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Abstract
Burn patients are susceptible to opportunistic infections due partly to decreased immune functions,
especially Th1-driven antigen-specific responses, which are regulated by dendritic cells. The
dendritic cell growth factor, fms-like tyrosine kinase-3 ligand (FL), has been shown to increase
resistance to P. aeruginosa, in a dendritic cell-dependent manner, in a mouse model of burn
wound infection. The specific mechanisms of protection are not known. This study tested the
hypothesis that FL can enhance production of P. aeruginosa-specific antibodies following burn
wound infection. Mice that had been previously exposed to P. aeruginosa were infected after burn
injury by wound inoculation, or challenged by intraperitoneal injection of heat-killed P.
aeruginosa. In response to wound infection, FL treatments enhanced bacterial clearance and
induced a shift from IgM towards IgG and IgA. However, serum levels of neither P. aeruginosa-
specific antibodies nor IFN-γ were significantly increased by FL, possibly due to decreased
systemic exposure to bacteria. Following challenge with heat-killed bacteria, which ensured equal
exposures, FL-treated mice produced significantly greater levels of P. aeruginosa-specific IgG2a,
which correlated with an increase in serum levels of IFN-γ and enhanced opsonization capacity.
IL-12, IL-10, and TGF-β were significantly increased in FL-treated mice, regardless of the type of
challenge. These findings indicate that FL treatments after burn injury enhance cytokine responses
to recall antigens and increase bacterial clearance. Additionally, through its ability to promote
Th1-associated antigen-specific responses, FL may have potential as an immunotherapy to
enhance adaptive immunity following severe burn injury.
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Introduction
The ability of severely burned patients to resolve infections is often compromised, which
can lead to complications that delay recovery and increase mortality after burn injury. While
post-injury immunological responses have been studied extensively, the complexity of
immune responses to infection and the large numbers of immunological alterations that have

Address correspondence to: Tracy Toliver-Kinsky, Department of Anesthesiology, University of Texas Medical Branch, 301
University Boulevard, Galveston, Tx 77555-0591, Phone: (409) 770-6610, Fax: (409) 770-6942, ttoliver@utmb.edu,
jkbohann@utmb.edu.

NIH Public Access
Author Manuscript
Shock. Author manuscript; available in PMC 2011 May 23.

Published in final edited form as:
Shock. 2009 October ; 32(4): 435–441. doi:10.1097/SHK.0b013e31819e2937.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been detected have impeded the identification of suitable treatments to enhance effective
immune responses to infection. Early responses of neutrophils and macrophages to a
microbial challenge have been shown to be impaired following burn injury [1–4], and both
of these cell types play important roles not only in elimination of microorganisms, but also
in activation of other effector cells through direct interactions and secretion of cytokines [5–
9]. Impairment of early innate responses not only increases microbial burden upon later
acquired immune functions, but may also decrease the efficacy of subsequent responses.
Indeed, T cell proliferation, functions and appropriate polarization are decreased following
severe burn injury [10–13]. Additionally, antigen-specific antibody production is impaired
following severe burn injury, with a large impact upon the IgG2a isotype due to decreases in
the induction of Th1 response-promoting cytokines[14–17]. Impairments in production of
IgG could have significant consequences since IgG is highly effective for opsonization of
both gram-positive and gram-negative bacteria.

Fms-like tyrosine kinase-3 ligand (FL) is a dendritic cell growth factor that has been shown
to enhance immune function under various conditions. Treatments with FL drive the
production of dendritic cells, the magnitude of which is determined by the duration of
treatment, that can produce cytokines and interact with effector cells to initiate numerous
immune responses. In normal mice, FL-induced expansion of dendritic cells can enhance the
expansion of antigen-specific T cells and antibody production [18;19]. Due to expansion of
dendritic cell populations that produce and promote production of IL-12, IFN-γ, and Th1
responses, FL can enhance IgG2a production against various antigens [20–22].

Since burn injury is associated with impairments in Th1 responses and antigen-specific IgG
production, processes that are induced by presentation of antigens by dendritic cells, FL may
have potential for enhancing antigen-specific responses to an infection after burn injury.
Restoration of specific antibody responses may improve outcome after severe burns.
Specifically, in patients with P. aeruginosa bacteremia, high titers of specific IgG are
associated with a significant reduction in the frequency of shock and death [23].
Additionally, induction of P. aeruginosa-specific antibodies by vaccination protects burned
mice from a subsequent P. aeruginosa infection [24]. We previously reported that expansion
of dendritic cells in burned mice through treatments with FL can restore Th1 cytokine
responses to a primary bacterial challenge and can increase bacterial clearance and survival
following infection of burn wounds with P. aeruginosa. The protective effects of FL against
burn wound infection are dependent upon the presence of dendritic cells [25–27]. However,
the specific mechanisms by which this dendritic cell enhancement increases resistance to
burn wound infection, and the effects of FL on acquired immune responses after a severe
burn injury are not known. This study was designed to determine if FL treatments can
enhance antigen-specific immune responses to infections with Pseudomonas aeruginosa
after a severe burn injury.

Materials and Methods
Mice

Animal protocols were consistent with the National Institutes of Health guidelines for the
care and use of experimental animals and were approved by the Institutional Animal Care
and Use Committee at the University of Texas Medical Branch. Male BALB/c mice, 6 to 8
weeks of age, were allowed to acclimate for at least one week after arrival at the animal
facility. For primary immunizations, mice received an intraperitoneal injection with 104 cfu
P. aeruginosa. There was no mortality associated with this dose. Mice were allowed to rest
for one month after primary immunization. One month after primary exposure, mice
received a full-thickness scald burn injury to 30% of the total body surface area and post-
burn care as described [50;51]. Sham-injured mice were subjected to all of the procedures
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except immersion in water. FL (10 microgram in 0.1 ml LR) treatments were administered
for 5 days by intraperitoneal injection once daily, beginning on the day of burn or sham
injury. Control treatment mice received equivalent injections of LR. Recombinant human FL
was kindly provided by Amgen corporation (Thousand Oaks, CA). Secondary inoculations
with P. aeruginosa were administered 4 days after burn injury by application of 104 cfu to
the surface of the wound. There is no relevant sham-injured, infection-only control group for
burn wound infections, so responses were compared between treatment groups. In some
experiments, secondary exposure was given by i.p. injection with heat-killed P. aeruginosa
(HKPA) as a control for unequal systemic exposures to P. aeruginosa after wound
inoculation in the control and treatment groups. The dose administered was 105 cfu HKPA
prior to heat-killing. Blood was harvested 4 days after secondary exposure to P. aeruginosa
for assessment of antibody responses.

Microbiology
P. aeruginosa was used because it is a common source of wound infections and pneumonia
in burn patients [52–55]. P. aeruginosa was purchased from the American Type Culture
Collection (ATCC #19660). Cultures were grown in tryptic soy broth and diluted in sterile
saline for wound inoculation. To examine bacterial dissemination, blood was harvested 72
hours after wound inoculation, plated on tryptic soy agar and grown at 37°C overnight.
HKPA was obtained by heating P. aeruginosa for one hour at 60°C. Killing was confirmed
by culture prior to use.

Anti-P. aeruginosa antibody ELISA
Wells were coated by overnight incubation with heat-killed P. aeruginosa (1.85 × 106 cfu
prior to killing) in 0.05M carbonate-bicarbonate buffer (pH 9.6). This was previously
determined during assay optimization to be an appropriate coating concentration for signal
detection with minimal background. Wells were washed four times with PBS containing
0.01% Tween-20 (pH 7), then blocked with blocking buffer (PBS + 2% bovine serum
albumin) containing 0.01% Tween-20 for two hours at room temperature, then washed as
before. Diluted samples in a volume of 100 ul blocking solution were incubated at room
temperature for 2 hours, followed by 5 washes. For measuring antigen-specific isotypes,
horseradish peroxidase-conjugated anti-mouse IgM, IgA, IgG2a or IgG1 antibodies (Zymed
Laboratories, San Francisco, CA) were incubated for one hour at room temperature and
wells were washed 6 times. Horseradish peroxidase substrate solution (eBiosciences, San
Diego, CA) was added for 15 minutes, reactions were stopped by addition of 1M H2SO4 and
absorbance read at 450nm with 540nm as a reference wavelength. Total IgG and IgM levels
were measured using ELISA kits from Alpha Diagnostic (San Antonio, TX), and total IgA
kits were from Bethyl Laboratories (Montgomery, TX).

Cytokine measurements
Spleens were aseptically harvested and placed in RPMI 1640 supplemented with 10% fetal
bovine serum, and the cells were mechanically dispersed. The homogenate was passed
through a nylon mesh strainer and incubated with red blood cell lysis buffer (Sigma-Aldrich,
St. Louis, MO). Splenocytes were washed and cultured in RPMI 1640 supplemented with
10% fetal calf serum and antibiotics. Cells (5 × 106) were cultured overnight with and
without additional stimulation by HKPA (107 cfu before killing), and media were harvested
for measurement of cytokines by ELISA (eBiosciences).

Neutrophil isolation
Single cell suspensions from normal mouse spleens were prepared as described above and
neutrophils were isolated using an anti-Ly6G (1A8) microbead kit from Miltenyi Biotec
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(Auburn, CA). The enriched Ly6Ghigh GR-1(Ly6G/C)high cells were used for subsequent
opsonization assays.

Opsonization assay
Sera were heated at 60°C for one hour to inactivate endogenous complement and eliminate
viable P. aeruginosa possibly remaining from immunizations. Absence of viable
microorganisms was confirmed by overnight cultures. Serum samples were incubated in a
96-well plate with 103 P. aeruginosa on a shaking platform for 15 minutes at 37°C,
followed by addition of baby rabbit complement (12.5% final concentration) and 105

neutrophils. Samples were incubated for 2 hours at 37°C, and aliquots were plated on tryptic
soy agar plates and incubated at 37°C overnight. The number of cfu/plate were compared
between groups. As a positive control, 2 ug purified anti-P. aeruginosa antibodies (AbCam,
Cambridge, MA) were used instead of serum. Data are expressed as % killing: (cfu in “no
sera” control group – cfu in experimental group)/cfu in “no sera” control group.

Statistics
Comparisons between two groups were made with an unpaired, two-tailed student’s t test.
Comparisons between multiple groups were performed with one-way ANOVA and Tukey-
Kramer multiple comparison test. All tests were performed using GraphPad Prism version
4.00 for Windows, GraphPad Software (San Diego, California). A p≤0.05 was considered
statistically significant. All data shown are mean ± SEM.

Results
Burn injury suppresses the secondary P. aeruginosa-specific IgG response

Earlier studies have indicated that FL treatments enhance innate immune responses in a
clinically relevant model of burn wound infection {Bohannon, 2008 412 /id;Toliver-Kinsky,
2003 326 /id;Toliver-Kinsky, 2005 352 /id}. The present study was designed to determine if
acquired immune responses to a burn wound infection can also be enhanced by FL
treatments after a severe burn injury. In our mouse model, burn wounds heal rapidly in the
absence of an infection, and the eschar sloughs between 10 to 14 days post-burn. Therefore,
burn wounds are inoculated with P. aeruginosa four days after injury, before significant
healing occurs, and subsequent mortalities begin to occur 3 days after inoculation in the
absence of FL treatments {Bohannon, 2008 412 /id}. This time frame of 3 days is not
sufficient for an antigen-specific antibody response to a primary exposure through the burn
wound. Therefore, all mice were immunized with P. aeruginosa one month before the study
began, and the recall response to infection after burn injury was examined.

Others have reported that burn injury suppresses induction of antigen-specific immune
responses [28;29]. We first confirmed that P. aeruginosa-specific IgG was also suppressed
in our model of burn injury. Since there is no comparable sham, or non-injured, control for a
burn wound infection, mice received a secondary exposure to P. aeruginosa by
intraperitoneal injection four days after burn injury. Burn-injured mice had significantly
lower levels of P. aeruginosa-specific IgG than did the sham, non-injured mice (p<0.05;
figure 1).

Antibody responses to burn wound infection
Levels of P. aeruginosa-specific IgG2a and IgG1 were measured as indicators of Th1- or
Th2-polarized responses, respectively, after wound infection. As shown in figure 2A, there
were no significant differences in serum levels of P. aeruginosa-specific IgG2a or IgG1.
Similarly, serum levels of total IgG were not different between the two treatment groups.
There were also no significant differences in P. aeruginosa-specific and total IgA levels
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between mice receiving FL or control treatment (figure 2B). However, serum levels of both
P. aeruginosa-specific and total IgM were significantly lower in mice that had been treated
with FL, compared to mice that received control treatment (figure 2C).

Antibody responses to non-infectious P. aeruginosa challenge
Since FL-treated mice control bacterial growth and dissemination better than control-treated
mice (figure 5), antibody production in response to a noninfectious challenge was also
examined, to control for potential differences in the dose of the secondary exposure. Four
days following an intraperitoneal injection of HKPA, mice that had been treated with FL had
significantly higher serum levels of P. aeruginosa-specific IgG2a, compared to the control-
treated mice (figure 3A). However, there were no significant differences in specific IgG1 or
total IgG between the treatment groups. Similarly, there were no significant differences in
specific or total IgA levels in sera (figure 3B). Unlike the response to wound infection,
serum P. aeruginosa-specific IgM and total IgM were not different between treatment
groups following challenge with HKPA (figure 3C).

Cytokine responses to secondary P. aeruginosa exposure
Soluble cytokines can regulate antibody production and isotype switching, so in vitro
cytokine production by spleen leukocytes isolated from mice following secondary exposure
to P. aeruginosa was assessed. Following a burn wound infection, production of IL-12 p70
was significantly enhanced in spleens from FL-treated mice compared to control-treated
mice (figure 4). Additionally, IL-10 and TGF-β levels were also significantly enhanced by
FL treatments. Surprisingly, IFN-γ production was not enhanced by FL treatments when
mice had been subjected to a burn wound infection. However, when mice had been
challenged by intraperitoneal injection of HKPA, production of IFN-γ, IL-12 p70, IL-10 and
TGF-β by splenocytes from FL-treated mice was significantly higher compared to the
control treatment groups (figure 4). The data in figure 4 are from overnight cultures
restimulated in vitro with HKPA. The same cultures were performed without additional in
vitro stimulation, and the same differences between groups were detected, but with a slight
decrease in magnitude. IFN-γ, however, could not be detected unless additional stimulation
in vitro was provided. IL-4 was measured in all groups and could not be detected.

Effect of FL on bacterial clearance and opsonization
Three days following secondary exposure to P. aeruginosa by burn wound inoculation, the
mice treated with FL had lower levels of bacteria in blood. Specifically, only 50% of the FL-
treated mice had positive blood cultures, whereas 100% of the control-treated mice had
positive cultures. Additionally, although not significantly different (p=0.18) the mean cfu/ml
was negligible in the FL-treated mice with positive cultures, specifically, 104-fold lower
than in the control-treated mice (figure 5). To compare the ability of sera from FL-treated
mice to opsonize bacteria, facilitation of neutrophil-mediated killing of P. aeruginosa in
vitro was examined. Since systemic dissemination of bacteria following wound infection
was different between treatment groups, sera from mice that had received secondary
exposure by intraperitoneal injection of HKPA were used since equivalent systemic doses of
primary and secondary exposures were certain. Bacterial killing was significantly greater in
cultures containing sera from FL-treated mice, compared to sera from control-treated mice
(figure 6). The difference was not due to differences in complement or bacterial
contamination of serum at the time of harvest, since samples were heated for inactivation of
endogenous complement and killing of potential contamination prior to the opsonization
assay.
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Discussion
The ability of FL to enhance humoral responses in normal mice has been previously
reported. Expansion of dendritic cells by FL promotes expansion of antigen-specific T cells
and an increase in antigen-specific antibody production, particularly of the IgG2a isotype
[30;31]. This enhancement is due to the ability of FL to expand DC populations that
promote the induction of IL-12, IFN-γ, T cell proliferation and Th1 differentiation [32;33].

Similarly, FL can expand DC populations and promote induction of Th1-associated
cytokines, such as IL-12 and IFN-γ, after a severe burn injury. We previously reported that
induction of these cytokines after a primary challenge with HKPA is no longer suppressed
after burn injury if mice have been treated with FL [34]. Likewise, the current study
indicates that induction of IL-12 and IFN-γ is significantly enhanced in burn-injured mice
treated with FL when the same challenge is given as a secondary exposure. Interestingly,
induction of the Th2 cytokine, IL-10, and the Th3 cytokine, TGF-β1, was also enhanced.
Although the induction of all of these cytokines was enhanced by FL treatments, the relative
differences between the two treatment groups were greater for IL-12 (6.9-fold difference)
and IFN-γ (3.9-fold), compared to IL-10 (2.8-fold) and TGF-β (1.79-fold). Since cytokine
release was assessed in cultures containing equivalent numbers of splenic leukocytes,
enhanced cytokine production is likely due to the relatively greater proportion of DCs in the
cultures from FL-treated mice. As previously reported, the proportion of DCs that comprise
the splenic leukocyte population in the FL-treated, burn-injured mice is approximately three
times greater than in the control-treated mice {Toliver-Kinsky, 2003 326 /id}. Since DCs are
abundant sources of cytokines, especially IL-12 and IFN-γ, the higher proportion of DCs in
the FL cultures likely contributes to increased cytokine levels in vitro, similarly as in vivo
where DC numbers are enhanced in multiple tissues. Consistent with a Th-1-enhanced
response to HKPA, P. aeruginosa-specific IgG2a was significantly increased with FL
treatment, whereas significant differences between treatment groups were not detected for
any of the other antibodies measured. This is consistent with studies in normal animals, in
which only antigen-specific, but not natural, antibodies are increased by FL [35].

Examination of responses to a noninfectious challenge was used to control for the dose of
the secondary challenge. This was necessary because there is less bacterial growth and
systemic dissemination following inoculation of burn wounds with live P. aeruginosa in
mice treated with FL, and this may impact the degree and/or nature of the cytokine and
antibody responses. However, a P. aeruginosa intraperitoneal infection is of minimal
clinical significance, and our primary interest is to determine the clinical applicability of FL
as a potential immune adjuvant to enhance resistance to infections after severe burn injury.
A well-established model of P. aeruginosa burn wound infection was therefore employed
for mice that had been previously immunized with live organisms. There were no treatment-
associated differences in antigen-specific or total IgG or IgA levels, but both P. aeruginosa-
specific and total IgM levels were significantly lower in mice that had been treated with FL
after burn injury, compared to mice that received control treatment after injury.

The reason for decreased levels of serum IgM in response to a burn wound infection in FL-
treated mice is not known. However, the relatively higher ratios of antigen-specific non-IgM
antibodies to IgM in FL-treated mice suggest that class switching to IgG and IgA isotypes in
response to burn wound infection may be enhanced. Ratios of P. aeruginosa-specific non-
IgM antibodies, especially IgG2a, to IgM were also increased in FL-treated mice following a
noninfectious challenge with HKPA, again suggesting that FL treatments somehow promote
IgG and IgA class switching during a recall response to P. aeruginosa.
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Dendritic cells alone, in the absence of exogenous cytokines, can induce IgA switching. In
the presence of exogenous cytokines, such as IL-10 and TGF-β, DC-induced switching is
further enhanced [36]. Following CD40 ligation, dendritic cells significantly increase IgG
and IgA secretion by memory B cells [37]. Therefore, enhanced dendritic cell numbers in
FL-treated mice could promote class switching from IgM during the secondary response to
infection.

Cytokines are important regulators of antibody isotype class switching. IFN-γ induces
switching from IgM to IgG2a, IL-4 induces switching to IgG1 and IgE, and TGF-β and
IL-10 induce switching to IgA and IgG2b. However, the response to infection is complex
and antibody-secreting cells can be exposed to mixtures of these cytokines. Others have
examined the effects of cytokine mixtures on isotype switching and found that IFN-γ has a
greater influence on this process than IL-4, and both of these cytokines have a greater
influence than TGF-β [38]. Following challenge with HKPA, splenic production of all
cytokines examined was significantly enhanced by FL treatments, but relative differences
between treatment groups were greater for IL-12 p70 and IFN-γ, cytokines associated with
Th-1 responses. This cytokine response correlated with a significant increase in antigen-
specific IgG2a, indicating that FL treatments can enhance Th1 responses and antigen-
specific IgG2a production after severe burn injury, similarly as in normal mice.
Functionally, enhanced IgG2a levels should increase the ability of the FL-treated host to
opsonize and facilitate elimination of bacteria. Indeed, sera from FL-treated mice were more
efficient at facilitation of neutrophil-mediated killing of P. aeruginosa in vitro.

The finding that FL treatments did not affect IFN-γ production following secondary
exposure to P. aeruginosa through the burn wound, despite enhanced production of IL-10,
TGF-β, and the IFN-γ-inducing factor IL-12p70, was surprising and could be responsible for
the lack of significantly enhanced IgG2a production in these same mice. Specifically, there
appeared to be a correlation between IFN-γ induction and enhancement of IgG2a
production. Following wound infection, neither IFN-γ nor IgG2a was increased in FL-
treated mice. On the contrary, IFN-γ was significantly increased in FL-treated mice
following intraperitoneal challenge with HKPA, as was IgG2a. Yet, the FL-treated mice are
capable of clearing bacteria following wound inoculation. These findings are consistent with
other models of infection. During retroviral infection, IFN-γ-deficient, but not IL-4- or
IL-12-deficient, mice are defective at controlling a primary infection. However, if mice are
previously immunized prior to infection, as in this study, IFN-γ-deficient mice can control
the infection, despite an inability to class-switch to IgG [39]. Therefore, while IFN-γ is
important during a primary response to infection, it appears to be dispensable during the
secondary, or recall, response.

The reasons for the differing recall responses of FL-treated mice, when comparing a live
wound infection with a noninfectious peritoneal challenge, are not known. A major
difference between these two models is that the wound infection permits a gradual, local
growth of bacteria that culminates in systemic dissemination over a period of several days,
whereas the intraperitoneal injection of HKPA provides a rapid, high-dose exposure to
bacterial components that may induce a response that is more representative of an acute
systemic inflammatory condition than a typical host response to infection. Additionally,
during the wound infection, live P. aeruginosa produce virulence factors that can modify the
host response to infection, whereas these factors are not expressed after heat killing of the
organisms. While both of these factors may contribute to the different responses seen with
the wound infection versus intraperitoneal challenge models, the contribution of these, and
other factors, to the decreased IgM and lack of IFN-γ response after wound infection in FL-
treated mice remains to be determined.
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Nonetheless, mice treated with FL have a significantly increased resistance to burn wound
infection, indicated by decreased systemic dissemination of bacteria from the burn wound
(figure 5) and increased survival [40]. Although antigen-specific responses were modulated
by FL in this study, it appears unlikely that antibody-mediated clearance of bacteria plays a
large role in the protective effects of FL in our wound infection model. Mice treated with FL
are resistant to burn wound infection, even when they have not been previously immunized
as in this study. Enhanced bacterial clearance in FL-treated mice becomes apparent within
three days of burn wound inoculation. Within this time frame, mice produce negligible
amounts of P. aeruginosa-specific antibodies in the absence of a prior immunization.
Therefore, FL-induced resistance to infection in our burn wound infection model is likely
due to responses of rapidly activated innate immune functions, currently under investigation
in our laboratory.

Whereas immunization with P. aeruginosa before injury was used in this study to control
experimental conditions, vaccination of burn patients with P. aeruginosa proteins or
polysaccharides after injury is being explored by others. Induction of P. aeruginosa-specific
antibodies following vaccination of burn patients has been demonstrated [41] and may have
potential for reducing the frequency and/or severity of P. aeruginosa infections after burn
injury [42;43]. In this context, FL may be useful as an adjuvant for vaccination or other
immunomodulatory interventions in burn patients.

Unfortunately, mortalities in non-treated mice following infection of burn wounds
{Bohannon, 2008 412 /id} preclude examination of an antigen-specific antibody response
following a primary exposure through the wound. Consequently, this study is restricted to
analysis of antibody responses to a previously recognized microorganism. However, others
have demonstrated enhancement of primary antibody responses in non-injured mice by FL
{Pabst, 2003 78 /id}, so it is likely that primary humoral responses would similarly be
enhanced by FL after burn injury.

In conclusion, this study suggests that FL may have potential for enhancing acquired
immune responses to burn-associated infections in the clinical scenario. Earlier studies
established that severe burns can impact humoral immune responses by polarizing antigen-
specific CD4+ T cells away from a Th1, and towards a Th2, phenotype [44], causing an
impairment in antigen-specific IgG and IgG2a production [45] that can be prevented by
exogenous Interleukin-12 [46]. The ability of FL to enhance IL-12 in both the wound
infection and intraperitoneal HKPA models suggests that FL may be able to prevent some of
the burn-associated alterations in antigen-specific responses. Additionally, the relative
increase in antigen-specific IgG2a in response to wound infection and the absolute increase
in antigen-specific IgG2a production after intraperitoneal challenge in burned mice treated
with FL suggest that FL may be able to prevent defects in humoral immunity in response to
infections originating from various tissue sources. These data, combined with earlier studies
demonstrating restoration of innate cytokine responses following a primary challenge with
HKPA, enhanced bacterial clearance following both intraperitoneal and wound inoculations
with live P. aeruginosa, and increased survival in response to an otherwise lethal wound
infection [47–49], suggest that prophylactic treatments with FL after severe burn injury may
be able to decrease susceptibility to various types of infections that adversely affect patients
recovering from severe burn injuries.
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Abbreviations

FL fms-like tyrosine kinase-3 ligand

HKPA heat-killed Pseudomonas aeruginosa

LR Lactated Ringers solution
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Figure 1. P. aeruginosa-specific IgG following burn injury
Previously immunized mice were rechallenged with HKPA by intraperitoneal injection 4
days after burn or sham injuries. Sera were harvested 4 days after bacterial challenge. n=4
mice/group, representative of two experiments. *significantly different from sham group,
p<0.05.
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Figure 2. Effects of FL on antibody responses following burn wound infection
Previously immunized mice were rechallenged by inoculation of burn wounds with P.
aeruginosa 4 days after burn injury. Mice received control treatment (LR) or FL for 5 days,
beginning on the day of injury. Sera were harvested 4 days after infection for assessment of
P. aeruginosa-specific or total (A) IgG, (B) IgA, and (C) IgM antibodies by ELISA.
Relative values are shown, expressed as O.D. × sample dilution factor. n=13 mice/group,
representative of 3 separate experiments. *significantly different than LR group, p<0.05.
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Figure 3. Effects of FL on antibody responses following noninfectious challenge
Previously immunized mice were rechallenged by intraperitoneal injection of HKPA 4 days
after burn injury. Mice received control treatment (LR) or FL for 5 days, beginning on the
day of injury. Sera were harvested 4 days after infection for assessment of P. aeruginosa-
specific or total (A) IgG, (B) IgA, and (C) IgM antibodies by ELISA. Relative values are
shown, expressed as O.D. × sample dilution factor. n=5 mice/group, representative of 2
experiments. *significantly different than LR group, p<0.05.
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Figure 4. Effects of FL on splenic cytokine production following secondary exposure to P.
aeruginosa
Mice were treated as in figures 2 (wound infection) and 3 (HKPA i.p.), and spleen
leukocytes were cultured overnight with additional HKPA stimulation. Secreted cytokines
were measured by ELISA. n=5 mice/group, representative of two experiments.
*significantly different than corresponding control (LR) group, p<0.05.
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Figure 5. Effects of FL on systemic dissemination of P. aeruginosa from the burn wound
Mice were treated as in figure 2, and sera were harvested 72 hours after inoculation for
overnight culture. Ratios on the graph represent the proportion of mice with positive blood
cultures. n = 6 mice/group, representative of two experiments, p>0.05.
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Figure 6. Facilitation of neutrophil-mediated bacterial killing by sera from immunized mice
Mice were treated as in figure 3, and heat-inactivated sera were incubated in vitro with P.
aeruginosa, external complement, and neutrophils for two hours, then plated on tryptic soy
agar for determination of cfu. n = 5 mice/group, with each serum sample assayed in
duplicate; purified antibody control performed in triplicate. #,*significantly different than
other groups, p<0.05.
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