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Abstract

Numerous cytokines, including vascular endothelial growth factor (VEGF), are implicated in the
pathogenesis of sepsis. While overexpression of VEGF produces pulmonary capillary leak, the
role of VEGF in sepsis is less clear. We investigated VEGF in sepsis, utilizing a VEGF trap
(VEGFy). Polymicrobial sepsis was induced in C57BL/6 mice by cecal ligation and puncture
(CLP) and resulted in significantly increased plasma VEGF levels (234 vs. 46 pg/mL; p= 0.03).
Inhibition of VEGF had no effect on mortality or lung leak but did attenuate plasma IL-6 (120 vs.
236 ng/mL; p=0.02) and I1L-10 (16 vs. 41 ng/mL; p= 0.03). These alterations in inflammatory
cytokines were associated with increased levels of the dominant negative inhibitory C/EBPS. /n
vitro, VEGF stimulated IL-6, IL-10 and reduced the inhibitory isoform of C/EBPgS in cultured
macrophages. Together these data suggest VEGF can regulate inflammatory cytokine production
in murine polymicrobial sepsis, via regulation of C/EBPS.
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Introduction

Sepsis is defined as the “systemic inflammatory response syndrome that occurs during an
infection” (1). The incidence of sepsis has been increasing, and has recently been estimated
as 660,000 cases per year (2). Sepsis carries with it an economic burden that is estimated at
17 billion US dollars and is the 2nd leading cause of death in the noncoronary ICU (2).

Approximately 30% of sepsis patients progress to multiorgan organ dysfunction syndrome
(MODS) with 18% developing acute lung injury (ALI) and its more severe form acute
respiratory distress syndrome (ARDS). ALI/ARDS is characterized by exudation of fluid
into the alveoli and interstitium secondary to increased permeability of the lung's natural
barriers.

The development of MODS s in part determined by the balance between pro and anti-
inflammatory cytokines. This balance has been studied extensively in both serum and
bronchoalveolar lavage (BAL) samples. Recent work in sepsis has focused on mediators
leading to lung injury. There is a complex interplay between pro- and anti-inflammatory

© 2004 Springer Science+Business Media, Inc.

3To whom correspondence should be addressed at Division of Pulmonary/Critical Care Medicine, New York University School of
Medicine, 27th St and 1st Avenue, New Bellevue Hospital Room 7N24, New York. jeffrey.gold@med.nyu.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nolan et al.

Methods

Mice

Page 2

cytokines in the lung. Early in ARDS there is a significant increase in anti-inflammatory
IL-10 (3). Also simply blocking TNF-a or IL-1, both important mediators of the
proinflammatory cascade, fail to improve survival in the septic patient (4).

Transcription factor activity is one method by which host cells control the balance between
pro- and anti-inflammatory cytokine production. C/EBPg is a known regulator of numerous
pro- and anti-inflammatory cytokines including IL- 6 and IL-10 (5). C/EBPgexists in two
isoforms, a long 37-kDa stimulating and a short 16-kDa dominant negative inhibitory
isoform. The degree of inflammation is controlled by the ratio of the two isoforms (S/1).
Recent studies document that in human tuberculosis and murine sepsis induced lung injury
in mice, there is an increase in the S/I ratio with a net increase in inflammatory cytokine
production (6, 7).

The balance in inflammatory cytokines also controls production of numerous bioactive
mediators, which may further modulate the degree of remote organ dysfunction in sepsis.
Vascular endothelial growth factor (VEGF) is a cytokine postulated to regulate the degree of
capillary leak. The VEGFA gene is organized as 8 exons separated by seven introns yielding
four VEGF isoforms (121, 165, 189, and 206 kDa). VEGF¢s5 is the predominate human
isoform (8). VEGF is an endothelial cell-specific growth factor, plays a role in migration
and proliferation of endothelial cells and has procoagulant activity (9). It promotes vascular
dilatation in a dose dependent factor and has been found to be 50,000 times more potent than
histamine at inducing vascular permeability (10, 11).

The role of VEGF in ALI and sepsis has only recently been the focus of investigation.
VEGF levels are increased in the plasma of patients with ARDS while, levels in the
epithelial lining fluid inversely correlated with the patients severity of lung injury (12). This
may be due to reduced VEGF production by alveolar macrophages from patients with
ARDS (12). In addition overexpression of VEGF in the lung causes a dose-dependent
increase in lung capillary permeability (13). Finally IL-6, a proinflammatory cytokine,
which is significantly upregulated in sepsis and is a marker of disease severity was shown to
be a potent inducer of VEGF expression (14-16).

Together, this data suggests a potential role for VEGF in regulating the host response and
development of ALI in polymicrobial sepsis. The availability of a VEGF cytokine trap
(VEGFT) which has been shown to neutralize the biological activity of VEGF in vivo
permitted us to test the role of VEGF in our mouse model of sepsis (17, 18). Surprisingly,
blocking of VEGF did not alter lung leak or mortality but did reduce production of IL-6 and
IL-10. These observations suggest that VEGF plays a role in modulating both
proinflammatory and anti-inflammatory cytokines during lung injury.

C57BL/6 female mice (5—6 weeks at the time of delivery) were obtained from Taconic
(Germantown, NY) and allowed to acclimatize for 1 week prior to use. Mice were provided
with free access to food and water and 12 h light and dark cycles in accordance with animal
care guidelines. The animal use committee of New York University approved all studies.

Pretreatment of VEGF+ or Control

Each mouse was given 25 mg/kg (500 pg/mouse) VEGF or vehicle control (in equal
volumes) i.p., 6 h prior to cecal ligation and puncture. VEGFt and vehicle control were
provide by Regeneron Pharmaceuticals (Tarrytown, NY). The VEGFy consists of ligand-
binding elements taken from the extracellular domains of VEGF-R 1 & 2 attached to the Fc
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portion of IgG1. This dose of VEGFt was shown to completely block the hypotension that
occurs after an intravenous dose of exogenous VEGF /in vivo for up to 3 days and result in
inhibition of the effects of endogenous VEGF in prior experiments (17-19).

Cecal Ligation and Puncture (CLP)

CLP was done using a modification of the procedure as previously described (20). Briefly,
mice were anesthetized using 2% isoflourane anesthesia with supplemental oxygen.
Abdomen was shaven and cleaned with betadine, prior to a 1-2 cm midline incision. Cecum
was then isolated and ligated below the ileocecal valve with a 3.0 silk and punctured once
through and through with 19 gauge needle. Incision was then sutured with 3.0 silk.
Postoperatively all mice were given 1 cc of room temperature sterile normal saline
subcutaneously and were monitored until recovery from anesthesia. Plasma and BALF were
collected at 18 h as previously described (7). Prior data from our laboratory has shown no
difference between sham and unoperated controls and therefore, only unoperated controls
were used (7).

Evans Blue Assay

Evans blue permeability was determined as previously described (7). Briefly, each animal
was injected with 160 mg/kg of Evans blue dye (EBD) dissolved in sterile PBS (Sigma)
intraperitoneally. After 1 h the plasma and lungs were harvested. Lungs were homogenized
in PBS and 2 vol. formamide (Sigma, St. Louis, MO) and incubated for 18 h at 60°C.
Homogenates were centrifuged at 5000 x g for 30 min and supernatant removed for Evans
blue concentration. Spectrophotometric determination of EBD concentration was measured
based on standard absorbance curves and a correction for heme pigments was made using
the following calculation:

€620 corrected=e620 — [ (1.436 X ¢740) +0.03]

The degree of capillary leak was defined as the ratio of the amount of EBD in lung
homogenate to the amount of EBD in plasma.

Liver Homogenates

After cardiac puncture the right ventricle was perfused with 1 cc cold PBS (used to flush
liver and lung vasculature of any remaining blood). Organs were excised and snap frozen in
liquid N5 and stored at —70°C until use. Livers were homogenized (Dounce tissue
homogenizer, 7 mL Bellcoglass, Vineland, NJ) and whole cells extracts were obtained using
NP40 extraction buffer (0.5%NP-40, 10% Glycerol, 0.1 mM EDTA, 20 mM HEPES (PH
7.9), 10 mM NaF, 10 mM NaPpi, 300 mM NacCl, 3 pg/mL Aprotinin, 2 xg/mL Leupeptin, 2
pg/mL Pepstatin, 1 mM DTT, 1 mM PMSF, 1 mM Nagz VOy) on ice. Aliquots were stored at
—70°C for transcription factor analysis.

Murine Peritoneal Macrophages

Murine peritoneal macrophages were obtained as previously described. Mice were injected
with 2 cc of 3% Brewers Thioglycolate intraperitoneally (Sigma) 3-5 days prior to use and
subsequently euthanized as previously described and peritoneal cavity lavaged with 10 cc
sterile saline. This procedure results in >95% macrophages. Cells were washed and
resuspended in RPMI w/(Fungizone, streptomycin and) at 5 x 10°/mL. Recombinant murine
VEGFg4 Was purchased from R&D.
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Transcription Factor Analysis (Western Blot)

For analysis of transcription factor activity and cytokine production, experiments were
repeated in six-well plates (Falcon). Supernatant was collected at the designated time points,
centrifuged at 1000 rpm x 10 min (uSpeedfuge SFR13K, Savant Instruments, Inc.,
Farmingdale, NY) to remove cellular debris and stored at —70°C. Cells were harvested and
lysed. Briefly, cells were harvested by gentle scraping and lysed in NP40 lysis buffer (as
above) on ice for 30 min with vigorous agitation. Cells were centrifuged at13,000 rpm x 15
min (uSpeedfuge SFR13K, Savant Instruments, Inc., Farmingdale, NY) and supernatants
removed and stored for future analysis. Primary antibody for C/EBPS used at a
concentration of 1:2,500 and secondary goat anti-rabbit was used at a concentration of
1:5,000. Both were obtained from Santa Cruz. Briefly, an equal amount of protein (50 ug)
was loaded onto a 15% polyacrylamide gel for C/EBPS. Membranes were blocked in PBS
with 0.1% tween and 5% milk, followed by overnight incubation at 4°C. Membranes were
developed with ECL Plus (Amersham, Piscataway, NJ).

Cytokine Analysis

IL-6, IL-10, and IL-12 (p40) levels were determined using commercially available enzyme-
linked immunosorbent assay (ELISA) kits purchased (R&D systems: Minneapolis,
Minnesota). All samples prepared and analyzed as per protocols provided.

Cell Culture

Cells were cultured in RPMI media 1640 (Gibco) with 10% fetal calf plasma (HyClone,
USA), Penicillin-Streptomycin (Gibco) and Fungizone-Amphotericin B (Gibco). THP-1
cells (ATCC) at a concentration of 5 x 10° cells/mL were differentiated with 20 ng/mL of
12-0 tetradecanoylphorbol 13-acetate (PMA). Recombinant human VEGF165 was
purchased (R&D systems: Minneapolis, MN).

Statistical Analysis

All numerical data were expressed as means + standard error of the mean. P values were
derived from a two-tailed Mann-hitney test or a log-rank test for survival analysis. All
statistical analysis and graphing were determined using the Graphpad Prism statistical
software (Graphpad: San Diego, California, Version 1V).

Results

The Role of VEGF Expression in Polymicrobial Sepsis

We first sought to determine whether VEGF was up regulated in polymicrobial sepsis.
Eighteen hours after CLP, plasma VEGF levels were increased five fold when compared to
unoperated controls (234 pg/mL £ 100 vs. 46pg/mL + 16; p= 0.03) (Fig. 1). In contrast
there were no inductions of VEGF in BALF after CLP compared to unoperated controls
(data not shown). CLP produced an intense septic state with 100% mortality and a median
survival of 37 h. Neutralization of VEGF with VEGFy did not significantly alter mortality
with a median survival of 28 h (Fig. 2). Similar results were obtained when we attempted to
modulate the degree of sepsis using a 23 G needle (data not shown). We next sought to
determine whether inhibition of VEGF altered the development of pulmonary capillary leak.
Evans blue (EB) was used as an indicator of local changes in capillary permeability. CLP
increased in ratio of EB dye lung/plasma in control mice (0.75 vs. 0.41, p=0.05) 18 h after
CLP. Mice treated with the VEGF had no difference in lung leak as shown by EB
compared to controls after CLP (0.75 vs. 0.66; p=0.9).
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While mortality was not altered by VEGF, treated mice were more mobile and had less
piloerection. We wished to determine whether inhibition of VEGF lead to this alteration in
clinical appearance by modulating inflammatory cytokine production. There was a
significant decrease in plasma levels of IL-6 in the VEGFT-treated mice compared to
vehicle-treated controls (119.5 ng/mL vs. 236.2 ng/mL; p= 0.02) after CLP. In contrast
VEGF had no affect on BAL IL-6 (850 pg/mL vs. 1520 pg/mL; p = ns). Similar results
were obtained with plasma levels of IL-10. VEGF+-treated mice had a threefold reduction
compared to controls (16 ng/ml vs. 41 ng/mL; p = 0.03) with a trend toward a similar effect
in BALF (93 pg/mL vs. 311 pg/mL; p = ns). A similar trend was observed with 1L-12,
although this did not reach statistical significance (Fig. 3).

VEGF Increases Cytokines and Decreases Inhibitory C/EBPS

We next sought to determine whether the alteration in cytokines were associated with
alterations in transcription factor activity. CLP was found to induce both forms of C/EBPS
(Fig. 4A, Lane 1) with an overall increase in the ratio of stimulatory/inhibitory isoforms (S/
I) (Fig. 4B). In contrast, VEGFt-treated mice had a reduction in the S/l ratio of CEBPS (S/1)
compared to control mice after CLP. (Figure 4A, Lane 2) The ratio of S/I forms was
quantified by densitometry and was found be significantly increased in the VEGF-treated
mice; p= 0.05 (Fig. 4B) Together our data suggest a role for VEGF in regulating
inflammatory cytokine production /n vivo We subsequently wished to directly test this
hypothesis /n vitro.

Recombinant VEGF stimulated induction of IL-6 and IL-10 in a dose-dependent manner in
murine macrophages and caused a significant fold induction at a dose of 10-1000 ng/mL
(Fig. 5A) with a maximal effect observed at 1 pg/mL at 2 h. In contrast, IL-12 production
was completely unaffected (data not shown). We observed similar results in THP-1 cells, a
human monocytic cell line. Exogenous VEGF at a dose of 1 xg/mL caused a sixfold
induction of IL-6 with a maximal effect at 2 h and a return to baseline at 24 h (Fig. 5B).

Finally, we sought to determine whether the alterations in IL-6 and 1L-10 were associated
with changes in C/EBPS. In human macrophages, VEGF resulted in an increase in the S/I
ratio of C/EBPB at 2 h (Fig. 6, Lane 3) with complete loss of the inhibitory isoform by 24 h
(Fig. 6, Lane 4). These results were specific for VEGF as treatment with LPS resulted in up
regulation of both isoforms.

Discussion

In this study, we demonstrated that VEGF is up regulated in polymicrobial sepsis. Inhibition
of VEGF with a VEGF attenuated IL-6 and I1L-10 induction during sepsis. /n vitro VEGF
was capable of inducing both IL-6 and IL-10 in human and murine macrophages. This was
associated with the loss of an inhibitory C/EBPg transcription factor. Together this data
suggests a role for VEGF in regulating inflammatory cytokine production in polymicrobial
sepsis.

The finding of increased levels of VEGF in our model of polymicrobial sepsis suggests a
potentially important role in the host inflammatory response. While, VEGF is typically
described as a potent angiogenic factor, and a significant inducer vascular permeability,
numerous properties of VEGF make it a likely candidate to regulate the inflammatory
response /n vivo. VEGF is made by and stimulates epithelial cells, macrophages, monocytes
and endothelial cells which play a pivotal role in regulating the host inflammatory response
in sepsis (21, 22).
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Our study demonstrates that circulating levels of VEGF are significantly increased in the
plasma of septic mice. This is similar to findings in human studies. Levels of VEGF have
been shown to be increased in the plasma of septic patient that have ARDS. In addition
studies from the same group have shown that the addition of plasma from ARDS patients
significantly increased the flux of albumin across human pulmonary endothelial monolayers
(23). However, VEGF has been shown to be decreased in epithelial lining fluid (ELF) taken
from ARDS patients compared to that collected from patients at risk for lung injury.
Subsequent measurements showed that an increase in the ELF levels of VEGF was
associated with recovery. Also of interest was that alveolar macrophages from patients with
ARDS produced less VEGF than those collected from at risk patients (12). This result is in
concert with our finding of increased levels of VEGF only in the plasma and not in the
BALF.

Our study showed that VEGF inhibition had no effect on survival or lung leak as determined
by Evans blue dye. This is contrast to an /n vivo murine model of VEGF over expression in
the lung which resulted in increased pulmonary capillary leak (13). The most likely
explanation for these differences lie in the degree of VEGF expression in the lung, with no
alterations of VEGF observed in BALF from septic mice. Therefore, the utility of VEGF
inhibition on regulating capillary leak in ALI may be most dependent on the degree of
VEGF expression in the lung.

One interesting finding was that VEGF inhibition did result in a decrease in IL-6 and IL-10
after CLP. This attenuation was most marked in plasma (as opposed to BALF) which is
consistent with the finding of increased VEGF levels only in plasma after CLP.
Furthermore, the less pronounced effect on IL-12 suggests this is not a global effect of
VEGF inhibition but rather specific to certain inflammatory pathways. The ability of
recombinant VEGF to stimulate production of these cytokines in vitroas early as 2 h
provides further evidence that VEGF can be a direct inducer of specific inflammatory
cytokines. Numerous studies document inflammatory cytokines and specifically IL-6 can
regulate VEGF production. Specifically, VEGF is up regulated in conjunction with IL-6 in
patients with rheumatoid arthritis. In addition, when levels of IL-6 were effectively
decreased using anti-interleukin-6 receptor antibody therapy, levels of VEGF also decreased
(16).

However, our data now suggests VEGF in turn regulates inflammatory cytokines production
placing it in a positive feedback loop to regulate its own production. The mechanism by
which VEGF regulates inflammatory cytokine production may be in part due to regulation
of C/EBPS. C/EBPgexists in two isoforms, a stimulatory 37 kDa and an inhibitory 16-20
kDa dominant negative inhibitory isoform. The ratio of these two isoform can regulate
transcription of genes with CEBP sites in their promoters including IL-6 and IL-10 (6). The
finding that VEGF inhibition is associated with a reduction in the ratio of S/I isoform of C/
EBPS compared to control mice after CLP is consistent with the cytokine data. This was
further confirmed by the observation that VEGF increased the S/I ratio with near complete
loss of the inhibitory isoform by 24 h. Again, this effect was specific for VEGF as LPS
resulted in an increase in both isoforms as previously described. The mechanism by which
VEGF regulates C/EBPS remains unclear. However, in a recent article human gingival
fibroblast when exposed to hyperglycemia, had demonstrated IL-6 induced phosphorylation
of p44/p42 MAPK with subsequent CEBP nuclear translocation and VEGF165 expression
(24).

In conclusion, our data suggests a role for VEGF in regulating inflammatory cytokine

production in polymicrobial sepsis, specifically IL-6 and IL-10. This regulation is in part
mediated by C/EBPS. While our data suggests inhibition of VEGF may be of limited clinical
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utility in the treatment of fulminant polymicrobial sepsis and AL, the ability of VEGF
inhibition to attenuate inflammatory cytokine production may have important clinical
sequela in the treatment of more chronic inflammatory disease such as rheumatoid arthritis
and neoplasia. Our data supports a novel role for VEGF in the inflammatory cytokine
cascade of murine polymicrobial sepsis, possibly via regulation of C/EBPS.
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Unoperated CLP
N=4 N=4

Fig. 1.

CLP-induced murine polymicrobial sepsis significantly increases plasma levels of VEGF.
C57BL/6 female mice underwent CLP or remained as unoperated controls (four animals
each). Plasma was collected after 18 h and VEGF levels were measured by ELISA. VEGF
levels were increased fivefold when compared to unoperated controls (234 pg/mL + 100 vs.
46 pg/mL + 16; p< 0.05. Results expressed as the mean + standard error of the mean
(SEM).
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Fig. 2.

Survival not improved with VEGF+ treatment in murine sepsis. C57BL/6 female mice
underwent CLP 6 h after receiving either VEGFy 500 pg/mouse (a, /= 15) or vehicle
control (M, /= 12) IP and in equal volumes. Mice were observed at regular time intervals
for a total of 72 h. CLP induced a 100% mortality with a median survival of 37 h. Treatment
with VEGF+ did not significantly alter mortality with a median survival of 28 h. Kaplan—
Meier survival analysis was performed.
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Fig. 3.

Plasma levels of IL-6, IL-10 significantly decreased after VEGF treatment in murine
sepsis. Plasma levels of IL-6 in the VEGFt-treated mice (A= 11) was decreased compared
to vehicle-treated (V= 8) controls, (119.5 ng/mL vs. 236.2 ng/mL*) after CLP. In contrast
VEGFy had no affect on BAL IL-6 (850 pg/mL vs. 1520 pg/mL). Similar results were seen
for IL-10 (16 ng/ml vs. 41 ng/mL¥*) in plasma and in BALF (93 pg/mL vs. 311 pg/mL). A
similar trend was observed with IL-12, although this also did not reach statistical
significance. Data represented as mean + SEM with asterisk indicating a significant p-value.
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Fig. 4.

Dominant negative (short) form of C/EBPS has increased expression when VEGF is
inhibited. (A) Representative examples of a Western blot for C/EBP g protein expression of
liver homogenates/whole cell extract of vehicle control (lane 1) and VEGFy-treated (lane 2)
samples. (B) Ratio of Stimulatory/Inhibitory (S/1) form of C/EBPS for vehicle control (V=
4) vs. VEGFt-treated mice (V= 9); *significant p-value.
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Fig. 5.

IL-6 and IL-10 expression in macrophages after VEGF stimulation. (A) Levels of both IL-6
and IL-10 had a graded dose response to exogenous murine VEGF. Murine thioglycolate
induced peritoneal macrophages were used. Results expressed as the mean £ SEM.
*Significant p-value (B) time course of cytokine production in THP-1 derived macrophages
after VEGF stimulation. Exogenous VEGF at a dose of 1 xg/mL caused a sixfold induction
of IL-6 at 2 h.
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Fig. 6.

In vitro dose response and time course assay shows a reduction in inhibitory C/EBPZat 2 h
and complete loss of this isoform by 24 h. THP-1 derived macrophages were exposed to
recombinant VEGF at a dose of 1 pg/mL and C/EBPg protein expression analyzed by
Western blot at 0.5, 2, and 24 h. All lanes were normalized for equal protein content.
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