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Abstract.

Lymphatic dilatation, dysfunction, and lymphangiogenesis are hallmarks of patent lymphatic filariasis,

observed even in those with subclinical microfilaremia, through processes associated, in part, by vascular endothelial
growth factors (VEGFs). A panel of pro-angiogenic factors was measured in the plasma of subjects from filaria-endemic
regions using multiplexed immunological assays. Compared with endemic normal control subjects, those with both sub-
clinical microfilaremia, and those with longstanding lymphedema had significantly elevated levels of VEGF-A, VEGF-C,
VEGF-D, and angiopoeitins (Ang-1/Ang-2), with only levels of basic fibroblast growth factor (bFGF) and placental
growth factor (PIGF) being elevated only if lymphedema was evident. Furthermore, levels of these factors 1-year post-
treatment with doxycycline were similar to pretreatment levels suggesting a minimal role, if any, for Wolbachia. Our data
support the concept that filarial infection per se is associated with elevated levels of most of the known pro-angiogenic
factors, with only a few being associated with the serious pathologic consequences associated with Wuchereria bancroffti

infection.

INTRODUCTION

The lymphatic vascular system is an important part of
immune surveillance, tissue fluid homeostasis, and fat absorp-
tion. Any acquired or congenital defect in lymphatic archi-
tecture or function can lead to lymphatic dysfunction and
lymphedema. Lymphangiogenesis seen in both normal pro-
cesses (e.g., wound healing or inflammation) and in patho-
logic conditions such as lymphedema or cancer metastasis is
regulated, in part, by the interactions between the vascular
endothelial growth factors (VEGF)-C, VEGF-D, and their
receptor, VEGFR-3 (reviewed in Reference 1).

Disease following infections with Wuchereria bancrofti
(WDb) and Brugia malayi (Bm), the two major causative agents
of lymphatic filariasis (LF), is characterized by lymphangitis,
hydrocoele, lymphedema, and elephantiasis. The events that
lead to these conditions are poorly characterized, but immune
and/or inflammatory responses to the parasites are believed to
play a significant role in mediating some of these serious clini-
cal manifestations.>”

Because both Wb and Bm harbor the intracellular Wolbachia
endosymbiont, previous studies have implicated Wolbachia as
an inducer of VEGF-C that, in turn, could affect the lymphatic
vessels.® In addition, treatment with doxycycline, an antibiotic
that targets Wolbachia, in patients with LF has been shown
to reduce plasma VEGF-C/VEGFR-3 levels and improve
pathology.’

Recently, we have shown that filarial antigens and plasma
from infected individuals were able to stimulate human lym-
phatic endothelial cells to undergo proliferation and remod-
eling.® To assess whether lymphatic endothelial cell (LEC)
activation and proliferation induced by patient plasma was
a consequence of the presence of pro-angiogenic factors
in plasma of filaria-infected individuals driving lymphatic
remodeling, we used very sensitive methods for measuring
VEGF-C and a variety of other VEGFs, soluble VEGFRs,
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and other angiogenic factors in the plasma of patients with
filarial infections. We show that not only the VEGFs but also
their receptors and other pro-angiogenic factor levels are ele-
vated in filarial infections regardless of clinical manifestations.
Moreover, doxycycline therapy did not result in reduced levels
of these factors.

METHODS

Patient samples. Platelet poor plasma samples were used
for the entire study. All samples were from archived specimens
collected as part of multiple studies on filarial infections, each
performed with approval from the Institutional Review Board
(IRB) of the National Institute of Allergy and Infectious
Diseases along with the IRBs of the Tuberculosis Research
Center (for studies in India) and the University of Bamako
(studies in Mali). Informed consent was obtained from all
subjects and all protocols used contained stored sample
language. With the exception of several ongoing clinical trials
(NCT00342576, NCT00340691), all other specimens were
collected before the existence of internationally recognized
clinical trials registries. Thus, all samples were collected
from well-characterized patients with Wb infections,” or Wb/
Mansonella perstans coinfections from Mali.l® All samples
were obtained after centrifugation of heparinized whole
blood, that were stored at —80°C until used. Almost all of the
samples had never been thawed previously, with the exception
of the pre- and post-treatment samples that had been thawed
only one time before use. The demographic and other details
of these patients are given in Table 1. All samples were tested
for microfilaremia (by night blood collection and Nucleopore
filtration of blood) and circulating antigen levels in plasma
by Og4C3 kit (TropBio Pty Ltd., Townsville, Queensland,
Australia).

A total of 172 samples from Indian subjects from a W. ban-
crofti-endemic region of the world, were assayed for VEGF-C
by dissociation-enhanced lanthanide fluorescent immunoas-
say (DELFIA). A subset (N = 108) of these were used for mea-
surement of additional lymphangiogenic factors by multiplex
and were chosen based solely on having equivalent numbers
of samples within each group and having sufficient plasma vol-
ume to test multiple analytes. Paired samples before and after
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TaBLE 1

Patient population for the study

MF count CFA (Og4C3)
Group and populations Number of patients Age range (yrs) Pre Post Pre Post
INDIA-Wuchereia bancrofti
Screening* 172
Endemic normals 59 21-51 0 - 7 (2-35) -
Asymptomatic microfilaraemics 58 17-58 180 (1-1,350) - 224,614 (4-4,198,147) -
Chronic lymphedema 55 18-65 0 - 22 (1.3-54) -
MALI-Wuchereria bancrofti and Mansonella perstans
Pre- and post-treatment (12 mo) 60
Asymptomatic microfilaraemic 31 19-64 476 (17-3,196) 0 1,323 (612-2862) 572 (207-1,077)
(doxycycline)
Asymptomatic microfilaraemic 29 19-65 328 (0-6,222) 198 (0-3,026) 401 (162-993) 192 (73-506)

(no treatment)

*Subset of the population (36 from each group) has been assayed for lymphangiogenic panels.

treatment were also assessed (see Table 1 for details); for all
studies involving treatment we only used samples that were
collected before and 12 months after therapy. By definition,
endemic normal (EN) individuals are those residing in filarial-
endemic regions of the world and shown to be free of infec-
tion (both by microfilarial filtration and by having negative
circulating filarial antigen levels). Clinically asymptomatic
(subclinical) microfilaraemic (MF) subjects had circulating
microfilariae in the bloodstream and were antigen positive.
Those termed “CP” were individuals who exhibited various
degrees of lymphedema (from stage II to frank elephantiasis);
these were typically negative for circulating filarial antigen.

DELFIA, enzyme-linked immunosorbent assay (ELISA),
and multiplex analysis. For the initial measurements of
VEGF-C, Immulon-4 plates were coated with mouse
monoclonal antibody to VEGF-C (R&D Systems, Minneapolis,
MN) overnight at 4°C. Plates were blocked with 5% bovine
serum albumin (BSA) in phosphate-buffered saline (PBS) for
2 h at 37°C. Samples and standards were added to plates in
duplicate and incubated overnight at 4°C. After washing, the
plates were incubated for 1 h at 37°C with a detection antibody
(biotinylated goat polyclonal anti-human VEGF-C; R&D
Systems), After washing away unbound detection antibody,
plates were incubated with europium-labeled streptavidin
(Perkin Elmer, Foster City, CA) for 1 h at 37°C. Plates were
developed with DELFIA enhancement solution (Perkin
Elmer) for 15 min at room temperature and then read with a
VICTOR V luminometer (Perkin Elmer). The lower limit of
the assay was 32 pg/mL.

The growth factors VEGF-A, sVEGFR-1, basic fibroblast
growth factor (bFGF), and placental growth factor (PIGF)
were assayed using Meso Scale Discovery’s 4-plex growth
factors panel-I (Meso Scale Discovery, Gaithersburg, MD).
A customized 4-plex panel for VEGF-C, VEGF-D, Ang-1,
and Ang-2 was also manufactured by Meso Scale Discovery
for performing the assays. The sVEGFR-2 and sVEGFR-3
were measured using kits from R&D Systems. All the assays
were carried out per manufacturer’s instructions. The upper
detection limits by multiplex assays were 40 ng/mL for Ang-1
and Ang-2, 20 ng/mL for VEGF-C and VEGF-D, and 9 ng/
mL for bFGF, sVEGFR-1, VEGF-A, and PIGF. The lower
detection limits for Ang-1, Ang-2, VEGF-C, VEGF-D, bFGF,
sVEGFR-1, VEGF-A, and PIGF were 176.1, 227.6, 37.3, 48.6,
0.9,3.6,1.9,and 4.7 pg/mL, respectively.

Statistics. Data analyses were performed using GraphPad
PRISM (GraphPad Software, Inc., San Diego, CA). Unless
otherwise noted, geometric means (GM) were used for
measurements of central tendency. Statistically significant
differences between two groups were analyzed using the non-
parametric Mann-Whitney U test. Correlations were calculated
by Spearman’s correlation test. Wilcoxon signed-rank test was
used for all pairwise comparisons. The Dunn’s post test was
used to correct for multiple comparisons.

RESULTS

Filarial infections have increased levels of VEGF-C. Using
a highly sensitive europium-based assay to detect the plasma
concentrations of VEGF-C in 172 individuals from areas
endemic for Wb, we found significantly increased levels
of VEGF-C in patients with both CP (N = 55, P = 0.04) or
MF (N = 58, P = 0.002) compared with the EN (N = 59)
(Figure 1). Levels of VEGF-C were comparable between CP
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Figure 1. Plasma levels of vascular endothelial growth factors

(VEGF)-C in individuals with human lymphatic filarial infections.
Endemic normals (EN; N = 59), asymptomatic microfilaremic (MF;
N = 58), chronic lymphedema (CP; N = 55).



886 BENNURU AND OTHERS

and MF individuals. A subset of samples (N = 36) was assayed
in parallel with a commercial VEGF-C assay in a multiplex
format (Meso Scale Discovery). The results indicated that the
europium-based assay was highly correlated with the multiplex
assay (P = 0.008).

Plasma lymphangiogenic factors are elevated in filarial
patients. To analyze other soluble growth factor levels
in the filarial patients, we assayed levels of VEGF-A,
VEGF-D, sVEGFR-1, sVEGFR-2, sVEGFR3, Ang-1, Ang-
2, PIGF, and bFGF in 108 individuals from areas endemic for
bancroftian filariasis drawn from southern India. Significantly
elevated levels of VEGF-A, C, and D could be detected in
individuals with both MF and CP compared with EN controls
(Figure 2A-C). Interestingly, VEGF-D levels were elevated
to an even greater extent in the subclinical MF individuals
above that seen in those seen with CP (P < 0.007).

Analysis of soluble receptor levels indicated that the
sVEGFR-1 and sVEGFR-3 (Figure 2D-F) levels did not dif-
fer among the three groups of subjects. Notably, the levels of
sVEGFR-2 (Figure 2E) were significantly reduced in those
with MF (P < 0.0001) and CP (P < 0.0001) compared with EN.
There was a significant positive correlation between the levels
of VEGF-A (but not VEGF-C/VEGF-D) and VEGF-C in all
the groups (EN, r = 0.530, P < 0.0009; MF, r = 0.550, P < 0.0005;
CP,r =0.548, P < 0.0005) and significantly inverse correlations

between sVEGFR2 and both VEGF-A (r = -0.227, P = 0.019)
and VEGF-C (r = -0.412, P < 0.0001).

Interestingly, the MF and CP individuals also had elevated
levels of the pro-angiogenic factors Ang-1 (P < 0.0001) and
Ang-2 (P < 0.0001) (Figure 2G-H) compared with the unin-
fected EN. Levels of PIGF (Figure 2I) and bFGF (Figure 2J)
were observed to be higher in subjects with lymphedema (CP)
compared with EN (PIGF, P = 0.008; bFGF, P = 0.007) or MF
(PIGF, P = 0.003; bFGF, P = 0.002). Together, these results
suggest that Wb infections are associated with elevated lev-
els of lymphangiogenic factors; among these, PIGF and bFGF
appear to be increased in those with lymphatic disease associ-
ated with filarial infection.

There was a significant positive correlation between the lev-
els of VEGF-A (but not VEGF-C/VEGF-D) and VEGF-C in
all the groups (EN, r = 0.530, P < 0.0009; MF, r = 0.550, P <
0.0005; CP, r = 0.548, P < 0.0005) and significantly inverse cor-
relations between sSVEGFR2 and both VEGF-A (r = —0.227,
P =0.019) and VEGF-C (r = —-0.412, P < 0.0001).

Targeting Wolbachia with doxycycline treatment does
not alter the levels of lymphangiogenic factors. With specific
attention to the role played by Wolbachia, we evaluated the
effects of doxycycline treatment on levels of lymphangiogenic
factors pre- and post-treatment in plasma collected from Wb/
Mansonella perstans co-infected MF individuals (N = 60)
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FiGure 2. Plasma levels of lymphangiogenic factors in individuals with human lymphatic filarial infections. Endemic normals (EN; N = 36),
asymptomatic microfilaremic (MF; N = 36), chronic lymphedema (CP; N = 36).
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treated with either 200 mg daily doxycycline for 6 weeks (N=31)
or no drug (N = 29) (Figure 3). As shown in Figure 3A-C,
there were no significant changes in the levels of VEGF-A,
C, or D, or their soluble receptors (Figure 3D-F) at 1
year after therapy, regardless of treatment arm. Similarly,
with the exception of Ang-2 (Figure 3H), there were no
differences in the levels of other pro-angiogenic factors Ang-1
(Figure 3G), PIGF (Figure 3I), or bFGF (Figure 3J) 1 year
after therapy. Interestingly, the levels of Ang-2 were increased
in the untreated group compared with the doxycycline-treated
group.

Interrelationships among the angiogenic factors. Recently, it
has been suggested that the ratios of Ang-1:Ang-2 ratios may
reflect changes in stabilization of lymphatic endothelium.!-13
The significantly diminished Ang-1:Ang-2 ratio seen in both
the MF (P = 0.002) and CP groups (P = 0.04) (Figure 4A)
compared with the EN population may point to alterations in
endothelial stability as a mechanism underlying the lymphatic
dysfunction seen in LF. Interestingly, doxycycline treatment
in patients with LF increased the Ang-1:Ang-2 ratios (P =
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0.0014) at 1 year after treatment compared with doxycycline-
untreated individuals (P = 0.0004) (Figure 4B-C).

DISCUSSION

The role of lymphangiogenesis-promoting factors is an area
gaining importance in the study of LF.The results from the cur-
rent study strongly indicate an active involvement of lymphatic
endothelial-acting growth factors in LF. Both VEGF-A#" and
VEGF-C/sVEGFR-3 levels have been observed to be associ-
ated with filarial disease. The improvement in the levels of cir-
culating VEGF-C/sVEGFR3 and amelioration of disease with
doxycycline treatment’ suggests that some of the effects may
be related to the presence of the endosymbiont Wolbachia. In
addition, we have shown previously that filarial antigens and
plasma from filaria-infected individuals have the capacity to
induce human lymphatic endothelial cells to undergo prolif-
eration and differentiation, a process felt to be mediated by
excreted or secreted parasite proteins or lymphangiogenesis
promoting factors.®
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Ficure 3. Comparison of plasma levels of lymphangiogenic factors in Wuchereria bancrofti- and Mansonella perstans-infected asymptomatic
microfilaremics pre and post doxycycline treatment (1 year). Data are plotted as the percentage pretreatment levels (% Pre-Rx) of the lymphangio-
genic factors in the doxycycline-treated group (Doxy; N = 32) and the placebo group (Plc; N =29).
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mals (EN), microfilaraemics (MF) or chronic lymphedema (CP). (B and C) Ang-1:Ang-2 ratios of pre- and post-treatment in W. bancrofti- and
Mansonella perstans-infected microfilaraemic individuals administered (B) no treatment or (C) doxycycline.

The VEGFs and angiopoietins are important regulatory
growth factors for endothelial function. Elevated levels of
plasma VEGF-C have been shown in patients with vascular
diseases associated with tumors, lymphedema, lymphangio-
leiomyomatosis, and inflammatory diseases where the levels
of VEGFs have been correlated to measures of endothelial
damage/dysfunction (reviewed in Reference 16). Although it
is likely that the differences seen in plasma levels of VEGF-A,
VEGF-C, VEGF-D, sVEGFR-1, sVEGFR-2, sVEGFR-3,
Ang-1, Ang-2, b-FGF, and PIGF, between healthy Europeans
(basis for normal ranges in these assays) and the normal popu-
lation (EN) in this study reflects differences in ethnicity and/
or exposure to other (non-filarial) environmental stimuli,” the
fact that the well-defined filarial-infected patients have altera-
tions in many of these factors compared with appropriate con-
trols implicate some of these factors in mediating the lymphatic
dysfunction seen in LF. In particular, VEGF-C levels in filaria-
infected individuals were significantly elevated compared
with uninfected normal individuals from the same endemic
region of the world. These elevated levels of VEGF-C corre-
lated closely with levels of VEGF-A, VEGF-D, Ang-1, Ang-2,
and bFGF suggesting that VEGF-C is among many factors
associated with changes in the lymphatics in filarial infections.
Although the elevated levels of VEGFs have been associated
with disease’!* and lymphatic remodeling in LF by adult para-
sites (alive or dead), it is not clear why some of the angiogenic
factors remain elevated in individuals with chronic pathology
many of whom are antigen negative.

In terms of pathologic responses, this study seemed to
indicate that bFGF was significantly elevated in those with
pathology from Wb infection (lymphedema, elephantiasis).
The FGF is a multifunctional growth factor that can modulate
hematopoiesis,'”'® regulate angiogenesis,"” and stimulate fibro-
proliferative processes.’?! The bFGF data from this study—in
concert with other angiogenic and mitogenic factors such as
VEGF family of proteins, Ang-1, and Ang-2—may provide a
link between the processes of lymphangiogenesis and fibro-
sis, both of which are seen in filaria-associated pathological
manifestations.

Expression of VEGF receptors on cells and, more recently,
in serum/plasma as soluble receptors have been used as poten-
tial biomarkers in tumor biology.?>** Although both full-length
receptors compose an extracellular domain containing seven-
immunoglobulin-like loops, a transmembrane domain, and an
intracellular catalytic tyrosine kinase domain,sVEGFR-1is the
product of an alternatively spliced messenger RNA (mRNA)
composed of only the extracellular domains. In contrast to

sVEGFR-1, very little is known about sVEGFR-2. Recent
clinical studies have investigated the potential of sVEGFR?2 as
a surrogate for tumor progression in melanoma,” myelodys-
plastic syndromes, or in various leukemias.”® Although there is
no information related to the utility of monitoring sVEGFR-2
levels in filarial infections, the inverse relationship between
sVEGFR-2 and VEGF-A or VEGF-C is similar to that seen
in other conditions.””? Similarly, increased levels of VEGF
and reduced levels of sVEGFR-2 have been shown with the
use of inhibitors of cellular VEGF receptor tyrosine kinases
VEGF RTKs, including sunitinib,® axitinib,! and telatinib,*
suggesting a receptor downregulation-mediated increase in
sVEGFR-2. Together with in vitro studies in which VEGF-
induced endocytosis of VEGFR-2, resulting in lower levels of
sVEGFR-2,2 it seems possible that sVEGFR-2 levels in the
plasma of filaria-infected individuals might influence levels
of circulating VEGFs in filarial infections. Alternatively, it is
possible that sVEGFR-2, like other soluble receptors such as
sVEGFR-1,* can bind and sequester VEGF in vivo, thereby
influencing the binding and activation of the VEGFRs.

Angiopoietins are ligands for Tie-2 receptors on the endothe-
lial cell that are important in maturation and stabilization of the
vasculature. Although VEGF initiates endothelial cell growth,
proliferation, and differentiation, Ang-1—interacting with its
receptor Tie2—results in vessel maturation, maintaining vessel
integrity by recruitment of periendothelial cells, reestablish-
ment of basement membrane, and limiting the permeability-
inducing effects of VEGFE.33¢ Although Ang-2 is known to be
an antagonist to Ang-1 activity, it has been shown to behave
as an agonist on prolonged exposures and high concentra-
tions; in the presence of elevated levels of VEGF-A, Ang-2
induces vessel formation,*” as well. Thus, the local balance of
growth factors can be critical in influencing the microvascu-
lar environment toward either vessel stability or angiogenesis.
The elevated ratios of Ang-1:Ang-2 in EN compared with MF
or CP suggest a possible destabilized nature of the lymphatics
in LF. Furthermore, treatment of Wb-infected individuals with
doxycycline exhibited a significant increase in Ang-1:Ang-2
ratios, suggesting a change toward more stabilized lymphatics.
Whether these changes reflect parasite clearance or a stabi-
lizing effect of doxycycline on lymphatics themselves (as has
been recently suggested®) remain an open question.

It is clear from the doxycycline treatment studies that the
majority of plasma angiogenic factors did not change signifi-
cantly 1 year after treatment. Although MF loads (and pre-
sumably the Wolbachia load) are reduced post-treatment
compared with pre-treatment levels, the levels of circulat-
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ing antigens (when able to be measured) remained no differ-
ent (Table 1). The DEC treatment studies (with or without
albendazole) have shown antigenemia to be 23-57% of pre-
treatment levels with wide variations* likely because of the
only moderate macrofilaricidal activity of DEC.*+# Similarly,
doxycycline treatment resulted in lower levels of antigenemia
at 12 months and 24 months post-treatment compared with
pretreatment levels.”** Nevertheless, a longitudinal study mon-
itoring levels of circulating filarial antigens in parallel with the
pro-angiogenic factors in both the microfilaraemic individuals
and those with lymphedema and/or elephantiasis could pro-
vide a more definitive answer to this issue.

Although it is appealing to suggest that most of the lym-
phatic pathology is associated with inflammatory responses
against the adult parasites (containing Wolbachia) living in
the afferent lymphatics, we show that elevated levels of most
lymphangiogenic factors are associated with filarial infection
per se with only a few (e.g., bFGF and PIGF) being associated
with filarial disease. These data suggest that understanding
fully the nature of the excretory/secretory proteins*=! of the
parasite may provide additional insights into those parasite-
and Wolbachia-derived molecules that mediate the lymphatic
dysfunction seen in LF.
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