cells are at a competitive advantage
in GCs and reduce the number of endogenous antigen-specific ASCs arising from those GCs (Fig.
2.4, 2.5), suggesting that they are preferentially interacting with antigen-specific CD4 T cells.
Furthermore, by preventing decoy differentiation these B cells can participate in adaptive immune
responses without directly contributing to them with the secretion of antibody. It may be possible
to compound the impact of decoy B cells by engineering them to deliver regulatory or cytotoxic
signals to these antigen-dependent interaction. Our preliminary data show that it is possible to
enforce regulatory cytokine secretion from decoy B cells by simultaneously inserting an IL-10
secretion cassette into a safe harbor locus via AAV-mediated HDR. This is particularly
encouraging since all evidence suggests that regulatory phenotypes reflect a transient state of some
activated B cells rather than a terminally differentiated lineage.8'6! We are presently also

developing strategies to generate decoy B cells that express TGF-B1, TIGIT, CD25, or cytotoxic
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T-lymphocyte associated protein 4 (CTLA-4). It will be necessary to optimize cell editing
protocols and adapt existing in vitro suppression assays to measure the impact of these eBregs On
CD4 T cells in both antigen-specific and non-specific contexts, with a particular emphasis placed
on cargos that may induce antigen-specific regulatory T cell differentiation.

Perhaps the most exciting result of this research is the extent to which high-affinity decoy
B cells impacted the participation of B cells specific for linked antigen in GCs merely by distorting
the competitive balance of antigen-specific B cells relative to antigen-specific CD4 T cells. Decoy
B cells augmented to deliver regulatory cargo are ideally situated to combine this dominance of
antigen-dependent interactions with specific CD4 T cells and linked recognition to induce
tolerance to a diverse set of pathogenic epitopes. Epitope spreading is a major contributor to
chronic autoimmune diseases such as rheumatoid arthritis and type | diabetes, as the destruction
of tissue can lead to dysfunctional activation of previously naive self-specific CD4 T cells by
pathogenic B cells specific for some component of a multi-antigenic complex.'%? The activated
self-specific CD4 T cells can then induce maturation of other pathogenic B cells, exacerbating
pathology. Decoy B cells upgraded into true eBregs may be capable of inverting this dynamic,

instead culling B and T cell epitopes from the immunogenic repertoire.
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3.3  Figures
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Fig 3.1. Proposed Model: Decoy B cells exploit GC biology to negatively modulate antigen-
specific humoral responses. Following adoptive transfer, HEL-OVA-primed Blimp1X°MD4
“decoy” B cells (1) interact with activated pre-GC HEL- and OV A-specific T cells (2), competing
with relatively lower affinity host HEL- and OV A-specific B cells (3) for access to T cell help.
Due to this competition, host B cells undergo reduced pre-GC plasmablast differentiation and
transferred decoy B cells do not differentiate due to Blimp1 deficiency (4). Instead, decoy B cells
are diverted en masse into GCs, also reducing the number of host B cells that enter those GCs (5).
Inside GCs, decoy B cells outcompete the lower-affinity host B cells for access to antigen
presented on FDCs (6), leading to a reduction in access by host B cells to help from antigen-
specific Tfh (7). By dominating GC responses, some decoy B cells may exit the GC as memory B
cells (8) but they do not differentiate into plasma cells (9) due to Blimp1 deficiency. Importantly,
the number of host antigen-specific plasma cells exiting GCs is reduced (10). It is presently
unknown how the host memory B cell compartment (11) or secondary responses are impacted by

decoy-mediated suppression. Created with BioRender.
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Fig 3.2. Synopsis. Antibody inhibitors remain a major obstacle to the optimal treatment of people
suffering from monogenic disorders, whether they are generated against protein replacement
therapies or the viral vectors used for corrective gene therapy. This study demonstrates that
adoptively transferred gene-edited, antigen-specific, non-differentiating B cells serve as “decoys”
that outcompete native B cells in germinal centers following exposure to foreign antigen. These
decoy B cells leave unrelated immune responses intact but can selectively blunt the generation of
antibodies to cis-linked antigen — an effect we exploit to block the generation of factor VIII-

specific clotting inhibitors. Created with BioRender.
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