
Pentoxifylline Alone or in Combination with Gentamicin or
Vancomycin Inhibits Live Microbe-Induced Proinflammatory
Cytokine Production in Human Cord Blood and Cord Blood
Monocytes In Vitro

Esther M. Speer,a Elizabeth Diago-Navarro,b Lukasz S. Ozog,a David J. Dowling,c,d Wei Hou,e Mahnoor Raheel,a

Bettina C. Fries,b Ofer Levyc,d,f

aDepartment of Pediatrics, Stony Brook University School of Medicine, Stony Brook, New York, USA
bDivision of Infectious Diseases, Department of Medicine, Stony Brook University School of Medicine, Stony
Brook, New York, USA

cPrecision Vaccine Program, Division of Infectious Diseases, Boston Children’s Hospital, Boston, Massachusetts,
USA

dHarvard Medical School, Boston, Massachusetts, USA
eFamily, Population, and Preventive Medicine Department, Stony Brook University School of Medicine, Stony
Brook, New York, USA

fBroad Institute of MIT and Harvard, Cambridge, Massachusetts, USA

ABSTRACT Neonatal sepsis and its accompanying inflammatory response contrib-
ute to substantial morbidity and mortality. Pentoxifylline (PTX), a phosphodiesterase
inhibitor which suppresses transcription and production of proinflammatory cyto-
kines, is a candidate adjunctive therapy for newborn sepsis. We hypothesized that
PTX decreases live microbe-induced inflammatory cytokine production in newborn
blood. Cord blood was stimulated with live microorganisms commonly encountered
in newborn sepsis (Escherichia coli, Staphylococcus aureus, Staphylococcus epidermidis,
or Candida albicans) and simultaneously treated with antimicrobial agents (gentami-
cin, vancomycin, or amphotericin B) and/or clinically relevant concentrations of PTX.
Microbial colony counts were enumerated by plating, supernatant cytokines were
measured by multiplex assay, intracellular cytokines and signaling molecules were
measured by flow cytometry, and mRNA levels were measured by quantitative re-
verse transcription-PCR. PTX inhibited concentration-dependent E. coli-, S. aureus-, S.
epidermidis-, and C. albicans-induced tumor necrosis factor (TNF) and E. coli-induced
interleukin-1� (IL-1�) production in whole blood, with greater suppression of
proinflammatory cytokines in combination with antimicrobial agents. Likewise,
PTX suppressed E. coli-induced monocytic TNF and IL-1�, whereby combined PTX
and gentamicin led to significantly greater reduction of TNF and IL-1�. The anti-
inflammatory effect of PTX on microbe-induced proinflammatory cytokine pro-
duction was accompanied by inhibition of TNF mRNA expression and was
achieved without suppressing the production of the anti-inflammatory IL-10. Of
note, microbial colony counts in newborn blood were not increased by PTX. Our
findings demonstrated that PTX inhibited microbe-induced proinflammatory cy-
tokine production, especially when combined with antimicrobial agents, without
enhancing microbial proliferation in human cord blood in vitro, thus supporting
its utility as candidate adjunctive agent for newborn sepsis.
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An estimated 1 million newborns die annually worldwide during the first 4 weeks of
life due to severe infections such as sepsis and pneumonia (1), with a particularly

high risk among preterm newborns, who represent �11% of all live births globally (1,
2). The neonatal inflammatory response to intrauterine or postnatal infections is
mediated in part via pattern recognition receptors (PRRs) (3, 4). While important to host
defense, this inflammatory response is associated with increased mortality and mor-
bidity, as manifested by the acute systemic inflammatory response syndrome charac-
teristic for severe sepsis and end-organ damage, including perinatal brain injury (5–7).
Hence, appropriately formulated and timed anti-inflammatory agents, when given
together with antimicrobial agents, may be of benefit as adjunctive newborn sepsis
therapy. However, corticosteroids are associated with significant side effects and are
generally not recommended for neonatal sepsis (8). Indeed, effective alternative anti-
inflammatory therapies suitable for neonates are lacking to date.

The phosphodiesterase inhibitor pentoxifylline (PTX), which increases intracellular
cyclic AMP (cAMP) and decreases transcription of proinflammatory mediators, including
tumor necrosis factor (TNF) (9, 10), is a candidate neonatal anti-inflammatory agent. PTX
is currently under study as an adjunctive therapy for newborn sepsis and necrotizing
enterocolitis (11, 12). PTX decreased Toll-like receptor (TLR)-mediated proinflammatory
cytokine production with higher efficacy and potency in newborn cord blood com-
pared to adult blood (13). Furthermore, PTX combined with dexamethasone or azithro-
mycin synergistically inhibited TLR- and inflammasome-mediated proinflammatory
cytokine production in human newborn and adult blood in vitro, thus potentially
limiting drug exposure and toxicity (14).

Although the effects of PTX in reducing inflammatory responses to pure PRR
agonists are promising, thus far little is known regarding the anti-inflammatory effects
of PTX on activation of whole human neonatal blood and blood-derived leukocytes by
live bacterial pathogens. Indeed, the effects of isolated pattern recognition receptor
agonists are not reflective of the stimulation of the innate immune system by live patho-
gens. The innate immune system detects viability-associated pathogen-associated molec-
ular patterns such as bacterial mRNA resulting in greater inflammatory responses
(15–17). Particle size can also affect innate immune responses (18), and PRRs such as
TLR8 can recognize live bacteria, eliciting a unique and more robust innate and
adaptive immune response (19). Candidate adjunct anti-inflammatory agents intended
to suppress sepsis-induced acute systemic inflammatory responses should be evaluated
for their ability to inhibit proinflammatory immune responses induced by relevant live
microorganisms. On the other hand, pharmacological suppression of innate inflamma-
tory immune responses could potentially compromise host antimicrobial defense
mechanisms, thus allowing for increased replication of invading microorganisms. Based
on the cytokine-inhibiting actions of PTX in conjunction with potential increased
bacterial clearance (20), we hypothesized that PTX decreases live microbe-induced
proinflammatory cytokine production in newborn blood and blood-derived monocytes
without enhancing microbial proliferation.

In order to optimally mirror physiological conditions encountered in neonatal sepsis
in vitro, we stimulated whole newborn cord blood, which contains a multitude of
anti-inflammatory humoral and cellular factors (21, 22), with live microorganisms that
are commonly encountered in newborn sepsis (23), including Staphylococcus epidermi-
dis, Staphylococcus aureus, Escherichia coli, and Candida albicans, and treated blood
samples with clinically relevant concentrations of conventional antimicrobial agents
and PTX (24, 25). We determined the effects of PTX alone and combined with antimi-
crobial agents on pro- and anti-inflammatory cytokine transcription and protein pro-
duction in newborn cord blood and cord blood-derived monocytes, as well as their
effects on the expression of PRRs and signaling molecules. PTX inhibited E. coli-, S.
aureus-, S. epidermidis-, and C. albicans-induced TNF and E. coli-induced interleukin-1�

(IL-1�) production in whole-blood cultures, and E. coli-induced TNF and IL-1�, as well
as S. epidermidis-induced IL-1�, but not TNF in cord blood monocytes, without decreas-
ing IL-6 and IL-10. At the transcriptional level, PTX decreased E. coli-, S. aureus-, and C.
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albicans-, but not S. epidermidis-induced TNF mRNA expression, inhibited C. albicans-
induced IL1B mRNA but increased C. albicans-induced IL6 mRNA expression. PTX
combined with amphotericin B (AMB) but not PTX alone increased C. albicans-induced
IL10 mRNA. Enhanced suppression of proinflammatory cytokines, but no effect on
pathogen burden, was observed in vitro when PTX was administered in combination
with antimicrobial agents, supporting the potential utility of PTX as an adjunctive
anti-inflammatory agent for newborn sepsis.

RESULTS
PTX did not alter microbial colony counts in newborn blood in vitro. Immuno-

modulatory agents such as PTX could potentially modify the replication of microor-
ganisms, which would prohibit their clinical use. We therefore determined the growth
pattern of the studied microorganisms in newborn cord blood treated with increasing
concentrations of PTX and with or without the addition of antimicrobial agents. The
CFU of all tested microorganisms in the presence or absence of susceptible antimicro-
bial agents, except for C. albicans without the addition of AMB, decreased with
increasing duration of culture in newborn blood in vitro (Fig. 1). E. coli CFU decreased
the most rapidly in blood samples treated with gentamicin (GEN), and were mostly
undetectable after 4 h. Addition of the anti-inflammatory agent PTX did not enhance
microbial proliferation of E. coli, S. aureus, S. epidermidis, or C. albicans (Fig. 1).

VAN, GEN, and AMB did not exert any anti-inflammatory effects in the absence
of live microorganisms in newborn blood. Since vancomycin (VAN), GEN, and AMB
all demonstrated significant inhibition of microbe-induced proinflammatory cytokine
production in newborn cord blood, as described in more detail below, we tested
whether these agents exhibit intrinsic anti-inflammatory properties. We therefore
stimulated and cultured cord blood samples with purified TLR2 (peptidoglycan [PGN]
from S. aureus) and TLR4 (lipopolysaccharide [LPS] from E. coli) agonists in the presence
or absence of these antimicrobial agents and measured cytokine responses in culture
supernatants. As shown in Fig. S1 in the supplemental material, none of the tested
antimicrobial agents modified the production of TLR-mediated pro- and anti-
inflammatory cytokine production in cord blood. These observations suggest that
antimicrobial-induced alterations of live E. coli, S. aureus, S. epidermidis, and C. albicans
contributed to the observed reduction of proinflammatory cytokine production in
newborn cord blood.

PTX inhibited E. coli-induced proinflammatory cytokine production in newborn
blood. We first determined the baseline cytokine-inducing patterns in human cord
blood by the live microorganisms used in this study in the absence of anti-inflammatory
and antimicrobial agents. As demonstrated in Fig. S2, all live microorganisms induced
pro- and anti-inflammatory cytokine production in newborn cord blood. However, even
at a 10-fold-lower inoculum (E. coli, 104 CFU/ml; all other microorganisms, 105 CFU/ml),
E. coli induced significantly greater production of TNF, IL-1�, and IL-10 compared to S.
epidermidis and C. albicans, as well as greater production of IL-1� and IL-10 compared
to S. aureus.

PTX alone, when added at clinically relevant concentrations (10 to 50 �M) to
newborn cord blood, inhibited E. coli-induced TNF and, at the highest concentration,
also inhibited IL-1� production while preserving the proresolution and anti-
inflammatory cytokines IL-6 and IL-10 (Fig. 2). In contrast, GEN suppressed the produc-
tion of all tested cytokines. PTX plus GEN in combination (PTX�GEN) exerted greater
inhibition of E. coli-induced TNF production than either agent alone (50.6 � 4.7% in
PTX-treated, 35.0 � 4.3% in GEN-treated, and 22.1 � 3.6% in PTX�GEN-treated cord
blood; reference value, 100% in untreated cord blood), indicating potentially greater
anti-inflammatory efficacy for this combination.

PTX (and PTX � other antimicrobial agents) selectively inhibited S. aureus-, S.
epidermidis-, and C. albicans-induced TNF production in whole newborn blood. In
order to mirror the effects of PTX and antimicrobial agents on cytokine production in
newborn sepsis, we tested the effects of this anti-inflammatory agent in the presence
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or absence of antimicrobial agents on live microorganism-induced cytokine production
in newborn cord blood. PTX alone or PTX combined with VAN or AMB suppressed the
production of live microbe-induced TNF in newborn cord blood (Fig. 3), with signifi-
cantly greater inhibition of TNF production in response to PTX plus other antimicrobial
agents compared to PTX alone. VAN, in the presence or absence of PTX, inhibited the

FIG 1 PTX did not enhance microbial proliferation in newborn cord blood. Cord blood samples (n � 10 to 13) were treated
with vehicle control or increasing concentrations (10 to 50 �M) of PTX in the absence (a) or presence (b) of antimicrobial agents
and simultaneously inoculated with live E. coli (104 CFU/ml), S. aureus (105 CFU/ml), S. epidermidis (105 CFU/ml), or C. albicans
(105 CFU/ml). After 0, 2, and 4 h in culture (5% CO2, 37°C), blood samples were plated with serial dilutions, and the CFU/ml
values were determined.
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FIG 2 Enhanced inhibition of E. coli-induced TNF production in newborn cord blood by the combination of PTX and GEN. Cord blood
samples (n � 10 to 13) were stimulated with live E. coli at 104 CFU/ml; simultaneously treated with vehicle control, PTX, GEN, or PTX�GEN
at the indicated concentrations; and cultured for 2 h (a) or 4 h (b) in 5% CO2 at 37°C. Cytokine concentrations of treated samples were
expressed as a percentage compared to untreated samples stimulated with E. coli alone, which were defined as 100%. Significant
differences between treated versus untreated samples and between samples treated with single (antimicrobial or anti-inflammatory)
agents versus combination treatment are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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production of all microbe-induced pro- and anti-inflammatory cytokines tested (Fig. 3).
PTX alone was associated with a minor reduction in E. coli-induced IL-1� as described
above but did not decrease the production of IL-1�, IL-6, and IL-10 induced by the
other live microorganisms. Likewise, AMB alone or combined with PTX inhibited live C.
albicans-induced TNF production, in addition to a minor suppressive effect on IL-1�,
but it did not decrease C. albicans-induced IL-6 and IL-10 production (Fig. 3).

PTX, GEN, and PTX�GEN inhibited live E. coli-induced proinflammatory intra-
cellular cytokines in cord blood monocytes. Next, we tested the effects of PTX and
antibiotics on microbe-induced intracellular cytokines in cord blood monocytes. This
was done because monocytes are the predominant producers of cytokines in response
to microbial and inflammatory signaling. E. coli and S. epidermidis both induced a robust
response with significantly increased pro- and anti-inflammatory intracellular cytokine
concentrations (Fig. 4 and Fig. S3). Comparable to the findings in whole blood culture
supernatants, E. coli induced significantly greater increases in intracellular TNF, IL-1�,
and IL-6 concentrations, despite the 10-fold-lower bacterial inoculum used in these in
vitro experiments (see Fig. S3). In contrast, E. coli and S. epidermidis induced comparable
levels of intracellular IL-10 in untreated newborn monocytes (Fig. S3).

As demonstrated in Fig. 4, PTX, GEN, and PTX�GEN decreased E. coli-induced
intracellular TNF and IL-1�, whereby the drug combination exerted significantly greater
cytokine suppressive effects compared to the single agents. VAN or GEN alone de-
creased E. coli-induced intracellular TNF, IL-1�, and IL-6 and S. epidermidis-induced IL-1�

and IL-6 in newborn monocytes. PTX alone inhibited E. coli-induced TNF and IL-1� and

FIG 3 PTX and antimicrobial agents alone or combined suppressed live microbial-induced TNF production. Cord blood samples (n � 10
to 13) were stimulated with 105 CFU/ml of live S. aureus, S. epidermidis, or C. albicans and simultaneously treated with vehicle control,
50 �M PTX, antimicrobial agents, or PTX � other antimicrobial agents and then cultured for 4 h in 5% CO2 at 37°C. Cytokine concentrations
of treated samples were expressed as a percentage compared to untreated samples stimulated with microorganisms alone, which were
defined as 100%. Significant differences between treated versus untreated samples and between samples treated with single (PTX or
antimicrobial) agents versus combination treatment are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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FIG 4 PTX, GEN, and combined PTX�GEN inhibited live E. coli-induced proinflammatory intracellular cytokines in human CD14� CD45�

cord blood monocytes. Whole cord blood (n � 10) was stimulated with live E. coli (104 CFU/ml) (a) or S. epidermidis (105 CFU/ml) (b),
simultaneously treated with 200 �M PTX and/or antibiotics or vehicle control, and cultured for 4 h in 5% CO2 at 37°C. Samples underwent
multicolor staining with monoclonal antibodies for flow cytometric measurements, as described in Materials and Methods. MFI values of

(Continued on next page)

Pentoxifylline Inhibits Microbe-Induced Inflammation Antimicrobial Agents and Chemotherapy

December 2018 Volume 62 Issue 12 e01462-18 aac.asm.org 7

https://aac.asm.org


S. epidermidis-induced IL-1� without suppressing intracellular concentrations of
microbe-induced proresolution and anti-inflammatory IL-6 and IL-10. Whereas PTX
exerted only a minor decrease in magnitude of E. coli-induced IL-1� concentrations in
blood culture supernatants (Fig. 2), this agent significantly suppressed intracellular
concentrations of IL-1� in cord blood monocytes (Fig. 4), suggesting a potential greater
sensitivity of newborn monocytes toward the anti-inflammatory effects of PTX.

Effect of PTX on live microbe-induced TLR surface expression and intracellular
signaling molecules in cord blood monocytes. In order to determine whether
differences in TLR surface expression in response to PTX and/or antibiotics could
explain the observed differences in the inhibition of E. coli-induced versus S.
epidermidis-induced cytokine production, we measured the expression of TLR2 and
TLR4 in cord blood monocytes. Saline control samples included in these experiments
showed the baseline TLR surface expression in the absence of microbial stimulation.
PTX, VAN, and PTX�VAN decreased S. epidermidis-induced TLR2 surface receptor
expression, with significantly greater suppression for the drug combination compared
to the single agents, whereas only the combined PTX�GEN showed a minimal sup-
pressive effect on E. coli-induced TLR2 surface receptor suppression (Fig. 5a). GEN with

FIG 4 Legend (Continued)
treated samples are expressed as a percentage compared to untreated samples stimulated with microorganisms alone, which were
defined as 100%. Significant differences between treated versus untreated samples and between samples treated with single (PTX or
antimicrobial) agents versus combination treatment are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).

FIG 5 PTX and/or other antimicrobial agent inhibited live E. coli- and S. epidermidis-induced TLR2 and increased TLR4 surface
receptor expression in CD14� CD45� cord blood monocytes. Cord blood samples (n � 10) were stimulated with live E. coli (104

CFU/ml) or S. epidermidis (105 CFU/ml), simultaneously treated with 200 �M PTX and/or antibiotics or vehicle control, and
cultured for 4 h in 5% CO2 at 37°C. Samples underwent multicolor staining for flow cytometry with monoclonal antibodies
against surface receptors, as described in Materials and Methods. MFI values of treated samples are expressed as a percentage
compared to untreated samples stimulated with microorganisms alone, which were defined as 100%. (a and b) TLR2 (a) and
TLR4 (b) surface receptor expression. Significant differences between treated versus untreated samples and between samples
treated with single (PTX or antimicrobial) agents versus combination treatment are indicated (*, P � 0.05; **, P � 0.01; ***,
P � 0.001).
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or without PTX enhanced E. coli-induced TLR4 surface receptor expression toward
baseline levels, while PTX alone did not show any effect on TLR4 surface receptor
expression (Fig. 5b).

To clarify whether PTX exerted its anti-inflammatory effects at least in part through
inhibition of the two major inflammatory signaling pathways, mitogen activated pro-
tein kinase (MAPK) or nuclear factor �B, we measured the phosphorylation of MAPK and
the degradation of inhibitory �B (I�B). E. coli, as opposed to S. epidermidis, robustly
induced p38 MAPK phosphorylation and I�B� degradation (Fig. S4). PTX, however, did
not modify the activation of these intracellular signaling molecules (Fig. S4), suggesting
that these pathways do not play a role in the anti-inflammatory response to PTX.

PTX and/or antimicrobial agents decreased live microorganism-induced mRNA
expression of proinflammatory cytokine genes without inhibiting IL10 mRNA in
newborn cord blood. Since PTX exerts its anti-inflammatory effects through transcrip-
tional regulation of proinflammatory cytokines, we measured mRNA expression in cord
blood samples that were stimulated with live microorganisms and treated with PTX
and/or antimicrobial agents. PTX (and PTX plus other antimicrobial agents) decreased
live E. coli-, S. aureus-, and C. albicans-induced TNF mRNA expression in whole cord
blood, with significantly greater suppression of the TNF gene for the use of combined
agents (PTX � other antimicrobial) versus the use of antimicrobial agents alone (Fig. 6
and Tables S1 and S2). For example, S. aureus-induced relative TNF mRNA expression
was reduced from a reference value of 100% (untreated cord blood) to 44.1% (95%
confidence interval � 30.2 to 64.5) in VAN-treated, 56.1% (37.5 to 84.0) in PTX-treated,
and 19.5% (13.3 to 28.6) in VAN�PTX-treated newborn blood. Likewise, E. coli-induced
relative TNF mRNA was reduced from 100% (untreated blood) to 33.1% (16.6 to 66.0)
in GEN-treated, 23.1% (10.6 to 50.0) in PTX-treated, and 19.8% (10.6 to 36.9) in
GEN�PTX-treated cord blood samples, respectively. The PTX-mediated inhibition of
TNF mRNA expression was sustained over 1 and 2 h of culture. S. epidermidis-induced
TNF mRNA, on the other hand, was reduced by VAN with or without PTX but not by PTX
alone. In contrast, GEN or VAN, whether alone or in combination with PTX, suppressed
microbe-induced mRNA expression of TNF, IL1B, and IL6. Whereas PTX alone decreased
C. albicans-induced TNF and IL1B mRNA and PTX�AMB also inhibited C. albicans-
induced TNF mRNA expression, AMB alone did not modify gene expression of these
cytokines (Fig. 6 and Table S1). PTX, AMB, and PTX�AMB enhanced C. albicans-induced
mRNA expression of the proresolution cytokine IL6, whereby the combination of agents
led to a greater increase in gene expression compared to PTX alone (Tables S1 and S2).
Except for enhanced expression of C. albicans-induced IL10 mRNA by AMB, microbe-
induced IL10 gene expression was not modified by PTX or any of the antimicrobial
agents tested (Fig. 6 and Table S1). Likewise, PTX and/or other antimicrobial agents did
not significantly change live microbe-induced expression of genes encoding TLR2 and
TLR4, nuclear factor �B p65 and I�B�, dual specificity phosphatase 1, caspase 1, NACHT,
LRR, and PYD domain-containing protein 3 (Tables S1 and S2).

PTX inhibited TLR2- and TLR4-mediated proinflammatory cytokine production
in whole cord blood and cord blood monocytes. Since PTX appeared to inhibit E.
coli-induced proinflammatory cytokine production in cord blood monocytes as well as
E. coli-induced TNF mRNA expression in whole blood but not in S. epidermidis-exposed
newborn cord blood and cord blood monocytes (Fig. 4 and 6), we explored the
anti-inflammatory effects of PTX on TLR2-mediated versus TLR4-mediated cytokine
production in whole cord blood and cord blood monocytes. Purified TLR2 (PGN and
FSL-1, a synthetic diacylated lipoprotein) and TLR4 agonists (Fig. 7a) induced a
concentration-dependent increased production of TNF and IL-1� in whole cord blood
samples. LPS and PGN induced greater increases in cytokine production compared to
FSL-1. PTX suppressed the production of PGN- and LPS-induced but not of FSL-1-
induced TNF and IL-1� production in whole cord blood, regardless of the TLR agonist
concentration added to blood samples, indicating that the anti-inflammatory mecha-
nisms of action of PTX may be independent of the TLR pathway engaged, as well as the
level of inflammation induced (Fig. 7b). Analogous to whole cord blood, stimulation of
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blood samples with TLR2 and TLR4 agonists increased the intracellular TNF and IL-1�

concentrations in CD14� CD45� cord blood monocytes (Fig. 7c and e) with greater
cytokine responses in LPS- and PGN-exposed monocytes compared to FSL-1-exposed
monocytes. PTX markedly suppressed intramonocytic TNF in both TLR2- and TLR4-
stimulated cord blood monocytes (Fig. 7d), albeit to a lesser magnitude in FSL-1-
stimulated cells compared to LPS and PGN exposure. Furthermore, PTX markedly
decreased LPS-induced and, to a lesser degree, also PGN-induced intracellular IL-1�

expression, but not FSL-1-induced intracellular IL-1� in cord blood monocytes (Fig. 7f).

DISCUSSION

Newborn sepsis, in part mediated through the host inflammatory response to
microbial invasion, is associated with high mortality and morbidity characterized by
multiple organ damage, including perinatal brain injury (5, 6), for which the phosphodi-
esterase inhibitor PTX is a candidate adjunctive therapy (11, 26). Based on our previous
findings on the inhibition of TLR-mediated proinflammatory cytokine production in

FIG 6 PTX and/or antimicrobial agents inhibited live microorganisms-induced TNF mRNA expression in whole newborn cord blood. Cord blood (n � 10) was
stimulated with live microorganisms—E. coli at 104 CFU/ml (a), S. aureus at 105 CFU/ml (b), S. epidermidis at 105 CFU/ml (c), or C. albicans at 105 CFU/ml (d)—and
simultaneously treated with 200 �M PTX and/or antimicrobial agents or vehicle control and then cultured for 4 h in 5% CO2 at 37°C. Relative mRNA expressions
of samples stimulated with microorganisms and treated with PTX and/or antimicrobial agents are calculated from ΔΔCT values and normalized to microbial
stimulation alone, which was defined as 100%. Significant differences between ΔΔCT values of treated versus untreated samples and between samples treated
with single (PTX or antimicrobial) agents versus combination treatment are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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FIG 7 PTX inhibited TLR2- and TLR4-mediated proinflammatory cytokine production in newborn cord blood and cord
blood monocytes. Cord blood (n � 5) was stimulated with purified TLR2 (PGN and FSL-1) or TLR4 (LPS) agonists and
simultaneously treated with PTX or vehicle control. (a) TLR2 and TLR4 agonist-induced proinflammatory cytokines in cord
blood culture supernatants. (b) Effect of PTX on TLR2 and TLR4 agonist-induced TNF and IL-1� in cord blood culture
supernatants. (c) TLR2 and TLR4 agonist-induced intracellular TNF in cord blood monocytes. (d) Inhibition of TLR2- and
TLR4-mediated intramonocytic TNF by PTX. (e) TLR2 and TLR4 agonist-induced intracellular IL-1� in cord blood monocytes.
(f) Inhibition of TLR2 and TLR4 agonist-induced intramonocytic IL-1� by PTX. Cytokine concentrations and MFI values of
treated samples are expressed as percentages compared to untreated samples stimulated with TLR agonists alone, which
were defined as 100%. Significant differences between treated versus untreated samples and between samples stimulated
with TLR2 versus TLR4 agonists are indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001).
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newborn cord blood by PTX (13), improved bacterial clearance (20), and survival in
septic newborn animals (27), we hypothesized that PTX decreases live bacterium-
induced inflammatory cytokine production in newborn blood without enhancing
bacterial proliferation in vitro. In order to mirror the pathological conditions of neonatal
sepsis and to maximize the relevance of our in vitro studies, we studied for the first time
the effects of PTX on inflammatory responses to clinically relevant live microorganisms
that represent early and late onset sepsis pathogens (23) added to human newborn
whole cord blood (21, 22, 28) and treated these samples with clinically relevant
concentrations of PTX and antimicrobial agents (24, 25).

Our findings, which showed significantly higher induction of proinflammatory cy-
tokine production by E. coli compared to Gram-positive bacteria, are consistent with
previous reports (29, 30). PTX inhibited live microbe-induced proinflammatory cytokine
transcription and production, with the most profound suppression directed toward
TNF. In contrast, the transcription and production of the anti-inflammatory and prore-
solution cytokines IL-10 and IL-6 (31) were not decreased by PTX, thus favoring a
polarization effect of PTX away from pro- and toward anti-inflammatory cytokine
production. Similar findings have previously been reported for the inhibition of TLR
agonist-induced proinflammatory cytokines in newborn and adult blood by PTX (13, 32,
33), which is consistent with its cAMP-dependent pathway (9). On the other hand, PTX
under certain experimental conditions may also decrease the production of anti-
inflammatory cytokines, including IL-10. PTX at high concentrations (1,000 �M) inhib-
ited TNF-�, IL-1�, IL-6, CXCL-8, and IL-10 production in LPS-induced whole-blood
cultures from healthy adult donors, whereas PTX at 100 �M only inhibited TNF-� (33).
Moreover, PTX at 1,000 �M inhibited TNF-�, IL-1�, and IL-10 without changing IL-6 and
CXCL-8 production in LPS-stimulated peripheral blood mononuclear cells, whereas
IL-10 production was actually increased at 100 �M PTX (33). Although PTX inhibited
TLR-mediated IL-10 production in newborn cord blood in our previous experiments, it
did so to a lesser extent than toward TNF production, with a net effect of reducing the
TNF/IL-10 ratio (13). While the effect of PTX on pro- and anti-inflammatory cytokine
production may in part depend on drug concentrations and assay details (e.g., whole
blood versus isolated peripheral blood mononuclear cells), there is an overall greater
inhibitory effect of PTX on pro- versus anti-inflammatory cytokines. Our results on the
inhibition of live microbe-induced proinflammatory cytokines in the presence of PTX
were mirrored by comparable findings on PTX-mediated suppression of microbe-
induced intracellular proinflammatory cytokines (TNF and IL-1�) and preservation of
anti-inflammatory and proresolution cytokines in cord blood monocytes, as well as
mRNA expression of cytokine genes in whole cord blood samples, thus further
strengthening our experimental findings. Moreover, since the production of the
inflammasome-mediated cytokine IL-1� is elevated in newborn compared to adult
blood (34), the suppression of IL-1� in newborn cord blood and cord blood monocytes
by PTX might be of particular relevance to protect the neonate from exaggerated
inflammation in response to microbial invasion.

PTX in combination with antimicrobial agents, including GEN, VAN, and AMB,
demonstrated significantly greater reduction of the live microbe-induced proinflam-
matory cytokines TNF and IL-1� than did PTX alone. Immunomodulatory effects have
previously been described for macrolide antibiotics such as azithromycin (35, 36).
Immunomodulatory effects, both pro- and anti-inflammatory, have also been reported
for conventional antibiotics such as gentamicin and vancomycin, respectively (37–40).
Concurrent administration of subtherapeutic doses of amphotericin B and a pentoxi-
fylline analog led to increased survival times in experimental candidiasis in mice (41),
whereas amphotericin B increased the expression of IL-1� in human mononuclear cells
in vitro (42). However, findings on the immunological properties of conventional
antimicrobial agents remain inconclusive to date, with variations in findings in part
depending on the experimental design (43). We did not observe any effects on cytokine
production when testing VAN, GEN, and AMB on TLR2 and TLR4 agonist-stimulated
cord blood samples in the absence of live microorganisms. These observations suggest
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that antimicrobial-induced alterations of the tested live microorganisms E. coli, S.
aureus, S. epidermidis, and C. albicans, including decreased viability (15), may have
contributed to the measured reduction of proinflammatory cytokine production in our
newborn blood samples. Taken together, these findings imply that maximal suppres-
sion of microbe-induced proinflammatory cytokine transcription and production by
PTX may only be achievable in the context of appropriate antimicrobial therapy. This
observation has potential clinical implications, i.e., it is possible that PTX in the context
of suspected or confirmed infections, including sepsis, may be most helpful when used
as an adjunctive agent in combination with appropriate antimicrobial therapy.

Whereas PTX alone or combined with GEN significantly suppressed E. coli-
induced TNF and IL-1� expression in cord blood monocytes, PTX alone only led to
a minor decrease in S. epidermidis-induced IL-1� without modifying intramonocytic
TNF. Furthermore, PTX did not alter the expression of any S. epidermidis-induced
cytokine-encoding genes, indicating a diminished capacity of PTX to inhibit S.
epidermidis-induced inflammation. However, PTX led to diminished S. epidermidis-
induced whole-blood supernatant TNF concentrations compared to untreated samples,
which were further reduced in combination with VAN. Because of the apparent
preferential anti-inflammatory effects of PTX toward E. coli-induced proinflammatory
cytokines compared to the diminished or absent anti-inflammatory response toward S.
epidermidis-induced inflammation in our neonatal blood samples, we examined the
anti-inflammatory properties of PTX on TLR2 (PGN and FSL-1) findings versus TLR4
(LPS)-mediated cytokine production in whole cord blood and cord blood monocytes.
These results indicated that the anti-inflammatory mechanisms of action of PTX may be
independent of the TLR pathway engaged, as well as of the level of inflammation
induced. On the other hand, PTX diminished FSL-1 (TLR2/6 agonist)-induced proinflam-
matory cytokine responses to a significantly lesser extent compared to PGN (TLR2
agonist, in addition to nucleotide oligomerization domain 1 and 2 signaling) and LPS,
thus potentially exerting agonist-dependent differential immunomodulatory effects
(44), an observation that warrants further investigation into the mechanisms of action
involved.

In our experiments, PTX did not affect E. coli, S. epidermidis, S. aureus, and C. albicans
CFU in newborn cord blood, suggesting that PTX does not enhance the proliferation
and viability of these pathogens in newborn blood in vitro. However, these in vitro
experimental findings should prompt future in vivo studies, including studies of neo-
natal sepsis animal models to investigate the effect of PTX on bacterial and fungal loads
in vivo. Whereas PTX improved bacterial clearance in the context of hemorrhage and
endotoxemia in rabbits (20), and decreased mortality from experimental S. aureus
infection in newborn mice at lower doses (27), high-dose PTX actually increased
mortality in S. aureus-infected newborn mice (27) and led to greater fungal burdens and
shortened survival in cases of murine C. albicans sepsis (45). Based on limited clinical
trials in human septic neonates, when administered as adjunct therapy to antibiotics,
PTX may decrease mortality in cases of newborn sepsis (11). Studies employing live
microbes in newborn animal sepsis models that examine microbial burden in blood
and organ tissues, as well as morbidity and mortality, are needed to further characterize
the concentration-dependent effects of PTX in vivo.

Our study contains several novel features. It is the first report to compare the
anti-inflammatory effects of PTX toward inflammatory cytokine production induced by
several live microorganisms that are most relevant to neonatal sepsis, including Gram-
positive and Gram-negative bacteria, as well as fungal organisms. We further investi-
gated the immunomodulatory properties of PTX in conjunction with the clinically
relevant antimicrobial agents, and we monitored microbial proliferation under these
experimental conditions. PTX, as well as all tested antimicrobial agents, was used at
clinically relevant concentrations and tested in whole cord blood assays that contain all
of the relevant cellular and humoral factors important for antimicrobial host immune
responses (14, 46).

Along with these strengths, our study has also some limitations. While cord blood
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samples from healthy term newborns were used for our experiments, future studies
should investigate the interactions of PTX, antimicrobial agents, and live microorgan-
isms in blood samples obtained from clinically relevant target populations, including
neonates exposed to perinatal infection and inflammation, as well as preterm new-
borns in whom innate immune responses and inflammatory cytokine production may
not be fully developed at the time of birth (47). Intrapartum antibiotic therapy, e.g., in
the context of chorioamnionitis, preterm premature membrane rupture, or Group B
Streptococcus prophylaxis, resulting in potential active quantities of antibiotics in cord
blood, may also change the responses to microbial stimulation of cord blood samples
in vitro and should therefore be taken into account when studying immune responses
of neonates exposed to intrauterine antimicrobial agents. Although we previously
reported that PTX inhibited TLR-mediated proinflammatory cytokine production re-
gardless of the timing of anti-inflammatory treatment in relation to TLR stimulation (13),
the timing of administration of anti-inflammatory and antimicrobial agents in relation
to the onset of sepsis may impact the efficacy and benefit of such treatment. Future
studies should also consider investigating additional antimicrobial agents, including
agents with intrinsic anti-inflammatory mechanisms of action such as azithromycin (35),
and study the immunomodulatory effects of PTX on other Gram-positive and Gram-
negative neonatal pathogens. Cord blood samples, which were used to model exper-
imental newborn sepsis, may not be entirely predictive of inflammation-induced organ
damage, since activated leukocytes in septic patients may lead to sustained inflamma-
tion in peripheral organs und subsequent organ damage (48). The in vitro findings on
immunomodulatory effects of PTX in conjunction with antimicrobial agents should
therefore be confirmed in vivo in a suitable newborn animal sepsis model such as the
murine model.

In summary, our experimental findings demonstrated that PTX at clinically relevant
concentrations, even as low as 10 �M, inhibited live microbe-induced proinflammatory
cytokine production, especially when combined with clinically used antimicrobial
agents, without increasing microbial colony counts in newborn cord blood, thus
supporting its utility as candidate adjunctive anti-inflammatory agent for newborn
sepsis.

MATERIALS AND METHODS
Subjects and human blood collection. Collection of placental cord blood was approved by the

Institutional Review Board of Stony Brook University, Stony Brook, NY, and written informed consent was
obtained from study participants. Healthy term newborns of both sexes between 38 and 41 weeks
gestation who delivered by Cesarean section without labor and without current infection, including HIV
or documented intrauterine infection (i.e., absence of clinical chorioamnionitis, prolonged fetal mem-
brane rupture over 12 h, clinical or laboratory signs of early-onset sepsis, or culture-proven sepsis of the
mother or the newborn), were eligible (13). Cord blood was collected immediately after delivery of the
placenta into sterile sodium heparin tubes containing 15 U/ml heparin (Becton, Dickinson, Franklin Lakes,
NJ) through puncture of the veins on the fetal side of the placenta using sterile techniques, as previously
described (13).

Preparation of microorganisms. Stimulation of cord blood samples was achieved with the live
microorganisms E. coli K1 strain (ATCC 700973), S. epidermidis (ATCC 35984), S. aureus USA 300 strain 38
blood isolate (49), and C. albicans SC5314 clinical isolate (50). Single colonies of each microbial agent,
stored on respective agar plates at 4°C, were grown overnight in their respective growth media (E. coli
in Luria-Bertani [LB] broth, S. epidermidis and S. aureus in brain heart infusion (BHI) broth, and C. albicans
in Sabouraud dextrose bouillon (SDA) broth, obtained from Becton Dickinson (Franklin Lakes, NJ), in a
Forma Scientific orbital shaker (Thermo Fisher Scientific; Waltham, MA) at 150 rpm at 37°C to stationary
phase. An aliquot of each microorganism was then transferred to fresh growth medium at 1:100 dilution
and grown (150 rpm, 37°C) to exponential phase (E. coli for 2 h, S. epidermidis and S. aureus for 2.5 h, and
C. albicans for 4 h). After centrifugation and washing of microbial suspensions in sterile saline, bacterial
colonies per ml were determined spectrophotometrically at 600 nm and confirmed by plating of serial
(1:10) dilutions and manually counting the CFU as described below. C. albicans concentration was
determined using a hemocytometer. Microbial suspensions were diluted in sterile endotoxin-free saline
to yield the desired inoculum concentration in cord blood samples. Antimicrobial (gentamicin, vanco-
mycin, and amphotericin B) susceptibilities were confirmed by plating microorganisms onto agar plates
containing different antimicrobial concentrations. The MIC was determined for each agent. Antimicrobial
concentrations used in subsequent experiments were within clinically relevant concentration ranges and
well above the MIC.
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In vitro stimulation and treatment of blood samples. Cord blood samples were kept at room
temperature and processed within 4 h of collection. Blood was diluted 1:1 with sterile prewarmed (37°C)
RPMI 1640 (Life Technologies, Grand Island, NY), and a final volume of 200 �l was added to each well of
96-well tissue culture-treated round-bottom polystyrene plates (Becton Dickinson). Suspensions of live
microorganisms were added to blood samples at 10 �l per well to yield the desired inoculum concen-
trations of 104 CFU per ml of blood for E. coli and 105 CFU per ml for S. epidermidis, S. aureus, and C.
albicans. Blood samples were simultaneously treated with increasing molar concentrations of PTX (Tocris,
Minneapolis, MN) and the respective antimicrobial agents, i.e., 12 �g/ml GEN (Life Technologies),
20 �g/ml VAN (Tocris), or 2 �g/ml AMB, combined PTX and antimicrobial agents, or vehicle control, and
cultured at 37°C in a humidified incubator at 5% CO2 for the respective duration for each experimental
protocol. Samples for bacterial plating were harvested after 0, 2, and 4 h in culture and serially (1:10)
diluted using sterile endotoxin-free saline. Then, 100-�l aliquots each were plated onto LB (E. coli), BHI
(S. epidermidis and S. aureus), or SDA (C. albicans) agar plates (Becton Dickinson), respectively. After
incubation for 18 to 24 h (E. coli, S. epidermidis, and S. aureus) or 48 h (C. albicans) at 37°C, microbial
colonies were manually counted with an eCount colony counter (Heathrow Scientific, Vernon Hills, IL).
Upon culture completion, samples for supernatant cytokine measurements were centrifuged in situ at
500 � g for 10 min at room temperature, and approximately 120-�l portions of supernatants per well
were carefully collected without disturbing the cell pellets, as previously described (13), and stored at
– 80°C until analyzed. For experiments involving TLR2 and TLR4 stimulation, purified PGN (peptidoglycan
from S. aureus), FSL-1 (a synthetic diacylated lipoprotein and TLR2/6 agonist), and ultrapure LPS from E.
coli O111:B4 were added to blood samples at the indicated concentrations (InvivoGen, San Diego, CA).
Samples for mRNA expression and flow cytometry were processed as described below. Duplicate
technical replicates were used for all immunoassays and flow cytometry experiments, whereas real-time
PCR experiments were performed in triplicates. The number of independently conducted experiments
utilizing blood samples from different donors is indicated for each experiment. The optimal duration of
microbial stimulation for the different experimental procedures was determined through prior kinetic
studies.

Measurement of cytokine concentrations in culture supernatants. Supernatant cytokine con-
centrations were determined with Bio-Plex Pro magnetic multiplex assays (Bio-Rad, Hercules, CA)
and analyzed on the Bio-Plex 200 system with Bio-Plex Manager 5.0 software (Bio-Rad). Cytokine
concentrations of samples stimulated with live microbes and treated with PTX and/or antimicrobial
agents are expressed as a percentage compared to microbe-stimulated samples alone, which were
defined as 100%.

Real-time PCR. Total RNA was isolated from cultured whole blood after erythrocyte lysis using
QIAamp RNA blood minikits (Qiagen, Valencia, CA). Genomic DNA was removed with RNase-free
DNase (Qiagen). The concentration and purity of RNA was measured with a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies, Wilmington, DE), as previously described (14), yielding
�30 ng/�l RNA. Reverse transcription employed high-capacity cDNA reverse transcription kits (Life
Technologies), and transcribed cDNA samples were used for real-time PCR-based mRNA expression
measurements, which were performed in triplicates with 5 ng of cDNA per 10-�l reaction. Real-time
PCR was performed on a StepOne Plus Real-time PCR system (Life Technologies) using TaqMan Fast
Advanced Master Mix and TaqMan gene expression assays (Life Technologies). Beta actin served as
normalization control and was multiplexed into all reaction wells. In order to ensure noninterference
of the housekeeping gene with the target genes, all gene expression assays were first pretested by
comparing their amplification efficiencies as a single-plex assay with their amplification efficiencies
when multiplexed with the housekeeping gene (13). Data were analyzed using the ΔΔ threshold
cycle (ΔΔCT) method (51).

Flow cytometry. Cord blood samples were prepared with the Cytofix/Cytoperm fixation/permeabi-
lization kit (BD Biosciences) with (TNF, IL-6, and IL-10) or without (IL-1�, TLR surface expression) the
addition of brefeldin A, as previously described (14). Samples were stimulated with live E. coli (104 CFU/ml
blood) or S. epidermidis (105 CFU/ml) and simultaneously treated with 200 �M PTX, antimicrobial agents
(GEN or VAN, respectively), combined PTX and antibiotics, or vehicle control and then cultured at 37°C
in 5% CO2 for 4 h. After surface staining, red blood cell lysis employed FACS lysing solution (BD). After
fixation and permeabilization, samples were stained with monoclonal antibodies (PE-Cy7-conjugated
mouse anti-TNF/clone MAb11, PE-conjugated mouse anti-IL-1�/clone AS10, PE-conjugated mouse anti-
IL-6/clone AS12, APC-conjugated rat anti-IL-10/clone JES3-19F1, BV421-conjugated mouse-anti-human
CD282/clone 11G7, and PE-conjugated mouse anti-CD484/clone TF901 [all from BD]) or their correspond-
ing isotype controls. Samples were analyzed on an LSR Fortessa flow cytometer (BD). Compensation
beads (BD) were used as single-stain positive and negative controls. Monocytes were gated with forward
and side scatter as CD45� CD14� cells (PerCP-Cy5.5-conjugated mouse anti-CD45/clone 2D1, FITC-
conjugated mouse anti-CD14/clone M5E2, or APC-conjugated mouse anti-CD14/clone M�P9; BD). Data
from 10,000 monocytes were acquired for each condition and analyzed using Kaluza version 1.3 software
(Beckman Coulter, Jersey City, NJ). The geometric mean fluorescence intensity (MFI) of all monocytes was
determined after subtraction of isotype controls.

Samples for measurements of MAPK phosphorylation and total I�B� were cultured for 30 min,
followed by immediate red blood cell lysis and fixation using Lyse/Fix buffer (BD). After permeabilization
with Perm Buffer II (BD), samples were simultaneously stained with the appropriate surface and
intracellular antibodies (AF647-conjugated mouse anti-p38[pT180/pY182]/clone 36 and AF647-
conjugated mouse anti-I�B�/clone 25/I�B�/MAD-3).
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Caspase 1 activation. Cord blood samples were stimulated with live E. coli or S. epidermidis and
simultaneously treated with 200 �M PTX, antibiotics (GEN or VAN), combined PTX and antibiotics, or
vehicle control. Samples were cultured for 1 h at 37°C in 5% CO2 in the presence of Fluorescent
Labeled Inhibitor of Caspases (FLICA) reagent (ImmunoChemistry Technologies, LLC, Bloomington,
MN) and stained for monocyte surface markers, as previously described (14). Upon completion of
cultures, samples were immediately subjected to red blood cell lysis and fixation using Lyse/Fix
buffer (BD), washed, and analyzed on an LSR Fortessa flow cytometer (BD). MFI data from 10,000
CD45� CD14� monocytes, gated on forward and side scatter, were acquired for each condition as
described above and analyzed using Kaluza version 1.3 software (Beckman Coulter). The geometric
MFI of all monocytes was determined after subtraction of background fluorescence (no FLICA
reagent).

Statistical analysis. Supernatant cytokine concentrations of samples stimulated with live microor-
ganisms and treated with PTX and/or antimicrobial agents were expressed as a percentage compared to
microbe-stimulated samples alone, which were defined as 100%. Linear mixed models, which take into
account the possible dependence among measurements from the same sample under different treat-
ment conditions, were used to analyze drug concentration response data for each cytokine, microor-
ganism, and treatment condition independently. The covariance structure among drug concentrations
within a subject was modeled as compound symmetry.

Flow cytometric MFI data were presented as fold changes normalized to microbial stimulation alone.
Linear mixed models were employed to analyze each combination of stimulation and target analyte
independently. The covariance structure among different treatment conditions within the same subject
was modeled as compound symmetry.

Gene expression data were analyzed by comparing ΔΔCT values for each gene and microorganism
independently. Gene expression under different treatment conditions (i.e., antimicrobial and/or anti-
inflammatory agents) were evaluated as differences compared to the control condition (microbial
stimulation without treatment). For repeated measure data, linear mixed models were performed to
control the within-subject dependence under different treatments for the same subject. To model the
within-subject dependence robustly, the covariance matrices among different treatments were modeled
as unstructured variances. Means and standard deviations were estimated and compared between
treatments employing F tests based on the linear mixed models. For graphic presentation only, relative
mRNA expression values of samples stimulated with microorganisms and treated with PTX and/or
antimicrobial agents were calculated from ΔΔCT values and normalized to microbial stimulation alone,
which was defined as 100%. SAS 9.3 statistical software (SAS Institute, Inc., Cary, NC) was used for
analyses, and Prism v6.01 (GraphPad Software, San Diego, CA) was used to graph the results. All statistical
tests were two sided, and P values were adjusted for multiple testing using a false discovery rate
(P � 0.05).
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