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Protects against cell injury and infection: activation of immune system/AhR
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Abstract

Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor is a ligand-
activated transcription factor that serves as a receptor for various environmental toxins.
The study used male mice between 6 and 12 wk of age, the viridans streptococcal
10403s and viridans streptococcal-expressing full-length  OVA  (viridans
streptococcal/OVA) were grown on brain-heart infusion (BHI) agar plates (BD Bacto)
and virulent stocks were maintained by repeated passage through B6 mice, and ELISAS
Kits for quantitative measurements of cytokine. The current study tested the hypothesis
that AhR activation within cells inhibited their ability to bind bacteria to reduce
invasion. The results of this study support the data that AhR activation within cells
altered bacterial adherence or bacterial survival, and future studies will focus on early
innate immune cell responses to explain host protection
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Introduction

The majority of bacterial infections during neutropenia following high-dose
chemotherapy or stem cell transplantation are caused by coagulase-negative
staphylococci, a large number are due to viridans streptococci [1]. In contrast to what
is seen in septicemia due to coagulase-negative staphylococci, it has been described
that 3-33% of cases of viridans streptococcal bacteremia among neutropenia patients
are associated with rapid onset of severe septic syndrome including shock and acute

respiratory distress syndrome (ARDS) [2]. When the bacteria reach the tissue, they
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trigger a rapid inflammatory response, characterized by an influx of neutrophils and
release of numerous cytokines and chemokines such as tumor necrosis factor alpha
(TNF-a), interleukin-1 (IL-1), monocyte chemoattractant protein (MCP), and
macrophage inflammatory protein-1 (MIP-1) [3, 4]. In general, the inflammatory
response initiated by infection is host protective, although under certain circumstances
it can be detrimental to the host [5, 6].

Inflammatory mediators triggered by the presence of pathogens activate the release
of antimicrobial substances, recruit phagocytes that contribute to pathogen clearance,
and aid in the priming of the adaptive immune response [7]. Mice deficient in
neutrophils have increased bacterial burden in the spleen and liver and increased
susceptibility to viridans streptococci [8, 9, 10]. The aryl hydrocarbon receptor (AhR)
is a ligand-dependent transcription factor. Upon ligand binding, AhR translocates into
the nucleus and dimerizes with its partner, the aryl hydrocarbon receptor nuclear
translocator (Arnt), to induce target gene transcription [11]. AhR is best known to
mediate the effects of environmental toxins (e.g., dioxin). Despite considerable
progress in the understanding of the AhR-mediated regulation of immune responses,
the role of AhR in bacterial infections has not been clearly demonstrated [11, 12, 13].
AhR has been previously shown to be involved in T cell differentiation and function
[14]. To investigate the role of the AhR, mice rendered deficient in AhR knockout (KO)
used, were systemically infected with the cytoplasmic pathogen viridans streptococci.

Methods

Mice

C57BL/6 (B6) mice were purchased from the National Cancer Institute. AhR KO
backcrossed on a B6 genetic. All studies used male mice between 6 and 12 wk of age,
which were housed with food and water ad libitum in sterile microisolator cages with
sterile bedding at the University of North Texas Health Science Center American
Association for the Accreditation of Laboratory Animal Care accredited animal facility.
All animal studies were performed under the approval of the Institutional Animal Care
and Use Committee at the University of North Texas Health Science Center.

Viridans streptococcal infections and in vivo procedures

viridans streptococcal 10403s and viridans streptococcal-expressing full-length OVA
(viridans streptococcal/OVA) were grown on brain-heart infusion (BHI) agar plates
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(BD Bacto) and virulent stocks were maintained by repeated passage through B6 mice.
For infection of mice, log-phase cultures of viridans streptococcal or viridans
streptococcal/OV A were grown in BHI broth, washed twice, and diluted in PBS to the
desired concentration. To determine survival Kinetics, a dose of ~3.5 x 10* viridans
streptococcal was injected via the lateral tail vein. To determine bacterial burden,
cytokine secretion, and neutrophil numbers and localization, a sublethal dose of ~1 x
10* viridans streptococcal was used. To determine viridans streptococcal CFUSs, spleens
and livers from infected mice were homogenized in sterile double distilled H2O. Serial
dilutions (1/10) of the tissues were prepared and 50 pl of each dilution was plated on
BHI agar plates. After overnight incubation at 37°C, colonies were counted and the

viridans streptococcal CFUs recovered from each tissue were calculated.

Tissue preparation and cell culture

For direct ex vivo flow cytometric analysis, peripheral blood was obtained from the
lateral tail vein and RBCs were lysed in Tris-ammonium chloride (pH 7.2). Serum was
obtained by removing the supernatant from whole blood following centrifugation at
12,000 rpm for 30 min. For experiments utilizing splenocytes for direct ex vivo stain
or culture, spleens were homogenized and RBCs were lysed in Tris-ammonium
chloride. Isolation of liver leukocytes was performed as previously described [15].
Briefly, cell pellets obtained from homogenized livers were resuspended in 35% Percoll
medium and layered upon 67.5% Percoll, after which the gradient was centrifuged at
600 x g for 20 min and low-density cells were collected from the gradient interface.
Splenocytes and liver leukocytes were cultured in complete RPMI 1640 medium
supplemented with 10% FCS (Atlanta Biologicals), L-glutamine, vitamins,
penicillin/streptomycin, nonessential amino acids, and sodium pyruvate. All
supplements were from Invitrogen/Life Technologies. Splenocytes or liver leukocytes
were cultured for 2 days in the presence of heat-killed viridans streptococcal (viridans
streptococcal) with a multiplicity of infection of 50:1. Splenocytes from viridans
streptococcal/lOVA-infected mice were stimulated overnight with viridans
streptococcal/OVA at a multiplicity of infection of 50:1 or the OVA-derived peptide
SIINFEKL at a final concentration of 10 uM. Cell culture was performed at 37°C in
humidified air containing 5% CO..
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Cell staining

For cell staining, the following Abs were used from BD Pharmingen: anti-CD16/CD32
(2.4G2), anti-Ly6G PE (1A8), anti-CD11b PE-Cy7 (M1/70); from BiolLegend: anti-
CD4 PE-Cy7 (RM4-5), anti-NK1.1 PE (PK136), anti-yd TCR PE (GL3). Staining of
the cells involved incubation at 4°C for 15 min with saturating amounts of the cell
surface Abs, and anti-CD16/CD32 to block Fc receptors, in staining buffer (PBS plus
2% FCS plus 0.1% sodium azide). For cell surface staining, cells were next fixed in BD
Pharmingen Stabilization Fixative. To accomplish intracellular cytokine staining,
GolgiPlug containing brefeldin A (BD Pharmingen) was added 4 h before the harvest
of the cell cultures. To measure intracellular cytokines, cells were fixed and
permeabilized at 4°C for 20 min using an intracellular cytokine staining kit from BD
Pharmingen. Data were acquired and analyzed using a Beckman Coulter Cytomics
FC500 [15].

Quantitative measurements of cytokine
ELISAs were performed on serum or filtered, cell-free splenocyte and liver culture
supernatants. Cytokine levels were determined by comparison with standard curves by

using a Biotek EL808 spectrophotometer.

Immunocytochemistry and microscopy

Immunocytochemistry of spleens and livers was performed by making 7-um sections
of frozen organs from viridans streptococcal-infected B6, AhR KO mice using a Leica
CM 1850 cryostat. Spleen and liver sections were acetone fixed before staining. The
Ab combination used to stain spleen and liver sections was purified anti-Ly6G (1A8;
BD Pharmingen). Stained sections were then visualized on an Olympus AX70
fluorescence microscope and images were captured with an Olympus DP70 digital

camera.

Statistical analyses

ANOVAs were conducted on the data. Bonferroni t tests and Tukey-Kramer analyses
were used for post hoc analyses. viridans streptococcal CFU data was log transformed
before analysis and is represented as such in the figures. Kaplan-Meier plots and log-
rank tests were used to compare the survival curves between groups. A p value of 0.05

or less was considered significant in all cases.
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Figure 1.

AhR is necessary for protection against infection with viridans streptococcal. B6 and AhR KO
mice were infected with ~3.5 x 10 viridans streptococcal for a survival study (A). The data are
combined from two independent experiments (B6. n = 14; AhR KO. n = 13). Data are presented
on a Kaplan-Meier plot and log-rank tests were used to compare the susceptibility between
groups. A significant effect of mouse strain was observed (P<0.05). B6 and AhR KO mice were
infected with a sublethal dose of ~1 x 10* viridans streptococcal and bacterial CFUs were
enumerated in the spleen and liver at either 5 (B) or 7 (C) days p.i. Two-way ANOVAs detected
significant effects of mouse strain (P<0.05). An asterisk () indicates a significant difference
from B6 mice (P<0.05). These data are representative of three independent experiments. All
data are expressed as the mean + SEM (n = 6/group).
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Neutrophilia is exaggerated in AhR KO-infected mice with viridans streptococcal. VVehicle- and
TCDD-treated mice (B6. n = 14; AhR KO. n = 13). The numbers of neutrophils (A),
macrophages (B) Error bars indicate standard errors of the means. “Significant difference
between B6 and AhR KO (P < 0.05 in a two-sided t test).
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Figure 3.

with viridans streptococcal mice (P<0.05 in a two-sided t test).

Induction of many cytokines and chemokines is exaggerated in AhR KO. Protein levels of (A)
IFN-y, (B) TNF-a, (C) IL-6, (D) IL-1a, (E) IL-1B, (F) IL-10, (G) MIP-1, (I) KC and (J)
RANTES were analyzed using a fluorescent-microsphere-based multiplex assay performed by
Linco Systems (St. Charles, MO). The limit of detection was typically <16 pg/ml. Error bars

indicate standard errors of the means. *, significant difference between B6 and AhR KO treated
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Figure 4.

The IL-17RA is necessary for resistance against infection with viridans streptococcal. B6 and
AhR KO mice were infected with ~3.5 x 10* viridans streptococcal for a survival study (A).
The data are combined from two independent experiments (n = 10/group). Data are presented
on a Kaplan-Meier plot and log-rank tests were used to compare the susceptibility between
groups. A significant effect of mouse strain is observed (p < 0.05). B6 and AhR KO mice were
infected with a sublethal dose of ~1 x 10* viridans streptococcal and bacterial CFUs were
enumerated in the spleen and liver at either 5 (B) or 7 (C) days p.i. Two-way ANOVAs detected
significant effects of mouse strain. An asterisk () indicates a significant difference from B6
mice (p < 0.05). These data are representative of three independent experiments. All data are

expressed as the mean £ SEM (n = 5/group).

Figure 5.

The AhR KO and B6 axis does not regulate the precise localization of neutrophils during
viridans streptococcal infection in the liver. B6 (A and B), AhR KO (C and D), mice were
infected with ~1 x 10* LM for 3 days. Mice were sacrificed and 7-um liver sections were
stained for Ly6G* neutrophils (red) and viridans streptococcal (green, yellow when merged).

Original magnification, x200. B, D and depict a higher magnification of the boxed areas from

A and C respectively. Data are representative of four mice per group.
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Figure 6.

AR participates in protecting against macrophage cell death induced by viridans streptococcal
infection. (A and B) Six- to eight-week-old AhR KO mice and littermate WT mice were
infected i.p. with 1x10° CFU of viridans streptococcal. (A) Peritoneal macrophages from both
mice were elicited and the number of cells was counted 3 days after LM infection (**P < 0.005).
(B) Bacterial burdens in the same number of macrophages (1x10°) elicited from WT and AhR
KO mice were determined at 3 days post-infection (p.i.) (***P < 0.001). (C) WT and AhR-
deficient macrophages were infected with viridans streptococcal at an MOI of 10. At 24-h p.i.,
cells were stained with a LIVE/DEAD Cell Imaging kit and live (green) and dead (red) cells
were discriminated. (D) RAW/Neo and RAW/AR cells were infected with the indicated doses
of viridans streptococcal for 24h. (D) Cells were stained with propidium iodide (PI) and mAb
to annexin V. Data show means £ SEM (**P < 0.005). (E) Supernatant was collected for the
measurement of cell death by quantifying LDH release. Data show means + SEM (**P < 0.005;
***P < 0.001).

Role of AhR in protection against viridans streptococcal infection

The B6 and AhR KO mice were infected i.v. with ~3.2 x 10* viridans streptococcal to
perform a survival study. By day 10 p.i., the viridans streptococcal infection was fatal
for 100% of the AhR KO mice (Fig. 1A). In contrast, only 4% of the B6 mice
succumbed to infection. Given that the majority of the AhR KO mice succumbed to
infection by day 5, a sublethal dose of ~1 x 10 viridans streptococcal was used to
determine the kinetics and distribution of bacterial burden in the spleens and livers of
mice infected for 1, 3, 5, or 7 days. At days 1 or 3 p.i. Atdays 5 and 7 p.i. with viridans
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streptococcal, significant increases in bacterial burden in both the spleens and the livers
of the AhR KO mice were evident (Fig. 1B and C). These data demonstrate that AhR
plays a vital role in protecting against systemic viridans streptococcal infection.

AhR reduces the inflammatory response in B6-infected mice

To determine whether an enhanced inflammatory response was present in the viridans
streptococcal treated mice dependent on AhR, levels of cytokines and chemokines were
evaluated on days 1 to 4 following infection. While, infection AhR KO mice with
viridans streptococcal caused a marked increase in the number of neutrophils (Fig. 2A),
this did not reflect a global decrease in inflammatory cells, as there was no effect of B6

mice treatment with viridans streptococcal on the number of macrophages (Fig. 2B).

Effects of AhR on the levels of cytokines and chemokines

The kinetics and effect of AhR activation on the levels of cytokines and chemokines
were similar to those observed for the neutrophil numbers. Specifically, in the B6 mice,
infection generally caused a substantial induction of these proteins, especially on days
3 and 4 (Fig. 3). In particular, viridans streptococcal infection increased levels of IFN-
Y, TNF-a, IL-6, IL-1a, IL-1p, IL-10, MIP-1 keratinocyte-derived chemokine (KC) and
RANTES.

Signaling through the IL-17RA is required for protection against viridans streptococcal
infection

Considering that AhR KO mice infected with viridans streptococcal failed to induce
optimal secretion of IL-17A in spleen and liver cultures, we next wanted to determine
whether IL-17A was required for protection against viridans streptococcal infection.
Therefore, B6 and AhR KO mice, which are unable to signal through IL-17A, were
infected with ~3.5 x 10 viridans streptococcal to perform a survival study. As seen in
Fig. 3A, by day 9 p.i., the viridans streptococcal infection had proved fatal for 90% of
the AhR KO mice. In contrast, only 20% of the B6 mice succumbed to the infection.
Given that the majority of the AhR KO mice succumbed to infection by day 6, a
sublethal dose of ~1 x 10* viridans streptococcal was used to determine the kinetics
and distribution of bacterial burden in the spleens and livers of mice infected for 1, 3,
5, or 7 days. At days 1 or 3 p.i. However; at both day 5 (Fig. 4B) and day 7 (Fig. 4C).
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The localization of neutrophils

The localization of neutrophils around the viridans streptococcal lesions was not
different in the livers of B6 (Fig. 5, A and B), AhR KO (Fig. 6, C and D). Collectively,
these data suggest that AhR regulate the optimal recruitment of neutrophils to the liver
during viridans streptococcal infection, but that these cytokines do not regulate precise

neutrophil localization in viridans streptococcal-infected livers.

AhR promotes macrophage survival in the setting of viridans streptococcal infection

Given that macrophages play a critical role in bacterial clearance, it is important to
control macrophage survival during viridans streptococcal infection. We first
investigated the number of macrophages in B6 and AhR KO mice during viridans
streptococcal infection in vivo. We infected B6 and AhR KO mice i.p. with 1x10° CFU
of viridans streptococcal, collected peritoneal macrophages at 3 days and then counted
the number of peritoneal macrophages from B6 and AhR KO mice. While there was no
difference in the number of macrophages between B6 and AhR KO mice under steady-
state conditions, the number of macrophages from AhR KO mice was significantly
decreased compared with that from B6 mice after viridans streptococcal infection (Fig.
5A). In addition, we measured the bacterial burdens in the same number of
macrophages (1x10°) from B6 and AhR KO mice. The bacterial burdens in AhR-
deficient macrophages were drastically higher than those in WT cells (Fig. 5B). These
data led us to hypothesize that AhR may exert an inhibitory effect on cell death during

viridans streptococcal infection, resulting in reduced bacterial growth in macrophages.

Discussion

The viridans streptococci are most prevalent in the oral cavity but also reside in the
upper respiratory tract, the female genital tract, and all regions of the gastrointestinal
tract; they also are occasionally found as part of the skin flora [16]. Although they are
commensal organisms in these sites, these microorganisms may also invade sterile body
sites, which can lead to life-threatening diseases (e.g., endocarditis, meningitis, and

pneumonia) [17]. They typically cause significant infection only when the oral mucosa
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is significantly disrupted and host defense mechanisms are compromised, for example,
in neutropenic patients with cancer.

When the bacteria reach the organ, they trigger a rapid inflammatory response,
characterized by an influx of neutrophils and release of numerous cytokines and
chemokines such as tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1) and
macrophage inflammatory protein-1 (MIP-1). The aryl hydrocarbon receptor (AhR) is
an orphan nuclear receptor whose biological function is an active area of study [18, 19,
20, 21]. The AhR belongs to the PAS (Per-Arnt-Sim) family of transcriptional
regulators, which control a number of physiological processes, including circadian
rhythms, hormone signaling, and response to hypoxia [22, 23]. Currently the AhR is
best characterized for its activation by exogenous compounds, particularly by
environmental contaminants such as polyhalogenated aromatic hydrocarbons and
polyaromatic hydrocarbons [24, 25, 26, 27]. Activation of the AhR by these compounds
induces the expression of numerous metabolic enzymes, which facilitates the clearance
of many of these chemicals from the body.

In this study, we show that AhR is induced in macrophages infected with viridans
streptococcal [28]. Mice with an AhR deficiency due to AhR knockout (AhR KO mice)
showed high susceptibility to viridans streptococcal infection, despite increased levels
of inflammatory cytokines in macrophages after viridans streptococcal infection. The
susceptibility to viridans streptococcal infection was improved by AhR ligands [29].
AhR contributed to macrophage survival during viridans streptococci infection by
inducing the apoptosis inhibitor of macrophages (AIM) [30]. Furthermore, AhR
promoted the production of reactive oxygen species (ROS) during viridans
streptococcal infection, resulting in enhanced bacterial clearance. Our data suggest that
the decreased inflammation results from a reduction in the ability of the bacteria to
colonize or multiply in the respiratory tract.

In other words, the observed diminution in the inflammatory response following
infection is a downstream consequence of an earlier event that alters the host's response
to viridans streptococcal. One of the striking findings of this study is that AhR protects
against macrophage cell death induced by viridans streptococci infection. To our
knowledge, it has not been previously recognized that AhR is critical for host cell
survival during bacterial infection. We found that AhR deficiency accelerates

macrophage cell death dependent on the activation of caspase-3. Interestingly, the
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number of peritoneal macrophages from AhR KO mice was less than the number from
WT mice after viridans streptococci infection, indicating that AhR is efficient for in
vivo host macrophage survival. It is important to control the host cell death properly in
viridans streptococci infection. Macrophage cell death is an important mechanism for
the down-regulation of inflammatory responses to prevent sepsis, whereas it has been
reported that decreased macrophage apoptosis shows more resistance to viridans
streptococci infection [31].

In conclusion; the results of this study support the data that AhR activation within cells
altered bacterial adherence or bacterial survival, and future studies will focus on early

innate immune cell responses to explain host protection.
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