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Abstract

Problem: Preeclampsia (PE), new-onset hypertension during pregnancy, is associated with a
pro-inflammatory state with activated T cells, cytolytic natural killer (NK) cells, dysregulated
complement proteins, and B cells secreting agonistic autoantibodies to the angiotensin 1 type-1
receptor (AT1-AA). The reduced uterine perfusion pressure (RUPP) model of placental ischemia
recapitulates these features of PE. Blocking CD40L-CD40 communication between T and B cells
or B cell depletion with Rituximab prevents hypertension and AT1-AA production in RUPP rats.
This suggests that T cell-dependent B cell activation contributes to the hypertension and AT1-AA
associated with PE. B2 cells maturing into antibody producing plasma cells are the product of

T cell-dependent B cell-interactions and B cell Activating Factor (BAFF) is an integral cytokine
in the development of B2 cells specifically. Thus, we hypothesize that BAFF blockade will
selectively deplete B2 cells, therefore reducing blood pressure, AT1-AA, activated NK Cells, and
complement in the RUPP rat model of PE.

Method of Study: Gestational Day (GD) 14 pregnant rats underwent the RUPP procedure, and
a subset were treated with 1 mg/kg Anti-BAFF antibodies via jugular catheters. On GD19, blood
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pressure was measured, B cells and NK cells were measured by flow cytometry, AT1-AA was
measured by cardiomyocyte bioassay, and complement activation was measured by ELISA.

Results: Anti-BAFF therapy attenuated hypertension, AT1-AA, NK cell activation, and APRIL
levels in RUPP rats without negatively impacting fetal outcomes.

Conclusions: This study demonstrates that B2 cells contribute to hypertension, AT1-AA, and
NK cell activation in response to placental ischemia during pregnancy.
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Introduction

Preeclampsia (PE) is new-onset hypertension during pregnancy and affects ~8% of
pregnancies in the US [1]. PE is believed to stem from insufficient spiral artery remodeling,
which results in placental ischemia and fetal growth restriction (FGR) [2]. Placental
ischemia in animal models results in hypertension, FGR, endothelial dysfunction, renal
dysfunction, and chronic inflammation, similar to what is seen in patients with PE [3, 4].
Currently, the only cure for PE is delivery of the fetal-placental unit, thereby increasing the
risk for premature birth [5]. While the incidence of PE has continually increased [6], the
treatment options for PE have not changed in nearly 50 years. Therefore, there is a dire need
for new therapeutic options in treating women with PE [7].

The inflammatory profile in PE is characterized by activated CD4+ T cells shifted towards
a Th1/Th17 phenotype, cytolytic natural killer (NK) cells, activation of the complement
system, and activated B cells producing autoantibodies to the angiotensin Il type-1 receptor
(AT1-AA) in both humans and in animal models of placental ischemia [8-11]. AT1-AA

is an 1gG3 antibody that binds to the second extracellular loop of the AT1 receptor and
activates downstream pathways similar to that of angiotensin Il [12]. We have shown

that AT1-AA contributes to multiple factors associated with PE including hypertension,
Th1/Th17 cells, NK Cell activation, mitochondrial dysfunction, and endothelial dysfunction
in the Reduced Uterine Perfusion Pressure (RUPP) model of placental ischemia [13-18].
Importantly AT1-AA has been found in serum of previously PE patients 8 years postpartum
[19], and we believe it to play an important role in the development of cardiovascular
disease in previously preeclamptic women.

We have demonstrated the importance of T cell-B cell communication as an important step
in the pathophysiology of hypertension and AT1-AA production in the RUPP rat model of
placental ischemia [20, 21]. T cell-B cell communication is a pivotal step in B cell activation
and formation of immune memory [22], allowing for long-term production of antibodies
after antigen exposure. We have shown that B cell depletion with Rituximab attenuates the
hypertension associated with placental ischemia in the RUPP preclinical model of placental
ischemia; therefore, implicating a role for B cells in PE pathophysiology [23].

B cells are divided into two subsets, B1 and B2, which develop independently of each
other. B1 cells are innate-like B cells that develop from a fetal liver progenitor cell and
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spontaneously produce low-specificity Ig [24]. In clinical studies, B1 cells have been
implicated in the pathophysiology of PE by producing AT1-AA [25], but B1 cells are not
associated with long-term immune memory and may not be a source of postpartum AT1-AA
[19]. B2 cells are classical B cells that produce high-specificity 1gG after communication
with CD4+ T cells and transform into memory B cells [24]. B2 cells stem from bone marrow
progenitor cells and require stimulation by B cell Activating Factor (BAFF) as a secondary
activation signal following T cell-B cell communication [26] in order to progress through

B cell development and maturation. Following B2 cell activation, A Proliferation Inducing
Ligand (APRIL) promotes Ig class switching, activated B cell survival, and survival of
memory B cells [27-29]. B1 cells develop independent of BAFF [30]. Kowalczyk-Quintas
et al. previously showed that infusion of mouse anti-BAFF antibodies reduced circulating
and splenic B cells [31]. In addition, patients with systemic lupus erythematosus (SLE)

that receive anti-BAFF therapy (Belimumab) have improved renal outcomes compared to
standard SLE treatment alone [32, 33]. These data suggest that BAFF inhibition, such as
anti-BAFF therapy with Belimumab, may be a therapeutic strategy to deplete developing
B2 cells and reduce production of AT1-AA. This strategy would leave B1 cells viable to
produce natural antibodies for the patient. We sought to investigate the effect of anti-BAFF
therapy on B2 cell depletion and AT1-AA production, and hypertension in the RUPP model
of placental ischemia in order to distinguish the importance of B2 cells vs B1 cells as
producers of AT1-AA and to determine preclinical relevance of this avenue as a potential
treatment for PE. We hypothesize that BAFF blockade with anti-BAFF antibodies would
reduce circulating B cells and attenuate hypertension, FGR, AT1-AA and its downstream
sequelae observed in the RUPP model of placental ischemia.

Twelve-week-old time-pregnant Sprague-Dawley rats (200-250g) were purchased from
Envigo (Harlan Laboratories Inc., Indianapolis, IN, USA). Animals were housed in
temperature-controlled rooms (23°C) with 12:12h light-dark cycles and free access to water
and chow. The authors confirm that the ethical policies of the journal and the University of
Mississippi Medical Center’s Institutional Animal Care and Use Committee were followed.
All experiments were in accordance with the National Institute of Health’s “Guidelines for
the Care and Use of Laboratory Animals.”

Reduced Uterine Perfusion Pressure (RUPP) Procedure

A group of control rats consisted of normal pregnant (NP) and reduced uterine perfusion
pressure (RUPP) animals. On gestational day (GD) 14, animals underwent the RUPP
procedure as previously described [34, 35] under 2% isoflurane anesthesia delivered by

a vaporizer (Ohio Medical Products, Champagne, IL, USA). The RUPP model of placental
ischemia has been shown to reduce uterine blood flow by ~54% [36] and recapitulate many
of the characteristics seen in human PE. In brief, animals were placed under isoflurane
anesthesia, and a midline incision was made. A restrictive silver clip (0.203 mm) was placed
superior to the iliac bifurcation on the abdominal aorta. To reduce compensatory blood flow,
another restrictive clip (0.100 mm) was placed at each bilateral uterine arcade at the ovarian
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end. All animals undergoing any surgical procedures were given carprofen (5 mg/kg) to aid
with post-operative pain.

Infusion of Anti-BAFF

A protein basic local alignment search tool (BLAST) search was performed to compare
mouse BAFF to rat BAFF through the NIH online search (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). The BLAST search showed rat BAFF has ~85% sequence homology to mouse
BAFF. For in vivo blockade of BAFF signaling, gestational day (GD) 13 pregnant rats
underwent jugular catheterization under 2% isoflurane anesthesia delivered by a vaporizer
(Ohio Medical Products, Champaign, IL, USA) and received carprofen (5mg/kg) to account
for postoperative pain. On GD14, subsets of NP or RUPP rats were infused with 1 mg/kg

of mouse Anti-BAFF antibodies (Adipogen Life Sciences, San Diego, CA, USA) via jugular
catheters immediately following the RUPP procedure. The four groups of rats were normal
pregnant (NP; n=9) rats, NP + Anti-BAFF (n=8), RUPP (n=12) and RUPP + anti-BAFF
(n=11).

Mean Arterial Pressure Measurement

On GD 18, all groups underwent carotid catheterization for mean arterial pressure (MAP)
measurement, as previously described [37]. On GD 19, animals were placed in restrainers
and allowed one hour to acclimate to their surroundings. Following the acclimation period,
MAP was measured continuously for 30 minutes (Cobe 11l Transducer CDX Sema) as
previously described [37]. Average pup and placenta weight were determined, and each were
reported as an n of 1. Blood and tissues were collected for analysis.

Determination of Placental and Circulating B cells

Circulating peripheral B cells were measured by flow cytometry, as previously described
[38]. Briefly, whole blood was collected on GD 19, mixed with RPMI medium, and isolated
by centrifugation over a Ficoll-Hypaque (Lymphoprep, Accurate Chemical & Scientific
Corp., Westbury, NY) cushion according to manufacturer’s instructions. Placentas were
collected from each animal and homogenized in nine mL of RPMI + 1mL of fetal

bovine serum. Homogenized placentas were then filtered through a 30pum cell strainer.
The homogenate was then layered over a Ficoll-Hypaque cushion (Lymphoprep, Accurate
Chemical & Scientific Corp., Westbury, NY, USA) and spun at 300g to isolate placental
leukocytes. Next, one million isolated peripheral blood mononuclear cells (PBMCs) were
stained for 10 minutes at 4°C with antibodies against rat Anti-CD3 (Vioblue) (Miltenyi
Biotec, San Diego, CA, USA), rat anti-CD68 (PE-Vio 770) (Myltenyi Biotec), and rat
anti-CD45R (APC-Vio770) (Myltenyi Biotec). Cells were washed and analyzed using the
MACSQuant analyzer 10 (Myltenyi Biotec) and quantified using FlowLogic Software
(Innovai, Sydney, Australia) with fluorescence-minus-one (FMO) controls. B cells were
considered CD3"CD68~CD45R*, B1 cells were considered CD3"CD68~CD45R*CD43*,
B2 cells were considered CD3~CD68 CD45R*CD43™.
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Determination of Placental and Circulating NK cell Populations

On GD 19, placentas and whole blood were collected from all animal groups and PBMCs
were collected from whole blood and placentas, as described above. One million PBMCs
were stained for 10 min at 4°C with rat anti-CD3 (Viogreen) (Myltenyi), rat NK cell
activation structure (ANK®61) (Abcam, Cambridge, MA) with FITC secondary (Abcam),
and rat NK cell antibody (ANK44) (Abcam) with alexa405 secondary (Abcam). Cells were
analyzed by the MACSQuant analyzer (Myltenyi) and quantified using FlowLogic Software
(Inivai) using FMO controls. NK cells were considered CD3~Ank61* cells, and activated
NK cells were considered CD3~Ank61TANK44* cells [39].

Determination of Complement Components

Plasma, placental, and renal complement component C1q were measured using an enzyme-
linked immunosorbent assay (ELISA) (Novus Biologicals, Littleton, CO). The sensitivity of
the assay is 0.47 ng/mL, inter-assay variability <5.23 and intra-assay variability <4.82%.
Plasma samples were diluted 1:80,000 and reported as mg/mL. ~100mg of placental or
kidney tissue was homogenized in 900uL of ice-cold saline (pH = 7.4). Tissue homogenate
was centrifuged for 5 minutes at 5,000g at 4°C, and the supernatant collected for use in the
ELISA. Tissue homogenate supernatant from placentas and kidney was diluted 1:500 for
analysis. Placental and renal C1q levels are reported as pg C1g/mg total protein.

Plasma complement component C3 was measured using an ELISA (Abcam) and used
according to the manufacturer’s protocol. The sensitivity of the assay is 2.82 ng/mL, the
inter-assay variability <10%, and the intra-assay variability <10%. The plasma samples were
diluted 1:10,000 for analysis.

Plasma complement component C3a was measured using an ELISA kit (MyBioSource, San
Diego, CA, USA) and used according to the manufacturer’s protocol. The assay is listed

to have a sensitivity of 4.69 ng/mL and a coefficient of variation listed as <10%. Plasma
samples were diluted 1:10 for analysis.

Plasma complement component C4 was measured using an ELISA kit (MyBioSource)
according to the manufacturer’s protocol. The sensitivity of the assay is <3.12 ng/mL, the
intra-assay variability CVV<8%, and the inter-assay precision CV%<10%. Plasma samples
were diluted 1:10,000.

Determination of Circulating AT1-AA

AT1-AA were collected from serum and analyzed using a modified version of the
previously described cardiomyocyte assay [40]. Neonatal rat cardiomyocytes were isolated
as previously described [41], and incubated with 2.5 uM Fluo-4 AM (Thermofisher,
Waltham, MA, USA). Chronotropic events in response to AT1 receptor-mediated stimulation
of cultured rat neonatal cardiomyocytes were quantified using the Biotek Cytation 5 cell
imaging multimode reader (Agilent, Santa Clara, CA, USA). The change in beats per minute
(Abpm) was calculated and positively correlates to amount of AT1-AA in serum. Serum

IgG fraction was incubated with the seven amino acid (7AA) sequence corresponding to the
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specific epitope binding region of the AT1-AA to confirm change in beats per minute were
associated with AT1-AA stimulation. Data are reported as Abpm.

Determination of Circulating BAFF, APRIL, and other cytokines

Circulating BAFF was determined using a commercially available ELISA (MyBioSource)
and used according to the manufacturer’s protocol. The sensitivity of the ELISA is listed as
<28pg/mL, intra-assay precision CV<10% and inter-assay precision CV<12%.

Circulating APRIL was determined using a commercially available ELISA (MyBioSource)
according to the manufacturer’s protocol. The sensitivity of the ELISA is 0.1ng/mL, the
inter-assay precision CV<10%, and intra-assay precision <10%.

Plasma samples were analyzed for Macrophage Inflammatory Protein (MIP)-1a, MIP-3a,
and Monocyte Chemoattractant Protein (MCP)-1 using the Bio-plex Pro Rat Cytokine
23-Plex Immunoassay Kit (Bio-Rat, Hercules, CA, USA) according to the manufacturer’s
protocol.

Statistical Analysis

Results

Statistical analyses were performed using GraphPad Prism 9.2 software (GraphPad
Software, San Diego, CA). Comparisons between groups were made using a two-way
ANOVA with a Bonferroni post hoc test. Results were reported as means £ SEM and were
considered significant when p<0.05.

Anti-BAFF therapy Normalized Hypertension Associated with Placental Ischemia

RUPP rats had increased MAP (119 = 2 mmHg,) compared to NP rats (99 + 3mmHg,
p<0.01) (Figure 1.a.). Anti-BAFF therapy did not change blood pressure in NP+Anti-BAFF
(96 + 3.19 mmHg) compared to control NP. Anti-BAFF therapy normalized blood pressure
in RUPP+Anti-BAFF (100 £ 3 mmHg, p<0.01) compared to RUPP.

Anti-BAFF therapy Reduced Circulating B cells but Did Not Reduce Placental B cells

Anti-BAFF decreased circulating B cells (0.34 + 0.09% gated) in NP rats compared to
control NP rats (1.89 £ 0.35% gated p<0.01) (Figure 1.b.). RUPP+Anti-BAFF had decreased
circulating B cells (p<0.05) compared to RUPP rats (1.18 + 0.27% gated vs 2.18 + 0.13%
gated). There was no significant difference between circulating B1 cells between NP (0.04
+ 0.024% gated) compared to RUPP (0.047 = 0.016% gated) (Figure 1.c.). There were
trending decreases in circulating B1 cells in NP+Anti-BAFF (0.008 + 0.007% gated) and
RUPP+AnNti-BAFF (0.026 + 0.014% gated) compared to control NP and RUPP groups.
There was no change in circulating B2 cells between NP (1.442 + 0.254% gated) and RUPP
(1.721 = 0.097% gated) (Figure 1.d). NP+Anti-BAFF had significantly lower circulating

B2 cells (0.280 = 0.068% gated, p<0.05) compared to NP. There was a trending decrease

in circulating B2 cells in RUPP+AnNti-BAFF (0.808 + 0.289% gated) compared to control
RUPP.
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There was no change between total placental B cells between NP (1.567 + 0.362% gated)
compared to RUPP (1.460 + 0.280% gated) or compared to NP+Anti-BAFF (1.203 £
0.358% gated) (S3). There was also no change in total placental B cells between RUPP

and RUPP+AnNti-BAFF (0.968 + 0.276% gated). There were no changes in placental B1
cells between any of the groups: NP (0.082 + 0.034% gated), NP+Anti-BAFF (0.100 +
0.061% gated), RUPP (0.112 £ 0.015% gated), RUPP+Anti-BAFF (0.088 + 0.018% gated).
There were no changes in placental B2 cells between any of the groups: NP (1.148 +
0.356% gated), NP+Anti-BAFF (0.485 + 0.208% gated), RUPP (1.480 + 0.361% gated),
RUPP+AnNti-BAFF (1.078 + 0.466% gated).

Anti-BAFF therapy did not worsen fetal weight, placental weight, or fetal viability during

pregnancy

RUPP rats had reduced pup weight (1.97 + 0.08 g, n=12, p<0.05) compared to NP pups
(2.21 £ 0.09 g, n=8) (Figure 2.a). NP+Anti-BAFF had no change in pup weight (2.33 +
0.05, n=8) compared to NP. RUPP+Anti-BAFF had reduced pup weight (1.82 +0.10 g,
n=9, p<0.05) compared to NP+Anti-BAFF. RUPP+Anti-BAFF had no change in pup weight
compared to RUPP, indicating pup weight was not worse with anti-BAFF therapy. Placenta
weight was reduced in RUPP rats (0.46 + 0.02, p<0.01) compared to NP (0.59 + 0.03,)
(Figure 2.b). Anti-BAFF therapy did not change placenta weight in NP+Anti-BAFF rats
(0.55 £ 0.31, n=8) compared to NP. There was no change in placenta weight between
NP+Anti-BAFF and RUPP+AnNti-BAFF (0.54 £+ 0.2, n=9). There was no change in placenta
weight between RUPP+AnNti-BAFF and RUPPs. Fetal viability was reduced in RUPP rats
(47 £ 8 %, n=13, p<0.01) compared to NP (97 £ 2 %, n=9) (Figure 2.c.). NP+Anti-BAFF
had no change in fetal viability (99 = 1 %, n=8) compared to NP. RUPP+Anti-BAFF had
reduced fetal viability (43 = 10 %, n=11, p<0.01) compared to NP+Anti-BAFF which was
not worsened compared to RUPP.

Anti-BAFF therapy suppressed AT1-AA in response to RUPP

As previously shown, RUPP had increased AT1-AA (162 ABPM, n=6) compared to NP
(21 ABPM, n=6, p<0.001) (Figure 3). There was no change in AT1-AA between NP+Anti-
BAFF (82 ABPM, n=5) and NP. RUPP+Anti-BAFF had significantly lower AT1-AA (7£2
ABPM, n=7, p<0.01) compared to RUPP.

Anti-BAFF therapy prevented NK cell activation in response to RUPP

RUPP rats had increased circulating cytolytic NK cells (16.50 + 2.98 %gated, n=7, p<0.05)
compared to NP (7.34 £ 3.06 %gated, n=6) (Figure 4.a.). NP+Anti-BAFF had no change

in total circulating NK cells (39.10 £ 7.29 %gated, n=7) or cytolytic circulating NK cells
(1.34 + 0.83 %gated, n=5) compared to NP (S4. a.). RUPP+Anti-BAFF had increased
total circulating NK cells (77.08 + 4.13 %gated, n=6, p<0.05), but no change in circulating
cytolytic NK cells (3.88 £ 0.99 %gated, n=8) compared to NP+Anti-BAFF. There was

no change in total circulating NK cells between RUPP and RUPP+AnNti-BAFF, however
RUPP+AnNti-BAFF had reduced circulating cytolytic NK cells (p<0.05) compared to RUPP.

There were no changes in total placental NK cells between NP (45.76 + 14.43 %gated, n=6)
and RUPP (33.08 + 12.03 %gated, n=6) (S 4. b.), but RUPP rats had increased placental
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cytolytic NK cells (46.87 + 8.99 %gated, n=7, p<0.05) compared to NP (21.18 = 4.47
%gated, n=6) (Figure 4. b.). NP+Anti-BAFF had no changes in either total placental NK
cells (13.67 + 1.42 %gated, n=4) or cytolytic placental NK cells (3.2 = 2.01, n=4) compared
to NP. RUPP+Anti-BAFF had no changes in either total placental NK cells (46.12 + 9.27
%gated, n=5) or cytolytic placental NK cells (13.55 + 3.65 %gated, n=5) compared to
NP+Anti-BAFF. RUPP+Anti-BAFF had no change in total placental NK cells compared to
RUPP, yet RUPP+AnNti-BAFF had reduced placental cytolytic NK cells (p<0.05) compared
to RUPP.

Anti-BAFF Antibodies have no Effect on Circulating, Placental, or Renal C1q

There were no changes in plasma C1q across any of the groups: NP (2.95 + 0.06 mg/mL,
n=6), NP+Anti-BAFF (2.86 + 0.28 mg/mL, n=6), RUPP (3.25 + 0.18 mg/mL, n=6),
RUPP+AnNti-BAFF (3.16 £ 0.24 mg/mL, n=5) (S5. a.). There were no changes in placental
C1q across any of the groups: NP (2.83 £+ 0.35 ug/mg protein, n=5), NP+Anti-BAFF (2.57

+ 0.47 ug/mg protein, n=5), RUPP (2.90 £ 0.36 ug/mg protein, n=5), or RUPP+Anti-BAFF
(2.26 £ 0.48 ug/mg protein, n=5) (S5.b.). There were no changes in renal-deposited C1q
across any of the groups: NP (1.42 + 0.39 ug/mg protein, n=5), NP+Anti-BAFF (1.02 + 0.12
ug/mg protein, n=5), RUPP (1.16 + 0.28 ug/mg protein, n=5), or RUPP+Anti-BAFF (1.08 +
0.12 ug/mg protein, n=4) (S5. c.).

Anti-BAFF did not Prevent Complement C3 Activation in Response to RUPP

There was no difference in complement component C3 across any of the groups: NP (913

+ 142 ug/mL, n=5), NP+Anti-BAFF (1223 + 181 ug/mL, n=5), RUPP (1179 + 186 ug/mL,
n=4), RUPP+Anti-BAFF (1279 + 131 ug/mL, n=6) (Figure 5.a.). Circulating complement
component C3a was increased in RUPP (188 + 11 ng/mL, n=5, p<0.05) compared to

NP (128 + 16 ng/mL, n=5) (Figure 5.b.). There was no change in C3a between NP and
NP+Anti-BAFF (119 £ 17 ng/mL, n=5). C3a was increased in RUPP+Anti-BAFF (195 + 10
ng/mL, n=6, p<0.01) compared to NP+Anti-BAFF. There were no changes in C3a between
RUPP and RUPP+AnNti-BAFF groups.

Anti-BAFF Antibodies have no Effect on Circulating Complement C4

There were no changes in circulating Complement C4 across any of the groups: NP (1377
+ 116 ug/mL, n=4), NP+Anti-BAFF (1082 + 115 ug/mL, n=4), RUPP (1539 + 173 ug/mL,
n=5), RUPP+AnNti-BAFF (1212 + 122 ug/mL, n=5) (S5. d.).

Anti-BAFF Therapy Reduced Circulating APRIL in Response to RUPP

Although lowered in the anti-BAFF treated groups, these differences did not reach statistical
significance in circulating BAFF across any of the groups: plasma BAFF was (738 £+ 67
pg/mL, n=7) in NP, (499 + 77 pg/mL, n=7) in NP+Anti-BAFF, (733 £ 112 pg/mL, n=7) in
RUPP, and (598 + 77 pg/mL, n=6) in RUPP+Anti-BAFF (Figure 6.a.).

Circulating APRIL was increased in RUPP (7.39 + 0.7 ng/mL, n=7, p<0.05) compared to
NP (4.95 £ 0.4 ng/mL, n=8), was unchanged in NP+Anti-BAFF (5.53 £ 0.5 ng/mL, n=7) vs
NP (Figure 6.b.), and was normalized in RUPP+Anti-BAFF (4.43 + 0.4 ng/mL, n=8, p<0.01)
compared to RUPP.
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Circulating Cytokine Responses to RUPP and Anti-BAFF Antibodies

There was no change in plasma MIP-1a between NP (3.94 + 1.17pg/mL, n=8) and
NP+AnNti-BAFF (4.05 + 0.65pg/mL, n=7) (S 6. a.). RUPP There was a significant increase
in plasma MIP-1a between RUPP (20.19 £ 7.03pg/mL, n=9, p<0.05) and NP. RUPP+Anti-
BAFF had significantly lower plasma MIP-1a (2.24 = 0.84pg/mL, n=9, p<0.05) compared
to RUPP.

There was no difference in plasma MIP-3a between NP (4.59 + 0.47pg/mL, n=8) and
NP+Anti-BAFF (5.08 + 1.14pg/mL, n=8) (S 6. b.). There was a significant increase

in plasma MIP-3a in RUPPs (12.12 + 2.42, n=8, p<0.05) compared to NP. There was
significantly higher plasma MIP-3a in RUPP+AnNti-BAFF (13.42 £ 2.73pg/mL, n=7,
p<0.05) compared to NP+Anti-BAFF. There was no change in plasma MIP-3a between
RUPP and RUPP+AnNti-BAFF.

There was no change in plasma MCP-1 between NP (76.38 + 13.00pg/mL, n=8) and
NP+Anti-BAFF (110.04 + 20.29pg/mL, n=8) (S 6. ¢.). There was a significant increase in
plasma MCP-1 in RUPPs (359.28 + 105.92pg/mL, n=9, p<0.05) compared to NP. There was
also a trending decrease in plasma MCP-1 in RUPP+AnNti-BAFF (223.04 + 34.42pg/mL,
n=9) compared to RUPP.

Discussion

Our lab previously showed that B cell depletion with the anti-CD20 antibody Rituximab
attenuates hypertension in the RUPP model [23]. However, Rituximab depletes all B cells
including developing B cells, mature B cells, and newly activated B cells; and CD20 is down
regulated when cells reach the plasma cell differentiation stage [42, 43]. In this study we
also measured total placental B cells, placental B1 cells, and placental B2 cells and saw

no changes in response to RUPP or Anti-BAFF antibody infusion (S 3. a, b, c.). It has

been previously reported that a subset of CD5+ B1 cells (B1a) cells are increased in the
placentas of women with PE [25]. In this study we did not differentiate into Bla and B1b

B cells which may contribute to the differences between our study and previously published
work. Moreover, Jensen et al. investigated Bla cells in human placentas while we measured
B1 cells in rat placentas drawing another important distinction between these two studies.
However, here we demonstrate that anti-BAFF antibodies can deplete circulating B cells,
and BAFF depletion can be used to normalize the hypertension, NK cells, and AT1-AA
without harming fetal development and survival in the RUPP model of placental ischemia.

In contrast to prior studies in nonpregnant mice [31], at GD19 there was no significant
decrease in circulating BAFF in the anti-BAFF treated groups, which could be due to our
use of a different dose and dosing schedule of anti-BAFF in this study compared to the
cited literature. In our study we used single infusion of Ant-BAFF at a 1 mg/kg dose;
whereas in the cited study, repeated administration of 2 mg/kg anti-BAFF antibodies were
used every two weeks. Moreover, this observation could be due to the ELISA measuring
both bound and unbound circulating BAFF. Importantly, our study shows that a single dose
of anti-BAFF antibodies reduces circulating B cells and prevents hypertension in response
to placental ischemia. This suggests that administering anti-BAFF at the time of placental
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ischemia prevents B cell activation, which then prevents AT1-AA and hypertension in
RUPP rats. We also demonstrated that the sister cytokine to BAFF, APRIL, is increased

in response to placental ischemia and treatment with anti-BAFF antibodies reduced APRIL
in placental ischemic rats. To our knowledge, this is the first study to show a relationship
between BAFF, APRIL, and autoantibody production in an animal model of PE. APRIL is
produced by myeloid lineage cells and promotes B cell class-switching, survival of activated
B cells long-term, and plasma cell survival [29]. Unlike BAFF, APRIL supports both B1 and
B2 cells post activation in humans [29]. In a mouse model of kidney rejection, depleting
APRIL and BAFF together reduced autoantibody production and lessened B cell mediated
renal rejection [44]. In the RUPP model, increased APRIL could be downstream of B cell
activation in response to placental ischemia and myeloid cells supporting the autoreactive

B cells; however, in anti-BAFF treated RUPPs, reduced B cell activation could prevent

the need for increased APRIL production. However, more studies are necessary to better
understand relationship between BAFF/APRIL, AT1-AA, and hypertension in response to
placental ischemia.

Human anti-BAFF antibodies (Belimumab) have been approved for treatment of SLE and
has been shown to deplete B cells while preventing transformation of B cells into Ig-
producing plasma cells [32]. Importantly, treatment with Belimumab reduced production of
autoreactive antibodies associated with SLE [45], thereby demonstrating a potential role for
BAFF as a therapeutic target to prevent autoantibody production. Moreover, toxicological
studies using Belimumab in cynomolgus monkeys showed B cell depletion without altering
CD4* T cell levels or treatment-related infections. Considering the off-target effects that
Rituximab has shown in patients and animal models of disease, these data further support
BAFF as a potential therapeutic to inhibit B cell involvement in disease [46]. Kowalczyk-
Quintas et al. showed that depletion of BAFF in mice reduced circulating B cells in one
week without depleting T cells [31]. Rituximab is noted for having off-target effects that
may suppress other immune cell types and functions [47]; therefore, studies indicating that
Belimumab is more specific for B cell suppression/depletion is important from a therapeutic
approach [48, 49]. Treatment with anti-BAFF antibodies could be beneficial in selectively
depleting newly activated B2 cells while sparing existing B1 cells and maintaining natural
antibodies in the patients undergoing therapy. Contrary to our previous studies [38], there
was no change in B cells between NP and RUPP rats, which is likely due to the large
variation in data collected in the B cell number in the NP control group.

In this study we showed that RUPP rats had increase plasma Macrophage Inflammatory
Protein (MIP)-1a,, MIP-3a.,, and Monocyte Chemoattractant Protein (MCP)-1, while
treatment with Anti-BAFF attenuated the increase in MIP-1a. These three cytokines were
first noted for their interactions with macrophages and monocytes, but were later discovered
to be produced by many cell types including endothelial cells and all hematopoietic cells
[50]. MIP-1a, MIP-3a, and MCP-1 can all recruit macrophages, monocytes, dendritic cells,
or Thl7s. In this study, increases in MIP-1a, MIP-3a, and MCP-1 indicate recruitment of
immune cells, including monocytes and macrophages, into tissues, but our study did not
differentiate which tissues had changes in immune cells outside of B cells and natural Killer
cells as shown in the results. Nevertheless, our data indicate that while there is increased
signaling for inflammatory cell invasion in the RUPP, Anti-BAFF attenuates MIP-1a which
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could suggest an interaction between macrophage activation and B cell secretion of AT1-
AA.

Here, we show that anti-BAFF treatment reduced circulating AT1-AA, as well as activated
NK cells in the circulation and placentas in response to placental ischemia. In normal
pregnancies, uterine NK cells help in placentation and vascular remodeling [51, 52],

but dysregulation of uterine NK cells has been associated with multiple pathologies of
pregnancy in humans including PE [53-55]. Activated NK cells can induce production of
anti-angiogenic factors, resulting in decreased placental vascularization and contributing to
FGR [56-58]. While AT1-AA can activate the AT1 receptor [59], they can also target cells
for destruction through antibody dependent cellular cytotoxicity (ADCC), which involves
activated NK cells. In ADCC, an antigen is bound by an antibody’s binding region, while
the constant region of the antibody can be recognized by NK cells, which induce apoptosis
of the targeted cell [60]. ADCC activates NK cells, but we have shown that blockade of
AT1-AA in the RUPP reduced activation of NK cells, suggesting a link between AT1-AA
and NK cell activation in response to placental ischemia [61]. As NK cell activation has
been linked with the pathogenesis of PE, targeting B cells or AT1-AA could potentially
ameliorate both AT1-AA induced pathologies and NK cell activation [56, 62]. Our data
suggests that by depleting B cells, we can reduce AT1-AA, which leads to decreased NK cell
activation in response to placental ischemia and improves fetal weight in some studies [63,
64].

An additional mechanism of antibody-mediated cell death is activation of the complement
system [65]. The complement system is part of the innate immune system that aids in cell
turnover, cell destruction, and inflammation [66]. The complement system is important in
uterine remodeling during normal pregnancy [67]. Dysregulation of the complement system
is associated with PE and other pregnancy complications [11, 65, 68]. The stimulus for

the classical complement cascade is an antibody binding its antigen, which starts a cascade
of proteolytic cleavages resulting in the formation of the membrane attack complex and
induction of cell death [11]. The initiating factor of the classical complement cascade

(C1q) and a marker of classical complement activation (C4a) are reduced in circulation in
PE compared to NP, and this decrease has been attributed to complement deposition and
activation in the kidney [68]. Another study later found that C1q and C4a are increased

in glomeruli of women with PE, suggesting a role for classical complement activation

in PE [69]. In addition, placentas of women with PE have increased activation marker

C4d compared to NP, but showed no difference in deposited C1q [70]. AT1-AA has been
implicated as a potential activator of classical complement and could contribute to cell death
and tissue damage in PE via this mechanism [65, 71]. In this study, we found no significant
changes in complement component C1q in the circulation, placenta, or kidney, nor did we
see changes in circulating complement C4 associated with the RUPP model or in response
to anti-BAFF administration. Although data regarding C1q is not prominently investigated
using animals, Singh et al. showed that C1q deficient mice have dysregulation of trophoblast
development and appear to develop a PE-like syndrome characterized by hypertension,
increased soluble VEGF-1 receptor (sflt-1), and albuminuria [72].
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In contrast to C1 and C4, our study showed increased circulating complement C3a in
response to RUPP which was not reduced in the RUPP with anti-BAFF antibodies. All
complement system pathways converge at the cleavage of C3 to C3a and C3b; therefore,
C3a is a common marker of complement system activation [73]. Chronically elevated

C3a assists in maintaining a pro-inflammatory response, as in rheumatoid arthritis [74].
This increase in C3a could cause a feed-forward mechanism in PE, further promoting
inflammatory cytokine production and immune cell activation. Some clinical studies have
reported no changes in circulating C3a in women with PE [68, 75], but others have shown
that elevated C3a may be more closely associated with early onset PE [65, 67, 76, 77].
Together this suggests that complement dysregulation and activation is involved in the
pathology of PE; however, because our model is one of late onset PE, we may not be able
to detect changes in C3a with an intervention. Overall, our data are congruent with other
studies demonstrating that the complement system is activated in the RUPP model, but that
complement activation may not be involved in the hypertension or NK cell activation seen
in the RUPP. It is also important to mention that studies in animal models do not perfectly
recapitulate every characteristic of human PE; therefore, some aspects of this study may not
translate to the clinic. However, this study implicates B2 cells as important contributors to
the pathophysiology of hypertension in the RUPP model.

Collectively, our study showed that targeting BAFF in the RUPP model of placental
ischemia normalizes hypertension, reduces AT1-AA, and reduces NK cell activation but
does not prevent complement activation. This could be due to the therapy being an

antibody itself, which may not allow for a decrease in the activation of complement,

but additional studies are needed to verify this. Nevertheless, targeting BAFF could be a
potential therapeutic option in the treatment of PE. Future studies exploring BAFF depletion
in other preclinical models of PE will further determine the viability of this therapeutic
approach. Importantly, this study is the first to show that reducing APRIL in response

to placental ischemia is associated with improved blood pressure, immune activation, and
AT1-AA. Future studies could determine whether the changes in circulating APRIL occur in
other models of PE and investigate if blockade of APRIL has similar affects in response to
placental ischemia as seen with BAFF blockade.
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Figure 1.

RUPP rats (n=12) had increased Mean Arterial Pressure (MAP) compared to NP (n=9,
p<0.01. NP+Anti-BAFF (n=8) compared to NP, but RUPP+Anti-BAFF (n=11, p<0.01)
had normalized MAP compared to RUPP. NP+Anti-BAFF had decreased circulating B
cells (n=6) compared to untreated NP rats (n=6, <0.01) and RUPP+Anti-BAFF (n=5)
had decreased circulating B cells compared to untreated RUPP rats (n=9, p<0.05). There
was no difference in circulating B1 cells in NP (n=6) compared to RUPP (n=9). There
was a trending decrease in circulating B1 cells between NP compared to NP+Anti-BAFF
(n=6) and between RUPP compared to RUPP+Anti-BAFF (n=5). There was no change in
circulating B2 cells between NP (n=6) compared to RUPP (n=9). There was a significant
decrease in circulating B2 cells in NP+Anti-BAFF (n=6, p<0.05) compared to NP. There
was a trending decrease in circulating B2 cells in RUPP+AnNti-BAFF (n=5) compared to
RUPP.
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Figure 2.

NP+Anti-BAFF (n=8) had no change in pup weight compared to NP (n=8). RUPP rats

had smaller pups (n=12, p<0.05) compared to NP. RUPP+Anti-BAFF (n=9, p<0.01) had
smaller pups compared to NP+Anti-BAFF, but there was no change between RUPP

and RUPP+Anti-BAFF. There was no change in placenta weight between NP (n=8)

and NP+Anti-BAFF (n=8). RUPPs (n=11) had smaller placentas compared to NP, but
RUPP+AnNti-BAFF (n=9) did not have smaller pups than NP+Anti-BAFF. There was no
change in offspring viability between NP (n=8) and NP+Anti-BAFF (n=8). RUPP rats
(n=11) had decreased fetal viability compared to NP and RUPP+Anti-BAFF (n=9) had
decreased fetal viability compared to NP+Anti-BAFF. There was no change in fetal viability
between RUPP and RUPP+Anti-BAFF.
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There was no change in circulating AT1-AA between NP (n=6) and NP+Anti-BAFF

(n=5). As previously described, RUPPs had significantly increased AT1-AA (n=6, p<0.001)
compared to NP. RUPP+Anti-BAFF (n=6, p<0.01) had significantly decreased AT1-AA
compared to RUPP.
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Figure 4.
There was no change in circulating cytolytic NK cells between NP (n=6) and NP+Anti-

BAFF (n=5), but RUPP rats (n=7, p<0.05) had increased circulating cytolytic NK cells
compared to NP. RUPP+Anti-BAFF (n=8, p<0.01) had decreased circulating cytolytic NK
cells compared to RUPP. There was no change in placental cytolytic NK cells between
NP (n=6) and NP+Anti-BAFF (n=4), but RUPP rats (n=7, p<0.05) had increased placental
cytolytic NK cells compared to NP. RUPP+Anti-BAFF (n=>5, p<0.05) compared to RUPP.
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There was no change in circulating complement C3 between NP (n=5), NP+Anti-BAFF
(n=5), RUPP (n=4), or RUPP+Anti-BAFF (n=6). There was no change in circulating

C3a between NP (n=5) compared to NP+Anti-BAFF (n=5), but RUPP (n=>5, p<0.05)

had increased C3a compared to NP. RUPP+AnNti-BAFF (n=6, p<0.01) had increased C3a
compared to NP+Anti-BAFF, but there was no difference between RUPP and RUPP+Anti-

BAFF.
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Figure 6.

Circulating BAFF trended to decrease between NP (n=7) and NP+Anti-BAFF (n=7) but it
did not reach significance. There was no change in BAFF between NP and RUPP (n=7),
there was also no change in BAFF between RUPP and RUPP+AnNti-BAFF (n=6). There was
no change in circulating APRIL between NP (n=8) and NP+Anti-BAFF (n=7), but RUPPs
(n=7, p<0.05) had increased APRIL compared to NP. Increased APRIL in the RUPP was
attenuated in RUPP+AnNti-BAFF (n=8, p<0.01).
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