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Melioidosis, caused by the Gram-negative bacterium Burkholderia pseudomallei, is an important cause of community-acquired sepsis
in Southeast Asia and northern Australia. An important controller of the immune system is the pleiotropic cytokine transforming
growth factor 3 (TGF-f), of which Smad2 and Smad3 are the major signal transducers. In this study, we aimed to characterize TGF-f3
expression and function in experimental melioidosis. TGF-f3 expression was determined in 33 patients with culture-proven infection
with B. pseudomallei and 30 healthy controls. We found that plasma TGF-f concentrations were strongly elevated during melioidosis.
In line with this finding, TGF- expression in C57BL/6 mice intranasally inoculated with B. pseudomallei was enhanced as well. To
assess the role of TGF-f3, we inhibited TGF-f3 using a selective murine TGF-f antibody. Treatment of mice with anti-TGF-f3 antibody
resulted in decreased lung Smad2 phosphorylation. TGF- 3 blockade appeared to be protective: mice treated with anti-TGF- 3 antibody
and subsequently infected with B. pseudomallei showed diminished bacterial loads. Moreover, less distant organ injury was observed
in anti-TGF-f3 treated mice as shown by reduced blood urea nitrogen (BUN) and aspartate transaminase (AST) values. However, anti-
TGEF-p treatment did not have an effect on survival. In conclusion, TGF- 3 is upregulated during B. pseudomallei infection and plays a
limited but proinflammatory role during experimental melioidosis.

The pleiotropic cytokine transforming growth factor 8 (TGF-B) is
regarded as a key regulator of the immune response (30). TGF-f3
is produced by many different body cells, including every leukocyte
lineage, of both the innate and adaptive immune systems. Its expres-
sion serves in both autocrine and paracrine modes to control the
differentiation, proliferation, and state of activation of these immune
cells (7). TGF-B1, -2, and -B3 are the three isoforms that have been
identified in mammals, of which TGF-1 is predominantly expressed
(1,2). TGF-B s recognized by the transmembranous TGF- B receptor
complex, after which phosphorylation of Smad2 and Smad3 will re-
sult in the formation of hetero-oligomeric complexes with Smad4.
This complex then translocates to the nucleus and regulates tran-
scriptional responses together with DNA binding cofactors (1, 2).
TGF-B has multiple immunosuppressive properties, as evidenced by
the observation that TGF-3 knockout (KO) mice develop multior-
gan autoimmune inflammatory disease and die shortly after birth (6,
14). In addition, it is known that gamma interferon (IFN-v) signaling
pathways are dysregulated in the absence of TGF-f3 (13). Of interest,
macrophages become important producers of TGF- upon activa-
tion by phagocytosis of apoptotic cells which could constitute a
mechanism involving the anti-inflammatory effect of apoptotic cells
(9). Recent studies have intriguingly revealed additional potential
proinflammatory roles of TGF- in the inflammatory response. In-
terestingly, TGF- can induce interleukin-17 (IL-17) producing pro-
inflammatory Th17 cells in the presence of IL-6 (17, 30) and func-
tions as a chemoattractant for monocytes and granulocytes (9, 10).
It has been known for many years that TGF-f3 levels are ele-
vated in patients with sepsis (11). However, the function of in-
creased TGF- 3 expression in the host response against invading
bacteria during sepsis remains unknown. Recent evidence sug-
gests that TGF-f3 is vital in the regulation of the balance between
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the initial Toll-like receptor (TLR)-induced protective response
and the dysregulated immune response that sometimes follows in
sepsis (12). Melioidosis, caused by the Gram-negative bacillus
Burkholderia pseudomallei, is an important cause of community-
acquired sepsis in Southeast Asia and northern Australia and re-
garded as a good model to study Gram-negative sepsis given both
the homogeneity and severity of its clinical picture (1, 15, 22).
More than half of the cases of melioidosis present with pneu-
monia, frequently associated with bacterial dissemination to
distant sites (1, 2, 22). A recent gene expression study found
that the TGF-B/Smad pathway is highly differentially regulated
in melioidosis, ranking above even the IL-1, TLR, and Nod-like
receptor (NLR) pathways (5) (G. C. K. W. Koh, personal com-
munication). It has been recognized that severe melioidosis
probably can be seen as the clinical manifestation of a TLR-
mediated dysregulation of the immune response to invading B.
pseudomallei (20, 24, 25, 27).

In the present study, we aimed to characterize the expression and
function of TGF-B in melioidosis. To do so, we analyzed TGF-f3
expression patterns in patients with melioidosis and in a mouse
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FIG 1 TGEF-p levels are elevated in melioidosis patients. (A) On admission, TGE-f3 levels in plasma of patients with culture-proven melioidosis (1n = 33) were
elevated compared to healthy controls (n = 30). (B) Plasma levels of TGF- decreased in melioidosis patients 2 weeks after successful antibiotic treatment (n =

6).*, P <0.05.

model of B. pseudomallei infection. TGF- function was investigated
in experimental murine melioidosis using anti-TGF- antibodies.

MATERIALS AND METHODS

Ethics statement. The patient study was approved by both the Ministry of
Public Health, Royal Government of Thailand, and the Oxford Tropical Re-
search Ethics Committee, University of Oxford, England. We obtained writ-
ten informed consent from all subjects before the study. The Animal Care and
Use Committee of the University of Amsterdam approved all mouse experi-
ments.

Patients. We included 33 individuals with sepsis caused by B. pseudomal-
lei and 30 healthy controls in this study. Individuals were recruited prospec-
tively at Sapprasithiprasong Hospital, Ubon Ratchathani, Thailand, in 2004.
Sepsis due to melioidosis was defined as culture positivity for B. pseudomallei
from any clinical sample plus a systemic inflammatory response syndrome
(SIRS) (8). Study design and subjects have been described in detail (24).

Murine melioidosis. Male C57BL/6 mice (age 8 to 10 weeks) were
purchased from Harlan Sprague Dawley Inc. (Horst, The Netherlands).
Age-matched animals were used in each experiment. For the inoculum, B.
pseudomallei strain 1026b was used and prepared as described previously
(23,26). Pneumonia was induced by intranasal inoculation of 3.0 X 10® or
7.5 X 10% CFU (CFU/50 ul). Seventy-two hours after infection, mice were
anesthetized and sacrificed by bleeding from the vena cava inferior (24).
Organs were harvested and homogenized, after which CFU were deter-
mined from serial dilutions of homogenates as described previously (24).
In depletion experiments, mice were injected intraperitoneally with 200
g of a monoclonal anti-TGF-B (1D11, anti-TGF-1, -2, and -33; Bio-
ceros) or an isotype-matched control IgG antibody (anti-B-galactosidase,
G113; Bioceros) 2 h before and 48 h after bacterial inoculation (16, 19).

Assays. For cytokine measurements, lung and spleen homogenates were
diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM
MgCl,, 2 mM CaCl,, 1% Triton X-100, and AEBSF (4-(2-aminoethyl-
benzenesulfonyl fluoride), EDTA-Na,, pepstatin, and leupeptin (all 8 wg/ml;
pH 7.4) and incubated at 4°C for 30 min. Homogenates were centrifuged at
1,500 X g at 4°C for 15 min, and supernatants were stored at —20°C until
assays were performed. Human and murine TGF- was measured by en-
zyme-linked immunosorbent assay (ELISA) according to the instructions of
the manufacturer (both R&D systems, Minneapolis, MN). IL-13, IL-6, IL-17,
keratinocyte chemoattractant (KC), monocyte chemoattractant protein 1
(MCP-1) and tumor necrosis factor alpha (TNF-a) were determined by
ELISA (BD Biosciences, San Jose, CA). For Western blot analysis, lung ho-
mogenates were prepared as described above, with addition of 1 mM sodium
orthovanadate (Sigma-Aldrich, St. Louis, MO). Samples were separated by
SDS-PAGE and transferred onto activated polyvinylidene difluoride (PVDF)
membranes (Millipore, Etten Leur, The Netherlands). Membranes were
blocked with either 5% (wt/vol) nonfat dry milk in Tris-buffered saline con-
taining 0.1% Tween (TBS-T) (actin) or 5% bovine serum albumin (Sigma) in
TBS-T (Smad2/3, phospho-Smad2/3). Blots were probed with primary anti-
body (1:1,000; BD Transduction Laboratories for Smad2/3; Santa Cruz Bio-
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technology, Santa Cruz, CA, for phospho-Smad2/3 and actin), followed by
incubation with a horseradish peroxidase (HRP)-conjugated secondary anti-
body. HRP activity was visualized with ECL reagent (Amersham Pharmacia
Biotech, Roosendaal, The Netherlands) using a Lumi-Imager (Roche Diag-
nostics, Almere, The Netherlands). Aspartate transaminase (AST), alanine
aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine were
determined with commercially available kits (Sigma) using a Hitachi analyzer
(Boehringer Mannheim, Mannheim, Germany).

Statistical analysis. Values are expressed as means * standard error of
the mean (SEM). Differences between groups were analyzed by Mann-
Whitney U test. Wilcoxon matched pairs test was used for analysis of
continuous variables. For survival analysis, Kaplan-Meier analysis fol-
lowed by log rank test was performed. These analyses were performed
using GraphPad Prism version 5.01, GraphPad Software (San Diego, CA).
Values of P of <0.05 were considered statistically significant.

RESULTS

Increased TGF-f3 expression in patients with severe melioido-
sis. To obtain insight into TGF-B expression during melioidosis,
we first quantified TGF-f levels in plasma from 33 patients with
culture-proven B. pseudomallei infection and 30 local healthy con-
trols. TGF- B expression was significantly elevated in patients with
melioidosis (5,223 pg/ml * 909.2) compared to controls (3,144
pg/ml * 433.8; P < 0.05) (Fig. 1). In five patients from whom
blood could be obtained after recovery (14 days after admission),
TGF-p levels showed complete normalization (Fig. 1). The mor-
tality rate in this cohort of patients was 44%. It has been previously
reported that TGF- 3 levels at admission are associated with poor
outcome in patients with pneumonia-induced sepsis (29). How-
ever, in our cohort of septic patients, elevation of plasma TGF-
level was not associated with an adverse outcome: on admission,
patients who went on to die did not have higher TGF-f concen-
trations than those who survived (data not shown).

Elevated TGF-f levels in lung tissue during experimental
pneumonia-derived melioidosis. A large number of patients with
melioidosis present with pneumonia with bacterial dissemination to
distant organs (3, 10, 22). Considering that it is not feasible to study
TGF- expression at tissue level in patients, we made use of our well-
established murine model of experimental melioidosis in which mice
are intranasally infected with a lethal dose of B. pseudomallei (24, 26,
28). At 72 h postinfection, TGF-f concentrations measured in the
pulmonary compartment were significantly elevated compared to
baseline (P < 0.001) (Fig. 2), which is in full agreement with the
observed increase in TGE-f3 level in patients.

Anti-TGF-f3 treatment results in decreased lung Smad2
phosphorylation and a diminished inflammatory response. To

Infection and Immunity


http://iai.asm.org

4000+
_ 3000- el
2
o 2000+
('
e
1000+
04
24 hrs 48 hrs 72 hrs

FIG 2 Increased expression of TGF- B in lung tissue of wild-type mice infected
with B. pseudomallei. Elevated pulmonary TGE- 3 levels were observed in mice
(n = 8) 72 h after intranasal infection with 7.5 X 10> CFU of B. pseudomallei
compared to 24 h after infection. ***, P < 0.001.

acquire further understanding of the function of TGF-8 during
melioidosis, we treated wild-type mice inoculated with 7.5 X 10°
CFU of B. pseudomallei with a neutralizing anti-TGF- 3 antibody
or control IgG antibody. We first evaluated whether the anti-
TGF-B antibody was successful in inhibiting Smad signaling,
which is the major pathway activated by TGF-B. Therefore, we
measured total and phosphorylated Smad2 and Smad3 expression
using Western blot analysis and found that mice treated with anti-
TGEF- B showed decreased Smad2 phosphorylation. These data in-
dicate inhibition of the Smad pathway (Fig. 3). To determine the
effect of the inhibition of TGF-B and Smad2/3 signaling on in-
flammation, we first measured cytokine levels in whole lung and
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FIG 3 Decreased expression of phosphorylated Smad2 in mice receiving anti-
TGEF- treatment. TGF- signaling was evaluated by quantifying the total levels of
Smad2 and Smad3 and their phosphorylation in lung tissue by Western blot 48 h
after intranasal infection with B. pseudomallei. The left 4 lanes show the expression
of Smad2 (A) and Smad3 (B) in lung tissue of control mice and the right 4 lanes of
mice that received anti-TGF- treatment (2 X 200 ug TGF antibody). The bar
graph shows the ratio of expressed phosphorylated Smad/total Smad corrected for
actin loading levels. (C) A significant decrease in p-Smad2 is demonstrated in mice
that were treated with anti-TGF-f3 antibody. *, P < 0.05.
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TABLE 1 Cytokine profile during experimental melioidosis in mice
treated with control antibody or anti-TGF- 3"

Cytokine level (pg/ml)
Cytokine/organ Control antibody Anti-TGF-8
Lungs
IL-1B 12,416 *= 1,626 9,036 * 1,540
IL-6 14,954 * 5,050 5,037 £ 2,066
IL-17 192.9 = 14.92 183 = 17.86
KC 18,777 % 3,996 10,524 = 2,741
MCP-1 22,490 * 3,105* 13,095 £ 3,049
TNF-« 4,859 * 671 3,392 *+ 628.5
Spleen
IL-1B8 710 = 176.6 827 = 79.42
IL-6 920.2 * 453.8 111.4 = 47.73
IL-17 62.59 *4.21 84.58 = 16.4
KC 7,300 * 1,840 3,061 £ 514.5
MCP-1 3,502 * 1,824 831.8 = 434.9
TNF-a 239.7 £ 134.5 180.7 = 92.83

“ Mice (n = 8/group) were inoculated with 7.5 X 10> CFU of B. pseudomallei
intranasally and treated with anti-TGF-B antibody or control IgG antibody. After 72 h,
mice were sacrificed, lungs and spleens were removed and homogenized, and cytokines
were measured. Data are expressed as mean = SEM. *, P < 0.05.

spleen homogenates harvested from both the anti-TGF- 3-treated
and control mice at 72 h postinfection, with a lethal dose of B.
pseudomallei. Despite decreased MCP-1 levels in lung homoge-
nates of anti-TGF-3-treated mice, we could not demonstrate sig-
nificantly lower levels of IL-13, IL-6, and TNF-« in both the lungs
and spleens of these mice (Table 1). No difference in IL-17, a
TGE- B driven cytokine, was found in both organs. In addition, we
evaluated the effect of TGF-B suppression on organ damage as
reflected in kidney and liver function tests. A marked decrease in
AST (88.0 U/liter = 65.8 versus 414.3 U/liter = 369.2) and BUN
(5.7 = 3.2 versus 18.4 * 14.8) levels was seen in mice treated with
anti-TGF- B, demonstrating less organ damage in this group (P <
0.05) (Fig. 4).

TGF-f facilitates bacterial growth. To determine whether
TGF-B impacts on bacterial growth during melioidosis, we deter-
mined bacterial loads in lung homogenate (the primary site of infec-
tion), blood, and spleen (to evaluate dissemination of the bacterium
to distant sites) from B. pseudomallei-infected mice treated with anti-
TGF- or control antibody. Five out of seven blood cultures were
positive in the control group compared to 1 out of 7 in the
anti-TGF-B-treated group (data not shown). In addition, bac-
terial growth was significantly decreased in the lungs and
spleens of mice that were administered anti-TGF-f antibody,
showing a protective effect of TGF-f inhibition (P < 0.05)
(Fig. 5).

No beneficial effect on survival of anti-TGF-f treatment. The
experiments above demonstrated a protective effect of anti-
TGF- treatment on inflammation and bacterial growth during
experimental melioidosis. Given that TGF-f is upregulated in pa-
tients with severe melioidosis and that anti-TGF- 3 treatment has
anti-inflammatory effects and leads to less bacterial growth in the
lungs and spleen, we next assessed the effect of TGF- inhibition
on survival in experimental melioidosis. Mice received anti-
TGF- antibody or control 1gG antibody 2 h prior and 48 h after
infection with low-dose (3.0 X 10* CFU) or high-dose (7.5 X 10*
CFU) B. pseudomallei and were followed until death. No differ-
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FIG 4 Less organ damage in mice receiving anti-TGF- 8 treatment. Levels of (A) BUN, (B) creatinine, (C) AST, and (D) ALT were measured in B. pseudomallei-
infected mice (n = 8/group) that were treated with anti-TGF- antibody and their controls at 72 h as parameters for organ damage. Expression of AST and BUN
were decreased, demonstrating less organ damage. *, P < 0.05. Data shown from single independent experiments.

ences in time to death were observed between all groups, demon-
strating no effect on survival of anti-TGF-@ treatment despite its
observed protective effect on inflammation during both low-dose
and high-dose infection (shown for 7.5 X 10> CFU B. pseudomallei
in Fig. 6).

DISCUSSION

In the present study, we aimed to characterize the expression and
function of the pleiotropic cytokine TGF- 3 in melioidosis, linking
observational studies in patients with culture-proven disease with
functional studies in mice. Our study demonstrates that patients
with severe melioidosis have strongly increased TGF-f levels in
plasma. In line, TGF-3 expression increased over time in mice
intranasally inoculated with B. pseudomallei. To assess the func-
tion of TGF-B during melioidosis, we used a depleting TGF-$
antibody, which successfully inhibited the major TGF- signaling
Smad pathway. In mice treated with this anti-TGF-f antibody,
diminished bacterial outgrowth was seen and less distant organ
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FIG 5 Anti-TGF-f treatment results in diminished bacterial growth during ex-
perimental melioidosis. Mice (n = 8/group) were treated with anti-TGF- anti-
body or control IgG antibody and inoculated with 7.5 X 10> CFU of B. pseudomal-
lei intranasally. Bacterial numbers were quantified 72 h postinfection. Less growth
was seen in the lungs (A) and spleens (B) of mice treated with anti-TGF-p anti-
body. *, P < 0.05. Data shown from single independent experiments.
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damage. However, the observed protective effects of anti-TGF-f
treatment did not translate into an improved survival in our
model of experimental melioidosis.

To our knowledge, this is the first report on the role of TGF-f3
in melioidosis. Earlier studies on TGF- 3 expression during severe
bacterial infection are conflicting: in patients with sepsis, both up-
and downregulation of TGF- B have been described (11,21, 29). In
patients with Chagas’ disease, caused by the parasite Trypanosoma
cruzi, elevated levels of TGF- B are seen (18). Of note, high levels of
circulating TGF-B during sepsis caused by community-acquired
pneumonia have been shown to correlate with higher APACHE II
scores and mortality (29). Our study demonstrates that severe
melioidosis is characterized by high levels of TGF-B as well, al-
though we could not demonstrate a relation between TGF- levels
and mortality in our cohort of patients.

In our study TGF- inhibition led to less bacterial growth and
decreased organ damage. The mechanism in which TGF-f inhi-

100+
804 - + control mAB
<
= 604 Ifl- <F+ + TGF-B mAb
[ |
2 |
2 404 H
5
7] |
204
------- 1
c LJ L L] ::l
0 48 96 144 192

time (hr)

FIG 6 No influence on survival of anti-TGF-f treatment during murine melioid-
osis. Mice (n = 12/group) received either 2X 200 ug control antibody (black
squares) or 2X 200 ug anti-TGF-B antibody (white squares) and were infected
with 7.5 X 10 CFU, a lethal dose, of B. pseudomallei intranasally, after which they
were followed until death. Mortality was assessed every 4 h. No difference in sur-
vival was seen.
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bition exerts its protective effects during melioidosis remains to be
clarified. TGF-B has been shown in previous studies to control
both the innate and adaptive immune system by its anti-inflam-
matory properties (4). Yet, TGF-f can also induce differentiation
of T helper cells into proinflammatory IL-17, producing T lym-
phocytes (Th17 cells) (17, 30). Surprisingly, decreased IL-17 levels
have been found in diabetic melioidosis patients. To assess
whether the protective effect of anti-TGF-f3 treatment was caused
by inhibition of Th17 cells, we measured IL-17 levels in the lungs,
spleen, and plasma by ELISA. However, there was no difference in
IL-17 production in mice treated with the anti-TGF-S antibody
and their controls (Table 1).

The function of TGF- in immune responses depends heavily on
its surroundings, for example, on circulating cytokines and chemo-
kines and differentiation state of target cells. Although TGF- 3 might
be upregulated in the event of invading pathogens, this does not
always seem to contribute to efficient bacterial clearance. It has
been described that TGF-f3 expression is upregulated and ex-
ploited by some pathogens, such as T. cruzi and Francisella tular-
ensis, to facilitate entry, replication, and persistence in the host. In
these instances, elevated TGF-f3 expression might suppress the
killing activity of macrophages, thereby enhancing the intracellu-
lar proliferation of the microorganisms and facilitating virulence
(9). The facultative intracellular bacterium B. pseudomallei might
use a similar mechanism to remain virulent after host invasion in
order to try to escape from the immune response.

Our study has several limitations. We used a selective TGF-f3 an-
tibody instead of TGF-3 KO mice, resulting in incomplete suppres-
sion of TGF-p activity. As mentioned above, TGF-B KO mice die
shortly after birth due to major inflammatory disease. We made use
of TGF-3 blocking antibodies; however, it should be noted that, cur-
rently, no valid bioactivity assay exists to measure TGF-f3 activity.
Nevertheless, the selective anti-TGF- 3 antibody was successful in in-
hibiting the Smad pathway largely. It has to be noted, however, that
TGF-P can activate Smad-independent pathways as well (30).

In conclusion, TGF-B levels are strongly increased during
severe melioidosis. Inhibition of TGF-B with a selective TGF-f
antibody has a protective effect: inflammation was reduced,
and less bacterial growth and distant organ damage were seen.
However, this protective effect did not improve survival. Al-
though it is clear that TGF- 3 is involved in the pathogenesis of
melioidosis, its role in host defense against B. pseudomallei
seems to be limited.
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