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Abstract

The impact of B cell intrinsic gain of function mutations on B cell development and function: a story of

activated CARD11 and PI3K
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Chair of Supervisory Committee:
Adjunct Professor David J. Rawlings

Department of Immunology

Abstract: Gain of function mutations in key signaling molecules downstream of the B cell receptor have
been linked to both malignancy and monogenic primary immunodeficiencies. This study is focused on
characterizing the impact of such mutations in Card11 and Pik3cd when restricted to the B cell lineage.
Dominant, activating mutations in the adapter protein CARD11 induce inappropriate activation of NF-kB
signaling. Somatic mutations in CARD11 are predicted to arise during GC responses in lymphomas,
whereas germline CARD11 mutations drive a mild immunodeficiency, B cell expansion with NF-kB and T
cell anergy (BENTA). Activated PIK3-delta syndrome (APDS) is an immunodeficiency caused by gain-of-
function mutations in PIK3CD. Both diseases exhibit complex immune phenotypes including recurrent
infection and impaired vaccine responses. Here, we modeled the B cell-intrinsic impact of: 1) the L251P
activating mutation in CARD11 (aCARD11) and 2) the common APDS mutation (hPIK3CD-E1021K;
referred to as ‘aPIK3CD’). Global B cell aCARD11 expression led to a modest increase in splenic B cells
and severe reduction in B1 B cell numbers, respectively. Following T cell-dependent immunization,
aCARD11 cells exhibited increased rates of GC formation, resolution and differentiation. In this model,
aCARD11 promoted dark zone skewing along with increased cycling, AID levels and class switch

recombination. Furthermore, aCard11 GC B cells displayed increased biomass and mTORC1 signaling,
iii



suggesting a novel strategy for targeting aCARD11-driven DLBCL. Global B cell expression of aPIK3CD
drove expansion of the peripheral innate, B1a and MZ, B cell compartments. aPIK3CD blunted T-
independent immune responses and reduced class-switched antibodies following T-dependent
immunization. Thus, aPIK3CD and aCARD11 differentially alter B cell development and function post

immunization, providing insight into B cell intrinsic contributions of these mutations to APDS and BENTA,

as well as post GC malignancy.
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Chapter 1
Introduction

Dysregulation of signaling pathways downstream of the B cell receptor (BCR), which is critical for
the development, survival, and function of B cells, have been implicated in autoimmunity, primary
immunodeficiency (PID), and lymphomagenesis. Gain of function (GOF) mutations in two distinct
pathways downstream of the antigen receptor (Agr) identified in patients with immunodeficiency
syndromes place these individuals at greater risk for development of B cell malignancies: 1) canonical
NF-kB pathway and 2) PI3K pathway. Genome-wide association studies (GWAS), along with whole-
exome sequencing, have identified target genes with recurrent mutations in key molecules, such as
CARD11 and PI3K, involved in B cell intrinsic signaling in both PIDs and non-Hodgkins lymphomas
(NHLs). However, the contribution of single mutations in lymphoma are difficult to discern as they are
often identified after significant progression of disease. Similarly, while monogenetic PIDs have been
identified, the extent to which individual cell lineages act as drivers of disease and/or pathogenesis
remain unknown. The clinical phenotype of patients with loss of function (LOF) and GOF mutations bear
similarities in a shared inability to respond to certain types of vaccines and recurrence of sinopulmonary
and viral infections. B cells are the primary effectors that drive humoral immunity, which can be broken
down into T cell-independent and -dependent responses and is decided by the type of antigen the B cells
are responding to. This study focuses on characterizing individual GOF mutations in CARD11 and
Pi3kcd/p1100 restricted to the B cell lineage, specifically interrogating the impact of these GOF during an

immune response.

T-independent response

Resting B cells become activated by acquisition of soluble or membrane bound antigen(). Innate
B cells, comprised of the marginal zone (MZ) and B1 B cell compartments, can respond to antigens
independent of T cell help. Thymus-independent (Tl) antigens can be subdivided into: 1) Tl type 1 (TI-1)

antigens are mitogenic, polyclonal B cell activators such as LPS, CpG and polylC, and activate B cells
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through toll-like receptors (TLRs); and 2) TI-2 antigens that feature repeating structures on a
polysaccharide backbone - found in capsules of pathogens that impact the mortality of young adults such
as Haemophilus influenzae b and Streptococcus pneumoniae — and engage the BCR driving an antigen
specific response®). T independent responses are characterized by early B cell proliferation and
differentiation into antibody producing cells beginning at three days post immunization, with a subsequent
drop in the number of plasma cells during the second week following immunization. TI-2 antigens drive
formation of extrafollicular foci where plasma cells are produced. TI-2 antigens induce a strong, long-
lasting primary antibody response in mice, while polysaccharide vaccines confer long-term humoral
protection in humans. These antigens do not induce recall responses upon secondary challenge,
however, adoptive transfer of splenocytes from immunized mice into naive irradiated recipients results in
response to secondary challenge. Injection of immune serum from immunized mice into naive recipients

precludes this response prior to adoptive transfer.

T-dependent response

T-dependent antigens are proteins that are processed and loaded into MHC Il complexes for
presentation to cognate helper T cells®. Activated B cells that have successfully interacted with their
cognate T cell are recruited/migrate into the germinal center (GC). GCs are specialized structures in
which mature B cells undergo repeated rounds of clonal expansion and diversification of their
immunoglobulin (Ig) genes. The GC gives rise to high-affinity B cells that differentiate into memory or
plasma cells. GCs are polarized into two distinct compartments: the dark zone (DZ) and the light zone
(LZ). The DZ is the site of clonal expansion and Ig somatic hypermutation (SHM), while the LZ is the site
of selection of B cell clones expressing high-affinity BCRs through recognition of antigen on the surface of
follicular dendritic cells (FDCs) and/or costimulatory signals from T follicular helper cells (Tfhs)®). The LZ
is also thought to be the site of class-switch recombination (CSR), however, there is no conclusive study
indicating that the LZ is where TD CSR occurs. Positive selection within the LZ allows the B cell clone to

differentiate and exit the GC or re-enter the DZ for subsequent rounds of expansion and SHM. The



mutagenic nature of the GC is thought to contribute to the occurrence of GC- and post-GC derived

malignancies.

B cell receptor signaling to NF-kB

In naive, resting mature B cells NF-kB proteins are retained in the cytoplasm by the inhibitor IkBa.
Antigen recognition through the B cell receptor (BCR) recruits Src family kinases, which phosphorylate
conserved immunoreceptor tyrosine activation motifs (ITAMs) on the Iga/f3 (CD79a/b) subunits of the
BCR complex. Subsequent recruitment of Syk tyrosine kinases to phosphorylated ITAMs results in
phosphorylation of adapter molecules (BInk). These adapters act as scaffolds for the assembly of
signaling molecules (such as Btk) resulting in the activation of PLCy2 to process phosphatidylinositol-4,5-
bisphosphate (PIP2) into second messengers, diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3).
DAG activates PKCp, which mediates the phosphorylation of CARD11 (or CARD-containing MAGUK
protein 1, CARMA1). Upon phosphorylation, CARD11 undergoes a conformational change allowing for its
interaction with downstream binding partners, Bcl10 and MALT1, yielding the CARD11-Bcl10-MALT1
(CBM) signalosome. This signalosome is required for NF-kB and JNK signaling leading to B cell
proliferation, survival, and differentiation®). Formation of the CBM complex ultimately activates the kB
kinase (IKK comprising IKKa, IKKB, and IKKy/NEMO) complex to phosphorylate IkBa. Phosphorylation of
IkBa releases NF-kB for translocation into the nucleus to regulate transcription of its target genes, while

plkBa is degraded by the proteasome .

CARD11 expression is predominantly restricted to lymphocytes®'%. CARD11 proteins are made
up of five domains involved in protein-protein interactions: an N-terminal caspase recruitment domain
(CARD); a coiled coil (CC); a PDZ; and C-terminal SH3 (Src homology 3) and a GUK (guanylate-kinase)-
like domain. CARD11 is phosphorylated at PKC consensus site serine residues within the linker region
between the CC and PDZ domains in response to BCR engagement. Mutation of consensus serines
abrogates PMA/ionomycin induced NF-kB activation('V). The linker region interacts with the N-terminus of

CARD11, resulting in intermolecular inhibition, holding CARD11 in a closed conformation. This
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intermolecular inhibition is released upon phosphorylation of consensus serine residues within the linker
region by PKCB. In its open/activated conformation the CARD domain mediates oligomerization and

interaction with the CARD11 of Bcl10.

CARD11 loss of function and dominant negative isoforms

Loss of function mutations (LOF) in CARD11 results in severe combined immunodeficiency
(SCID) in patients'2 '3, Patients with germline, LOF Card?1 mutations display progressive
hypogammaglobulinemia and a block in peripheral B cell differentiation, with an increase in transitional B
cells and loss of T regulatory cells (Tregs)'4. Patients also exhibit defects in antigen receptor signaling
and increased susceptibility to Pneumocystis jirovecii pneumonia (PjP)!'?. CARD11 deficiency is fatal
within the first year of life and is treated with hematopoietic stem cell transplant. Heterozygous parents of

CARD11 deficient patients are asymptomatic, thus haploinsufficiency does not result in disease.

CARD11 deficient mice, in which the CARD domain has been deleted (ACard)® or exons 3 and 4
were deleted®, exhibit a complete defect in antigen-induced proliferation of T and B cells. However,
ectopic expression of CARD11 has been shown to rescue NF-kB signaling in these animals and
overexpression of CARD11 has been shown to enhance PMA- and Bcl-10 dependent NF-kB activation®
9. Loss of CARD11 has no effect on conventional T cell development, whereas reduced marginal zone
(MZ) and B1 B cells are observed in CARD11 deficient animals. These animals display decreased serum
antibody titers, specifically IgM, 1gG3, and IgA. Deletion of CARD11 shows no impact on bone marrow B
cell development however B cell precursors were only characterized using limited markers®, and requires
additional study. B cells from CARD11 deficient mice fail to respond to BCR and CD40 signals, however
there is inconsistency in the data regarding their responsiveness to lipopolysaccharide (LPS). Similar to
CARD11-- mice, Bcl10” mice are defective in propagating signals from the antigen receptor to NF-kB.
Bcl10 deficient B cells are unresponsive to BCR and CD40 but can respond to LPS stimulation. It has

also been previously shown that deficiency in components of the NF-kB signaling pathway downstream of



CARD11, Rel”- and NFkB1-- mice, have decreased serum Ig levels, and decreased CD5* peritoneal B

cells and diminished mitogen responsiveness.

Rare hypomorphic, dominant negative mutations in CARD11, which lead to dominantly inherited
severe atopy with variable infection beyond the skin('*) have been recently described. A subset of patients
displayed B cell lymphopenia and low IgM levels. Transfection of the identified CARD11 mutants into
CARD11 deficient Jurkat T cells (JPM50.6) resulted in diminished NF-kB and mTORC1 activation after
CD3/CD28 and PMA/iono stimulation. When co-transfected with WT CARD11, mutant CARD11 was
found to interfere with the ability of WT CARD11 to activate downstream signaling pathways. These
dominant, interfering mutants are thought to disrupt assembly of the CBM complex, as MALT1 protease
activity was diminished in mutant transfected Jurkats as well as co-transfected cells. An ENU-
mutagenesis derived CARD11Y\M mutant murine model, bearing pLeu298GIn in the CC domain, also
displays elevated IgE and severe eczema, but no atopic phenotype('®. Additional work in CARD11-
deficient Jurkat T cells and primary mouse CARD11 deficient CD4* T cells demonstrated decreased

mTORC1 activity in the absence of CARD11('6),

CARD11 gain of function risk variants

CARD11 gain of function (GOF) mutations, were first identified in diffuse large B cell ymphomas
(DLBCLs). Lymphomas are predominantly B cell derived (~95%)(""), while a subset are T cell derived.
DLBCL is the most common type of non-Hodgkin’s lymphoma (NHL)("®, accounting for ~30-40% of
cases!'” 19, DLBCL is a heterogeneous disease that is divided into three subtypes based on gene
expression profiling studies. While ~50% of DLBCL cases are curable with current treatment, the
activated B cell like (ABC) subtype, accounting for ~1/3 of cases, has an inferior prognosis!'® 1920 A
hallmark of ABC-DLBCL is constitutive NF-kB signaling, and inhibition of this pathway is toxic to these
lymphomas®@". RNA interference screens showed that the survival of most ABC-DLBCL lines depends on
the CBM complex('® 21, GOF mutations in CARD11 are predominantly found in the N-terminal portion of

CARD11 (CARD, LATCH, and CC domains), which mediates oligomerization of CARD11 and binding to
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Bcl10 and MALT1, independent of upstream signaling. Somatic mutations within the coiled-coil domain of
CARD11 are present in ~10% of ABC-DLBCL tumors'®, and expression of these mutants in cell lines
induces strong NF-kB activity without stimulation'®. DLBCLs accumulate ~30 mutations on average, and

the contribution of individual of mutations is unknown.

In 2012, a novel congenital disorder featured the first known germline, GOF mutation of
CARD11%2)_ Individuals with BENTA (B cell expansion with NF-kB and T cell anergy) present with
recurrent childhood sinopulmonary and viral infections, B cell expansion, splenomegaly and
lymphadenopathy. Patients’ T cells are within normal pediatric ranges but remain hyporesponsive upon
stimulation ex vivo. Serum antibodies are skewed, with decreased IgM and normal-low levels of IgG and
IgA. Patient B cells display elevated NF-kB signatures in the absence of stimulation, but fail to terminally
differentiate into long lived plasma cells in vitro?®. There is an increase in transitional and naive, mature
B cells with a concomitant decrease in switched and memory B cells. A subset of patients have gone on
the develop B cell lymphomas in adulthood®*). Enhanced expansion and survival of B cell clones may

predispose BENTA patients to acquire additional mutations overtime, promoting lymphomagenesis.

The first study of GOF CARD11 mutants in isolation, with expression restricted to activated B
cells, demonstrated that oncogenic mutations in CARD11 switched the response of recognizing self-
antigen from death to proliferation and autoantibody production?®. DLBCL CARD11 mutants were
introduced into antigen-primed/activated B cells ex vivo and transplanted into Rag1~" recipients with or
without self-antigen in circulation. Mutant CARD11 expression in mature B cells broke tolerance, induced
aberrant proliferation, plasmacyctic differentiation and antibody secretion. Notably the plasmacytic
differentiation observed occurs in the absence of T cells. ABC-DLBCL has a plasmablast-like phenotype
and is thought to derive from germinal center (GC) B cells that acquired oncogenic hits!'% 2% 26) However,
because introduction of mutant CARD11 was achieved by retroviral transduction into artificially activated
cells, which were transplanted into lymphocyte deficient recipients, the findings in this study may not

reflect the consequences of induction of mutant CARD11 in a germinal center reaction.

The DLBCL CARD11-L225LI mutation, resulting in an isoleucine insertion, has been previously

shown to be the most potent NF-kB activating mutation in human DLBCL lines"®. In a B intrinsic
6



CARD11-L225L1 mouse model, pups succumbed to early postnatal lethality resulting from aggressive B-
cell lymphoproliferation. At 5 days post birth, transgenic mice displayed histopathological features of a
high-grade lymphoma, with blastoid cells infiltrating solid organs and bone marrow. B cells isolated from
transgenic mice showed elevated NF-kB and JNK activity compared to wildtype. This phenotype was
completely rescued when transgenics were crossed to either Bcl107- or MALT 17~ mice, demonstrating that
disruption of the CBM complex resolves aberrant NF-kB activation®”. While this study demonstrated that
a single mutation in CARD11 can yield a disease phenotype mirroring ABC-DLBCL, whether other
CARD11 mutants - that result in a spectrum of NF-kB activity - will behave similarly is unknown. Also,
since these animals did not survive past 6 days post birth we have no insight into how CARD11 mutants

impact a germinal center response.

BCR signaling to PI3K

The PI3K-Akt signaling axis is responsible for the inactivation of FOXO1 as well as the activation
of mTORC1 downstream of the BCR, as well as providing pro-survival signals. Phosphatidylinositol 3-
kinase (PI3K) signaling plays a critical role at several stages of B cell development. Class 1A PI3K
proteins function as heterodimers between activating (p110a, B, and &) and regulatory (p85) subunits.
These heterodimeric complexes are critical for the activation of downstream kinases that regulate B cell
survival, differentiation and metabolism including, but not limited to, Btk, Akt and mTOR. The activating
subunits of class 1A PI3Ks have overlapping expression patterns. PIK3CA and PIK3CB are expressed
ubiquitously, whereas PIK3CD (p1109) is restricted to immune cells. Despite the structural and
expression similarities, loss of function studies have revealed that PIK3CD and its regulatory subunit
PIK3R1 (p85) are the primary class 1A PI3K downstream of the BCR. Class | PI3Ks phosphorylate
membrane phosphatidylinositol lipids on the D3 position of the inositol ring to generate the lipids PIP, PIP:
and PIP3®), Phosphatidylinositol 4,5-bisposphate (PIP2) and phosphatidylinositol 3,4,5-trisposphate
(PIP3) function as a membrane tether for plextrin homology domain (PH) containing proteins such as
PDK1, Akt, and Btk, among others. Two SH2 domains within the p85 subunit of PI3K interact with

phosphotyrosine residues in the cytoplasmic tails of surface receptors (BCR and CD19). Binding of PI3K
7



to the cytoplasmic tail of surface receptors brings it in proximity of its substrates. Recruitment to the
plasma membrane also brings PI3K in proximity of Src-family kinases (Lyn), which can further potentiate
PI3K activity via interaction between the SH3 domain, within the Src, and the proline-rich region of PI3K.
Negative regulators of PI3K signaling hydrolyze PIPs back to PIP2; 1) phosphatase and tensin homolog
(PTEN) hydrolyzes the 3-phosphate of PIPs to phosphatidylinositol 4,5-bisposphate (PIP2), and 2)
phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase 1(SHIP-1/INPP5D) hydrolyzes the 5-phosphate of

PIPs to phosphatidylinositol 3,4-bisposphate (PIP2).

PI3K loss of function

While deletion of either gene, Pi3kcd/p1106 or Pi3kr1/p85a, in mice has minimal impact on
central B cell development, mature B cell development is significantly altered, resulting in development of
fewer B1 and marginal zone (MZ) B cells®®. PI3K signaling is required for B cell homeostasis, as
demonstrated by deletion of Pdk1 (CD21¢*Pdk1F'o¥Flox) resulting in reduced numbers of both splenic and
peritoneal B cell subsets®). Similarly, p1105" mice have reduced B1 and MZ compartments®", while
mice homozygous for catalytically inactive p1108 (p1108P°104D9104) glso lack splenic MZ and peritoneal
B1 cells®?. These cellular defects contribute to decreased immunoglobulin production, weak responses to
Tl antigens and lack of response to TD antigens in mice®®® 32 or humans deficient in either PIK3CD®® or

PIK3R 164,

The contribution of p1105 in early B cell development in the bone marrow is murkier. One report
showed p11087 mice, in which exons 1-9 of the Pi3kcd gene are deleted, have no apparent defect in BM
B cell development®"). Whereas another study using mice homozygous for catalytically inactive p1105
(p1103P910AD810A) have decreased numbers of B220*IgM* B cells in the BM and a 1:1 ratio of pre:pro B
cells, whereas WT mice exhibit a 4:1 pre:pro ratio®?. Complete loss of p110a or p110 results in
embryonic lethality. Use of p110a™™ mice, in which exons 18 and 19 of Pi3kca are flanked by loxp sites,
crossed to the CD2-Cre strain deletes p110a in all lymphocytes. In vitro stimulation of B cells from

p110a™CD2¢* mice showed no change in responses to BCR, IL4, CD40 or LPS stimulation.
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p110a™CD2¢* mice®® also demonstrated normal primary and secondary responses to hapten
immunization as well. This shows that p110a is dispensable for B cell maturation and function. However,
compound loss of p110a and p11038 (p110a"MCD2Cre™* p1108P910AD10A) "results in a substantial block at
the pre-B cells stage (fraction C, B220"CD19*cKit"CD25Bp1*) with significant loss in immature and
mature B cells in the bone marrow. Also, p110a-p11056 double deficient B cells failed to suppress Rag
gene expression and exhibit attenuated proliferation in response to IL-7. Treatment of B cells with p11058-
specific inhibitor IC87114 ablated responses to BCR, IL4, CD40 or LPS. Compound loss of p11083, exons
21 and 22 of Pi3kcb flanked by loxp sites, and p1103 (p110B"1CD2C* p1108P10AD10A) showed no
impairment in B cell development®®. Thus p110a, but not p110B, can compensate for a lack of p1108

during B cell development in the bone marrow.

Hyperactive PI3K signaling & Activated PI3K delta syndrome (APDS)

B cell-specific activation of class 1A PI3Ks, as assessed using genetic models of PI3K hyper-
activity, also leads to defects in both Tl and TD responses. For example, deficiency of either the PI3K
phosphatases, INPP5D®.37) or PTEN®®), or forced expression of membrane-tethered Pi3kca®®, results in
loss of B cell class-switch recombination and maturation in response to TD antigens. BCR stimulation in
immature splenic B cells fails to activate Akt, correlating with a loss of mitochondrial membrane potential
and diminished viability. These events are reversed in the setting of increased PI3K activity as
demonstrated by B cell intrinsic deletion of PTEN (CD19¢®*Ptenf'o¥Flox) "which allows splenic immature B
cells to survive and proliferate after BCR-ligation“?. PTEN deletion in CD19” mice also rescues the B1

and MZ compartments, which are absent in CD19”- mice“").

As suggested from the data in mice, primary immunodeficiency in humans can be caused by
germline mutations in PIK3CD or PIK3R1 that increase class 1A PI3K signaling. Patients with activating
mutations in either gene present with complex immune phenotypes that include susceptibility to bacterial
and viral respiratory infections, B cell lymphopenia, effector-memory T cell hyperplasia and senescence,

antibody dysregulation (increased IgM and decreased 1gG2), impaired vaccine responses and acquisition
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of B cell ymphoma®“?4®)_ The cell intrinsic roles for B and T cells in this newly identified immune
dysregulation disease, called Activated Phosphoinositide 3-kinase-d Syndrome (APDS), have not been
carefully elucidated. The most common APDS associated mutation E1021K occurs within the catalytic

subunit p1103, encoded by the PIK3CD gene®?).

In contrast to its impact on the peripheral B cell compartment, hyperactive PI3K signaling in BM B
cells appears to be deleterious. The mechanistic explanation for the negative impact is less clear but
likely reflects a requirement for a precise window of PI3K signaling during pro- and pre-B cell
development. Consistent with this idea, both loss of function and hyperactivation of PI3K have similar
deleterious effects in early B cell development, supporting the idea that early B cells are selected for an
intermediate level of PI3K signaling®®). Pten deletion in pre-B cells expressing oncogenic BCR-ABL1
drives rapid cell death of leukemia cells. Pten deletion was shown to result in downregulation of IL-7R,
CD19, and components of the pre-BCR and lead to hyperactive Akt signaling. Pharmacological inhibition
of Akt greatly reduced Pten deletion mediated toxicity. Bone marrow (BM) B cell phenotyping in a small
number of APDS subjects has suggested that aPIK3CD may impact the pre-B-I stage leading to an
increased proportion of apoptotic CD199™ B cell progenitors®”). A proportional increase in the late pro-B
cells (referred to as the pre-B-I population) in the BM correlated with absolute decrease in circulating B
cell numbers. Another study, utilizing alternative markers and while not entirely consistent with data from
Wentink et al., also showed a proportional increase in early CD10M"CD20" “pro-B” cells and markedly
reduced mature B cells®®. While the full extent of hyperactivation of p1103 on early B cell development is
unknown, data from human APDS patients supports a model where hyperactive PI3K signaling limits pre-

B cell development, thereby restricting overall BM B lymphopoiesis.

Questions to address

While dysregulation of B cell intrinsic signaling results in altered development,
homeostasis/survival, and response to antigen the contribution of individual mutations that perturb
signaling requires additional study. Determining what roles, the B cells themselves play in propagating
disease in PIDs such as BENTA and APDS has been up to this point based on findings using patient

samples in which dysregulated signaling is not restricted to a single lineage, and the impact of altered
10



development cannot be separated from impaired immune responses. Regarding malignancies,
determining the input of a single mutation in patient samples, or patient derived cell lines is difficult as
many tumors have accumulated numerous mutations that impact multiple signaling pathways, all of which
perturbed B cell biology. Interestingly, many clinical features of PIDs and developmental outcomes
appear similar when comparing LOF and GOF mutations in the same signaling pathways (see Table 1).
For example, SCID patients, with CARD11 deficiency, and BENTA patients display decreased mature B
cells in circulation, with diminished Ig titers, and increased susceptibility to infection. Similarly, APDS
patients, while having increased serum Ig titers, fail to respond to polysaccharide derived vaccines, as do
BENTA patients. These similarities in clinical features demonstrate that signaling pathways central to B
cell development, homeostasis and immune function must be finely tuned, and both too little and too

much signal are detrimental.

How does activated CARD11 impact B cell development and T-dependent immune responses?

As the activating, somatic mutations in CARD11 that lead to DLBCL are predicted to occur during
the B cell GC response, GC-specific analyses are likely to improve understanding of DLBCL biology. To
evaluate the impact of aCARD11 on the GC response, we developed a transgenic model allowing
inducible expression of aCARD11 (mouse CARD11-L251P) that mimics an analogous mutation identified
in human DLBCL (L244P)("9, This construct was introduced in association with a downstream T2A-linked
GFP marker into the endogenous RosaZ26 locus. Crossing this strain to various B cell-intrinsic Cre-bearing
strains gives rise to GFP”* cells co-expressing aCARD11. Importantly, this model was designed to
facilitate aCARD11 expression levels similar to that observed in heterozygotes that develop DLBCL.
Further, this specific mutant activates NF-kB to a lesser extent than the previously modeled L225L1|
mutation(®: 2, demonstrated by differential induction of an NF-kB reporter and ability to spontaneously
aggregate and form the CBM complex, and was anticipated to permit a relatively normal B cell
developmental program wherein animals would establish a mature peripheral B cell compartment. Using
several B cell intrinsic models, we assessed both how this mutation modulates B cell development and,

most importantly, its impact within a GC response. Our findings indicate that cells expressing aCARD11

11



display enhanced NF-kB and mTORC1 signaling, significantly altered GC kinetics, cell fate determination

and class switch recombination (CSR) during the primary response to T-dependent (TD) antigens.
How does activated PI3K impact B cell development and humoral responses?

APDS patients display an array of symptoms which multiple immune cell lineages contribute to“*
44,49 How dysregulated signaling of PI3K within a single cell lineage contributes to the APDS disease
phenotype is unknown. To understand how activating mutations in the catalytic subunit of p1108 (Pik3cd)
impact the differentiation, homeostasis, and function of B cells, we generated an inducible mouse model
of PIK3CD-E1020K (equivalent to hE1021K, hereafter referred to as ‘aPIK3CD’). With this model we can
study the impact of this GOF mutation during different stages of B cell development and its impact on

humoral immunity.
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.- CARD11 PIK3CD

No effect L225L1 - premature lethality due to p110+: no impact PIK3CD-E1020K
plasmacytic infilitrates in BM & p110P#OAH0A: increased pro B * Blymphopenia % & #
organs cells * Ppro%, J-matured, J.small pre
s ROSA-CARD11-L251P p1107/fp11009I0A/S10A: hjack at & mature #s
o « B lymphopenia by % frac B=*C transition due to + ‘PB1 progenitors
* Ppro%, Jlimmature% inability to suppress Ragl/2
W * Loss of B1 progenitors expression & fail to proliferate in
E response to IL7
o * Normal T cell = Switch from self-Ag induced death  + Loss of B1 & MZ B cells Pten™™: B cell hyperplasia,
£ development to proliferation & Plasmablast * Diminished Tl & TD responses  lymphoma,
3 *+ Loss of B1 & MZ B cells differentiation + Decreased serum IgM, 1gG3, hypergammagobulinemia
8 > * Decreased Ig titers ROSA-CARD11-L251P & lghA SHIP-1/"; accelerated B cell
s o * Loss of AgR=*NFkB * Trend ‘I Spln weight & counts * Decreased BCR development & hyperresponsiveness
A= signaling * 1 total B cells due to T'FM responsiveness to BCR
% * No spontaneous GCs * Decreased Ca-flux, decreased  PIK3CD-E1020K
Q = . total B cells in PF due to loss of activation of PLCy2 & Btk = TBla&MzZ, B2
== Bla & B1b + g & 1gG3
= LigMm = Defect in CSR
+ Defectin Tl response
PTEN deletion in BCR-ABL1 pre-B
leukemia drives rapid cell death
APDS
> * Increase in late-pro-B (pre-B1) &
o decrease in in circulating B cells
* Increase in early CD10MCD20" (pro
B) cells & decrease in mature cells
* Block at late BENTA (germline) APDS (germline)
transitional B cell « B cell lymphocytosis, « Recurrent sinopulmonary
g_ stage, lack of mature B splenomegaly & lymphadenopathy infections & viral infections,
3‘ cells. + Recurrent sinopulmonary & viral progressive airway damage
o » Decreased Treg/Th17 infections * Lymphoproliferation,
5 * Decreased Ig titers — * transitional B cells, lymphadenopathy &
-g_ fail to mount specific JLSW/memory B cells splenomegaly
— Ab response * Decreased |g titers, impaired PB + Lymphomas in some patients
8 = Increased susceptibility formation in vitro * 4 transitional B cells, |-
' to PjP * Diminished responses to SW/memory B cells
% = polyssacharide vaccines = T IEM, L 1gGy; & IgA
c 7] * Tcell anergy * Poor vaccine responses
m 'E_ * Increased predisposition to B cell + Progressive CD4 T cell
g = malignancy lymphopenia
T gf Somatic mutations * Acceleration of terminally

-10% of ABC-DLBCL

Spontaneous CBM formation
Constitutive NFkB signaling
Plasmablast like gene expression &
morphology

Chemo- & Ibrutinib resistant

differentiated/senescent CD8 T
cells
* Decreased naive T cells

Table 1. Comparison of murine model phenotypes and human clinical features in the setting of

LOF and GOF mutations in CARD11 and PI3KCD. (Black) Phenotype and clinical features described in
literature. (Red) Data generated from our murine studies.
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Chapter 2

Activated CARD11 accelerates germinal center kinetics, promoting mTORC1 and terminal

differentiation
Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most common type of non-Hodgkin’s lymphoma('®),
While nearly half of DLBCL are curable with current treatment, the activated B cell-like (ABC) subtype has
an inferior prognosis!'® 1%.20) ABC-DLBCL is derived from GC B cells that have acquired progressive
oncogenic hits('%2%.28) |n normal B cells, B cell receptor (BCR) engagement induces phosphorylation of
the molecular scaffold CARD11, leading to conformational changes that promote assembly of a CARD11,
Bcl10, MALT1 (CBM) signalosome('", required for NF-kB and JNK signaling and B cell proliferation,
survival, and differentiation‘®). Activating mutations in CARD11 (referred to hereafter as aCARD11) occur
in 10% of ABC-DLBCL(9)., Importantly, while aCARD11 expressing DLBCLs rely on constitutive NF-«kB
signals for survival®®"), additional aberrant signals are also likely required for tumor growth. Thus, a better

understanding of how aCARD11 alters GC biology may inform the design of future therapies.

An initial in vivo analysis of aCARD11 variants demonstrated that oncogenic mutations altered
the response of self-reactive B cells, promoting proliferation and autoantibody production upon exposure
to self-antigen®®. In that study, DLBCL-derived aCARD11 mutants were introduced ex vivo (using
retroviral gene delivery) into murine B cells following in vivo antigen-priming. Adoptive transfer of these
cells into Rag1” recipients expressing the self-antigen, led to broken tolerance and aberrant proliferation,
plasmacytic differentiation and autoantibody secretion. The impact of aCARD11 on T-dependent

responses and the GC reaction were not addressed in this study.

A DLBCL-associated mutation resulting in an isoleucine insertion, CARD11-L225LlI, is the most
potent known NF-kB activating mutation'®. In a B intrinsic CARD11-L225L1 mouse model, pups
succumbed to early postnatal lethality resulting from aggressive B-cell lymphoproliferation. Within 5 days

post-birth, transgenic mice displayed histopathological features of high-grade lymphoma, with blastoid
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cells infiltrating solid organs and bone marrow. B cells isolated from transgenic mice exhibited elevated
NF-kB and JNK activity compared to controls. This phenotype was abrogated by intercross with either
Bcl10”- or MALT 1"~ mice demonstrating that disruption of the CBM complex resolves aberrant NF-kB
activation®”), While this study showed that a single mutation in CARD11 can yield a disease phenotype
mirroring lymphoma, whether other CARD11 mutants - that result in a spectrum of NF-kB activity('9- will
behave similarly is unknown. Also, as these animals succumbed to disease immediately post-birth, this

model was unable to provide insight into how aCARD11 mutants impact a GC response.

As the activating, somatic mutations in CARD11 that lead to DLBCL are predicted to occur during the B
cell GC response, GC-specific analyses are likely to improve understanding of DLBCL biology. To
evaluate the impact of aCARD11 on the GC response, we developed a transgenic model allowing
inducible expression of aCARD11 (mouse CARD11-L251P) that mimics an analogous mutation identified
in human DLBCL (L244P)("®). This construct was introduced in association with a downstream T2A-linked
GFP marker into the endogenous RosaZ26 locus. Crossing this strain to various B cell-intrinsic Cre-bearing
strains gives rise to GFP* cells co-expressing aCARD11. Importantly, this model was designed to
facilitate aCARD11 expression levels similar to that observed in heterozygotes that develop DLBCL.
Further, this specific mutant activates NF-kB to a lesser extent than the previously modeled L225L1
mutation('® 2") and was anticipated to permit a relatively normal B cell developmental program wherein
animals would establish a mature peripheral B cell compartment. Using several B cell intrinsic models, we
assessed both how this mutation modulates B cell development and, most importantly, its impact within a
GC response. Our findings indicate that cells expressing aCARD11 display enhanced NF-kB and
mTORCH1 signaling, significantly altered GC kinetics, cell fate determination and class switch

recombination (CSR) during the primary response to T-dependent (TD) antigens.

Materials & Methods

Mice

1x-Flag tagged murine CARD11-L251P was knocked into the ROSA26 locus, with an upstream loxp-

flanked 3x-stop codon and a downstream self-cleaving T2A linked GFP reporter. These mice are called
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activated Card11 (aCard11) mice throughout the paper. The aCard11 mice were maintained by crossing
to C57BL/6 mice and have been backcrossed 5 times. aCard11 mice were crossed to Mb1-Cre® and
Cy1-Cre®") mice, which are on a fully C57BL/6 background. Mice were bred and maintained in the
specific pathogen-free animal facility of Seattle Children’s Research Institute and handled according to
Institutional Animal Care and Use Committee-approved protocols. Mb1¢™ mice were provided by M. Reth

(Max Planck Institute of Immunobiology, Freiburg, Germany).
Immunizations

12- to 15-week old mice were i.p. immunized with 200ul of 20% by volume sheep red blood cells (SRBCs
— Colorado Serum Co.) diluted in 1x PBS and sacrificed 5, 7, 10, and 21 days post immunization. 12- to
23- week old mice were i.p. immunized with 50 ug of NP-CGG (Ratio>40, Biosearch Technologies)

precipitated in alum and sacrificed at 12 days post immunization.
Reagents and antibodies

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen) was used according to manufacturers,
instructions. Anti-murine antibodies used in the study include: eBioscience - CD38 (90), Bcl-6 (BCL-
DWN), AID (mAID-2), IRF4 (3E4), IgM (11/41), CD8 (53-6.7), Gr-1/Ly-6G (RB6-8C5), SA-e450; Southern
Biotech - IgD (11-26), BP-1 (FG35.4), A (JC5-1); Biolegend - B220 (RA3-6B2), CD19 (6D5), CD24
(M1/69), CD21 (7E9 & 7G6), CD23 (B3B4), BP-1 (6C3), CD4 (GK1.5); BD Biosciences - CD43 (S7),
CD21 (7G6) CD19 (1D3), CD138 (281-2), CD95/Fas (Jo2), IgG1 (A85-1), k (187.1), CXCR4 (2B11),
CD86 (GL1), CD11b (M1/70), CD5 (53-7.3), Blimp1 (5E7), SA-PE.; Life technologies - CD3 (500A2), SA-
AF700, SA-APC; Vector labs - PNA; Cell Signaling technology - FOXO1 (C29H4), p4E-BP1 (Thr37/46,

236B4), p-S6 (Ser235/236, D57.2.2E). IKK-2 inhibitor MLN120B (Sigma Aldrich).

All flow cytometric, EdU, BrdU, and phospho-flow data were collected on an LSRII (BD) and analyzed

using FlowJo software (Tree Star).
Spleen immunofluorescence staining

Mouse spleens were embedded in OCT compound and frozen over dry ice. 10 um sections were cut on a

cryostat, mounted on Superfrost Excell slides (Fisher), and fixed in -20 C acetone for 20 minutes. After
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rehydration in staining buffer (PBS, 1% goat serum, 1% BSA, 0.1% Tween-20), slides were stained with:
B220-PE (RA3-6B2, BD biosciences), CD3-APC (Life Technologies, 500A2) and PNA-FITC (Vector labs).
Images were acquired and analyzed using a Leica DM6000B microscope at 10x magnification, Leica
DFL300 FX camera, and Leica Application Suite Advanced Fluorescence software. Analysis performed

using ImageJ software.
Flow Cytometric Analysis

Single-cell suspensions for spleen, bone marrow (BM), and peritoneal fluid (PF) were obtained as
previously described®? and incubated with fluorescence-labeled Abs for 15 min at 4°C. Transcription
factor labeling was performed using the True-Nuclear Transcription Factor Buffer Set (Biolegend).
Surface Abs were stained for 20 min at 4°C followed by incubation with a transcription factor
fixation/permeabilization solution (TrueNuclear) 35 mins at RT. Transcription factor Abs were then stained
for 35 min at RT in a permeabilization buffer. For intracellular staining, cells were first fixed for 30min at
4°C with fix/perm solution (BD), followed by staining with intracellular Abs for 30min at 4°C in fix/perm

buffer (BD).
Cell cycle analysis using in vivo EdU labeling

5-ethynyl-2’-deoxyuridine (EdU, Thermo Fisher) was dissolved in sterile 1x PBS or DMSO and 1mgin a
volume of 100ul was injected i.p. 1 hr prior to sacrifice. EAU detection was performed with the Click-iT
Plus EdU Pacific Blue and Alexa647 Flow Cytometry Assay Kits (Thermo Fisher). Cells are stained for
surface markers for 15min at 4<C, followed by fixation and incubation with the Click-iT Plus reaction

cocktail according to manufacturer’s instructions.

Cell cycle analysis using in vivo BrdU labeling.

For in vivo labeling of cycling cells, mice were i.p. injected with 1 mg in a volume of 100ul BrdU 24 hrs
prior to sacrifice. Both spleens and BM were collected, and cells were surface stained, fixed and
permeabilized, and treated with DNase for 1 h at 37°C and stained with anti-BrdU FITC (BD Biosciences)

immediately before FACS analysis.
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Phospho-flow analysis

1e6 cells were fixed with Cytofix/Cytoperm solution (BD biosciences) for 20 min at RT in the dark. Cells
were resuspended in 90% methanol and stored at -20 <C for a minimum of 30 mins. Cells were stained
with surface and phospho-site antibodies for 45 min at RT in the dark. For phosphorylation site staining in
the DZ and LZ: cells were fixed as described above, then permeabilized in 90% methanol for 30mins at -
20°C, followed by incubation with antibodies for surface markers for 45 min at RT in the dark, and a

subsequent 45 min incubation with streptavidin and phosphor-site antibodies at RT in the dark.

ELISA

96 well Nunc-Immuno MaxiSorp plates (Thermo Fisher) were pre-coated overnight at 4<C with 2ug/mi
anti-IlgM, anti-lgG, anti-lgG1, and anti-IgG2C (Southern Biotech), or 50ug/mL NP(5)-BSA and NP(30)-
BSA (Biosearch Technologies). Plates were blocked for 1hr with 2% BSA in PBS before addition of
diluted serum (1:6250, 1:31250, 1:156250) for 2hrs at RT or overnight at 4<C. Specific antibodies were
detected using goat anti-mouse IgM-, 19G, 1gG1-, IgG3, or rat-anti IgG2C-horseradish peroxidase
(1:2,000 dilution; Southern Biotech), and peroxidase reactions were developed using OptEIA TMB
substrate (BD biosciences) and stopped with sulfuric acid. Absorbance at 450 nm was read using a
SpectraMax 190 microplate reader (Molecular Devices). 450 nm absorbance was corrected by

subtraction of 570nm absorbance.
Immunoblot analysis

Primary murine naive B cells were purified by CD43 microbead depletion (Miltenyi Biotec). For analysis
of immunized animals, total B lineage cells were isolated with Pan B Cell Isolation Kit || (StemCell). Cell
pellets were lysed in 1x RIPA lysis buffer (1% NP40, 0.25% sodium deoxycholate, 0.1% SDS, 150mM
NaCl, 20mM HEPES pH 7.5, 1mM B-glycerophosphate, 1mM NaF, 10mM Na-pyrophosphate, 1mM Na-
orthovanadate, & Pierce protease inhibitor tablet) on ice for 10 min. Lysates were centrifuged at 17,000
for 20min at 4<C, and supernatant was collected. Protein concentration of cleared supernatants was
determined by bicinchoninic acid (BCA) analysis. performed. 15 ug of sample were run on 4-12% Bis-Tris
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NuPAGE gels (Invitrogen) in 1x MOPs Buffer (Invitrogen). Protein was transferred onto nitrocellulose in
1x Transfer Buffer (Invitrogen) with 10% methanol. Non-specific binding was by incubation with Odyssey
LI-COR Blocking Buffer. All primary antibodies were incubated for a minimum of 12hrs at 4<C except
actin, which was incubated for 1hr at RT. Primary anti-mouse antibodies used for immunoblot analysis
included: Cell Signaling technology - CARD11 (1D12), HSP9O0, p-p65 (Ser536, 93H1), p65 (C-20),
FOXO1 (D7C1H), p-S6 (Ser235/236), S6 (54D2), IkBa (5A5); Santa Cruz Biotechnology — p65; Sigma -
actin (Rb polyclonal). Secondary antibodies were incubated with membranes at 1:10,000 in 1x TBST for
30 min at RT in the dark. Membranes were imaged with Odyssey Infrared Imaging System (LI-COR

Biotechnology, Lincoln, NE). Immunoblot quantification was performed using ImageJ software.
Guassia Luciferase & Cell Titer Glo assay

0.1x108 transduced OCI-Ly7 cells in 100ul media (IMDM+10%FBS+BME) were cultured under the
following conditions: DMSO 1:1000, MLN120B (60nM, 600nM and 1uM), or 50nM Rapamycin. After
16hrs, 20uL of culture supernatant was transferred into a 96 well opaque plate (Corning) with 10uL Gluc
reagent cocktail (1:100 of BioLux GLuc Substrate diluted into BioLux GLuc assay buffer, New England
BioLabs) added and incubated for 45s at room temperature before luminescence was recorded. The
remaining 80puL culture volume was transferred to an opaque 96 well-flat bottom plate with 10uL Cell Titer
Glo reagent (Promega). Cells were incubated with cell titer glo for 15 mins at RT in the dark before

luminescence was recorded.

Single-cell RNA sequencing

Single-cell suspensions were prepared from spleens harvested from mice 5dpi with SRBCs. B lineage
cells were enriched using the EasySep Mouse B Cell Isolation Kit (StemCell). Single-cell cDNA libraries
were generated using the Chromium product suite by 10x Genomics®® and sequenced using an lllumina
NextSeq 500. Cell Ranger (by 10x Genomics) was used for sample demultiplexing, barcode processing,
and single-cell 3’ gene counting, revealing a total cell count of n=1954. Monocle 2 was used for
downstream analysis as described previously® and in the Monocle vignette. Only cells with a total

unique molecular identifier (UMI) count of between 600 and 12500 were included in the analysis
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(n=1945). Cells were clustered using t-SNE, and the major cell types were identified using canonical
marker genes. Non-B cell clusters were completely removed and, in addition, only CD79a-positive cells
were retained for downstream analysis (n=1581). Clustering of B cells only was again performed using t-
SNE. Differential gene expression analysis between WT and aCard111 cells was performed using the

differential-GeneTest function included within Monocle.

Statistical analysis.

Unpaired, two-tailed Student’s ¢ tests and 2-way ANOVA were applied to determine the statistical
significance of the differences between groups of mice. Paired, two-tailed Student’s t tests were applied
to determine the statistical significance of the differences between the cell lines expressing WT or L251P-
CARD11. The p-values were considered significant when P < 0.05 (*), P < 0.01 (**), and P < 0.001 (***).

2-way ANOVA P<0.05 is *, P<0.005 is **, P<0.0005 is ***.

Results
aCARD11 promotes follicular over marginal zone B cell development and alters the B1 compartment

To better understand how aCARD11 impacts B cell biology we developed an inducible model for
expressing CARD11 with a L251P coding change (equivalent to human CARD11-L244P)("® with a cis-
linked GFP reporter knocked-into the endogenous RosaZ26 locus (Fig. 2-1A). For the initial
characterization of B cell maturation, ROSA-aCard11 animals were crossed to the Mb1-Cre strain
(referred to as “Mb1-aCard11”)®%, which initiates Cre recombinase expression at the BM pro-B cell stage.
Importantly, total CARD11 protein levels, in naive splenic B cells in Mb1-aCard11 mice, were minimally
changed relative to control animals (Fig. 2-1B&C). While unlikely, inefficient cleavage of the T2A fusion
protein could impact mutant CARD11 protein levels and contribute to our observations of no difference in
total CARD11 protein. Alternatively, the mutant CARD11 protein may be expressed at lower levels than
the endogenous, wildtype protein, as it has been shown that activated forms of CARD11 have decreased
stability at steady state®®. GFP expression was detected in pro-B cells (B220*IgM-CD43*; ~30-50%) and

in all later developmental stages (Fig. 2-S1A&B; >90% GFP" starting at the small pre-B cell stage). There
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was no significant impact of aCARD11 on B cell subsets in the bone marrow (Fig. 2-S1D). GFP

expression in the periphery was restricted to cells of the B lineage (Fig. 2-S1A&C).

Despite expression of aCARD11 in all peripheral B cells, we did not observe striking differences
in spleen weight or in absolute counts or frequency within the T or myeloid compartments (Fig. 2-S1E-H).
Characterization of splenic B cells revealed a slight increase in total cell numbers (Fig. 2-S1H), decreased
spontaneous GC B cells (Fig. 2-S1l) increased follicular mature (FM) B cells (percentage and absolute B
cell counts) and a decreased percentage of marginal zone (MZ) B cells (Fig. 2-1D-F). There was also no
significant B cell expansion evident in the spleens of older animals (>30 wks, data not shown).
Characterization of B cell subsets in the peritoneal cavity revealed near absence of B1a B cells
(CD19*CD11b*CD5") and marked reduction of B1b B cells (CD19*CD11b*CD5") (Fig. 2-1G-I). Mb1-
aCard11 animals also exhibited decreased total IgM with a trend towards decreased total IgG, despite
equivalent levels of IgG1 and IgG2c (Fig. 2-1J-K, & Fig. 2-S1J-K). The decrease in basal IgM production
likely reflected absence of the B1a compartment, a major source of natural IgM®®. Together, these data
demonstrate establishment of a murine model, expressing an inducible, oncogenic CARD11 variant at
near endogenous levels, leading to modest changes in B2 B cell development and marked reduction in

B1 B cell compartment in the absence of immunization.

aCARD11 promotes more rapid formation and contraction of the GC response

Previous work showed that overexpression of aCARD11 variants in mature mouse B cells
promoted plasmacytic differentiation in response to self-antigen exposure®®. However, the impact of
activating mutations on a GC reaction has not been assessed. To determine how aCARD11 impacts the
response to TD antigens, we first immunized control and aCard11 mice with sheep red blood cells
(SRBC) and evaluated the kinetics of the GC response. We hypothesized that aCARD11 would result in a
larger and more prolonged GC response due to increased NF-kB signaling. Contrary to this prediction,
we observed an altered kinetic in immunized Mb1-aCard11 vs. control mice, with the GC response
reaching an earlier peak (Fig. 2-2A-C, Day 5 post immunization) followed by GC contraction as early as

Day 7 (Fig. 2-2B&C). In contrast, the GC response in control animals peaked between Days 7- 10.
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Consistent with our flow-based data, immunofluorescence studies revealed larger and more abundant
GCs in the spleen at Day 5 in immunized Mb1-aCard11 mice (Fig. 2-2D&E, Fig. 2-S1L). Correlating with
the more rapid GC contraction in Mb1-aCard11 mice, we observed an earlier expansion of the splenic
plasma cell (PC; B220-CD138*) compartment at Day 7 relative to controls (Fig. 2-2F-H). Further, in
contrast to controls, the splenic PC compartment was nearly absent by Day 10 in Mb1-aCard11, without
evidence for increased PC migration to the bone marrow (data not shown). While serum IgM antibody
titers increased with a similar kinetic post-immunization in Mb1-aCard11 and control animals, total IgM
levels were reduced at baseline (Fig. 2-1J & 2-2I) and remained lower at all time points compared to
controls (Fig. 2-21). In contrast, total IgG, IgG1 and IgG2C levels were not significantly different in Mb1-
aCard11 vs. control animals (Fig. 2-2J-K, and data not shown). Together, these findings support a model
wherein aCARD11 enhances GC generation and coordinately promotes terminal differentiation into short-

lived PCs.

GC B cell intrinsic aCARD11 expression is sufficient to alter the kinetics of the GC response

The altered kinetics of TD GC response in Mb1-aCard11 mice might be caused by the increased
development of FM B cells and/or pre-activation of B cells in this strain. To specifically assess the impact
of aCARD11 within an ongoing GC response, we crossed ROSA-aCard11 mice to the Cy1-Cre strain. In
the resulting model (Cy1-aCard11), Cre expression is induced by transcription of the IgG1 constant
region gene (Cy1)5", limiting transgene expression to a subset of B cells that have class-switched. Cy1-
aCard11 mice lacked GFP expression within the splenic non-GC B cells (Fig. 2-3A). Unlike Mb1-aCard11
animals, Cy1-aCard11 mice show no difference in peritoneal B cell subsets (Fig. 2-S2A-C) and have
comparable serum IgM and IgG titers at baseline (Fig. 2-S2D&E). Upon immunization with SRBC, GFP
expression was readily detected in splenic GC B cells and PCs (PCs) (Fig. 2-3A, left and right panels,
respectively), consistent with Cy1-Cre induction in response to immunization. Immunization with SRBC
led to robust GC response in both control and Cy1-aCard11 mice. However, at Day 7, Cy1-aCard11 mice
exhibited a more rapid contraction of the GC response relative to that observed in controls (Fig. 2-3B). In

parallel with more rapid GC contraction, we observed an increase in the PC compartment at Day 7 post-
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immunization in Cy1-aCard11 relative to control mice (Fig. 2-3C). While these findings mirrored the rapid
contraction of the GC and earlier PC production present in Mb1-aCard11 mice, the Cy1-aCard11 model
did not reproduce the early peak in the GC; likely due to the requirement for class switching to trigger

initial aCARD11 expression.

To determine whether the PCs generated in aCard11 mice were capable of producing antigen-
specific antibodies, we immunized Cy1-aCard11 and control mice with the TD antigen NP-CGG in order
to track the NP-specific antibody response. Despite the absence of GC B cells at 12 dpi, Cy1-aCard11
mice exhibited increased serum titers for both high- and low-affinity NP-specific total IgG and IgG1 (Fig.
2-3D&E). Together, these data suggest that aCARD11 promotes rapid terminal differentiation of B cells
into PCs, including antigen-specific PCs, following antigen encounter. These findings also demonstrate
that GC B cell intrinsic expression of aCARD11 is sufficient to alter the kinetic of the GC response to TD

antigens.
aCARD11 enhances cycling in vivo and skews GC polarization

We next tested whether the earlier peak of the GC response in Mb1-aCard11 animals reflected
enhanced cycling driven by aCARD11. Previous studies have shown that activating mutations in CARD11
enhance proliferation in vitro?? and can switch the response to self-antigen recognition in vivo from
antigen-induced cell death to proliferation®®. To determine whether GC B cells expressing aCARD11
exhibit higher rates of proliferation, we immunized control and Mb1-aCard11 mice with SRBC and, at one
hour prior to sacrifice at the peak of the GC response (Day 5 post immunization), mice were injected
intraperitoneally with the thymidine analog, ethynyl deoxyuridine (EdU). We observed a significant
increase in the frequency of EdU™ cells within both the GC and PC compartments in Mb1-aCard11
compared to control mice (Fig. 2-4A-C). In contrast, we observed no difference in EdU incorporation in
pro/pre B cells (IgM-B220*, Fig. 2-S3A&B) and no difference in EdU incorporation in non-GC B cells (Fig.
2-S3C, B220*CD95CD38"). Thus, the increased cycling observed in aCARD11 GCs and PCs is unlikely
the result of changes prior to immunization or GC entry. Together, these data demonstrate that aCARD11

significantly enhances both GC B cell and plasmablast proliferation.
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Next, we assessed whether the enhanced cell cycling in aCARD11 GC B cells correlated with
alterations in the polarization of the GC response. The GC is polarized into two zones: light zone (LZ) and
dark zone (DZ). The DZ is the proliferative compartment within the GC("). Using the SRBC immunization
model, we observed ~2:1 ratio of DZ (CD86'°CXCR4") to LZ (CD86"CXCR4'"°) GC B cells in control mice
at Day 5 post immunization. In Mb1-aCard11 mice, GC B cells exhibited exaggerated DZ skewing yielding
an ~3:1 DZ to LZ ratio (Fig. 2-4D&E). One possible explanation for this finding includes an increase in
naive B cells that enter the GC response (perhaps due to a lower activation threshold). In contrast to this
idea, however, we also observed an increased frequency of BrdU* GC B cells (bromodeoxyuridine, Fig. 2-
S3D) and exaggerated DZ skewing (~3:1 ratio —Fig. 2-S3E) in the Cy1-aCard11. We queried whether the
enhanced cycling we observed was restricted to the DZ, as that could account for the exaggerated
skewing. Rather than a majority of EdU* cells restricted to the DZ, we observed enhanced cycling in both
DZ and LZ cells at similar proportions within Mb1-aCard11 mice compared to controls (Fig. 2-4F&G). This
finding implies that aCARD11 causes dysregulated cycling throughout the GC.

We also assessed the transcriptional program of GC B cells in the Mb1-aCard11 model.
Activation induced cytidine deaminase (AID) promotes both SHM and CSR in GC B cells and DZ B cells
have increased AID expression compared to LZ B cells®”). Mb1-aCard11 GC B cells (B220*CD95"PNAM)
expressed greater levels of AID compared to control GC B cells at the peak of the GC response (Fig. 2-
4H&l), consistent with skewing of the GC towards a DZ phenotype. AID expression is regulated by
FOXO1, a critical transcriptional regulator of the DZ program. FOXO1 deletion in GC B cells results in a
loss of the DZ®). Surprisingly, we observed decreased expression of FOXO1 within total GC B cells
(B220*CD95"PNA") in Mb1-aCard11 mice at the peak of the GC response (Fig. 2-S3F&G). Decreased
FOXO1 may indicate enhanced PI3K signaling since Akt, downstream of PI3K, phosphorylates FOXO1
resulting in nuclear export and increased proteasomal degradation®®. However, GC B cell restricted
expression of constitutively active PI3K results in a loss of the DZ, reminiscent of GC B cell intrinsic
deletion of FOX01G:39), In summary, expression of aCARD11 in GC B cells increases their proliferation

and promotes a DZ phenotype.
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GC B cells expressing aCARD11 demonstrate elevated mTORC1 signaling

GC-specific, hyper-activation of mechanistic target of rapamycin (mTOR) results in DZ skewing
and larger GC cell size®¥, reminiscent of the phenotype in the Mb1- and Cy1-aCard11 models. mTORC1
signaling, triggered in response to positive selection within the LZ, yields increased biomass that permits
GC B cells to undergo subsequent rounds of proliferation within the DZ. mTORC1 hyperactivation has
also been shown to drive plasma cell development when TSC1 is deleted in mature B cells®. GC B cells
are more metabolically active, correlating with increased mTORC1 activity, cell size, glucose uptake, and
mitochondrial biomass®"). Using forward scatter (FSC) as a measure of cell size, we observed a
significant increase in the size of GC B cells and PCs in both Mb1-aCard11 (Fig. 2-5A) and Cy1-aCard11
(Fig. 2-S4A&C) mice compared to controls (at Day 5 post-immunization with SRBC). Further dissection of
the GC into DZ vs LZ cells showed that aCARD11 expressing cells in the DZ trend towards a larger FSC
than their control counterparts while LZ cells are significantly larger than control LZ cells (Fig. 2-5B & Fig.
2-S4B).

To explicitly determine if mMTORC1 signaling is increased in this strain, we quantified
phosphorylation of ribosomal protein S6 and eukaryotic translation initiation factor 4E-binding protein 1
(4E-BP1), major downstream targets of the mTORC1 pathway®?. Using flow cytometry, we observed a
significant increase in pS6 and p4E-BP1 in GC B cells (B220*CD95"CD38") in Mb1-aCard11 mice
compared to controls (Fig. 2-5C-F). Immunoblotting of total splenic B cells (including naive and GC B
cells, plasmablasts and PCs) from immunized mice further supported our findings, with evidence for
increased pS6 in Mb1-aCard11 mice (Fig. 2-S4D&E). As anticipated, we also observed a trend towards a
decrease in total basal IkBa in unimmunized Mb1-aCard11 B cells compared to controls (Mb1°®*, Fig. 2-
S4D&E), consistent with enhanced NF-kB activation('®. Segregation of GC B cells into DZ vs LZ cells,
demonstrated increased pS6 and p4E-BP1 in both populations in Mb1-aCard11 mice compared to
controls (Fig. 2-5G-J). Thus, the enhanced mTORC1 signature observed is not solely due to increased
DZ skewing in Mb1-aCard11 mice. The increased pS6 and p4E-BP1 in the aCard11 GC B cells is
potentially a result of their increased biomass. However, it remains unclear whether the increased

biomass precedes elevated mTORC1 signaling, or, conversely, is a result of enhanced mTORC1
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signaling. Together, these data indicate that aCARD11 expression enhances NF-kB signals and, directly

or indirectly, potentiates mTORC1 signaling, in response to TD antigens.

Cells overexpressing aCARD11 manifest an NF-kB -independent elevation in mTORC1 signaling

To further assess the impact of aCARD11 on signaling, we next analyzed basal signaling
differences in a GC B cell like (GCB)-DLBCL line, OCI-Ly7, whose survival is not dependent on CARD11.
This GCB-DLBCL line was transduced with lentiviral vectors expressing either flag-tagged wildtype (WT)
CARD11 or CARD11-L251P and a cis-linked GFP marker (Fig. 2-6A). Using cells closely matched for
GFP expression and viral copy number, we observed increased pS6 in aCARD11 expressing cells (Fig.
2-6B&C). Of note, consistent with increased turnover of aCARD11%%, CARD11 protein levels were
significantly reduced in CARD11-L251P transduced samples (data not shown). Consistent with this
finding, aCARD11 cells exhibited enhanced NF-kB signaling as assessed using an NF-kB reporter and
by immunoblotting, demonstrating increased phospho-p65 and decreased total IkBa (Fig. 2-6B-D). To
determine whether the enhanced mTORC1 signaling characteristic of CARD11-L251P expressing cells is
dependent on NF-kB signaling, CARD11-L251P expressing cells were treated with the IKK-2 inhibitor,
MLN120B®3), While MLN120B treatment significantly reduced NF-kB signaling, measured by diminished
NF-kB driven luciferase production (Fig. 2-6D), we observed no difference in pS6 levels post treatment
(Fig. 2-6E), unlike treatment with rapamycin. Our findings demonstrate that enhanced mTORC1 signaling
in CARD11-L251P expressing cells is NF-kB -independent, however, whether mTORC1 signaling is
directly or indirectly driven by oncogenic CARD11 remains unclear.

Activation of mMTORC1 requires mTORC1 recruitment to the lysosome, which is induced by amino
acid sensing. Patients with hypomorphic, dominant-negative mutations in CARD11 display decreased
pS6, as well as diminished expression of amino acid transporters('). CD98 is a heterodimer comprised of
a heavy chain (S/c3a2) covalently linked to one of several light chains (e.g. LAT1/Slc7a5 or
LAT2/SIc7a8), that function as amino acid transporters®4). Aside from amino acid transport, CD98 plays a
role in cell adhesion, growth and survival®®, To determine whether CD98 expression is altered in
aCARD11 expressing cells, we analyzed GC B cells in control and Mb1-aCard11 mice at 5 days post

immunization with SRBCs. We observed a significant increase in surface CD98 expression on aCard11



GC B cells compared to controls (Fig. 2-6F&G). Analysis of DZ and LZ cells demonstrated that the DZ
displays greater expression of CD98 (Fig. 2-6F&G). Increased expression of CD98 in DZ cells in Mb1-
aCard11 mice may support the observed increase in cycling, allowing GC B cells to better compete in the
setting of limited nutrient availability. However, our data cannot distinguish whether the increase in CD98

facilitates or merely reflects the observed exaggerated DZ skewing.

aCARD11 signaling likely enhances class switch recombination

Pharmacological inhibition and murine models of B cell intrinsic deletion of Rictor or Raptor,
demonstrate the importance of the mTORC1/pS6 axis in promoting class switch recombination (CSR).
Treatment of B cells with ATP-competitive mTOR kinase inhibitors (TOR-KIs) that targeted both
mTORC1/2, or conditional deletion of Rictor, a key component of the mTORC2 complex, resulted in
enhanced CSR. In contrast, inhibition of MTORC1 by rapamycin or B cell specific deletion of Raptor,
required for mTORC1 function, reduced CSR and plasmablast formation®®. Mass-cytometry (CyTOF)
has demonstrated that GC B cells with the highest levels of pS6 also express the highest levels of
IgG1®". These data support a model wherein cells with increased mTORC1 activity are selected to
undergo CSR. Our findings indicate that aCARD11 alters the kinetic of the GC response and GC B cells
expressing aCARD11 display enhanced mTORC1 signaling. We used single-cell RNA-sequencing
(scRNA-seq) to interrogate the impact of aCARD11 on the transcriptome of B cells in response to
immunization. Total B cells and PCs were isolated from Mb1-aCard11 and control (Mb1¢™*) mice at Day
5 post-immunization with SRBCs, and processed for scRNA-seq using the Chromium product suite by
10x Genomics®3). Cell Ranger (10x Genomics) and Monocle 2% were used for data analysis. We
obtained single-cell expression profiles for a total of 1954 cells. Unsupervised clustering was performed to
identify and remove non-B lineage cells (Fig. 2-S5A), as well as to separate B cells into non-activated vs
GC B cells and plasmablasts (PBs, Fig. 2-7A). The GC cluster was characterized by high transcript levels
of AID (AICDA —Fig. 2-S5B) and genes associated with cell cycle progression and DNA-repair pathways
previously shown to be upregulated in GC B cells(). The plasmablast cluster was characterized by high
transcript levels of Xbp1 (Fig. 2-5C), a transcription factor specifically upregulated in antibody-secreting

cells (ASCs)®"). Consistent with our flow and immunohistochemistry findings, Mb1-aCard11 mice were
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found to have increased GC and plasmablast compartments (Fig. 2-7B). Differential gene expression
analysis between control and aCARD11 cells revealed membrane-bound and secreted BCR isotypes
amongst the most significantly differentially expressed genes within the GC and PB compartments. The
GC B cells in the aCARD11 samples showed an increase in membrane-bound total IgG transcripts with a
concomitant decrease in membrane-bound IgM, compared with controls (Fig. 2-7C-top &D). Similarly,
within the plasmablast cluster, aCARD11 cells exhibited increased secreted IgG transcripts and
decreased secreted IgM compared to control cells (Fig. 2-7C-bottom &E). aCARD11 GC B cells also
showed increased secreted IgG transcript levels, suggesting that they are on their way to becoming
plasmablasts, as well as decreased membrane bound IgM in the plasmablast compartment (Fig. 2-

S5D&E).

To determine if CSR is altered at the protein level, we also performed FACS analysis of PCs at
Day 5 post-immunization in Mb1-aCard11 and control mice to assess intracellular Ig levels and the
antibody isotype being produced. Compared with control cells, PCs in Mb1-aCard11 mice exhibited an
increased proportion of in IgMIgG1-PCs (B220-CD138*) following immunization (Fig. 2-S5F&G). These
“double-negative” PCs have likely switched to an IgG isotype other than IgG1, as there is a significant
decrease in IgG1* PCs as well (Fig. 2-5F&G). These findings, while not definitive, are consistent with a

model whereby aCARD11 expression increases CSR during a TD immune response.

Discussion

CARD11 plays a pivotal role in B and T cell function through regulation of the antigen receptor
(AgR)-NF-kB signaling axis. Expanding work has identified both germline and somatic, loss-of function
(LOF) and gain-of-function (GOF) variants in CARD11, providing insight into human immune development
and function. Germline GOF CARD11 mutations lead to an immune dysregulation disorder referred to as
B cell expansion with NF-kB and T cell anergy (BENTA)®?2 8 These patients have defects in humoral
responses to some vaccines, with decreased switched memory B cells and T cell hyperresponsiveness.
In contrast, somatic CARD11 GOF mutations are enriched in ABC-DLBCL, a post-GC malignancy

exhibiting mutated Ig V genes and a gene expression signature that includes plasmablast genes('?).
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Previous murine models of Card11 GOF variants utilized pan-B lineage transgenic expression®”) or
lentiviral expression and adoptive transfer®® to assess the impact on developing and mature B cells, but
did not assess the role of these variants in TD immune responses. In this study, we characterized the
impact of an activating mutation in CARD11 on B cell development and, most notably, within the GC
response. We show that B cell intrinsic expression of aCARD11 markedly alters the innate B cell
compartment while exerting only limited impact on the naive B2 B cell compartments. B cell-intrinsic
aCARD11 expression substantially impacts GC dynamics leading to more rapid GC formation and
resolution with enhanced terminal differentiation. aCARD11 expressing GC B cells exhibit increased
cycling and DZ skewing. Surprisingly, in addition to increased NF-kB signals, aCARD11 GC B cells
exhibit enhanced mTORC1 signaling. Consistent with these findings, a DLBCL cell line overexpressing
CARD11-L251P demonstrated enhanced NF-kB and mTORC1 signaling in the absence of stimulation.
Thus, aCARD11 potentially modulates multiple critical signaling pathways that uniquely alter the GC

response.

Expression of aCARD11 during B cell development exerted only minimal impact on BM and
splenic B2 B cell development but lead to an unexpected impact on the innate B cell compartment.
aCARD11 expression had no appreciable impact on BM B cell development or the number or proportion
of splenic transitional B cells. Mb1-aCard11 mice, however, exhibited a modest increase in the proportion
and number of FM B cells, a change that accounted for a moderate increase in total B2 cell numbers. In
parallel, these animals exhibited a decreased frequency of MZ B cells. BENTA patients exhibit polyclonal
expansion of immature, transitional, and naive mature B cells®®®). In contrast, aCARD11 expression led to
loss of the peritoneal B1 compartment with near absence of the B1a B cell subset and marked reduction
in B1b B cell numbers. Loss of these innate-like B cell populations correlated with decreased serum IgM
in unimmunized Mb1-aCard11 mice. While not answered in our studies, a range of mechanisms might
account for these findings. One possibility is that aCARD11 promotes terminal differentiation of B1 B
cells, similar to the enhanced PC response observed following TD immunization (see below). However,
the combined reduction of both B1 B cells and IgM argues against this idea. Alternatively, aCARD11

signals may impact B lineage fate at an early stage of B1 B cell development or limit resting and/or
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activated B1 cell survival. Notably, previous studies in Card11”- and Bcl/107- mice® ¢ reported defects in
both the MZ and B1 compartments, suggesting that signals mediated by the CBM complex are required
for development and/or maintenance of these populations. The parallel findings in Card11 loss- vs gain-
of-function mice, suggest that precise tuning of one or more CARD11 dependent signals (NF-kB , JNK
and/or mTORC1; see also below) is required for B1 development or maintenance and that perturbation in
either direction promotes loss of innate B cells. Of note, consistent with our data, IgM levels are
consistently reduced in human subjects with BENTA®2 68 BENTA patients exhibit impaired responses to
T-independent polysaccharide vaccines, and low serum titers to some T-cell dependent viral vaccines
have been observed in some patients®). These defects in T-independent humoral responses parallel our
findings of diminished innate B cell populations and decreased IgM titers in the Mb1-aCard11 mice. The
similarities between our mouse model and the BENTA phenotype may indicate that aCARD11 expression
would yield dampened T-independent humoral responses in our mouse model, and will be a focus of
future studies. While the B1 B cell compartment has not been evaluated in BENTA, this may be a fruitful
area for future study. Defining CARD11-dependent signals essential for the B1 development or survival is

likely to provide insight into the regulation of this important population.

Using two distinct, inducible B cell-intrinsic models, we show that expression of the CARD11-
L251P is sufficient to alter GC dynamics. Upon immunization, aCARD11 expression promoted both
accelerated GC formation and resolution. At the peak of the GC response, aCard11 mice exhibited
exaggerated DZ skewing compared to controls. This change correlated with enhanced cycling and
increased AID expression, increased cell biomass, enhanced pS6 and p4E-BP1 levels, and decreased
FOXO1 levels illustrating a unique impact of aCARD11 on B cell intrinsic signaling. Importantly, nearly all
of these observations were recapitulated in a model where aCARD11 expression was restricted to GC B
cells (Cy1-Cre), indicating that these changes are not due to a developmental impact of aCARD11 in the
Mb1-cre model. GOF mutations in CARD171 yield a spectrum of NF-kB activation'® that support survival,
proliferation, and terminal differentiation. In contrast to previous work using retroviral overexpression of
aCARD11 mutants in primary murine B cells®®, CARD11 expression was comparable to endogenous

levels in our knock-in model. Further, while CARD11-L251P mediates less robust constitutive NF-kB
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activation compared to the L225L1 mutation modeled in previous studies(® 2% 2"), our combined data
demonstrate that B cell intrinsic, endogenous level CARD11-L251P expression (as would occur following

mutation in somatic cells) is sufficient to drive enhanced cycling of GC DZ cells.

In addition to its impact on DZ cells, aCARD11 expressing LZ cells are likely more responsive to
AgR- and, potentially, to costimulatory or cytokine signals that mediate activation and promote
differentiation, GC exit and GC dissolution. NF-kB signaling in B cells promotes IRF4 and Blimp1
expression leading to terminal differentiation. Consistent with this idea, both B cell-intrinsic GC models
revealed a major impact on the rate of PC generation in response to immunization. Cy1-aCard11 and
Mb1-aCard11 animals exhibited a ~6- and 8-fold increase in splenic PCs, respectively. PCs in the Mb1-
aCard11 model exhibited enhanced cycling and cell biomass was increased in both models at the peak of
the GC response. Cy1-aCard11 animals also exhibited an increase in antigen-specific IgG and IgG1 at 12
days post-immunization. These observations are consistent with previous work showing that GOF
mutations in CARD11 promote proliferation and plasmacytic differentiation(?®. Similarly, expression of
CARD11-L225LlI, using a similar Rosa26 transgenic model®®”), lead to diffuse organ infiltration of
plasmacytic cells and early mortality. In contrast to aCARD11, B cells expressing constitutively active
IKKPB exhibit increased proliferation in vitro but fail to persist in vivo in the presence of self-antigen.
Similarly, GC B cell-restricted expression of constitutively active IKK2 (IKK®4)79 did not significantly alter
the GC response, antibody levels or PC formation. The phenotypic differences observed across the
aCARD11 vs. the IKK®* models supports the idea that aCARD11 can influence B cell fate via both NF-kB

-dependent and -independent signals.

Consistent with the role for aCARD11 in enhanced NF-kB signaling!'® 2% 27 CARD11-L251P
expressing murine B cells (Mb1-aCard11 model) and DLBCL lines exhibited reduced IkBa levels.
Importantly, in the context of the GC, we demonstrate that cells expressing aCARD11 have additional
alterations in signals critical for GC function including, most notably, mTORC1. Our findings demonstrate
that CARD11-L251P may directly, or indirectly, promote enhanced mTORC1 signaling as indicated by
increased DZ skewing, biomass and pS6 and p4E-BP1 levels in murine GC B cells and elevated basal

pS6 in a CARD11-L251P expressing GCB-DLBCL cell line. mMTORC1 signals play a critical role in GC
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biology. B cell intrinsic deletion of Raptor, a key adaptor for the mTORC1 complex, blocks PC
differentiation and antibody secretion”"). Similarly, hypomorphic mTOR variants inhibit humoral responses
to antigen("). Raptor deletion at the peak of the GC, or treatment with rapamycin after GC initiation,
results in premature collapse of the GC"). In contrast, hyperactive mTORC1 skews GC B cells towards a
DZ phenotype®?. In adoptive transfer models, however, nTORC1 hyperactive GC B cells are
outcompeted at later time-points demonstrating the importance of coordinate regulation of this pathway.
We specifically observed increased cell biomass and pS6 and p4E-BP1 levels were in aCARD11 GC B
cells and plasma cells following immunization (and not in non-GC B cells). The GC comprises a hypoxic,
nutrient deprived microenvironment due, in part, to the rapid proliferation of activated B cells®'- 73, The
altered GC response in the animal models described here suggests that aCARD11 may be particularly
effective in promoting GC expansion in this “stressful” environment. While not tested here, aCARD11 may
also facilitate this process by lowering the BCR activation threshold, allowing for a more efficient positive
selection by T follicular helper cells or FDC-delivered antigen in the LZ. In this context, aCARD11
expressing B cells might also gain increased sensitivity to co-receptor signals and amino acid sensing

pathways that mediate mTORC1 activation.

How CARD11 links AgR signaling to mTORC1 remains unclear. Our findings suggest there is a
link between CARD11 and mTORC1 signaling in GC B cells, an idea that is consistent with, and expands
upon, earlier in vitro studies in T cell lines and primary T cells. Studies in CD4* T cells support the idea
that IKK activity is not required for CARD11-dependent mTORC1 induction('®: 7). Work using CARD11-
deficient Jurkat T cells and mouse CD4* T cells reported decreased pS6 levels in response to CD3/CD28
stimulation('®). One model proposes that CARD11 complexes with MALT1 to activate mTORC1,
independent of Bcl10. Consistent with this idea, the paracaspase activity of MALT1 was required for
mTORC1 induction whereas blocking Bcl-10 or IKK2 had no impact on pSé6 levels after CD3/CD28
stimulation. In contrast, another study showed a partial, impairment in mTORC1 in Bcl10-deficient naive
CD4* T cells after TCR/CD28 stimulation™® perhaps reflecting differences in culture or stimulation
conditions(™®. Our studies of CARD11-L251P expressing DLBCL cell lines support a model in which

mTORC1 signaling is independent of NF-kB signaling. It has been postulated that CARD11 modulates a
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novel signaling-axis involved in amino acid sensing that cooperates with PISK/AKT to activate mTORCA1.
Diminished pS6 correlates with decreased expression of ASCT2 and CD98 in CD4*T cells from patients
with dominant negative CARD11 mutations('). Conversely, our data suggest that aCARD11 enhances
this signaling-axis and plays a pivotal role in B cells, particularly during a GC response. While Slc1a5”"
(ASCT2") mice do not exhibit defects in TD GC responses(’®), B cell intrinsic deletion of CD98 heavy
chain (Slc3a5™#xCD19¢*) impairs antibody responses and plasma cell formation®*). CD98 functions in
both integrin signaling and amino acid transport(’”: 78). However, the impact these distinct functions in vivo
has not been deconvoluted. CD98 (Sic3a2-Sic7a5 heterodimer) acts as a bidirectional transporter which
exports intracellular L-glutamine in exchange for the import of L-leucine and activates mTORC1("). CD98
is upregulated upon B cell activation and confers a selective advantage to GC B cells®®). The increase in
CD98 expression on aCARD11 GC B cells suggests that they are likely more responsive to amino acid
sensing, resulting in heightened mTORC1 signals. Alternatively, aCARD11 expression could sensitize
cells to integrin-mediated signals, which would support enhanced cycling and survival. Thus, while the
precise link(s) between CARD11 and mTORC1 in B cells remains to be elucidated, our data in
association with previous findings in T cells, strongly supports a model in which altered mTORCA1
signaling, due to enhanced amino acid sensing and/or NF-kB -independent mTORC1 activation
downstream of CARD11, functions in conjunction with enhanced NF-kB signals to alter the GC response.
Multiple types of B cell malignancies that arise from GC and post-GC B cells exhibit GOF
mutations in CARD11 including diffuse large-, marginal zone-, mantle cell- and follicular-B cell ymphomas
and, less commonly, also Waldenstrom macroglobulinemia, lymphoplasmacytic lymphoma, and primary
central nervous system lymphoma('% 237981 gCARD11 GC B cells exhibited increased AID expression
and increased expression of switched transcripts and an increase in the secreted form of switched
transcripts within plasmablasts by ssRNA-seq analysis. While Mb1-aCard11 and control mice displayed
equivalent IgG and IgG1 levels after SRBC immunization, PCs in aCARD11 animals were predominantly
IgM'1gG1- at day 5 post-immunization, consistent with increased class switching. Previous work indicates
that CSR to IgG1 drives GC B cells towards a plasma cell fate®?), suggesting that enhanced class
switching in aCARD11 expressing cells may similarly increase plasma cell differentiation. Both enhanced

CSR and plasma cell differentiation may be due to enhanced mTORC1 signaling in aCARD11 expressing
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GC B, as mTORC1 promotes both CSR and plasma cell differentiation(® 83 These events likely function
in concert with additional mutations acquired during the GC response to promote lymphomagenesis in
GC-derived B cells. ABC-DLBCLs express high levels of AID and heavily mutated IgH genes and a
requirement for AID activity during oncogenesis has been demonstrated in multiple models®* 8%, In our
aCard11 mice, overcoming the premature collapse of the GC may be required to allow additional
oncogenic hits to be acquired, promoting lymphomagenesis. DLBCLs exhibit inactivation of
BLIMP1/PRDM1 at levels >50%®®), thus modeling aCARD11 signaling in the context of a block in terminal
differentiation to study the impact of these coordinating oncogenic events in promoting lymphomagenesis

is a line of inquiry we are currently pursuing.

In summary, we demonstrate that aCARD11 expression markedly alters GC dynamics and cell
fate decisions. Disease-associated, activating CARD11 mutations have previously been shown to exhibit
a spectrum of NF-kB activation. Our data build upon those findings indicating that aCARD11 may
potentiate mTORC1 signaling. Many ABC-DLBCLs (~50%) are refractory to current therapeutic regimens
and it has been shown that follicular lymphomas®” and mantle cell lymphomas expressing aCARD11 are
resistant to ibrutinib treatment® 88, Our combined findings suggest that aCARD11 contributes to
resistance in aggressive lymphomas via enhancement of these distinct signaling programs and that

mTORC1 inhibitors should be explored as a potential treatment option in tumors expressing aCARD11.
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Figure 1-2. B lineage aCARD11 expression leads to modest alterations in mature B2 B cells but
near absence of B1 B cells. A. Schematic showing activated mouse CARD11 (CARD11-L251P) with a
self-cleaving T2A-linked GFP reporter in the RosaZ26 locus. B. Representative immunoblot of CARD11
levels in naive B cells in Ctrl and Mb1-Cre-aCard11 mice. C. Quantification of CARD11 levels showing
data from 2 independent experiments with N=5 Ctrls & 7 Mb1-aCard11 mice. D. Representative flow plots
of splenic B cell subsets with gating schema to identify B cell subsets: early transitional, T1
(B220*CD24*CD21%), late transitional, T2 (B220*CD24*CD21™"), marginal zone precursor, MZp
(B220*CD24*CD21"CD23*), marginal zone, MZ (B220*CD24*CD21"CD23"), and follicular mature, FM
(B220*CD24"CD21™) B cells. E. Frequency and F. Absolute number of B cell subsets. Black: Ctrl mice -
animals lacking expression of the aCard11 transgene. Red: Mb1-aCard11 mice - homozygous for the
aCard11 transgene and heterozygous for Mb1-Cre. G. Representative flow plots of B cell subsets in
peritoneal fluid: B1a (CD19*CD11b*CD5"), B1b (CD19*CD11b*CD5"), and B2 (CD19*CD11b-CD5"). H.
Frequency and I. Absolute number of peritoneal B cell subsets (per mL of peritoneal fluid). Significance
defined as P< 0.05 by 2-way ANOVA. J. IgM and K. IgG serum titers. J-K: Significance defined as P<
0.05 by unpaired t-test. D-K: Data from 2 independent experiments: N=9 Ctrl mice, N=10 Mb1-aCard11

mice at ~12 wks of age.
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Figure 2-2. B cell intrinsic aCARD11 expression alters the kinetics of the GC response. Ctrl (Cre-
negative littermates & Mb1°®* mice) and Mb1-aCard11 mice (homozygous for aCard11 transgene) were
immunized as indicated with either PBS or sheep red blood cells (SRBC). A. Representative flow plots of
splenic GC (B220*CD95MCD38") B cells at 5 days post immunization (dpi). Top panels: Ctrl, bottom
panels: Mb1-aCard11 mice. B. Frequency and C. Absolute number of GC B cells post immunization at
indicated time points. D. Representative splenic tissue sections in Ctrl (littermate controls) and Mb1-
aCard11 mice at 5dpi. Blue: anti-CD3, Red: anti-B220, and Green: PNA. E. Number of germinal centers
(PNA* foci) normalized to total area (mm?) of splenic tissue section. F. Representative flow plots of PCs
(B220-CD138") at 5dpi. Top panel: Ctrl, bottom panel: Mb1-aCard11 mice. E&F: Data representative of 5
ctrl and 5 Mb1-aCard11 mice 5dpi with SRBCs from 3 independent experiments. G. Frequency and H.
Absolute number of PCs post immunization. 1. IgM, J. IgG, K. IgG1 serum titers at Days 5, 7, 10, and 21
post-immunization. Significance defined as P< 0.05 by 2-way ANOVA. Data shown in A-C&F-K include:
PBS immunization: 13 ctrls, 12 Mb1-aCard11; SRBC immunization — Day 5: 15 ctrls, 15 Mb1-aCard11;
Day 7: 10 ctrls, 10 Mb1-aCard11; Day 10: 5 ctrls, 6 Mb1-aCard11; Day 21: 7 ctrls, 7 Mb1-aCard11. Data
for each timepoint is representative of at least 2 independent experiments.
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Figure 2-3. GC B cell intrinsic aCARD11 expression induces rapid GC peak and contraction with
increased terminal differentiation. A. (Right panel) GFP expression in ctrl (Cre-negative littermates)
and aCard11** mice crossed to the Cy1-Cre strain showing non-GC (B220*CD95°CD38") and GC
(B220*CD95MCD38") B cells at day 5 post-immunization with SRBC. Left panel: filled histogram: non-GC
(grey=Ctrl, pink= Cy1-aCard11), open histogram: GC (Black=Ctrl, red= Cy1-aCard11). Right panel. GFP
expression in PCs (B220-CD138*). B. Percentage of splenic GC B cells in PBS controls and at Days 5
and 7 post-immunization with SRBC (P=0.001 at 7dpi). C. Percentage of splenic PCs post-immunization
(P<0.001 at 7dpi). To measure antigen-specific antibody response, Cy1-aCard11*- and control mice (Cre-
negative littermates & Cy1°®*) were injected with PBS or 50ug NP-CGG injected i.p. D. Low- (NP-30)
and high-affinity (NP-5) NP-specific IgG serum titers. E. Low- and high-affinity NP-specific IgG1 serum
titers. D-E: Serum titers 12 days post immunization. For panels B-E, each timepoint represents at least
two independent experiments with significance defined as P<0.05 using 2-way ANOVA. P<0.05.
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Figure 2-4. aCARD11 promotes GC B cell cycling and DZ skewing. A-C & F-G. Ctrl and Mb1-
aCard11 mice were immunized with SRBC and sacrificed on day 5 post-immunization for analysis of B
cell populations. In A-C, 1mg EdU was injected i.p. at 1hr prior to sacrifice. A. Representative histograms
showing the relative proportion of EJU* cells in the non-GC (B220*CD95°CD38"), GC
(B220*CD95MCD38"), and PC (B220-CD138*) compartments. B. Percent EdU* cells in GC B cells
(P=0.002). C. Percent EJU" cells in PCs (P=0.007). Blue triangles: control animals without EJU labeling,
1 per experiment. A-C: Data representative of two independent experiments using 8 Ctrls and 6 Mb1-
aCard11 (EdU injected) and 2 untreated animals, significance defined as P<0.05 using student’s unpaired
t-test. D. Representative flow plots of DZ (CXCR4*CD86") vs LZ (CXCR4:CD86") GC B cells at 5dpi. E.
Ratio of DZ to LZ cells within the GC at 5dpi (P=0.013). D-E: Data is representative of 3 independent
experiments, with 13 Ctrl and 14 Mb1-aCard11 mice, significance defined as P<0.05 using student’s
unpaired t-test. F. Representative histograms showing the relative proportion of EAU™ cells in DZ (left,
CD19*CD95"CD38°CXCR4*CD86°) and LZ (right, CD19*CD95"CD38'°CXCR4-CD86*) GC B cells in
littermate controls (top) and Mb1-aCard11 (bottom) mice. G. Percent EAU* cells in the DZ and LZ within
the germinal center B cell population. Black circles: littermate controls, red squares: Mb1-aCard11, & blue
triangles: animals without EdU labeling (1 per experiment). F&G: Data representative of 2 independent
experiments with 5 Ctrls and 6 Mb1-aCard11 (EdU injected) and 2 untreated animals, significance
defined as P<0.05 using 2-way ANOVA. H. AID expression in non-GC (B220*CD95PNA") and GC
(B220*CD95*PNAY) B cells at 5dpi. Filled histograms: non-GC B cells - grey=Ctrl and pink=aCard11.
Open histograms: GC B cells - black=Ctrl and red=aCard11. I. Fold change in median fluorescence
intensity for AID over ctrl non-GC B cells (P<0.001). H-I: Data representative of 3 independent
experiments with 13 Ctrl and 13 Mb1-aCard11 mice, significance defined as P<0.05 using 2-way ANOVA.
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Figure 2-5. GC B cells expressing aCARD11 exhibit increased mTORC1 signaling. Ctrl and Mb1-
aCard11 mice were immunized with SRBC and sacrificed on Day 5 post-immunization for analysis of B
cell populations. A. Median forward scatter (FSC-A) of non-GC B cells (B220*CD95"°CD38"), GC B cells
(B220*CD95"CD38") and PCs (B220-CD138"*). B. Median forward scatter (FSC-A) of DZ (CXCR4*CD86)
and LZ (CXCR4CD86") GC B cells. C-D are representative of 4 independent experiments, statistics
calculated by 2-way ANOVA. C. pS6 in non-GC (B220*CD95'°CD38") and GC (B220*CD95"CD38"°) B
cells. Filled histograms: non-GC B cells (Grey=Ctrl & pink=aCard11). Open histograms: GC B cells
(black=Ctrl & red=aCard11). D. Fold change in pS6 median expression normalized to average pS6
median in Ctrl non-GC B cells. Data representative of 2 independent experiments, N=8 Ctrl and N=8
Mb1-aCard11 mice. Significance defined as P<0.05 by 2-way ANOVA, P=0.044. E. p4E-BP1 in non-GC
and GC B cells. Filled histograms: non-GC B cells (Grey=Ctrl & pink=aCARD11). Open histograms: GC B
cells (black=Ctrl & red=aCARD11). F. Fold change in p4E-BP1 median expression normalized to average
p4E-BP1 median in Ctrl non-GC B cells. Data representative of 2 independent experiments, N=7 Ctrl and
N=6 Mb1-aCard11 mice. Significance defined as P<0.05 by 2-way ANOVA, P<0.001. G. Representative
histogram overlays pS6 within the DZ (left, CD19*CD95"CD38"°CXCR4*CD867) and LZ (right,
CD19*CD95"CD38°CXCR4-CD86™) in Ctrl (black) and Mb1-aCard11 (red) mice. H. Median fluorescence
intensity of pS6 in DZ and LZ cells in Ctrls and Mb1-aCard11 mice. |. Representative histogram overlays
of p4E-BP1 in DZ and LZ in Ctrl (black) and Mb1-aCard11 (red) mice. J. Median fluorescence intensity of
p4E-BP1 in DZ and LZ cells in Ctrls and Mb1-aCard11 mice. G-J: Data representative of 2 independent
experiments with 5 Ctrls and 7 Mb1-aCard11 mice. Significance defined as P<0.05 by 2-way ANOVA.
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Figure 2-6. DLBCL B cells expressing aCARD11 exhibit increased pS6 independent of NFkB
signaling. The GCB-DLBCL line, OCI-Ly7, was transduced with lentiviral vectors encoding murine, flag-
tagged WT CARD11 or CARD11- L251P and a cis-linked GFP reporter. A. Immunoblot showing
expression of flag-tagged CARD11 in transduced cell populations. B. Representative immunoblot of basal
signaling in WT or CARD11-L251P cells. C. (Right) Quantification of signaling using imageJ of pS6
normalized to total S6 (P=0.017), p-p65 normalized to total p65 (P=0.031), and total IkBa normalized to
HSP90 (P=0.041). Combined data from 3 experiments; significance defined as P<0.05 using student’s
paired t-test. Data in A-C are representative of 7 biological replicates. D. NF-kB activity (luciferase)
normalized to viability (Cell Titer Glo) after treatment with different doses of IKK-2 inhibitor for 16hrs.
Area under the curve is significantly different between WT and CARD11-L251P, calculated by student’s
paired t-test. Data represents 3 independent experiments. E. Fold change in pS6 median fluorescent
intensity of CARD11-L251P expressing OCI-Ly7 cells normalized to untreated cells. Data representative
of 3-independent experiments with 3 biological replicates. Significance defined as P<0.05 by One-way
ANOVA. F. Representative histogram overlays of CD98 expression on (leff) non-GC B cells (filled
histograms — grey: Ctrl, pink: Mb1-aCard11, CD19*CD95'°CD38") and GC B cells (open histograms —
black: Ctrl, red: Mb1-aCard11, CD19*CD95MCD38"°); (middle) DZ (CD19*CD95"CD38°CXCR4*CD86")
and (right) LZ (right, CD19*CD95"CD38'°CXCR4-CD86*) GC B cells in Ctrl (black) and Mb1-aCard11
(red) mice. G. MFI of CD98 on non-GC, GC, DZ and LZ cells in Ctrls and Mb1-aCard11 mice. F-G: Data
representative of 2 independent experiments with 5 Ctrls and 7 Mb1-aCard11 mice. Significance defined
as P<0.05 by 2-way ANOVA.
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Figure 2-7. aCARD11 promotes Ig class-switching in GC B cells and generation of IgG1 secreting
PCs. Ctrl (Mb1¢*™*) and Mb1-aCARD11 mice were immunized with SRBC and sacrificed on Day 5 post-
immunization for scRNA sequence analysis (see methods). A. A t-SNE plot of 1581 single B cells reveals
3 clusters: Red — non-activated, green — GC, and blue — plasmablasts. B. Fraction of B cell clusters in A
within Ctrl and Mb1-aCard11 samples. C. t-SNE plots of B cells (as shown in A) illustrating gene
expression — left: Ctrl cells, right: Mb1-aCard11. Depicted are transcript levels of membrane bound IgM
(upper left), secreted IgM (lower left), membrane bound IgG1 (upper right), and secreted IgG1 (lower
right). D. Expression levels of membrane bound IgG (left, P=3.1x103°) and IgM (right, P=1.6x1074)
transcripts in GC B cells. E. Expression levels of secreted IgG (left, P=2.4x10%8) and IgM (right,
P=1.7x10-14%) transcripts in GC B cells. D-E: Ctrl in blue, Mb1-aCard11 in red. D-E: P values were
calculated using the likelihood ratio test included within Monocle’s differential-GeneTest function.
Showing data from 1 of 2 representative experiments.
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Figure 2-S1. Mb1-aCard11 mice have mild splenomegaly with unaltered bone marrow B cell
development. A. Representative histograms of GFP expression in B cell subsets in the BM (right panel)
and spleen (left panel) of Mb1-Cre-aCard11 mice. B. Frequency of GFP* cells in BM B cell subsets. C.
Frequency of GFP* cells in splenic B cells (B220%), T cells (CD3*), and non-B&T (B220"CD3"). D.
Absolute cell counts of BM B cell subsets from 1 leg (per animal) in ctrl and Mb1-Cre-aCard11 mice: pro
(B220*IgM-CD43"), large pre (B220*IgM-CD43-SSC"), small pre (B220*IgM-CD43-SS"), immature
(B220*IgM*1gD"), and mature (B220*IgM*IgD*). E. Spleen weight. F. Total splenocytes. G. Frequency of
splenic B cells (B220*), CD4* T cells (CD3*CD4"), CD8* T cells (CD3*CD8") and non-B&T cells (B220"
CD3"). H. Absolute cell counts of splenic subsets. . Frequency of spontaneous GC B cells
(B220*CD95MCD38). J. IgG1 serum titers. K. IgG2c serum titers. I-K: Significance defined as P<0.05 by
student’s unpaired t-test. A-K: data representative of 2 independent experiments with 9 Ctrls and N=10
aCard11 mice all ~12 wks of age. L. Area (mm?) of individual germinal centers (PNA* foci) in splenic
tissues sections from Ctrl (littermate controls) and Mb1-aCard11 mice at 5dpi with SRBCs. Area
measured by ImageJ, with significance defined as P<0.05 by unpaired t-test. Data representative of 3
independent experiments with 5 Ctrls and 5 Mb1-aCard11 mice.
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Figure 2-S 2. Cy1-aCard11 mice have normal peritoneal B cells and serum Ig titers. A.

Representative flow plots of B cell subsets in peritoneal fluid: B1a (CD19*CD11b*CD5"), B1b
(CD19*CD11b*CD5"), and B2 (CD19*CD11b"CD5%"). Left: Ctrl (Cre-negative littermate control), and right:
aCard11 (Cy1-aCard11). B. Frequency and C. Absolute number of peritoneal B cell subsets (per mL of

peritoneal fluid). D. IgM serum titers. E. IgG serum titers. A-C: data representative of 2 independent

experiments with 4 Ctrls (aCard11) and 4 aCard11 (Cy1-aCard11) mice all ~12-15 wks of age.
Significance defined as P< 0.05 by 2-way ANOVA. D&E: Data representative of 3 independent
experiments with 8 Ctrls and 8 Cy1-aCard11 mice 11-15 wks of age. Significance defined as P< 0.05 by

unpaired student’s t-test.
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Figure 2-S 3. aCARD11 enhances cycling of GC B cells and PCs, with no impact on cycling in the
bone marrow. A-C. Ctrl and Mb1-aCard11 mice were immunized with SRBC and sacrificed on day 5
post-immunization for analysis of B cell populations. In A-C, 1mg EdU was injected i.p. 1hr prior to
sacrifice. A. Representative histograms showing the relative proportion of EAQU* cells in pro/pre B cells
(left column - B220*IgM-") and immature/mature B cells (right column - B220*IgM*) in the BM. B. Percent
EdU" cells in pro/pre and immature/mature B cells in the BM from PBS and SRBC immunized mice at
5dpi. C. Percent EdU* cells in non-GC (B220*CD95°CD38"), GC (B220*CD95"CD38"), and PC (B220-
CD138%) compartments. Significance defined as P<0.05 by student’s unpaired t-test. A-C: Data
representative of two independent experiments using 8 Ctrls (black circles) and 6 Mb1-aCard11 (red
squares) (EdU injected), and 2 untreated animals (open circles). D-E. Ctrl and Cy1-aCard11 mice were
immunized with SRBC and sacrificed on day 5 post-immunization for analysis of B cell populations. 1mg
of BrdU was injected ip 24hrs prior to sacrifice. D. Percent BrdU* cells in GC (B220*CD95MCD38"°) at 5dpi
with SRBCs. E. Ratio of DZ to LZ cells within the germinal center at 5dpi (as defined in Fig 4). D&E: Data
representative of N=5 Cirls (black) vs N=6 Cy1-aCard11 (red) from 2 independent experiments,
significance defined as P<0.05 by student’s unpaired t-test. F. Representative histogram of total FOXO1
protein in non-GC (B220*CD95PNA") and GC (B220*CD95"PNA") B cells. Filled histograms: non-GC B
cells (Grey=Ctrl and pink=aCard11). Open histograms: GC B cells (black=Ctrl and red=aCARD11). G.
Fold change in FOXO1 median expression normalized to average FOXO1 expression in Ctrl non-GC B
cells. Data in A-B representative of 2 independent experiments, N=8 Ctrl and N=8 Mb1-aCard11 mice.
Significance defined as P<0.05 using 2-way ANOVA, P<0.001.
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Figure 2-S 4. aCARD11 enhances cell biomass and mTORC1 signaling. A-C. Ctrl and Cy1-aCard11
mice were immunized with SRBC and sacrificed on day 5 post-immunization for analysis of B cell
populations. A. Median forward scatter (FSC) of GC B cells (B220*CD95"CD38"). B. Median forward
scatter (FSC) of DZ (CXCR4*CD86) and LZ (CXCR4CD86") GC B cells (as defined in A). C. Median
forward scatter (FSC) of PCs (B220-CD138"). A-C are derived from 2 independent experiments,
significance defined as P<0.05 by student’s unpaired t-test. D-E. Ctrl and Mb1-aCard11 mice were
immunized with SRBC and sacrificed on day 5 for western blot analysis of splenic B cell populations. D.
Representative immunoblot using purified splenic B cells and plasma cells derived from PBS or SRBC
immunized mice at 5dpi. Each lane depicts protein data from an individual control or aCard11 animal
immunized with PBS or SRBC as indicated. Graphs to the right indicate quantification of data from 2
independent experiments, with 6 Ctrl and 5 Mb1-aCard11 mice for PBS and 5 Ctrl and 4 Mb1-aCard11
mice for SRBC. E. Quantification of immunoblots using ImagedJ: pS6 normalized to total S6, total S6
normalized to HSP90, FOXO1 normalized to HSP90, and total IkBa normalized to HSP90. Significance
defined as P<0.05 by student’s unpaired t-test.
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Figure 2-S5. aCard11 enhances CSR. Ctrl (Mb1¢®*) and Mb1-aCARD11 mice were immunized with
SRBC and sacrificed on Day 5 post-immunization for scRNA sequence analysis. A. t-SNE plot of 1954
total cells: non-B cells in blue and B cells in pink. B. t-SNE plot of B cell clusters illustrating expression of
AICD primarily in the GC cluster. C. t-SNE plot illustrating that XBP1 expression is primarily found in the
PB cluster. D. Expression levels of secreted IgG1 (left, P=1.4x1028) and IgM (right, 3.8x10-3¢) transcripts
in GC B cells. E. Expression levels of membrane bound IgG1 (left) and IgM (right, 2x10724) transcripts in
PBs. D-E: Showing data from 1 of 2 representative experiments. Ctrl in blue, Mb1-aCard11 in red. D-E: P
values were calculated using the likelihood ratio test included within Monocle’s differential-GeneTest
function. F. Representative flow plots of cytoplasmic BCR isotype of PCs (B220-CD138*). Top panels:
Ctrl; bottom panels: Mb1-aCard11 from SRBC immunized animals. G. Percent of IgM-IgG1-, IgG1*, and
IgM* cells within the PC compartment in Ctrl (black) vs Mb1-aCard11 (red) mice. Statistical significance
defined as P<0.05 calculated by 2-way ANOVA. F-G: data representative of 2 independent experiments
with 8 Ctrl and 6 Mb1-aCard11 mice.
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Chapter 3

Activated PIK3CD drives innate B cell expansion yet limits B cell intrinsic immune responses

Introduction

Phosphatidylinositol 3-kinase (PI3K) signaling plays a critical role at several stages of B cell
development. While deletion of either PIK3CD (p1108) or PIK3R1 (p85) in mice limits central B cell
development, mature B cell development is also altered, resulting in development of fewer B1 and
marginal zone (MZ) B cells®?®. These cellular defects contribute to decreased immunoglobulin production,
weak responses to Tl antigens and lack of response to TD antigens in mice®® 32 or humans deficient in
either PIK3CD®% or PIK3R134). Conversely, B cell-specific activation of class 1A PI3Ks, as assessed
using genetic models of PI3K hyper-activity, also leads to defects in both Tl and TD responses. For
example, deficiency of either the PI3K phosphatases, INPP5D®® 37) or PTEN®®), or forced expression of
membrane-tethered PIK3CA®Y, results in loss of B cell class-switch recombination and maturation in

response to TD antigens.

As suggested from the data in mice, primary immunodeficiency in humans can be caused by
germline mutations in PIK3CD (p1100) or PIK3R1 (p85) that increase class 1A PI3K signaling. Patients
with activating mutations in either gene present with complex immune phenotypes that include
susceptibility to bacterial and viral respiratory infections, B cell lymphopenia, effector-memory T cell
hyperplasia and senescence, antibody dysregulation (increased IgM and decreased 1gG2)“2-44 and
acquisition of B cell ymphoma. The cell intrinsic roles for B and T cells in this newly identified immune
dysregulation disease, called Activated Phosphoinositide 3-kinase-d Syndrome (APDS), have not been
carefully elucidated. Here, we report an inducible murine model of APDS driven by a common activating
mutation in PIK3CD (hE1021K, mE1020K). Our data show that many aspects of the APDS clinical
phenotype can be explained by B cell-intrinsic, activated PISKD-driven signaling. Dysregulated PI3K
signals in B cells leads to defects in immature B cell development, preferential expansion of innate-like B
cells, increases in natural IgM and a naive B cell compartment that lacks the capacity to respond

appropriately to immune challenge.
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Materials and Methods

Mice

Mb1¢re* CD21Cr"* AIDCeCe uMT mice were bred and maintained in the specific pathogen-free animal
facility of Seattle Children’s Research Institute and handled according to Institutional Animal Care and
Use Committee-approved protocols. aPIK3CD mice were generated by knockin of mutant exon 24
bearing E1020K in 3'>5’ orientation downstream of endogenous exon 24, flanked by loxp sites as shown
in Supp Fig 1A. The targeting vector also included a neo-cassette flanked by frt sites in the endogenous
PIK3CD locus that was removed by intercross with Flp-strain mice (ACTB:FLPe B6J mice, Jackson labs)
following germline transmission. aPIK3CD mice were subsequently crossed to various B cell specific cre-
bearing strains as described to induce excision of endogenous exon 24 and expression of mutant exon
24, via cre-mediated double-stranded breaks at the indicated Loxp and mLoxp sites, resulted in fixing the
inversion in place as previously described (Fig. 3-S1A)®%, Mb1¢ mice were provided by M. Reth (Max
Planck Institute of Immunobiology, Freiburg, Germany). All aPIK3CD mice in this study are heterozygous

for the E1020K mutation and all control (Ctrl) animals are cre-negative littermates.
Immunization

16-30-week old mice were i.p. immunized with 50 ug of NP-Ficoll (Biosearch technologies) in 200ul. For
virus-like particle (VLP) immunization, mice 12-18 weeks of age were injected i.p. with 2ug/250ul VLPs or
250ul 1x PBS. For Pneumovax23 (Merck) injection, mice were injected with 0.125ug/200ul i.p. per mouse

or 200ul 1x PBS.
Droplet digital PCR assay

ddPCR assays were performed in a total volume of 25 uL. Each reaction contained 50 ng of gDNA with a
final 1X ddPCR Supermix for probes (Bio-Rad), 900nM of primers and 250 nM of each reference (labeled
with HEX) and junction (labeled with FAM) probes. Droplets containing this reaction mix were generated
(Bio-Rad QX200 ddPCR droplet generator) and amplified by PCR with the following thermocycler
conditions: one cycle of 95°C for 10 min; 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s;
one cycle of 98°C for 10 min; followed by holding at 12°C. Amplified samples were analyzed on the
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QX200 Droplet Reader (Bio-Rad) using the QuantaSoftTM software (Bio-Rad). To calculate flipping
frequency, HEX-positive droplets of junction probe were divided by FAM-positive droplets of reference

probe. The same threshold was applied to all samples for each probe to define the positive droplets.
PI3K-Fw: AACCCGTACCCAACAAACAT;

PI3K-Rev: GCTAACGAAGAGAGGGACAC;

Reference probe: HEX-CCTGCGGCTACTGACACGAC-BHQ1;

Knock-in/junction probe: FAM-ACCTCAGGGAGGGACAGAATGGACCCC-BHQ1.

Reagents

LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Invitrogen) was used according to manufacturer’s
instructions. Alexa-Fluor 350 carboxylic acid, succinyl ester (Invitrogen) was used according to
manufacturer’s instructions. Anti-murine antibodies used in the study include: eBioscience - CD38 (90),
IgM (11/41), CD8 (53-6.7), Gr-1/Ly-6G (RB6-8C5), SA-e450; Southern Biotech - IgD (11-26), BP-1
(FG35.4), A (JC5-1); Biolegend - B220 (RA3-6B2), CD19 (6D5), CD24 (M1/69), CD21 (7E9 & 7G6), CD23
(B3B4), BP-1 (6C3), CD4 (GK1.5); BD Biosciences - CD43 (S7), CD21 (7G6), CD19 (1D3), CD138 (281-
2), CD95/Fas (Jo2), IgG1 (A85-1), k (187.1), CXCR4 (2B11), CD86 (GL1), CD11b (M1/70), CD5 (53-7.3),

SA-PE.; Life Technologies - CD3 (500A2), SA-AF700, SA-APC; Vector labs - PNA.
Competitive chimera bone marrow transplantations

Bone marrow (BM) was harvested from donor WT (CD45.1) and Mb1-aPIK3CD (CD45.2), and single-cell
suspensions were mixed at a 50:50 ratio for retro-orbital injection of 5x10° cells into lethally irradiated
(900 cGy) uMT (CD45.1/CD45.2) recipients. Resulting BM chimeras were sacrificed 12—14 wk post-

transplantation. Data are representative of 2 independent experiments.
Flow cytometric analysis

Single-cell suspensions from spleen, BM, and peritoneal fluid (PF) were obtained as previously

described®? and incubated with fluorescence-labeled Abs for 15 min at 4°C. For phospho-flow analysis,
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1e6 cells were fixed with fix/perm solution (BD) for 20 min at RT in the dark. Cells were resuspended in
90% methanol and stored at -20 C for a minimum of 30 mins. Cells were washed with FACs buffer
(1xPBS plus 2% FBS) twice and stained for surface and phospho-site antibodies for 45 min at RT in the

dark. Data were collected on an LSRII (BD) and analyzed using FlowJo software (Tree Star).

Cell cycle analysis

For in vivo labeling of cycling cells, mice were intraperitoneally injected with 1 mg BrdU 24 h prior to
sacrifice. Both spleen and BM were collected, and cells were surface stained, fixed, permeabilized,
treated with DNase for 1 h at 37°C, and stained with anti-BrdU FITC (BrdU kit from BD Biosciences). Data

were collected on an LSRII (BD) and analyzed using FlowJo software (Tree Star).

ELISA

To test total serum Ig titers, 96 well Nunc-Immuno MaxiSorp plates (Thermo Fisher) were pre-coated
overnight at 4<C with 2ug/ml anti-IgM, anti-lgG, anti-lgG1, anti-IgG2C, and anti-IgG3. For total Ig ELISASs,
serum was diluted 1:6250, 1:31250, and 1:156250. Serum diluted at 1:200 was tested for reactivity to
dsDNA (Sigma-Aldrich), sm-RNP (ATRO1-10; Arotech Diagnostics Limited) and malondialdehyde-
modified low-density lipoprotein (MDA-LDL; 20P-MD L-105; Academy Biomedical) at 100 ug/ml. To detect
NP-specific antibody levels in serum, 96 well Nunc-Immuno MaxiSorp plates were coated with NP(30)-
BSA (50ug/mL; Biosearch technologies) overnight at 4<C. Serum was diluted 1:8000, 1:16000, 1:32000,
and 1:64000. To test reactivity to VLP, plates were coated with 1 ug/mL Qb VLP antigen, and serum was
2x-serially diluted from 1:200-1:409600. To test reactivity to Pneumovax23, plates were coated with
10ug/ml Pneumovax, and serum was diluted 1:100. Plates were blocked for 1hr with 2% BSA in PBS
before addition of diluted serum for 2hrs at RT or overnight at 4<C. Specific antibodies were detected
using goat anti-mouse IgM-, IgG-, IgG1-, IgG3-, or rat anti-mouse 1IgG2C-horseradish peroxidase (1:2000
dilution; SouthernBiotech). Peroxidase reactions were developed using OptEIA TMB substrate (BD) and

stopped with sulfuric acid. Absorbance at 450 nm was read using a SpectraMax 190 microplate reader
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(Molecular Devices). For total Ig titers, 450 nm absorbance was corrected by subtraction of 570 nm

absorbance. For antigen specific ELISAs 450 nm absorbance was reported.
Apoptosis assays

Total cells from spleen, BM, and PF were incubated with fluorescently labeled antibodies for 30 min at
4°C in staining buffer, followed by TUNEL-based apoptosis analysis. Cells were fixed overnight at 4°C in
2% PFA, permeabilized for 2 min on ice in perm solution (0.1% TritonX-100, 0.1% sodium citrate), and
labeled according to the manufacturer’s instructions (In Situ Cell Death Detection kit, Fluorescein; Sigma-
Aldrich). Data was collected using an LSR Il and analyzed using FlowJo software. For AnnexinV staining,
total cells from spleen or PF were incubated with fluorescently labeled antibodies for 15 min at 4°C in
staining buffer, followed by AnnexinV staining with dead cell apoptosis kit (Life Technologies). Cells were
resuspended in 1x Annexin-binding buffer and stained with AnnexinVV-488 for 15 min at RT in the dark.
The reaction was quenched with 1x Annexin-binding buffer, and samples were run immediately on an

LSRII (BD) and analyzed using FlowJo software (Tree Star).

Statistical analysis

Unpaired, two-tailed Student’s t tests were applied to assess statistical significance of the differences
between groups of mice. For experiments that have more than two groups, more than two treatments or
more than two time-points, one- or two-way analysis of variance was used to assess group and treatment
differences and the Bonferroni method was used to correct for multiple hypotheses in pairwise

comparisons. The p-values were considered significant when P < 0.05 (*), P < 0.01 (**), and P < 0.001

(***).

Results

A cell intrinsic model for tissue-specific knock-in of activated PIK3CD

To understand how activating mutations in the catalytic subunit of PIK3CD impact the
differentiation and homeostasis of immune cells, we generated an inducible mouse model of PIK3CD-

E1020K (equivalent to hE1021K, hereafter referred to as ‘aPIK3CD’). A targeting vector containing the
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aPIK3CD mutation within exon 24 of the Pik3cd gene and relevant cre-lox sites was introduced by
homologous recombination into the endogenous Pik3cd locus. The mutant exon was placed in the
opposite orientation of transcription (3'—5’) and downstream of the endogenous exon 24. Upon Cre-
mediated excision, the endogenous exon 24 is excised and the mutant exon is flipped so that its
transcription is subject to endogenous regulation (Fig. 3-S1A). Using droplet digital (dd)PCR with knock-in
(junction)-specific probes, we confirmed the flipping efficiency in CD21¢*aPIK3CD*- to be ~50% and
restricted to the B cell lineage, as expected in a heterozygote genotype (Fig. 3-S1B-D). These data
demonstrate establishment of an efficient murine model that enables tissue-specific expression of

aPIK3CD.

Expression of aPIK3CD in developing B cells leads to BM B lymphopenia

APDS patients exhibit peripheral B cell lymphopenia(*? 44.45.47) Bone marrow (BM) B cell
phenotyping in a limited number of APDS subjects has suggested that aPIK3CD may impact the pre-B-I
stage leading to an increased proportion of apoptotic CD199™ B cell progenitors®” or, similarly based on
alternative surface markers, a proportional increase in CD10"CD20"¢ early B cell progenitors®“®). To
better understand the consequences of hyperactive PI3K signaling during early B cell development, we
crossed aPIK3CD animals to the Mb1-Cre strain to drive aPIK3CD expression beginning at the pro-B cell
stage®®). To minimize the indirect effects of long-term aPIK3CD expression, we focused our analyses on
cohorts 11-13 weeks of age. Mb1-aPIK3CD mice displayed diminished frequency and ~50% reduction in
the absolute number of bone marrow (BM) B cells (Fig. 3-1A&B, Fig. 3-S1G). Detailed characterization of
the BM B cell compartment demonstrated an increased proportion of pro-B cells (B220*IgM-CD43*) and a
decreased frequency of mature recirculating B cells (B220*IgM*IgD™, Fig. 3-1C & Fig. 3-S1G). By
absolute cell counts we observed a reduction in the number of small pre- and mature recirculating B cells
(Fig. 3-1D; Fig. 3-S1G). Thus, while previous human studies were unable to assess total BM B progenitor
cell numbers, consistent with phenotypic data from APDS subjects, B cell intrinsic aPIK3CD expression
restricts BM B lymphopoiesis with its major impact at the pre-B stage leading to a proportional increase in

pro-B cells and reduction in the absolute number of pre-B, immature and recirculating B cells.
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aPIK3CD expression promotes expansion of peripheral innate B cell compartments

We next evaluated the impact of aPIK3CD on peripheral B cell development. In the peritoneum,
Mb1-aPIK3CD mice displayed increases in both the proportion and absolute number of B1a B cells (Fig.
3-1E&F, Fig. 3-S1H) and a proportional reduction in the frequency, but not the number, of B1b and B2 B
cells. In the spleen, Mb1-aPIK3CD mice exhibited an increased proportion of MZ B cells and a decrease
in the proportion of follicular mature (FM) B cells with a similar trend in cell numbers (Fig. 3-1G&H, Fig. 3-
S11). As anticipated based upon biochemical analysis of primary T and B cells in APDS subjects® 45 47),
all splenic B cells subsets displayed increased phosphorylation of ribosomal protein S6 (pS6;
Ser235/236) compared to controls (Fig. 3-S1E&F). Thus, despite a reduction in BM B cell development, B
cell intrinsic aPIK3CD expression is sufficient to drive expansion of both the B1a and MZ B cell

compartments.
aPIK3CD B cells exhibit differential selection within the immature vs. MZ and B1a compartments

To precisely assess the specific stages of B cell development wherein cells expressing aPIK3CD
exhibit altered competitive selection, we performed BM chimera studies using mixed populations of
wildtype (WT, CD45.1%) and Mb1-aPIK3CD (aPIK3CD, CD45.2*) BM transplanted into congenically
marked, B cell deficient, uMT recipients (CD45.17/CD45.2*). Recipient mice were characterized 12 weeks
post-transfer to interrogate chimerism within B cell developmental stages. Within the BM, relative to
aPIK3CD cells, WT B cells were enriched at the immature stage (B220*IgM*IgD"), an advantage that
remained despite skewing the input BM ratio to 2:1 in favor of aPIK3CD B cells (Fig. 3-2A-B). As the
absolute number of immature B cells is primarily dependent upon clonal expansion of pre-B cells, this
reduced competitive fitness likely reflects the diminished small pre-B cell compartment (Fig. 3-1D)

observed under homeostatic conditions.

Similar to our observations in the periphery of Mb1-aPIK3CD mice, despite their being at a
disadvantage prior to egress from the BM, aPIK3CD B cells outcompeted WT cells within the B1a (Fig. 3-

2C&D) and MZ compartments (Fig. 3-2E&F). In addition to the impact on the B1a cells, we observed

53



skewing in favor of aPIK3CD B1b B cells, suggesting that aPIK3CD globally promotes B1 B cell fitness

and enhances the activated B1a CD5* phenotype.

To determine whether aPIK3CD alters innate B cell populations independently of early B lineage
commitment, we crossed aPIK3CD mice to the CD21-Cre strain. In this model, aPIK3CD is first
expressed at the splenic T1 stage and to a somewhat lesser degree in peritoneal B cells®?. CD21-
aPIK3CD displayed an expansion of innate B cells, including an increased frequency of B1a cells, with a
trend towards increased numbers (Fig. 3-2G&H), and significant increases in MZ B cell numbers with a
concomitant decrease in FM B cells (Fig. 3-21&J). While chimeric studies suggested a trend for increased
proportion of aPIK3CD transitional B cells (Fig. 3-2E&F), absolute numbers of T1/T2 and MZp B cells
were unchanged in CD21-aPIK3CD mice. Thus, restricting aPIK3CD expression to peripheral B cell

stages is sufficient to drive expansion of innate B cell populations.

aPIK3CD does not alter cycling but differentially impacts immature vs. innate B cell survival.

To clarify how aPIK3CD leads to reduced BM B cells and higher B1a and MZ B cell numbers, we
quantified its effects on cell proliferation and survival. To measure proliferation, Mb1-aPIK3CD and control
mice were injected 24 hours prior to sacrifice with BrdU, a thymidine analog incorporated into DNA during
S phase. We observed no difference in BrdU* BM B cell subsets in Mb1-aPIK3CD vs. Ctrl mice (Fig. 3-
3A, Fig. 3-S2A). In the periphery, aPIK3CD B1a B cells exhibited decreased proliferation and B1b cells
showed a similar trend (Fig. 3-3B). Peritoneal B2 (Fig. 3-3B) and splenic B cell subsets including MZ B

cells (Fig. 3-3C) showed no differences in cycling in Mb1-aPIK3CD mice compared to controls.

Because there is no evidence of altered cycling under homeostatic conditions, we postulated that
the reduction in immature B cells and/or expansion of innate B cells reflected differences in cell survival.
Analysis of WT vs. aPIK3CD B cells in the chimeric setting demonstrated an increased frequency of
aPIK3CD expressing immature B cells undergoing apoptosis (TUNEL®, Fig. 3-3D, Fig. 3-S2B). Under
homeostatic conditions, removing the impact of hyperactive PI3K signaling in the BM, we observed

decreased TUNEL* B1a B cells in CD21-aPIK3CD mice (Fig. 3-3E) and similar trends in MZ precursor
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(MZp) and MZ B cells (data not shown). In the chimeric setting, we observed a decreased proportion of
apoptotic aPIK3CD MZ B cells (Fig. 3-3F). Consistent with these data, MZ B cells and peritoneal B cells
exhibited decreased Annexin V staining, an alternative measure of apoptosis (Fig. 3-S2C-F). Together,
these data show that B cell intrinsic aPIK3CD expression promotes innate B cell survival without altering
proliferation. Conversely, aPIK3CD expression limits survival of immature B cells, and may be selected

against, without impacting proliferation.

aPIK3CD expression drives plasma cell formation that correlates with elevated natural IgM

To assess the impact of aPIK3CD on immunoglobulin production and terminal differentiation, we
quantified plasma cell (PC) numbers and antibody isotypes. We observed a significant increase in
frequency and number of splenic PCs (B220-CD138%) in the absence of immunization (Fig. 3-4A&B). In
chimeras, we found that aPIK3CD B cells out-competed WT B cells in the germinal center (GC)
(B220*CD95MCD38) and PC compartments (Fig. 3-4C&D, Fig. 3-S3A), supporting the idea that

hyperactive PI3K signaling enhances terminal differentiation.

To further investigate the functional impact of alterations in PC, B1a and MZ B cells we quantified
serum antibody. Mb1-aPIK3CD exhibited a ~3-fold increase in both IgM and IgG3 (Fig. 3-4E). Restricting
expression of aPIK3CD to peripheral B cells also resulted in an increase in serum IgM and IgG3 (Fig. 3-
4G). B1 B cells are the major source of IgM and IgG3 natural antibodies that recognize self- and non-
self/microbial antigens®". Many natural antibodies recognize oxidation-specific epitopes on lipids and
apoptotic cells. We found that MDA-LDL and phosphorylcholine (PC) reactive IgM were increased (Fig. 3-
4F), and reactivity to nuclear antigens was reduced (Fig. 3-S3B&C) in Mb1-aPIK3CD compared to control
animals. Restriction of aPIK3CD expression to peripheral B cells led to a similar phenotype (Fig. 3-4H).
These findings suggest that hyperactive PI3K enhances the formation of PCs, that are derived, at least in

part, by activation of innate B cells leading to increased serum levels of natural antibodies.

While B1a B cells have been proposed to generate natural IgM in murine models ©29%), analysis

of BM IgM* PCs and peritoneal cell transfer studies suggest that an early B1 progenitor may preferentially
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seed the natural IgM* PC compartment®®. To test this idea, we quantified B1 progenitors in the BM and
observed significant increases in their number and proportion (Fig. 3-S3D-F) in aPIK3CD mice®”. In
future studies, aPIK3CD models could be used to define these progenitors and assess other B1 B cell

functions, including generation of IL10 producing subsets.

B-intrinsic aPIK3CD expression blunts Tl immune responses

The elevated IgM and innate B cell numbers in aPIK3CD mice suggested these mice might
exhibit an increased Tl immune response. To test this hypothesis, we immunized Mb1-aPIK3CD and
control mice with the Tl antigen, NP-Ficoll. Despite increased basal NP-specific IgM, seven days post
immunization Mb1-aPIK3CD mice had reduced NP-specific IgM compared to controls (Fig. 3-5A&B). The
fold change in antigen-specific IgM was also reduced (~1.4 fold vs ~6.5 fold in controls). Mb1-aPIK3CD
mice also exhibited decreased NP-specific IgG3 at baseline and post-immunization (Fig. 3-S3G&H).
Notably, APDS patients suffer from recurrent sinopulmonary infections with encapsulated bacteria (S.
pneumonia and H. influenzae) and exhibit diminished responses to polysaccharide-based vaccines®? 44
45), To test whether aPIK3CD mice exhibit a defective response to polysaccharide antigens, we
immunized control and Mb1-aPIK3CD mice with Pneumovax23 and measured antibody titers at 6 and 12
days post-immunization. Similar to alterations in mice immunized with NP-Ficoll, Mb1-aPIK3CD mice
exhibited higher baseline levels of antigen-specific IgM (Fig. 3-S31). While peak IgM antibody titers were
similar to controls (Fig. 3-5C), the overall fold-induction of antigen-specific antibody was reduced ~1.5-2-
fold in the Mb1-aPIK3CD mice (Fig. 3-5D). Thus, B cell intrinsic aPIK3CD expression blunts the capacity

to mount a Tl immune response.

B-intrinsic aPIK3CD expression skews GCs toward a light zone fate and limits Ig class-switching
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Patients with APDS exhibit defects in circulating, class-switched memory B cells, normal or
reduced serum IgG with preferential loss of IgG2(“2 44.45.47) | ymph node biopsies have revealed either
increased or decreased GC B cell follicles with normal or reduced IgG positive cells®3 44 %) |gG and IgA
transcripts exhibit minimal differences in AID targeting and SHM®“") and in vitro studies of primary B cells
from APDS patients revealed either normal or reduced production of class-switched antibodies(®® %9,
Together, these previous observations suggest that aPIK3CD expression may inhibit class-switch
recombination in human B cells. Similarly, alternative mouse models of GC-restricted hyperactive PI3K
signaling exhibit defective class-switch recombination® 3. To directly assess how aPIK3CD impacts a TD
immune response, we challenged mice with virus-like-particles (VLPs) containing a TLR7 ligand. To
eliminate any impact of aPIK3CD on B cell development or BCR repertoire, we performed studies using
the AID-Cre strain. In this model, aPIK3CD expression is induced upon transcription of AID, which is most
highly expressed in GC B cells®". At 14 days post VLP immunization, we observed no differences in the
frequency of total or VLP-specific GC B cells (Fig. 3-5 E-G). GC B cell intrinsic deletion of FOX0O1® or
constitutive activation of PI3K (p110a)®® results in a reduction of the GC dark zone (DZ) compartment.
Consistent with these previous findings, GC B cells in AID-aPIK3CD mice demonstrated skewing towards
a light zone (LZ; CXCR4-CD86") phenotype (Fig. 3-5H&I). To determine how aPIK3CD impacts the
production of antigen-specific antibodies we measured VLP-specific serum titers. At 14 days post
immunization, AID-aPIK3CD mice exhibited a heightened VLP-specific IgM response compared to control
animals (Fig. 3-5J). In contrast, AID-aPIK3CD mice generated a blunted class-switched response with
reduced levels of VLP-specific total IgG and IgG2c, the dominant isotype triggered in response to VLP
immunization (Fig. 3-5K&L). To assess the impact of aPIK3CD when expressed in all peripheral B cell
populations, we performed identical immunization studies using CD21-aPIK3CD mice (Fig. 3-S3J-0). In
this setting, we also observed a modest increase in the proportion of GC B cells with reduced VLP-
specificity, LZ skewing and reduced levels of VLP-specific total IgG and IgG2c in CD21-aPIK3CD
compared to control animals. Thus, consistent with previous observations in APDS subjects and in
alternative mouse models of activated PI3K, B cell intrinsic aPIK3CD promotes GC LZ cell skewing and

limits, but does not eliminate, class-switch recombination of antigen-specific B cells.
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Discussion:

PI3K is required for mature B cell homeostasis and survival('®). Mouse models of LOF of PI3K
and PI3K hyperactive, through deletion of negative regulators of PI3K, have demonstrated the profound
impact PI3K signaling has on both B cell development and immune responses. Germline mutations
impacting PI3K signaling support data generated from murine studies and expand upon the impact of
GOF mutations in PI3K in driving immunodeficiencies. However, the individual contribution of
dysregulated PI3K signaling within the B cell compartment, due to heterozygous, activating mutations in
the endogenous Pik3cd locus had yet to be elucidated. In this study, we specifically interrogated the
impact of B cell intrinsic PIK3CD-E1020K (hE1021K, aPIK3CD) on B cell development and their role
during immune responses, both T-independent and -dependent. We show that aPIK3CD is detrimental
within the BM niche, however, drives the expansion of innate B cell compartments in the periphery.
Hyperactive PI3K signaling has no impact on cycling under homeostatic conditions but enhances survival
of innate B cells. aPIK3CD drives increased plasma cell formation, yielding increased serum titers of T-
independent isotypes IgM and I1gG3, with increased production of natural antibodies. Upon immunization,
aPIK3CD inhibits both T-independent and -dependent antigen-specific responses. These findings shed

light on the role of B cells in APDS.

B cell lymphopenia in APDS subjects is associated with a proportional, but not a numerical,
increase in circulating transitional B cells and a reduction in the number of mature and memory B cells®?
44,45,47) Mb1-aPIK3CD mice display B cell lymphopenia in the BM, and peripheral expansion of innate B
cells that are known to depend on PI3K signaling under homeostatic conditions. We observed decreased
recirculating, FM and peritoneal B2 B cells, supporting the idea that aPIK3CD leads to B cell
lymphopenia, as observed in APDS subjects, via a combined impact on BM development and reduced
fitness of mature B2 B cells. While we did not assess memory cells, our findings are consistent with these
data where transitional B cell numbers were minimally impacted, while FM and recirculating B cells were
numerically and proportionally reduced. Similarly, in the CD21-aPIK3CD mice where aPIK3CD expression
is restricted to peripheral B cells, thus negating the impact of hyperactive PI3K signaling in the BM, we
also found diminished proportions of peritoneal B2 B cells and decreased proportion and number of FM B
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cells in the spleen. Whether this negative impact on B2 B cells in the periphery of the CD21-aPIK3CD is a
result of preferential differentiation into innate B cells or due to lack of space for these cells in the

peripheral tissues due to expansion of their innate counterparts in unclear.

Additional work is required to understand the contrasting impact of aPIK3CD in BM vs innate B
cell development. Mice homozygous for catalytically inactive p1108 exhibit reduced numbers of BM pre-B
and immature B cells®?, and deletion of both p110a and p11083 results in a more severe pre-B cell
developmental arrest®®). Conversely, B cell intrinsic Pdk1 deficiency also negatively impacts these BM B
cell populations, with a near complete loss of recirculating and immature B cells due to a decreased
frequency of pre-B cells®?). Consistent with the idea that both reduced and enhanced PI3K activity may
negatively impact BM B cell survival. Pten deletion in pre-B cells expressing oncogenic BCR-ABL1 drives
rapid leukemic cell death. This leads to downregulation of IL-7R, CD19, and components of the pre-BCR
and hyperactive Akt signaling; events that are countered by pharmacological inhibition of Akt“®). Thus,
together with these previous data, our findings imply that altered PI3K signals dysregulate the pre-B
checkpoint, leading to increased cell death, possibly via dysregulation of Pax5 target gene expression('oh.
In the periphery, loss of PIK3CD restricts both MZ and B1a B cell development. In contrast, increased
PI3K activity limits BCR-mediated apoptosis in splenic B cells promoting survival and proliferation®?.
Additionally, PIK3CD is required for BAFF-R driven positive selection('?. As BAFF signals preferentially
regulate innate B cell populations including B1 and MZ B cells, aPIK3CD may augment this BCR-

dependent program promoting innate cell expansion despite its negative impact on BM lymphopoiesis.

Mb1-aPIK3CD and CD21-aPIK3CD mice both have elevated serum IgM and IgG3 levels, with
increased reactivity for natural antigens. Consistent with our findings in mice, APDS subjects exhibit
increased circulating plasmablasts and elevated serum IgM®“2 44.45.47). implying that expansion of innate B
cells may account for the common hyper-IgM phenotype. Assessment of IgM specificities in APDS
subjects may provide important insight into this question. T-independent immunization of Mb1-aPIK3CD
mice demonstrated a defect in the T-independent response in these animals. While the precise
mechanism responsible for this defective response remains to be determined, the increased number of

innate B cells and elevated baseline levels of antigen-specific IgM suggest that AFCs derived from
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antigen-triggered, aPIK3CD innate B cells exhibit reduced survival and/or other functional changes that
limit sustained Tl antibody production. Decreased survival of antigen specific AFCs may also contribute to
the defects in TD responses we observed in our VLP immunization studies, however, this explanation

does not explain the block in CSR®: 39:42),

In summary, we describe a robust, Cre-inducible model to assess lineage-specific impact
of aPIK3CD expression. Using intercross with a series of B-lineage specific Cre-strains, we demonstrate
that aPIK3CD expression in B cells is sufficient for several features of APDS including elevated IgM,
reduced responses to both Tl- and TD-antigens and discrete alterations in the BM and peripheral B cell
compartments. Further, our data indicate that a subset of these clinical findings likely reflect alterations in
innate B cell compartments that warrant direct assessment in patients. To date, no information is
available regarding splenic MZ structures and, while all subjects in one study had an increased proportion
of CD5*CD20* B cells®, direct assessment of candidate human B1 populations('%® in peripheral or,
ideally, tissue compartments may be informative. Finally, a key finding in our study is that while the innate
B cell compartment is increased in aPIK3CD animals, these cells are unable to manifest normal Tl
responses. This finding likely explains the near universal failure of APDS subjects to respond to the
polyvalent pneumococcal vaccine and, at least in part, the recurrent sinopulmonary infections in these
subjects with Streptococcal pneumoniae. Notably, a recent study using the oral PI3K-delta inhibitor,
leniolisib in 6 APDS patients demonstrated improvement in disease features including reduction in serum
IgM, normalization of the peripheral blood B cell phenotype and reduced adenopathy®®). Together with
our findings, these observations suggest that combining leniolisib with delivery of pneumococcal vaccine
may provide improved protection from S. pneumoniae in these patients; an idea that could be initially
assessed in the animal model described here. Finally, while aPIK3CD increases the risk for multiple forms
of B cell ymphoma('%%), PI3K-delta inhibitors may also increase the risk for genomic instability in
malignant B cells!'®), suggesting that long-term use of these agents may need to be carefully assessed in

this context.
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Figure 3-1. Mb1-aPIK3CD mice exhibit BM B lymphopenia and expanded peripheral, innate B cell
compartments. A. Frequency and B. Absolute cell counts of bone marrow (BM) B cells (B220") in
littermate control (Ctrl) and Mb1-aPIK3CD mice. Significance defined as P<0.05 by student’s unpaired t-
test. C. Frequency and D. Absolute cell counts of BM B cell subsets (as defined Figure 3-S1G). E.
Frequency and F. Absolute number of peritoneal B cell subsets (see Figure 3-S1H). G. Frequency and H.
Absolute number of splenic B cell subsets (see Figure 3-S1l). A-H: Black: Ctrl mice - animals expressing
wildtype Pik3cd. Blue: aPIK3CD mice — mice expressing 1 copy of Pik3cd-E1020K (hE1021K) restricted
to B cell lineage. C-H: Significance defined as P< 0.05 by 2-way ANOVA. A-F: data representative of 2
independent experiments with 6 Ctrls and 6 aPIK3CD mice all ~12 wks of age. G & H: data representative
of 3 independent experiments with 6 Ctrls and 8 aPIK3CD mice all ~12 wks of age.
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Figure 3-2. aPIK3CD B cells exhibit a competitive disadvantage in the BM but outcompete WT B
cells in innate B cell compartments. A-F: WT (CD45.1*) and Mb1-aPIK3CD (CD45.2*) total BM was
adoptively transferred into pre-conditioned (CD45.1*/CD45.2*) uMT recipient animals. Recipient animals
were sacrificed 12 wks post-transfer. A. Representative flow plots of BM B cell chimerism at 12 wks post
transfer with (left panel) showing experiment using 2:1 ratio of WT to Mb1-aPIK3CD input BM B cells and
(right panel) showing 1:2 ratio of WT to Mb1-aPIK3CD input BM B cells. B. Immature BM B cell
chimerism. Significance defined as P<0.05 by student’s unpaired t-test. C. Representative flow plots of
peritoneal B cell subsets (left panel) and B1a B cell chimerism (right panel) at 12 wks post-transfer of 2:1
ratio of WT to Mb1-aPIK3CD input BM B cells. D. Chimerism of peritoneal B cell subsets. E.
Representative flow plots of splenic MZ B cell chimerism at 12 wks post-transfer of 2:1 ratio of WT to
Mb1-aPIK3CD input BM B cells. F. Chimerism of splenic B cell subsets. G-J: aPIK3CD carrier animals
were crossed to the CD21-Cre strain and characterized at ~12 wks of age. G. Frequency and H. absolute
numbers of peritoneal B cell subsets. I. Frequency and J. absolute numbers of splenic B cell subsets. D,
F, & G-J: Significance defined as P< 0.05 by 2-way ANOVA. A-B: data representative of two independent
experiments with 7 recipients with input BM ratio as shown in A. C-F: data representative of two
independent experiments with 7 recipients with 2:1 ratio of WT to Mb1-aPIK3CD input BM B cells. G-J:
data representative of two independent experiments with 6 Ctrls and 6 CD21-aPIK3CD mice, 10-12 wks
of age.
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Figure 3-3. aPIK3CD does not alter B cell cycling but differentially impacts survival in immature
vs. innate B cell subsets. A-C: Mb1-aPIK3CD and Ctrl mice were injected with 1 mg BrdU i.p. 24 hrs
prior to sacrifice. A. Percent BrdU* cells in BM B cell subsets, B. percent BrdU* cells in peritoneal B cell
subsets in, and C. percent BrdU" cells in splenic B cell subsets in Mb1-aPIK3CD and Ctrl mice. A-C: data
representative of 2 independent experiments with 6 Ctrls and 6 Mb1-aPIK3CD mice injected with BrdU
and 2 BrdU uninjected Ctrl mice (12-30 wks of age); significance defined as P<0.05 by 2-way ANOVA. D.
Percent TUNEL® WT vs. Mb1-aPIK3CD BM immature B cells in uMT recipient animals (12 wks post-
transfer with 2:1 and 1:2 ratio of WT to Mb1-aPIK3CD input BM B cells, see Figure 3-2A). Significance
defined as P<0.05 by student’s unpaired t-test. E. Percent TUNEL" cells in peritoneal B cell subsets in 8
Ctrl and 6 CD21-aPIK3CD mice, 12-19 wks of age. F. Percent TUNEL" WT vs. Mb1-aPIK3CD splenic B
cell subsets in uMT recipient animals (12 post-transfer with same input as in D). D-F: data representative

of 2 independent experiments. E-F: significance defined as P<0.05 by 2-way ANOVA.
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Figure 3-4. aPIK3CD enhances plasma cell differentiation and IgM and IgG3 production in the
absence of immunization. A. Frequency and B. Absolute number of plasma cells (PCs, B220-CD138*)
in the spleen of unimmunized Mb1-aPIK3CD and Ctrl mice. C. Chimerism of germinal center
(B220*CD95"CD38"°) B cells and D. Plasma cells in the spleen of uMT recipient animals (12 wks post-
transfer with 2:1 ratio of WT vs. Mb1-aPIK3CD input BM B cells). E. Optical density of serum IgM (left
panel) and 1gG3 (right panel) in Ctrl vs Mb1-aPIK3CD mice. F. Optical density of serum MDA-LDL- (left
panel) and PC(10)-specific IgM (right panel) in Ctrl vs Mb1-aPIK3CD mice. G. Optical density of serum
IgM (left panel) and IgG3 (right panel) in Ctrl vs CD21-aPIK3CD mice. H. Optical density of serum MDA-
LDL-(left panel) and PC(10)- specific IgM (right panel) in Ctrl vs CD21-aPIK3CD mice . Significance
defined as P<0.05 by unpaired student's t-test. A-B, E-F: data representative of 2 independent
experiments with 6 Ctrls vs 6 Mb1-aPIK3CD mice. C-D: data representative of two independent
experiments with 7 uMT recipient animals. G&H: data representative of 2-independent experiments with 6
Ctrls vs 6 CD21-aPIK3CD mice. Ctrls (controls) were cre-negative littermates at 18 wks of age.
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Figure 3-5. B cell intrinsic aPIK3CD expression limits both Tl and TD humoral responses. A-B: Ctrl
and Mb1-aPIK3CD mice were injected i.p. with 50ug NP-Ficoll or PBS and sacrificed 7 days post
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immunization. A. Dilution curves of low affinity (NP-30) antigen-specific IgM in serum at 7 days post
immunization. Significance defined as P<0.05 using student’s t-test testing area under the curve (AUC)
with baseline of 0.0415. Open black circles: Ctrl injected with PBS; filled black circles: Ctrl injected with
NP-Ficoll; open blue squares: Mb1-aPIK3CD injected with PBS; filled blue squares: Mb1-aPIK3CD
injected with NP-Ficoll. B. End-point titers of low affinity (NP-30) antigen-specific IgM at 1:8000 serum
dilution. Significance defined as P<0.05 by student’s t-test. A-B: data representative of 2 independent
experiments with 3 Ctrl mice injected with PBS and 5 injected with NP-Ficoll, 4 Mb1-aPIK3CD injected
with PBS and 6 injected with NP-Ficoll. C-D: Ctrl and Mb1-aPIK3CD mice were injected i.p. with 0.125ug
Pneumovax23 or PBS. C. Dilution curves of Pneumovax23 (PPV23)-specific IgM in serum at 6 days post
immunization. Black open circles: Ctrl PBS injected (N=2); Black filled circles: Ctrl PPV23 injected (N=7);
Blue open squares: Mb1-aPIK3CD PBS injected (N=2); Blue filled squares: Mb1-aPIK3CD PPV23
injected (N=5). D. Fold induction of PPV23-IgM over baseline (Day 0) OD4so for day 6 and 12 post-
immunization with PPV23. Black: Ctrl PPV23 injected mice, blue: Mb1-aPIK3CD PPV23 injected mice.
Significance defined as P<0.05 by 2-way ANOVA. Data representative of 2 independent experiments with
mice 19-21 weeks of age. E-L: Ctrl and AlID-aPIK3CD mice were injected i.p. with PBS or 2ug of virus-like
particles (VLPs) containing TLR7 ligand in 250ul and sacrificed 14 days post immunization. E.
Representative flow plots of (left) GC B cells (B220*CD95"CD38"°) and (right) VLP-specific cells (VLP*)
within the GC at 14 days post immunization. Top panels: Ctrl; bottom panels: AlD-aPIK3CD. F.
Frequency of GC B cells and G. VLP-specific cells in GC at 14 days post immunization. Black: Ctrl, blue:
AID-aPIK3CD. H. Representative flow plots of dark zone (CXCR4*CD86") vs light zone (CXCR4CD86")
GC B cells from (top) Ctrl and (bottom) AID-aPIK3CD mice at 14 days post immunization. |. Ratio of
DZ:LZ within GC in Ctrl (black) vs AID-aPIK3CD (blue) mice. Significance defined as P<0.05 using
student’s t-test. Dilution curves of serum VLP-specific-(J) IgM, (K). IgG & (L) IgG2C. P-value calculated
by student’'s t-test of area under the curve (AUC) (baseline of 0). E-L: data representative of 2
independent experiments with 6 Ctrl mice injected with VLPs and 2 injected with PBS, and 4 AID-
aPIK3CD mice injected with VLPs and 2 injected with PBS 13-16 wks of age.
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Figure 3-S1. Inducible PIK3CD-E1020K (aPIK3CD) murine model and representative gating
strategies to identify B cell subsets in B-cell specific aPIK3CD models. A: Schematic of endogenous
Pik3cd locus with Loxp-flanked endogenous exon 24 with a downstream mLoxp-flanked mutant exon 24
in the opposite orientation of transcription (3'>5’). Upon Cre mediated excision flipping/inversion of
mutant exon24 and excision of endogenous exon 24 can occur by two paths: Path 1) (left) Cre-mediated
cleavage at Loxp sites causes flipping/inversion of mutant and endogenous exon 24, followed by cre-
mediated cleavage at mLoxp sites that results in excision of endogenous exon 24; Path 2) (right) Cre-
mediated cleavage at mLoxp sites causes flipping/inversion of mutant exon 24, followed by cre-mediated
cleavage at Loxp sites leading to excision of endogenous exon 24. The end result of these events is fixed
inversion of mutant exon 24 into the correct orientation for transcription to proceed (5>3’). Yellow
triangles: mutant mLoxp sites, blue triangles: Loxp sites. Green arrows indicate droplet digital (dd)PCR
primer binding sites. Red line indicates knock-in ddPCR probe binding site. Blue line indicates reference
ddPCR probe binding site. X indicates site of cre-mediated cleavage. B-D: B220* splenic B and CD4* T
cells were purified by positive selection from 12-19 week old CD21¢®*aPIK3CD*- and aPIK3CD*- mice
and used for ddPCR assay. B-C: Representative figures showing 1 dimensional amplitude ddPCR results
for B cells and CD4* T cells. Blue droplets in B. show binding to the knock-in junction probe. Green
droplets in C. shows binding to the reference probe D. Frequency of knock-in probe binding normalized to
reference probe binding. Expected frequency of an aPIK3CD heterozygote mouse is ~50% (dashed line)
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in the presence of Cre. E. pS6 in unstimulated MZ (fop) and FM (bottom) splenic B cells. Filled grey
histogram: unstained control, open histograms: black — ctrl and blue — Mb1-aPIK3CD. F. Median
fluorescence intensity of pS6 in splenic B cell subsets in Mb1-aPIK3CD and control mice. Data shown are
representative of 1 of 2 independent experiments with 6 Ctrls and 6 Mb1-aPIK3CD mice. G-l:
Representative flow cytometry-based gating strategies to identify B cell subsets in Mb1-aPIK3CD and
control mice. G. Gating strategy for bone marrow B cell subsets. Total B cells (B220* cells) within the
viable, lymphocyte gate (with doublets excluded) were gated as shown to identify: pro- (B220*IgM-
CD43%), large pre- (B220*IgM-CD43-SSC"), small pre- (B220*IgM-CD43-SSC'"), immature (B220*IgM*IgD-
), and mature (B220*IgM*IgD*) B cells. H. Gating strategy for B cell subsets in peritoneal fluid. Total B
cells (CD19* cells) within the viable, lymphocyte gate (with doublets excluded) were next gated on total
CD19*cells and CD11b" myeloid cells were excluded. B cell subsets were subsequently defined as: B1a
(CD19*CD11b*CD5*), B1b (CD19*CD11b*CD5"), and B2 (CD19*CD11b"CD5") B cells. I. Gating strategy
for splenic B cell subsets. Total B cells (B220*CD24*) within the viable, lymphocyte gate (with doublets
excluded) were gated as shown to identify: early transitional, T1 (B220*CD24*CD21"), late transitional,
T2 (B220*CD24*CD21™"), marginal zone precursor, MZp (B220*CD24*CD21"CD23*), marginal zone, MZ
(B220*CD24*CD21"CD23"), and follicular mature, FM (B220*CD24™CD21™) B cells. G-I: (top) Control
and (bottom) aPIK3CD.
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Figure 3-S2. Analysis of B cell cycling and survival in B-cell specific aPIK3CD models. A.
Representative histogram overlays of BrdU* cells within each BM B cell subset showing uninjected control
(grey filled histogram) and BrdU-labeled Ctrl (black open histogram) and Mb1-aPIK3CD (blue open
histogram) cells. Data is representative of 2 independent experiments. B. Representative flow plots from
competitive chimera animals assessing cell survival in immature BM B cells. Plots shown depict: Left
panels, the relative frequency of WT (CD45.1) vs. Mb1-aPIK3CD (CD45.2) immature BM B cells
(B220*IgM*IgD-); Bottom, middle and right panels, the frequency of apoptotic cells (TUNEL") within WT
vs. Mb1-aPIK3CD immature B cells, respectively; and Top, middle and right panels, WT vs, Mb1-
aPIK3CD immature B cells, respectively, not subjected to TUNEL staining shown as a negative control. C.
Representative flow plots of apoptotic cells (AnnexinV*) within splenic B cell subsets. D. Quantification of
frequency of apoptotic cells (AnnexinV*) within splenic B cell subsets. E. Representative flow plots of
apoptotic cells (AnnexinV*) within peritoneal B cell subsets. F. Quantification of frequency of apoptotic
cells (AnnexinV*) within splenic B cell subsets. C-F: Data representative of 2 independent experiments
with 8 Ctrls and 6 CD21-aPIK3CD mice. C&E: (top panels) Ctrl and (bottom panels) CD21-aPIK3CD
mice. Significance defined as P<0.05, calculated by unpaired student’s t test.
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Figure 3-S3. Selection for GC, plasma B cells and B1 progenitors, natural IgM specificities, and TI-
Il IgG3 responses in B-cell specific aPIK3CD models. A. Representative flow plots of WT and
aPIK3CD chimerism in (top panels) GC B cells (B220*CD95"CD38") and (bottom panels) plasma cells
(B220CD138*). Data representative of 2 independent experiments with 7 recipient animals
(CD45.1/CD45.2) at 12 weeks post adoptive transfer of B cells at a 2:1 ratio of WT (CD45.1) to aPIK3CD
(CD45.2) within donor BM. B. dsDNA reactive IgM and C. SmRNP reactive IgM optical density in Cirl
(black) and Mb1-aPIK3CD (blue) mice 12-13 weeks of age at 1:200 serum dilution. B-C: Data
representative of 2 independent experiments with 6 Ctrls and 6 Mb1-a mice, significance defined as
P<0.05 by unpaired student’s t-test. D. Representative flow plots of B1 progenitors (CD19"B220-CD11b"
IgM") in BM of Ctrl (fop panels) and Mb1-aPIK3CD (bottom panels) mice. E. Frequency of B1 progenitors
in BM. F. Absolute cell counts of B1 progenitors in BM. D-F: data is representative of 1 experiment with 3
Ctrls (black) and 3 Mb1-a (blue) mice ~12 wks of age. Significance defined as P<0.05 by student’s t-test.
G. Serum dilution curves of antigen-specific (NP-30) IgG3 at 7 days post injection with PBS or NP-Ficoll.
Unpaired student’s t-test of area under the curve (AUC, baseline=0.0362), with significance defined as
P<0.05. H. End-point titers of antigen-specific (NP-30) 1IgG3 of 1:8000 serum dilution at 7 days post
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injection. Significance defined as P<0.05, calculated by 2-way ANOVA. D-E: Data representative of 2
independent experiments with 3 PBS and 5 NP-Ficoll injected Ctrls and 4 PBS and 6 NP-Ficoll injected
Mb1-aPIK3CD mice. I. Optical density (ODa4s0) of Pneunovax23 (PPV23) reactive IgM in serum at day O,
6, and 12 post immunization. Black open circles: Ctrl PBS injected (N=2); Black filled circles: Ctrl PPV23
injected (N=7); Blue open squares: Mb1-aPIK3CD PBS injected (N=2); Blue filled squares: Mb1-aPIK3CD
PPV23 injected (N=5). J-O: Ctrl and CD21-aPIK3CD mice were injected i.p. with PBS or 2ug of virus-like
particles (VLPs) containing TLR7 ligand in 250ul and sacrificed 14 days post immunization. J. Frequency
of GC B cells and K. VLP-specific cells in GC, and L. DZ to LZ ratio within GC at 14 days post
immunization. Black: Ctrl, blue: CD21-aPIK3CD. Significance defined as P<0.05 using student’s t-test.
Dilution curves of serum VLP-specific- (M) IgM, (N). IgG and (O) IgG2C. P-value calculated by student’s t-
test of area under the curve (AUC) (baseline of 0). I-L: data representative of 2 independent experiments
with 6 Ctrl mice injected with VLPs and 5 CD21-aPIK3CD mice injected with VLPs 13-16 wks of age.
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Chapter 4
Concluding Remarks

GOF mutations in signaling pathways downstream of the BCR are commonly found in
malignancies, propagating the development and survival of malignant cells!'?. In the case of DLBCL,
somatic mutations are the drivers of disease, however, the accumulation of multiple oncogenic events
contribute to the pathology of disease. In this setting it is difficult to deconvolute the contributions of
individual mutations in driving and or supporting malignant cells. Analysis of single mutants can help
identify not only the initiating mutations that occur early in lymphomagenesis, but also gives us a better
understanding of how a single mutant can perturb the immune response. We now appreciate that
germline GOF mutations can also drive monogenic primary immunodeficiencies, such as BENTA and
APDS. In both of these PIDs, heterozygous, dominant activating mutations result in both defective

development and functionality of immune cells®?.

While patients with BENTA and APDS present with many shared clinical features (Table 1), the
underlying mechanism for such features is distinct in each disease. BENTA patients display an expanded
B cell compartment, whereas APDS patients are B cell lymphopenic. However, both groups have
deficiencies in switched memory-B cells, have an increased proportion of transitional B cells in circulation
and are at increased risk of developing B cell malignancies. The T cell compartment in these patients has
been rendered non-functional: T cells in BENTA patients are anergic, and T cells in APDS patients are
senescent. Murine models of lineage, restricted activated CARD11 and PI3K provides insight into how

these GOF mutations contribute to disease.

Data from murine studies shows, activated CARD11 has a profound impact on innate B cell
populations during B cell development, and significantly perturbs the T-dependent germinal center
response. Mice expressing aCARD11 from early stages of B cell development (Mb1-Cre) show a
complete loss of B1a B cells in the peritoneum, decreased B1 progenitors in the bone marrow (data not
shown), and a diminished frequency of MZ B cells in the spleen. These animals also display diminished

serum IgM titers, with a trend towards decreased IgG. BENTA patients present with decreased serum IgM
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levels and IgG levels within the low-normal range, similar to our mouse model. BENTA patients fail to
respond to polysaccharide-based vaccination strategies (T-independent vaccination), which normally
drive T-independent antibody protection against infection. Because of this defect, BENTA patients suffer
from recurrent sinopulmonary infections. Our murine data suggests that the innate B cell populations
responsible for mounting T-independent responses are absent and/or diminished in BENTA patients.
Alternatively, these populations may be present but impaired, however, our murine data suggests this is
not the case. Difficulties in taking tissue samples that are representative of the spleen and pleural
cavities, as well as a lack of well-defined markers for innate B cell populations in humans, are roadblocks
in addressing the hypothesis that BENTA patients lack innate B cell populations. Whether treatment of
these patients with NF-kB inhibitors would be able to correct the failure of BENTA patients to respond to
T-independent vaccines is unknown. However, if the loss of innate B cell is due to a developmental
defect, treatment with NF-kB inhibitors at or around the time of vaccination is unlikely to correct the failed
T-independent response. Correcting the absence of B1 progenitors may be a more productive line of
inquiry yet may be insufficient to correct the impact on immune function. Another avenue would be based
on utilizing CRISPR technology to edit the mutated CARD11, reverting it back to wildtype, in

hematopoietic stem cells for autologous transplantation.

APDS patients also fail to respond to T-independent vaccination and have recurrent
sinopulmonary infections. APDS patients also suffer from progressive airway damage, most likely as a
result of failure to clear infections, and exhibit hyper-IgM in serum, with decreased switched antibodies.
Our murine data shows a significant increase in serum IgM titers, as well as heightened IgG3, when
expressed in all B cells, and when restricted to peripheral B cells. Correlating with hyper IgM in both
murine models, we also observed increased MZ and B1a compartments in both models as well. Of note,
B1 progenitors were expanded in the Mb1-Cre model as well. Thus, aPIK3CD supports enhanced
development of innate B cell populations during early stages of B cell development, however,
hyperactivated PI3K signaling in the periphery is sufficient to drive the expansion of innate B cells.
Despite having an expansion of innate B cells our aPIK3CD mice have impaired T-independent

responses. Because we find expanded innate B cell populations in the CD21-Cre model, this points
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towards a developmental defect not being the root cause of blunted T-independent responses. A recent
publication showed inhibition of PI3K can partially restore functionality of B cells with PIK3CD GOF.
Treatment of transitional B cells, from patients with PIK3CD GOF mutations, with the p1100 specific
inhibitor, leniolisb, enhanced secretion of switched antibodies following in vitro stimulation('%), PI3K
inhibition may restore functionality of innate B cells as hyperactive PI3K may block terminal differentiation
to antibody secreting cells (ASCs). The finding that PIK3CD GOF transitional B cells are unable to
acquire or maintain a plasmablast phenotype and gene signature following in vitro stimulation, together
with their decreased down-regulation of Pax5 support this hypothesis!'%). PIK3CD GOF transitional B
cells were also found to have heightened expression of IL-10 by microarray!'%), which acts as a
growth/differentiation factor for human B cells!'%”), The expanded innate B cells in our aPIK3CD mice
potentially fail to terminally differentiate in response to T-independent immunization, and may rather form
IL-10 secreting, suppressive B cells. If this is the case, this may be partially responsible for the recurrent
sinopulmonary infections and failure to respond to T-independent vaccines. We are currently pursuing
this line of inquiry in addition to studies involving treatment with leniolisib within the context of a T-
independent immunization to determine whether we can restore responsiveness to this type of

immunization.

Defects in the T cell compartments likely contribute to BENTA and APDS patients suffering from
chronic viral infections. The T cells in BENTA patients are anergic, while in APDS the CD8* T cells are
senescent and naive CD4* T cells are decreased. However, the T-dependent response may be altered
due to B cell intrinsic changes as well. Our mouse model of aCARD11 demonstrates how B cell intrinsic
aCARD11 results in a premature peak of the GC response followed by rapid contraction. The premature
collapse of the GC is accompanied by an expansion of what we hypothesize are short-lived plasma cells.
Our mouse data, taken together with the observation that B cells from BENTA patients, while capable of
becoming short-lived plasma cells, fail to terminally differentiate into long-lived plasma cells?®), supports
the hypothesis that aCARD11 drives short-lived plasma cell formation. GC B cells from our aCARD11
mouse model demonstrate heightened mTORC1 signaling. It has been shown that GC B cells with

hyperactive mTORC1 signaling are outcompeted by wildtype B cells overtime, demonstrating how
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hyperactive mTORC1 signaling may be detrimental to a productive germinal center response®®. The
premature collapse of the GC in our activated CARD11 mouse model may be due to combined elevated
NF-kB and mTORC1 signaling driving cells out of the GC. Dampening either signaling pathway, or both,
may rescue the premature collapse of the GC or alternatively result in a more rapid collapse of the GC.
The timing of such inhibition of either pathway will be difficult to elucidate as both pathways have been

shown to be temporally regulated throughout the time a B cell is sequestered within the GC.

Our aPIK3CD mouse studies showed no such alteration in GC kinetic (data not shown), rather
there was a clear block in formation of switched ASCs. Thus, the diminished switched-memory B cell
population in APDS may be attributed to B cell intrinsic dysregulated signaling. Treatment with leniolisib is
an attractive avenue for rescuing CSR in our mouse model, however it has been shown that the increase
in AID after PI3K inhibition results in heightened genomic instability('®). Though ~40-50% of DLBCL
cases display activated PI3K/AKT/mTOR signaling('® and ~20% of APDS patients develop lymphoma,
continuous PI3K inhibition does not appear to be a viable treatment option. Our murine data implies that
APDS patients are predisposed to lymphomagenesis due to increased survival rather than heightened
proliferation of B cells. Thus, targeting pro-survival factors, such as Bcl-2, may be a better treatment
option in the long-term, or dual targeting of both PI3K and Bcl-2 as well. However, we did not assess
proliferation during an immune response, which could result in dysregulated cycling and promote

lymphomagenesis.

Similar to APDS patients, GOF in CARD11 drives lymphoproliferation in the B cell compartment
in BENTA patients predisposing them to lymphomagenesis. However, it is not thought that mutant
CARD11 alone is sufficient to drive lymphomagenesis?> %) which is supported by our murine data. One
BENTA patient that did go on to develop lymphoma was found to have acquired an additional oncogenic
hit. We are currently studying a murine model of compound oncogenic hits, aCARD11 and Blimp1
deletion, which blocks terminal differentiation, to determine how aCARD11 collaborates with other
oncogenic events to promote lymphomagenesis. The combined data from these studies demonstrates

how the B cell lineage is impacted by dysregulated CARD11 and PI3K signaling and sheds light on
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similarities and differences in clinical phenotypes of patients with GOF mutations in these signaling

molecules.
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