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Abstract
Background—The high incidence of morbidity and mortality following major burn can in part
be attributed to immune derangements and wound healing complications. Inflammation plays an
important role in wound healing, of which inducible nitric oxide synthase (iNOS) derived nitric
oxide is a central mediator. T-cells of the γδ TCR lineage have also been shown to be important in
healing of the burn wound site. Nonetheless, the role of γδ T-cells in the regulation of the burn
wound iNOS expression is unknown.

Methods—Wildtype (WT) and δ TCR−/− male C57BL/6 mice were subjected to burn (3rd

degree, 12.5% TBSA) or sham treatment. Three days after injury, skin samples from non-injured
and the burn wound were collected and analyzed for the expression of iNOS and cytokines and
chemokine levels. In a second series of experiments, WT mice were subjected to burn and left
untreated or treated with the iNOS inhibitor, L-Nil. Skin cytokine and chemokine levels were
assessed 3 days thereafter.

Results—Burn induced an 18-fold increase in iNOS expression at the wound site as compared to
the uninjured skin of WT sham mice. In δ TCR−/− mice iNOS expression at the wound site was
significantly lower than that of the WT group. Burn also induced increased levels of IL-1β, IL-6,
G-CSF, TNF-α, KC, MCP-1, MIP-1α and MIP-1β at the wound site in WT and δ TCR−/− mice,
but G-CSF, TNF-α, and MIP-1β levels were greater in δ TCR−/− mice. Inhibition of iNOS activity
in WT mice with L-Nil suppressed burn wound levels of IL-1β, G-CSF, and MIP-1α, whereas
IL-6, TNF-α, KC, MCP-1 and MIP-1β were unaffected.

Conclusions—T-cells of the γδ TCR lineage significantly contribute to the up-regulation of
iNOS expression which contributes to wound inflammation.
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1. INTRODUCTION
In burn patients, the local inflammatory process plays a pivotal role controlling wound
contamination and initiating wound healing; however, the inflammatory response can
become a systemic response when the burn size exceeds 20% of the patient’s body surface,
leading to a wide range of complications [1, 2]. With regard to inflammatory mediators,
nitric oxide (NO) has been shown to play a major role in the development of complications
after burn [2, 3]. Nitric oxide, a short-lived free radical, can act as a 2nd messenger
molecule. It is produced from L-arginine by the NO synthase (NOS), enzyme that exists in
three different isoforms; two constitutive isoforms [endothelial and neuronal (eNOS and
nNOS respectively)] and one inducible isoform, (iNOS) [4, 5]. Numerous findings have
implicated NO in the inflammatory response caused by burn [2, 6, 7]. Moreover, increases
in NO synthesis has been associated with remote organ dysfunction [8–10] and immune
dysfunction [11–14] after burn and iNOS has been detected in skin from burned rodents and
humans [15–17]. Previous studies have also shown that iNOS is important in various aspects
of wound healing including reepithelialization, wound closure and collagen deposition [18,
19]. Nonetheless, the critical factors responsible for iNOS induction after burn are unclear.

Several studies from our laboratory suggest an important role of γδ T-cells in the
development of the immune-inflammatory response after burn [20–22]. In particular,
findings suggest that this unique T-cell population is critical in the healing of the burn
wound [20, 21]. Unique characteristics of these cells, such as their location in barrier tissues,
fast expansion upon activation and their ability to independently recognize antigens make
them ideal regulators of local injury and maintenance of skin homeostasis [23, 24]. Jones-
Carson et al.[25] have shown that γδ T-cells enhance macrophage NO production and that
γδ T-cell depletion abrogated iNOS expression in response to Candida albicans infection.
The current study was undertaken to determine the relationship between the induction of
burn wound iNOS expression and γδ T-cells.

2. MATERIALS AND METHODS
2.1 Animals

Male C57BL/6 (WT) and male mice lacking γδ T-cells (δ TCR−/−; C57BL/6J-Tcrdtm1Mom

[22 to 25 g; 8 to 10 wk of age]) were obtained from Jackson Laboratories (Bar Harbor, ME).
The mice were allowed to acclimatize in the animal facility for at least 1 week prior to
experimentation. The experiments in this study were approved by the Institutional Animal
Care and Use Committee of the University of Texas Health Science Center at San Antonio
and were performed in accordance with the National Institutes of Health guidelines for the
care and handling of laboratory animals.

2.2 Burn procedure
Mice received a scald burn as described previously [26]. Briefly, the mice were anesthetized
by intramuscular (i.m.) injection of ketamine/xylazine, and the dorsal surface was shaved.
The anesthetized mouse was placed in a custom insulated mold exposing 12.5% of their total
body surface area (TBSA) along the right dorsum. The mold was immersed in 70°C water
for 10 sec to produce a 3rd degree burn. Previous studies have verified this injury to be a full
thickness burn with damage to the epidermal, dermal and sub-dermal layers [26, 27]. The
mice were then resuscitated with 1 ml of Ringer's lactate solution administered by
intraperitoneal injection and returned to their cages. The cages were placed on a heating pad
for 2 hrs until the mice were fully awake, at which time they were returned to the animal
facility. Sham treatment consisted of anesthesia and resuscitation with Ringer's lactate
solution only.
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2.3 Administration of the iNOS inhibitor, L-Nil
L-Nil (Cayman Chemical, Ann Arbor, MI) was administered with s.c. implanted mini-
osmotic pumps (ALZET model 2001 [mean pumping rate is 1 μl/hr], DURECT
Corporation, Cupertino, CA). L-Nil was dissolved in PBS and the pumps were filled
according to the manufacturer’s instructions. L-Nil dosage was 1.0 mg/day based on
previously published findings [28].

2.4 Tissue collection and processing
Skin samples from the burn site and uninjured skin from the injured and sham mice was
collected at 3 days after injury. Ventral skin was collected as the uninjured sample in the
burn mice. Skin samples from the burn site included injured skin and the wound margin. The
burn wound and uninjured skin were excised, down to the level of the musculofascia,
including the submucosal layer by sharp dissection and immediately snap-frozen in liquid
nitrogen. Skin samples were stored at −80°C until analysis for iNOS expression and
cytokine/chemokine content.

2.5 Analysis of iNOS expression in skin lysates
For Western blot analysis the samples were homogenized in a protease inhibitor cocktail
(Calbiochem®, San Diego, CA). The tissue extract was clarified by centrifugation at 14,000
rpm for 20 min. Samples (25 μg/lane) were run on a 12.5% NuPAGE® Novex® Bis-Tris
Gel (Invitrogen Laboratories) (45 min at room temperature, voltage: 200 V) and transferred
(2 hrs at 4°C, voltages: 100 V) to a nitrocellulose membrane (Immun-Blot PVDF
Membrane, Bio-Rad Laboratories). The membranes were blocked with 5% non-fat milk for
1 hr, and incubated with a mouse antiserum against iNOS (1:500, Cell Signaling
Technology) and anti-β-actin (1:2000, Sigma Lab) overnight at 4°C. The blots were then
washed and incubated with secondary antibodies (goat anti-rabbit IgG for iNOS 1:10000
and goat anti-rabbit IgG for β-actin 1:20000, Santa Cruz, CA) for 1 hr. Antigens were
visualized using a chemiluminescence kit (SuperSignal West Pico, Thermo Scientific,
USA). Pictures of the membranes were scanned and analyzed using ImageJ software (NIH).

2.6 Analysis of cytokines/chemokines in skin lysates
Tissue samples were homogenized in protease inhibitor cocktail prior to analysis. The
Bioplex (Bio-Rad) system was used for cytokine/chemokine levels analysis. Cytokines and
chemokines’ levels in the skin samples were normalized to mgs of total protein as
determined using a BCA (Sigma-Aldrich Laboratories, Saint Louis, MO).

2.7 Statistical analysis
Data are expressed as mean ± SE. Comparisons were analyzed using ANOVA. A p-value <
0.05 was considered to be statistically significant for all analyses.

3. RESULTS
3.1 Effect of burn on skin iNOS expression 3 days after injury

At 3 days after burn a profound increase in skin iNOS expression in WT mice was observed
(Fig. 1). A significant increase in the iNOS expression was seen in the burn wound as
compared with the uninjured skin of the burn mice or the sham mice. The most robust
response was seen in the burn wounds with an 18-fold increase in iNOS expression as
compared to the uninjured skin of WT sham mice. A 6-fold increase was observed as
compared with uninjured skin from burn mice. In δ TCR−/− mice a slight, but significant
increase in iNOS expression was observed at the wound site and in the uninjured skin of the
burn mice, as compared to the uninjured skin of the sham δ TCR−/− mice. While, burn
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increased iNOS expression at the wound site of δ TCR−/− mice, it was significantly less
(~20%) than that observed in WT mice.

The iNOS protein was expressed at 2 distinct molecular weights (mw) of approximately 135
and 130 kd. The 130 mw band predominated in the δ TCR−/− mice, whereas the 135 mw
band was the predominant form in WT mice, irrespective of injury. In addition, β-actin and
GAPDH levels were lower in wound samples from both WT and δ TCR−/− mice (Table 1).

3.2 Skin cytokine content after burn
As markers of inflammation, we analyzed the expression of IL-1β, IL-6, G-CSF and TNF-α
in skin lysates of the WT and the δ TCR−/− (Fig. 2). No significant differences in cytokine
levels were observed between uninjured skin from sham and burn mice. Burn induced a
significant increase in the expression of all cytokines at the wound sites of WT and δ
TCR−/− mice as compared with the uninjured skin of the injured or sham mice skin. G-CSF
and TNF-α levels were approximately 2-fold greater in the wound skin of δ TCR−/− mice as
compared with that of WT mice. In contrast, IL-1β and IL-6 levels at the wound site were
comparable in WT and δ TCR−/− mice.

3.3 Skin chemokine content after burn
The expression of the chemokines KC, MCP-1, MIP-1α and MIP-1β was measured in the
skin lysates of the WT and the δ TCR−/− mice (Fig. 3). Similar to our findings with
inflammatory cytokine content, no significant differences in chemokine levels were
observed between uninjured skin from sham and burn mice. A significant increase in the
expression of all chemokines at the burn site of the WT and δ TCR−/− mice, as compared
with the uninjured skin of the burn or sham mice was observed. KC, MCP-1, MIP-1α levels
in the injured skin of the δ TCR−/− mice did not differ from those observed in the WT mice;
however, MIP-1β levels were elevated 3-fold in the δ TCR−/− mice.

3.4 Effect of iNOS inhibition on skin cytokine and chemokine content
As with the first set of experiments (see Fig. 2), IL-1β, IL-6, G-CSF and TNF-α levels in
burn skin were significantly elevated as compared with uninjured skin from burn mice or
sham mice. Treatment of mice with L-Nil after burn resulted in a significant elevation in
IL-1β, IL-6 and G-CSF in uninjured skin from burn mice (Fig. 4). In contrast, burn skin
from L-Nil treated mice had significantly lower levels of IL-1β and G-CSF as compared
with untreated mice. IL-6 and TNF-α level in burn skin did not differ between the untreated
and L-Nil treated groups.

Chemokine levels were elevated in burn skin, as initially observed (see Fig. 3), and also
affected by L-Nil treatment (Fig. 5). L-Nil treatment increased the levels of KC, MCP-1,
MIP-1α and MIP-1β in uninjured skin from burn mice. In burn skin, L-Nil treatment
resulted in a 50% increase in MCP-1 levels as compared with untreated mice. In contrast,
burn mice treated with L-Nil displayed a 35–50% drop in the levels of KC and MIP-1α at
the injury site. MIP-1β levels at the injury site were unaffected by L-Nil treatment.

4. DISCUSSION
Given the important role of iNOS-derived NO in the wound healing process, the current
study was conducted to assess the role of epidermal γδ T-cells in the expression of iNOS at
the burn wound site. Our findings here, for the first time, demonstrate that γδ T-cells are
critical in the up-regulation of iNOS at the burn injury site, since iNOS expression was
markedly reduced in burn δ TCR−/− mice as compared to WT mice. This γδ T-cell-
dependent iNOS expression appears to be in part independent of effects on other aspects of
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the wound inflammatory response, since the expression of only selected inflammatory
cytokines and chemokines at the burn site were elevated in δ TCR−/− mice.

Nitric oxide (NO), a multifunctional biological messenger, has been shown to be involved in
several pathways of the inflammatory process, including granulation tissue formation,
epithelial proliferation, collagen synthesis and angiogenesis [29]. The high expression of
iNOS in the acute inflammatory phase after burn by the WT mice, as compared with the δ
TCR−/− mice, suggests a pivotal role for γδ T-cells in the acute host response, NO synthesis
regulation and subsequent wound healing. Studies by Isenberg et al, have shown the role of
NO in multiple steps of the wound healing process and how disruption of its delicate balance
can compromise adequate healing [30].

In the current study we observed two distinct bands for the iNOS protein, in which the lower
molecular weight band predominated in the δ TCR−/− mice. The reason for the double band
is unclear, but may be related to post-translational modifications, such as phosphorylation or
ubiquination [31]. Other investigators have also shown modification of iNOS molecular
weight in non-burn models [32, 33]. The reasons and mechanisms responsible for these γδ
T-cell-dependent changes in iNOS expression remain to be elucidated.

Previous studies have shown that γδ T-cells display properties of innate immune cells,
highlighting the role of γδ T cells in the early immune response after injury [34, 35].
Gamma delta T-cells are involved in all stages of the wound healing process, from the early
inflammatory infiltration at the injury site to modulation of macrophage [36], keratinocytes
and fibroblast responses [37]. Gamma delta (γδ) T-cells are an important source of
chemokines [23] that attract monocytes and macrophages early post burn, and respond
rapidly and efficiently to invading pathogens through their ability to recognize specialized
patterns of antigen without antigen-presenting cells or prior antigen degradation. Studies by
Alexander et al, suggest that γδ T-cells are critical to burn wound healing as evidenced by
decreased levels of growth factors and immune cell infiltration in the burn wounds of γδ T-
cell deficient mice [21]. Additional studies by Daniel et al in a murine wound sponge model
have shown that wound infiltration is lacking in γδ T-cell deficient mice [20]. In contrast, to
the current study, Daniel et al showed a profound attenuation in cytokine/chemokine levels
at the wound site in δ TCR−/− mice. This suggests that γδ T-cell-mediated regulation of
resident immune cells (in the current study) and infiltrating cells (Daniel et al.) is markedly
different.

Once the burn disrupts the skin equilibrium, an inflammatory cascade is initiated involving
the production and release of multiple inflammatory mediators. In the present study we
found a significant inflammatory response at the burn site at 3 days after burn. This
inflammatory response was associated with significantly higher levels of the pro-
inflammatory cytokines and chemokines. Somewhat surprisingly, a number of these
inflammatory mediators were elevated further in δ TCR−/− mice. These findings suggest
that, unlike growth factors [21], the burn inflammatory response appears to be differentially
regulated γδ T-cells at 3 days post-injury and γδ T-cells appear to play either directly or
indirectly a somewhat anti-inflammatory role. The current study focused on 3 days after
injury, as this has been shown to be the time most critical for activation of macrophages, the
likely wound cell expressing iNOS [38–41]. The effect of γδ T-cells at other times post-
injury remains to be determined.

Our findings showed a differential effect of iNOS inhibition on cytokine and chemokine
expression after burn. A number of inflammatory mediators (IL-1β, G-CSF and MIP-1α)
were suppressed by iNOS inhibition with L-Nil, whereas MCP-1 was elevated under such
conditions. This effect of iNOS inhibition may be in part related to decreased recruitment of
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mononuclear cells to the site that produce IL-1β, G-CSF and MIP-1α and elevated
production of MCP-1 by resident cells to recruit the inflammatory mononuclear cells. In this
regard, iNOS has been shown to be important in cellular recruitment in models of
pulmonary fibrosis and hepatic ischemia/reperfusion [42, 43]. These effects of iNOS
inhibition or depletion may be related to angiogenesis, as angiogenesis has been shown to be
stimulated by NO in a rat burn model [29]. Studies by Yamasaki et al have shown that iNOS
knockout mice exhibit delayed angiogenesis [19], probably related to an iNOS-dependent
depletion of VEGF levels [41].

In conclusion, T-cells of the γδ TCR lineage have a significant role in the burn wound
healing process through the regulation of iNOS expression at the injury site. Wound healing
is a relevant clinical problem, and clearer understanding of potential targets of therapeutic
intervention (such as γδ T-cells) may provide burn care improvement leading to decreased
morbidity and mortality.
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ABBREVIATIONS

γδ gamma-delta

NO nitric oxide

iNOS inducible nitric oxide synthase

δ TCR−/− gamma-delta T-cell deficient animal

WT wild type

TBSA total body surface area

IL interleukin
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MCP-1 Monocyte chemotactic protein-1

MIP-1α Macrophage Inflammatory Protein 1 alpha

MIP-1β Macrophage Inflammatory Protein 1 beta

KC keratinocyte chemoattractant
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HIGHLIGHTS

Burn is associated with profound inflammation and innate immune system activation

Burn wounds had a massive increase in iNOS expression and inflammatory cytokines

iNOS expression in the burn wound of γδ T-cell deficient mice was markedly reduced

Gamma delta T-cells regulate wound iNOS expression independent of inflammation
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Fig. 1. iNOS expression in uninjured and burn skin lysates
Skin samples of WT and δ TCR−/− mice at 3 days after burn were assessed for iNOS
expression by Western blot as described in Materials and Methods. Raw 264.7 whole cell
lysates were used for the positive control (Santa Cruz Biotechnology). Data are mean ± SE
for 6–8 mice/group. * p<0.05 vs. uninjured skin or sham skin. † p<0.05 vs. respective WT
group.

Oppeltz et al. Page 10

Cytokine. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Cytokine content in uninjured and burn skin lysates
Skin samples of wild type and δ TCR−/− mice at 3 days after burn were assessed for IL-1β,
IL-6, G-CSF and TNF-α expression by Bioplex as described in Materials and Methods. Data
are expressed as the mean ± SEM for 8 mice/group. * p<0.05 vs. uninjured skin or sham
skin. † p<0.05 vs. respective WT group.
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Fig. 3. Chemokine content in uninjured and burn skin lysates
Skin samples of wild type and δ TCR−/− mice at 3 days after burn were assessed for KC,
MCP-1, MIP-1α and MIP-1β content by Bioplex as described in Materials and Methods.
Data are expressed as the mean ± SEM for 8 mice/group. * p<0.05 vs. uninjured skin or
sham skin. † p<0.05 vs. respective WT group.
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Fig. 4. Effect of iNOS inhibition on skin cytokine content
Skin samples of untreated and L-Nil treated mice at 3 days after burn were assessed for
IL-1β, IL-6, G-CSF and TNF-α expression by Bioplex as described in Materials and
Methods. Data are expressed as the mean ± SEM for 7–12 mice/group. * p<0.05 vs.
uninjured skin or sham skin. † p<0.05 vs. respective untreated group. n.d. = not determined.
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Fig. 5. Effect of iNOS inhibition on skin chemokine content
Skin samples of untreated and L-Nil treated mice at 3 days after burn were assessed for KC,
MCP-1, MIP-1α and MIP-1β expression by Bioplex as described in Materials and Methods.
Data are expressed as the mean ± SEM for 7–12 mice/group. * p<0.05 vs. uninjured skin or
sham skin. † p<0.05 vs. respective untreated group. n.d. = not determined.
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Table 1

β-actin and GAPDH expression in skin lysatesa

Sham Burn Uninjured Burn Injured

β-Actin WT 2.51 ± 0.37 2.09 ± 0.38 0.96 ± 0.12b,c

δ TCR−/− 3.01 ± 0.34 1.48 ± 0.17 1.30 ± 0.17 b,c

GAPDH WT 7.26 ± 0.44 n.d. 0.42 ± 0.13b

δ TCR−/− 3.88 ± 0.27 n.d. 0.93 ± 0.06b

a.
Skin samples were collected at 3 days after injury or sham procedure and processed for β-actin content as described in the Materials and

Methods. Data are the mean ± SEM for relative densitometric units; n=8 mice/group for β-actin and n=3 mice/group for GAPDH.

b.
p<0.05 as compared with respective sham

c.
p<0.05 as compared with respective burn uninjured

n.d. not determined
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