THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 37, pp. 2680026809, September 13, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Fcy Receptor-induced Soluble Vascular Endothelial Growth
Factor Receptor-1 (VEGFR-1) Production Inhibits Angiogenesis
and Enhances Efficacy of Anti-tumor Antibodies”

Received for publication, May 13, 2013, and in revised form, July 11, 2013 Published, JBC Papers in Press, July 31,2013, DOI 10.1074/jbcM113.485185

Steven E. Justiniano®, Saranya Elavazhagan®, Kavin Fatehchand®, Prexy Shah*, Payal Mehta’, Julie M. Roda®,
Xiaokui Mo, Carolyn Cheney**, Erin Hertlein**, Timothy D. Eubank®, Clay Marsh®, Natarajan Muthusamy***,
Jonathan P. Butchar***, John C. Byrd***, and Susheela Tridandapani*****'

From the *Department of Internal Medicine, SBiomedical Sciences Graduate Program, Y0hio State Biochemistry Program, Icenter
for Biostatistics, and **Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio 43210

Background: FcyR are critical for antibody therapy.

Results: Monocyte FcyR activation leads to production of sFlt-1 that inhibits angiogenesis in vitro and tumor growth in vivo.

This production is negatively regulated by miR-181a.

Conclusion: FcyR lead to production of biologically active sFlt-1, which has antitumor functions.
Significance: This finding represents a novel antitumor mechanism of antibodies.

Monocytes/macrophages are potent mediators of antitumor
antibody therapy, where they engage target cells via Fcy recep-
tors (FcyR). Binding of these cells to opsonized tumor targets
elicits cytokine production, phagocytosis, and antibody-medi-
ated cellular cytotoxicity. Here we show for the first time that
activation of monocyte FcyR results in the secretion of soluble
vascular endothelial growth factor receptor-1 (VEGFR-1/sFlt-
1), which serves to antagonize VEGF-mediated angiogenesis
and tumor growth. Consistent with this, using a murine solid
tumor model of antibody therapy, we show that sFlt-1 is
involved in restricting tumor growth. Analyzing the mechanism
of induction of sFlt-1, we found that the Erk and PI3K pathways
were required for transcription, and NF-«kB was required for
translation. Upon closer examination of the role of NF-kB, we
found that a microRNA, miR181a, negatively regulates FcyR-
mediated sFlt-1 production and that NF-kB serves to antago-
nize this microRNA. Taken together, these results demonstrate
a novel and biologically important function of monocytes and
macrophages during antibody therapy.

Monocytes are important for proper immune function and
are key mediators of antibody therapy. Binding of immunoglob-
ulins by monocyte FcyR? triggers important effector functions
such as phagocytosis (1), release of reactive oxygen species (2),
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and cytokine production (3). Although some success of anti-
body therapy in the treatment of malignancies can be attributed
to the direct activity of antibodies on tumor cells, the bulk of
antibody function is mediated through Fc receptor-bearing
cells, of which monocytes/macrophages have been shown to be
critical. Multiple strategies are currently being pursued to both
enhance the binding of cells to antibody-immune complexes as
well as to enhance the effector mechanisms used to mediate
tumor cell destruction.

Tumor angiogenesis involves the recruitment of normal vas-
culature to tumor sites, and this is required for tumor growth
(4). Although many factors and pathways are known to mediate
blood vessel recruitment to the tumor site, activation of vascu-
lar endothelial growth factor-2 (VEGFR-2) by VEGEF-A is the
most important (5, 6). It has also been found that VEGFR-
driven expression of anti-apoptotic molecules (survivin and
XIAP) in endothelial cells reduces the effectiveness of chemo-
therapeutics (7). Therefore, sequestering VEGF may be an
effective antitumoral strategy because it can deprive these
tumors of blood supply as well as of an essential growth/survival
factor (6).

Alternative splicing of the VEGFR1/Flt-1 (Fms-like tyrosine
kinase 1) receptor results in a truncated form of the receptor,
which does not include the transmembrane nor intracellular
domain and is unable to initiate intracellular signaling (8, 9).
The resulting truncated protein is believed to be a decoy used
by the organism to deplete excess VEGF under certain situa-
tions (10, 11) and is commonly referred to as the soluble form of
the receptor or sVEGFR1/sFlt-1. It has previously been shown
that granulocyte macrophage colony-stimulating factor and
hypoxia potently stimulate sFlt-1 production from monocytes/
macrophages. Additionally, sFlt-1 expressed from these cells
effectively blocks VEGF activity in vitro and in vivo (12, 13).

Here, we show that monocyte FcyR clustering leads to sFlt-1
production and consequent VEGF blockade. Such monocyte-
derived sFlt-1 can inhibit VEGF-dependent tube formation in
an angiogenic assay, demonstrating its ability to block VEGF
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signaling in vitro. We also found that inhibition of sFlt-1 with a
neutralizing antibody abrogated the antibody-mediated reduc-
tion of tumor burden in a mouse model. Finally, we identified
NF-«kB-mediated reduction of microRNA-181a (miR-181a) as a
critical step in permitting FcyR-mediated up-regulation of
sFlt-1 transcription and translation. To our knowledge this
work represents the first description of angiogenic regulation
mediated by monocytes as a consequence of interaction with
antibodies.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—To prepare IgG-coated plates
human or mouse immunoglobulin (Jackson ImmunoResearch)
was added to wells (10 ug/ml) and incubated (sterile) for 24 h at
4 °C to allow IgG to attach to well surface. Primers to detect
Flt-1 were: human membrane mFIt1 (mFlt-1) primer F5'-GTT
CAA AGG GAA CCT CGG ACA A, human mFIt1 primer R5'-
GCT CAC ACT GCT CAT CCA A, human soluble Flt-1
(sFlt-1) primer F5'-ATG GCC ATC ACT AAG GAG CA, and
human sFlt-1 primer R5'-TTT GTT GCA GTG CTC ACC TC.
Antibodies for flow cytometry were obtained from BD Biosci-
ences Pharmingen: CD14-PECy7 (catalogue #557742), mPE-
Cy7-1gQG,, (catalogue #557907), CD56-PE (catalogue #555516),
and m-PE-IgG, (catalogue #340761). Protein kinase inhibitor
BAY 11-7085 (5 um) IKK (IkB kinase) inhibitor was a gift from
Dr. Denis Guttridge (The Ohio State University). LY294002
(20 wm) PI3K inhibitor, U0126 (2.5 um) MEK 1/2 inhibitor,
SB203580 (5 um) SAPK/p38 inhibitor, and SP600125 (5 um)
JNK inhibitor were obtained from Calbiochem. DMSO vehicle
control was obtained from Sigma.

Microarrays—RNA was processed and hybridized to Affymetrix
hgul33plus2 chips at The Ohio State University Medical
Center Genetics Core Facility. Pre-processing and analysis
were performed using R and Bioconductor (14, 15), testing
for differentially expressed genes using the “limma” package
(16).

qRT-PCR—RNA was extracted from peripheral blood mono-
cytes (PBMs) using TRIzol. Reverse-transcribed cDNA was
then run on the Applied Biosystems Step-One Plus System.
Relative expression was calculated as 2~ <", with Ct calculated
by subtracting the average cycle threshold of two housekeeping
controls (TRAF3 and GAPDH) from the experimental sample
(17, 18).

Antibody-coated Tumor Targets—Raji and MDA-MB-468
cells were obtained from the American Type Culture Collec-
tion (Manassas, VA). SKBR3 cells were a kind gift from Dr.
William Carson (The Ohio State University). All cells were cul-
tured in RPMI 1640 supplemented with 10% FBS and 50
units/ml penicillin-streptomycin and L-glutamate. Rituximab
(10 wg/ml) was added to Raji cells, cetuximab (10 ug/ml) was
added to MDA-MB-468 cells, and trastuzumab (10 wg/ml) was
added to SKBR3 cells. Cells were incubated on ice for 1 h. After
3 washes in cold RPMI 1640, Raji cells were fixed using 1%
paraformaldehyde at room temperature for 20 min. After 3
washes in PBS, antibody-coated cells were resuspended in
RPMI1640 supplemented with 10% FBS and penicillin-strepto-
mycin and L-glutamate. Target cells were added to the PBMs at
an effector cell-to-target cell ratio of 1:1 and incubated at 37 °C
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for 24 h. Cell-free supernatants were collected and kept sterile
for subsequent experiments and analyses.

ELISAs—Cell supernatants were collected, centrifuged at full
speed to clear cellular debris, then assayed for cytokine through
sandwich ELISA (R&D Systems) according to the manufacturer’s
protocol. Human IENy (hIFNvy) DuoSet (catalogue #DY285),
hTNFa DuoSet (catalogue #DY210), hVEGE-A DuoSet (catalogue
#DY293B), hVEGFR1/FItl Quantikine (catalogue #SVR100B),
mVEGEF-A DuoSet (catalogue #DY493), and mVEGFR1 Quan-
tikine (catalogue # MVR100) were used.

Peripheral Blood Monocyte/Natural Killer (NK) Cell Isolation—
Cells were isolated from American Red Cross Leukopaks through
Ficoll centrifugation (Mediatech) followed by CD14-positive
selection or CD56-positive selection as relevant. Cells or periph-
eral blood mononuclear cells (PBMCs) were resuspended in RPMI
1640 containing 10% heat inactivated FBS (Hyclone), penicillin-
streptomycin, and L-glutamate (Invitrogen).

HUVEC Tube Assay—Isolated monocytes were left unstimu-
lated or were incubated with antibody-coated tumor cells and
incubated at 37 °C for 24 h. Cell-free supernatants were har-
vested and stored at —80 °C until use for this assay. On 96-well
plates, growth factor depleted Matrigel (60 ul/well) and was
allowed to solidify at 37 °C. Cell-free supernatants were rotated
in Matrigel-coated wells for 1 h at 4 °C. HUVECs were serum-
starved in Vascular Cell Basal Medium (American Type Cul-
ture Collection) for 2 h. All control and experimental cells were
resuspended at 5 X 10° cells/ml. 20,000 HUVEC cells were
added to wells containing Matrigel and cell-free supernatants.
Plates were incubated at 37 °C for 8 h. Digital photography was
used to document the results in the well using an Olympus IX50
inverted fluorescence microscope with a 10X objective. Nine
fields of view were photographed per well, and each treatment
group was done in duplicate wells for each of three donors.
Examination of these photographs was used to determine the
number of branch points as a quantitative measurement of the
response of the HUVEC cells to PBM-derived sFlt-1. Anti-an-
giogenic activity was assessed by the inhibition of branch points
from capillary-like tube structures formed between the endo-
thelial cells. The number of branch points from HUVEC cells
incubated with cell-free supernatant from unstimulated PBMs
was set as the base line (12).

Western Blotting—Cells were lysed in TN1 buffer (50 nmol/
liter Tris (pH 8.0), 10 nmol/liter EDTA, 10 nmol/liter Na,P,O.,
10 nmol/liter NaF, 1% Triton X-100, 125 mmol/liter NaCl, 10
mmol/liter Na;VO,, and 10 pug/ml each aprotinin and leupep-
tin). Postnuclear protein-matched lysates were boiled in Laem-
mli sample buffer and separated by SDS-PAGE, transferred to
nitrocellulose membranes, probed with the antibody of inter-
est, and then developed by enhanced chemiluminescence (GE
Healthcare).

miR-181a Mimic and PBM Transfection—PBMs were trans-
fected with 500 nM miR-181a mimic (Dharmacon RNAi Tech-
nologies, Lafayette CO, item #C-300552-05-0005) using the
Amaxa Nucleofector apparatus (Amaxa Biosystems, Cologne,
Germany). Briefly, 1 X 107 cells were resuspended in 100 ul of
Cell Line Nucleofector Solution T (Amaxa Biosystems). Imme-
diately after transfection the cells were transferred to 10 ml of
prewarmed media (RPMI 1640 supplemented with 10% FBS)
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and incubated on IgG-coated plates for 8 h. Cell-free superna-
tants were collected and examined by ELISA. Cells were lysed in
TRIzol reagent, and RNA was extracted and examined by qRT-
PCR using Applied Biosystems Tagman miRNA assays for miR-
181a expression (assay #000480) and RNU44 (assay #001094).

Transfection of RAW 264 Murine Macrophage Cell Line—
RAW 264 cells were obtained from American Type Culture
Collection and cultured in RPMI 1640 (Invitrogen) supple-
mented with 5% heat-inactivated fetal bovine serum (FBS),
L-glutamine, and penicillin-streptomycin. These cells were
transfected with the appropriate plasmid DNA using the
Amaxa Nucleofector (Amaxa Biosystems, Gaithersburg, MD)
as previously described (19). Briefly, 5 X 10° cells were resus-
pended in 100 ul of Nucleofector Solution, then 5 ug of empty
vector (pcDNA3.1) or plasmid containing IkBaSR (20, 21) (a
kind gift from Dr. Denis Guttridge, The Ohio State University,
Columbus, OH) was nucleofected according to the manufac-
turer’s instructions. Cells were then incubated for 12 hina CO,,
incubator at 37 °C, verified for transfection efficiency by West-
ern blotting, and used in experiments.

Bone Marrow Macrophage (BMM) Isolation and Culture—
BMM were cultured from femurs of wild-type mice by flushing
the marrow from femurs and planting the cells on plastic dishes
in RPMI 1640 supplemented with 5% FBS (heat inactivated), 20
ng/ml mouse recombinant macrophage colony-stimulating
factor, and 10 ug/ml polymyxin B. Four days after extraction,
media were replaced with fresh RPMI 1640, supplemented with
5% FBS, 20 ng/ml recombinant MCSF, and 10 ug/ml polymyxin
B. Six days after extraction media were supplemented with
mouse recombinant MCSF (20 ng/ml) and polymyxin B (10
pg/ml). After 6-7 days, non-adherent cells were washed
away using PBS, and the remaining BMMs were used for
experiments.

Murine Solid Tumor Model—CT26-Her2/neu colon carci-
noma cells (22) were grown in 1640 RPMI supplemented with
10% EBS, penicillin/streptomycin, 200 ug/ml Geneticin and
L-glutamate, washed to remove non-adherent cells, then resus-
pended using enzyme-free cell dissociation buffer (Invitrogen).
Cells were centrifuged and resuspended at 10 X 10° cells/ml in
RPMI 1640. This tumor model has been described before (22—
24); therefore, a brief description follows. Five-week-old female
Balb/cJ] mice (The Jackson Laboratory) were injected subcuta-
neously with 1 X 10° cells of syngeneic CT26-Her2/neu cells.
Mice were left for 7 days, and tumors were allowed to develop.
Intraperitoneal injections with treatments were done three
times per week, and tumor measurements were performed on
each treatment day. Tumor volumes were calculated as (0.5 X
(length measurement) X (height measurement)?), in which
length was the longest diameter of the tumor. Treatments con-
sisted of vehicle control (PBS), 1 mg/kg 4D5 (anti-Her2 anti-
body; National Cell Culture Center, Minneapolis, MN), 4
pg/injection anti-Flt1 (13),4D5, and anti-Flt1. All in vivo exper-
iments were done in strict accordance with guidelines estab-
lished by the Institutional Animal Care and Use Committee.

Statistical Analyses—Student’s ¢ tests were used to test for
statistical significance. Statistics for the murine solid tumor
model were performed by the Center for Biostatistics at The
Ohio State University. For this tumor, volume data were nor-
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malized by cubic-root transformation, and mixed-effect mod-
eling (incorporating dependences across observations) was
used to analyze the transformed data. Hypothesis testing
focused on the rate of tumor growth, and the mixed model we
chose purposely allowed most liberally for mouse variation
in the growth rate (25). An interaction contrast was used to test
the antagonist effect of anti-sFlt-1 on 4D5. In brief, comparing
the effect on growth rate of combining 4D5 and anti-sFlt1 with
that of 4D5 and anti-sFlt1 when each was given alone provides
an estimate of antagonist interaction. Holm’s method was used
to adjust for multiple testing (26).

RESULTS

Monocytes Express sFlt-1 upon FcyR Clustering—To identify
novel transcriptional targets of FcyR signaling, we performed a
microarray experiment after stimulation of PBM FcyR for 24 h.
Interestingly, VEGFR-1/Flt-1 was found to be transcriptionally
up-regulated (Fig. 1A). Flt-1 is a receptor for VEGF-A, a potent
and principal mediator of angiogenesis. Flt-1 expression is
expected on monocytes and functions as a chemotactic recep-
tor for VEGF-A yet has not been previously reported to be up-
regulated as a result of FcyR activation. To verify the expression
and to determine the kinetics of the observed transcriptional
up-regulation of Flt-1 after FcyR clustering, we performed
qRT-PCR. However, we found no detectable increases of Flt-1
transcript at any of the time points examined (data not shown).
Because our microarray data did not distinguish between mem-
brane-bound and soluble Flt-1 and because other stimuli such
as granulocyte macrophage colony-stimulating factor have
been shown to elicit the soluble form (12, 13), we performed
qRT-PCR using primers specific to each mRNA splice variant.
Results showed significant increases in mRNA for the soluble
form of Flt-1 (sFlt-1) at 5 and 8 h after PBM stimulation (Fig.
1B).

Monocyte FcyR Clustering Induces sFlt-1 Protein—To verify
that the sFlt-1 message was effectively translated into protein
by stimulated monocytes, we incubated PBMs on IgG-coated
plates for 24 h and examined cell-free supernatants by sFlt-1
ELISA. Unstimulated PBMs produced no detectable sFlt-1, but
PBMs incubated with immobilized IgG produced significant
levels of sFlt-1 (Fig. 1C). To verify that this was an FcyR-medi-
ated event, we incubated PBMs on plates with immobilized
F(ab)’, IgG fragments and found no detectable induction of
sFlt-1 (Fig. 1C).

We then sought to determine whether sFlt-1 expression
occurred within the context of antitumor antibody therapy. For
this we coated 3 tumor cell lines (MDA-MB-468, SKBR3, and
Raji) with cetuximab, trastuzumab, and rituximab, respectively.
These were then fixed and added to monocyte cultures for 24 h.
Cell-free supernatants were examined by ELISA for sFlt-1. All
three therapeutic antibodies were able to induce robust levels of
sFlt-1 (Fig. 1, D-F).

Monocytes Are the Primary Source of FcyR-induced sFlt-1—
Monocytes and NK cells are both FcyR-bearing cells known to
actively target antibody-coated tumor cells. This raised the pos-
sibility that NK cells might also produce sFlt-1 upon FcyR clus-
tering. To test this, we examined the ability of intact, NK cell-
depleted, and monocyte-depleted PBMCs to produce sFlt-1
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FIGURE 1. FcyR clustering by IgG leads to sFlt-1 expression by human peripheral blood monocytes. A, human PBMs were stimulated by incubation with
heat-aggregated human IgG. Microarray analysis revealed increased Flt-1 expression in IgG-stimulated PBMs compared with unstimulated control (UT). B,
human PBMs were incubated for the indicated time points on IgG coated wells. Quantitative real-time RT-PCR was performed with primers specific to the
membrane-bound and soluble forms of Flt-1 to determine the kinetics of FcyR induction of Flt-1 expression. Significant differences in mRNA levels of sFlt-1
were observed at 5 h and 8 h relative to unstimulated controls, whereas no detectable levels of membrane bound Flt-1 were observed under any treatment
condition or time point (representative donor; n = 3). C, human PBMs were incubated on IgG coated plates for 24 h. Cell-free supernatants were obtained and
examined for sFlt-1. No detectable levels of sFlt-1 were found in wells containing unstimulated PBMs. Whole molecule IgG is capable of inducing detectable
levels of sFlt-1, whereas the F(ab)’, portion of the IgG molecule is not (representative donor; n = 3). D and F, to determine if tumor cell-bound IgG was capable
of inducing sFlt-1 production after FcyR clustering, human PBMs were incubated with MDA-MB-468 (D), SKBR3 (E), or Raji (F) tumor cell lines opsonized with 10

rg/ml cetuximab, trastuzumab, or rituximab, respectively. Induction of sFlt-1 was observed for all three cell lines tested (representative donor; n = 3).

when incubated on IgG-coated plates. We found that both
intact and NK cell-depleted PBMCs were capable of producing
sFlt-1 after stimulation (Fig. 24). However, monocyte-depleted
PBMC:s yielded no detectable levels of sFlt-1 (Fig. 24), demon-
strating that monocytes are the primary cell responsible for
sFlt-1 production via FcyR. We verified depletion of each of the
cells from PBMCs by use of specific markers for each leukocyte
(monocytes (CD14) and NK cells (CD56)) on whole PBMCs,
monocyte-depleted PBMCs, or in NK-cell-depleted PBMCs
(data not shown).

We then examined the depleted cells themselves for their
ability to produce sFlt-1 independently from the remaining
cells in the PBMC mix. We found that the NK cells separated
from PBMCs were not capable of producing FcyR-induced
sFlt-1 (Fig. 2B) but were capable of producing IFN-vy (data not
shown). In contrast, monocytes separated from the PBMCs
showed detectable levels of sFlt-1 after clustering of FcyR (Fig.
2B). Hence, because PBMCs depleted of monocytes show no
IgG-mediated sFlt-1 production and the isolated monocytes
produce measurable sFlt-1 upon incubation with immobilized
IgG, we conclude that monocytes are the major cell type con-
tributing to FcyR-mediated sFlt-1 production.

SFlt-1 Produced by Monocytes after FcyR Clustering Is Biolog-
ically Active—To determine whether the sFlt-1 produced by
PBMs as a result of FcyR clustering could elicit biological
responses, we treated HUVEC cells with conditioned media
from FcyR-clustered or non-stimulated PBMs. The tube for-
mation assay is an established assay for determining the ability
of factors to regulate VEGF-A dependent angiogenesis in vitro
(27). As shown in Fig. 2, C and D, supernatants from unstimu-
lated PBMs (Fig. 2C) permitted significantly greater tube for-
mation than supernatant from FcyR-clustered PBMs (Fig. 2D).
Inhibition of sFlt-1 by use of a neutralizing antibody resulted in
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areturn to the base-line number of branch points (Fig. 2, Cand
D), confirming that sFlt-1 produced by monocytes as a conse-
quence of FcyR clustering was biologically active.

SFIt-1 Contributes to Antibody-mediated Tumor Inhibition in
Vivo—To determine whether FcyR clustering in primary
murine macrophages also elicited sFlt-1 production, we pre-
pared murine BMM and incubated them on IgG-coated plates.
ELISAs with cell supernatants showed a significant increase in
sFlt-1 production by BMM incubated in IgG-coated wells,
whereas there was no detectable sFlt-1 from BMM in control
wells (Fig. 34).

It had been previously reported that granulocyte macro-
phage colony-stimulating factor-induced sFlt-1 could be neu-
tralized in a mouse tumor model and that this resulted in a
reversal of granulocyte macrophage colony-stimulating factor-
mediated reduction of tumor growth (13). Hence, we wondered
whether FcyR-induced sFlt-1 was similarly involved with
antagonizing tumor growth within the context of antibody
therapy. To test this we used the CT-26-Her2/neu model. In
this model mice are injected with syngeneic adenocarcinoma
cells (CT-26) that express human Her2/neu. These cells form
tumors within ~7 days. The antibody 4D5 targets Her2/neu,
providing a murine model of antibody therapy (22). Here, we
used this model to test the effect of neutralizing sFlt-1 on anti-
body-mediated tumor inhibition. The therapeutic antibody
alone (4D5) reduced tumor growth by 69.2 mm?/day compared
with PBS control (Fig. 3B). When 4D5 was combined with an
antibody to neutralize sFlt-1, the combination decreased tumor
growth rate by only 0.2 mm®/day (Fig. 3B), which is 105.3 mm?/
day greater than the effect of each drug alone (4D5, —69.2 mm?/
day; anti-sFlt, —36.3 mm®/day). An interaction contrast
showed that this increase was significant (p value = 0.016).
Notably, a control antibody combined with 4D5 did not
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FIGURE 2. Peripheral blood monocytes are responsible for biologically active sFit-1 production following FcyR stimulation. To determine which FcyR
bearing leukocyte(s) is capable of mediating sFlt-1 synthesis through activation of FcyR, we examined whole PBMCs, monocyte depleted PBMCs, and NK-cell
depleted PBMCs by incubation on IgG-coated plates. A, ELISA shows sFlt-1 production by intact PBMCs, NK cell-depleted PBMCs, or monocyte-depleted PBMCs
after FcyR clustering (representative donor; n = 3). B, isolated monocytes and NK cells were incubated on IgG-coated plates, and secreted sFlt-1 was measured
by ELISA. C and D, human PBMs were incubated with antibody-coated tumor cells, and cell-free supernatants were collected. These supernatants were then
used to determine the ability of sFit-1 to inhibit VEGF-A-induced tube formation by HUVEC cells. C, supernatants from unstimulated PBMs or PBMs stimulated
with antibody-coated tumor cells were tested in a tube-forming assay using HUVEC cells. These assays were also done with or without a neutralizing antibody
to sFlt-1. Graphed are the percentages of branch points compared with those treated with supernatants from unstimulated PBMs (representative donor; n =

3). D, shown are representative photographs of HUVEC cell branch points quantified in C.

enhance tumor reduction (data not shown). These results sug-
gest that FcyR-induced sFlt-1 contributes to the antitumor
effects of antibody therapy.

FcyR Clustering Leads to Up-regulation of sFlt-1 Protein
via NF-kB Activation—Because FcyR-mediated production of
sFlt-1 is a novel form of angiogenic regulation, we sought to
determine the signaling pathways responsible. Clustering of
FcyR results in the activation of PI3K and ERK signaling path-
ways, both of which are involved in phagocytosis of the immune
complex and/or induction of inflammation (28). To determine
the signaling pathway(s) responsible for sFlt-1 production via
FcyR clustering, we incubated PBMs on IgG-coated plates with
or without pharmacologic inhibitors and measured sFlt-1 pro-
duction by ELISA. Results showed that inhibition of Akt (PI3K
pathway) led to significant reduction of sFlt-1 (Fig. 44). Addi-
tionally we found that inhibition of ERK signaling significantly
decreased the levels of detectable sFlt-1 (Fig. 4B). We verified
the inhibition of these pathways by determining the phosphor-
ylation status of the targeted molecules and found that, as
expected, Akt was not phosphorylated after LY-294002 treat-
ment and Erk was not phosphorylated after U0126 treatment
(Fig. 4, A and B, respectively, lower panels). In contrast, inhibi-
tion of p38 or JNK did not result in significant down-regulation
of sFlt-1, suggesting that these pathways do not contribute to
FcyR-mediated production of sFlt-1 (data not shown).

Because NF-«B activation is a downstream target of FcyR
clustering in monocytes, we examined the consequences of
NEF-kB inhibition on sFlt-1 production. Treatment with BAY
11-7085 inhibits IkBa phosphorylation and degradation,
resulting in a block of NF-kB phosphorylation and nuclear
translocation. In the presence of BAY 11-7085, FcyR clustering
led to a significant decrease in sFlt-1 production (Fig. 4C). Inhi-
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bition of NF-«B phosphorylation was verified by Western blot
(Fig. 4C, lower panels). To additionally confirm the involve-
ment of NF-«kB, we transfected RAW 264 murine macrophage
cell line with a IkBa super-repressor (SR) and examined FcyR-
induced sFlt-1 production. Consistent with the inhibitor data,
the expression of the IkBaSR significantly suppressed sFlt-1
production (Fig. 4D). RAW 264 cells were used in these exper-
iments as sufficient levels of the IkBaSR could not be achieved
in primary human monocytes. These results indicate that
NF-«B mediates the production of sFlt-1 downstream of FcyR.

De Novo Protein Synthesis Is Not Required for sFlt-1 Tran-
scriptional Up-regulation—Next, we sought to determine
whether the increase in sFlt-1 via FcyR clustering was a direct
effect or required synthesis of additional proteins. To test this
we treated PBMs with cycloheximide, a translation inhibitor.
Treatment of PBMs with cycloheximide and concomitant stim-
ulation with immobilized IgG led to increased expression of the
sFlt-1 transcript (Fig. 5A4). As expected, no sFlt-1 protein was
detected (Fig. 5B). These results indicate that sFlt-1 transcrip-
tion via FcyR does not require de novo protein synthesis and
argues for a direct pathway from FcyR clustering to sFlt-1
mRNA production.

SFlt-1 Protein Synthesis but Not Transcription Requires
NF-kB Activation—We then decided to examine the effect of
FcyR-mediated NF-«kB activation on sFlt-1 transcription and
translation. After pretreating PBMs with or without BAY
11-7085, they were incubated with immobilized IgG for 24 h.
After this, lysates and supernatants were collected, and sFlt-1
was measured by ELISA. Results showed that inhibition of
NEF-kB led to decreased sFlt-1 protein in PBM lysates and
supernatants (Fig. 5C). RNA was also extracted from these cells,
and qRT-PCR was performed to measure sFlt-1 transcript.
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Strikingly, results showed that up-regulation of sFlt-1 mRNA
was not affected (Fig. 5D). These results indicate that NF-«B is
indeed required for sFlt-1 production but only at the post-tran-
scriptional level.

NF-«kB Promotes sFlt-1 Translation by Targeting miR181a—
Our data suggest that FcyR clustering leads directly to sFlt-1
transcription and that FcyR-mediated activation of NF-«B is
required for sFlt-1 translation. Given that the cytosolic transla-
tional machinery itself was presumably intact, it seemed likely
that NF-«B served to neutralize a negative regulator of sFlt-1
translation. Therefore, we chose to examine the effect of FcyR
clustering (and subsequent NF-«B activation) on microRNAs
(miRNAs), which are powerful regulators of translation.
miRNA-mediated regulation of gene expression results when a
miRNA interacts with a specific recognition element located
within the target mRNA and subsequently suppresses its trans-
lation or initiates its degradation (29). We analyzed the sFlt-1
transcript (NM_001159920) using TargetScan (Release 6.2,
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June 2012), which predicted several putative miRNA target
sites, including one for miR-181abcd, in the 3’-untranslated
region. We focused on miR-181a, as miR-181 has been shown
to be basally expressed in human monocytes from healthy
donors (30) (which would putatively keep the basal expression
of sFlt-1 low) and as miR-181a has been studied extensively
within the context of tumorigenesis (31-35).

To test whether miR-181a targets sFlt-1, we transfected
PBMs with a miR-181a mimic. The transfection resulted in a
greater than 10-fold increase in miR-181a in PBMs (Fig. 6A)
and a subsequent reduced FcyR-mediated sFlt-1 protein pro-
duction by ~30% (Fig. 6B).

Because FcyR clustering induces sFlt-1 and because miR-
181a was shown to negatively regulate sFlt-1, we asked whether
miR-181a was basally expressed in monocytes but down-regu-
lated upon FcyR activation. In addition, because NF-«B activity
is required for sFlt-1 production, we sought to determine
whether it was also involved in regulating miR-181a. To test
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this hypothesis, PBMs were pretreated with either vehicle or
Bay-11-7085 and then subsequently incubated with or without
immobilized IgG to cluster the FcyR. RNA was extracted after
24 h, and qRT-PCR was performed to measure miR-181a levels.
Results showed that there was a detectable basal level of miR-
181a but that FcyR clustering significantly reduced this (Fig.
6C). Strikingly, in the presence of the NF-«B inhibitor, FcyR
clustering led to roughly a 10-fold increase in miR-181a (Fig.
6C). These results indicate that FcyR activation promotes the
induction of miR-181a, but the corresponding FcyR-mediated
NF-kB activation serves to repress this.

26806 JOURNAL OF BIOLOGICAL CHEMISTRY

DISCUSSION

sFlt-1 is an important regulator of angiogenesis (36), and it
has been previously reported that monocyte production of
sFlt-1 can reduce tumor burden by inhibiting angiogenesis at
tumor sites (13). However, results from this study suggest that
sFlt-1 is produced in response to antibody therapy and that it
represents a significant component that contributes to the
observed antitumor effects. To our knowledge this is the first
report of a link between FcyR and expression of this angiogenic
regulator.
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Our finding that Flt-1 was up-regulated as a consequence of
FcyR signaling led us to examine the transcriptional and pro-
tein expression of Flt-1 by monocytes. Previous reports have
shown that monocytes produce the soluble form of Flt-1, sFlt-1,
as a consequence of cytokine stimulus and by hypoxia (12, 37).
Studies are ongoing to delineate the similarities and differences
between cytokine- and FcyR-mediated sFlt-1 production.

Monocytes are important effectors of antibody therapy and
are commonly found at tumor sites mediating tumor clearance.
Previous reports have shown that through interactions with
FcyR, these cells can be recruited and initiate anti-tumor
responses. Known effector mechanisms mediated by mono-
cytes that contribute to tumor elimination include antibody-
dependent cell cytotoxicity (38), phagocytosis (39-41), and
cytokine production (42, 43). Our current findings are the first
to demonstrate the induction of sFlt-1 through FcyR signaling.

Monocyte participation in regulation of angiogenesis has
been previously reported (13). Through its ability to block
VEGF-A, sFlt-1 is able to suppress signaling downstream of
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VEGEFR-1, therefore, restricting monocyte recruitment to
the tumor by blocking the chemotactic function mediated by
this receptor on monocytes. Additionally, sFlt-1 blockade of
VEGER-2 leads to inhibition of endothelial cell proliferation
and migration toward the tumor site, thereby restricting tumor
vascularization.

Activation of the PI3K and MAPK are common after FcyR
clustering. Consequences of signaling downstream of FcyR are
the ingestion and destruction of immune complexes or direct
cytotoxicity. We found that FcyR clustering and subsequent
activation of PI3K and MAPK are important mediators of sFlt-1
production. Additionally, these pathways appear to mediate
activation of the NF-kB pathway. Our results indicate that
NEF-«B activation is not required for the transcription of sFlt-1
but instead down-regulates a negative regulator of sFlt-1 tran-
scription, miR181a. There is evidence for regulation of angio-
genesis by miRNAs (44). HIF1e, an important regulator of
VEGF transcription and consequently angiogenesis, is in turn
subject to regulation by von Hippel-Lindau factor. von Hippel-
Lindau was shown to be subject to regulation by miR92-1 (45).
It has been previously suggested that miRNAs may play a role in
Flt-1 regulation in monocytes (46). Targeting these miRNA
regulators of sFlt-1 may lead to innovative strategies and/or
agents that may enhance monocyte sFlt-1 production.

It has been proposed that tumor angiogenesis results in a
“self-reinforcing vicious cycle” in which highly metabolic can-
cer cells, spurred by oncogene activation and exposure to a
highly abnormal microenvironment, lead tumor cells to syn-
thesize proangiogenic factors. These excessive proangiogenic
signals result in abnormal vasculature incapable of proper pro-
vision of nutrients and metabolic waste removal leading to
hypoxia and increased acidity, which are both strong stimuli for
angiogenesis (47-49). VEGF blockade has been shown to
reduce interstitial pressure and edema (50 —52). Because mono-
cytes/macrophages are known to infiltrate tumors, our results
suggest that antibody-mediated FcyR activation may aid in
blocking this angiogenic cycle. Importantly, antibody-mediated
sFlt-1 production would be more localized at the tumor sites
where the antibody binds, thereby potentially sidestepping
deleterious effects of global VEGF inhibition. A greater under-
standing and perhaps enhancement of this novel effector func-
tion of monocytes may lead to new avenues of improving the
outcome of antibody therapy.
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