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Abstract

The B cell antigen receptor (BCR) comprises a membrane bound immunoglobulin that is non-
covalently associated with a heterodimer of CD79A and CD79B. While the BCR immunoglobulin
component functions to sense extracellular antigen, CD79 subunits contain cytoplasmic
immunoreceptor tyrosine-based activation motifs (ITAMs) that mediate intracellular propagation
of BCR signals critical for B cell development, survival, and antigen-induced activation. CD79

is therefore an attractive target for antibody and CAR-T therapies for autoimmunity and B cell
neoplasia. While the mouse is an attractive model for preclinical testing, due to its well-defined
immune system, an obstacle is the lack of cross-reactivity of candidate therapeutic anti-human
monoclonal antibodies with mouse CD79. To overcome this problem we generated knock-in

mice in which the extracellular, immunoglobulin (1g)-like domains of CD79A and B were
replaced with human equivalents. Here we describe the generation and characterization of mice
expressing chimeric CD79 and report studies that demonstrate their utility in preclinical analysis
of anti-human CD79 therapy. We demonstrate: human and mouse CD79 extracellular domains
are functionally interchangeable; anti-human CD79 lacking Fc region effector function does not
cause significant B cell depletion, but induces 1) decreased expression of plasma membrane-
associated (m)IgM and migD, 2) uncoupling of BCR-induced tyrosine phosphorylation and
calcium mobilization, and 3) increased expression of PTEN, consistent with the levels observed in
anergic B cells. Finally, anti-human CD79 treatment prevents disease development in two mouse
models of autoimmunity. We also present evidence that anti-human CD79 treatment may inhibit
antibody secretion by terminally differentiated plasmablasts and plasma cells, /n vitro.
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Introduction

Cell surface expression of pre- and mature B cell antigen receptors (BCRs), as well as
development and maturation of B cells in the bone marrow, is dependent on expression

of CD79 [1]. Similarly, productive signaling of these outcomes by the BCR requires the
presence of ITAMs contained within the cytoplasmic domains of CD79A and CD79B

[2] [3]. Membrane-bound immunoglobulin molecules, e.g. IgM, IgD, and IgG, pair with
heterodimers of CD79A/B via non-covalent transmembrane domain interactions [4] (Fig
1A). Aggregation of BCR by multimeric antigens initiates phosphorylation of CD79 ITAM
tyrosine’s leading to recruitment and activation of proximal tyrosine kinases Lyn and Syk
that nucleate downstream signaling and ultimately drives B cell activation [5].

CD79 expression is restricted to B lineage cells. CD79A (mb-1, 1g-alpha, Ig,) and CD79B
(B29, 1g-beta, 1gg) are single-spanning, transmembrane proteins covalently associated by a
disulfide bond [6] [7]. Greatest conservation of amino acid sequences between human and
mouse CD79 is found in the transmembrane and cytoplasmic domains, 89%, A; 96%, B (Fig
1B). Reduced homology in the extracellular domains (57%, A; 55%, B) facilitates mouse
immune responsiveness to non-cross reactive human CD79 epitopes. Such murine antibodies
can be humanized for therapeutic application.

The potential utility of anti-CD79 antibodies for therapeutic intervention has been
demonstrated in mouse models of autoimmunity including collagen-induced arthritis and
MRL//prlupus [8] [9] [10]. In 2014, Hardy et. al. described a form of polyclonal B

cell anergy that can be induced using anti-mouse CD79 monoclonal antibody and could

be exploited for therapeutic purposes [9]. Selected anti-CD79 antibodies act as “reverse
agonists”, inducing BCR desensitization. Importantly, mutant mouse 1gG2a antibody
lacking the ability to mediate antibody-dependent cell-mediated cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) was shown to prevent collagen-induced arthritis,
while not inducing B cell depletion. This polyclonal anergy is lost upon decay of the
antibody /n vivo. Thus, the mechanism of action of ADCC- and CDC-incompetent anti-
CD79 is distinct from anti-CD20, which acts by depleting B cells. The utility of B cell
depleting therapy in humans has been demonstrated using several iterations of CD20
directed therapies in indications including but not limited to multiple sclerosis [11] [12],
type 1 diabetes [13], rheumatoid arthritis [14], lupus [15], and neuromyelitis optica [16]
[17]. The success of anergizing CD79-targeted therapies is predicted by these examples.
Because they are non-depleting and reversable, anti-CD79 therapies should have improved
safety relative to anti-CD20 [18]. A murine model in which to conduct preclinical testing of
candidate anergizing anti-human CD79 antibodies would be an invaluable tool for defining
their mechanism of action and potential clinical utility.

J Immunol. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wemlinger et al.

Page 3

Here we describe the generation and characterization of human CD79 extracellular domain
knock-in mice and validation of their use in studying anti-CD79 therapies for potential
application in human autoimmune disease. B cell development and function is normal in
these mice and a desensitizing anti-human CD79 antibody treatment blocks pristane-induced
production of anti-chromatin autoantibodies. Additionally, prophylactic treatment in the
experimental autoimmune encephalomyelitis (EAE) model with non-B cell depleting anti-
human CD79 antibody significantly reduced disease severity and led to complete recovery.

Materials and methods

Human and animal use

All experiments involving mice were performed in accordance with the regulations and
with approval of the University of Colorado Denver Institutional Animal Care and Use
Committee. Samples from human subjects were obtained with informed consent prior
to inclusion in the study at the University of Colorado Anschutz Medical Center using
protocols approved by the University of Colorado Institutional Review Board.

Chimeric CD79A targeting construct design

Constructs were assembled using BAC recombineering techniques including Red
recombination and cleavage with homing endonuclease I-Scel. In order to generate mice
expressing human-mouse chimeric CD79A (cCD79A), targeting constructs were designed
in which amino acids (aa) 29-160 of mouse CD79A were replaced by aa34-166 of human
CD79A. Mouse CD79A BAC DNA was isolated from RP23-80P21, RP23-284H16 bacteria
and transformed into pGS1783 cells. The human CD79A fragment, aa34-166 (Fig 1C), was
amplified from human genomic DNA using primers:

S’ACGGTACCTGGATGCACAAGGTCCCAGCATCAT3’;
S'TGAATTCATTGAAGACACCCCCTGGGCTCAGCG3'.

The resulting fragment was digested with Kpnl and EcoRI and cloned into the PL452
(loxP-Neo-loxP; G418 selection) vector, digested with the same enzymes. The fragment
containing hCD79A-loxP-Neo-loxP was amplified using primers:

S’ACCCATCTGTCTCCTCTCCTCTCTCCACAGGTCCCGGATGCCAGGCCCTGTGGA
TGCACAAGGTCCCAGCAZ’;

5S’GAGGACACACCTTCTTCCCTTGTCTTGGCTGCATTTGCAGGGGACTCCCGATAA
CTTCGTATAGCATACATTATACGAAGTTATATTAAGGGTTCCGCAAG3’.

The resulting PCR product was digested with Dpnl and electroporated into pGS1783-
RP2380P21 cells. A fragment containing pGK-DTA (negative selection in ES cells) was
amplified from the pBSKS vector using the following primers:

S’ACATCGGGCAAAACTTATCACTCCTATCTGCCTCTTTCTTTCTAACCCACCGGGT
AGGGGAGGCGCTTTTCCCASZ’;
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5S’GGAGTGGAGCTGGACGCAAAGGCGGCCTCTGGCTCGGCTAGAGCGACTCTATC
GATGAATTCCTGCAGCCCGGGGGATCC3’.

The resulting PCR product was digested with Dpnl and electroporated into pGS1783-RP23-
80P21-hCD79A-loxP-Neo-loxP cells. The final construct was sequence verified, maxi
prepped, linearized with Clal and, purified for ES cell targeting.

Chimeric CD79B construct design

In order to generate mice expressing human-mouse chimeric CD79B (cCD79B), targeting
constructs were designed in which aa29-153 of mouse CD79A were replaced by aa29-154
of human CD79B. The human CD79B fragment, aa29-154 (Fig 1C), was amplified from
human genomic DNA using primers:

5’GCCAGATCGGAGGACCGGTACCGGAT;
S’TCTGCTTCAGCTGTGCCAAGGTGCT3’.

The resulting PCR product was cloned into the pCR8/GW/TOPOQ vector. A fragment
containing EPKanS was amplified using primers:

S’TCAGTCGACCCCCTCCCTGCATGACTTCCCTCTATCATCCCCCTCTTCCCTCCTG
CAGGTCGATTTATTCAACAAAGCCACG3’;

S’TCAGTCGACCGCGTATATCTGGCCCGTACATCGSZ'.

The resulting product was digested with Sall and cloned into pCR8/GW/TOPO-hCD79B,
also digested with Sall. Mouse CD79B BAC DNA was isolated from RP23-386011, RP23-
141A4 bacteria and then transformed into pGS1783 cells. A fragment containing hCD79B
and EPKanS was amplified using primers:

S’ACCTAGCCCTGCCCACTTCCTTCCACCCTCCAGGTGAGCCGGTACCAGCAGCCA
GATCGGAGGACCGGTACCGGA3T’;

S’GATGATGAGGAGGGTCTGGATCAAGATAATGCCATCTTTCAGTGTGTTCCTCTGC
TTCAGCTGTGCCAAGGTGCT3’.

The resulting PCR product, containing the Kan/I-Scel insert, was electroporated into
pGS1783-RP23-386011 cells. The Kan/I-Scel selectable marker was then removed from
the mutant BAC DNA. A fragment containing loxP-PGK-Neo-loxP was amplified using
primers:

5’CCCAGTCCCTGCAGGAGGGAAGAGGGGGATGATAGAGGGAAGTCATGCAGAAG
CTTATAACTTCGTATAATGTATGCTATACGAAGTTATTAGGTCTGAAGAGGAGS’;

S’GGCCAAATTCCTAGTCTGTCAACTGAGACCTTCCTCAGTCGACCCCCTCCATAA
CTTCGTATAGCATACATTATACGAAGTTATATTAAGGGTTCCGCAAGS3’.
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The resulting PCR product containing loxP-PGK-Neo-loxP was electroporated into
pGS1783-RP23-386011-hCD79B cells. A fragment containing pGK-DTA was amplified
from vector pBSKS using primers:

5’GAGCACCCGACTTCTTTTCCAAAGGTCCGGAGTTCAAATCCCAGCAACCACGG
GTAGGGGAGGCGCTTTTCCCAZ’,

S'TTTAAAAGCAGCTATAAAGTTGGGCTGGGCATGGTCACTCACAGCTGTATATCGA
TGAATTCCTGCAGCCCGGGGGATCC3’.

The resulting PCR product containing pGK-DTA was electroporated into pGS1783-RP23-
386011-hCD79B-loxP-PGK-Neo-loxP cells. The final construct was sequence verified,
maxi-prepped, linearized with Clal and, purified for ES cell targeting.

Embryonic stem cell targeting, blastocyst injection, and germline transmission

JMBAS3 ES cells [19] were used for independent targeting of cCD79A and cCD79B
constructs. Successfully targeted ES cells were selected using neomycin and screened to
identify positive homologous recombinant clones using the Loss of Allele technique as
previously described [20]. Putative positive clones were independently verified by LR-PCR
(Mouse Genetics Core Facility) and by sequencing (Cambier Lab). Positive ES cell clones
were injected into blastocysts to create chimeras. The resulting chimeras were bred with
C57BL/6J wildtype mice to establish germline transmission.

Neo cassette removal and establishing cCD79 homozygosity

In order to remove the loxP-Neo-loxP selection cassette, cCD79A and cCD79B mice were
crossed with B6.C-Tg(CMV-cre)1Cgn/J (CMV-cre) (Jackson). Resulting mice were PCR
screened for cre-recombination and cCD79 targeting with the following primers:

cCD79A Cre: 5’CTTGGGAGAATGAAAGCACCCACCAST?,
S’TGAGTTCAAGGCCAGCCAGGGCTAZ’

CD79A Forward: 5’ GGTACGGCTCCACTCCTGATG3’;
hCD79A reverse: 5’CATTCTGGATGATCAGCGTACS3’;
mCD79A reverse: 5’GTGCTGCTCAGCATTCTGGTG3’.
cCD79B Cre: 5’GTGCTCACTAAGAACAAGGCAGTCG3’;
S’CTGCACAGGCTTGAAATCCTCAGTC3’;

CD79B Forward: 5’°CGGAAGGAGGAAGTAGCTCTG3’;
hCD79B reverse: 5’CCTTCAGTGGCCAAGGCTGGA3’;

mCD79B reverse: 5’ATCCTTAGCCTGTCACCCGAG3’.
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Mice positive for CD79A and CD79B cre-recombination generated PCR bands at 322bp
and 254bp, respectively. Positive targeting of cCD79A and cCD79B knock-in sequences
generated bands at 303bp and 387bp, respectively. Wildtype mCD79A and mCD79B
generated bands at 590bp and 524bp, respectively. Non-agouti (i.e. black), cre-recombined
mice heterozygous for cCD79A or cCD79B were crossed in order to generate singly
homozygous mice expressing cCD79A or cCD79B. To ensure accurate targeting of the
cCD79, cDNA was purified from homozygous cCD79A or cCD79B knock-in mice and
sequenced using the following primers:

cCD79A PCR: 5’ACGGCTGAACAGGAAGTGAG3T’;
S’AGGGATGCTGGAGTCAGACAZ’.

cCD79A sequencing: 5’CTGGTACCTCAAGGCTACGG3’;

cCD79B PCR: 5’TCCTTGGGCTCAGAGACAGA3Z’;
S’TGATGGTCCAGCTTCAGACG3’;

cCD79B sequencing: 5’GCCCAACAGTTGAGCAGGAT3’.

Transcription of the chimeric CD79 molecules in B cells was first confirmed via PCR
analysis of splenic B cell-derived cDNA followed by alignment of sequences with those of
the targeting constructs. Singly homozygous mice expressing cCD79A and cCD79B were
intercrossed to generate the cCD79A/B doubly homozygous mouse.

Generation of anti-human CD79 antibodies

Details about the generation of humanized anti-human CD79 antibodies can be found in

the United States Patent Application 20200109198, Anti-CD79 Antibodies and Their Uses
[21]. In order to generate the surrogate mouse anti-human CD79 antibody [Curly-14], mice
were immunized with human CD79 fusion proteins. The extracellular, immunoglobulin-like
domains of human CD79A and B, joined by a peptide linker, were expressed via baculovirus
and fused to a FLAG tag (Sigma-Aldrich). After expression in Sf9 cells, protein was purified
using an anti-FLAG gravity-column packed with anti-FLAG resin (Sigma). Human CD79
fusion protein was eluted in buffer containing 0.01% sodium azide, PBS, and competing
FLAG peptide (Sigma). The mouse deemed “Curly” was immunized IP with hCD79

in complete (CFA) and incomplete (IFA) Fruend’s adjuvant according to the following
schedule: dO, CFA + 50 ug hCD79; d14, IFA + 50 pg hCD79; d24, serum tested for binding
to hCD79 by ELISA; d136, IFA + 50 pg hCD79; d199, IFA + 60 ug hCD79; d270 50 ug
hCD79 in PBS. On d273, after this immunization regimen, Curly was sacrificed and fused
using standard hybridoma procedures [22]. Curly-14 was humanized, mutated, and affinity
matured, generating the anti-human CD79A clinical candidate. Human 1gG4 anti-human
CD79A antibodies contain the S228P mutation to stabilize the hinge region and prevent VL
Fab arm exchange. In addition to S228P, antibodies were produced with either the D265A or
F234A/L235A (“FALA’) mutations to reduce effector function. Experiments presented here
were performed with the higG4 S228P/D265A anti-human CD79A variant. Anti-human
CD79 antibodies were provided by Panorama (hulgG4) and Biogen (humanized VH/VL
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chimerized to murine 1gG1 bearing N297Q agly mutation as reduced effector function
murine surrogate or mlgG2a as effector-competent comparator).

PBMC isolation

Mice

Peripheral blood mononuclear cells were purified using cell prep tubes (Vacutainer, CPT)
according to the manufacturer’s protocol (BD, 362753).

Unless otherwise noted, 8—-16-week-old male and female mice expressing chimeric (c)
CD79 (cCD79A; cCD79B; cCD79AB) were used in all experiments. No differences were
observed between males and females of any of the three genotypes. Control female, age-
matched, wild type C57BL/6J mice were purchased from The Jackson Laboratory. Formal
nomenclature and informal names include C57BL/6-human CD79AB chimeric mice and
ch-hCD79AB or cCD79AB mice, respectively.

Tissue harvesting and B cell isolation

Genomic DNA was prepared from ear clips for PCR and sequence analysis. A 1-2 mm ear
notch is placed in 50 pL alkaline lysis reagent (25 mM NaOH, 0.2 mM EDTA, pH ~12)
and incubated at 95°C, overnight, before neutralizing with 50 puL of 40 mM Tris-HCI, pH
~5. Lymphocytes were prepared for analysis by multiple means. Spleens and bone marrow
were harvested in IMDM supplemented with 5% FCS, 1 mM sodium pyruvate, 50 pg/mL
gentamicin, 100 U/mL pen/strep, 2 mM I-glutamine, and 5 x 10~>M beta-mercaptoethanol;
single cell suspensions were prepared by mechanical disruption. RBCs were lysed with 1
mL of ACK (150 mM NH4CI, 10 mM KHCO3, and 100 mM Na,EDTA) for 1 min at room
temperature (RT). Cells were subsequently washed and resuspended in complete medium.

For B cell isolation, spleen cells were harvested, RBC depleted by ammonium chloride tris
lysis, and resuspended in 1 mL medium together with 40 uL of anti-CD43 Microbeads
(Miltenyi Biotech) per mouse per spleen. The cell/bead mixture was rotated while
incubating at 4°C for 10 minutes. LS MACS separation columns (Miltenyi Biotech) were
washed with 5 mL medium. The cell/bead mixture was flowed over the column, which was
then washed with 5 mL medium while collecting the flow-through. These preparations were
routinely >95% B cells. Serum was prepared from peripheral blood collected from the tail
vein.

Flow cytometry

Cells were resuspended at 1E7 cells/mL in cold FACS buffer (1% BSA in PBS) containing
0.1% sodium azide (NaNs3). Then, 100 L aliquots containing 1E6 cells were stained with
fluorochrome conjugated monoclonal antibodies. After staining for 1 hour in the dark at
4°C, cells were washed twice and resuspended in 300 uL FACS buffer. Data was acquired on
a Fortessa X-20 flow cytometer (Becton Dickinson) and analyzed with FlowJo software.

For intracellular detection of phospho-Syk and PTEN, splenocytes were collected from mice
that had received 250 pg IP injections of either control human IgG4 [VLN3G2], reactive
with an irrelevant human carcinoma antigen, or human IgG4 D265A anti-human CD79A
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24 hours prior to harvest. Cells were rested at 37°C in serum-free medium for 1 hr. To
measure BCR-mediated induction of Syk phosphorylation, 1E6 splenocytes in 1 mL serum-
free medium were stimulated for 5 minutes with 10 pg/mL goat F(ab’), anti-mouse IgM
(Jacksonlmmuno). To ensure that there were no interactions between antibodies, both resting
and stimulated cells were centrifuged at 4500 rpm for 20 sec before aspirating supernatant
and resuspending in 100 pL of fixation buffer (BD, Cytofix) for 20 min at 4°C. Cells

were washed 3 times in FACS buffer before being stained with fluorescent fab anti-mlgG
(H+L) and anti-B220. After staining cells were washed 3 times in permeabilization buffer
(BD, Cytoperm). Rested and stimulated cells were then stained with anti-pSyk (Y352) or
isotype control antibodies in 50 UL permeabilization buffer. Rested cells were stained with
anti-PTEN or isotype control. Cells were washed and data was collected as described above.

Bone marrow, peripheral blood, and splenic B cells from cCD79 and wild type mice

were analyzed using the following antibodies: hCD79A-PE (R&D Systems, FAB69201P);
hCD79B-PE (abcam, ab33295); mCD79B-AF488 ([HM79], made in house); hCD79A-
AF647 ([Curly-14], made in house); B220-BV786 (BD, 563894); B220-APC (BD, 103212);
B220-PE (BD, 561878); CD43 ACP-Cy7 (BD, 562866); BP1-PE (BD, 553735); CD24-
APC (BioLegend, 101814); IgD-FITC (BioLegend, 405704); IgM-BUV396 (BD, 564025);
CD19-FITC (BioLegend, 152404); CD93-APC (BiolLegend, 136510); CD23-FITC (BD,
561772); CD1d-PE (BD, 553846); CD95-PE (BD, 554258); GL7-FITC (BD, 553666); fab
anti-mlgG (H+L)-AF647 (Jackson ImmunoResearch, 115-606-072); phospho-Syk (Y352)-
PE (BD, 557881); PTEN-PE (BD, 560002); mouse 1gG1 isotype control-PE (BD, 559320).

Immunohistochemistry

Spleens were flash frozen in tissue casts on dry ice containing OCT embedding medium
(Tissue-Tek) and stored at —80°C until sectioning. 6 um sections were cut using a cryostat
and thaw-mounted on super frost plus glass slides (Fisher), that were then air-dried for

3 hours at RT and stored at —80°C. Frozen sections were fixed in ice-cold acetone for

5 minutes, air-dried, rehydrated with PBS and then blocked for 20 minutes with PBS +
5% FCS. Blocking buffer was aspirated and sections were stained for 2 hours in 100 uL
PBS containing fluorescent antibodies. B cells were detected with B220-PE (Pharmingen).
CDA4 T cells were detected with CD4-Cy5 (Caltech). Slides were washed twice before
being mounted in fluoromount G. Images were recorded on a Nikon Eclipse TE2000-E
fluorescence microscope and further analyzed with Slidebook 6 software.

SRBC immunizations

Mice were immunized with sheep red blood cells in accordance with standard procedures
[23]. 1 mL citrated sheep’s blood (Colorado Serum) was washed two times in 50 mL PBS
and then resuspended 1:10 in PBS. Mice received 100 pL IP of this 0.1% suspension.
Spleens were harvested at d5 post immunization and B cells were assayed for germinal
center markers (CD95, GL7).
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Immunoblotting

Isolated B cells were resuspended in serum-free medium and allowed to rest at 37°C for

30 minutes. 4E6 B cells in 1 mL serum-free medium were stimulated for 5 minutes with

10 pg/mL rabbit F(ab’), anti-mouse IgG (H+L) (Jackson ImmunoResearch, 315-006-003).
Stimulated cells are centrifuged at 4500 rpm for 20 seconds before aspiration of medium
and addition of 30 L lysis buffer (NP-40 + inhibitors (PMSF, protease inhibitors, NaVOs,
NaF)). Cells were suspended by vortexing and incubated on ice for 10 minutes. After
centrifugation of whole-cell lysates for 15 minutes, 13,000 rpm, 4°C, the supernatants were
collected and to 30 L, 10 uL of 4X reducing SDS loading buffer was added. Samples were
then boiled at 100°C for 10 minutes and stored at —20°C until use.

Samples were thawed in boiling water before being loaded into a 10% SDS-PAGE Tris-HCI
gel. Current was applied for approximately 1.5 hours at 110V until the dye front reached the
bottom of the gel. The separated proteins were then transferred to a PVDF membrane using
a semi-dry transfer apparatus and transfer buffer (25 mM Tris pH 7.5, 192 mM Glycine,
20% methanol and 0.05% SDS). The transfer was run for 1.5 hours, 25V, and 0.15 amp per

gel.

Protein-transferred membranes were blocked in Odyssey blocking buffer (Licor) while
rocking overnight at 4°C. The next day primary antibodies against intracellular signaling
molecules, i.e. phosphotyrosine [4G10]-AF647, actin (Santa Cruz, sc1616), pSyk (Cell
Signaling, #2711), plga (Cell Signaling, #5713), and affinity purified polyclonal rabbit
antibodies made in-house including anti-Syk, mouse CD79B cytoplasmic tail, and mouse
CD79 extracellular domains were added in blocking buffer and incubated for 2 hours while
rocking at RT. After washing membranes 3 times in TBS + 1% Tween for 10 minutes

each, fluorochrome-conjugated secondary antibodies, donkey anti-goat 1gG IR800 (Licor),
goat anti-rabbit AF680 (Life technologies), or SA-AF647 (made in house) were added in
blocking buffer and incubated for 2 hours while rocking at RT. Membranes were washed 3
more times before being imaged on the Odyssey (Licor). Image studio software (Licor) was
used to quantify western blot band densities.

Measurement of intracellular free calcium ([Ca2*];)

For measurement of relative intracellular free calcium concentration ([Ca2*];), RBC-
depleted splenocytes (1E7/mL in complete medium containing 2% FCS) were stained

with anti-B220 and Fab anti-mouse 1gG (H+L), while being loaded with 5 uM

indo-1 acetoxymethyl ester (INDO-1 AM, Thermofisher) according to the manufacturer’s
protocols. Both Indo loading and flow cytometry were performed at room temperature (RT;
~22°C). After being washed once in medium, cells were resuspended at 5E6 cells/mL in RT
medium in 500 pL aliquots. Indo-1 was excited with a 355 nm UV laser, and Ca%*-bound
indo-1 was detected with a 379/28 bandpass filter; unbound indo-1 was detected with a
524/40 bandpass filter. Induced changes in relative intracellular free calcium concentration
([Ca?*];) was determined by calculating the ratio of Ca?* bound/unbound indo-1 signals
over time. After data were acquired for 30 s to establish [Ca2*]; baseline, cells were
stimulated with the indicated dose of goat F(ab’), anti-mouse IgM, rabbit F(ab’), anti
mouse IgG (H+L), goat F(ab”), anti-human IgM Cu5, or rat anti-mouse IgM [B-7-6]
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(Jacksonlmmuno) and data were collected for an additional 2 min 30 s. The relative [Ca2*];
was measured using a Fortessa X-20 flow cytometer and analyzed with FlowJo software.

Nitrophenyl-conjugated ovalbumin immunizations

To prepare the immunogen, a 1:1 volume mixture of 1 mg/mL NP4 sOVA (Biosearch
Technologies) and 10 mg/mL alum (Serva; Alu-Gel-S) was incubated, while rotating, for 3
hours at RT. A total of 200 uL of the mixture was injected IP per mouse in order to achieve
immunization with 100 pg NP4 50VA and 1 mg alum.

NP-ficoll immunizations

Mice were injected IP with 25 pug NPsg-ficoll (Biosearch Technologies) in 200 uL PBS.
Spleens were harvested on d7 post immunization for analysis of NP-specific, IgM* antibody
secreting cells.

Measurement of IgM, IgG, NP-specific IgG, and Chromatin-specific IgG

Enzyme immunoassay/RIA 96-well plates (Corning, CLS3590) were coated with 50 pL

of 20 pg/mL NP,oBSA or NP,BSA (Biosearch) or 1 ug/mL goat anti-mouse 1gG or goat
anti-mouse IgM (Southern Biotech) in ELISA capture buffer (PBS + 150 mM NacCl). For
detection of anti-chromatin IgG, plates were coated using 50 pL of 10 pg/mL calf chromatin
(Larry Wysocki, National Jewish Health) in ELISA buffer containing 1mM EDTA. Plates
were incubated overnight at 4°C. The following day, wells were aspirated, blocked with

2% BSA in PBS, and incubated overnight at 4°C. Serum was added and serially diluted in
3-fold increments across the plate. The initial serum dilutions used were 1:500 for total IgM,
1:1000 for total 1gG, and 1:200 for NP-specific 1gG. For detection of 1gG anti-chromatin,
serum was diluted 2-fold down the plate starting at a serum dilution of 1:20. Plates were
incubated overnight at 4°C before being washed 3 times with PBS + 0.05% Tween.
Secondary antibodies, for respective detection, were added in 100 pL 1% BSA in PBS +
0.05% Tween. These antibodies include: goat anti-mouse IgG1-HRP (Southern Biotech),
goat anti-mouse 1gG-HRP (Southern Biotech), or goat anti-mouse IgM-HRP (Southern
Biotech). After overnight incubation with secondary antibodies, wells were washed and 50
pL TMB single solution (Life Technologies) was added for 5 min. Wells were quenched
with 50 uL 1M H,SO, before recording absorbance at 450 nm.

NP-specific ELISPOT

ELISPOT plates were prepared as above. For ELISPOT analysis, serial 2-fold dilutions of
1EG6 splenocytes/ 100 pL sample were plated in triplicate. Cells were allowed to settle to the
well bottoms while tapping the edges of the plate. Plates were incubated at 37°C for 6 h,
then washed 3 times, for 10 min each, with PBS + 0.05% Tween. Next, 50 puL secondary
goat anti-mouse IgG-AP or IgM-AP (Southern Biotech) in 2% BSA PBS was added and
incubated overnight at 4°C. After washing 3 times in 0.05% Tween PBS, plates were
incubated with ELISPOT development buffer (25 pM (BCIP) 5-bromo-chloro-3-indolyl
phosphate p-toluidine, 100 mM NaCl, 100 mM Tris, 10 mM MgCl, [pH 9.5]) for 1 h.

The reaction was stopped by washing plates 3 times with tap water and 1 time in di
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water. The number of spots at a cell dilution was determined. The frequency of NP-specific
antibody-secreting cells (ASCs) was calculated based on spot counts within the linear range.

Tetanus toxoid (TT) antibody secreting cell ELISPOT

Detection of antigen-specific B cells was carried out as previously described [24]. Briefly,
PBMCs were collected from consenting volunteers at 7-10 days post boost with tetanus,
diphtheria, and pertussis vaccine (Tdap). 5E6 PBMCs were incubated overnight in 1

mL medium containing 25 pg of either higG4 D265A anti-hCD79A, mouse anti-hCD20
(Panorama), or control higG4. Following overnight incubations, cells were washed, counted,
and loaded on to ELISPOT plates that had been previously coated with tetanus-toxoid (100
pL at 10 pg/mL). Cell suspensions were diluted two-fold across the plate starting with

1EG6 cells in the first column. After 6-hour incubation, plates were washed, and antibody
secreting cells were detected with biotinylated anti-human IgG (H+L) and streptavidin-AP.
ELISPOT plates were further developed and analyzed as described above.

Pristane induction of autoantibody formation

Female and male cCD79A knock-in mice, aged 8-12 weeks, were injected IP with 500 pL
of pristane (Sigma-Aldrich) on day 0. Weekly injections (250 ug, IP) of either human 1gG4
anti-human CD79 D265A or isotype control human 1gG4 [VLN3G2] (ATCC, HB-8636)
were given on d0, 7, 14, 21, 28, 35, 42, 49, and 56. Sera was collected for anti-chromatin
autoantibody analysis prior to any injections and on d30, 50, and at the conclusion of the
experiment at d64. Pooled sera from diseased SLE1.2.3 mice (Raul Torres, CU) and serum
from wild type C57BL/6 were used as positive and negative controls, respectively, in 1gG
anti-chromatin assays.

Experimental autoimmune encephalomyelitis (EAE)

EAE was induced by following standard protocols [25]. All reagents, including antibodies,
for this experiment were provided by Biogen. Serum ELISAs and spleen flow cytometry
were also performed at Biogen. Briefly, 16-week-old male and female cCD79A™*B*~ mice
were immunized SC with 50 pg human recombinant myelin oligodendrocyte glycoprotein
(hMOG1_125) emulsified in 200 pg complete Freund’s adjuvant (CFA) on d0. Mice also
received IP injections containing 200 ng pertussis toxin in PBS on d0 and d2. Weekly
antibody injections were given on d-3, 4, 11, 18, and 25, relative to immunization with
hMOG. Treatment arms were blinded, only to be revealed after mice had received scores
for the duration of the experiment. Mice received 20 mg/kg IP injections of either mlgG2a
anti-hCD79, mlgG1 aglycosylated anti-hCD79, or anti-HEL isotype controls. Mice were
weighed and scored daily using a 5-point scale (0= no disease, 1= complete tail paralysis,
2= hind leg weakness, 2.5= complete paralysis of 1 hind limb, 3= complete bilateral hind leg
paralysis, 4= front limb weakness with complete bilateral hind limp paralysis, 5= Complete
bilateral hind- and fore-limb paralysis, moribund, or dead.) Sera were collected on days

-7, 15, 22, and 30 for analysis of anti-MOG IgG and phosphorylated neurofilament heavy
chain (pNfH). At takedown on d30, spleens were harvested to measure B cell depletion,

IgD expression, and other immune cells. Spinal cords were also harvested for histological
examination of disease pathology.
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For detection of anti-MOG autoantibodies, serum samples were diluted 1:5000 in casein
blocking buffer before loading 100 UL on to plates that had previously been coated with

100 pL of 1.0 pg/mL recombinant mouse MOG (R&D Systems, 8536-MO-050). After
incubation and washing, anti-MOG antibodies were detected with goat anti-mouse 1gG-HRP
followed by TMB substrate. Plates were developed for 5-10 minutes before quenching with
1.0N sulfuric acid solution and reading plates at 450 nm.

Neurofilament assays were run as follows: Briefly, sera were thawed on ice then diluted
1:6 by adding 12 ul serum to 60 pl dilution reagent from the Simple Plex Human NF-H
Cartridge (ProteinSimple, SPCKB-PS-000519) in a V-bottom 96-well plate. 50 ul of each
sample was then loaded into the sample wells of the cartridge, the plate was prepared with
wash buffer as per the protocol, then run on the Biotechne (ProteinSimple) Ella Automated
Immunoassay System (Prod# 600-100).

For flow analysis of spleen cells, RBC-lysed splenocytes were suspended at 5E6 cells/

mL and fixed by adding 0.5 mL of 6% PFA to 1 mL splenocytes. After a 20-minute

fixation, cells were washed and frozen. Thawed samples were resuspended in FcR-block
(BD Biosciences, 553142) prior to staining with the following antibodies: CD45-AF488 [30-
F11] (Biolegend #103122), CD8a-PerCP Cy5.5 [53-6.7] (Biolegend #100734), CD4-BV421
[GK1.5] (Biolegend #100443), CD19-APC [1D3] (Biolegend #152410), B220-BV785
[RA3-6B2] (Biolegend #103246), Ly6G-AF700 [1A8] (Biolegend #127622), Ly6C-BV605
[HK1.4] (Biolegend #128035), CD11b-PE [M1/70] (Biolegend #101208), IgD-BV510 [11-
26¢.2a] (BD Biosci #563110). Data were acquired on a Bio-Rad ZES5 flow cytometer and
analyzed using FlowJo software.

Tamoxifen induction of PTEN knock-out

B cell specific knock-out of PTEN was achieved with a single IP injection of 2 mg
tamoxifen, dissolved in corn oil, into hCD20-Cre™M X ROSA26-STOPflox-YFP X
PTENIOX/10X or control hCD20-Cre™M X ROSA 26 STOPflox YFP X PTEANWT mice [26].
On day 7 post tamoxifen, mice are injected with anti-CD79 or isotype control antibodies.
After 18 hours, YFP* B220™ splenic B cells are analyzed on PTEN expression, antibody
coating, and BCR mediated calcium mobilization.

Statistical analysis

GraphPad Prism software was used to generate graphs and perform statistical tests. Unless
otherwise noted, statistical significance was calculated by student’s t-test in order to

make pairwise comparisons between control and experimental groups as well as between
experimental groups. For statistical analysis of EAE disease scores and time to EAE onset,
Kruskal-Wallis with Dunn’s multiple comparison test and Wilcoxon Log-Rank test were
employed, respectively. ns, not significant; *, p<0.05; **, p<0.01, ***, p<0.001; ****,
p<0.0001.
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B cells in chimeric human-mouse CD79 knock-in mice express fully functional chimeric
antigen receptors and undergo normal development.

To develop mice expressing extracellular human CD79 domains, the immunoglobulin-like
domains of mouse CD79 were replaced by genomic DNA knock-in of human homologues,
independently creating chimeric CD79A and chimeric CD79B (cCD79A and cCD79B,
respectively) mice (Fig 1C).

The rationale for construction of chimeric CD79 mice is as follows: epitopes recognized by
anti-human CD79 antibodies must be expressed without disturbing the signaling capacity
of mouse BCRs. Therefore, we replaced only the extracellular portions of mouse CD79

A and B molecules. Conserved cysteines, and therefore the supportive disulfide bridges,

are maintained in the extracellular Ig-like domains of human and mouse CD79A and B.
This suggests that heterodimer pairings of chimeric CD79 with endogenous mouse CD79
proteins should be expressed on the cell surface. This was an important consideration due
to the fact that cCD79A and cCD79B knock-in mice were made independently, later to be
interbred to create doubly homozygous cCD79AB animals. High conservation of mouse and
human transmembrane domains suggest uninterrupted association of the chimeric CD79
with mouse immunoglobulin in B cell plasma membranes [27]. Cytoplasmic domains
containing immunoreceptor tyrosine-based activation motifs (ITAMs) are entirely mouse
derived. Therefore, interaction of cCD79 with intracellular signaling effectors should be
intact. Thus, we hypothesized that these constructions would allow cCD79 binding of
anti-human CD79 antibodies while preserving interactions among mouse CD79 chains

and membrane-bound immunoglobulin. Further, cCD79 should interact faithfully with
downstream signaling intermediaries. The former interactions are critical for BCR transport
to and expression on the cell surface and the latter for BCR signaling, both required for B
cell development and function.

Before engaging in the study of the effects of candidate anti-human CD79 therapeutics, it
was important to verify normalcy of cCD79 expression, association with murine partners,
and function in B cell development and antibody responses. Knock-in mice homozygous

for cCD79A, cCD79B or cCD79A and B were observed to be viable, fertile, and develop
normally with no grossly apparent signs of developmental defect nor immunodeficiency. As
depicted in the first two columns of figure 1D, anti-human CD79A [706931] is reactive with
cCD79A and cCD79AB mice, but not fully murine CD79 nor cCD79B mice. Conversely,
anti-human CD79B [AT105-1] stained B cells from cCD79B and cCD79AB mice, but not
fully murine CD79 nor cCD79A mice. B cells from cCD79A mice also stained with the
mouse anti-human CD79 [Curly-14] and the previously described hamster anti-mouse CD79
[HM79] allowing assignment of their specificities for hCD79A and mCD79B, respectively.
Intensity of staining further suggests that the epitope recognized by Curly-14 is contained
entirely within the A chain of human CD79. Importantly, the cCD79A homozygous mouse
conveniently allows head-to-head comparison of biological effects of the anti-mouse CD79B
and the anti-human CD79A clinical candidate in the same cell.
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Loss of the extracellular portions of mouse CD79 proteins was confirmed by immunoblot
analysis of whole cell lysates (Fig 1E). B cells (CD43") from the spleens of cCD79

and wild-type mice were lysed and subjected to protein fractionation by SDS-PAGE
followed by transfer to PVDF membranes. Protein-adsorbed membranes were probed with
polyclonal rabbit antibodies recognizing mouse CD79. The upper panel was blotted with
affinity purified polyclonal rabbit antibodies reactive with Sf9-expressed mouse CD79AB
extracellular domain heterodimers. Bands representing mouse CD79A (~34kD) and B
(~37kD) are seen in WT B cell lysates. As seen in the cCD79A lane, the rabbit anti-
mCD79AB recognizes mCD79B but does not recognize human CD79A. Similarly, this
polyclonal antibody does not recognize human CD79B when expressed as a heterodimer
with WT mCD79A, or a heterodimer of cCD79A. The middle panel shows the membrane
blotted with polyclonal rabbit antibody raised against the mouse CD79B cytoplasmic
domain, the sequence of which is found in both mCD79B and cCD79B, illustrating
equivalent lane loading. These data, together with the B cell staining in figure 1D, suggest
not only successful expression of chimeric receptors but also successful paring of chimeric
and endogenous mouse CD79 molecules. The presence of B cells in the spleens of cCD79
mice is also suggestive of successful selection, egress from the bone marrow and survival in
the periphery. These observations further demonstrate a lack of polyclonal rabbit antibody
cross-reactivity between mouse and human CD79A and B extracellular domains.

To further examine /n vivo co-expression of chimeric and mouse CD79, we analyzed B

cell surface staining in animals homozygous at cCD79A containing 0, 1 or 2 copies of the
cCD79B encoding gene. Staining of CD19* human PBMCs by anti-human CD79B [AT105]
was first confirmed (Fig 1F), before co-staining cCD79 B cells with anti-mouse CD79B
[HM79] (Fig 1G). cCD79A**cCD79B*~ B cells stained positively for both mouse and
human CD79B, with intensities consistent with cCD79B gene dose. This suggests similar
efficiency of cCD79A pairing with either mCD79B or cCD79B. However, mouse CD79B
appears to be favored slightly in pairing with the chimeric CD79A, as shown by dual
staining of mouse CD79B and human CD79B in cCD79A**B*/~ cells (Fig 1G). This is
suggested by off-diagonal staining of mouse CD79B. This finding is consistent with reduced
signal seen in figure 1D, i.e. in some B cells hCD79A staining is reduced in cCD79AB B
cells relative to cCD79A animals. In contrast, gain of hCD79B staining and coincident loss
of mCD79B further demonstrates near equivalent pairing and expression of both chimeric
and mouse CD79 proteins. Near equivalent surface levels of both IgM and IgD on B cells
from these genotypes suggests that there is no defect in BCR expression as a consequence of
pairing of chimeric and mouse CD79 chains (Fig 1H).

Taken together, these data demonstrate successful generation of the chimeric human-mouse
CD79 extracellular domain knock-in mice. Further, the ability to detect nearly normal
expression of the cCD79 molecules, and identical expression of IgM and 1gD, demonstrate
effective pairing and suggest no defect exists in B cell development and maturation

as a consequence of CD79 extracellular domain swapping. Formal analysis of B cell
development is described in supplemental figures 1-4. Briefly, no significant deviations in
B cell developmental populations in the bone marrow (i.e. Hardy fractions) nor peripheral B
cell populations in the spleen were observed in cCD79 mice as compared to C57BI/6 wild-
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type animals (Supplemental Fig 1-3). Additionally, B cell activation /n vivo and steady-state
serum lg concentrations are unaffected by expression of cCD79 (Supplemental Fig 4).

Expression of cCD79 does not affect BCR signaling function.

Data presented thus far suggest function of the murine BCR is unaffected by replacement
of CD79A and B extracellular domains with their human counterparts; B cell development
and survival are dependent on surface expression and tonic BCR signaling [28] [29] [30].
In order to properly assess effects of cCD79 on BCR signaling we measured tyrosine
phosphorylation of membrane-proximal signaling effectors and calcium mobilization
following receptor stimulation.

Initial steps in BCR signaling include the tyrosine phosphorylation of Lyn, Syk, Btk, PLCy
and, most proximally, CD79 receptor components on which conserved tyrosine residues in
ITAMs are phosphorylated to initiate downstream signaling [31]. Phosphorylation of these
signaling intermediaries propagates the BCR signal leading to the eventual activation of the
B cell. In order to assess total BCR-mediated tyrosine phosphorylation in cCD79 animals,
we prepared whole-cell lysates of splenic B cells that had been stimulated 7 vitro. B cells
from wild-type and cCD79 animals were purified by CD43 negative selection and subjected
to BCR stimulation with F(ab’), fragments of rabbit anti-mouse Ig containing reactivity

to heavy chains and light chains (H+L), and therefore reactive with all BCR. Whole-cell
lysates from stimulated B cells were fractionated by SDS-PAGE and transferred to PVDF
membranes which were subsequently blotted with phosphotyrosine/context-dependent
antibodies, i.e. pTyr (Fig 2A), pCD79A (Fig 2B) and, pSyk (Fig 2C). Whole-cell lysates
from resting cells demonstrate equivalent levels of basal phosphorylation. Membranes were
re-probed with anti-actin, anti-mCD79B or anti-Syk antibodies, respectively, to control

for equivalent loading. Images obtained from these blots demonstrate a similar degree of
tyrosine phosphorylation in cCD79 B cells compared to wild type. This includes global
phosphotyrosine (Fig 2A), phospho-CD79A (Fig 2B) and, phospho-Syk (Fig 2C).

Calcium mobilization, along with parallel activation of other downstream pathways, is
important in BCR signaling [32]. Tyrosine phosphorylation leads to activation of PLCry,
which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and
inositol 1,4,5-trisphosphate (IP3). Stimulation of 1P3 receptors in the ER membrane initiates
release of intracellular calcium stores and this activates entry of extracellular calcium.
Ultimately, calcium-dependent nuclear translocation of the transcription factor NFAT
contributes significantly to B cell activation. Thus, elevation of [Ca*?]; in BCR-stimulated
cells is a simple measure of complex signaling events that occur proximal to the receptor. In
order to assess calcium mobilization in B cells expressing cCD79, we recorded fluorescent
emissions of intracellular calcium reporter (INDO-1) before and after stimulation with
antibodies recognizing membrane immunoglobulins. Splenocytes from cCD79 and wild-
type control animals were simultaneously stained for B cells (B220) and loaded with the
calcium-sensing dye. When bound to cytoplasmic CaZ* ions, INDO’s emission shifts from
525 (unbound) to 379 nm. A ratio of 379/525 is used as a measure of relative intracellular
free calcium level ([Ca*2];). After 30 seconds of data acquisition, to establish basal [Ca*2];,
cells are stimulated with anti-BCR antibodies (anti- IgM, IgG, etc.) and [Ca*?]; recorded for
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an additional 150 seconds. As seen in figure 2D, stimulation of cCD79-containing BCRs
results in similar amplitude changes in [Ca?*];, time to maximal calcium and attenuation of
the calcium signal. These observations suggest that circuitry involved in both activation and
regulation of BCR signaling is operative in cCD79 B cells.

Taken together, these data demonstrate normal signaling functionality of the BCRs
comprising murine immunoglobulins and human/mouse chimeric CD79A and B. To further
interrogate BCR function in cCD79 animals, we analyzed B cell antibody responses
following immunization.

WT and cCD79 mice respond equivalently to immunization with thymus-dependent and
thymus-independent immunogens.

B cell immune responses to both thymus-dependent and thymus-independent immunogens,
as measured by generation of antibody secreting cells (ASC) and serum antibody, reflect

a complex orchestration of both inter- and intracellular interactions [33]. In order to test
the capabilities of cCD79-containing BCRs to participate in these responses, we first
immunized mice IP with NP4 s-conjugated ovalbumin, in alum, and measured the primary
immune response via ELISPOT and ELISA (Fig 2E and F). At take-down, 16 days after
immunization with NP-Ova + alum, we observed equivalent numbers of both total and
high-affinity, 1gG antibody-secreting cells specific for NP (Fig 2E). Similarly, accumulated
IgG antibody in peripheral blood serum of immunized animals was found to be relatively
identical between control and humanized animals (Fig 2F). We also measured responses
that are independent of T cell help, which rely more heavily on the signaling efficiency

of the BCR. To this end we immunized control and knock-in animals with high-avidity
NPsg-conjugated ficoll. Seven days later, near equivalent numbers of IgM anti-NP ASC were
seen in all groups of immunized animals (Fig 2G).

In conclusion, in addition to functioning at the level of molecular signaling, activation

of cCD79* B cells results in immune responses that are indistinguishable from wild type
animals. Confirmation of B cell functionality in cCD79 expressing animals permitted us to
explore the treatment effects of candidate anti-huCD79 therapeutic antibodies /7 vivo. This
includes effects of treatment on BCR signaling, immune responsiveness, and modulation of
murine autoimmune disease models.

In vivo treatment with anti-human CD79 antibody induces changes similar to those
observed in anergic B cells.

Ultimately, chimeric CD79 mice could serve as an important tool for validation of
therapeutic antibodies and CAR-T cells targeting human CD79. Thus, we wished to explore
the biologic activity of anti-human CD79A. Both human peripheral B cells (CD19%) (Fig
3A, left) and Ramos cells (Fig 3A, middle) were recognized by the Curly-14 anti-human
CD79A antibody. At the same dilution of staining antibody, Curly-14 bound cCD79A B
cells, which are dually stained with anti-mCD79B [HM79] (Fig 1D and Fig 3A, right).

The mouse anti-human CD79A monoclonal [Curly-14] was further humanized (hlgG4),
Fc-mutated (S228P/D265A or S228P/F234A/L235A), and affinity matured in preparation
for preclinical analysis. The candidate human 1gG4 S228P/D265A anti-human CD79A,
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referred to as hlgG4 D265A anti-hCD79A, was used for all experiments presented here.
This monoclonal was first validated based on its ability to bind cCD79A B cells, /n vivo
(Fig 3B). cCD79A mice were injected IP with 250 pg of either higG4 D265A anti-hCD79A,
isotype control hlgG4 [VLN3G2], or hamster anti-mouse CD79B [HM79]. After 18 hours,
splenic B cells (B220*) were analyzed by flow cytometry for staining with anti-human
CD79A [AF647-Curly-14] and anti-human 1gG4 (Fig 3B). The first panel of figure 3B
shows that previous injection with human 1gG4 D265A anti-human CD79A completely
blocks binding of Curly-14, the parental anti-human CD79A,; neither HM79 nor control
hlgG4 blocks Curly-14 binding. The second panel of figure 3B shows coating of B cells
with human 1gG4 in mice previously injected with higG4 D265A anti-human CD79A but
not in mice injected with hlgG4 isotype nor HM79. These data confirm that Curly-14’s
specificity is maintained in the humanized clinical candidate. The first observable /n vivo
effects of the anti-human CD79A clinical candidate are seen at the B cell surface in
splenocytes taken from cCD79A mice injected IP with 250 g of antibody 18 hours prior
(Fig 3C). In comparison to hlgG4 isotype-treated animals, anti-hCD79A treatment leads to
a highly significant decrease in both IgM and 1gD on the surface of splenic B cells. This is
similar to the observations of Hardy et. al. using surrogate anti-mouse CD79B ([9], Fig 5B).
This effect is different than that seen upon induction of B cell anergy, wherein cells express
normal levels of 1gD and decreased levels of IgM on their surface. Given the confirmation of
binding and the initial cues from /n vivo biologic activity, we wished to further characterize
B cell receptor signaling in animals treated with anti-human CD79A.

To interrogate membrane-proximal BCR signaling events in anti-hCD79A-treated animals,
we first assayed global BCR-induced tyrosine phosphorylation by western blot (Fig 3D). As
before, 18 hours prior to the assay, cCD79A mice received 250 ug IP injections of either
hlgG4 D265A anti-human CD79A or control hlgG4. Splenic B cells were harvested via
CDA43 negative cell selection and rested in serum free medium at 37°C for 1 hour before
stimulation with either goat F(ab’), anti-mouse IgM or pervanadate. Whole B cell lysates
were fractionated by SDS-PAGE and electrophoretic transfer to PVDF membranes. These
were blotted with anti-phospho- tyrosine [4G10] and anti-actin. Unstimulated cells (0”) serve
to demonstrate basal tyrosine phosphorylation. Whereas actin blots control for equal protein
loading, stimulation with the protein-tyrosine phosphatase inhibitor pervanadate controls for
kinase activity and substrate availability (Fig 3D right). Most notably, global BCR-mediated
tyrosine phosphorylation is impaired in B cells from anti-hCD79A-treated animals. The
arrow-indicated band between the 70 and 95 kDa markers most likely represents spleen
tyrosine kinase (Syk) and appears to be significantly diminished in the corresponding anti-
hCD79A-treated lanes, at 1- and 10-minutes post BCR stimulation. To this end, identical
sets of cell lysates were used to confirm Syk phosphorylation directly (Fig 3E). Having
confirmed that BCR-induced Syk phosphorylation is significantly reduced in anti-hCD79A
treated B cells, we next wanted to reconcile this signaling defect with decreased migM and
mlgD expression. To do this we harvested spleens from cCD79A mice, treated as before,
and stimulated RBC-lysed splenocytes with goat F(ab”), anti-mouse IgM for 5 minutes.
Cells were immediately fixed before surface staining with anti-B220 and a non-stimulating,
fluorescently-conjugated Fab anti-mouse Ig (H+L). This method of staining allowed us to
gate on cells bearing equivalent levels of mBCR while analyzing Syk phosphorylation. Cells
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that had been fixed and surface stained were permeabilized and stained for intracellular
phosphorylated Syk (Y525). As shown in figure 3F, when we normalized for mBCR
surface expression, anti-hCD79A-treated cells showed decreased phosphorylation of Syk
in response to IgM stimulation.

Considering the above observation, we next analyzed calcium mobilization as a function of
BCR surface expression. As before, cCCD79A animals received anti-hnCD79A IP injection 18
hours prior to spleen excision. RBC-lysed splenocytes were stained with anti-B220 and Fab
anti-mlg (H+L) while being loaded with the ratiometric calcium indicator, INDO. On a UV
laser-equipped flow cytometer, indo emissions were collected for 30 seconds, to establish
relative basal intracellular calcium concentrations, before stimulating cells with either 1

or 10 pg/mL rat anti-mouse IgM [B76] and acquiring data for an additional 150 seconds.
Similar to Syk phosphorylation, when we analyze BCR-induced calcium mobilization by
first gating on cells bearing equivalent mBCR, the suppressive effects of anti-hCD79A
treatment remain (Fig 4A). lonomycin stimulation induces calcium flux in anti-hCD79A-
treated cells to the level of isotype control-treated cells (Fig 4B). BCR-mediated calcium
mobilization is also suppressed in Ramos B cells after overnight culture with higG4 D265A
anti-hCD79A (Fig 4C). Taken together, these observations imply that the inhibition of BCR
signaling in anti-hnCD79A-treated B cells is, at least partially, independent of the coincident
reduction in mBCR and suggests that regulatory circuitry and/or receptor destabilization
may be elicited by the treatment [34, 35] [36, 37].

Of particular interest in the study of anergic B cells, and their activity in health and disease,
is the inhibitory phosphatase PTEN or Phosphatase and TENsin homolog [38]. PTEN is

an inositol lipid phosphatase that opposes the activity of P13 kinase and therefore regulates
BCR signaling. PTEN can be observed at increased levels in anergic (Bnp) cells in humans
and mice, and its dysregulation, i.e. reduction, is associated with autoimmune pathogenesis
[39] [26] [38] [40]. Further, targeted overexpression of PTEN in mouse B cells causes
refractory BCR signaling and inhibition of B cell immune responses in vivo [26]. For

these reasons we assayed intracellular PTEN expression in B cells taken from animals
injected with anti-hCD79A. Figure 4D demonstrates increased PTEN expression in cCD79A
B cells 18 hours post injection. Importantly, the level of increase is consistent with those
seen in human anergic B cells and in mouse models of anergy. In order to formally test
PTEN’s contribution to anti-CD79-induced anergy, we utilized a conditional and tissue
specific mouse model of PTEN deletion, i.e. hCD20-Cre™M X ROSA26-STOPflox-YFP X
PTENToX/flox (or PTEN™). These mice do not express human CD79 extracellular domains,
which required that we use the surrogate anti-mouse CD79B antibody. Mice were first
injected IP with 2 mg of tamoxifen on dO to activate CRE and delete PTEN [26]. On

d7, when intracellular PTEN becomes undetectable, mice were injected IP with 250 ug

of either mouse 1gG2a D265A anti-mouse CD79B or control mouse 1gG2a anti-HEL.

After 18 hours, we analyzed PTEN expression, antibody coating, and calcium mobilization
in B220"YFP* splenocytes. Figure 4E confirms PTEN knock-out was successful in both
treated and control-treated animals. Anti-CD79-induced PTEN increase in wild-type animals
can also be seen. Further, we demonstrated that B cells in anti-mCD79B-treated animals
are coated with the therapeutic as shown by surface staining with an anti-mlgG2a. When
these cells are subjected to BCR stimulation and calcium analysis, we see that the removal
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of PTEN leads to increased maximal intracellular calcium in B cells from anti-mCD79B-
treated animals but not isotype control-treated animals. This noted loss of PTEN does
accelerate response kinetics in isotype control-treated B cells (Fig 4F). These findings
suggest that PTEN elevation plays a role in the reduced responsiveness of B cells exposed to
anti-mCD79B, /n vivo. Preliminary observations in SHP1 KO and SHIP-1 KO experiments
showed no requirement for these molecules in anti- mCD79B modulation of BCR signaling
(Wemlinger and Cambier, unpublished observations). These results lead us to believe that
anti-CD79-induced desensitization of the BCR may involve multiple, partially redundant
mechanisms in addition to receptor modulation. Moving forward, we wished to interrogate
anti-hCD79A’s effects on B cell immune responses.

Anti-human CD79 treatment modulates primary B cell antibody responses to antigen and
reduces antibody secretion by terminally differentiated plasmablasts and plasma cells.

The ability to inhibit a thymus-dependent (TD) antibody response to immunization with
NP-conjugated ovalbumin was previously demonstrated in Hardy’s anti-mouse CD79B
experiments [9]. Herein we chose to first assess the impact of anti-human CD79

treatment on thymus-independent (T1) antibody responses, which rely on high valency

BCR stimulation without T cell help. Antigens with highly repetitive BCR epitopes are
capable of stimulating B cells to produce low affinity IgM antibodies that provide early
protection from infection. To test the impact of anti-hCD79A treatment in this regard,
cCD79A animals received either hlgG4 D265A anti-human CD79A, or control higG4, 24
hours before being immunized with NPso-ficoll. Figure 5A shows a significant reduction
(~80%) in the number of NP-specific IgM* antibody secreting cells (ASC) detectable 7
days post immunization in animals injected with anti-human CD79A. The development of
high affinity 1gG antibodies is a function of complex cellular interactions and processes
that take place within germinal centers. These are specialized structures within secondary
immune tissues that promote B cell proliferation, class switching, and affinity maturation of
their B cell receptors [41]. Before confirming the findings involving anti-mouse CD79B, we
looked at the effect of anti-hCD79A treatment on germinal center formation. To accomplish
this, we treated cCD79A mice as before and then immunized with sheep red blood cells
(SRBC) [23]. At 5 days post, splenic B cells from immunized mice were analyzed by flow
cytometry for germinal center (GC) B cell markers, CD95/Fas and GL7. Figure 5B shows
significant reduction (>50%) in both proportion and number of splenic B cells expressing
these markers. These results provide at least a partial explanation for anti-CD79’s ability to
inhibit TD antibody responses. To confirm and translate the effects of anti-mouse CD79B
on TD antibody responses, we immunized cCD79A mice, injected 24 hours prior with
anti-hCD79A or control antibody, with NP-Ova in alum and enumerated NP-specific ASC
16 days later. Figure 5C shows a significant reduction (~60%) of IgM™* anti-NP ASC found
in the anti-hCD79A-injected mice. In addition, both total and high affinity 1gG* anti-NP
ASC are significantly reduced (>75%) in the same mice. These observations corroborate the
activity of the surrogate anti-mouse CD79B and extend them to include suppressive effects
on immune responses to immunization with T1 antigens.

So far, we have focused on the effects of anti-CD79 treatment as a preventative measure.
Pre-treatment with anti-CD79 strongly inhibits BCR signaling and primary B cell antibody
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responses. In other words, anti-CD79 is shown to act early in B cell activation by

BCR stimulation or immunization. From a potentially therapeutic standpoint, it might

be important to know the effects of anti-CD79 on terminally differentiated autoantibody
secreting cells. The ability to suppress pathogenic autoantibody secretion would be
beneficial in diseases such as SLE and would further differentiate anti-CD79 from anti-
CD20, which does not target these cells (i.e. plasmablasts and plasma cells). As a pioneering
step towards this possibility, we generated NP-specific ASC by immunizing cCD79A mice,
as before, with NP-ova in alum and harvested spleens 16 days later. RBC-lysed splenocytes
were then cultured overnight with either anti-hnCD79A D265A, anti-mouse CD20 [18B12],
or isotype control antibody (hlgG4 or migG2a). Following overnight incubation, cells were
washed, counted and loaded onto NP-coated ELISPOT plates. The left panel of figure 5D
shows a significant decrease in ASCs in overnight cultures containing anti-hCD79A, but

not in cultures with anti-mCD20, as compared to control antibody cultures. It is important

to note that no differences in splenocyte viability, i.e. trypan blue staining, were observed
following overnight culture. As an additional experiment, we obtained PBMCs from subjects
who received a tetanus booster (Tdap) 7-10 days prior to isolation. These PBMCs were
cultured as before with either anti-hCD79A D265A, anti-hCD20 (Rituximab), or control
hlgG4. Following overnight incubation, cells were washed and counted before being loaded
onto tetanus-toxoid-coated ELISPOT plates. The right panel of figure 5D shows a similar
decrease in TT-specific ASC when cells were cultured with Fc effector function-incompetent
anti-hCD79A but not with anti-hCD20. These preliminary findings suggest that anti-CD79
may be capable of targeting and suppressing antibody secretion by ASCs. Importantly,
suppression of antibody secretion was not induced by anti-CD20, suggesting a potentially
distinct range of use of anti-CD79 therapy. Further experimentation is needed to understand
the exact mechanism of ASC modulation by anti-CD79 and whether the treatment effects are
preserved /in vivo. Given these results we wished to look at anti-hCD79A treatment effects
on autoantibody production.

To assess the potential impact of anti-hCD79A on development of autoimmunity, we next
explored the /n vivo prophylactic effects of anti-human CD79A in the pristane induction
model of SLE [42]. cCD79A mice were pretreated on d0 with 250 ug IP of either higG4
isotype control antibody or human IgG4 anti-hCD79A D265A (Fig 5E). Mice then received
asingle 0.5 mL IP dose of pristane and were injected with antibody every 7 days thereafter.
Normal mortality was observed in the first 30 days of the experiment, most likely due to
pulmonary hemorrhage. There was no significant difference in survival rate between the
groups and autoantibody was not detectable during this time. This suggests anti-hnCD79A
treatment does not modulate pristane-induced inflammatory processes operating early in

the pristane model. Importantly, anti-hCD79A-treated mice failed to accumulate chromatin-
specific 1gG autoantibodies during the course of the experiment. We hypothesize that,

in addition to preventing anti-chromatin autoantibody formation, extended prophylactic
treatment with anti-hnCD79A prevents the development of lupus-associated pathology in
pristane-induced mice. Further experimentation is needed to measure anti-CD79’s effects on
autoantibody production to antigens other than chromatin as well as modulation of disease in
fully therapeutic application.
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Anti-human CD79 treatment prevents autoimmune disease development in experimental
autoimmune encephalomyelitis

Early validation of the potential therapeutic efficacy of CD79 targeting was carried out

by independent laboratories using surrogate anti-mouse CD79B antibodies in multiple
disease models [8] [9] [10]. First described in the MRL//pr model of systemic lupus
erythematosus (SLE), anti-mouse CD79B prevented onset of spontaneous lupus-like disease
in these mice, which was reportedly dependent on B cell depletion [8]. Importantly,

treated mice accumulated far less chromatin-reactive IgG antibodies in their serum and
displayed improved survival and lower mean skin scores. More recently, it has been found
that targeting mouse CD79B prevents disease independent of its abilities to deplete B

cells, rather acting by induction of reversible anergy [9]. In 2014, Hardy et. al. prevented
development of severe arthritic disease in collagen-immunized mice. Importantly, these
studies used mouse 1gG2a anti-mouse CD79B antibodies that contained the D265A
mutation, significantly reducing ADCC and CDC effector functions, thus preventing B cell
depletion [43]. In contrast, when formulated in this fashion, anti-CD20 no longer induced
B cell depletion and did not protect mice from developing anti-collagen autoantibodies

and consequent joint inflammation. The effects of non-depleting anti-mCD79B on B cells
were maintained as long as ~20% of BCR were engaged by antibody, as B cells recover
their signaling ability after anti-mCD79B levels decay. Use of non-depleting therapy has
potential to mitigate safety concerns associated with long-term B cell depletion. This mode
of protection from collagen-induced arthritis was confirmed by Briihl and company the
following year [10]. Their findings suggest that the tolerizing effects of anti-mCD79B
extend beyond the BCR, potentially modulating signals emanating from CD40 and CD180.
Apart from inducing anergy in B cells, other investigators are exploring CD79 targeting with
CAR-T cells and drug-antibody conjugates for treatment of B cell malignancies [44, 45].

We sought additional evidence of clinical utility of anti-hCD79A antibodies using

the B cell dependent EAE model of multiple sclerosis [46] [47]. Male and female
cCD79A**cCD79B*~ mice were immunized IP with 50 pg recombinant human myelin
oligodendrocyte glycoprotein (hnMOG1_125) in 200 pg complete Freund’s adjuvant (CFA)
on day 0. Mice also received IP injections containing 200 ng pertussis toxin in PBS on d0
and d2. Mice were given weekly IP injections of antibody at 20 mg/kg of body weight,
beginning on d-3 and continuing for the duration of the experiment. Antibody treatment
arms consisted of aglycosyl-mlgG1 anti-hCD79A (anergizing), mlgG2a anti-hCD79A
(depleting), and both aglycosyl-mlgG1 and mlgG2a anti-HEL isotype controls. Figure 6A
demonstrates that the anti-human CD79A formulation that is non-depleting is, nonetheless,
efficacious. In this experiment aglycosylated mlgG1 anti-human CD79A antibody was used
to prevent ADCC and CDC leading to B cell killing, thus isolating anergizing function,
while anti-human CD79 antibody in 1gG2a format was used for B cell depletion. Depleting
and anergizing anti-hCD79A antibodies reduced EAE disease severity similarly, to a degree
equivalent to depleting anti-CD20 antibodies [48] [49]. Incidence of EAE was drastically
reduced for the anergy and depletion groups compared to the isotype groups in this study
(anergy 56.3%; depletion 58.8%; pooled isotype 94.7%) (Fig 6B). A significant delay

in disease onset was also observed in the anti-hCD79A-treatment groups (median day

of onset: anergy 14; depletion 13.5; pooled isotype 12). Surprisingly, mice treated with
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anergizing anti-hCD79A tended to be protected from weight loss over the duration of

the experiment (Fig 6C). Importantly, B cell depletion was seen in EAE mice receiving
wild-type mlgG2a anti-hCD79A while B cells were not significantly depleted in mice
receiving the aglycosylated mouse IgG1 anti-hCD79A (Fig 6D, left). Both anti-hCD79A
antibody treatments caused reduced expression of surface IgD, a unique property of anti-
CD79 induced B cell anergy as it is not a characteristic of anergic B cells (Fig 6D, right).
No significant differences were observed in other immune cells (i.e. CD4, CD8, Myeloid)
in response to either anti-hCD79A treatments (Fig 6E). Figure 6F demonstrates highly
significant reduction in relative serum concentrations of anti-MOG 1gG in mice receiving
either anti-hCD79A treatments. Isotype treatment groups display rapid onset of anti-MOG
antibody production while minimal levels are found in the anti-hCD79A treatment groups
throughout the duration of the experiment. At the peak of disease (d15) significantly
decreased anti-MOG IgG in the anergized mice suggests inhibited B cell activation leading
up to the peak of exacerbation in EAE-associated paralysis. Significantly reduced serum
pNfH, a marker of neurodegeneration, at the peak of disease is also seen in mice treated with
anergizing anti-hCD79A (Fig 6G).

In conclusion, we have confirmed the ability of anti-human CD79A antibodies to

prevent autoimmune disease development in humanized cCD79 mice. Paramount in these
experiments is demonstration that the ability of anti-human CD79A antibody to prevent
development of autoimmunity is independent of its ability to deplete B cells. In the
pristane model, anti-hCD79A was rendered Fc effector-compromised by virtue of the
D265A mutation. Similar Fc mutational approaches are utilized in therapeutic antibodies
currently being administered to patients [50]. Blocking the development of anti-chromatin,
and potentially other autoantibodies induced by pristane, suggests prevention of outright
disease. In the EAE model of multiple sclerosis, anti-human CD79A antibodies also
prevented disease in the absence of B cell depletion. Non-depleting therapies that target
B cells represent a potentially safer alternative to CD20-mediated B cell depletion.

Discussion

Here we describe the generation and application of a humanized mouse platform for
preclinical validation of candidate anti-human CD79 therapeutic antibodies. This approach
is advantageous in situations in which the therapeutic target dictates need for an in-depth
understanding of immunological impact of the intervention that is not achievable in non-
human primates. In this case, knock-in mice were created that express, in context, the
extracellular domains of either or both human CD79A and B. These mice were used to
study the functional interchangeability of human and mouse CD79 extracellular domains,
and the activity of a humanized 1gG4 D265A anti-human CD79A monaoclonal antibody
hypothesized to suppress immune responses, including autoimmune responses, by inducing
an anergic-like state without significant B cell depletion.

CD79 heterodimers associate non-covalently with immunoglobulins and are required for
membrane expression of the B cell receptor; without CD79 expression, B cell development
is arrested at the pro- to pre-B cell transition [1]. In addition to its roles in B cell
development, CD79 ITAMs are responsible for initiating intracellular signaling cascades
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subsequent to aggregation of the BCR [51]. These signals ultimately drive B cell activation,
proliferation, and differentiation in immune responses [52]. Human CD79 heterodimers are
similar structurally to those found in mice. Both consist of CD79A-CD79B disulfide-linked
heterodimers which associate with surface immunoglobulin in B cell plasma membranes.
CD79A and CD79B each have a single extracellular immunoglobulin-like domain, a single
pass transmembrane domain, and cytoplasmic signaling domains. CD79 sequence homology
between mouse and human is lowest in the extracellular 1g-like domains, suggesting a
potential lack of cross-reactivity between anti-human and anti-mouse CD79 antibodies.
Highest conservation between these species can be found in the transmembrane and
cytoplasmic domains. The TM domain of CD79A is 100% conserved in mice and humans.
This is also true of the membrane spanning domains of membrane-bound IgM, which is
believed to contain the site of interaction with CD79A [53]. To this end, surface expression
of IgM in mouse B cells is achievable with expression of the human CD79A encoding
gene, mb-1 [54]. Further, humans expressing mutated CD79A, which resulted in a loss of
the CD79A TM domain, lack peripheral B cells and are agammaglobulinemic [55] [56].
Thus, it was predicted that expression of our chimeric CD79, in which only the extracellular
domain sequences are human, would not disrupt BCR assembly in mice. Data presented
here confirms this prediction. Due to the low sequence homology between mouse and
human CD79 extracellular Ig-like domains, we hypothesize that interactions between the
Ig-domains of CD79 and membrane immunoglobulin are much less important than those
within the transmembrane domains of each.

Our findings lead to a number of conclusions. Because CD79 plays a critical role in B

cell development and function, and because human CD79 could disrupt these functions, we
characterized the cCD79 knock-in mouse lines in comparison to wild type C57BL/6 mice.
Results indicate that human and mouse CD79 extracellular domains are interchangeable in
all regards. Our analyses show B cell developmental populations within the bone marrow
and the spleen to be within normal ranges. Similarly, B cell activation and differentiation

in the periphery is normal. BCR signaling and B cell immune responses were found

to be unaffected by CD79 extracellular domain replacement. Although cCD79 B cells
behave in a nearly identical fashion as wild type B cells expressing mouse CD79, we
addressed several interesting findings that came to light in our studies. First, the observed
relative mass of our cCD79B molecule is closer to the known mass of mouse CD79B

(Fig 1E, middle membrane). Specifically, mouse CD79B migrates at 37kDa while fully
human CD79B migrates at 34kDa [57] [58]. Our chimeric human-mouse CD79B migrates
at ~35kDa suggesting that the differences may be associated with the cellular context

and/or glycosylation. Another puzzling observation is the apparent preference of cCCD79A
for pairing with the endogenous mouse CD79B molecule on the surface of B cells in
cCD79A**B*~ mice. However, there are no discrepancies in IgM nor IgD expression levels
between cCD79A mice expressing either no, one, or both copies of cCD79B. In addition, no
discrepancies in B cell development nor BCR function were observed in singly homozygous,
e.g. cCCD79A and cCD79B, mice suggesting that the staining seen in Fig 1D and Fig 1G is
due to the relative affinities of the monoclonal antibodies.

We further report that in WT and knock in mice, respectively, anti-mouse and anti-human
CD79 antibodies have similar inhibitory effects on BCR signaling and on immune
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responses. Chronic stimulation of the BCR by autoantigen in the absence of secondary
signals induces a form of peripheral B cell tolerance known as anergy [59] [60] [61] [62].
Chronic engagement of the BCR via anti-CD79 antibodies elicits a signaling phenotype
similarly observed in anergic B cells [63]. Hardy’s anti-mouse CD79B experiments
demonstrated decreased IgM and IgD expression in response to treatment /n vivo [9].
BCR-mediated calcium signaling was also observed to be suppressed in these B cells.
However, reduced calcium signaling was not shown to be independent of decreased
membrane BCR. Herein, we have demonstrated that the humanized 1gG4 D265A anti-
human CD79A clinical candidate induces inhibition of BCR-mediated Syk phosphorylation
and calcium mobilization that is independent of changes in IgM and 1gD surface expression.
In comparison to anergic B cells, anti-CD79 treatment induces down modulation of both
IgM- and IgD-containing B cell antigen receptors. The ability to affect migD expression, a
unique trait of anti-CD79 treatment, could be due to the expression pattern of IgM and 1gD
on peripheral B cells that are likely the primary target of the therapeutic, e.g. mature naive
B cells in peripheral blood and spleen. Developing autoreactive, and potentially anergic, B
cells in the bone marrow encounter autoantigen upon expression of their IgM pre-BCR, prior
to expression of IgD. This difference suggests that migD on anergic B cells may not bind
antigen with the same efficiency as migM. This would be consisted with the greater length
IgM heavy chains (5 Ig domains) relative to IgD heavy chains (3 Ig domains). In addition,
we confirm that ionomycin-induced calcium mobilization is unaffected by prior treatment
with anti-CD79. These observations suggest that similar to anergic B cells, anti-CD79
treatment targets signaling events proximal to the BCR and may also rely on non-durable
mechanisms.

In addition to effects on BCR signaling, /77 vivo treatment with anti-human CD79 induces
increased intracellular expression of the regulatory phosphatase, PTEN. PTEN expression

in cCD79A B cells is increased by anti-human CD79A treatment to levels consistent with
those observed in human anergic Byp cells [38]. However, targeted genetic ablation of
PTEN in mice resulted in modest increases in BCR-mediated calcium flux in cells treated
with anti-CD79A. We hypothesize that PTEN may play a partial role in the mechanism;
suppression of signaling may involve multiple, partially redundant mechanisms including
mBCR modulation, regulatory signaling, and potential disassociation of the BCR signaling
complex. Another possibility includes preferential monophosphorylation of CD79 ITAMs in
cells treated with anti-CD79 [35]. The known consequence of ITAM monophosphorylation
is activation of Lyn-mediated inhibitory signaling pathways, but not Syk [64]. Considering
what is known about PTEN-mediated regulation of phosphoinositide 3-kinase (PI13K)
signaling, anti-CD79 treatment may also affect signaling by other activating receptors, e.g.
CDA0, toll-like receptors, and cytokine/chemokine receptors [65]. Data presented by Briihl
et. al., suggests inhibition of CD40 and CD180 signaling by treatment with anti-mouse
CD79 [10]. Further, because signaling by the receptor for B cell activating factor (BAFFR)
has been shown to involve subunits of the BCR as adaptor molecules [66], anti-CD79
treatment may also modulate BAFF signaling. Additional experimentation is needed to fully
define the molecular mechanisms operative in anti-CD79-induced B cell anergy.

We confirm and extend anti-CD79 effects on B cell immune responses to include those
induced by immunization with Tl and TD antigens. Not surprisingly, pre-treatment with
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anti-CD79 resulted in significantly diminished recovery of CD95*GL7* germinal center B
cells in response to immunization with SRBCs. Perhaps more interesting from a therapeutic
standpoint is the potential for anti-CD79 treatment to effect antibody secretion by terminally
differentiated B cells. There is currently a need for therapies targeting secreting cells in
diseases characterized by pathogenic autoantibody. Precedent for this mode of inhibition
was demonstrated in an IgM-secreting hybridoma specific for the hapten fluorescein [67].
In 1980, Boyd and Schrader showed that antigen binding to the surface of these cells
induced inhibition of protein synthesis and antibody secretion. More recently it has been
demonstrated that IgM* and IgA* human plasma cells (PC) express surface BCR and

that high doses of BCR-crosslinking antibody leads to significantly impaired recovery of
ASC [68]. Importantly, it was shown that all human PCs, i.e. IgM™, IgA™, and IgG™,
stained positive for the intracellular portions of CD79 (lg, and Igg) suggesting that surface
expression of CD79 may be maintained irrespective of surface immunoglobulin. Here we
show that /n vitro anti-CD79 treatment results in significantly reduced recovery of antigen
specific ASC. Importantly, antibodies targeting CD20 did not induce this effect. Based

on the level of inhibition, we hypothesize that at least some ASC express CD79 and

that treatment with anti-CD79 negatively affects antibody secretion. At this time we are
unsure if anti-CD79 treatment affects short lived plasmablasts, long lived plasma cells, or
both. It is also unclear whether treatment suppresses antibody secretion and/or induces cell
death. Further experimentation is needed in order to better understand this phenomenon and
whether or not treatment effects are maintained /77 vivo. We are excited about the possibility
that CD79 targeting may be successful at both preventing autoimmune B cell responses and
at disrupting those responses that are already underway.

Most promising from the preclinical testing perspective were anti-hCD79A’s effects

on pristane induced autoantibody production and EAE disease development. In pristane-
injected mice receiving anti-hCD79A, little to no anti-chromatin autoantibody is detected
after 2 months, unlike isotype control mice. Currently, our research efforts include validating
fully therapeutic application of anti-hCD79A in this model. We anticipate that this approach
will also help to clarify anti-CD79’s therapeutic effect on terminally differentiated ASCs
specific for lupus-associated autoantigens. In a preventative treatment of EAE, anti-human
CD79A greatly reduced disease severity and incidence and lead to near complete recovery.
The magnitude of this effect was equal to or greater than that induced by B cell depletion
using either anti-CD20 or fully competent anti-hCD79A. Similar to previous reports using
effector function-compromised anti-mouse CD79B, disease modulation by anti-human
CD79A was achieved without significant B cell depletion, which is the main mechanism

of action exploited by current B cell targeting clinical therapies [69]. At takedown, 30 days
post immunization with hMOG_125, we observe a non-significant reduction in splenic B
cells in mice receiving anergizing anti-hCD79A. However, there is a downward trend that is
reminiscent of B cell counts in the peripheral blood (PB) of Hardy’s mice treated with an
effector function-compromised anti-mouse CD79B ([9], Fig 4B). By 4 weeks post injection,
PB B cell numbers matched those of isotype control animals. Although there was a transient
reduction in PB B cells for ~3 weeks following a single injection, B cells in mice treated
with mutated (D265A) anti-mCD79B did not label with BrdU within this timeframe ([9],
Fig 7). It was concluded that treatment with the surrogate, non-depleting anti-mCD79B
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induced a transient relocation of PB B cells. These observations support the potential impact
of anti-CD79 on other receptors expressed by B cells, e.g. chemokine receptors. At the

peak of EAE disease (d15), mice in the anergizing treatment arm were observed to have
significantly reduced serum concentrations of phosphorylated neurofilament heavy chain
(pNfH), a marker of neurodegeneration [70]. This measure is a correlate of reduced paralysis
and reduced relative serum anti-MOG autoantibodies. Taken together, these observations
suggest that anergizing anti-hCD79A treatment inhibits activation of autoreactive anti-MOG
B cells, which prevents the development of severe EAE. We hypothesize that inhibiting B
cells in this model modulates disease in part by down-regulating B cell antigen presentation
to CD4 T cells. It has previously been shown that expansion of antigen-specific (MOG)

B cells, in mice expressing MHC class 11 on B cells alone, and therefore the sole antigen
presenting cell, drives EAE associated neuroinflammation [71]. Further experimentation is
needed to directly assess the impact of anergizing anti-CD79A treatment on B cell antigen
presentation. We also wish to test this treatment in fully therapeutic mode, administering
antibody at the peak of clinical disease.

We conclude that anti-CD79 functions by inducing transient anergy in autoreactive B

cells. Not only does this predict success of CD79 targeted therapies, but it also addresses
potential safety concerns associated with depleting therapies [18]. Historically, anti-CD20-
mediated B cell depletion leads to a significant reduction of B cells in mouse peripheral
blood for > 40 days post-injection ([9], Fig4A). Preliminary experiments demonstrate

that B cell functionality is fully restored at 35 days post injection with Fc effector
function-compromised anti-hCD79 (Wemlinger and Cambier, unpublished observations).
Confirmation of these findings would support reversibility of anti-hCD79 treatment effects,
offering an additional potential advantage over current B cell depleting therapies. Finally, the
potential to inhibit autoantibody secretion by terminally differentiated plasmablasts and/or
plasma cells could further differentiate CD79 targeting from CD20, which is not expressed
on these cells.

Because anti-CD79 therapy relies on modulation of BCR signaling and B cell immune
responses, it is important to define the mechanism of action in mouse B cells. The
advantages of a murine preclinical model revolve around the more advanced state of our
knowledge of and ability to manipulate the mouse immune system, as well as the prohibitive
expense of preclinical studies in monkeys. Further, non-cross reactivity of anti-human CD79
antibodies in cynomolgus monkeys presents a significant obstacle to preclinical validation of
candidate therapeutic monoclonals. If necessary, a surrogate anti-cyno CD79 antibody can
be used to assess toxicology in non-human primates [45, 72]. We believe that our humanized
mouse line represents an ideal preclinical model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points:

Anti-human CD79A prevents autoimmunity in mice without significant B cell
depletion

Anti-human CD79A induces a transient form of B cell anergy

Anti-human CD79A may silence antibody production by Plasmablasts and
Plasma Cells
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Fig 1. Generation of chimeric human/mouse CD79 knock-in mice.
(A.) Schematic representation of B cell antigen receptor complex. (B.) CD79 amino acid

conservation between mouse and human. Black intervals represent regions of 0% amino
acid conservation. Domain demarcation; L= leader, EC= extracellular, TM= transmembrane,
CY= cytoplasmic. Conserved cysteines required for interchain disulfide bonding shown

for each. (C.) Schematic representation of chimeric CD79. Human sequences comprise

the CD79B extracellular domain and CD79A extracellular/transmembrane domains. (D.)
Surface staining of splenic B cells (B220*) from chimeric (/m)CD79 knock-in mice

J Immunol. Author manuscript; available in PMC 2023 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wemlinger et al.

Page 34

and control C57BL/6. Gray lines show B220™. (E.) Rabbit anti-mouse CD79 immunoblot
analysis of whole cell lysates (purified splenic B cells, CD437) from cCD79 and WT

mice. Upper membrane probed with a polyclonal rabbit antibody raised against a mouse
CD79A and B extracellular domain fusion protein (Cambier lab). Middle membrane probed
with a polyclonal rabbit antibody raised against the cytoplasmic domain of mouse CD79B
(Cambier lab). An anti-beta actin blot was used as a protein loading control. (F.) Surface
staining of B cell gated (CD19%) human PBMCs with anti-hCD79B [AT-105]. Gray line
shows CD19™. (G.) Surface staining as a function of cCD79B allele dosage. Splenocytes
from cCD79 mice of the indicated genotypes were stained with both anti-hnCD79B [AT-105]
and anti-mCD79B [HM79]. Gray contour shows B220~. (H.) IgM and IgD surface
expression in chimeric mice described in G. Gray line shows B220~. n= 4 female mice

per group for G and H. Error bars represent SEM. All data represents at least 3 independent
experiments, representative data shown.
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Fig 2. BCR signaling and B cell immune responses are unaffected by expression of cCD79.
(A.) BCR-mediated global tyrosine phosphorylation in chimeric and control B cells. 2E6

cell equivalents (CD43") per lane, resting or stimulated with 10 ug/mL rabbit F(ab’),
anti-mouse Ig H+L for 5 min. Unstimulated cells were run in parallel (left 4 lanes) to

show basal phosphorylation levels. Protein laden P\VVDF membranes probed with antibodies
against phospho-tyrosine [4G10] and actin. (B.) BCR-mediated CD79A phosphorylation.
Prepared as in A., probed with anti-phospho-CD79A (Y182) [rabbit polyclonal anti-mouse
pCD79A (Y182)]. An anti-mCD79B, see Fig 1E, which recognizes the cytoplasmic tail
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of mouse CD79B, was used together with actin to normalize the relative abundance

of phosphorylated mouse CD79A ((pCD79A/pCD79B)/Actin). Normalized band densities
depicted to the right. (C.) BCR-mediated Syk phosphorylation. Prepared as in A., probed
with anti-phospho-Syk (Y252) [polyclonal rabbit anti-pSyk (Y525/526)] and biotinylated
anti-Syk [in house] followed by fluorescently-conjugated strep-avidin. Relative, normalized
band densities (pSyk/Syk) depicted to the right. (D.) Representative relative intracellular
free calcium before and after BCR stimulation. Splenocytes, stained with anti-B220 and
loaded with Indo-1 AM, were stimulated with 1 or 10 pg/mL F(ab’), of either goat
anti-mouse IgM (upper traces) or rabbit anti-mouse g H+L (lower), approximating IgM-
only and total BCR stimulation, respectively. Post-stimulation, basal-normalized area under
curve (AUC) depicted on the right. (E.) Total (NP1g-binding) and high affinity (NP,-
binding) IgG* ELISPOT quantification, 16 days post-immunization with NP-conjugated
ovalbumin in alum. (F.) Relative serum concentrations of IgG anti-NP antibodies from mice
immunized in E at 16dpi. (G.) Total (NP1g-binding) IgM* ELISPOT quantification, 7 days
post-immunization with NPsg-ficoll. NI= not immunized. n= 3 male and 3 female mice

per group. Error bars show SEM. All data represents at least 3 independent experiments,
representative data shown.
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Fig 3. Anti-human CD79A treatment induces an anergic-like phenotype in B cells.
(A.) Surface staining of PBMCs (left) and Ramos cells (middle) with anti-hCD79A

[Curly-14]. Dual staining of cCD79A**B~/~ knock-in splenocytes (right) with anti-hCD79A
[Curly-14] AND anti-mCD79B [HM79]. Gray lines indicate CD19-, ns, and B220~ for
PBMCs, Ramos, and cCD79A knock-in splenocytes, respectively. (B.) Binding of the
humanized anti-hnCD79A clinical candidate to cCD79A B cells. 18 hours prior to assay,
cCD79A knock-in mice received 250 ug IP injections of either higG4 D265A anti-hCD79A
(solid black), hlgG4 isotype control (dashed black), or hamster anti-mCD79B [HM79]
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(dashed gray). RBC-lysed splenocytes were stained with anti-B220 and either anti-hCD79A
[Curly-14] (left) or anti-hlgG4 (right). Solid gray lines represent B220~. (C.) Surface
expression of IgM and IgD on cCD79 B cells (B220*) 18 hours after IP injection with

250 g of either human IgG4 D265A anti-human CD79A (black) or isotype control higG4
(gray). Light gray histograms show B220~. (D.) Western blot analysis of global tyrosine
phosphorylation. 18 hours prior to assay, cCD79A mice were injected IP with 250 pg of
either anti-human CD79A D265A or human IgG4 isotype control. Splenic B cells were
purified by CD43 exclusion and stimulated with 10 pg/mL F(ab’)2 goat anti-mouse IgM

for the indicated number of minutes (left) or stimulated with 1X pervanadate for 5 min
(right). Whole cell lysates of 2E6 B cell (CD43") equivalents, both stimulated and not,

were separated by SDS-PAGE and transferred to PVDF membranes. Protein-transferred
membranes were blotted with antibodies against phosphorylated tyrosine [4G10] and actin.
(E.) Western blot analysis of Syk phosphorylation. 18 hours prior to assay, cCD79A mice
were injected IP with 250 pg of either anti-human CD79A D265A or human 1gG4 isotype
control. Splenic B cells were purified by CD43 exclusion and stimulated with 10 pg/mL
F(ab’)2 goat anti-mouse IgM for the indicated number of minutes. Whole cell lysates of
2E6 B cell (CD43") equivalents, both stimulated and not, were separated by SDS-PAGE

and transferred to PVDF membranes. Protein-transferred membranes were blotted with
antibodies against pSyk (Y525), total Syk, and actin. A densitometric summary of pSyk/Syk
is shown on the right. (F.) Flow cytometric analysis of Syk phosphorylation as a function of
mBCR expression. Mice were treated as in E before RBC-lysed splenocytes were stimulated
as above for 5 min. Fixed cells were stained with fluorescent antibodies against B220 and
mBCR. After permeabilization, cells were stained with anti-pSyk (Y525). B cells were gated
on equivalent mBCR expression (left) before comparing pSyk MFIs (middle and right).
Error bars show SEM. Student’s t-test used to evaluate statistical significance. *, p<0.05;

** p<0.01; ***, p<0.001; **** p<0.0001. All data represents at least 3 independent
experiments, representative data shown.
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Fig 4. Anti-human CD79A treatment induces suppression of BCR-mediated calcium
mobilization.

(A.) BCR-mediated calcium signaling in B cells from cCD79A mice receiving 250 ug IP
injection of anti-human CD79A D265A or control higG4 24 hours prior. mBCR expression
(left) was measured and gated by staining with a polyclonal goat fab anti-mouse 1gG
(H+L). Anti-hCD79A (solid); control hlgG4 (dashed). Cells were restimulated with 1 or
10 pg/mL rat anti-mouse IgM [B76]. Post stimulation area under the curve (AUC) was
normalized to basal calcium levels (right). (B.) Cells prepared as in A. stimulated with

10 uM ionomycin. (C.) BCR-mediated calcium signaling in Ramos cells after overnight in
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vitro incubation with 25 pg/mL human 1gG4 anti-hCD79A D265A (solid line) or isotype
control higG4 (dashed line). Cells were restimulated with either 1 or 10 pg/mL goat F(ab’)2
anti-human IgM Cp5. (D.) Flow cytometric (left and MFI bar graph) and western blot (right
and densitometry) analysis of PTEN expression in B cells from cCD79A animals receiving
250 ug IP injection of either anti-human CD79A D265A or control hlgG4, 24 hours prior.
For flow cytometry, RBC-lysed splenocytes were fixed and permeabilized before staining
with antibodies against B220 and PTEN. Gray histogram represents staining isotype control
antibody. hlgG4 (dashed line), anti-hCD79A D265A (solid). For western blot, membranes
were prepared as in 3D, without BCR stimulation, before being probed with antibodies
against PTEN or actin. (E.) hCD20-Cre™M X ROSA26-STOPflox-YFP X PTENfIox/flox

or hCD20-Cre™AM X ROSA-26-STOPflox-YFP X PTEAMWVT mice were given 2 mg IP
injections of tamoxifen (TAM) on d0. Day 7 post-TAM, mice were injected IP with 0.25
mg of either mouse 1gG2a D265A anti-mouse CD79B or control mouse 1gG2a anti-HEL.
18 hours post antibody injection, B220*YFP* splenocytes were analyzed by flow for PTEN
expression and antibody coating. (F.) As before, calcium was measured as a function of
equal mBCR expression. n= 3 mice per group. Error bars show SEM. Student’s t-test used
to evaluate statistical significance. *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. All
data represents at least 3 independent experiments, representative data shown.
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Fig 5. Anti-human CD79A treatment inhibits B cell immune responses.
(A.) ELISPOT analysis of NP-specific, IgM*™ ASC 7 days after immunization with NPsg-

ficoll. 24 hours prior to immunization, cCD79A mice received 250 pg IP injections of either
anti-human CD79A D265A or control higG4. (B.) Flow cytometric analysis of germinal
center B cell induction 5 days after immunization with 0.1% SRBC in PBS. 24 hours

prior to immunization, cCD79A animals received 250 pg IP injections of either anti-human
CD79A D265A or control hlgG4. On day 5 post immunization, RBC-lysed splenocytes
were stained with antibodies recognizing B220, CD95, and GL7. (C.) ELISPOT analysis
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of NP-specific IgM* (left) and 1gG™ (right) ASCs 16 days post immunization with NP-Ova
in alum. 24 hours prior to immunization cCD79A mice received 250 pg IP injections of
either anti-human CD79A D265A or control hlgG4. For detection of total IgM and 1gG
anti-NP ASC, plates are coated with NP19-BSA. For detection of high affinity 1gG anti-NP
ASC, plates are coated with NP,-BSA. (D.) ELISPOT analysis of NP- (left) and tetanus
toxoid-specific (right) IgG* ASC following overnight incubation with anti-human CD79A
D265A. NP-specific ASC were generated by immunizing cCD79A knock-in mice with
NP-Ova in alum and harvesting spleens 16 days later. 10E6 RBC-lysed splenocytes were
put into 1 mL cultures containing 25 pg of either anti-human CD79A D265A, anti-mouse
CD20, control hligG4, or control mlgG2a. After 18-hour incubations, cells were washed
and loaded onto ELISPOT plates coated with NP1g-BSA. n= 3 wells per condition. This
experiment was repeated 3 times. PBMCs were isolated from peripheral blood obtained
from subjects receiving Tdap booster vaccines 7-10 days prior. 5E6 PBMCs were put into
1 mL cultures containing 25 g of either anti-human CD79A D265A, anti-human CD20, or
control hlgG4. After overnight incubation, cells were washed and loaded onto tetanus toxoid
coated ELISPOT plates. n= 3 subjects who’s PBMCs were incubated with anti-human
CD79, n= 1 subject who’s PBMCs were also incubated with anti-human CD20. Points
represent individual counted wells. (E.) Effects of serial, weekly treatments with higG4
D265A anti-hCD79A in pristane-induced development of autoantibodies (Anti-chromatin
IgG ELISASs). Pooled sera from aged/diseased SLE1.2.3 mice and wild-type C57BL/6
served as positive and negative controls, respectively. n = 20 male and 20 female cCD79A
mice per treatment arm. Error bars show SEM. Student’s t-test used to evaluate statistical
significance. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. All data represents at
least 3 independent experiments, representative data shown.
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Fig 6. Anti-human CD79 treatment prevents the development of MOG1_125-induced
experimental autoimmune encephalomyelitis.
(A) Prophylactic treatment of EAE in mice immunized with hMOG;_155. Anti-hCD79A

mlgG2a (depleting; 20 mg/kg; n= 17 female and male mice) and aglycosyl-mlgG1 anti-
hCD79A (anergizing; 20 mg/kg; n= 16 female and male) were compared with their
respective anti-HEL isotype controls (mlgG2a n=9; migG1 agly n= 10 female and male).
Asterisks indicate day of antibody treatment. Error bars show SEM. Kruskal-Wallis with
Dunn’s multiple comparison test, ***, p<0.001. (B.) Time to EAE onset and EAE incidence
based on scores only. Wilcoxon Log-Rank test, ***, p<0.001. (C.) Weight change of EAE
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mice over time shown as % of initial weight (left). Mean weight change shown as %

of initial weight (right). (D.) Splenic B cell counts (CD45*CD19*B220™, left) and IgD
expression (right) at take down (d30) of hMOG;_;25-induced EAE. (E.) Splenocyte counts
of non-B cells in EAE spleens at take down (CD45*CD4* T cells, CD45*CD8™ T cells,
Ly6G*Ly6C*CD11B* myeloid cells). (F.) Relative abundance (OD 450nm) of anti-MOG
antibodies before EAE, during peak (d15) and chronic (d22) phases of disease, and at
takedown (d30). (G.) Serum concentrations [ng/mL] of phosphorylated neurofilament heavy
chain (pNfH) in EAE mice at peak of disease (d15).
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