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Abstract
Objectives—T-helper (Th)-17 lymphocytes play a crucial role in maintenance and regulation of
gut immunity. Our laboratory has demonstrated that acute ethanol (EtOH) exposure before burn
injury results in intestinal T cell suppression and enhanced bacterial translocation.

Background—To extend these studies, we examined the effects of EtOH exposure and burn
injury on Th17 responses within intestinal lymphoid Peyer’s patches (PP). We further investigated
whether restitution of interleukin (IL)-23 enhances PP cell IL-17 and IL-22 after EtOH and burn
injury.

Methods—Male mice, approximately 25 g, were gavaged with EtOH (2.9 mg/kg) before
receiving an approximately 12.5% total body surface area full thickness burn. One day postinjury,
PP mixed cells were cultured in the presence of plate-bound anti-CD3/soluble anti-CD28 in the
presence or absence of IL-23 for 48 hours. Supernatants were harvested for IL-17 and IL-22
levels.

Results—When combined with EtOH intoxication, burn injury significantly decreased IL-17 and
IL-22, as compared with sham injury. IL-23 treatment successfully increased levels of IL-22 but
not IL-17. This restoration was prevented when PP cells were treated with CH-223191, an aryl
hydrocarbon receptor inhibitor. To further delineate the mechanism of differential IL-17 and IL-22
suppression, PP cells were treated with phorbol 12-myristate 13-acetate (PMA) and ionomycin,
which signal via protein kinase C (PKC) and calcium flux. Treatment with PMA and ionomycin
significantly prevented the decrease in IL-17 but not IL-22 after EtOH exposure and burn injury.

Conclusions—These findings suggest that IL-23-mediated restoration of IL-22 is aryl
hydrocarbon receptor dependent, whereas IL-17 requires activation of protein kinase C and
intracellular calcium signaling.
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More than 1 million burn injuries are reported yearly within the United States.1 These
injuries translate into an approximate 500,000 emergency department visits and 40,000
hospitalizations annually.1 Interestingly, nearly one-half of these injuries occur under the
influence of alcohol/ethanol (EtOH) intoxication.2–5 Furthermore, burn victims who sustain
injury post-EtOH exposure are more susceptible to infection, exhibit higher morbidity, and
are more likely to die than patients without EtOH exposure at the time of injury.2–6 Previous
data suggest that gut pathogens and their products may play a pivotal role in the
development of sepsis and multiple organ failure reported in burn and trauma patients.7–9 In
line with these studies, our laboratory has demonstrated increased intestinal tissue damage,
leakiness, and bacterial translocation and T-helper (Th) cell suppression after EtOH
intoxication and burn injury.7,10–13 Namely, we observed that EtOH combined with burn
injury results in decreased Th1 cytokine interferon (IFN)-γ production.10,13 Similarly,
alterations in T cell effector functions were reported after major trauma, including burn
injury, in the absence of prior EtOH exposure.14–18 Furthermore, these latter studies suggest
that a suppression of Th1 responses after burn and other traumatic injuries are often
accompanied with a decrease in host resistance and increased susceptibility to
infection.14–18

T cell activation is primarily induced via stimulation of the T cell receptor (TCR); however,
differentiation of T cells into Th1, Th2, or Th17 cells is dependent on the presence of
costimulatory molecules and the surrounding cytokine milieu.19 The stimulation of TCR
induces a series of intracellular signaling cascade that includes the activation of protein
kinases and the release of intracellular calcium ions.20,21 We have shown that the decrease
in T cell IFN-γ may result from alterations in T cell intracellular signaling cascade including
alterations in mitogen activated protein kinases.10,13,22

Recent findings suggest that Th17 lymphocytes maintain intestinal immune homeostasis and
barrier function.19,23–26 Importantly, interleukin (IL)-23, a heterodimeric cytokine and
member of the IL-12 family, has been shown to play a critical role in the development,
expansion, and survival of Th17 lymphocytes.19,24,25 Binding of IL-23 to its receptor
complex on differentiating Th lymphocytes activates signal transducer and activator of
transcription (STAT)-3 to maintain upregulation of transcription factor retinoic acid–related
orphan receptor (ROR)-γt, which has been reported to be indispensable in the production
and secretion of Th17 effector cytokines IL-17 and IL-22.19,24,25 In addition, aryl
hydrocarbon receptor (AhR), a ubiquitous transcription factor found in the cytoplasm of
vertebrate cells has been recently implicated in the regulation of IL-22,27–29 but whether
IL-23 utilizes AhR to modulate IL-17/IL-22 remains poorly described. IL-17 has been
shown to protect against gut pathogens, including Bacteroides fragilis and Klebsiella
pneumoniae,19,23 and to enhance tight junction formation.30 Conversely, IL-22 acts on
epithelial cells to induce release of antimicrobial peptides31,32 and stimulate epithelial cell
regeneration and proliferation.19,33 Furthermore, dysregulation of Th17 lymphocytes has
been implicated in both forms of inflammatory bowel disease.24,25,34 More recently,
suppression of the generation of Th17 cells was reported in patients with severe burn
injuries.19,35 Similar studies in mice have implicated Th17 cells in immune suppression after
burn injury.36 Because Th17 cells are implicated in defense against gut pathogens as well in
the maintenance of gut barrier function, our study examined whether Th17 effector
cytokines IL-17 and IL-22 are affected by combined EtOH exposure and burn injury in gut-
associated secondary lymphoid organs, Peyer’s patches (PPs). PPs are important intestinal
secondary lymphoid organs that play a critical role in T cell immunity and containment of
gut bacterial translocation.37,38 We further explored the role of intracellular signaling in
altered Th17 effector functions. Our results demonstrate that EtOH exposure and burn injury
results in suppressed CD3-dependent Th17 cytokines IL-17 and IL-22. Furthermore, we
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observed that IL-23-mediated restoration of IL-22 is AhR dependent, whereas IL-17
requires activation of protein kinase C (PKC) and intracellular calcium signaling.

MATERIALS AND METHODS
Animals and Reagents

Male C57BL/6 mice, 6 to 7 weeks old, were obtained from Harlan Laboratories
(Indianapolis, IN). Hamster antimouse CD3ε and antimouse CD28 were obtained from BD
Biosciences (San Diego, CA). Rat affinity purified antimouse CD16/32, hamster PE-
conjugated antimouse CD11c, rat FITC-conjugated antimouse MHC II, rat APC-conjugated
antimouse F4/80, hamster PE-Cy7-conjugated antimouse CD3ε, and recombinant IL-12 and
IL-23 were obtained from eBioscience (San Diego, CA). Goat APC-conjugated antimouse
IL-23R and IL-17 and IL-22 enzyme-linked immunosorbent assay (ELISA) kits were
obtained from R&D Systems (Minneapolis, MN). Collagenase D was obtained from Roche
Applied Science (Indianapolis, IN). Concanavalin A (ConA), ionomycin calcium salt,
phorbol 12-myristate 13-acetate (PMA), and AhR inhibitor CH-223191 were obtained from
Sigma-Aldrich (St. Louis, MO).

Mouse Model of Acute EtOH Intoxication and Burn Injury
As previously described,39 adult C57BL/6 male mice were randomly divided to receive
sham or burn injury and either EtOH or vehicle (water) to yield 4 experimental groups: sham
vehicle, sham EtOH, burn vehicle, and burn EtOH. Mice were gavaged with either 0.4 mL
of 25% EtOH in water (~2.9 g/kg) or water. Four hours after gavage, mice were anesthetized
by intraperitoneal injection of ketamine hydrochloride/xylazine cocktail (~80 mg/kg and 1.2
mg/kg, respectively). Dorsal surfaces were shaved, and animals were transferred into a
template fabricated to expose approximately 12.5% of the total body surface area. Total
body surface area was calculated by using Meeh’s formula as described by Walker and
Mason.40 Burn-injured mice were immersed into a water bath maintained at 85 to 87°C for 7
seconds, which results in a full-thickness scald injury. Sham-injured mice were subjected to
identical anesthesia and treatment but immersed into isothermic water (37°C) for 7 seconds.
Immediately after burn or sham procedure, animals were dried and resuscitated with 1.0-mL
physiological saline by intraperitoneal injection. Animals were allowed food and water ad
libitum. This model produces less than 10% mortality, 1-day postburn injury. All
experiments were conducted in accordance with the guidelines set forth in the Animal
Welfare Act and were approved by the Institutional Animal Care and Use Committee at the
Loyola University Health Sciences Division.

Cell Isolation From PPs
One day after injury, mice were anesthetized, and the abdominal cavity exposed via midline
incision. PPs were collected aseptically and placed into a collagenase D bath for 15 minutes
at 37°C, as described previously.41 Collagenase D (0.5 mg/mL) was prepared in Hank’s
Buffered Saline Solution (HBSS, Fisher Scientific) containing Ca2+ and Mg2+ and
supplemented with 10 mM HEPES, 50 μg/mL gentamicin, 100 U/mL penicillin with 100
μg/mL streptomycin, and 5% fetal calf serum. After collagenase D treatment, PPs were
crushed to prepare single-cell suspensions, filtered through a 70-μm nylon filter, and washed
and resuspended at a concentration of 5 × 106 cells/mL in complete media (RPMI 1640
supplemented with 2 mM L-glutamine, 10 mM HEPES, 50 μg/mL gentamicin, 100 U/mL
penicillin with 100 μg/mL streptomycin, and 10% fetal calf serum).
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Flow Cytometry Analysis
For the measurement of PP T cell, macrophage and dendritic cell populations, PP mixed
cells were resuspended in fluorescence-activated cell sorting (FACS) buffer (phosphate
buffered saline with 5% fetal calf serum) at a concentration of 2 × 106 cells/mL. Cell
suspensions were blocked with purified antimouse CD16/32 for 20 minutes at 4°C and
stained with PE-Cy7-conjugated antimouse CD3ε, PE-conjugated antimouse CD11c, APC-
conjugated anti-F4/80, and FITC-conjugated antimouse MHC II for 30 minutes in the dark
at 4°C, as previously described.10 For the measurement of IL-23 receptor expression, PP-
mixed cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence of plate-
bound anti-CD3 (5 μg/mL) and soluble anti-CD28 (1 μg/mL) for 4 hours. Cells were
collected, blocked with purified antimouse CD16/32 for 20 minutes at 4°C, and stained with
PE-Cy7 conjugated anti-CD3ε and PE-conjugated anti-IL-23R for 30 minutes in the dark at
4°C. The cells were washed twice and resuspended in 0.5-mL FACS buffer. All samples
were analyzed at the Loyola University Health Sciences Division FACS Core Facility using
a 6-color flow cytometer (BD FACSCanto) and FlowJo Software (Treestar). CD3ε+ cells
were identified as T cells, CD11c+ MHC II+ cells were considered dendritic cells, and
F4/80+ cells were considered macrophages.

Measurement of IL-23
For the measurement of IL-23 PP mixed cells (2 × 106 cells/mL) were cultured in 96-well
plates in complete media in the presence of lipopolysaccharide (LPS; 1 μg/mL) for 24 hours.
After culture, cell supernatants were collected for IL-12/23p40 or IL-23p19 protein
measurement by ELISA. Cells were lysed for intracellular IL-23p19 protein levels by
ELISA and normalized to protein levels.

Measurement of IFN-γ, IL-2, IL-17, and IL-22
To determine the effects of EtOH exposure and burn injury on Th effector cytokines IFN-γ,
IL-2, IL-17, and IL-22, mixed cells (2 × 106 cells/mL) were cultured in the presence of
ConA (5 μg/mL) or T cell specific stimuli, plate-bound anti-CD3 (5 μg/mL) and soluble
anti-CD28 (1 μg/mL), in 96-well plates at 37°C and 5% CO2 for 48 hours.10,42 After culture,
supernatants were harvested and tested for IFN-γ, IL-2, IL-17, and IL-22 levels, using
respective ELISA kits (R & D Systems).

To assess whether rIL-23 restores IL-17 and IL-22 after combined injury, mixed cells (2 ×
106 cells/mL) were cultured in the presence of plate-bound anti-CD3 (5 μg/mL) + soluble
anti-CD28 (1μg/mL) ± rIL-23 (10 ng/mL) ± rIL-12 (10 ng/mL) in 96-well plates at 37°C
and 5% CO2 for 48 hours.10,42 Supernatants were harvested and IFN-γ, IL-17, and IL-22
measured.

To investigate the role of AhR transcription factor in IL-23-dependent restoration of IL-22,
mixed cells (2 × 106 cells/mL) were pretreated with AhR inhibitor CH-223191 (10 μM) for
2 hours, as previously described.43–45 CH-2233191 has been shown to have maximal effects
at 10 μM with no additional effects at 25 μM.44,45 Cells were then cultured in the presence
of plate-bound anti-CD3 (5 μg/mL) + soluble anti-CD28 (1 μg/mL) ± rIL-23 (10 ng/mL) in
96-well plates at 37°C and 5% CO2 for 48 hours. IL-17 and IL-22 were measured in culture
supernatants by ELISA.

To explore the role of PKC activation and intracellular calcium signaling on Th17 effector
cytokines IL-17 and IL-22 after EtOH exposure and burn injury, mixed cells (2 × 106 cells/
mL) were cultured in the presence of plate-bound anti-CD3 (5 μg/mL) + soluble anti-CD28
(1 μg/mL) ± PMA (10 ng/mL) and ionomycin (50 ng/mL) in 96-well plates at 37°C and 5%
CO2 for 48 hours. IL-17 and IL-22 were measured in culture supernatants.
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Statistical Analysis
The data, wherever applicable, are presented as means + SEM and were analyzed using
analysis of variance with Tukey post hoc test or Student t test (GraphPad InStat). P < 0.05
was considered statistically significant.

RESULTS
PP Immune Cells After EtOH Exposure and Burn Injury

We determined the effect of EtOH exposure and burn injury on PP T cells (CD3ε+),
dendritic cells (CD11c+ MHC II+) and macrophages (F4/80+) by flow cytometry. As
summarized in Table 1, the percentage of PP immune cells remained unaffected after EtOH
and/or burn injury.

EtOH Exposure and Burn Injury Suppresses PP Th17 Effector Cytokines IL-17 and IL-22
Our laboratory has previously demonstrated that EtOH intoxication and burn injury suppress
gut associated T cell IFN-γ and IL-2 in a rat model.10,11,13 To further elucidate the effects of
EtOH intoxication and burn injury on Th responses, we examined whether combined insult
affects Th17 effector responses in PPs. To test this, PP mixed cells were cultured with ConA
(5 μg/mL, data not shown) or T cell specific stimuli, plate-bound anti-CD3 (5 μg/mL), and
soluble anti-CD28 (1 μg/mL) for 48 hours. After culture, cell supernatants were harvested
and IL-17 (Fig. 1A) and IL-22 (Fig. 1B) were measured. As demonstrated in Figure 1, we
found no significant change in PP IL-17 and IL-22 in mice gavaged with EtOH alone
compared with sham vehicle group. After burn injury, IL-17 and IL-22 were both decreased
as compared with sham vehicle. This burn-induced suppression of IL-17 and IL-22 was
significantly exacerbated in the presence of EtOH intoxication.

In our preliminary studies, we used ConA as a T cell stimulant (data not shown) and found
similar results to T cell–specific CD3/CD28. Thus, to explicitly study the effects of EtOH
exposure and burn injury on CD3-/CD28-mediated Th17 effector responses, further
experiments utilized anti-CD3 and anti-CD28 as T cell stimuli. Moreover, the greatest
suppression of Th17 effector cytokines was found in animals subjected to combined EtOH
exposure and burn injury; thus, the remaining studies were carried out using only the sham
vehicle and burn EtOH groups.

EtOH Exposure and Burn Injury Suppresses PP Th1 Effector Cytokines
Our laboratory has previously demonstrated that EtOH intoxication and burn injury suppress
gut-associated T cell, including PP, IFN-γ, and IL-2 in a rat model.10,11,13 To determine
whether decreased Th1 effector cytokines, IFN-γ, and IL-2, after EtOH exposure and burn
injury were recapitulated in our mouse model, PP mixed cells were cultured with ConA for
48 hours. After culture, cell supernatants were harvested for the measurement of IFN-γ and
IL-2. As shown in Figure 2, combined insult suppressed Th1 effector cytokines IFN-γ (Fig.
2A) and IL-2 (Fig. 2B), as compared with sham injury.

PP IL-23 and IL-23 Receptor Expression
IL-23 is synthesized by a variety of cells, including monocytes, macrophages, dendritic
cells, T cells, B cells, and endothelial cells.19,24,25 Given its central role in mediating Th17
effector responses, we tested whether EtOH exposure and burn injury perturbs IL-23 levels.
Mixed cells were cultured in the presence of LPS (1 μg/mL) for 24 hours; cell supernatants
were collected for extra-cellular IL-23 protein levels and cells were lysed for intracellular
IL-23 protein levels. EtOH exposure and burn injury suppressed IL-12/23p40, a subunit
shared between IL-12 and IL-23, in cell culture supernatants, as compared with sham injury

Rendon et al. Page 5

Ann Surg. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Fig. 3A). We next measured IL-23p19, the subunit unique to IL-23, in cell culture
supernatants and found that the levels of IL-23p19 were below the level of detection in all
treatment groups (data not shown). To circumvent this, we tested IL-23p19 in cell lysates.
Levels of IL-23p19 were detectable only in samples from sham vehicle animals (Fig. 3B),
suggesting that combined EtOH exposure and burn injury suppresses IL-23p19.

We further determined whether EtOH exposure and burn injury perturb expression of the
IL-23 receptor (IL-23R). To accomplish this, PP cells were stimulated with plate-bound
anti-CD3 (5 μg/mL) and soluble anti-CD28 (1 μg/mL) for 4 hours. After incubation, cells
were harvested and stained with PE-Cy7-conjugated antimouse CD3ε and PE-conjugated
antimouse IL-23R, CD3ε and IL-23R coexpression was determined by flow cytometry. We
found that only 2% to 3% of PP cells coexpress CD3ε and IL-23R after 4 hours of culture.
However, EtOH intoxication and burn injury did not significantly affect the frequency
(percent) of CD3ε+ IL-23R+ events (data not shown), nor the per cell expression of IL-23R
within CD3ε+ cells (Fig. 4).

IL-23 Specifically Restores IL-22, But Not IL-17, After Combined Injury
Differentiation of Th17 lymphocytes depends on IL-1β, IL-6, and transforming growth
factor β; however, IL-23 is crucial to Th17 effector functions. As mentioned previously,
IL-23 and IL-12 share the p40 subunit; where p40 joins with the p19 subunit to form IL-23,
p40 can also join with the p35 subunit to form IL-12.19,25 Because IL-23 shares 1 subunit
with IL-12 and we have previously shown decreased IL-12 and IFN-γ after EtOH exposure
and burn injury,10 we tested whether IL-23 and IL-12 influence IFN-γ, IL-17, and IL-22. PP
mixed cells were cultured with plate-bound anti-CD3 (5 μg/mL) and soluble anti-CD28 (1
μg/mL) in the presence or absence of rIL-12 (10 ng/mL) or rIL-23 (10 ng/mL) for 48 hours.
After culture, cell supernatants were harvested, and IFN-γ (Fig. 5A), IL-17 (Fig. 5B), and
IL-22 (Fig. 5C) were measured by ELISA. In line with our previous findings,10 we showed
that IL-12 reestablishes IFN-γ to sham vehicle levels after EtOH intoxication and burn
injury in PP cells (Fig. 5A). Restoration of post-EtOH exposure and burn injury–induced
IFN-γ suppression is specific to IL-12, as treatment with IL-23 does not significantly affect
IFN-γ. In regard to Th17 effector cytokines, our results demonstrate a differential role of
IL-23 in modulation of IL-17 and IL-22. Treatment with IL-12 or IL-23 did not modulate PP
IL-17 levels (Fig. 5B). Conversely, IL-23 treatment significantly increased IL-22 in both
sham and burn EtOH samples, suggesting that the IL-23 restores IL-22 after EtOH
intoxication and burn injury (Fig. 5C). Moreover, IL-12 did not affect IL-22 in either sham
or burn EtOH, confirming that restoration of IL-22 is truly IL-23 dependent. Together, these
results suggest that IL-23 reestablishes IL-22 but not IL-17 after EtOH exposure and burn
injury.

AhR Modulates IL-23-Dependent Restoration of IL-22 After EtOH Exposure and Burn Injury
Given the differential response of IL-17 and IL-22 after IL-23 treatment, we chose to
examine the role of AhR, a ubiquitous transcription factor found in the cytoplasm of
vertebrate cells, in IL-23-dependent restoration of IL-22. Although AhR has been recently
implicated in the regulation of IL-22,27–29 and less so IL-17, the mechanisms by which
IL-23 and AhR modulate IL-22 remain poorly described. To examine whether AhR plays a
role in IL-23-induced IL-22 after EtOH exposure and burn injury, mixed PP cells were
pretreated with AhR inhibitor CH-223191 (10 μM) for 2 hours before being cultured with
plate-bound anti-CD3 (5 μg/mL) and soluble anti-CD28 (1 μg/mL) in the presence or
absence of rIL-12 or rIL-23. CH-223191 has been used in previous studies and is shown to
maximally inhibit AhR activity at 10 μM, without having agonist activity at high doses.43–45

After 48 hours of culture, cell supernatants were collected and tested for IL-17 (Fig. 6A) and
IL-22 (Fig. 6B). PP cells cultured with an AhR inhibitor, before IL-23 treatment, produced
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significantly less IL-22 (Fig. 6B). However, inhibition of AhR did not affect IL-17 (Fig.
6A). These results suggest that AhR may play a predominant role in mediating IL-23-
dependent restoration of IL-22 and further support divergent roles of IL-23 in Th17 effector
functions after EtOH intoxication and burn injury.

IL-17 Requires Intracellular Calcium Signaling After EtOH Exposure and Burn Injury
To further decipher the differential effects of EtOH exposure combined with burn injury on
IL-17 and IL-22, PP cells were treated with PMA and ionomycin, which directly activates
PKC and intracellular calcium signaling. Mixed PP cells were cultured with plate-bound
anti-CD3 (5 μg/mL)/soluble anti-CD28 (1 μg/mL) alone or with PMA (10 ng/mL) and
ionomycin (50 ng/mL) for 48 hours. After cell culture, cell supernatants were collected and
tested for IL-17 (Fig. 7A) and IL-22 (Fig. 7B). We found that treatment of cells with PMA
and ionomycin restores PP IL-17 levels to that of sham vehicle levels. However, PMA and
ionomycin treatment does not affect IL-22. Together, these data highlight the importance of
PKC and intracellular calcium in the induction of IL-17, but not IL-22, which supports
recent data indicating differential regulation of IL-17 and IL-22.

DISCUSSION
The data presented in this article clearly demonstrate that acute EtOH exposure before burn
injury results in suppressed CD3/28-dependent expression of Th17 effector cytokines IL-17
and IL-22 in PP cells. Our findings suggest that restitution of IL-23 effectively increases
IL-22 but does not modulate IL-17. We further found that IL-23-mediated restoration of
IL-22 is dependent on AhR. IL-17, on the contrary, requires activation of PKC and
intracellular calcium signaling, as demonstrated by increased levels of IL-17 after treatment
with PMA and ionomycin. Altogether, our results provide novel evidence suggesting that
IL-23 differentially regulates Th17 effector cytokines IL-17 and IL-22 after EtOH exposure
and burn injury and further indicate a cross talk between IL-23 and AhR.

T-helper cells, including Th17 cells, are of critical importance to mucosal immunity, barrier
function, and the containment of pathogenic gut bacteria.23,26,30,32 Gut bacterial pathogens
are often implicated in EtOH and/or burn injury–associated morbidity and mortality. For
these studies, we focused on gut-associated lymphoid organs PPs, because they are of
central importance to gut bacteria translocation and their containment.38 Specifically, PPs
are secondary lymphoid organs along the small intestine, which are lined by specialized
epithelial cells, “M” cells. Similar to antigen-presenting cells such as dendritic cells, M cells
come in direct contact with luminal content. Under normal conditions, pathogens that cross
the epithelial barrier are limited from invading the host by the immune cells within PPs,
including Th cells.37,38 Specifically, (nu/nu) mice, which lack mature T cells, have increased
bacterial translocation to mesenteric lymph nodes (MLN), spleen, and liver.46 Together,
these findings define an interdependent relationship between PPs, T cells, and containment
of gut bacteria.

In the context of EtOH exposure, chronic EtOH feeding has been linked with decreased
total, T and B cells in PPs as compared with control animals.37 As demonstrated in Table 1,
we did not find any change in the frequency of T cells, macrophages, or dendritic cells.
Thus, the lack of compositional changes in PPs after EtOH exposure and burn injury
indicate that EtOH exposure and burn injury may compromise the ability of T cells to
respond to antigenic stimuli and/or impair TCR signaling.47 This hypothesis is supported by
reduced levels of Th17 effector cytokines IL-17 and IL-22 in EtOH and burn-injured
animals. Our laboratory has previously demonstrated decreased T cell proliferation and Th1
immune functions in T cells from PPs and MLN and increased bacterial translocation to
MLN after EtOH exposure and burn injury.7,10,12,13 In addition, our laboratory found that
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depletion of CD3+ T cells from normal animals increases bacterial accumulation in MLN.
We further showed that depletion of T cells in animals receiving EtOH exposure and burn
injury results in systemic invasion of bacteria, as evidenced by bacterial contamination of
the spleen and systemic circulation.11 The results presented in this article are the first to
elucidate the effects of EtOH exposure and burn injury on Th17 immune responses within
PPs. Because Th17 cells have been implicated in defense against gut pathogens,19,23,26,32

suppression of Th17 effector functions may further contribute to the increased bacterial
translocation and gut barrier dysfunction after combined insult of EtOH intoxication and
burn injury.

As stated previously, IL-23 is a known modulator of Th17 differentiation and cytokine
effector secretion.19,24,25 In this study, we found decreased IL-12/23p40 in cells from EtOH
and burn-injured mice. Moreover, we were able to measure only IL-23 in cell lysates from
the sham vehicle group, as levels of IL-23 were undetectable in cell lysates from the burn
EtOH group. Because we observed a decrease in IL-23 levels in PP after EtOH exposure and
burn injury, we focused on determining the role of IL-23 in post-EtOH and burn-induced
IL-17 and IL-22 suppression. Our laboratory recently demonstrated decreased IL-12 after
EtOH exposure and burn injury and successful restoration of Th1 cytokines IFN-γ and IL-2
after restitution of IL-12.10 IL-12 and IL-23 share a common subunit, the p40 subunit, and
have been suggested to have common roles in driving Th1 and Th17 adaptive immune
responses, although this remains controversial. Therefore, we tested the effects of IL-12 and
IL-23 on PP cell IFN-γ, IL-17, and IL-22 in our murine model of EtOH exposure and burn
injury. Our results demonstrate effective restoration of IFN-γ after IL-12 treatment, with no
significant change in IFN-γ after IL-23 treatment. Although we expected restoration of
IL-17 and IL-22 after restitution of IL-23, the addition of IL-23 only induced IL-22, not
IL-17. Levels of IL-17 and IL-22 were not changed in response to IL-12. These effects were
not due to changes in IL-23 receptor expression on CD3+ T cells. Although not examined in
these studies, it is possible that restoring levels of IL-17 may require combined stimulation
with other Th17-inducing cytokines, including IL-6 and transforming growth factor β as
suggested in other studies.19 New data investigating the molecular pathways that control
IL-17 and IL-22 expression increasingly demonstrate differential regulation of these Th17
effector cytokines.27–29 Among the multiple regulators of IL-17 and IL-22 are various
transcription factors, including STAT3, ROR-γt, and, most recently, AhR. Previously, the
accepted dogma suggested that IL-17 and IL-22 expression was via ligation of the IL-23R,
STAT3 activation, and induction of ROR-γt, the homolog to RORC (RAR-related orphan
receptor C) in humans. However, recently Duhen et al29 reported low expression of RORC
in IL-22 producing cells, as compared with IL-17 producing cells, and concluded that RORC
is nonessential to expression of IL-22. Thus, EtOH exposure and burn injury may inhibit
IL-23-dependent induction of ROR-γt and prevent IL-23 induction of IL-17. Further studies
will examine the effects of EtOH exposure and burn injury on the IL-23 signaling pathway,
including activation of STAT3 and expression of ROR-γt.

Although it is generally accepted that both IL-6 and IL-23 activate STAT3 to in turn induce
upregulation of Th17 hallmark transcription factor ROR-γt, how AhR regulates IL-22
remains unclear. AhR is a cytosolic ligand–activated transcription factor. Upon ligand
binding, AhR translocates to the nucleus, where it dimerizes with AhR nuclear translocator
and activates gene transcription.48 Using an inhibitor that binds AhR and prevents its
nuclear translocation,44 we demonstrate that IL-23 induction of IL-22 is, in part, AhR
dependent. We recognize that although this finding is based on single pharmacological
agent, this AhR inhibitor (CH-223191) has been used in many previous studies and found to
be highly specific at 10 μM.43–45 AhR null mice are available; however, these mice do not
have fully developed cryptopatches (intestine-associated lymphoid organs), which may
confound immune responses in PPs.49 Therefore, although our data indicate cross talk
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between IL-23 and AhR, further studies need to be conducted to elucidate how these 2
pathways converge. Previous studies have used coimmunoprecipitation to demonstrate
interaction of AhR and various STAT proteins.50 Thus, it is possible that IL-23 activates
AhR/STAT interactions. Moreover, determining the role of ROR-γt in IL-22 immunity also
warrants further investigation, because controversy regarding the importance of ROR-γt in
IL-22 expression still exists.27,29 Duhen et al29 found minimal expression of RORC in the
IL-22-producing cells and concluded that RORC is nonessential to IL-22. Conversely,
Trifari et al27 used siRNA to demonstrate that silencing of RORC or AhR diminished IL-22
production from memory CD4+ T cells.

Stimulation of T cells with anti-CD3/CD28 results in the activation of a number signaling
molecules (eg, Zap-70, P59fyn, P56lck, and PLC-γ) before inducing calcium mobilization
and activating PKC; therefore, any change in these upstream signaling molecules may
influence the activation of calcium and PKC. To further decipher the intracellular
mechanism of suppressed Th17 effector cytokines after EtOH intoxication and burn injury,
we determined whether direct activation of intracellular calcium and activation of PKC, with
PMA and ionomycin, prevents the suppression of Th17 effector function. More specifically,
several lines of evidence suggest that the activation of PKC and the sustained elevation of
intracellular calcium are required for T cell activation.20 These studies suggest that signals
emanating from TCR result in the activation of protein tyrosine kinases and phospholipase
C-γ (PLC-γ).21 PLC-γ hydrolyzes phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-
trisphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 causes a calcium release from
intracellular stores, followed by calcium influx through the plasma membrane leading to a
sustained elevation in intracellular calcium concentration, DAG activates PKC.21 In line
with these findings, burn injury alone has been correlated with suppressed intracellular
calcium signaling.22 We further found that EtOH combined with burn injury suppresses p38/
ERK activation in T cells.10,51 In addition, unpublished data from our laboratory suggest a
decrease in Zap70 phosphorylation. So although we did not directly measure PKC and
calcium mobilization in this study, our previous and current unpublished findings clearly
suggest alterations in signaling molecules both up-(Zap-70) and downstream (p38/ERK) to
calcium and PKC activation. In this study, using the combination of anti-CD3/CD28 with
PMA/ionomycin allowed us to determine whether the changes in calcium/PKC up- or
downstream molecules are critical to the changes in T cell effector function after EtOH
exposure and burn injury. We used PMA and ionomycin to activate calcium and PKC to
determine whether restoration of calcium- and PKC-dependent pathways maintains Th17
effector functions after EtOH exposure and burn injury. The results from these experiments
suggest that PP cells cultured with plate-bound anti-CD3 (5μg/mL), soluble anti-CD28 (1
μg/mL) in the presence of PMA (10 ng/mL), and ionomycin (50 ng/mL) restored IL-17
levels to that of sham vehicle levels. On the contrary, PMA and ionomycin treatment did not
affect IL-22. Thus, these findings suggest that alterations in signaling molecules upstream to
PKC and calcium are more critical to the decrease in IL-17 and not IL-22 release. Together,
these data suggest the importance of effective intracellular calcium influx and PKC
activation in the induction of IL-17. Furthermore, our findings support recent data indicating
differential regulation of IL-17 and IL-22. However, the mechanism underlying this
divergent regulation of PP T cell IL-17 and IL-22 remains to be explored.

Concern may be raised for not seeing an effect of burn injury alone on T cell effector
responses in our study. This is in contrast to many previous studies, suggesting that burn
influences Th1 effector functions.14,15,35 However, many of these previous studies were
performed using a relatively large burn area. The severity of the post-burn pathogenesis is
directly proportional to the burn size.52 We used an approximately 12.5% total body surface
area burn injury, which is relatively moderate burn insult and may not be severe enough to
produce any adverse effects on T cell responses 1 day after injury. In addition, age, sex, and
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other preclinical manifestation can also negatively affect the outcome of burn patients,
specially the patients with small burn injury.53 Therefore, although a relatively small burn
by itself may not have any deleterious effect on host defense, when combined with existing
conditions, such as EtOH intoxication, it may become detrimental.

CONCLUSIONS
In summary, our findings suggest that EtOH combined with burn injury differentially
regulates the expression of PP T cell IL-17 and IL-22. Although IL-22 is successfully
reestablished by restitution of IL-23, IL-17 restoration requires reestablishment of PKC and
intracellular calcium signaling. The divergent transcriptional regulation of IL-17 and IL-22
may offer a target for immunomodulation in the treatment of patients who sustain burn
injury under the influence of EtOH intoxication. Although IL-23 did not increase IL-17 in
our in vitro studies, it is possible that in vivo modulation of IL-23 might increase IL-17 and
contribute to an exacerbated immune response by promoting inflammation and neutrophil
recruitment. Our previous studies demonstrate heightened neutrophil activation54,55; IL-23-
dependent induction of IL-17 would intensify gut damage after EtOH and burn. Thus, solely
targeting IL-22 may promote gut epithelial and immune and barrier function maintenance,
improving outcomes after trauma. Moreover, IL-22’s transcription regulation by AhR offers
a unique opportunity for targeted therapy. Two recent studies independently identified plant-
derived phytochemicals as ligands of AhR.56,57 Specifically, various vegetables, including
broccoli, cabbage, and brussel sprouts, are enriched with glucosinolate glucobrassicin,
which is broken down into indole-3-carbino and in the acidic gut environment is further
converted to diinodelylmethane and indolo[3,2-b]carbazole, high affinity AhR ligands. After
injury, including EtOH and burn, these compounds may be incorporated into diet regimens
to induce IL-22 and promote epithelial cell regeneration, proliferation, and boost innate
immunity through induced expression of antimicrobial peptides, without inducing
pathogenic levels of IL-17. Thus, future studies will explore the translational potential of
modulating IL-22 after EtOH exposure and burn injury.
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FIGURE 1.
EtOH exposure and burn injury suppresses PP Th17 effector cytokines IL-17 and IL-22. PP
mixed cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence of plate-
bound anti-CD3 (5 μg/mL) and soluble anti-CD28 (1 μg/mL) for 48 hours. Supernatants
were harvested for the measurement of IL-17 (panel A) and IL-22 (panel B). Values are
means + SEM, n = 5 to 11 animals per group, combined from 3 independent experiments. *P
< 0.001 and †P < 0.01 as compared with sham vehicle. ‡P < 0.01 as compared with sham
EtOH by analysis of variance with Tukey post hoc test. §P < 0.05 as compared with burn
vehicle by Student t test.
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FIGURE 2.
PP IFN-γ and IL-2 are decreased after EtOH exposure and burn injury. PP mixed cells (2 ×
106 cells/mL) were cultured in 96-well plates in the presence of ConA (5 μg/mL) for 48
hours. Supernatants were harvested for the measurement of IFN-γ (panel A) and IL-2 (panel
B). Values are means + SEM, n = 4 to 6 animals per group. *P < 0.05 and †P < 0.005 as
compared with sham vehicle group by Student t test.
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FIGURE 3.
PP IL-23. PP mixed cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence
of LPS (1 μg/mL) for 24 hours. Supernatants were harvested for the measurement of
IL-12/23p40 (panel A). Cells were collected and lysed for the measurement of intracellular
IL-23p19 protein levels (panel B) by ELISA. Values are means + SEM, n = 3 to 8 animals
per group. *P < 0.05 as compared with sham vehicle by Student t test.
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FIGURE 4.
EtOH exposure and burn injury does not influence IL-23 receptor expression. PP mixed
cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence of plate-bound anti-
CD3 (5μg/mL) and soluble anti-CD28 (1 μg/mL) for 4 hours. Cells were collected and
stained with PE-Cy7-conjugated anti-CD3ε and PE-conjugated anti-IL-23R. Expression of
CD3ε and IL-23R were determined by flow cytometry. Panel A, representative FACS plots
demonstrate the mean fluorescence intensity (MFI) of IL-23R antibody conjugate: gray
histogram, fluorescence minus 1 control; solid black line, respective treatment. Panel B,
cumulative IL-23R MFI expression data; values are means + SEM from 4 animals per
group.

Rendon et al. Page 17

Ann Surg. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 5.
IL-23 specifically restores PP IL-22, but not IL-17, after EtOH intoxication and burn injury.
PP mixed cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence of plate-
bound anti-CD3 (5μg/mL) and soluble anti-CD28 (1 μg/mL) in the presence or absence of
rIL-23 (10 ng/mL) or rIL-12 (10 ng/mL) for 48 hours. Supernatants were harvested for the
measurement of IFN-γ (panel A), IL-17 (panel B), and IL-22 (panel C). Values are means +
SEM, n = 6 to 14 animals per group, combined from 2 independent experiments. *P < 0.001
as compared with all groups. †P < 0.05 as compared with respective sham vehicle. ‡P <
0.001 as compared with respective anti-CD3/28 and anti-CD3/28 + rIL-12 groups by
analysis of variance with Tukey post hoc test. §P < 0.05 as compared with respective sham
vehicle by Student t test.
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FIGURE 6.
AhR modulates IL-23-dependent restoration of IL-22 after combined injury. PP mixed cells
(2 × 106 cells/mL) were treated with AhR inhibitor CH-223191 (10 μM) for 2 hours before
being cultured in 96-well plates in the presence of plate-bound anti-CD3 (5 μg/mL) and
soluble anti-CD28 (1 μg/mL) in the presence or absence of rIL-23 (10 ng/mL) for 48 hours.
Supernatants were harvested for the measurement of IL-17 (panel A) and IL-22 (panel B).
Values are means + SEM, n = 9 to 17 animals per group, combined from 3 independent
experiments. *P < 0.01 as compared with respective sham vehicle. †P < 0.05 as compared
with respective sham vehicle by Student t test. ‡P < 0.01 as compared with respective anti-
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CD3/28 and anti-CD3/28 + CH-223191 groups by analysis of variance with Tukey post hoc
test.
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FIGURE 7.
IL-17 requires intracellular calcium signaling after EtOH exposure and burn injury. PP
mixed cells (2 × 106 cells/mL) were cultured in 96-well plates in the presence of plate-
bound anti-CD3 (5 μg/mL), soluble anti-CD28 (1 μg/mL), PMA (10 ng/mL), and ionomycin
(50 ng/mL) for 48 hours. Supernatants were harvested for the measurement of IL-17 (panel
A) and IL-22 (panel B). Values are means + SEM, n = 6 to 16 animals per group, combined
from 3 independent experiments. *P < 0.05 as compared with respective sham vehicle (t test
for IL-22). †P < 0.01 as compared with respective anti-CD3/28 group by analysis of
variance with Tukey post hoc test.
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TABLE 1

Percentage of T Cells, Dendritic Cells, and Macrophages in PPs After EtOH Intoxication and Burn Injury

T Cells (%)(CD3ε+) Dendritic Cells (%) (CD11c+ MHC II+) Macrophages (%) (F4/80+ MHC II+)

Sham vehicle 19.57 ± 1.74 3.23 ± 0.21 0.26 ± 0.04

Sham EtOH 18.97 ± 1.84 3.03 ± 0.20 0.26 ± 0.06

Burn vehicle 24.46 ± 2.25 3.09 ± 0.20 0.24 ± 0.02

Burn EtOH 22.58 ± 1.82 3.21 ± 0.18 0.25 ± 0.02

PPs were harvested 1 day postinjury, processed for single-cell suspension, and analyzed by flow cytometry. CD3ε+ cells were identified as T cells,

CD11c+ MHC II+ cells were considered dendritic cells, and F4/80+MHC II+ cells were considered macrophages. Data represent frequency of T
cells, dendritic cells, and macrophages per live events. Data are represented as mean ± SEM, n = 8 to 12 animals per group, combined from 2
independent experiments.
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