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C1s Inhibition by BIVV009 (Sutimlimab) Prevents
Complement-Enhanced Activation of Autoimmune
Human B Cells In Vitro

Pavel A. Nikitin, Eileen L. Rose, Tony S. Byun, Graham C. Parry, and Sandip Panicker

The classical pathway of complement (CP) can mediate C3 opsonization of Ags responsible for the costimulation and activation of
cognate B lymphocytes. In this manner, the complement system acts as a bridge between the innate and adaptive immune systems
critical for establishing a humoral response. However, aberrant complement activation is often observed in autoimmune diseases in
which C3 deposition on self-antigens may serve to activate self-reactive B cell clones. In this study, we use BIVV009 (Sutimlimab), a
clinical stage, humanized mAb that specifically inhibits the CP-specific serine protease Cl1s to evaluate the impact of upstream CP
antagonism on activation and proliferation of normal and autoimmune human B cells. We report that BIVV009 significantly
inhibited complement-mediated activation and proliferation of primary human B cells. Strikingly, CP antagonism suppressed hu-
man Ig-induced activation of B cells derived from patients with rheumatoid arthritis. These results suggest that clinical use of CP
inhibitors in autoimmune patients may not only block complement-mediated tissue damage, but may also prevent the long-term
activation of autoimmune B cells and the production of autoantibodies that contribute to the underlying pathologic condition of

these diseases.

Abs that neutralize invading pathogens and target them

for destruction. Specificity of mature B cells to self is
limited through negative selection that includes clonal deletion,
receptor editing, and induction of anergy in cells with sufficient
BCR affinity to self-ligands (1-5). Nevertheless, a limited number
of self-reactive B cell clones advance through negative selection. In
addition, somatic hypermutations upon Ag-dependent activation of
mature B cells may occasionally generate de novo specificity to
self-ligands. Thus, autoreactive B cells are often found in the cir-
culation and are even thought to be physiological (6, 7). Further
activation of such self-specific B cells may drive clonal expansion
and provoke the production of pathogenic autoantibodies, resulting
in autoimmune disorders.

Activation of peripheral B cells during an immune response is a
finely tuned mechanism that requires several signals to promote
proliferation and differentiation of the selected clone. Ag recognition
by the BCR initiates the transition of a quiescent naive B cell to an
activated state. The fate of the activated B cell depends on additional

B cells play an essential role in host defense by producing

Bioverativ, a Sanofi company, South San Francisco, CA 94080

ORCIDs: 0000-0002-1442-4467 (E.L.R.); 0000-0002-3009-4947 (G.C.P.); 0000-
0001-7901-2730 (S.P.).

Received for publication July 18, 2018. Accepted for publication December 10, 2018.

P.AN,, G.C.P, and S.P. designed experiments. P.A.N. performed experiments. E.L.R.
and T.S.B. provided key technical assistance with experiments. P.AN. and S.P. an-
alyzed data and wrote the paper. G.C.P., EL.R., and T.S.B. edited the manuscript.

Address correspondence and reprint requests to Dr. Pavel A. Nikitin, Bioverativ, a
Sanofi Company, 6000 Shoreline Court, Suite 304, South San Francisco, CA 94080.
E-mail address: pavel.nikitin@bioverativ.com

The online version of this article contains supplemental material.

Abbreviations used in this article: CAD, cold agglutinin disease; C3dpl, C3-immunodepleted
serum; CP, classical pathway of complement; CR2, complement receptor 2; FDC, follicular
dendritic cell; GVB™, gelatin veronal buffer with Ca and Mg; NHS, normal human serum;
SLE, systemic lupus erythematosus.

This article is distributed under The American Association of Immunologists, Inc.,
Reuse Terms and Conditions for Author Choice articles.

Copyright © 2019 by The American Association of Immunologists, Inc. 0022-1767/19/$37.50

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1800998

The Journal of Immunology, 2019, 202: 1200-1209.

signals received from costimulatory receptors such as CD40 (8), TLRs
(9), and cytokine receptors (10) as well as the B cell coreceptor
complex, a multimeric assembly consisting of CD81, CD19, and the
complement receptor 2 (CR2; or CD21). The activating and growth-
promoting effects of C3-split products on B cells has been demon-
strated (11). Mechanistically, C3-split products deposited on the
target Ag bind to CD21, lowering the threshold of BCR activation by
several orders of magnitude (12) and providing a powerful survival
stimulus (13-16). Therefore, ligation of BCR to a complement-
opsonized cognate self-antigen may result in the survival of an au-
toreactive clone that can lead to the development of autoimmunity.
Indeed, complement-opsonized autoantigens have been shown to
break B cell anergy (17).

Aberrant complement pathway activation has been demonstrated
in many autoimmune disorders, particularly in diseases associated
with pathogenic autoantibodies (7). Binding of C1 complex, the
triggering mechanism of the classical pathway of complement
(CP), to an immune complex containing a self-antigen and an
autoantibody results in the formation of the CP C3 convertase,
C4b2a. Subsequent cleavage of complement proteins C3 and C5
results in the following: 1) generation of C3a and C5a, anaphy-
latoxins that attract and activate effector immune cells to the site
of Ab binding/complement activation; 2) deposition of C3 opso-
nins that mediate phagocytosis (18) and lymphocyte activation
(15, 16); and, finally, 3) the formation of the membrane attack
complex, a lytic pore that disrupts the cellular membrane and
leads to cellular destruction. Thus, complement components have
long been an attractive target for drug development. Eculizumab, a
humanized mAb targeting the downstream complement compo-
nent C5, has proven to be safe and efficacious for patients with
paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic
syndrome, and more recently, refractory myasthenia gravis (19,
20). However, C5 antagonism does not prevent C3-mediated
pathologic conditions (18, 21), which could be addressed by tar-
geting more proximally in the complement cascade.

We have previously described TNT003, a mouse mAb that
blocks Cls activity and prevents the upstream activation of the CP
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(18, 22-25). In an in vitro model of cold agglutinin disease (CAD),
TNTO003 was shown to inhibit complement-dependent phagocy-
tosis and lysis of RBCs induced by CAD patient autoantibodies
(18, 26). In the present work, we studied the effect of Cls inhi-
bition on the activation of primary human B cells using BIVV009
(Sutimlimab), the humanized form of TNT003, which was granted
breakthrough therapy designation by the U.S. Food and Drug
Administration for the treatment of primary CAD [clinical data
reported elsewhere (27-30)]. We hypothesized that inhibition of
complement deposition on the Ag would result in decreased ac-
tivation of cognate B cells. In this review, we report that in a novel
in vitro test system, BIVV009 prevents complement-enhanced ac-
tivation and proliferation of normal primary human B cells and,
furthermore, suppresses activation of IgG-reactive B cells from
patients with rheumatoid arthritis.

Materials and Methods

Soluble complement proteins, Abs, and primary cells

Complement reagents, including pooled normal human serum (NHS), C3-
immunodepleted serum (C3dpl), soluble C3d protein, and gelatin veronal
buffer with Ca and Mg (GVB*"), were purchased from Complement
Technology (Tyler, TX). Serum was diluted to a final concentration with
GVB™ and pretreated with complement inhibitor Abs for 30 min at 37°C
before complement activation. Cls inhibitors TNT003 and BIVV009, anti-
C5 Ab (no. A217; Quidel), and relevant isotype controls were used at
20-100 pg/ml. Primary PBMC from de-identified normal donors were
purchased from AllCells (Alameda, CA) and STEMCELL Technologies
(Vancouver, Canada). Primary PBMC from de-identified patients with
rheumatoid arthritis were purchased from AllCells. No therapeutic mo-
dalities were used as exclusion criteria for samples from patients with
rheumatoid arthritis.

Activation of primary human B cells by soluble agonists

B cells were activated by soluble anti-Ig (anti-human F[ab’]2 [Jackson
ImmunoResearch Laboratories, West Grove, PA]) and C3d (Complement
Technology); both were used at a final concentration of 2 pg/ml. Soluble
agonists were simultaneously added to Fluo-4-loaded primary B cells
immediately before the measurement of B cell activation by recording
fluorescence at 488 nm with a SpectraMax i3 Multi-Mode Microplate
Reader at 37°C (n = 3).

Complement activation by Ig-coated plates

The schematic representation of the assay is shown in Fig. 2A. ELISA
plates (3590; Corning, Corning, NY) for in vitro activation or proliferation
assays (Fig. 2A) were coated with either 15 pg/ml endotoxin-free mouse
IgG anti-human IgM (monoclonal mouse anti-human, no. orb216258;
Biorbyt, Cambridge, U.K.), endotoxin-free, plasma-derived whole human
IgM (16-16-090713; Athens Research & Technology, Athens, GA) or
endotoxin-free, plasma-derived whole human IgG (1-001-A; R&D Sys-
tems, Minneapolis, MN) overnight at 4°C. Plates were washed with
PBS and blocked with endotoxin-free 2% gelatin (tissue culture grade;
MilliporeSigma, St. Louis, MO) for 1 h on a slow shaker at 37°C. Plates
were subsequently washed with GVB™ buffer (Complement Technol-
ogy). Complement was activated by either 5% NHS incubated in mouse
anti-human plates, 2.5% NHS in human IgM plates, or 1.25% NHS in
human IgG plates in the absence or presence of Abs inhibiting complement
for 1.5 h at 37°C. C3dpl (Complement Technology) was used as a control
at the same final concentrations. Human IgM plates were incubated with
NHS, washed, and subjected to an additional coating step with a soluble
anti-Ig for 30 min, followed by a wash with PBS. Plates with deposited
complement were used for activation of primary B cells.

Activation of primary human B cells by deposited complement

B cells were negatively isolated from frozen PBMC samples from normal
human donors or from patients with rheumatoid arthritis (catalogue no.
17954; STEMCELL Technologies). B cell purity (CD19* cells) was, on
average, 88.4 * 7.8%, as measured by flow cytometry. Negatively iso-
lated B cells were maintained in RPMI 1640 media (Life Technologies,
Carlsbad, CA) with 15% heat-inactivated serum (no. SH30070.03HI;
HyClone) and antibiotics (no. 10378016; Life Technologies, Thermo Fisher
Scientific, Waltham, MA). Human B cells were prestained with Fluo-4 (Life
Technologies) per the manufacturer’s protocol and transferred to ELISA
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plates with activated complement. Fluorescence was measured at 488 nm
with SpectraMax i3 Multi-Mode Microplate Reader at 37°C (n = 3).
Complement deposition on plates was confirmed by specific ELISAs.

Proliferation analysis of primary human B cells

Negatively isolated human B cells were prestained with CFSE (Tonbo
Biosciences, San Diego, CA) and transferred to ELISA plates containing
activated complement in the presence of 0.5-12.5 pg/ml TLRY ligand
CpG (InvivoGen, San Diego, CA), 0.01-0.1 pwg/ml TLR7 ligand R848
(InvivoGen), or a combination of CpG and 6 ng/ml CD40L (ALX-522-
110-C010; Enzo Life Sciences, Farmingdale, NY). After 1.5 h of incu-
bation, cells were moved to U-bottom, 96-well plates for a long-term
culturing in R15 media. On days 4 and 8, cells were fixed and stained
with anti-CD19/APC and anti-CD21/PE Abs (BD Biosciences, San Jose,
CA) and premixed with unconjugated latex beads (Spherotech, Lake Forest,
IL). CD19/CD21 staining specifically identified B cells. CD19*/CFSE"¥
gating was used to identify the proliferating B cell population. Latex
beads were used as an internal reference for a cell count by flow
cytometry. Cellular proliferation was measured on a BD Accuri C6 and
expressed as percentage of CD19¥/CFSE'®Y cells relative to the total
number of CD19* cells. The number of acquired cells was normalized
to the percentage of acquired beads. Percentage of proliferating cells
was normalized to specified controls using the following formula:
Value = 100 X Value®/Value"°¥Pe,

ELISA analysis of complement deposition on plates

NHS-exposed plates used for activation and proliferation assays were
analyzed for complement deposition. Plates were blocked with 1% casein
for 30 min at room temperature and stained with either 10 pg/ml rabbit
anti-human C3d (no. CL2904AP-1; Cedarlane Laboratories) or rabbit
anti-human C5b (no. A227; Complement Technology) for 1 h on an
orbital shaker. After three washes with PBS, cells were stained with an
HRP-conjugated anti-rabbit secondary Ab for 1 h on an orbital shaker.
Plates were washed and incubated with 100 wl TMB substrate/well (no.
34029; Thermo Fisher Scientific). HRP-developed signal was stopped
after 5-15 min and measured with a SpectraMax i3 Multi-Mode
Microplate Reader at 450 nm. Each point is the mean of at least three
replicates. Errors are SEM.

Results
Soluble C3d enhances BCR-triggered activation of primary
human B cells

To assess the role of complement in modulating BCR-mediated
signaling, we compared the response of primary human B cells
stimulated with a BCR agonist and soluble complement C3d.
We assessed B cell activation using a fluorescent Ca** reporter
(17, 31). Healthy donor—derived, negatively isolated primary hu-
man B cells were preincubated with the cell-permeant Ca>* dye,
Fluo-4, and stimulated with either soluble C3d, a BCR cross-
linking Ab (anti-Ig), or a combination of anti-Ig and C3d
(Fig. 1A). Anti-Ig alone induced significant Ca** flux in primary
human B cells, whereas soluble C3d alone did not. Costimulation
with C3d and anti-Ig enhanced Ca®* flux compared with either
C3d or anti-Ig alone (Fig. 1A, 1B). These results are consistent
with previous studies demonstrating the complement-enhanced
BCR stimulation of peripheral blood—derived primary human
B cells (17).

Development of an in vitro assay to study
complement-enhanced activation of primary human B cells

In autoimmune diseases, autoantibody-induced complement de-
position may serve as an adjuvant for autoreactive B cells that
encounter C3d-bound Ag. To study the effects of Ab-mediated
complement activation on the BCR Ag, we sought to establish a
model in which the BCR agonist acts as both a BCR ligand and
complement activator. We therefore evaluated IgG/IgM molecules
raised against human BCR that would serve to activate human
B cells via BCR and to activate complement. We identified a mouse
monoclonal IgG raised against human IgM (mouse anti-human)
that bound to and activated BCR on primary human B cells. As
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FIGURE 1.

Development of an in vitro assay to study complement-enhanced activation of primary human B cells. (A) Activation of B cells by
soluble ligands. Representative Ca** flux traces of Fluo-4—stained cells induced with soluble complement C3d (2 pwg/ml), BCR cross-linking Ab anti-
Ig (2 pg/ml), or a combination of both. (B) Normalized Ca’* flux calculated as the area under the curve (AUC) and normalized to anti-Ig+C3d.
(C) Activation of B cells by soluble mouse anti-human or mouse anti-human+C3d. Ca* flux is normalized to mouse anti-human+C3d. (D) C3-split
product ELISA of mouse anti-human—coated wells after complement activation from the following sources: 5% untreated NHS (NHS), 5% human
C3dpl, no serum (mouse anti-human coat), or uncoated wells exposed to 5% NHS (no coat). (E) Activation of B cells by mouse anti-human plates
with deposited complement. Representative Ca>* flux traces of Fluo-4—stained primary normal human B cells incubated in wells coated with mouse
anti-human (mouse anti-human coat) in wells coated with mouse anti-human and exposed to 5% NHS (mouse anti-human coat+NHS), 5% human
C3dpl (mouse anti-human coat+C3dpl), or incubated in uncoated wells treated with 5% NHS (no coat 1, 2). (F) Normalized Ca’* flux in cells treated
as in (E). Data shown in (B)—(D) and (F) are mean values from at least three independent experiments with B cells from separate donors. Data in (F)
are normalized using the following formula: Relative value = 100 X (Value®— Value™ ©°%)/(Valugm°use anti-human+tNHS_yayene coaty Dyata in (B)—(D)
and (F) are mean values. Error bars are SEM. Statistics were performed using a one-way ANOVA. *p < 0.05, **p < 0.001. alg, anti-Ig; MaH, mouse
anti-human; RLU, relative luminescence unit.

we observed with anti-Ig (Fig. 1B), mouse anti-human alone in- We next evaluated Ca®* flux in primary human B cells incubated

duced significant Ca** flux in primary human B cells, which was
enhanced upon addition of soluble C3d (Fig. 1C). To evaluate its
ability to activate complement, we coated ELISA plates with
mouse anti-human, blocked, and then exposed wells to 5% NHS
as a complement source. Mouse anti-human—-mediated com-
plement activation was assessed by ELISA for deposition of
C3-split products in the well (Fig. 1D). Mouse anti-human-induced
deposition of C3-split products from NHS (Fig. 1D; NHS), whereas
C3 deposition was not detected in uncoated wells exposed to NHS
(Fig. 1D; no coat), mouse anti-human—coated wells exposed to
C3dpl (Fig. 1D), or in mouse anti-human—coated, untreated wells
(Fig. 1D; mouse anti-human coat). Together, these results demon-
strate that mouse anti-human alone activates normal primary human
B cells and activates human complement.

in mouse anti-human—coated plates following exposure to NHS
(Figs. 1E, 1F, 2A). Mouse anti-human—coated wells exposed to
NHS potently activated primary human B cells (Fig. 1E, 1F). In
contrast, mouse anti-human—coated wells exposed to C3dpl, or no
serum, induced significantly lower activation of B cells (Fig. 1E,
1F). The uncoated wells exposed to NHS neither induced C3
deposition (Fig. 1D; no coat), nor induced Ca®" flux in B cells
(Fig. 1E; no coat) and were therefore used to determine the
background signals for further experiments.

Cls inhibition prevents complement-enhanced BCR activation
in primary human B cells

We next assessed the effect of complement inhibitors on
complement-enhanced BCR activation of B cells (Fig. 2A). We
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FIGURE 2. Cls inhibition prevents complement-enhanced BCR activation in primary human B cells. (A) Schematic of an in vitro assay of B cell
activation by BCR ligands and deposited complement. (1) Plates are coated with mouse anti-human Ab. (2) Complement is deposited on mouse anti-
human-coated plates from either 5% NHS treated with 100 pg/ml human IgG4 (isotype), 100 pg/ml BIVV009 or anti-C5 Ab, or from 5% human
C3dpl. (3) Activation of B cells loaded with Fluo-4 stain in mouse anti-human plates with deposited complement is measured as 488 nm fluorescence
in a 96-well plate reader. (B) Representative Ca>* flux traces of Fluo-4—stained primary normal human B cells incubated in mouse anti-human plates
treated as described in (A). No coat refers to cells incubated in uncoated wells. (€) Normalized Ca>* flux in cells from (B) (normalized to isotype
control as in Fig. 1E). Data are mean values from independent experiments on B cells from 10 separate donors. (D) C3-split products ELISA of plates
from (B). (E) C5b ELISA of plates from (B). Error bars are SEM. Statistics are one-way ANOVA comparison with isotype control. **p < 0.001. aCS5,

anti-C5; MaH, mouse anti-human.

pretreated NHS with either BIVV009, an anti-C5 Ab, or a human IgG4
isotype control Ab and exposed the treated sera to mouse anti-human—
coated plates. C3dpl was used as a control for complement deposition.
Wells exposed to the human IgG4 isotype control, Ab-treated serum
induced a robust activation of primary human B cells, as measured by
Ca®* flux (Fig. 2B, 2C). In contrast, wells exposed to BIVV009-treated
serum demonstrated a significantly reduced activation of primary hu-
man B cells, which was comparable with that observed in C3dpl
(Fig. 2B, 2C,). Finally, wells exposed to the C5-inhibitor, Ab-
treated serum induced a normal activation of primary human
B cells comparable with that of isotype control (Fig. 2B, 2C). The
control B cells that were incubated in uncoated wells (no mouse
anti-human) are shown as no-coat control (Fig. 2B). To confirm

the activity of the specific complement inhibitors, we checked
complement deposition on the mouse anti-human—coated plates
used for B cell stimulation. C3-split product deposition observed
in wells exposed to NHS treated with the isotype control was
comparable with the deposition observed in wells exposed to NHS
treated with the C5 inhibitor (Fig. 2D). In contrast, wells exposed
to NHS containing BIVV009 or C3dpl showed significantly re-
duced deposition of C3-split products. To ensure the activity of the
C5 inhibitor, plates were stained for C5b, the first deposited
cleavage product following C5 activation (Fig. 2E). NHS incu-
bated with the isotype control Ab showed significant C5b depo-
sition. In comparison, plates exposed to NHS containing BIVV009
or the C5 inhibitor showed significantly less C5b staining.
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We confirmed the robustness of deposited C3 in augmenting
BCR signaling using a different in vitro assay format.

We coated ELISA plates with plasma-purified human IgM and
induced complement deposition by exposing them to NHS. After
thoroughly washing the plates, we added soluble anti-Ig, which bound
the IgM coat. In the final step, we incubated Fluo-4—preloaded B cells
in the prepared plates and measured B cell activation as in previous
experiments (Supplemental Fig. 1).

Similar to the results observed with mouse anti-human—coated
plates, NHS treatment with the anti-Cls inhibitor TNT003
prevented complement-enhanced activation of primary human B cells
(Supplemental Fig. 1A, 1B) and blocked C3 deposition on human
IgM—coated plates (Supplemental Fig. 1C).

C3 activation enhances TLR-induced proliferation of human
primary B cells

TLR signaling facilitates the immune response to foreign Ags by
providing an essential costimulatory survival signal to activated

BIVV009 MODULATES B CELL ACTIVATION

B cells (9). In autoimmune conditions, TLR costimulation promotes
survival and proliferation of autoimmune B cells (9, 32-34). TLR
ligand stimulation induces proliferation of primary human B cells
ex vivo (35, 36) and, thus, may be studied in our model. We
therefore sought to test the effect of complement-enhanced BCR
stimulation on TLR-induced proliferation of primary human
B cells.

We preloaded B cells with the proliferation tracking dye CFSE
and then stimulated them with either soluble C3d, anti-Ig, or in
combination. The cells were then cultured for 4 d in either growth
media alone (Fig. 3A), growth media containing the TLR9 ag-
onist CpG (Fig. 3B, 3D), or the TLR7/8 agonist R848 (Fig. 3C,
3E). Cellular proliferation was assessed via flow cytometry by
measuring the percent of CD19*/CESE'" cells. C3d stimulation
alone showed little to no proliferation, comparable with that seen
in untreated wells (Fig. 3A). Anti-Ig, alone or in combination
with C3d, induced limited B cell division (Fig. 3A). In contrast,
the TLRY ligand CpG, in combination with anti-Ig, induced a
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FIGURE 3. C3 activation enhances TLR-induced proliferation of primary B cells. (A) Proliferation of CFSE-stained primary human B cells on day 4
poststimulation with saline (uninduced), C3d (2 pg/ml), anti-Ig (2 pg/ml), or a combination of both (2 pg/ml each). (B) Proliferation of B cells stimulated as in
(A) in the presence of TLRY ligand CpG (2.5 wg/ml). (C) Proliferation of B cells stimulated as in (A) in the presence of TLR7/8 ligand R848 (0.1 pwg/ml).
(D) Relative proliferation of B cells in the presence of 0.1 and 2.5 pg/ml CpG. (E) Relative proliferation of B cells in the presence of 0.01 and 0.1 pg/ml R848.
Data shown in (D) and (E) are normalized to anti-Ig+C3d point in the presence of either 2.5 pg/ml CpG or 0.1 wg/ml R848. Data in (A)—(E) are mean values
from independent experiments on B cells from three separate donors. alg, anti-Ig.
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robust cellular proliferation, whereas soluble C3d modestly
enhanced CpG/anti-Ig—induced proliferation of primary human
B cells (Fig. 3B, 3D). Although overall proliferation was lower
than with CpG, we also observed a similar trend of C3d-enhanced,
anti-Ig—induced proliferation with the TLR7/8 ligand R848
(Fig. 3C, 3E).

BIVVO009 prevents complement-enhanced proliferation of
normal primary human B cells

To assess the effect of complement on primary human B cell
proliferation, we stimulated B cells using mouse anti-human—
coated plates exposed to NHS in the presence of the TLR9 agonist
CpG (Fig. 4A). After 90 min, cells were transferred to a U-bottom
plate for long-term culturing (8 d). Mouse anti-human—coated
plates with activated complement induced a moderate prolifera-
tion of 10-45% of total CD19" B cells (Fig. 4A; Supplemental
Fig. 2). Costimulation of B cells with mouse anti-human exposed
to NHS enhanced cellular proliferation compared with C3dpl
(Fig. 4A, 4B). Pretreatment of NHS with BIVV009 significantly
decreased complement-enhanced proliferation, comparable with
the level observed in C3dpl (Fig. 4A, 4B). Additionally, C3-split
product deposition was significantly attenuated in the wells treated
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with BIVV009 compared with those treated with the isotype
control Ab (Fig. 4C).

BIVV009 prevents complement-enhanced activation of human
1gG-reactive B cells from patients with rheumatoid arthritis

We next tested the effect of BIVV009 on the activation of B cells
derived from patients with rheumatoid arthritis. B cell autoreactivity
to human IgG is broadly found in rheumatoid arthritis and
contributes to the development of human IgG-reactive autoanti-
bodies known as rheumatoid factor (37-39). Because the in vitro
assay we developed with normal human primary B cells used IgG
as both a BCR stimulator and complement activator, we hypoth-
esized that IgG autoreactive B cells from patients with rheumatoid
arthritis may respond to human IgG in a similar plate-based for-
mat. We therefore evaluated the ability of human IgG—coated
plates to induce Ca®* flux in negatively isolated B cells from
the peripheral blood of seven patients with rheumatoid arthritis
(rheumatoid arthritis B cells).

In a similar format to the mouse anti-human assay, plates were
coated with human IgG and subsequently exposed to NHS. Fluo-4—
preloaded rheumatoid arthritis B cells were then added to the
wells, and cellular activation was assessed by Ca?* influx. We
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FIGURE 4. BIVV009 prevents complement-enhanced proliferation of primary B cells. (A) Two representative flow cytometry plots of CD19*
B cell proliferation on day 8 after initial stimulation with CpG in mouse anti-human plate with activated complement deposited from the fol-
lowing sources: 5% NHS treated with 100 pg/ml human IgG4 (isotype), 5% NHS treated with 100 wg/ml BIVV009 (BIVV009), or 5% human
C3dpl. Counting gates are shown. (B) Relative proliferation of CD19*CFSE'®" B cells normalized to an isotype control. Data shown are from
independent experiments on B cells from 10 separate donors. (C) C3-split products ELISA of plates from (B). Statistics are one-way ANOVA.

#5p < 0.001.
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found that human IgG—coated plates exposed to NHS induced
Ca* flux in rheumatoid arthritis B cells (Figs. 5A, 5B, 6). How-
ever, theumatoid arthritis B cells exposed to human IgG—coated
plates treated with NHS containing BIVV009 showed significantly
reduced Ca®* flux, comparable with that observed in C3dpl
(Fig. 5A, 5B). Deposition of C3-split products was also decreased
in BIVV009 and C3dpl-treated wells (Fig. 5C). In contrast, human
IgG—coated plates exposed to NHS did not activate normal human
B cells derived from four healthy donors (Fig. 5D, SE), even
though complement deposition was confirmed in these wells
(Fig. 5F). Importantly, costimulation with anti-Ig and C3d induced
a significant Ca®* flux in B cells from these healthy donors,
demonstrating that the cells were responsive to BCR stimulation
(Fig. 5D, SE).

We also tested rheumatoid arthritis B cells in the ex vivo pro-
liferation assay. Similar to what was observed with normal B cells,
soluble C3d increased the proliferation of anti-Ig—induced primary
rheumatoid arthritis B cells in the presence of CpG (Supplemental
Fig. 3B-D). However, we did not observe a complement-enhanced

BIVV009 MODULATES B CELL ACTIVATION

proliferation induced by human IgG in the presence of CpG
(Supplemental Fig. 3E).

Discussion

Over the course of the evolution of the immune system,
B lymphocytes have incorporated CRs that function to bridge
innate and adaptive signaling mechanisms (40). Ag recognition by
BCR concurrent with C3d/CR2 ligation leads to a level of coop-
erativity that drastically reduces the antigenic load required for
cellular activation (12). In this manner, the complement system
provides an independent confirmation of the foreign nature of the
Ag to the adaptive immune system.

Complement deposition is observed in numerous diseases
and conditions, often associated with pathological Abs that
activate the CP (41). Indeed, complement deposition is used
diagnostically in such diseases, including bullous pemphigoid
(42), Ab-mediated rejection (43-45), and autoimmune he-
molytic anemia (46, 47). The presence of complement-split
products and autoantibody on target tissue or cells in these
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FIGURE 5. BIVV009 prevents complement-enhanced activation of human IgG-reactive B cells from patients with rheumatoid arthritis. (A)
Representative Ca®* flux traces of Fluo-4—stained rheumatoid arthritis B cells incubated in a human IgG plate with activated complement deposited
from the following sources: 5% NHS treated with 100 pg/ml human IgG4 (isotype), 5% NHS treated with 100 wg/ml BIVV009 (BIVV009), or 5%
human C3dpl. No coat refers to cells incubated in uncoated wells. (B) Relative Ca>* flux normalized to isotype control as described in Fig. 1F. Data
shown in (B) are from independent experiments on B cells from seven different patients with rheumatoid arthritis. (C) C3-split products ELISA of
human IgG plates from (B). (D) Representative Ca?* flux trace of Fluo-4—stained normal B cells incubated in human IgG plates treated as in (A).
Anti-Ig+C3d is used as a positive control. (E) Relative Ca** flux normalized to the anti-Ig+C3d control as described in Fig. 1E. Data shown are
from independent experiments on B cells from four separate normal donors. (F) C3-split products ELISA of human IgG plates from (E). Data in (B),
(Q), (E), and (F) are mean values. Statistics are a one-way ANOVA comparison with isotype control. *p < 0.05, **p < 0.001. alg, anti-Ig; RLU,
relative luminescence unit.
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diseases suggests that complement deposition is a result of
autoantibody-mediated CP activation on the autoantigen. We
hypothesized that if complement stimulation is important for the
continued expansion and replenishment of cognate autoreactive
B cells (17, 48), then CP antagonism could inhibit autoimmune
B cell activation.

In this experiment, we studied the impact of CP inhibition on
Ab-mediated complement activation of primary human B cells
using the Cls inhibitor BIVV009 (Fig. 6). We developed a
novel in vitro assay to study complement-enhanced BCR sig-
naling using a single mouse IgG raised against human IgM
(mouse anti-human) capable of both binding to BCR and
activating the CP (Fig. 2A). Using this system, we demon-
strate that upstream (C1s) CP inhibition, in contrast to terminal
pathway (C5) inhibition, blocks complement-enhanced activa-
tion of normal primary human B cells (Fig. 2B, 2C). Specif-
ically, BIVVO009 treatment of NHS efficiently reduced
primary B cell activation to background levels (C3dpl; Fig. 2B,
2C). Importantly, attenuation of B cell activation was associ-
ated with reduced C3 deposition (Fig. 2D), suggesting
that complement-enhanced B cell activation observed in our
model system is a result of CR2 signaling through the B cell
coreceptor.

To study the effect of activated complement on proliferation
of B cells, we performed a flow cytometry analysis of
CFSE-stained primary B cells and found that BCR and TLR
ligand—induced cellular proliferation was augmented by the
addition of soluble C3d (Fig. 3B-E). Using mouse anti-
human as both a BCR ligand and complement activator, we
found that BIVVO0O09 significantly and reproducibly reduced the
proliferation of CpG/BCR-stimulated B cells (Fig. 4A, 4B). This
result suggests that CP inhibitors may limit the BCR and TLR-
induced ymphoproliferation observed with autoimmune B cells
(9, 32-34).

Numerous lines of evidence suggest that complement plays a
pathological role in the development and progression of rheumatic

FIGURE 6. The CP inhibitor BIVV009
(Sutimlimab) prevents Ab-mediated, com-
plement-enhanced activation of autoim-
mune human B cells. The C1 complex
binds to the Ab-opsonized autoantigen and
activates the CP cascade. Activation of the
CP results in deposition of C3-split prod-
ucts on the surface of the autoantigen. A
cognate autoimmune B cell recognizes
autoantigen via the BCR and receives co-
stimulation upon ligation of autoantigen-
bound C3-split products to CR2 (CD21).
This coincident signaling results in a
complement-enhanced activation of auto-
immune B cells. In the presence of
BIVV009 (Sutimlimab), C3 deposition
on autoantigens is inhibited. A cognate
autoimmune B cell recognizes auto-
antigen via BCR alone, resulting in
limited cellular activation and/or anergy.

Complement-enhanced activation

C3 split products
CR2/CD,
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diseases such as systemic lupus erythematosus (SLE) and rheu-
matoid arthritis (49, 50). Autoantibodies are a hallmark of both
diseases and have been shown to activate the CP leading to ana-
phylatoxin generation and complement deposition (51-53). Rheu-
matoid factor (Igs that bind other Igs) is present in the serum of
over 70% of patients with rheumatoid arthritis (37-39), suggesting
that most patients with rheumatoid arthritis have autoreactive
B cells that would be sensitive to human IgG stimulation and,
therefore, amenable to interrogation in our ex vivo B cell activa-
tion model. Indeed, we found that primary rheumatoid arthritis
B cells exhibited a robust Ca®>* flux when exposed to human IgG—
coated plates pretreated with NHS (Fig. 5A). This Ca** flux was
significantly attenuated in BIVVO009-treated or C3dpl sera,
demonstrating that B cells from patients with rheumatoid arthritis
are sensitive to complement stimulation. Importantly, primary
B cells obtained from healthy individuals showed no measurable
human IgG-induced Ca®* flux (Fig. 5D, 5E). Together, these re-
sults provide strong evidence that the complement-dependent
Ca®" flux we observed in rheumatoid arthritis B cells came
from the activation of antirheumatoid factor B cell clones.
Interestingly, we did not observe human IgG-mediated,
complement-enhanced proliferation of rheumatoid arthritis B cells
in the presence of CpG. However, unlike mouse anti-human, hu-
man IgG stimulates only IgG-reactive lymphocytes, which make
up only a portion of the total B cells in the rheumatoid arthritis
samples. Therefore, one potential explanation for why we did not
observe proliferation of rheumatoid arthritis B cells in response to
human IgG stimulation is that the number of viable IgG-sensitive
B cells several days poststimulation was insufficient to induce
detectable proliferation in our system.

In addition to its direct effect on B cell activation, com-
plement has been shown to play other roles critical to the
development of a humoral immune response to Ag (48).
Complement C3-split products on the surface of Ags and cir-
culating immune complexes facilitate their transport and pre-
sentation to lymphocytes in the germinal center. Specifically,
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C3 opsonin—coated Ags are recognized by CR3 on the surface of
subcapsular sinus macrophages that shuttle the Ag in a CR-
dependent manner to B cells entering the lymph node (54, 55).
These B cells in turn transport complement-coated Ag into the
germinal center to follicular dendritic cells (FDC) via CR2
expressed on both cell types. Finally, Ag presentation by FDC to
naive B cells is also complement dependent, in which FDCs dis-
play C3d-bound Ag to cognate B cells to trigger the BCR and
CR2-mediated immune response (48, 56). The importance of CR2
signaling in the humoral immune response is supported by obser-
vations of a CR2-deficient individual, who presented with a reduced
number of class-switched memory B cells and hypogammaglobu-
linemia (57). Thus, in addition to preventing the effects on direct
B cell activation as demonstrated in this study, CP antagonism may
interfere with other complement-dependent mechanisms of the
humoral immune response and suppress the activation, propa-
gation, and differentiation of autoimmune B cells in vivo.

Paradoxically, increased CP activity and congenital lack of
CP activity are associated with SLE or SLE-like autoimmune
conditions (58, 59). Patients with SLE with an intact CP have a
drop in C4 and C3 levels (consumption) prior to onset of flares
(60). This, as well as the presence of cell-bound complement ac-
tivation products, such as C4d and C3d on the surface of
RBCs, lymphocytes, and platelets in patients with SLE, suggests
that increased CP activity drives the disease process (61).
However, congenital deficiencies in CP components, most no-
tably Clq deficiency, are among the most penetrant genetic risk
factors for the development of lupus, in which 85-90% of in-
dividuals lacking C1q develop SLE-like symptoms (62, 63). The
complement system, and the CP in particular, has been suggested
to be responsible for the opsonization of immune complexes, apo-
ptotic cells, and cellular debris for removal by phagocytes (64, 65).
Therefore, it has been proposed that a nonfunctional CP leads to the
increased exposure of proinflammatory intracellular self-antigens to
cells of the immune system, resulting in an immune response that
gives rise to autoantibodies against dsDNA, ribonuclear proteins, and
other nuclear Ags (65). Interestingly, unlike the depletion of Clq, the
inhibition of Cls had a small impact on the uptake of early apoptotic
cells by human phagocytes in vitro, suggesting a critical role for the
opsonic function (CP independent) of Clq in the removal of early
apoptotic cells (66). Furthermore, 5-wk and 6-mo toxicology studies
performed in adult cynomolgus macaques treated with BIVV009
demonstrated the complete inhibition of the CP throughout the course
of each study. BIVV009-treated monkeys did not develop SLE or an
autoimmune-like disease or symptoms, nor did BIVV009 affect
levels of circulating immune complexes or induce the generation of
autoantibodies against extractable nuclear Ags or dsDNA. These re-
sults suggest that pharmacological inhibition of Cls activity in a
mature immune system may not be comparable with a congenital
deficiency of Clg, in which in the latter case, CP enzymatic activity
may protect against the development of autoimmunity in a devel-
oping immune system.

The data presented in this study provide evidence that inhibiting
complement deposition on Ag can dampen activation of cognate
B cells (Fig. 6). Long-term studies with BIVV009 treatment in au-
toimmune patients with autoantibody-mediated pathological condi-
tions will provide an opportunity to test the hypothesis that Cls
inhibition can alter the pathogenic humoral immune response in
patients with complement-related autoimmune diseases.
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