INFECTION AND IMMUNITY, June 2003, p. 3000-3009
0019-9567/03/$08.00+0 DOI: 10.1128/IAI.71.6.3000-3009.2003

Vol. 71, No. 6

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Mammalian Transforming Growth Factor 31 Activated after Ingestion
by Anopheles stephensi Modulates Mosquito Immunity

Shirley Luckhart,'* Andrea L. Crampton,'f Ruben Zamora,” Matthew J. Lieber,’
Patricia C. Dos Santos,' Tina M. L. Peterson,' Nicole Emmith," Junghwa Lim,’
David A. Wink,*> and Yoram Vodovotz>
Department of Biochemistry, Virginia Tech, Blacksburg, Virginia 24061"; Department of Surgery,

University of Pittsburgh, Pittsburgh, Pennsylvania 15260% and Radiation Biology Branch,
National Cancer Institute, Bethesda, Maryland 20892>

Received 7 January 2003/Returned for modification 15 February 2003/Accepted 12 March 2003

During the process of bloodfeeding by Anopheles stephensi, mammalian latent transforming growth factor g1
(TGF-f31) is ingested and activated rapidly in the mosquito midgut. Activation may involve heme and nitric
oxide (NO), agents released in the midgut during blood digestion and catalysis of L-arginine oxidation by A4.
stephensi NO synthase (AsNOS). Active TGF-1 persists in the mosquito midgut to extended times posting-
estion and is recognized by mosquito cells as a cytokine. In a manner analogous to the regulation of vertebrate
inducible NO synthase and malaria parasite (Plasmodium) infection in mammals by TGF-$1, TGF-31 regu-
lates AsNOS expression and Plasmodium development in A. stephensi. Together, these observations indicate
that, through conserved immunological cross talk, mammalian and mosquito immune systems interface with
each other to influence the cycle of Plasmodium development.

In Anopheles, malaria parasite (Plasmodium spp.) develop-
ment begins with the ingestion of blood containing sexual-stage
gametocytes. Parasite fertilization commences within minutes
of ingestion. Zygotes penetrate the midgut epithelium 24 to
36 h later and transform into vegetative oocysts under the basal
lamina in the hemolymph-filled, open circulatory system of the
mosquito. As blood digestion proceeds to completion at
~ 48 h, parasite development continues. Oocysts grow and
develop for 10 to 12 days and then release thousands of hap-
loid sporozoites into the hemolymph. Sporozoites invade the
salivary glands, where they are released into the saliva during
subsequent blood feeding.

Anopheles stephensi, a primary vector of human malaria in
India and the Middle East, limits malaria parasite develop-
ment with the inducible synthesis of nitric oxide (NO [34])
catalyzed by A. stephensi NO synthase (AsNOS [33, 34]). In-
duction of AsNOS is proportional to the intensity of parasite
infection and is detectable in the midgut by 6 h postinfection
(14). Early induction is critical to inhibition of parasite devel-
opment: dietary provision of the pan-NOS inhibitor L-N ©-
nitroarginine methyl ester (L-NAME), with a half-life in blood
of 3 to 6 h (13), resulted in significantly higher Plasmodium
infection intensities than did the inactive enantiomer b-NAME
(34).

The NO-mediated defense of A. stephensi is analogous to
mammalian NO-mediated inactivation of liver-invading sporo-
zoites and blood-stage gametocytes (36, 41) and indicates that
mosquitos and vertebrates share a conserved anti-Plasmodium

* Corresponding author. Mailing address: Department of Biochem-
istry, Mail Stop 0308, 306 Engel Hall, Virginia Tech, Blacksburg,
VA 24061. Phone: (540) 231-5729. Fax: (540) 231-9070. E-mail:
luckhart@vt.edu.

T Present address: CRC for Diagnostics, School of Life Sciences,
Queensland University of Technology, Brisbane 4002, Australia.

defense. Limited information, however, is available on the
regulation of AsNOS (32). In contrast, iNOS, the inducible
NOS of primary importance in the mammalian arsenal against
many pathogens (10), is regulated by numerous cytokines and
other agents in a wide variety of mammalian cells, thereby
ensuring homeostasis (10, 42). Recent studies suggest that
among this diverse array of cytokines, TGF-B1 is perhaps the
most potent physiological regulator of iNOS (54).

In primary cells of the vertebrate immune system (e.g., mac-
rophages), TGF-B1 reduces iNOS expression (54), iNOS
mRNA stability and translation (54), and iNOS stability and
enzyme activity (42, 54). In contrast to this role as a negative
regulator, TGF-B1 can upregulate iNOS expression and en-
zyme activity in “sentinel” cells associated with tissue immu-
nity, including fibroblasts, chondrocytes, and epithelial cells (9,
23, 25). These latter cell types, although commonly implicated
as first-line defenders of host integrity against infection (31,
50), have received less attention than cell types more com-
monly associated with adaptive immunity.

During parasite infection in mammalian hosts, the role of
TGF-B1 in regulation of the immune response is largely de-
pendent on timing and level of synthesis (43). Early in parasite
infection, low levels of TGF-B1 appear to promote proinflam-
matory responses (e.g., induction of iINOS) that inhibit parasite
growth, whereas later in infection, elevated levels of TGF-B1
are anti-inflammatory and serve to limit host autoimmune pa-
thology.

In A. stephensi, the maintenance of immunological balance
(e.g., regulation of AsNOS and other immune effectors) during
parasite infection is poorly understood. The A. stephensi ge-
nome encodes a TGF-B superfamily member, As60A4, whose
expression is induced in the midgut epithelium as early as 3 h
after infection with Plasmodium spp. (14, 15). Induction of
As60A is correlated with periods of parasite motility and re-
production. Furthermore, expression of As60A in the A. ste-
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phensi midgut, like that of AsNOS, depends on the intensity of
parasite infection (14). This finding suggests that As60A may
be involved in the regulation of parasite development. Al-
though we have not yet established that As60A regulates
AsNOS in a manner similar to the regulation of iNOS by
TGF-B1, As60A is the first inflammatory cytokine gene to be
described from an insect.

Signaling by TGF-B superfamily members is mediated by the
Smad family of proteins (3). Previous studies have demon-
strated extensive cross talk among vertebrate and invertebrate
(Drosophila melanogaster) TGF-8 superfamily proteins and
Smad signaling pathways (35). In general, activated TGF-/
activin and BMP receptor complexes recruit and phosphory-
late relevant receptor Smads, which are then released to form
multimeric complexes with co-Smads. Receptor Smad/co-
Smad complexes translocate to the nucleus and interact with
other DNA-binding proteins to regulate transcription of down-
stream target genes (45).

TGF-B1 is made by most mammalian cell types, especially
platelets, in a biologically inactive form that can reach levels of
5,000 pg/ml in the circulation (49). Based on our understanding
of the A. stephensi NO-mediated defense against Plasmodium,
the regulation of iNOS and parasite infection by TGF-B1, and
the demonstrated cross talk among Drosophila and vertebrate
TGF-B superfamily ligands and Smads, we sought to answer
the following questions. Is mammalian TGF-B1 ingested by A4.
stephensi during blood feeding? Could heme and NO, agents
common to the mosquito midgut after feeding, participate in
the activation of latent TGF-B1? Can ingested TGF-B1 regu-
late Plasmodium development in A. stephensi? We show here
that mammalian TGF-B1 is ingested and activated in the mid-
gut of A. stephensi and that activation may proceed through a
mechanism involving heme and NO. Further, in a manner
analogous to TGF-B1 regulation of human iNOS and Plasmo-
dium development, human TGF-B1 can regulate both AsNOS
expression in A. stephensi cells and parasite development in the
mosquito.

MATERIALS AND METHODS

Mosquito rearing, blood feeding, midgut analyses, and Plasmodium infection.
A. stephensi Liston (Indo-Pakistan) malaria mosquitos were reared and main-
tained at 27°C and 75% relative humidity under a 12-h light-dark cycle. For
preparation of midgut lysates, 4- to 7-day-old A. stephensi mosquitos were al-
lowed to feed to repletion on anesthetized naive or Plasmodium berghei NK65-
infected Institute of Cancer Research (ICR) mice. This protocol was reviewed
and approved by the Virginia Tech Animal Care Committee in accordance with
all relevant federal guidelines. Quantitative reverse transcription-PCR (RT-
PCR) analysis of induction of AsNOS expression in the A. stephensi midgut
epithelium was performed by using Tagman technology and the sequence de-
tection system 7700 (PE Applied Biosystems, Foster City, Calif.) as described
previously (14); six separate cohorts of blood-fed uninfected and P. berghei-
infected A. stephensi were used for these assays. Differences between uninfected
and P. berghei-infected A. stephensi at each time point were analyzed by using the
Student ¢ test. These and all subsequent Student ¢ tests were performed by using
Microsoft Excel 2000. To determine the concentration of nitrogen oxides (NO,)
and active mammalian TGF-B1 in A. stephensi midgut lysates and whether
midgut lysate components could activate latent human TGF-B1 in vitro, 50
midguts were dissected into phosphate-buffered saline (pH 7.4) [PBS; with 1%
Nonidet P-40, 4 mM potassium ferricyanide or K;Fe(CN)g, 10 mM N-ethylma-
leimide, and 0.1 mM diethylamine triamine pentaacetic acid [DTPA] for NO,
analysis (24)], sonicated, and immediately frozen in a dry ice-ethanol bath at
varied times postfeeding.

The concentration of NO, was determined essentially as described previously
(37). Briefly, protein concentration was reduced in diluted midgut lysate samples

MAMMALIAN TGF-1 MODULATES MOSQUITO IMMUNITY 3001

by microfiltration (10- or 100-kDa Microcon; Millipore Corp., Bedford, Mass.)
prior to reduction with vanadium (IIT)-hydrochloride at 95°C in a helium-purged,
anaerobic reaction vessel; this treatment was essential to minimize sample foam-
ing during analysis. The resulting NO was reacted with ozone for chemilumines-
cent detection and integration (Nitric Oxide Analyzer; Sievers Instruments,
Boulder, Colo.). All values were compared to a standard curve of sodium nitrate
(NaNO;) and normalized against the heme concentrations of paired sample
aliquots to account for differences in blood meal volumes among mosquitoes.
Heme concentrations were determined from the absorbance of the Soret band at
410 to 414 nm (2). Four separate cohorts of uninfected and P. berghei-infected A.
stephensi were used for these analyses. The levels of NO, induction in midguts of
P. berghei-infected A. stephensi relative to those in uninfected A. stephensi at each
time point were analyzed by using the Student # test.

Concentration of active TGF-B1 in the midgut lysates was determined by using
the Quantikine enzyme-linked immunosorbent assay (ELISA; R&D Systems,
Inc., Minneapolis, Minn.), which detects binding to immobilized TGF-B1 type II
receptors. The concentration of active TGF-B1 present in each lysate was as-
sessed after PBS treatment for 3 h in vitro according to the manufacturer’s
recommendation, whereas the concentration of latent TGF-B1 in each lysate was
assessed after transient acidification with 1 mM HCI (11, 56). Activation of
exogenous latent TGF-B1 was assessed by ELISA after incubation of lysates with
5,000 pg or 1 pg of latent human TGF-B1/ml for 3 h at room temperature. The
impact of NO on activation of exogenous latent TGF-B1 was assessed after
treatment of lysates with the NO donor S-nitroso-N-acetyl-p,L-penicillamine
(SNAP) alone as a control (1 mM for 3 h) or with SNAP and latent TGF-B1. Two
separate cohorts of A. stephensi were used for these analyses.

To confirm that mosquito proteins did not cross-react with the anti-TGF-B1
antisera used in the Quantikine ELISA, a lysate of total proteins from immor-
talized ASE A. stephensi cells, which express As60A, was blotted and probed with
anti-human TGF-B1. Briefly, ASE cells were washed with PBS, resuspended,
lysed in loading buffer (62.5 mM Tris-HCI, pH 6.8; 2% sodium dodecyl sulfate;
25% glycerol; 0.01% bromophenol blue), and incubated at 100°C for 5 min.
Approximately 22 pg of ASE cell proteins was loaded onto a 12% Tris-HCl
Ready-Gel (Bio-Rad, Hercules, Calif.); 10 ng of recombinant human TGF-B1
(R&D Systems) was loaded as a positive control. After electrophoresis, sepa-
rated proteins were transferred to a nitrocellulose membrane by using a semidry
apparatus (Bio-Rad); poststaining of the transferred gel with Coomassie brilliant
blue (48) indicated complete transfer. The nitrocellulose membrane was blocked
and then incubated overnight with 1 pg of chicken anti-human TGF-B1 (R&D
Systems)/ml at 4°C in blocking buffer (Tris-buffered saline [pH 7.4] with 0.1%
Tween 20, 0.1% bovine serum albumin [BSA], and 10% nonfat dry milk),
washed, and incubated with a 1:15,000 dilution of anti-chicken immunoglobulin
G-horseradish peroxidase in blocking buffer. Antibody binding was detected by
using luminol enhancer as recommended by the manufacturer (Pierce, Rockford,
IIL.). To detect cross-reacting mosquito proteins, the membrane was overexposed
to film for 4 h at room temperature.

For infection with Plasmodium falciparum (NF54 strain), 4- to 7-day-old fe-
male A. stephensi were allowed to feed through a 37°C water-jacketed membrane
on identical aliquots of a mixture of parasites cultured in human erythrocytes
with added uninfected erythrocytes (washed twice with RPMI 1640 medium) and
human serum. The use of human blood components in this procedure was
reviewed by the Virginia Tech Institutional Review Board and declared an
exempt protocol in accordance with federal guidelines. Human serum used for
mosquito feeding was stored at —70°C, thawed, and then stored at 4°C for
approximately 1 week during experimental feedings. ELISA analysis of these
sera revealed no detectable active human TGF-B1; latent TGF-B1 levels ranged
from 3,000 to 5,000 pg/ml. For analysis of the effects of human recombinant
TGF-B1 on parasite development, equivalent volumes of sterile PBS or TGF-31
to a final concentration of 2, 200, or 2,000 pg/ml were added to the blood
immediately before membrane feeding. At 7 days postinfection, A. stephensi
midguts were dissected to count mature P. falciparum oocysts on the midgut
epithelium. Two separate cohorts of A. stephensi were used for these assays;
oocysts from 60 to 75 mosquitos from each treatment group and the PBS controls
were counted. Differences between each treatment group and the PBS control
group were analyzed by using the Student # test.

Activation of latent human TGF-B1 in vitro. All experiments were conducted
in siliconized plastic tubes. Carrier-free latent TGF-B1 (10 pg/ml in 1 mM
HEPES; R&D Systems) was treated with Angeli’s Salt (a nitroxyl anion donor;
10 pM), peroxynitrite (100 uM), or hemin (10 M) for 30 to 60 min. Log doses
of latent human TGF-B1 (6 to 2,000 pg/ml) were then prepared and assessed for
TGF-B1 activity in replicated bioassays of mink lung epithelial cell (CCL-64)
proliferation as described previously (55). As controls, paired plates of CCL-64
cells were treated with 10 wM hemin, 10 uM Angeli’s salt, or 100 WM peroxyni-
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trite alone and assayed as described earlier. Proliferation rates of CCL-64 cells
treated with oxidants alone or with TGF-B1 prepared as described were normal-
ized to proliferation of positive control CCL-64 cells treated with heat-activated
latent TGF-B1 (11, 22). Data were analyzed by one-way analysis of variance,
followed by application of the Bonferroni post hoc test by using commercially
available software (SPSS, Inc., Chicago, IlL.).

Modulation of the neutralizing capacity of LAP by hemin or nitroxyl anion.
Recombinant human active TGF-B1 was added to CCL-64 cells for 20 h. Alter-
natively, recombinant human latency-associated peptide (LAP) was untreated or
treated with 10 uM hemin or 10 uM Angeli’s salt, incubated with active TGF-B1,
and subsequently added to CCL-64 cells for 20 h. The cells were then assessed
for proliferative capacity as described above.

Analyses of A. stephensi cell responses to human TGF-B1 in vitro. For these
assays, immortalized MSQ43 and ASE A. stephensi cell lines were maintained in
modified Eagle minimum essential medium supplemented with 5% heat-inacti-
vated fetal calf serum as described previously (ES [20]). For analysis of change in
morphology, MSQ43 cells were plated in E0 medium (no serum) and allowed to
recover overnight. Duplicate plates of cells were treated with diluent (4 mM HCI,
1 mg of BSA/ml) or human TGF-1 in diluent at 0.6, 6.0, or 30 pg/ml for 20 min
or 60 min. Cells were then fixed and coverslipped for microscopic examination.
At least 100 cells per treatment were scored as “round” or “spread”; the lengths
(in centimeters) of the spread cells were measured on enlarged photomicro-
graphs along the axis perpendicular to the cell body. Differences among percent-
ages of round cells from assay replicates were analyzed by x> analysis with
commercially available software (SPSS), while differences between mean cell
lengths were analyzed by using the Student 7 test. For analysis of DNA synthesis,
duplicate plates of ASE cells were treated with PBS or 0.08, 0.8, or 8 pg of human
TGF-B1/ml in PBS for 48 h. [*H|thymidine was added to each plate to 5 pCi/ml
for 30 min at room temperature. After incubation, DNA was precipitated from
washed cells with 10% trichloroacetic acid and incorporated counts were mea-
sured by liquid scintillation as described previously (52). Data from three sepa-
rate assays were analyzed by using the Student ¢ test. For analysis of AsSNOS
expression in cultured cells, duplicate plates of ASE cells were treated with PBS
or 6 pg of human TGF-B1/ml for 6, 24, or 48 h. In a second assay, ASE cells were
pretreated for 1 h with PBS or with 6 pg of human TGF-B1/ml. After pretreat-
ment, cells were exposed for 48 h to 1,000 heat-killed Micrococcus luteus or
Escherichia coli organisms per ASE cell as an immune stimulus (21). Total RNA
was isolated from cells postassay by using TRIzol (Invitrogen Life Technologies,
Carlsbad, Calif.) reagent. Quantitative RT-PCR of AsNOS expression was per-
formed as described previously (14). Data from replicated assays were analyzed
by using the Student ¢ test.

RESULTS

A. stephensi midgut: induction of AsNOS expression, synthe-
sis of NO, and persistence of active mammalian TGF-31 in a
blood-rich environment. Induction of AsNOS expression in the
midgut epithelium of A. stephensi after P. berghei infection was
measured by using quantitative RT-PCR as described previ-
ously (14). As early as 6 h postinfection, induction of AsNOS
expression in the midgut was significant relative to expression
in uninfected mosquitos (Fig. 1A). In contrast, AsNOS induc-
tion at 12 and 24 h postinfection was not significant (Fig. 1A).
By 36 h postinfection, however, significant induction was again
noted, and this difference extended through 48 h postinfection
(Fig. 1A). These data corroborate and expand previous obser-
vations demonstrating a biphasic induction pattern of AsNOS
(34) and establish that induction of AsNOS expression in the
midgut begins as early as 6 h postinfection.

To determine whether inducible AsNOS expression was cor-
related with elevated output of NO in the midgut environment,
we measured the concentration of NO derived from NO, in
lysates of midgut blood from four separate cohorts of A. ste-
phensi as described previously (37). In these assays, NO, would
be expected to include nitrate, nitrite, and S-nitrosothiols (37),
which are predominant biological products of induced NOS
activity. Based on significant AsNOS induction at 6 h (Fig. 1A),
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FIG. 1. Induction of AsNOS expression and levels of nitrogen ox-
ides (NO,) in the A4. stephensi midgut after infection with Plasmodium.
(A) Induction levels of AsNOS expression in midguts dissected from six
cohorts of uninfected and P. berghei-infected A. stephensi mosquitoes
were determined by using quantitative RT-PCR as described previ-
ously (14). At each time point, expression levels were divided by
expression in uninfected insects to show relative AsNOS induction in P.
berghei-infected A. stephensi mosquitoes. Significantly enhanced levels
of AsNOS expression in P. berghei-infected A. stephensi mosquitoes
relative to uninfected A. stephensi are indicated with an asterisk (*, P
< 0.05). (B) Levels of NO, in midgut blood lysates from four cohorts
of P. berghei-infected and uninfected A. stephensi mosquitoes were
determined essentially as described previously (37); the values ob-
tained were compared to a standard curve of NaNO; and normalized
against lysate heme concentration to account for variation in blood
meal volumes among mosquitoes. Data were analyzed by using the
Student ¢ test; values are means * the standard errors (SE). At 12.5
and 24 h postfeeding, NO, levels in the midguts of P. berghei-infected
A. stephensi mosquitoes were induced relative to those in uninfected A.
stephensi midguts (* and #x, P = 0.049 and P = 0.069, respectively).
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FIG. 2. Presence of active mammalian TGF-B1, as well as activa-
tion of latent TGF-B1 in the presence of NO, in A. stephensi midguts.
(A) Mosquito cell proteins did not cross-react with anti-TGF-B1 used
in the Quantikine ELISA. In the left panel, 22 pg of mosquito cell
proteins (lane A) and 10 ng of human TGF-B1 (lane B) are shown
after polyacrylamide gel electrophoresis and Coomassie brilliant blue
staining. Identical protein samples transferred to nitrocellulose (right
panel) were incubated with anti-human TGF-B1 as described in the
text. Note the strong detection of human TGF-B1 in lane B (arrow)
and the lack of cross-reacting mosquito proteins in lane A. (B) Lysates
of mosquito midguts (50 per lysate) were prepared at various times
after blood feeding (“incubation time”) indicated on the x axis. The
lysates were treated as described in the boxed legend and in Materials
and Methods. Active TGF-B1 was quantified in the samples by using
the Quantikine ELISA.

we selected 12.5- and 24-h time points for these analyses. At
both 12.5 and 24 h postinfection, heme-normalized NO, levels
were elevated in midgut blood lysates from infected compared
to uninfected mosquitos (P = 0.049 and 0.069, respectively;
Fig. 1B). The mean percentage increase at 12.5 h was 59.5%
(95% confidence interval [CI] —0.8 to 119.8), and at 24 h it was
50.8% (95% CI —56.6 to 158.2). Sample variation was, there-
fore, quite high, but less than the sample variation reported for
human plasma (51, 58). Based on a mean midgut heme con-
centration of 12.7 = 0.4 mM (uninfected and infected midgut
lysates were not significantly different), total NO, levels in
uninfected midguts would be equivalent to ca. 51 uM at 12.5 h
and 110 uM at 24 h, whereas infected midgut levels would be
equivalent to ca. 75 uM at 12.5 h and 168 uM at 24 h. Values
in excess of 75 wM are consistent with inflammatory levels of
nitrite and/or nitrate reported in human serum under condi-
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tions of sepsis (51, 58) and, therefore, suggest that the NO-
mediated response of A. stephensi to Plasmodium infection is
indeed an inflammatory response. These data are also consis-
tent with our detection of elevated NADPH-dependent diaph-
orase activity in infected versus uninfected A. stephensi midguts
at 24 h and extend our observations demonstrating elevated
circulating nitrite or nitrate levels in infected 4. stephensi at 7
to 14 days postinfection (34). Further, when taken together
with data indicating that the host ICR mouse strain does not
synthesize inducible NO in response to parasite infection (40),
our data suggest that AsNOS induction beginning at 6 h drives
the synthesis of significantly elevated levels of NO, in the
midgut of P. berghei-infected A. stephensi within hours of in-
fection.

We hypothesized that, in addition to NO, mammalian
TGF-B1 may be present in the A. stephensi midgut. Specifically,
we predicted that A. stephensi ingests circulating mammalian
TGF-B1 during blood feeding and that this cytokine may be
active in the insect midgut environment. To determine the
concentration of active mammalian TGF-B1 in A. stephensi
midgut lysates and whether midgut lysate components could
activate added latent human TGF-B1 in vitro, midguts from
blood-fed mosquitoes at varied times postfeeding were as-
sessed for the presence of active mammalian TGF-B1 by using
Quantikine ELISA. Mosquito proteins do not cross-react with
the anti-TGF-B1 antisera used in the ELISA (Fig. 2A) and,
therefore, would not be expected to contribute to signal output
from these assays.

Midgut lysates prepared from mosquitoes 1 to 48 h after
blood feeding and treated ex vivo with PBS (control) appeared
to contain active TGF-B1 at levels that ranged from 100 to 530
pg/ml (Fig. 2B). Active TGF-B1 was almost undetectable at 7
days (Fig. 2B). In comparison, TGF-B1 is present at 3,000 to
5,000 pg/ml, with 100% in the latent form, in platelet-poor
plasma (26) from both healthy and P. berghei-infected host
ICR mice (data not shown). Accordingly, recombinant human
latent TGF-B1 was added to midgut lysates to a final concen-
tration of 5,000 pg/ml in order to determine whether latent
TGF-B1 could be activated in vitro by midgut lysates. Little
active TGF-B1 above that already present in the midgut lysates
was detected (Fig. 2B), suggesting that activating substances
had been depleted.

Nitric oxide can activate latent TGF-B1 (55) and is present
at high levels in the Anopheles midgut (Fig. 1B) (34). Accord-
ingly, we examined whether NO provided by a chemical donor
would enhance activation of latent TGF-B1 by midgut lysates.
To test this hypothesis, lysates were treated with SNAP as a
control or with SNAP and latent human TGF-B1. Based on our
experience with SNAP (61, 62), we expect that the effective
dose of NO delivered in 3 h was 100 uwM, within the range of
total NO, concentrations measured in the midgut lysates (see
above). The levels of active TGF-B1 in lysates treated with
SNAP only were similar to or lower than those in the lysates
treated only with PBS (Fig. 2B). These findings with SNAP
were consistent with earlier observations that NO does not
alter antiproliferative effects of active TGF-B1 on CCL-64 cells
(55) and, hence, the receptor-binding properties of active
TGF-B1.

Simultaneous treatment of A. stephensi midgut lysates with
both latent TGF-B1 and SNAP (Fig. 2B) led to the nearly
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FIG. 3. Activation of latent TGF-B1 by hemin. CCL-64 cells were
incubated with the indicated concentrations of latent TGF-B1 that was
untreated, treated with 10 wM hemin, or heated. Alternatively,
CCL-64 cells were incubated either with the indicated concentrations
of active TGF-B1 or with dilutions of the hemin stock solution identical
to those used to treat latent TGF-B1. Proliferation of CCL-64 cells was
assessed by uptake of [*H|thymidine. Values are the means *+ the SE
of three to seven separate experiments.

uniform presence of higher levels of active TGF-B1 than in
lysates treated with latent TGF-B1 alone; this effect was most
pronounced in the 1- to 12-h lysates. At the 7-day time point,
the presence of active TGF-B1 after treatment with latent
TGF-B1 and SNAP verified that substance(s) with the capacity
to activate latent TGF-B1 in the presence of NO were still
present in the lysate, despite the complete lack of digestate at
this time and the almost undetectable active TGF-B1 in the
PBS-treated lysate (Fig. 2B).

As a final control, lysates of A. stephensi midgut blood (pH
7.5 to 7.8 in vivo [8]) were transiently acidified with 1 mM HCI
(11, 56) in order to examine whether any residual latent
TGF-B1 was present in the lysates (Fig. 2B). Acidification,
however, did not result in any increase in detectable active
TGF-B1. Thus, all TGF-B1 present in A. stephensi midguts
within 1 h after blood feeding was active.

To verify that the capacity of the midgut lysates to activate
added latent TGF-B1 was not restricted by availability of the
growth factor, midgut lysates from a second cohort of blood-
fed A. stephensi were subjected to the same analyses except
that latent TGF-B1 was added to a final concentration of 1
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FIG. 4. Activation of latent TGF-B1 by nitroxyl anion. (A) CCL-64
cells were incubated with the indicated concentrations of latent
TGF-B1 that was treated with 10 wM Angeli’s salt (nitroxyl anion
chemical donor) or 100 wM peroxynitrite. Alternatively, CCL-64 cells
were incubated with dilutions of the Angeli’s salt stock solution iden-
tical to those used to treat latent TGF-B1. These assays were per-
formed simultaneously with those represented in Fig. 3. Hence, data
from active and latent TGF-B1 only controls are identical to those
represented in Fig. 3. (B) Recombinant active human TGF-1 (OJ) was
added to CCL-64 cells for 20 h. Alternatively, recombinant human
LAP was cither left untreated (#) or treated with 10 uM Angeli’s salt
(AS) (), or 10 pM hemin (m); incubated with active TGF-B1; and
subsequently added to CCL-64 cells for 20 h. %, P < 0.05 versus
incubation of active TGF-B1 with untreated LAP. The proliferation of
CCL-64 cells was assessed by measuring the uptake of [*H]thymidine.
Values are means = the SE of two to seven separate experiments.
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FIG. 5. Human TGF-B1 alters the morphology of A. stephensi
MSQ43 cells in vitro. (A) Typical morphology of MSQ43 cells treated
with diluent (4 mM HCI, 1 mgof BSA/ml) as a control for 20 or 60 min.
Note the predominance of rounded cells (arrow) compared to spread
cells with filopodia. (B) Typical morphology of MSQ43 cells treated
with 6 or 30 pg of human TGF-B1/ml in diluent for 20 or 60 min. Note
the predominance of spread cells with filopodia (arrowhead) com-
pared to rounded cells. (C) Lengths of spread MSQ43 cells and per-
centages of round cells were determined from enlarged photomicro-
graphs of treated and control cells from three trials. In trial 1, cells
were treated as shown for 20 min; cell lengths are means = the SE for
n = 10 cells. In trials 2 and 3, cells were treated as shown for 60 min.
Cell lengths for trial 2 are means * the SE for n = 10 cells, whereas
cell lengths for trial 3 means = the SE for n = 40 to 80 cells. Differ-
ences between mean cell lengths within a single trial were analyzed by
using the Student ¢ test; significant differences among treatments
within a trial are indicated by different lowercase letters. Differences
among percentages of round cells within a single trial were analyzed by
X% significant differences among treatments within a trial are indicated
by different lowercase letters.

pg/ml, a level 200 times that provided in the previous assays.
Results from this second set of assays showed similar levels of
active TGF-B1 (330 to 900 pg/ml) from 1 to 48 h after PBS
treatment (data not shown). In addition, we observed similar
trends of activation in the presence of added latent TGF-B1
and SNAP, at levels that ranged from three to five times that
observed in the presence of 5,000 pg of added latent TGF-
B1/ml under identical conditions. Because active TGF-B1 lev-
els were not 200-fold greater than the levels observed in pre-
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FIG. 6. A. stephensi cells recognize human TGF-B1 as an immuno-
modulatory cytokine in vitro. (A) At 48 h, human TGF-B1 at 8 pg/ml
significantly reduced [*H]thymidine incorporation into 4. stephensi ASE
cells compared to PBS-treated controls (P = 0.03). Data were analyzed by
using the Student ¢ test; values are means * the SE of three separate
experiments. (B) At 24 h, AsNOS expression in ASE cells was significantly
induced by human TGF-B1 at 6 pg/ml compared to PBS-treated controls
(*, P = 0.05). Induction levels of AsNOS expression were determined by
using quantitative RT-PCR as described previously (14). PBS and
TGF-B1 mean valuess within each time point were divided by the PBS
mean value to show relative AsNOS induction in TGF-B1-treated cells.
Data were analyzed by using the Student ¢ test; values are means * the SE
of nine separate experiments. (C) Pretreatment with human TGF-B1 at 6
pg/ml significantly enhanced AsNOS induction in response to heat-killed
E. coli (*, P = 0.05). ASE cells were pretreated with PBS or TGF-1 for
1 h prior to a 48-h exposure to heat-killed E. coli or M. luteus. ASNOS
expression was analyzed, and mean values are illustrated as described in
panel B. Data from five separate experiments were analyzed by using the
Student ¢ test.
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FIG. 7. Human TGF-B1 significantly alters P. falciparum develop-
ment in A. stephensi. Two cohorts of mosquitos were fed P. falciparum-
infected blood with PBS or TGF-B1 at 2, 200, or 2,000 pg/ml in PBS.
To determine the intensity of infection, parasite oocysts were counted
from 60 to 75 mosquitos per group; data from cohorts 1 and 2 were not
combined because mean infections were not equivalent. Data were
analyzed by using the Student ¢ test; values are means * the SE. For
cohorts 1 and 2, human TGF-B1 at 2 pg/ml reduced the number of P.
falciparum oocysts by 46 and 26%, respectively, compared to the con-
trols (P = 0.004 for cohort 1 and P = 0.03 for cohort 2). Similarly, 200
pg of TGF-B1/ml reduced oocyst numbers by 37 and 27%, respectively,
compared to controls (P = 0.02 for cohort 1 and P = 0.03 for cohort
2). In contrast, the highest concentration of human TGF-g1 (2,000
pg/ml) had no effect on oocyst numbers in either cohort compared to
the controls.

vious assays, we concluded that our results accurately reflected
the activation capacity of A. stephensi midgut lysates.

Activation of latent TGF-B1 in vitro by the prooxidants
heme and nitroxyl anion but not by peroxynitrite. The studies
described above showed that factor(s) present in the midgut of
A. stephensi can activate latent TGF-B1 in synergy with NO.
Heme, which can catalyze the synthesis of oxygen free radicals
(4), is released into the midgut and polymerized into hematin
during blood digestion. However, polymerization is not instan-
taneous, nor does it completely abolish radical chemistry (19).
Elevated NO levels can lead to the activation of latent TGF-B1
by nitrosation of the LAP portion of latent TGF-B1 (55),
whereas oxygen free radicals can activate cell-free latent
TGF-B1 directly (5). Subsequently, we hypothesized that, in
the redox-active Anopheles midgut, heme and NO may partic-
ipate in activating latent TGF-B1.

To test this hypothesis, as well as to examine the role of
reaction products of NO on the function of TGF-B1, we com-
pleted a series of in vitro assays. The mink lung epithelial cell
line CCL-64 is highly sensitive to growth suppression by
TGF-B1 (17). Latent human TGF-B1 at doses ranging from 6
to 2,000 pg/ml did not suppress the proliferation of CCL-64
cells, in contrast to the suppression of CCL-64 proliferation
upon treatment with the same concentrations of active
TGF-B1 (Fig. 3). When latent TGF-B1 was activated with heat,
the 50% inhibitory concentration for the suppression of pro-
liferation of CCL-64 cells was 0.4 = 0.1 ng/ml (n = 6) (Fig. 3).
The addition of 10 uM hemin to latent TGF-B1 for 30 min
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activated this cytokine (50% inhibitory concentration = 0.4 *
0.2 ng/ml [n = 5]) to levels comparable to that observed with
heat; hemin alone did not affect the proliferation of CCL-64
cells (Fig. 3).

In the redox-active mosquito midgut, the effects of endog-
enously produced NO may be enhanced through the formation
of redox products of NO, such as nitroxyl anion and peroxyni-
trite, two reactants commonly associated with the cellular syn-
thesis of NO (57). In the environment of the midgut, nitroxyl
anion and/or peroxynitrite could function to activate latent
TGF-B1 directly. To test this hypothesis, latent TGF-B1 was
treated with Angeli’s salt, a nitroxyl anion chemical donor, or
reagent peroxynitrite prior to analysis in CCL-64 cell prolifer-
ation assays. Our results demonstrated that, whereas Angeli’s
salt activated latent TGF-B1 directly, peroxynitrite did not
(Fig. 4A). Angeli’s salt alone, as a control, did not affect the
proliferation of CCL-64 cells (Fig. 4A).

We next sought to examine the mechanism by which hemin
activated latent TGF-B1. One possibility was that LAP, which
binds noncovalently to the active TGF-B1 dimer and maintains
TGF-B1 in the latent state, was modified by redox-active hemin
such that it could no longer bind to active TGF-B1, reminiscent
of inactivation of LAP through S nitrosation (55). Preincuba-
tion of LAP with 10 wM hemin significantly abrogated the
capacity of LAP to neutralize active TGF-B1 (P < 0.05 versus
incubation of active TGF-B1 with untreated LAP; Fig. 4B);
however, nitroxyl anion did not appear to cause such an effect
(Fig. 4B). The presence of an agent such as heme may disrupt
the interaction between LAP and active TGF-B1, permitting
the S nitrosation of LAP. At high levels of NO, such as those
present in the mosquito midgut (Fig. 1), S nitrosation of dis-
sociated LAP should occur readily and prevent rebinding to
and inactivation of TGF-B1 (55). Nitroxyl anion appears to
activate latent TGF-B1 by a mechanism distinct from that of
NO (55) or hemin (Fig. 3). These observations suggest that NO
in the presence of heme may lead to sustained activation of
latent TGF-B1 in the Anopheles midgut.

A. stephensi cells recognize human TGF-31 as an immuno-
modulatory cytokine in vitro. Based on our findings that mam-
malian TGF-B1 is activated and persists in the A. stephensi
midgut to extended times after blood feeding, we sought to
determine whether mammalian TGF-B1 could be recognized
by A. stephensi cells in vitro. Three assays based on cell mor-
phology, cell proliferation, and gene expression were used to
assess the responses of A. stephensi cells to active TGF-B1. In
the first assay, A. stephensi MSQ43 cells treated with human
TGF-B1 compared to control cells showed significantly en-
hanced spreading (Fig. SA and B), a behavior consistent with
actin-dependent immune responsiveness of immortalized mos-
quito cells (30) and other insect cells (29).

At doses of 6 or 30 pg of TGF-B1/ml, the mean spread cell
length was significantly increased (n = 3) compared to control,
diluent-treated cells (Fig. 5C). Significant decreases in the per-
centages of round MSQ43 cells were observed at 20 min at a
dose of 6 pg/ml of TGF-B1 (trial 1; Fig. 5C) or at 60 min at a
dose of 0.6 pg/ml (trial 3; Fig. 5C), indicating that 0.6 pg/ml was
sufficient to cause the observed changes. These effective doses
are similar to those reported for both vertebrate and inverte-
brate cells (38, 44, 60).

At a dose of 8 pg of human TGF-pg1/ml, [°*H]thymidine
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incorporation into A. stephensi cell DNA was reduced by nearly
25% compared to PBS-treated controls (P = 0.03; Fig. 6A). No
significant differences were observed between controls and
cells treated with 0.08 or 0.8 pg of human TGF-f1/ml (data not
shown). Although a 25% change may be modest, similar pat-
terns of [*H]thymidine incorporation have been observed after
TGF-B1 treatment of human cardiac fibroblasts (20% decrease
[1]) and rat costochondral chondrocytes (30% increase [47]).

Finally, we sought to determine whether human TGF-B81
could modulate AsNOS expression in a manner analogous to
its effect on iINOS expression. To address this question, we used
two assays. In the first assay, duplicate plates of ASE cells were
treated with PBS or with 6 pg of human TGF-B1/ml for 6, 24,
or 48 h. In the second assay, cells were pretreated for 1 h with
PBS or 6 pg of human TGF-B1/ml. After pretreatment, cells
were exposed for 48 h to 1,000 heat-killed M. luteus or E. coli,
immune stimuli (21) that induce AsNOS expression.

In the first assay, no significant effects of human TGF-81 on
AsNOS expression were observed at 6 and 48 h (Fig. 6B).
However, AsNOS expression was induced ~3.7-fold (P = 0.05)
in ASE cells at 24 h after exposure to human TGF-B1 (95% CI
= 0.13 to 7.67; Fig. 6B). Further, pretreatment of ASE cells
with human TGF-B1 increased AsNOS induction in the pres-
ence of immune stimuli, with a statistically significant effect
noted for E. coli (Fig. 6C). Taken together, our data indicate
that A. stephensi cells recognize human TGF-B1 as an immu-
nomodulatory cytokine and that, in contrast to iNOS (54),
AsNOS is induced by TGF-B1.

Human TGF-1 alters Plasmodium development in A4. ste-
phensi. We next examined whether human TGF-B1 could alter
Plasmodium development in vivo in the mosquito host. To
address this question, two cohorts of A. stephensi were allowed
to feed on an artificial meal containing P. falciparum-infected
erythrocytes, human serum, and additional washed uninfected
erythrocytes that was supplemented with equivalent volumes of
PBS or 2, 200, or 2,000 pg of human TGF-B1/ml. Native a,-
macroglobulin is the primary carrier of TGF-B1 in circulation
(16). However, TGF-B1 is likely to be complexed exclusively to
a conformationally altered form of a,-macroglobulin in stored
serum (A. Kurdowska, personal communication), such as that
used in our feeding assays. Consistent with the negative effects
of conformationally altered a,-macroglobulin on bioavailabil-
ity (28) and physiological function of TGF-B1 (59), latent
TGF-B1 in the artificial meal did not appear to be activated in
the A. stephensi midgut (results not shown). In contrast, re-
combinant active TGF-B1 added immediately prior to feeding
at doses that bracket the levels of active growth factor detected
in midgut lysates (Fig. 2B) would be freely available to exert a
distinguishable biological effect. At 7 days postfeeding, mos-
quitos from each treatment were dissected to count the mature
oocysts as an indicator of intensity of parasite infection.

Our results clearly demonstrated that active human TGF-g1
alters Plasmodium development in A. stephensi (Fig. 7). A dose
of 2 pg of TGF-B1/ml reduced the number of P. falciparum
oocysts by 46 and 26%, respectively, compared to the controls
(P = 0.004 for cohort 1 and P = 0.03 for cohort 2). Similarly,
200 pg of TGF-B1/ml reduced oocyst numbers by 37 and 27%,
respectively, compared to controls (P = 0.02 for cohort 1 and
P = 0.03 for cohort 2). In contrast, the highest concentration of
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TGF-B1 (2,000 pg/ml) had no effect on the oocyst numbers in
either cohort compared to the controls.

DISCUSSION

Although the impacts of TGF-B1 on the host immune re-
sponse to parasite infection have not yet been fully elucidated,
this cytokine is crucial for maintaining an immunological bal-
ance between parasite clearance and inflammation (43). This is
the first study, however, to document the transfer of TGF-1
from a mammalian host to an invertebrate, with consequent
biological effects. Our data demonstrate that (i) mammalian
TGF-B1 ingested by A. stephensi is activated in the midgut and
persists during the 48 h process of blood digestion, (ii) the
blood-filled A. stephensi midgut possesses factor(s) that can
activate latent mammalian TGF-B1 in synergy with NO, (iii)
products associated with blood digestion and NO synthesis that
are either known or presumed present in the redox-active
mosquito midgut can activate latent TGF-B1 in vitro, (iv) 4.
stephensi cells recognize mammalian TGF-B1 in vitro as an
immunomodulatory cytokine, and (v) human TGF-B1 can alter
development of P. falciparum in A. stephensi.

Thus, we have demonstrated that ingested mammalian
blood is not only a source of nutrients for mosquito reproduc-
tion but also a source of cell signaling factors that can com-
municate with immunocompetent cells of the insect host. Fur-
ther, these observations establish that a cytokine of critical
importance to Plasmodium development in the vertebrate host
can also influence parasite development in the mosquito host.
Based on cross talk among TGF-B/activin and BMP ligands
and Smad signaling pathways of Drosophila and human cells,
we propose that mammalian TGF-B1 signals Anopheles cells
through a conserved, endogenous TGF-B/activin pathway.

Intriguingly, our data indicate that murine TGF-B1, which
circulates exclusively in the latent form, is activated in the
mosquito midgut within 1 h of feeding (Fig. 2B). If we assume
a concentration of 3,000 to 5,000 pg of latent TGF-B1/ml in
ingested blood, at least 10% is activated in the midgut in this
time period. What factors could contribute to this rapid and
significant activation? Our in vitro data indicate that both
heme (hemin) and nitroxyl anion are possible candidates (Fig.
3 and 4). Within 20 min of feeding, erythrocyte hemolysis frees
1 to 10% of the total ingested hemoglobin in the midgut lumen
(12). Activation of at least one Anopheles trypsin occurs im-
mediately after fluid ingestion (39) and contributes to a peak of
proteolytic activity at 24 h that decreases the protein content
by 80% at 36 h (7). The globins are dissociated from heme and
digested, whereas the heme groups are polymerized to insol-
uble hematin under oxygenated, slightly alkaline conditions
(6). Digestion, therefore, could liberate heme from hemoglo-
bin soon after feeding in sufficient quantities to activate latent
TGF-B1. Activation could be potentiated by redox products of
NO: induction of AsNOS expression at 6 h postfeeding (Fig.
1A) appears to yield enhanced levels of NO by as early as
12.5 h postfeeding in the midguts of Plasmodium-infected A.
stephensi (Fig. 1B). Although we do not yet know the stimulus
for early AsNOS induction, which occurs when parasites are
active in the blood bolus, later induction of AsNOS likely
occurs in response to parasite invasion of the midgut epithe-
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lium (34). This, in turn, could serve to maintain or augment
levels of redox products of NO in the A. stephensi midgut.

Levels of active TGF-B1 decline with time in the A. stephensi
midgut (Fig. 2B), presumably due in part to the physical pro-
cess of blood digestion. We argue, however, that active
TGF-B1 is present in sufficient quantities throughout digestion
to impact the physiology of A. stephensi. Further, we propose
that the physiological effects of active TGF-B1 persist through
48 h after feeding, a critical period of Plasmodium develop-
ment that spans fertilization, ookinete development, and mid-
gut invasion.

Based on our observations with cultured cells, we hypothe-
size that the effects of mammalian TGF-B1 on Plasmodium
development occur, in part, through induction of ASNOS ex-
pression in the A. stephensi midgut. Although this hypothesis
remains to be tested, we propose that the induction of ASNOS
expression in A. stephensi cells by human TGF-B1 is analogous
to induction of iNOS by TGF-B1 in mammalian “sentinel”
immune cells, including fibroblasts, chondrocytes, and immu-
nocompetent retinal epithelial cells (9, 23, 25). These cell types
are commonly implicated as first-line defenders of host integ-
rity against infection (31, 50), functioning as critical compo-
nents of the mammalian innate immune system. By compari-
son, insect immunity is based solely on cellular and humoral
defenses that are innate (53), with tissue barriers such as the
midgut serving an important role in defense against ingested
and invading microorganisms. Hence, it is not unexpected to
find that immortalized Anopheles cells, which possess gene
expression patterns similar to circulating hemocytes of the
insect cellular immune system (18), exhibit changes in prolif-
eration and gene expression after TGF-B1 treatment that are
reminiscent of those exhibited by mammalian innate immune
cells.

Our data clearly demonstrate that mammalian TGF-B1 al-
ters the development of P. falciparum in A. stephensi, a natural
and important vector of this parasite in India and parts of the
Middle East. Although the magnitude of the effect of TGF-B1
appears to be dependent on parasite infection intensity, which
can vary significantly from cohort to cohort, the qualitative
effects on Plasmodium development are nonetheless consis-
tent. The phenomenon of inhibition of parasite growth at
lower TGF-B1 doses and the lack of inhibition at the highest
dose of TGF-B1 is reminiscent of the pro- and anti-inflamma-
tory roles of TGF-B1 in balancing parasite infection and in-
flammation in the mammalian host. We propose that other
mammalian cytokines important to Plasmodium infection, in-
cluding interleukin-1, tumor necrosis factor alpha, and alpha
and gamma interferon (46), may function in this capacity as
well. Experiments to confirm that AsNOS is induced in vivo in
response to low doses of TGF-B1 and repressed at high doses
of TGF-B1, as well as examining the roles of these other
cytokines, are currently under way.

The impact of mammalian immunity on parasite transmis-
sion by Anopheles has potentially significant practical implica-
tions for malaria control. A current global effort is directed
toward the development and release of transgenic Anopheles
that are resistant to parasite infection (27). Expression of
transgenes and activity of transgene products targeted to the
Anopheles midgut may be influenced by mammalian factors
that remain active in the midgut environment after ingestion.
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There exists a panoply of growth factors, cytokines, and other
signaling factors whose plasma concentrations are influenced
by nutritional and diseased states of the mammalian host.
Accordingly, prudent experimental designs would include as-
sessments of parasite development in transgenic Anopheles
after exposure to a variety of hosts, maintained under the
variety of physiological conditions and stresses typical of re-
gions where this type of infection is endemic.
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