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ABSTRACT: The increasing clinical incidence and host risk of open fracture-associated infections, as well as the reduced effectiveness
of conventional antibiotics to treat such infections, have driven the development of new therapies for the prophylaxis of open fractureassociated infections. We investigated percutaneous supplementation of a natural cytokine (i.e., interleukin 12p70 or IL-12) at an open
fracture site to reduce open fracture-associated infections. We also determined the efﬁcacy of the combination therapy of IL-12 and
conventional antibiotic therapy in the prophylaxis of open fracture-associated infections. An open femur fracture infection model was
produced by direct inoculation of a clinical isolate of Staphylococcus aureus after creating a femur fracture using rats. The animals
were assigned to one of four groups: no drug administration, percutaneous supplementation of IL-12, intraperitoneal administration of
the antibiotic ampicillin, or percutaneous IL-12 in combination with intraperitoneal ampicillin. Animals were euthanized at postoperative days 6, 10, 14, and 21. Percutaneous IL-12 led to a reduction in infection at postoperative days 6 and 10. For the ﬁrst time,
exogenous IL-12 was found to have additive effects in the prevention of infection when combined with conventional treatment (i.e.,
antibiotic therapy). Combination therapy of ampicillin and IL-12 substantially reduced the infection rate at postoperative day 6 and
also decreased the time needed for complete inhibition of infection. Therefore, exogenous IL-12, providing a mechanism of protection
independent of antibiotic resistance, complements the routine use of antibiotics. ß 2011 Orthopaedic Research Society. Published by
Wiley Periodicals, Inc. J Orthop Res 30:196–202, 2012
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Open fracture-associated infection is a major clinical
complication affecting millions of people annually. It is
estimated that approximately two million fracture ﬁxation devices are implanted annually in the U.S.1 and
the incidence of infection after internal ﬁxation may
exceed 30%.2,3 Meanwhile the incidence of open fractures is increasing due to increased survivability of
high energy trauma in civilian settings as well as the
military conﬂicts in Iraq, Afghanistan, and other countries. Antibiotic therapy is still primarily used for preventing open fracture-associated infections; however,
overuse of antibiotics may lead to antibiotic resistance,
which has become a worldwide issue.4 Strains of
Staphylococcus aureus (S. aureus) that resist or have
reduced susceptibility to antibiotics such as methicillin
and vancomycin have emerged.5–7 According to the
U.S. Centers for Disease Control and Prevention, more
than 70% of the bacteria that cause hospital-acquired
infections are resistant to at least one of the drugs
most commonly used to treat them. Also, it was
reported that more than 90,000 Americans contract
potentially deadly infections each year from antibioticresistant S. aureus and related deaths may exceed
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those caused by acquired immune deﬁciency syndrome
(AIDS).8 Screening hospitalized patients by means of
active surveillance cultures, aimed at controlling antibiotic-resistant pathogens, has met challenges such as
limited resources and the potentially negative aspects
of patient isolation.9 A better prevention measure
would be to curb the overuse of antibiotics.
Patients with traumatic open fractures or other
serious injuries are vulnerable to infections, and it is
generally agreed that the decreased resistance to infection is associated with abnormalities of both natural
and adaptive immunity. Among those abnormalities is
the loss of function of the T helper 1 (Th1) lymphocyte
phenotype.10–21 Because Th1 cells are principal regulators of cell-mediated immune response and the production of complement-ﬁxing antibodies,22 depressed
function of this lymphocyte subset is believed to be
related to reduced resistance to infection in injured
patients.12,16,19,21 Indeed, our previous studies that
were designed to restore Th1 function, decreased due
to major injuries, immediately after open fracture
have shown increased resistance to infection.23–25
Interleukin 12p70 (IL-12), a natural cytokine, plays
a central role in cell-mediated immune response and
bridges innate and adaptive immunities;26–28 therefore, it may contribute to infection prevention. In our
previous studies, we incorporated IL-12 into polypeptide nanocoatings on implants, achieved sustained
release of IL-12, and signiﬁcantly reduced open
fracture-associated infection.23,24 In this study, we
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determined whether IL-12, injected percutaneously,
would enhance the host’s resistance to infection in our
rat open femur fracture model. We were especially
interested in examining, for the ﬁrst time, whether IL12 and antibiotic treatments would have additive
effects in reducing open fracture-associated infection.

MATERIALS AND METHODS
Open Fracture Model and Animal Groups
Approval for in vivo studies was obtained from our Institutional Animal Care and Use Committee and all procedures
were performed under sterile conditions. S. aureus, which
was isolated from a patient with chronic osteomyelitis, was
used to create an open fracture infection model. A susceptibility test showed that the S. aureus was susceptible to
gentamicin, chloramphenicol, vancomycin, cefazolin, nitrofurantoin, linezolid, rifampin, quinupristin, trimeth, doxycycline, minocycline, and tetracycline, and it was resistant to
penicillin. Open fracture-associated infection in Sprague–
Dawley rats was induced according to a previously reported
protocol23,24 and the surgical procedures are shown in
Figure 1. In brief, each rat was anesthetized using
Nembutal 50 mg/ml (Ovation Pharmaceuticals, Deerﬁeld, IL)
at a dose of 0.1 ml/100 g of body weight for an initial dose
and then a booster of 0.2 ml 1 h following the initial dose.
One of the rat’s femurs was fractured using a customdesigned setup (Fig. 1a), the operative area was prepped,
and an incision was made to expose the fracture (Fig. 1b).
The fracture was inoculated with 100 ml 102 CFU/0.1 ml
S. aureus (Fig. 1c) and left open for 1 h, mimicking the
‘‘golden hour’’ (broadly deﬁned as the ﬁrst 60 min following
trauma or the onset of acute illness) of trauma patients. The
fracture was then ﬁxed with an intramedullary stainless
steel Kirschner wire (K-wire, Fig. 1d) (Smith & Nephew,
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Memphis, TN). IL-12 was injected percutaneously at the fracture site (Fig. 1e). Buprenorphine HCl 0.3 mg/ml (Reckitt
Benckiser Pharmaceuticals, Inc., Richmond, VA) was used
for postoperative pain control at a dose of 0.03 mg/kg. The
ﬁrst dose was given preoperatively and it was given every
12 h through the ﬁrst postoperative day. A total of four
groups were studied (six rats for each time period per group):
(1) control (designated as Control)—animals were fractured,
infected, left open for 1 h, and then ﬁxed; (2) percutaneous
IL-12 therapy (designated as PIL)—animals were fractured,
infected, left open for 1 h, and ﬁxed, followed by percutaneous injection of IL-12 once daily for 10 doses (except the
6-day group; 50 ng/dose); (3) antibiotic therapy (designated
as Antibiotic)—according to the standard of care for open
fracture treatment, ampicillin trihydrate was given intraperitoneally immediately before fracture ﬁxation and once daily
for 2 days postoperatively; and (4) combination therapy of
antibiotic and percutaneous IL-12 (designated as AntiPIL)—
intraperitoneal injection of ampicillin trihydrate and percutaneous injection of IL-12 were both used. At postoperative
days 6, 10, 14, or 21, the rats were anesthetized using
Nembutal 50 mg/ml (Ovation Pharmaceuticals) at a dose of
0.1 ml/100 g of body weight and then euthanized by administering 1 cc of Euthasol (Virbac AH, Inc., Fort Worth, TX) via
intracardiac puncture.
For each animal group, if no infection was seen at the
6-day timepoint, then the 10- and 14-day timepoints were
omitted. As a result, the Control, Antibiotic, and PIL groups
were euthanized at postoperative days 6, 10, 14, and 21, and
the AntiPIL group at postoperative days 6 and 21. Weight
was recorded before surgery as well as before euthanasia.
Note that two animals in the Antibiotic 10-day group died at
postoperative day 0 due to anesthesia and one animal in
the Antibiotic 6-day group was excluded after a comminuted
femur fracture at postoperative day 0.

Figure 1. Procedures in creating an open femur fracture and subsequent percutaneous IL-12 injection. (a) Creation of a femur
fracture using a custom-designed setup; (b) exposure of the fracture; (c) bacterial inoculation; (d) intramedullary ﬁxation of the fracture
using a K-wire; and (e) percutaneous injection of IL-12. The arrow shows the fracture site.
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Microbiological Evaluations
As previously reported, infection was determined based on
bacterial culturing of the surgical femur and blood
samples.23,24,29 Brieﬂy, the surgical femur was sterilely
removed following euthanasia and approximately 500 mg of
femur was homogenized in brain heart infusion broth
(Becton Dickinson, Cockeysville, MD). The ratio of bone to
broth was kept at 100 mg to 1 ml; 100 ml of the homogenized
bone broth was plated onto blood agar plates and placed in a
378C incubator for 48 h. Infection was deﬁned as the presence of >2 to 5 bacterial colonies per plate. Blood samples,
collected before euthanasia, were also plated.
Blood Analyses
Immediately before euthanasia, blood was collected from
each animal and used for complete blood count and ﬂow
cytometry studies (BD FACSCalibur Flow Cytometer, BD
Biosciences, Franklin Lakes, NJ). Complete blood count
samples were analyzed by Antech Diagnostics, Inc. (Southaven, MS) for blood cell analysis. Flow cytometry was used to
analyze serum samples by staining the cells with puriﬁed
anti-rat mononuclear phagocyte antibody (1C7) followed by
Cy-5 labeled goat anti-mouse IgG and FITC labeled anti-rat
MHC class II (OX-6). The relative intensity of MHC II on
1C7 positive cells represents the degree of macrophage
activation.
Statistical Analyses
Data were expressed as the mean  standard deviation (SD).
Differences were analyzed using ANOVA. Post hoc comparisons among means were done with Tukey’s HSD procedure.
p < 0.05 was considered statistically signiﬁcant. JMP (V9)
software was used (SAS Institute, Inc., Cary, NC).

RESULTS
In this study, we investigated the effectiveness of
percutaneous IL-12 and the combination of IL-12 with
conventional antibiotic treatment in preventing open
fracture-associated infection.
Effects of Antibiotic, Percutaneous IL-12, and Their
Combination on Infection
Quantitative culturing of bone tissue homogenates
was carried out to determine infection rates (Table 1).
We found that the ‘‘gold standard’’ antibiotic therapy
decreased the infection rate from 100% in the Control
group to 40%, 25%, and 0% at postoperative days 6,
10, and 21, respectively. Percutaneous IL-12 therapy

reduced the infection rate from 100% of Control to
83% at postoperative days 6 and 10 but did not reduce
the infection rate at postoperative days 14 and 21. The
combination therapy of percutaneous IL-12 and antibiotic resulted in the best infection prevention outcome
since the combination therapy completely prevented
infection as early as postoperative day 6, compared to
postoperative day 14 for the animals treated with antibiotic alone. In addition, no systemic infection was
detected in any groups at the time periods studied as
demonstrated by no bacterial growth in the blood
samples.
Weight Loss and Gross Observation
All the animal groups had less weight loss at postoperative day 21 compared to day 6 but there were no
signiﬁcant differences among all the groups at postoperative days 6 and 21, and signiﬁcantly higher weight
loss was observed in the PIL group compared to the
Control and Antibiotic groups at postoperative days 10
and 14 (Fig. 2). Gross observation upon animal
euthanasia showed better healing in the Antibiotic
and AntiPIL groups than the Control and PIL groups
at postoperative day 21. No obvious difference in gross
observation of healing was observed between the Antibiotic group and the AntiPIL group.
Macrophage Activation and Systemic Responses
There was no signiﬁcant difference in macrophage
activation among all the animal groups at the same
postoperative day (Fig. 3). Differences in the serum
levels of white blood cells (WBCs), platelets, neutrophils, lymphocytes, and monocytes were observed
(Fig. 4). A higher number of WBCs, platelets, and neutrophils were found at postoperative day 6 with lower
levels at postoperative day 21 in the treatment groups
(i.e., Antibiotic, PIL, and AntiPIL groups) compared to
the Control group. During the time periods studied,
the levels of WBCs, platelets, neutrophils, and lymphocytes in the PIL group increased from postoperative
day 6 to postoperative day 10 and reached a maximum
at postoperative day 14, after which, at postoperative
day 21, their levels decreased. Among all groups, the

Table 1. Infection Rates of Rats
Infection Rate, %
Rat Group

Day 6

Day 10

Day 14

Day 21

Control
PIL
Antibiotic
AntiPIL

100
83
40a
0

100
83
25b
—

100
100
0
—

100
100
0
0

—, Not done. Note that if no infection was found at any of the
earlier postoperative days then the subsequent intermediate
time periods were omitted.
a
One animal excluded due to issues related to fracture process.
b
Two died.
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Figure 2. Weight loss of rat groups. Data are an average of
4–6 rats.
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Figure 3. Normalized intensity of MHC II on 1C7þ cells. The
intensity of the control group was set at 100.

PIL group had relatively higher levels of WBCs, neutrophils, lymphocytes, and monocytes at postoperative
days 6, 10, and 14. The PIL group had signiﬁcantly
higher WBCs, neutrophils, and monocytes compared to
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the Control and Antibiotic groups at postoperative
day 14 (Fig. 4a,c,e). No major signiﬁcant differences in
WBCs, platelets, lymphocytes, and monocytes were
noted within the Control, Antibiotic, PIL, and AntiPIL
groups at postoperative day 21 (Fig. 4a,b,d,e). Signiﬁcantly higher neutrophils were observed in the Control
group compared to the Antibiotic and AntiPIL groups
at postoperative day 21 (Fig. 4c). In addition, no significant difference was found in hemoglobin, hematocrit,
red blood cells, mean cell volume, mean cell hemoglobin, and mean cell hemoglobin concentration (see Supplementary Materials).

DISCUSSION
Trauma and major burns have been reported to result
in diminished production of IL-12, reduced Th1
responses, and decreased resistance to infection.10–21
IL-12 has multiple biologic effects on T-cell and natural killer (NK) cell functions. It stimulates NK cells to

Figure 4. Systemic responses: (a) WBCs; (b) platelets; (c) neutrophils; (d) lymphocytes; and (e) monocytes. Shadowed areas indicate
the reference levels.
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release interferon g (IFN-g), induces type 1 helper T
(Th1) cell and cytotoxic T lymphocyte proliferation,
and promotes the progression of cell-mediated immunity. IL-12 appears to be requisite for generating optimal Th1 responses in many experimental settings.30,31
Meanwhile, IL-12 may also contribute to the genesis of
some forms of immunopathology, as reviewed in the
literature.32 We have presented here that the application of percutaneous IL-12 (a cytokine that induces
expression of the Th1 phenotype) to the open femur
fracture infection model reduced infection at postoperative days 6 and 10. Therefore, percutaneous IL-12
therapy applied to the open fracture has restored, to
some degree, the capability of the host’s natural resistance to infection.
Neutrophils provide the ﬁrst line of defense against
pathogen invasion. Increased levels of neutrophils
were observed after intranasal administration of IL-12
for 48 h in a respiratory infection model,33 where
enhanced resistance against Streptococcus pneumoniae
was due to enhanced IFN-g-mediated neutrophil
recruitment.33 Similarly, the application of percutaneous IL-12 in this study led to higher levels of neutrophils at postoperative days 6, 10, and 14 compared to
the Control and Antibiotic groups, which may have
contributed to the enhancement of resistance at postoperative days 6 and 10. Macrophage activation,
central to host defense against pathogenic organisms,
is also compromised as a consequence of major injuries.34,35 It is also possible that IL-12 treatment directly causes macrophages to become more phagocytic.
Therapies such as IFN-g treatment were reported to
inhibit both intracellular and extracellular pathogens
in vivo,33,34,36,37 probably because IFN-g can augment
phagocyte Fc receptor expression as well as neutrophil
antibody-dependent cell-mediated cytotoxicity, phagocytosis, and neutrophil recruitment.33,34,37,38 IFN-g
coordinated neutrophil recruitment did not result in
pathologic activation.38 As a result, percutaneous IL12 therapy reduced the infection rate at postoperative
days 6 and 10 compared to the Control group. The
combination therapy of IL-12 and antibiotic seemed to
have additive effects on infection prevention and it
substantially shortened the time needed for complete
inhibition of infection (6 days) compared to antibiotic
therapy alone (14 days) (Table 1).
The production of IL-12, together with several other
Th1 cytokines, was signiﬁcantly reduced soon after
serious injury.12,15,16,35 Exogenous application of IL-12
could restore the normal level of IL-12, which is important in restoring normal resistance to a bacterial challenge.16 Use of IL-12 may not lead to prolonged
inﬂammation or signiﬁcant inﬂammatory tissue
damage due to the facts that IL-12 production is signiﬁcantly reduced soon after injury and cytokines like
IL-12 have a short in vivo half-life. In this and our
previous studies,23,24 signiﬁcant inﬂammatory tissue
damage was not observed in the IL-12 treated groups
compared to the other groups. However, signiﬁcantly
JOURNAL OF ORTHOPAEDIC RESEARCH FEBRUARY 2012

higher weight loss was observed in the PIL group
compared to the Control and Antibiotic groups at postoperative days 10 and 14 although no signiﬁcant
differences were found on days 6 and 21. The reason
for the higher weight loss on days 10 and 14 was not
clear and may require further studies. Percutaneous
IL-12 resulted in increased serum levels of WBCs,
platelets, neutrophils, lymphocytes, and monocytes as
postoperative time increased from days 6 to 14.
However, at day 21, their levels returned to those at
postoperative day 6 and were about the same as those
treated with antibiotic (Fig. 4).
IL-12 therapy was found to be more effective,
compared to IFN-g and other therapies, in restoring
normal resistance to a bacterial challenge in a mouse
model of burn injury.12 It is still uncertain as to the
reasons IL-12 was more effective than IFN-g; one possible reason was that IL-12 acts earlier in the cytokine
cascade and is a potent stimulus of NK cell activity.
Meanwhile, cytokines, including IL-12 and IFN-g,
have a short in vivo half-life of a few minutes or hours
and IL-12 applied by percutaneous injection may
undergo rapid degradation. This might explain why
percutaneous IL-12 alone did not lead to complete
inhibition of infection. An appropriate drug delivery
system may improve IL-12 efﬁcacy in prophylaxis of
infection if the delivery system could substantially prolong its in vivo half-life. In the past we showed that
IL-12 embedded in polypeptide nanocoatings on
implants were effective in infection prophylaxis.23 We
had sustained release, up to 9 days, of IL-12 from polypeptide nanocoatings which led to a signiﬁcant reduction of infection from 90% in Controls to 20% in IL-12
treated animals.23 Importantly, in this study, we found
that IL-12 and antibiotic treatment had additive
effects in reducing infection associated with open fractures. Evaluation of the effect of IL-12 on bone healing
is beyond the scope of this study and may be considered in the future.
In summary, we have shown that prophylactic
treatment with percutaneous IL-12 reduced infection
and exogenous IL-12 combined with conventional antibiotic treatments had additive effects in preventing
open fracture-associated infections. The combination
therapy has led to signiﬁcantly earlier inhibition of
infection. The use of locally administered IL-12 is
complementary to current antibiotic therapy and the
combination therapy of IL-12 and antibiotic is a potentially useful treatment modality against open fractureassociated infections.
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