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Abstract

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that commonly colonizes healthy
human beings. However, S. aureus is also a frequent causative agent of serious diseases ranging
from skin infections to sepsis and toxic shock syndrome. A protective immune response leading
to the clearance of S. aureus includes the production of IL-17A, neutrophil recruitment, and a
subsequent Tyl7 immune response. Our laboratory has observed that staphylococcal
peptidoglycan selectively down-regulates the expression of some genes in the aryl hydrocarbon
receptor (AHR) gene battery in primary human monocytes and GM-CSF-derived macrophages.
Current literature suggests AHR to be an important regulator of immune cells. However, the role
of AHR in immune responses to S. aureus is unknown. We hypothesized that AHR is necessary
for a protective immune response against a S. aureus cutaneous infection, and for the induction of
a disease tolerant state to this microbe. Our data show that AHR knock out (KO) mice were able
to clear S. aureus as effectively as wild type (WT) mice, but with a decreased inflammatory
phenotype. Yet, S. aureus remained detectable in both strains of mice 21 days post infection.
Remarkably, AHR KO mice were able to mount a proper neutrophil response at the site of infection
while exhibiting decreased numbers of T cells, including yo T cells. In addition, WT mice but not
AHR KO mice had an expansion of IL-17A-producing yd T cells after a primary infection and
these cells remained at the site of infection for at least 21 days. Lastly, the expanded yo T cell pool
did not affect the bacterial burden upon rechallenge. Altogether, our data suggest that inhibiting
AHR would not affect the ability to protect against S. aureus and would promote disease tolerance
during an infection. Future experiments will look into disease tolerance to S. aureus in carriage

states and in systemic infections to further elucidate the role of AHR.



Résumé

Staphylococcus aureus (S. aureus) est une bactérie Gram-positive qui colonise généralement des
étres humains en bonne santé. Cependant, S. aureus peut aussi provoquer des maladies graves
allant d’infections cutanées a la septicémie et au syndrome du choc toxique. L’¢élimination de S.
aureus nécessite une réponse immunitaire protectrice qui meéne a la production d'IL-17A, au
recrutement de neutrophiles et & une réponse adaptative de type Tul7. Notre laboratoire a observé
que, dans les monocytes primaires humains et les macrophages générés in vitro en présence de
GM-CSF, le peptidoglycan de S. aureus affecte sélectivement l'expression de certains geénes
régulés par le récepteur d'hydrocarbures aryl (AHR). La littérature scientifique suggére que AHR
est un important régulateur des cellules immunitaires. Cependant, le role de AHR au cours de la
réponse immunitaire contre S. aureus est inconnu. Nous avons émis 1'hypothése que AHR est
nécessaire pour une réponse immunitaire protectrice contre une infection cutanée par S. aureus et
pour l'induction d'un état de tolérance a la maladie induite par ce microbe. Notre étude montre que
les souris déficientes dans 1I’expression de AHR (AHR KO) éliminent S. aureus aussi efficacement
que les souris de type sauvage (WT), mais avec une réaction inflammatoire atténuée au site
d’infection. Pourtant, S. aureus est détectable dans les deux souches de souris 21 jours apres
lI'infection. De facon remarquable, les souris AHR KO recrutent de facon appropriée des
neutrophiles au site d'infection mais ont un nombre réduit de cellules T, y compris les cellules T
v6. De plus, contrairement aux souris AHR KO, les souris WT ont une expansion de cellules T yo
qui secretent de 1'[L-17A apres une infection primaire et ces cellules persistent au site d’infection
pendant au moins 21 jours. Enfin, cette expansion persistante de cellules T yd ne permet pas une
¢limination plus rapide des bactéries lors d’une infection secondaire. L’ensemble de nos données

suggere que l'inhibition de AHR n'a pas d'incidence sur la capacité des souris a se protéger contre

Xi



une infection cutanée par S. aureus mais favoriserait plutot d'un état de tolérance a la maladie
induite au cours d'une infection. Afin d'élucider davantage le role de AHR dans la réponse immune
contre S. aureus, les expériences futures porteront sur I’état de tolérance a la maladie lors de la

colonisation par S. aureus et lors d’infections systémiques.
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1. Introduction

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium that frequently causes a variety
of skin and soft tissue infections (1). If the microbe enters the blood stream and spreads
systemically, it can ultimately lead to life-threatening infections such as bacteremia, and
endocarditis (2). Treatment options for S. aureus infections involve the use of antibiotics, and are
often limited by the increasing prevalence of methicillin-resistant S. aureus (MRSA) (3). Despite
its pathogenicity, S. aureus commonly colonizes the anterior nares of at least a third of the
population, and this colonization is clinically asymptomatic (4). The precise anti-inflammatory
and pro-inflammatory mechanisms that promote S. aureus commensalism versus pathogenicity
remain unidentified. An effective and protective immune response to S. aureus correlates with
innate interleukin (IL)-17A production leading to neutrophil recruitment, abscess formation, and
an adaptive T helper (Th)-17 immune response (5, 6). On the other hand, an unregulated Tu17
immune response is commonly associated with chronic inflammatory skin conditions such as
psoriasis (7). The determinants of whether S. aureus infection leads to chronic inflammation or

resolution via anti-inflammatory mechanisms remain unclear.

Disease tolerance is the prevention of damage produced by inflammatory responses that
emerge during infection. Some mechanisms of immune modulation by S. aureus may play a role
in disease tolerance. The Madrenas lab has previously shown that S. aureus can modulate the host
immune response in a multitude of ways. Observations suggest a link between the aryl

hydrocarbon receptor (Ahr) and S. aureus since staphylococcal PGN decreases transcription of



some genes in the AHR gene battery in monocytes (8). AHR was originally discovered for its

involvement in detoxification against environmental pollutants such as dioxins, but recently it has
become a novel topic of study in immunology (9). Currently, research on AHR focuses on the link
between AHR modulation and cellular differentiation since AHR is commonly expressed in

various CD4" T cell lineages (10), and innate lymphocytes (11).

Based on previous literature, a paradox exists in the roles of AHR as it has been
documented to act as both an inflammatory regulator and an anti-inflammatory regulator. For
example, AHR expression is reported to be the most abundant in Tu17 cells, and is required for
their full development and effector functions (12). Additionally, in vivo activation of AHR has
been shown to increase the severity of experimental autoimmune encephalomyelitis (EAE) (12),
and AHR is expressed higher in patients with inflammatory skin diseases (13). In stark contrast,
AHR activation in the same manner has been found to reduce inflammation in a psoriasis model
(14). Moreover, AHR activation by another ligand has been shown to suppress EAE through the
induction of Foxp3™ T regulatory (Treg) cells (16). In regards to a worm or bacterial infection, AHR
activation has been linked to the transdifferentiation of Tul7 cells into type 1 regulatory (Tr1)
cells (17). Considering the current knowledge on AHR, our research aims to reveal and clarify the
AHR pathway as a mechanism through which the host promotes S. aureus disease tolerance and
potentially commensalism. This mechanism may provide an alternative target for novel anti-

inflammatory therapeutics against S. aureus cutaneous infections.



1.1. S. aureus
1.1.1. S. aureus characteristics, epidemiology, and pathology
S. aureus is a Gram-positive bacterium that was first isolated and identified from a surgical abscess
in 1880 by Sir Alexander Ogston (18). The bacterium is a member of the Firmicutes family and is
commonly known for its appearance as a cluster of golden cocci. Its characteristic golden color is
due to the production of staphyloxanthin, a pigment and virulence factor produced to protect the
bacterium from neutrophil and oxidant killing (19). In addition, the microbe is a facultative
anaerobe that can modulate both its metabolic and replicative ability in response to a change in
oxygen concentration (20). Microbiology characterization of this bacterium include catalase,

coagulase, and B-hemolysis activities (21).

S. aureus causes a wide range of human diseases (1). Most frequently S. aureus causes skin
and soft tissue infections such as dermatitis, impetigo, and cellulitis (1). However upon a breach
in the host’s epithelial layer occurs, the microbe can ultimately lead to invasive infections such as
bacteremia, endocarditis, and sepsis (2). Lastly, toxic shock syndrome can occur when S. aureus
secretes pyrogenic-toxin superantigens that directly link invariant MHC class II molecules on
antigen-presenting cells (APCs) with the variable regions of the T-cell-receptor (TCR) resulting
in massive immune cell activation and the formation of a cytokine storm (2). Overall, infections
by S. aureus cause high morbidity and mortality illustrated by over 500,000 hospitalizations per

year in the United States of America and a mortality rate ranging from 15-67% (22).

Although infection by S. aureus is a serious health concern, treatment options are often

limited due to the increasingly high prevalence of drug resistant S. aureus strains such as MRSA



(23). MRSA was first identified in 1961 (24), and by 1997 S. aureus had already developed
resistance against the drug of last resort, vancomycin (25, 26). In the United States of America,
MRSA is responsible for 20,000 deaths per year (3). MRSA was originally discovered as a
nosocomial pathogen (24). However since then, more virulent MRSA strains began to be
documented in otherwise healthy individuals (27-29). Community acquired (CA)-MRSA has

rapidly spread through the industrialized nations and is currently a global threat (23).

In addition to diseases in which S. aureus is the main causative agent, there exist
inflammatory diseases to which S. aureus has been linked. For example, it has been known since
the early 1980s that S. aureus heavily colonizes patients suffering from AD, also known as eczema
(30). Through microbiome studies, increased S. aureus abundance has been correlated with AD
flares (31). In addition, a murine model of AD demonstrated that S. aureus directly causes the
inflammation in eczematous dermatitis through an immunological pathway that is yet to be
determined (32). These studies illustrate that S. aureus can have an active role in inflammatory

skin diseases via its interaction with the host immune system.

Despite its pathogenicity, S. aureus commonly colonizes the anterior nares of at least a
third of the general population, and this colonization is clinically asymptomatic and can be chronic
(4). In fact, it has been suggested that all adults have been colonized by S. aureus at some point
during their lives since immunoglobulin (Ig) G antibodies against S. aureus can often be found
regardless of the history of infection with S. aureus (33). Moreover, persistent colonization has
been linked to a higher risk of developing bacteremia with the colonizing staphylococcal strain

being the main causative agent (34, 35). Given this increased risk, it is remarkable that patients



with bacteremia who had prior colonization with S. aureus have the best clinical outcomes (35).
The precise mechanisms that promote S. aureus commensalism versus pathogenicity remain

unidentified.

1.1.2. Cutaneous immunity to S. aureus
The skin acts as both a physical and immunological barrier against S. aureus and other pathogens.
It is comprised of an outer epidermal layer, and an inner dermal layer. Below these two layers is
the subcutaneous layer and the muscle layer. The physical barrier is provided by the outermost
epidermal layer, known as the corneal layer, that is composed of terminally differentiated
keratinocytes that have migrated upward from the basal layer and will be shed during the final
stage of the skin self-renewal process (36). Keratinocytes can sample the microbiota for pathogen-
associated molecular patterns (PAMPs) through their pattern recognition receptors (PRRs) such as
toll like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) (36). Upon injury or infection, keratinocytes secrete pre-made IL-1a in order to initiate an
autocrine activation loop through their IL-1 receptor (IL-1R) (1). Additionally, the corneal layer
contains a variety of antimicrobial peptides (AMPs), the majority of which are secreted by
keratinocytes in order to prevent the colonization of pathogens (1, 37). Some of the human AMPs
that act against S. aureus include B-defensins, cathelicidins, lysozyme, psoriasin, and RNase 7
(37). Similarly, mice produce their own types of AMPs, such as the cathelicidins-related

antimicrobial peptides (CRAMP) (38).

Furthermore, the skin microbiota can potentially promote or prevent the colonization of

certain pathogens (39). A recent study has demonstrated that skin bacterial communities are



correlated to different infection outcomes and can themselves be altered by an infection (40).
Overall the sites of skin on the body widely differ in temperature, moisture, osmolarity, and pH
leading to distinctive ecosystems harbouring a variety of diverse microbial species (36). The four
major phyla broadly comprising the human skin microbiota are Actinobacteria, Firmicutes,
Bacteroidetes, and Proteobacteria (36, 40). Within these phyla, the most commonly studied
resident genera are Staphylococcus, Streptococcus, Corynebacterium, Propionibacterium, and
Pseudomonas (41). Several resident microbial species, such as S. epidermidis, have been
negatively correlated with S. aureus carriage (42). This is in agreement with previous literature
suggesting that pheromones produced by S. epidermidis have a strong inhibitory effect on S.
aureus virulence factor expression (43, 44). Additionally, a recent study has illustrated that S.
epidermis can secrete two phenol-soluble modulins that resemble host AMPs, and can have direct
bactericidal effects on S. aureus and Group A Streptococcus (45). One of these two modulins was
also shown to enhance the function of the innate immune response by cooperating with AMPs
produced by the host (46). In summary, the microbiota can interfere with pathogen growth by

occupying niches on the body and secreting molecules that inhibit the growth of other species.

Once S. aureus crosses the epithelial barrier, both keratinocytes and resident cutaneous
innate immune cells can detect the bacterium and initiate a pro-inflammatory immune response.
Resident epidermal immune cells that respond to S. aureus include Langerhans cells (a subset of
dendritic cells (DCs)) and yo T cells (only in mice) (1). The resident dermal immune cells include
DCs, macrophages, mast cells, natural killer cells, yd T cells, plasma cells, T and B cells, and
fibroblasts (1). Keratinocytes and immune cells can detect various S. aureus PAMPs through PRRs

(including TLRs and NLRs).



Extracellular S. aureus PAMPs can be detected by trans-membrane PRRs, such as TLRs.
Most commonly, immune cells detect S. aureus lipopeptides and lipoteichoic acids through TLR2
(1). TLR2 activation occurs by dimerization with TLR1 or TLR6 and the subsequent recruitment
of adaptor proteins (TIRAP, MyD88, IRAK 1 and 4) to initiate the NF-xB and mitogen-activated
protein kinases (MAPKSs) pro-inflammatory pathways (47). These signaling pathways lead to the
production of numerous cytokines (including IL-18, IL-16, TNF, and IL-12p70) and chemokines
(including CXCL1, CXCL2, CXCLS8, CCL2 andCCL20) that ultimately activate and recruit more
immunological cells to the site of infection (47). The pro-inflammatory cytokine IL-18 is the result
of inflammasome activation that leads to its processing and maturation prior to secretion (48).
Furthermore, activation of the IL-1R has a synergistic effect as its signaling converges on the
MyD88 and IRAK4 pathway to further enhance pro-inflammatory cytokine and chemokine
secretions (1). Human deficiencies in either MyD88 (49) and IRAK4 (50, 51) have been associated
with increased susceptibility to pyogenic bacterial infections, including S. aureus skin infections.
Similarly, mice deficient in TLR2 or MyD88 show increased mortality during S. aureus bacteremia
infections (52). However, only MyD88- and IL-1R-deficient mice, and not TLR2-deficient mice,
have increased skin lesions and decreased neutrophil recruitment to the site of S. aureus infection
(53). This discrepancy in the role of TLR2 illustrates how defining immunity to S. aureus is

dependent on the site of infection.

S. aureus PAMPs can be detected within the cytoplasm of cells by NLRs. For example,
NOD2 can detect muramyl dipeptide (MDP) ubiquitously expressed as part of bacterial PGN,

including S. aureus, and induce a pro-inflammatory response through downstream NF-kB and



MAPK signaling (47). During a S. aureus infection, mice deficient in NOD2 have increased skin
lesions, increased bacterial burden, and decreased IL-18 production resulting in reduced bacterial
killing by neutrophils (54). Lastly, multiple mechanisms including haemolysin pore formation,
and PGN digestion and phagosome rupture have been suggested to activate the NLRP3
inflammasome important in the processing of the pro-inflammatory cytokine IL-18 during a S.

aureus cutaneous infection (1).

The next stages of an effective immune response to S. aureus correlates with a rapid burst
of IL-1- and TLR2-dependent IL-17 production by innate immune cells leading to neutrophil
recruitment, abscess formation, and a Tyl7 adaptive immune response (5, 6). This response if
graphically summarized below in Figure 1.1. A Tu17 type of immune response is not only required
for the clearance of an infection but also for the clearance of nasal carriage (55). In a murine model,
IL-17A and IL-17F production within 24 hours after S. aureus infection has been shown to be
necessary for the clearance of the infection (5). Furthermore, the source of this early IL-17 was
determined to be the epidermal Vy5" v8 T cells, and in the absence of y8 T cells there is a drastic
reduction in neutrophil recruitment to the site of infection (5). Once secreted, the IL-17 cytokines
have multiple functions to further promote the pro-inflammatory immune response. IL-17A and
IL-17F can bind and activate IL-17 receptors (IL-17RA and IL-17RC) on keratinocytes to enhance
production of AMPs, cytokines, chemokines, and adhesion molecules (1). More specifically, IL-
17 mediates the recruitment of neutrophils to the site of infection by promoting the production of
neutrophil chemoattractants and granulopoiesis factors (5). Although epidermal yo T cells do not
exist in the human epidermis, other cells in the skin, such as Tiy17 or dermal yo T cells, may have

equivalent functions (1).



Neutrophils play an essential protective role against bacterial infections, and it has long
been known that individuals with low neutrophil counts, such as patients with Chédiak-Higashi
syndrome, commonly have recurrent skin and lung infections caused by S. aureus (56). Neutrophil
recruitment due to chemoattractants such as CXCL2 occurs very early on during S. aureus
infection. These cells kill the bacteria at the site of infection by phagocytosis, reactive oxygen
species (ROS), AMPs, and by the production of neutrophil extracellular traps (57-60). More
specifically, hypochloric acid and oxygen radicals produced by the neutrophils destroy engulfed
bacteria (59). Extracellular bacteria are simultaneously targeted by extracellular traps, which are
made up of DNA, AMPs, and various proteases that target virulence factors (60). Although
neutrophils are needed to resolve S. aureus infections, in some instances enhanced neutrophil
recruitment has been shown to increase S. aureus pathogenicity by allowing S. aureus to survive

within the neutrophils (59, 61).

In addition to the neutrophil response, an adaptive Tu17 immune response to S. aureus is
thought to be critical since a type of Tul7 cell deficiency results in an increase of staphylococcal
abscesses and the development of the Hyper-IgE Syndrome (62). This syndrome is caused by a
genetic mutation in stat3 resulting in decreased levels of the T 17 master regulator, retinoid-related
orphan receptor (ROR) vt, a decrease in IL-17A production, and an increase in susceptibility to S.
aureus infections (62). Infections in these patients preferentially occur in the skin and lungs
because these epithelial cells require Tul7 cytokines (IL-17A and IL-22) to synergize with pro-
inflammatory cytokines, such as IL-18, for optimal production of anti-staphyloccocal factors (63).
Similarly, IL-17A- and IL-17F-deficient mice were more susceptible to S. aureus skin infections

but their survival during bacteremia was not affected (64). However in direct contrast, other studies



have shown that single deficiencies in IL-17R signaling (65) or RORyt (66) in humans do not
directly lead to increased susceptibility to S. aureus. These opposing results bring to question what
is the important component in the Tu17 response for clearing S. aureus infections in humans, and

for regulating the balance between commensalism and disease by this microbe.

One additional reason for Tul7 deficiency potentially leading to the susceptibly of S.
aureus infections could be the deficiency of IL-22, a commonly overlooked Tul7-associated
cytokine. Eighty to 100% of AD patients are colonized by S. aureus, and in these patients
staphylococcal exotoxins induce IL-22 secretion, which may contribute to their chronic skin
inflammation (67). IL-22 functions complementary to IL-17A to recruit neutrophils and promote
additional antimicrobial peptides such as CRAMP (67). Additionally, the stimulatory effects of
IL-22 are suppressed in stat3 deficient conditions (68). In the context of nasal colonization, it has
been recently reported that IL-22 produced by T cells and innate lymphoid cells 3 (ILC3s)
regulates the production of antimicrobial peptides and keratinocyte differentiation to promote S.
aureus decolonization (69). However, a well-defined role of IL-22 during the innate immune

response to S. aureus remains elusive.
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Figure 1.1. Overview of the cutaneous immune response to S. aureus. This schematic
representation summarizes the key immunological mechanisms required for clearing a S. aureus

skin infection in both humans and mice (1). Permission included in thesis appendices.
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1.1.3. Immunological memory to S. aureus
Immunity and immunological memory to S. aureus are still incompletely understood making any
progress in vaccine development challenging. This challenge is further complicated because
immune correlates depend on a variety of factors including the site of infection, the host (mouse
versus human), and the type of infection that is caused by S. aureus. As discussed in section 1.1.2,
cutaneous immunity is normally attributed to the Tyl7 immune response (1) while systemic
immunity is more commonly associated with T helper 1 (Tu1) immunity (70) and the production
of serum IgG (33). Serum IgG antibodies have been shown to naturally target 20 extracellular
proteins, of which 7 are conserved and contained within the core genome of S. aureus (33). These
antibodies enhance intracellular killing of S. aureus by promoting opsonization by granulocytes
(71). Although specific immune responses have been correlated with protection, memory is not
thought to develop naturally since a primary S. aureus infection has not been documented as

protective against recurrent infections (72).

Despite the incomplete understanding of immunological memory to S. aureus, several
immunoglobulin therapies (passive immunization) and vaccines (active immunization) have been
evaluated to clinical trials (73). Unfortunately, none of these therapeutic agents have proven to be
effective in these trials. Most recently, the V710 vaccine (Merk Sharp & Dohme Corp) targeting
the conserved S. aureus iron surface determinant B (IsdB) was developed. In murine models, IsdB
immunization was effective in protecting from S. aureus bacteremia via the Ty17/IL-17A pathway
(74) and the production of anti-IsdB antibodies (75). However, clinical trials with this vaccine
were halted because of increased mortality observed in patients who had received the V710 vaccine

and developed postoperative S. aureus infections (76). In fact, data analysis indicated that patients
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who had developed S. aureus infections and after receiving the V710 vaccine were five times more
likely to die than the placebo group (73). This study suggests that “immune-priming” to S. aureus
may be more detrimental than protective to the host (73). A recent murine model supports this
speculation, by illustrating that vaccination can induce CD4" T cell mediated mortality upon a
systemic S. aureus infection (77). Therefore, mechanisms of disease tolerance should be

considered during the development of future vaccines.

1.1.4. Disease tolerance to S. aureus
Although important for clearing S. aureus infections, an exacerbated Ty1/Tu17 immune response
can additionally lead to chronic inflammatory skin conditions such as psoriasis (7). Moreover,
“immune-priming” can potentially lead to increased multiple organ failure and mortality during S.
aureus infection (73). Disease tolerance is the prevention of damage produced by the inflammatory
responses that emerge during infection without changing the microbial load (78, 79). It is distinct
from immunological tolerance (inability of an antigen to induce an immune response), and
mechanisms of immune evasion and resistance to infection (80). Typically, exposure to S. aureus
can result in disease and/or clearance due to inflammation and pro-inflammatory immune
responses. However, S. aureus exposure can also lead to disease tolerance and/or colonization via
anti-inflammatory mechanisms. The determinants for either outcome during exposure to S. aureus
are unknown. However, some mechanisms of immune modulation by S. aureus have potential

roles in disease tolerance.

Using systems biology to investigate differentially regulated genes during exposure to

Staphylococcal cell wall components, our group has shown that S. aureus can modulate the host
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immune response in a multitude of ways. For example, S. aureus can down-regulate T cell
activation through its PGN layer in a mouse model of toxic shock syndrome (81). In addition, the
immune response to S. aureus can be imprinted by a profile of anti-inflammatory cytokine
production characterized by the production of high levels of IL-10 from monocytes or
macrophages (82). Furthermore, this anti-inflammatory response is mechanistically uncoupled
from the pro-inflammatory response to the microbe (83). However, this anti-inflammatory
response can dampen the inflammatory response by downregulating the production of IFN-
gamma-inducible protein (IP-10) and the recruitment of Tul cells (84). Recently, our research
group has reported that AHR may have an immunological role during a S. aureus infection since
Staphylococcal PGN decreases transcription of some the AHR gene battery in human primary
monocytes (8). Therefore, our research intends to uncover if AHR has a role in mediating an anti-
inflammatory response against a S. aureus cutaneous infection, and if it is involved in a mechanism

of disease tolerance.

1.2. The aryl hydrocarbon receptor (AHR)
1.2.1. The physiological roles of AHR
AHR is a ligand-activated transcription factor that is part of the basic-helix-loop-helix-PER-
ARNT-SIM transcription factor family (85, 86). AHR was originally discovered for its
involvement in detoxification against environmental pollutants such as dioxins, but recently it has
become an intense focus of study in immunology because of its role in T cell differentiation (9).
Ligands of AHR are typically planar, aromatic, and hydrophobic molecules, such as the toxin
2,3,7,8—tetrachloro-dibenzo-para-dioxin (TCDD), more commonly known as a by-product in the

synthesis of Agent Orange (9, 87). However, AHR can also bind endogenous ligands such as

14



kyneurines, catabolites of tryptophan (88). Once AHR is bound by a ligand, it dissociates from its
cytoplasmic complex containing heat-shock protein (Hsp) 90, and heterodimerizes with the AHR
nuclear translocator (ARNT) (87, 89). Upon entering the nucleus, AHR targets dioxin responsive
elements in the DNA to initiate the transcription of the AHR gene battery. The AHR gene battery
includes the AHR repressor (AHRR) and the cytochrome P450 enzymes (CYP1A1, CYP1A2, and
CYP1B1), which function to metabolize AHR ligands (eliminate the environmental toxins) (9, 87).
AHR has been broadly implicated in numerous cellular and physiological processes including
reproduction and embryogenesis (90), growth and development (91), and tumorigenesis (92).
AHR-deficient mice commonly suffer from increased neo-natal death, stunted growth, decreased
fertility, liver abnormalities (size and function), and decreased lymphocyte and splenocyte

numbers (91, 93).

1.2.2. The immunological roles of AHR
AHR has been recently shown to play a role in regulating the immune response to bacterial
antigens. Gram-negative lipopolysaccharide (LPS) can activate AHR leading to an endotoxin-
tolerant state that prevents immunopathology against both Gram-positive and Gram-negative
bacteria (94). Similarly, AHR-deficient mice show hypersensitivity to LPS resulting in LPS-
induced septic shock (95). Mechanistically, AHR in LPS-stimulated macrophages forms a DNA-
bound complex with Statl and NF-kB in order to inhibit the transcription of pro-inflammatory
cytokines (96). This inhibition is reported to occur regardless of IL-10 production by macrophages
(96), suggesting that AHR can contribute to disease tolerance through IL-10-independent

mechanisms.
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Furthermore, AHR has been suggested to be an intracellular PRR that regulates the
expression of cytokines such as IL-12 and IL-6, and chemokines (CXCL1 and CXCLS5) (97). The
rationale behind its role as a PRR is that AHR can bind bacterial pigments such as phenazines from
Pseudomonas aeruginosa, and napthoquinone phthiocol from Mycobacterium tuberculosis (M.
tuberculosis) (97). Additionally, AHR has been reported to be critical for the immunity to these
pathogens and AHR-deficient mice have decreased survival rates (97). Lastly, tryptophan
metabolites produced by the microbiota can directly activate AHR to promote the transcription of
IL-22 and enhance the mucosal protection against pathogens and inflammation (98). It is tempting
to speculate that AHR might recognize the pigment of S. aureus, staphyloxanthin, or part of its

PGN layer. However, no research has addressed this yet.

It has been known since 1995 that AHR-deficient mice have decreased lymphocytes in the
periphery (99). An area of active research on AHR is focused on the link between AHR modulation
and T cell differentiation. AHR is commonly expressed in various CD4" T cell lineages such as
Tul7 (12), Treg (10), Tregl7 (100), T:1 (101), and TH9 (102). AHR expression is reported to be the
greatest in Tul7 cells (103) and is thought to be controlled by Stat3 (104). AHR is required for
their development by inhibiting Statl and Stat5, which normally function to prevent Tul7
differentiation (105). Murine Tu17 effector functions, such as optimal production of IL-17A and
IL-22, are also AHR-dependent (12). However, activation of AHR in human CD4" T cells only
leads to an increase in IL-22 production, and not IL-17A (106). This difference in the role of AHR
in human lymphocytes may be explained by the different activity reported in the human AHR

compared to the mouse AHR (87).
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Additionally, AHR is important for the development of anit-inflammatory Foxp3" Treg
(10) and TrI1 cells (101). The differentiation into Tul7 or Tr, cells has been proposed to be
reciprocally regulated by AHR-dependent epigenetic modifications (107). More specifically, AHR
activation leads to the demethylation and methylation of CpG islands of IL-17 and Foxp3
promoters respectively (107). Similarly, a murine mouse model of S. aureus bacteremia illustrated
that activation of AHR can also induce trans-differentiation of Tu17 cells into T:1 cells (17). There
are no other reports on the regulatory role of AHR during S. aureus infections, especially S. aureus

skin infections.

AHR is commonly expressed in innate-like T cells, including yd T cells (11) and ILCs
(108). Murine cutaneous yd T cells require AHR for their survival and proliferation (109).
However, the extent of AHR function and necessity for survival is not the same in all yo6 T cells
and is suggested to be dependent on the yd T cell subset (characterized by the Vy chain) (103).
Unlike Tu17 cells, yo T cells and ILC3s do not require AHR to produce IL-17A but they do require
AHR for their production of IL-22 (11, 108). In lymphocytes containing both RORyt and AHR, it
is speculated that RORyt promotes AHR recruitment and transcription of AHR-regulated genes
(110). This has been well described in ILC3s, where RORyt is recruited and cooperates with AHR
on the //22 locus in order to promote the production of IL-22 and ultimately provide protection to
Citrobacter rodentium (C. rodentium) infections (108). Resident cutaneous yo T cells play a
critical role in clearing S. aureus infections (5). However, the role of AHR in these cells during S.

aureus infections is not documented.
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Although AHR has a major role in regulating Tu17 cytokines, not all Ty17-like cytokines
are AHR-dependent and the dependency changes depending on the cell type. In contrast to the
variant dependency seen with IL-17A, most lymphocytes expressing AHR regulate IL-22
production in an AHR-dependent mechanism. However, novel sources of IL-22 production that
are independent of AHR are starting to emerge. For example, IL-22 can be produced by a subset
of natural killer cells in the lung after an influenza virus infection (111). In addition, there have
been a couple of publications claiming that IL-22 production and secretion can come from
neutrophils (112, 113). All these results suggest that there might be additional sources of 1L.-22

that are independent of AHR and are present in multiple models of viral and bacterial infections.

1.2.3. The role of AHR in disease
Through the production of IL-17A and IL-22 both Tu17 and yd T cells can promote pathogen
clearance at the site of infection by recruiting neutrophils (114, 115). As mentioned above,
neutrophils are essential for S. aureus clearance (60) but they can also be detrimental to the host
at high numbers by promoting inflammatory skin conditions (115). A few studies have reported a
potential role of AHR in regulating various neutrophil responses (116-118). Recent studies
illustrate that AHR activation in keratinocytes with a high affinity ligand, FICZ, in an imiquimod-
induced skin inflammation model of psoriasis ultimately leads to both a decrease in neutrophil
infiltration and mRNA levels of inflammatory cytokines (14). In the opposite case, AHR-deficient
mice display an exacerbation of skin inflammation due to increased level of IL-17A production by
vo T cells (11, 14). This is reminiscent of inflammatory skin conditions, such as psoriasis, where

inflammation is attributed to the IL-17A production by dermal yo T cells (115). These findings
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suggest that depending on the scenario, AHR-expressing cells can differentially regulate

inflammation and potentially promote disease tolerance.

Yet, a paradox exists in the roles of AHR because it has been documented to play both a
pro-inflammatory role as well as an anti-inflammatory role depending on the clinical condition.
For example, in vivo activation of AHR with 6-formylindolo[3,2-b]carbazole (FICZ) has been
shown to increase the severity of EAE (12). Similarly, a pilot study has shown that skin lesions of
patients with chronic inflammatory skin conditions, such as psoriasis or AD, show increased
expression of AHR (13). But in stark contrast to the EAE model, AHR activation by FICZ has
been found to reduce inflammation in a murine model of psoriasis (14). Moreover, AHR activation
by an endogenous ligand, 2-(1'H-in- dole-3'- carbonyl)-thiazole-4-carboxylic acid methyl ester
(ITE), has been shown to suppress EAE through the induction of Foxp3" Tre cells (16).
Specifically with regards to helminth or bacterial infections, AHR activation has been linked to
the transdifferentiation of Tu17 cells into Tr1 cells (17). It has recently been suggested that Ty17
have the potential to reprogram their transcriptional profile to differentiate into either Tyl-like
cells or Tr1 cells (17). The trans-differentiation of Tul7 in Tul-like cells is correlated with EAE
pathology, and conversely the transdifferentiation into Tr1 promotes disease tolerance (17). All in
all, the immunological role of AHR during inflammatory diseases and the resolution of infections

is still unclear.
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2. Project overview

2.1. Rationale and hypothesis
In order for a S. aureus cutaneous infection to be effectively cleared, a Ty17/IL-17 inflammatory
response has to occur (1). However, this inflammatory response is commonly associated with
chronic inflammatory skin diseases (119). The Madrenas group has proposed that S. aureus
colonization, or disease tolerance, may occur through Tree/IL-10 anti-inflammatory mechanisms
(120). AHR has been reported to regulate both Tu17/IL-17 and Treg/IL-10 immune responses (103).
Since the role of AHR during S. aureus skin infections is currently unknown, and that AHR has
been shown to be an important regulator of the Tul7-mediated immunity, we propose to study the
role of AHR in this context. We hypothesize that AHR is necessary for a protective immune
response against a S. aureus cutaneous infection, and for the induction of a disease tolerance to

this microbe (Figure 2.1).

The Madrenas group has shown that the S. aureus PGN layer can modulate the host’s
immune response to promote of disease tolerance (120). Our recent observation that S. aureus
down-regulates transcription of some of the AHR gene battery (83), suggests that S. aureus may
promote disease tolerance through the AHR pathway. Our objective is to reveal and clarify the
AHR pathway as a mechanism through which the host promotes S. aureus disease tolerance and
potentially commensalism. Identification of the AHR pathway as a mechanism of disease tolerance
may provide an alternative to antibiotics by serving as a template for the development of anti-

inflammatory therapies against S. aureus infections
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Figure 2.1. AHR may be necessary for both protection and disease tolerance to S. aureus. A

S. aureus skin infection can either lead to clearance/disease or colonization/disease tolerance. AHR
has been reported to play an important role in immune responses that lead to each outcome. We
hypothesize that AHR is necessary for clearance of a S. aureus cutaneous infection and for disease

tolerance to this microbe.
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2.2. Specific aims
To test this hypothesis, we will address the following three specific aims:
I.  Determine if AHR is necessary for S. aureus clearance during a cutaneous infection;
II.  Establish the cellular response to S. aureus infection in the presence and absence of AHR
expression;
II.  Investigate whether AHR contributes to the generation of immunological memory to S.
aureus
These aims will be addressed by studying AHR-competent and AHR-deficient mice in a mouse

model of cutaneous infection by S. aureus.
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3. Materials and methods

3.1. Mouse strains and housing conditions
Wild type (WT) C57BL/6 mice were obtained from The Jackson Laboratory. AHR knock out (KO)
mice on the C57BL/6 background strain were obtained from Dr. Frank Gonzalez at the National
Institutes of Health (Bethesda, MD) (99). RAG KO mice were obtained from Dr. Irah King at
McGill University and were bred with AHR KO mice to generate double knock out (DKO) mice.
All mice were bred and maintained in the Lyman Duff Animal Facility at McGill University.
Experiments were all done on male and female mice between six to twelve weeks of age. The
McGill University Animal Care and Use Committee approved all protocols that were used in these
studies. Ear thickness was measured by using a Mitutoyo thickness gauge while mice were

anesthetized with isoflurane.

3.2. Ahr and Ragl genotyping
Ear nudges were obtained from the mice at the time of weaning and DNA isolation was performed
using the GeneJet Genomic DNA Purification Kit (ThermoFisher Scientific). PCR was performed
for the AHR gene with the AHR primers (forward, 5’-GGCTAGCGTGCGGGTTTC TC-3’;
reverse, 5’-CTAGAACGGCACTAGGTAGGTCAG-3’) and the REDExtract-N-Amp PCR
ReadyMix™ (Sigma-Aldrich). The PCR program was carried out on a PTC-100 Peltier Thermal
Cycler (Bio-Rad) and is as follows: 1) 3 minutes predenaturation at 94°C, ii) 1 minute denaturation
at 94°C, ii1) 1 minute annealing at 60°C, iv) 2.5 minutes extension at 72°C, and v) repeat steps ii-
v for 30 cycles. The PCR products were ran on a 2% agarose gel and visualized with ethidium

bromide. A 450 bp band indicates the presence of the WT AAr gene whereas a 1.45 kbp band
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indicates the presence of the insert mutation in the AA4r gene present in the AHR KO mice. Real
time polymerase chain reaction (RT)-PCR, also known as quantitative PCR (qPCR), was
performed for RAG1 (forward WT, 5’-TCTGGACTTGCCTCCTCTGT-3’; forward KO, 5’-
TGGATGTGGAATGTGTGCGAG-3’; common reverse, 5’ -TGGATGTGGAATGTGTGCGAG
-3”) with the SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). The qPCR program was
carried out on a CFX96 Touch™ Real-Time PCR Detection System and is as follows: i) 2 minutes
predenaturation at 94°C, 1ii) 20 seconds denaturation at 94°C, iii) 15 seconds annealing at 65°C,
iv) 10 seconds 68°C, v) repeat ii-iv for 10 cycles (each cycle the annealing temperature is decreased
by 0.5°C), vi) 15 seconds denaturation at 94°C, vii) 15 seconds annealing at 60°C, viii) 10 seconds
extension at 72°C, ix) Repeat vi-viii for 28 cycles, and x) 2 minutes long extension at 72°C. The
Ragl genotype was determined by the melt curve peaks (WT RAGI1: one peak at 83.5°C;

heterozygous for RAG1: one peak at 83.5°C and another at 88°C; KO RAGI1: one peak at 88°C).

3.3. S. aureus cultures
The S. aureus 8 (S8) strain is a community isolate from a nasal swab of an individual undergoing
nasal surgery. A frozen stock of this microbe or a colony from an agar plate of S8 was grown over
night in 5 ml of Tryptic Soy Broth (TSB) at 37°C with shaking (250 rpm). Following overnight
growth, 100 pl was aliquoted into 5 ml TSB and incubated for an additional three hours. 2ml of
the exponential culture was washed with 1 ml PBS and spun for 10 minutes at 6000g for a total of
3 washes. After the final wash, the bacterial pellet was resuspended in a final volume of 1 ml PBS.
Bacterial concentrations were quantified by measuring the optical density (OD) at 600 nm by a
spectrophotometer. The correlation between the OD-600 nm value and CFU was determined by

plating and counting S. aureus CFUs at several OD-600 nm values. For the infection model, the
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concentration of bacteria was adjusted with PBS so that each mouse received 5x10° colony
forming units (CFUs) in an intradermal ear injection of 15 pl. An aliquot of the injection mixture
was diluted and plated on Luria Bertani (LB) agar in order to count CFUs and verify the bacterial

load delivered after each injection day.

3.4. Mouse model of S. aureus cutaneous infections
Mice were anesthetized during all injections with isoflurane. Naive mice received a single
exposure to S. aureus through an intradermal ear injection of 15 pl containing 5x10% CFUs.
However, since no differences were observed between the WT and AHR KO mice, we decided to
increase the exposure time to 3 days. When naive mice were administered a daily injection of
5x10°CFUs S. aureus for 3 days the mice were labelled as receiving a “prolonged exposure”. Mice
were monitored for up to 21 days. Secondary prolonged exposures to S. aureus were initiated in
primed mice who received an initial prolonged exposure to S. aureus 40 days prior. Age matched
naive mice were subjected to a primary prolonged exposure in parallel to the primed mice. All

mice were euthanized prior to the experimental end point (Day 46).

3.5. Organ harvest and digestion
3.5.1. Ear harvest and digestion
The injected ear was cut off at its base. Each ear was separated into two pieces: the dorsal and
ventral side. The ear was manually cut into pieces smaller than 2 mm pieces using fine scissors in
500 pL of PBS. A 30 uL aliquot of the mixture was kept for CFU counts. The remaining mixture
was centrifuged at 1600 rpm for 10 minutes, and the supernatant was discarded or stored at -20°C

for ELISA analysis. After the wash, 500 pl of R10 media containing 1 pg/ml Golgi Plug (BD),
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50U/ml DNAse I (Sigma-Aldrich), and 250 pg/ml collagenase Type XI (Sigma-Aldrich) was
added. The digestion mixture was incubated for two hours at 37°C while shaking at 1200 rpm. The
mixture was flushed with a 1 ml pipette four to six times and then transferred to the filter cap of 5
ml FACS tubes (Falcon). The cells were washed with 1 ml PBS and the tubes were centrifuged at
1600 rpm for five minutes. The cells were resuspended in PBS for cell staining and cell counting

with CountBright™ Absolute Counting Beads (Life Technologies).

3.5.2. Lymph node and spleen harvest
Lymph nodes or spleens were mechanically homogenized in 500 pl PBS and filtered through the
filter caps of 5 ml FACS tubes (Falcon). The cells were washed with 1 ml PBS and spun at 1600
rpm for 10 minutes. Spleen cells were subjected to an additional red blood cell lysis step using
0.2% sodium chloride solution and 1.6% sodium chloride solution. All cells were resuspended in
R10 media and are counted using Trypan Blue (Gibco) or alternatively resuspended in PBS for

cell staining and cell counting with CountBright™ Absolute Counting Beads (Life Technologies).

3.6. Bacterial load determination by CFU counts
The aliquoted mixture of the ear was diluted by 10-fold serial dilutions and plated on LB agar. The
plates were incubated at 37°C for 18 hours and colonies were counted to calculate CFUs. S. aureus
colonies are characterized as small, round, opaque, and cream-colored on the LB agar. Colony

identification of S. aureus was verified by PCR.

3.7. PCR confirmation of S. aureus CFUs

Isolated colonies were picked from the LB agar plates and grown overnight in 5 ml of TSB at 37°C
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with shaking (250 rpm). DNA isolation was done with the GeneJet Genomic DNA Purification
Kit (ThermoFisher Scientific). PCR was performed using a PCR mix containing 20 U/ul Tag DNA
Polymerase (ThermoFisher Scientific), 1X 7Tag Buffer (ThermoFisher Scientific), 0.67 mM
MgCl,, 5 mM deoxyribonucleotide triphosphate (ANTP) (Bio Basic), 16s RNA primers (forward,
5’-AGAGTTTGATCATGGCTCAG-3’; reverse, 5’-GGACTACCAGGGTATCTAA T-3°), and
S. aureus nuclease (nuc) primers (forward, 5’-GCGATTGATGGTGATACGGTT-3’; reverse, 5°-
ACGCAAGCCTTGACGAACTAAAGC-3’). The PCR program was carried out on a PTC-100
Peltier Thermal Cycler (Bio-Rad) and is as follows: 1) 5 minutes predenaturation at 95°C, ii) 30
seconds denaturation at 95°C, iii) 30 seconds annealing at 55°C, iv) 30 seconds extension at 72°C,
V) repeat steps ii-iv for a total of 30 cycles, and vi) 8 minutes final extension at 72°C. The PCR
products were ran on a 2% agarose gel and visualized with ethidium bromide. A 279 bp band and

a 796 bp band indicates the presence of the /65 rRNA and S. aureus nuc gene respectively.

3.8. Bacterial load quantification by IVIS
Mice were transferred to the Goodman Cancer Center animal facility for in vivo imaging. Mice
were anesthetized during the dye injection and imaging with isoflurane. Bacterial load was
determined with the Xenolight Bacterial Detection Probe 750 (PerkinElmer). Each mouse received
10 pl of the respective dye administered intradermally at the base of the ear (below the site of
infection). The bioluminescence of each probe was measured by IVIS spectrum with the filters set

for excitation at 745nm and emission at 800nm.

3.9. Hematoxylin-Eosin histology evaluation of the pinna
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Tissues were fixed for 24 hours in 4% PFA. Tissues were then transferred into cassettes and stored
in 70% ethanol. Tissue processing, embedding, sectioning, and staining was performed by the
McGill University Histology Core. Hematoxylin-Eosin (H&E) stained slides were sent to Charles
River and scored blindly for inflammation and other microscopic changes by the pathologist, Dr.

Theresa Albers.

3.10. Cell recruitment determined by flow cytometry staining
3.10.1. Intracellular cytokine straining
Cells obtained from tissue digestions were washed once with PBS and were stained for viability
by incubation with Zombie Aqua™ (Biolegend) for 20 minutes at 4°C. All incubations were done
in the dark. Cells were washed once with FACS buffer, and cell surface staining for different
molecules was done by incubation with anti-mouse CD16/CD32 (clone: 2.4G2, mouse BD Fc
Block), and antibodies for Ly6G-FITC (clone: 1A8; eBioscience), CD11b-APC (clone: M1/70;
BD), CD3-BUV395 (clone: 145-2C11; BD), CD4-PerCP-Cy5.5 (clone: RM4-5; BD), yo TCR-
BV605 (clone: GL3; Biolegend), CD45.2-Alexa Flour® 700 (clone: 104; Biolegend), F4/80-PE-
Cy7 (clone: BMS8 ; eBioscience), CD103-Alexa Flour 647(2E7; Biolegend), and CD44-APC-
eFlour780 (clone: IM7; eBioscience) for 20 minutes at 4°C. Cells were washed once with FACS
buffer. Cells were permeabilized with 200 pl of Cytofix/Cytoperm (BD) for 45 minutes at 4°C,
and washed twice afterwards with Perm/Wash buffer (BD). Intracellular staining was done by
incubating the samples with antibodies for IL-17A-BV421 (clone: TC11-18H10.1; Biolegend),
IL-22-PE (clone: 1H8PWSR; eBioscience), and IFNy-PE-eFluor610 (clone: XMGI1.2;
eBioscience) for 45 minutes at 4°C. The IFNy antibody was only used in the absence of CD103

staining. Afterwards, cells were resuspended in 300 ul PBS containing CountBright™ Absolute
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Counting Beads (Molecular Probes), and flow cytometry was performed using a BD
LSRFortessa’™ and BD FACSDIVA software. Data analysis was performed using FlowJo. Total
cells were gated on first, and then single cells were gated on twice. Lastly, viable CD45" cells were
gated from the single cells. The gating for the rest of the analysis was based on the staining and

the populations of interest.

3.10.2. Intracellular staining for transcription factors
Viability and extracellular staining was done as mentioned above. Cell lineages were analyzed
with the following antibodies: Ly6G-Pe-Cy7 (clone: 1AS; Biolegend), y6 TCR-BV605 (clone:
GL3; Biolegend), CD3-BUV395 (clone: 145-2C11; BD), CD4-BUV737 (clone: GK1.5; BD),
CD11b-BUV661 (clone: M1/70; BD), CD45.2-Alexa Flour® 700 (clone: 104; Biolegend), CDS-
FITC (clone: 53-6.7; eBioscience) , CD103-Alexa Flour 647(2E7; Biolegend), and CD44-APC-
eFlour780 (clone: IM7; eBioscience). The cells were fixed for 50 minutes at 4°C and stained
Intracellularly for another 50 minutes at 4°C using the Transcription Factor Buffer Set (BD). All
incubations were done in the dark. The intracellular antibodies used were RORyt-BV786 (clone:
Q31-378; BD), Foxp3-PE-eFlour610 (clone: FJK-16s; eBioscience), GATA3-Alexa Flour® 647
(clone: 16E10A23; Biolegend), and T-bet-BV421 (clone: 4B10; Biolegend). The rest of the

protocol was done as mentioned above in the intracellular staining and flow cytometry analysis.

3.11. Sorting of yo T cells
Viability and extracellular staining was done as mentioned above on cells isolated from the ear or

lymph nodes of mice 10 days after infection with S. aureus. The extracellular antibodies used were

CD45.2-Alexa Flour® 700 (clone: 104; Biolegend), CD3-FITC (clone: 145-2C11; eBioscience),
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and y6 TCR-BV605 (clone: GL3; Biolegend). Cells were resuspended in 300 pul of PBS. Single
live cells were gated on, and the CD45.2", CD3", and yd TCR" cells were sorted into Fetal Bovine
Serum (FBS) using a BD FACSAria™ III. Sorted cells were centrifuged at 1600 rpm for 10

minutes and resuspended in R10 media.

3.12. Generation of heat-killed S. aureus
An overnight culture of S. aureus was made as described above. The following day, 1 mL of the
overnight culture was transferred into an Eppendorf tube and three washes with PBS were
performed as described above. Next, the pellet was suspended in 1 ml of PBS and the CFU
concentration was determined by measuring the OD-600 nm. The bacteria were incubated at 100°C
for 60 minutes. Following the heat-killing, the tube was spun once more at 9335 g for 15 minutes.
The supernatant was discarded and the pellet was resuspended in PBS at a concentration of 10°

CFU/ml. Heat-killed bacteria were stored at 4°C until use.

3.13.1In vitro stimulation of sorted yd T cells
Spleen cells (2x10° cells/ml) from a naive mouse were incubated with R10 media, heat killed 5x10°
CFU S. aureus, or heat-killed 5x10% CFU M. tuberculosis (BD™ Difco™) for 2 hours at 37°C,
5% CO». Heat-killed M. tuberculosis was resuspended at a concentration of 4 mg/ml, and stored
at 4°C. Isolated y8 T cells (2x10* cells/ml) were added to the spleen cells and were incubated for
72 hours at 37°C, 5% CO,. Afterwards, the supernatant was removed and stored at -20°C for

ELISA analysis.

3.14. RNA isolation and RT-qPCR
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RNA was extracted from homogenized ear samples or sorted yo T cells by using an RNA Miniprep
Super Kit (Bio Basics). The RNA concentration obtained was quantified using Nanodrop.
Normalized levels of RNA (100 ng) underwent reverse transcription into cDNA by using a High
Capacity cDNA Reverse Transcription Kit (AB Applied Biosystems™). The RT program was run
on a PCR Thermocycler and the steps are as follows: 10 minutes at 25°C, 120 minutes at 37°C,
and 10 minutes at 85°C. The generated cDNA underwent a threefold dilution and was stored at -
20°C. Afterwards, 2 ul of cDNA was used as a template for real-time PCR using the SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad). RT-qPCR was performed on a CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad) and the protocol is as follows: i) three minutes
denaturation at 95°C, ii) 15 seconds at 95°C, iii) 30 seconds at 60°C, iv) plate read, v) repeat steps
i-1iv 39 times, and vi) melting curve analysis from 55°C to 95°C reading the plate every 0.5°C. The
reference genes used are B2m (forward, 5’- ACCCGCCTCACATTGAAATCC-3’; reverse, 5°-
CGATCCCAGTAGACGGTCTTG-3’), Thp (forward, 5’-AACAGCCTTCCACCTTATGC-3’;
reverse, 5’-TGCTGCTGCTGTCTTTGTTG-3’), and Hprt (forward, 5’-AGTCCCAGCGTCGT
GATTAG-3’; reverse, 5’-CAGAGGGCCACAATGTGATG-3’). The best reference genes for
each cell type were chosen after analysis using geNorm. Cytokines measured by qPCR were /117a
(forward, 5’-TTTAACTCCCTTGGCGCAAAA-3’; reverse, 5’-CTTTCCCTCCGCATTGA
CAC-3"), ifny (forward, 5’-TGGCTTTGCAGCTCTTCCTC-3’; reverse, 5’~-GCCAGTTCCTCCA
GATATCC-3’), and 1110 (forward, 5’-AGAAGCATGGCCCAGAAATC-3’; reverse, 5’-
ATGGCCT TGTAGACA CCTTG-3’). Chemokines measured by qPCR were cxcl2 (forward, 5°-
CACCAACCACCAGGCTACAG-3’; reverse, 5’CGCCCTTGAGAGTGGCTATG-3), ccl2
(forward, 5S’TCACCTGCTGCTACTCATTC-3’; reverse, 5’-TCTGGACCCATTCCTTCTTG-

3’), and cxcl9 (forward, 5’-CCCTCAAAGACCTCAAACAG-3’; reverse, 5’-TCTTCACATTT
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GCCGAGTCC-3’). Additionally, the antimicrobial cramp (forward, 5’-AGTCCCTAGAC
ACCAATCTC-3’; reverse, 5’-TGCCACATACAGTCTCCTTC-3") was measured by gqPCR.
Lastly, the Vy chains measured by qPCR were Vyl.I (forward, 5'-TTCTGCTGCCTCTGG
GTTTTT-3"; reverse, 5'-TCCCTCCTAAGGGTCGTTGAT-3"), Vy2  (forward, 5’-
TTGGTACCGGCAAAAAACAAATCA-3’; reverse, 5'-CAATACACCCTTATGACATCG-3"),
Vy3  (forward, 5-TTGCAAGCTCTCTGGGGTTC-3"; reverse, 5-GGCACAGTAGTA
CGTGGCTT-3"), Fy4 (forward, 5'-GGAAGCAGTCTCACGTCACC-3'; reverse, 5'-CTGCCA
TGTCCTTGCCTCATA-3"), and Vy5 (forward, 5'-GATCCAACTTCGTCAGTTCCACAAC-3";

reverse, S'-AAGGAGA CAAAGGTAGGTCCCAGC-3').

3.15. Cytokine determination by enzyme-linked immunosorbent assay (ELISA)
Cytokine levels in culture supernatants of re-stimulated sorted yd T cells were determined with the
use of the IL-17A Ready-Set-Go!® ELISA kit (eBioscience). Plates were read on a 680 microplate

reader (Bio-Rad) at 450 nm with the use of 570 nm as a reference wavelength.

3.16. Statistics
Statistical analysis was done using the software GraphPad Prism. Two-way analysis of variance
(ANOVA) and multiple Student’s t test were used to measure significance between the
experimental groups. Statistical significance was set at p < 0.05, where * signifies p < 0.05, **
signifies p < 0.01, and *** signifies p < 0.001. Cytokine levels measured by ELISA and cell
populations measured by flow were expressed as means and standard error of the mean (SEM).
Ear thickness is graphed as interleaved box and whiskers. Each dot on the dot plots represents the

value for each individual mouse.
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4. Results

4.1. Aim 1: Determine if AHR is necessary for S. aureus clearance during a cutaneous
infection
4.1.1. AHR is not needed for the clearance of S. aureus after a single exposure
To begin identifying whether AHR is required for protection against S. aureus cutaneous infection,
we first studied a single low dose S. aureus infection murine model. We choose the isolate S8 for
our model, because of its strong pro-inflammatory and anti-inflammatory properties (83). WT and
AHR KO mice were administered S8 on day 0 and monitored until day 8 post infection. There was
no observed difference in ear swelling between the mice (Figure 4.1 a). The bacterial burden was
determined as described in section 3.6. The CFU counts illustrated that the bacterial burden of both
mouse strains steadily decreased at an identical rate (Figure 4.1 b). Interestingly, S. aureus CFUs

could still be detected from both mouse strains on day 8.

Since S. aureus CFUs were still detected on day 8, we next tested whether the bacteria
would be eventually cleared or not. In order to test whether colonization was occuring, we
administered 5x10° CFUs of S8 to both WT and AHR KO mice and monitored them until day 21
post infection. Mice were euthanized on day 21 and the supernatant of the homogenized ears was
cultured overnight on LB agar. Cultured CFUs from the supernatants of both S8 and PBS treated
mice appeared large, yellow, and filamentous (Figure. 4.2 a). In addition, the WT mice had more
of these bacteria present on their skin (Figure 4.2 b). To confirm that these CFUs were not S.
aureus, we performed /6s and S. aureus nuclease (nuc) PCR amplification on the colonies. As a

positive control, we also did PCR amplification of the S8 strain used during the injections. PCR
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amplification of a 796 bp 16s product is indicative of bacterial origin, and amplification of a 165
bp nuc product is indicative of S. aureus. All of the PCR products contained a large /6s band
(Figure 4.2 ¢). However, the colonies grown on day 21 did not have detectible nuc as indicated by
the lack of a second smaller band. As expected, the PCR products of the S8 strain contained the
second smaller nuc band. Therefore, these results suggest that both WT and AHR KO mice are

able to clear a single low dose S. aureus infection equally well.
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Figure 4.1: Ear thickness and bacterial burden after the administration of a single low S.

aureus dose. Mice were administered 5x10° CFUs of S8 intradermally on day 0 (red arrow) and

monitored until day 8 post infection. A) Ear thickness of S8 injected mice was measured on day

0,1,2,3,5,and 8 (n =4). The dotted line represents the line of best fit for the ear thickness of the

PBS injected mice (n = 5). Whiskers represent the maximum and minimum values. B) S. aureus

CFUs (small, round, opaque, and cream-colored colonies) cultured overnight on LB agar from ear

supernatants at day 1, 2, 3, 5, and 8 post infection. No colonies were cultured from the supernatants

of PBS injected mice. The data shown are representative of two independent experiments.
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Figure 4.2: Bacteria cultured 21 days post administration of a single low S. aureus dose. Mice
were administered 5x10° CFUs of S8 intradermally on day 0 and monitored until day 21. A) Large,
yellow, and filamentous CFUs were cultured overnight on LB agar from ear supernatants at day
21. B) Total CFU counts on day 21 post infection from the supernatant of WT mice treated with
PBS (n=1) and S8 (n = 3), and AHR KO mice treated with PBS (n =2) and S8 (n =3). C) S8 and
colonies from panel A were grown overnight and used for /6s and nuc PCR amplification. PCR
products were run on a 2% agarose gel and visualized with ethidium bromide. The presence of a
796 bp 16s band is indicative of bacterial species. The presence of a 165 bp nuc band is indicative

of S. aureus. The data shown are representative of a single independent experiment.
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4.1.2. AHR is not needed for the clearance of S. aureus after prolonged exposure
In our single and low dose model, only minor ear swelling was observed and the bacterial burden
started decreasing as early as day 2. Additionally, there was no significant difference between the
WT and AHR KO mice. Therefore, we wanted to test if AHR would be protective under increased
and prolonged S. aureus exposure. In order to test this, we administered 5x10® CFUs of S8
intradermally on days 0, 1, and 2 to both WT and AHR KO mice. Bacterial burden was measured
in parallel on day 3 by In Vivo Imaging Systems (IVIS) and CFU counts. Isoflurane anesthetized
mice were administered a bacterial probe below the ear. Mice were imaged, and both WT and
AHR KO mice had the same level of fluorescence detected (Figure 4.3 a and b). Mice were then
euthanized and the supernatant of the homogenized ear samples was cultured overnight on LB
agar. Again, no difference was observed in the S. aureus CFU counts between WT and AHR KO

mice on day 3 (Figure 4.3 ¢).

In order to test if the level of clearance would be different among WT and AHR KO mice,
both strains were administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2. Mice were
euthanized on day 0, 1, 2, 3, 5, 9, and 21 in order to culture the supernatant from the homogenized
ears (Figure 4.4 a). Prior to S8 administration (day 0), no S. aureus CFUs were detected,
confirming that these mice are not natural reservoirs of S. aureus. Once S8 was administered, the
bacterial burden remained relatively constant for about 5 days (Figure 4.4 a). After day 5, the
bacterial burden started to decrease at an identical rate between both WT and AHR KO mice.
However, at day 21 S. aureus could still be detected in half of the WT and AHR KO mice by CFU
counting (Figure 4.4 a). The presence of S. aureus was confirmed by PCR performed on the

cultured CFUs (Figure 4.4 b and c).
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Figure 4.3: Bacteria burden at day 3 post prolonged S. aureus exposure. Mice were
administered 5x10°® CFUs of S8 intradermally on days 0, 1, and 2. A) Fluorescence of Xenolight
Bacterial Detection Probe 750 (PerkinElmer) at 800 nm was measured 5-10 minutes after
administration. C) The fluorescence intensity was measured as the average radiance for both
mouse strains (n = 10). D) Ear supernatant was cultured overnight on LB Agar and S. aureus CFUs
were counted the next day (n = 10). The data shown are representative of three independent

experiments.
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Figure 4.4: Bacteria burden during prolonged S. aureus exposure. Mice were administered
5x10° CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). A) S. aureus CFUs cultured
overnight on LB agar from ear supernatants onday 0 (n=4),1 (n=5),2(n=8),3(n=28),5(n=
8), 9 (n=15), 21 (n=15) post infection. Day 0 samples were obtained prior to the administration of
S8. No S. aureus colonies were detected on day 0 prior to an injection (n = 4), and on day 21 PBS
injected mice (n =4). B) Both S. aureus CFUs and unknown large, yellow, and filamentous CFUs
were cultured overnight on LB agar from ear supernatants at day 9 (n = 5) and 21 (n = 5). C)
Colonies grown from the supernatants on day 9 and 21 were used for /6s and nuc PCR
amplification. PCR products were run on a 2% agarose gel and visualized with ethidium bromide.
The presence of a 796 bp /6s band is indicative of a bacterial species, and a 165 bp nuc band is

indicative of S. aureus. The data shown are representative of two independent experiments.
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4.1.3. AHR-deficient mice have decreased acute inflammation after prolonged exposure
to S. aureus
Although AHR-deficiency did not affect the clearance rate of S. aureus, we wanted to test if AHR
was required for disease tolerance to S. aureus, as defined by less inflammation documented by
ear swelling and redness. Again, we administered 5x10° CFUs of S8 intrademally on days 0, 1,
and 2 to both WT and AHR KO mice. Ear redness and swelling (two signs of acute inflammation)
were monitored for 21 days. The ears of WT mice had increased redness and morphological
changes (crusting of the ear) compared to AHR KO mice (Figure 4.5 a-c). However, representative
H&E stains of cross sections of WT and AHR KO show no microscopic differences between the
two mouse strains on day 3 (Figure 4.5 d and e). Additionally, independent blind pathology scoring
of the H&E slides (5 per group) indicated no significant differences in the severity of the
microscopic lesions on day 3 (Table 4.1). Nevertheless, during the course of S. aureus infection
WT mice had significantly (p>0.001) increased ear thickness compared to AHR KO mice on days
1, 2,3, 5, and 9 as measured by a micrometer gauge (Figure 4.5 f). In conclusion, AHR is not
needed for the clearance of S. aureus but may be involved in preventing disease tolerance to this

microbe.
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Figure 4.5: Ear redness, histology, and swelling post prolonged S. aureus exposure. Mice were
administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). A) Representative
image of a WT ear on day 2. B) Representative image of a WT ear on day 3. C) Representative
image of a AHR KO ear on day 3. D) Representative H&E stains of cross sections of WT and
AHR KO ears on day 3. F) Ear swelling of S8 infected mice was measured on days 0 (n = 42), 1
(n=38),2(n=33),3(n=8),5(n=28),9 (n=75), and 21 (n=5). Ear swelling of the PBS injected
group was measured on days 0, 1, 2 and 21 (n = 4). The dotted line represents the line of best of
the ear thickness of PBS treated mice. The data shown are representative of two independent

experiments. The whiskers represent the maximum and minimum values, P<0.001 = ***
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Table 4.1: Ear pathology scores at day 3 of a S. aureus cutaneous infection. Blind scoring of

representative H&E stains of cross sections of WT and AHR KO mice on day 3 after prolonged

exposure to S. aureus (n = 5 pooled from 2 independent experiments). All microscopic changes

were graded for severity on a scale of 0-4.

Pathology ID 1 2 3 4 5 6 7 8 9 10
Strain | C56BU6 | C56BU6 | C56BU6 | AHR-- | AHR-- | AHR /- | cs56Bl6 | C56Bl6 | AHR-- | AHR /-
Age (weeks) 6 6 6 6 6 6 7 7 9 9
Sex | Female Female Female Female | Female | Female Female Female Female | Female
Pinna-Microscopic changes
Extent of pinnal lesion 3 2 2 2 2 3 3 3 2 2
Thickness of pinna (mm) 0.75 1.0 0.95 0.65 0.90 0.9 0.9 0.6 0.75 0.55
Neutrophilic inflammation 3 3 3 3 3 3 3 3 3 3
Abscess, dermal 1 2 3 2 2 2 3 3 2 1
Ulcer 3 3 3 3 3 4 2 3 3 I
Edema 2 3 3 3 3 4 2 2 3 3
Bacteria + + + ar Ar A + + + +

Key: Extent of pinna lesion: 0 = no lesion, 1 = 1/3 pinna affected; 2 = 2/3 pinna affected; 3 = entire pinna affected.
*= thinning of epithelium with serocellular crusting, but no frank ulceration. 1 = minimal, 2 = mild, 3= moderate, 4= marked severity.

43



4.2. Aim 2: Establish the cellular response to S. aureus infection in the presence and absence
of AHR expression
4.2.1. AHR-deficient mice have reduced cutaneous T cells
AHR KO mice have already been reported to have immune cell impairment (99). Therefore, before
investigating the cutaneous immune response of these mice we needed to identify the differences
in the resident immune cells of naive WT and AHR KO mice. Ears of naive WT and AHR KO
mice were enzymatically digested and analyzed by flow cytometry. The only cellular difference
observed between the two mouse strains was a drastic decrease in the frequency of resident CD3*
T cells in AHR KO mice (Figure 4.6 a). When analyzing the subset T cell populations, the yd TCR*
cells accounted for the majority of these cells in WT mice. Additionally, the AHR KO mice had
reduced frequencies of Y& TCR™ cells, in particular the y§ TCRM population (~20% AHR KO vs
~60% WT) (Figure 4.6). It is important to note that the y§ TCR™ is heavily comprised of dermal
¥8 T cells mainly responsible for the production of IL-17A, while y§ TCR" is comprised of mostly

epidermal v T cells (121).
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4.2.2. AHR-deficient mice have preserved neutrophil recruitment
In order to test the cutaneous immune response to S. aureus in AHR-deficient mice, both WT and
AHR KO mice were administered 5x10°® CFUs of S8 intradermally on days 0, 1, and 2. Ears were
harvested and enzymatically digested on days 0, 1, 2, 3, 5, 9, and 21 in order to analyze the
infiltrating cells by flow cytometry. As expected, neutrophils, identified as Ly6G" and CD11b",
accounted for about 50% of the infiltrating cells during the first 3 days of infection and started to
decrease afterwards (Figure 4.7 a). Similarly, macrophage (CD11b" and F4/80") numbers also
increased during the first 3 days of infection (up to 5x10* cells per ear) and then decreased (Figure
4.7 b). There were no significant differences in the neutrophil frequencies or absolute numbers
recruited to the site of infection between WT mice and AHR KO mice. Although the macrophage
frequency was slightly higher in the AHR KO mice during the infection, the absolute macrophage
numbers between the mice strains were very similar, with the exception of day 3 where WT mice
transiently had a higher number of macrophages. Therefore, these data indicate that the

granulocyte recruitment at the site of infection is occuring properly in the AHR-deficient mice.
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Figure 4.7: Neutrophil and macrophage recruitment at the site of S. aureus infection. Mice
were administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). Cell
infiltration was analyzed by flow cytometry on days 0 (n=4),1 (n=5),2 (n=28),3 (n=28),5 (n
=8), 9 (n = 5), and 21 (n = 5). A) Graphical representation of the CD45.2* CD11b" Ly6G"
population at day 3 (left), the summarized frequencies (middle) and absolute neutrophil numbers
(right). B) Graphical representation of the CD45.2" CD11b" F4/80" population at day 3 (left), the
summarized frequencies (middle) and absolute macrophage numbers (right). Data are
representative of two independent experiments. Error bars represent the SEM, P<0.05 = *, and

P<0.01 = **,
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4.2.3. AHR-deficient mice have impaired yd T cell expansion
Since there was a difference in the cutaneous T cell populations of WT and AHR KO mice under
basal conditions, we next analyzed these populations during an S. aureus infection. WT and AHR
KO mice were administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2. Ears were
harvested and enzymatically digested on days 0, 1, 2, 3, 5, 9, and 21 in order to analyze the T cell
populations by flow cytometry. CD3, CD4, yd TCR fluorescence minus ones (FMOs) were used
to determine the proper gating strategy (Figure 4.8 a and b). On day 3, there was a slight decrease
in the proportion T cells in the AHR KO mice (~6% AHR KO vs ~11% WT), and by day 9 this
difference became more significant (~17% AHR KO vs ~30% WT) (Figure 4.8 c). Similarly, the
proportion of yd T cells in AHR KO mice was significantly lower than in WT mice on day 9
(Figure 4.8 d). During the infection, the absolute numbers of T cells drastically increased in WT
mice at day 3, and remained high until the experimental end point, day 21 (Figure 4.8 ¢). This
increase in T cells was absent in the AHR KO mice. When looking into the different T cell
populations, the CD4 T cell number was transiently higher in WT mice on days 3 and 9 (Figure 4.
8 f). However, the y0 T cell population in the WT mice started to increase from ~5% on day 2 to
~25% on day 5, mimicking the increase seen in the overall T cell population (Figure 4.8 g). The

increased yo T cell numbers were maintained until day 21 and were absent in the AHR KO mice.

To further characterize the role of the increased T cells, we examined the production of
cytokines by intracellular staining and flow cytometry. IL-17A and IL-22 FMOs were used to
determine the proper gating strategy (Figure 4.9 a). The yd TCR™ population were positive for IL-

17A, and the proportion of these cells increased from day 3 to day 9 (Figure 4.9 b). Overall, there
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were 3 to 5 times more IL-17A" y3 T cells in the WT mice than the AHR KO mice, and these cells
increased from 5x107 cells per ear on day 5 to 1.25x10° cells per ear on day 9 during the infection
(Figure 4.9 d). In contrast, the IL-22"y3 T cells in the WT mice peaked at day 3 and decreased
afterwards (Figure 4.9 ¢ and d). There was no significant difference in IL-22* CD4 and IL- 17°

CD4 T cell populations between WT and AHR KO mice (Figure 4.9 e).
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Figure 4.8: T cell recruitment at the site of S. aureus infection. Mice were administered 5x10°
CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). Flow cytometry was used to analyze
the T cell populations in the ear of WT and AHR KO mice on days 0 (n=4), 1 (n=15),2 (n=78),
3(n=28),5(n=28),9 (n=35),and 21 (n=5). A) Graphical representation of the CD45.2" CD3"
CDI11b cells in the CD3 FMO control. B) Graphical representation of the yd TCR" CD4™ and v
TCR™ CD4" populations in CD4 FMO (left) and yd TCR FMO (right) controls. C) Graphical
representation of the CD45.2" CD3" CD11b™ cells in the ear at day 3 and 9. D) Graphical
representation of the yd TCR" CD4 and y8 TCR™ CD4" populations at day 3 and 9. E) Summarized
frequencies of the CD45.2" CD3* CD11b" cells are on the left, and the absolute CD3 T cell numbers
are on the right. F) Summarized frequencies of the CD45.2" CD3" CD11b y8 TCR CD4" cells are
on the left, and the absolute yd T cell numbers are on the right. G) Summarized frequencies of the
CD45.2" CD3" CD11b" y8 TCR* CD4  cells are on the left, and the absolute CD4 T cell numbers
are on the right. The data shown are representative of two independent experiments. Error bars

represent the SEM, P<0.05 = *, P<0.01 = **, and P<0.001 = ***,
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Figure 4.9: T cell production of IL-17A and IL-22 during a S. aureus infection. Mice were
administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). Flow cytometry
was used to analyze intracellular cytokines in the ear of WT and AHR KO mice on days 0 (n = 4),
I(n=5),2(n=28),3(n=8),5(n=28),9(n=5),and 21 (n=15). A) Graphical representation of
the the CD45.2" CD3" CD11b" y6 TCR* CD4 IL-17A" population in the IL-17A FMO (left) and
CD45.2° CD3" CD11b y8 TCR" CD4 IL-22" population in the IL-22 FMO (right). B) Graphical
representation of the the CD45.2" CD3" CD11b™ yd TCR" CD4 IL-17A" population in the ear at
day 3 and 9. C) Graphical representation of the the CD45.2" CD3" CD11b yd TCR" CD4" IL-22"
population in the ear at day 3 and 9. D) The absolute number of IL-22* y3 T cells are on the left
and absolute number of IL-17A" y8 T cells are on the right. E) The absolute number of IL-22* CD4
T cells are on the left and the absolute number IL-17A" CD4 T cells are on the right. The data
shown are representative of two independent experiments. Error bars represent the SEM, P<0.05

=* P<0.01 =** and P<0.001 = ***,

53



The lack of yd T cells at the site of infection could have been due to a defect in the
production of pro-inflammatory cytokines and chemokines or an intrinsic defect in the yo T cell
population. To distinguish between these options, we performed RT-qPCR on cells isolated from
enzymatically digested ears on days 0, 1, 2, 3, 5, 9, and 21 after infection (Figure 4. 10). The
expression of a neutrophil chemoattractant, CXCL2, peaked early on at day 2 and then decreased
afterwards. CXCL2 expression levels in WT mice were similar to AHR KO mice, except for the
transient increase in WT mice on day 2. Both mouse strains also had relatively similar low
expression levels of a monocyte chemoattractant, CCL2, and an antimicrobial peptide, CRAMP.
However, a transient increase in the expression of CCL2 and CRAMP was observed in the AHR
KO mice during the early stages of infection. Additionally, a T cell chemoattractant, CXCL9,
was produced at relatively similar expression levels throughout the infection by both strains of
mice. However, CXCL9 was transiently higher by the AHR KO mice on days 2 and 5.
Furthermore, mRNA expression levels of multiple cytokines were analyzed in this experiment. IL-
10, IL-17A, and IFNy were overall expressed at similar levels among the WT and AHR KO mice.
However, IFNy and IL-17A was transiently higher in WT mice during the later stages of infection.
The similar IL-17A mRNA levels in the WT and AHR KO mice suggests that another cell
population might be compensating for the decreased IL-17A" yd T cells. These data suggest that
there is proper production of pro-inflammatory chemokines, cytokines, and antimicrobial peptides

by the AHR KO mice.
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Figure 4.10: Chemokine, cytokine, and antimicrobial mRNA expression during a
intradermal S. aureus infection. Mice were administered 5x10® CFUs of S8 intradermally on
days 0, 1, and 2 (red arrows). RT-qPCR was used to analyze mRNA expression levels in the ear
of WT and AHR KO mice ondays0 (n=4),1 (n=5),2(n=8),3(n=28),5(n=8),9 (n=5), and
21 (n=15). All genes were normalized to B2m and TBP mRNA expression levels. The data shown
are representative of two independent experiments. Error bars represent the SEM, P<0.05 = *,

P<0.01 = **, and P<0.001 = **%*,
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4.3. Aim 3: Investigate whether AHR contributes to the generation of immunological
memory to S. aureus
4.3.1. AHR-deficient mice have proper CD4 T cell differentiation but decreased yd T
cell differentiation

AHR has been documented as an important transcription factor for the differentiation and
development of many T cell lineages including Tree and Tul7 cells (10). Therefore, we wanted to
investigate whether the differentiation of these cells during an S. aureus infection would be
affected in AHR KO mice. WT and AHR KO mice were administered S8 intradermally at days 0,
1, and 2. To our surprise, the number of T cells in the lymph nodes of infected WT and AHR KO
mice was identical on day 21 post infection (Figure 4.11 a). In addition, the proportion and absolute
cell numbers of CD4, CDS, and yd T cells were identical between the infected WT and AHR KO
mice (Figure 4.11 b and ¢). When analyzing the CD4 T cell expression of lineage-specific
transcription factors, we observed that the proportions of Foxp3, RORyt, GATA3 and T-bet-
expressing T cells were similar in both WT and AHR KO mice (Figure 4.12 a). In addition, the
largest CD4 differentiated population observed in both mouse strains was the Foxp3" Tregs. In
contrast, the proportion and absolute number of RORyt" yd T cell was drastically reduced in the
AHR KO mice compared to the WT mice (Figure 4.12 b). Therefore, these data suggest that the
CDA4 T cell population activated in response to a S. aureus infection is not affected by the absence
of AHR. However similar to the ear, lymph node RORyt" v3 T cells that develop in response to a

S. aureus infection require the presence of AHR.
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Figure 4.11: CD4, CDS8, and Yy T cells in the lymph nodes of S. aureus infected mice at day
21. Mice were administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2. Flow cytometry
was used to analyze the T cell populations present in the lymph nodes of S. aureus infected mice
at day 21 (n = 5). A) Graphical representation of the CD45.2" CD3" Ly6G™ population and the
absolute numbers are summarized below. B) Graphical representation of the CD4" CD8" and CD4
CD8" T cell populations. The absolute numbers are represented on the right. C) Graphical
representation of the CD4™ y8 TCR" T cell population and the absolute numbers are presented on
the right. Data are representative of two independent experiments. Error bars represent the SEM,

P<0.05 = *, and P<0.01 = **,
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Figure 4.12: Lineage-specific transcription factor expression in CD4 and yo T cells after a S.
aureus infection. Mice were administered 5x10° CFUs of S8 intradermally on days 0, 1, and 2.
Flow cytometry was used to analyze transcription factor expression by T cells in the lymph nodes
of S. aureus infected mice at day 21 (n = 5). A) Graphical representation of Foxp3™ and RORyt"
CD4 T cells (left), Gata3™ and T-bet" CD4 T cells (66), and the absolute numbers of Foxp3™ CD4
T cells and RORyt" CD4 T cells (below). B) Graphical representation of Foxp3* and RORyt" y8 T
cells (left) and absolute number of RORyt" yd T cells (66). The data shown are representative of

two independent experiments. Error bars represent the SEM, P<0.05 =*, P<0.01 = **, and P<0.001

= *k3kk
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Recent studies have documented the development of memory Vy4" IL-17"y3 T cells in
response to lung Bordetella Pertussis infections (122) and intraperitoneal S. aureus infections
(123). In order to investigate if the increased Yo T cells in the WT mice shared a similar phenotype,
WT mice were administered 5x10° CFUs of S8 intradermally at day 0, 1, and 2 and y& T cells were
sorted from the ears and lymph nodes of WT mice at day 10. The sorted ear yo T cells were pooled,
and similarly the sorted lymph node yo6 T cells were pooled. RT-qPCR was performed on the
pooled cells. Preliminary results indicated high IL-17A mRNA expression (Figure 4.13 a) and high
Vy4 mRNA expression (Figure 4.13 b) in the sorted yd T cell populations. However, the 0 T cells
from the ear had more IL-17A and Vy4 mRNA expression than the y6 T cells from the lymph
nodes. The other Vy chains were expressed at very low levels in the sorted cells. Lastly, Vy4
mRNA expression was analyzed in the ears of mice from days 0, 1, 2, 3, 5, 9, and 21 after a S.
aureus infection. The Vy4 mRNA expression level was increased in WT mice on days 5 and 9
(Figure 4.13 d), mimicking the increase of IL-17"y3 T cells previously observed by flow cytometry

(Figure. 4.9 b).

Lastly, we performed a preliminary re-stimulation experiment in order to test the antigen
specificity and IL-17A production by the sorted yo T cells. yo T cells from the ears and lymph
nodes of infected WT mice were cultured with splenocytes from an uninfected mouse (as the
source of APCs) in the presence of heat-killed S8 or heat-killed TB for 72 hours. The IL-17A
accumulation in the supernatant was measured by ELISA. Data showed that the IL-17A production
in response to S8 was doubled in the presence of the sorted yo T cells (Figure 4.13 c). Therefore,
these preliminary results suggest that the yo T cells from WT mice infected with S. aureus display

a similar phenotype to the memory yo T cells recently described (122, 123).
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Figure 4.13: IL-17A production and Vy4 chain expression by y6 T cells from S. aureus
infected mice. WT mice were administered S8 intradermally on days 0, 1, and 2. vy T cells were
sorted from both the ears and lymph nodes at day 10. As a control, spleen cells were harvested
from a naive mouse. A) RT-qPCR analysis of IL-17A mRNA expression by naive spleen cells,
and sorted yo T cells from the ears and lymph nodes (LNs) of S. aureus infected mice. B) RT-
qPCR analysis of Vyl.1, Vy2, Vy3, Vy4, Vy5 mRNA expression by naive spleen cells, and sorted
v6 T cells from the ears and LNs of S. aureus infected mice. C) Sorted yd T cells from the ears and
lymph nodes of day 10 S8 infected mice were re-stimulated with media, 5x10° CFUs of heat-killed
S8, or 5x10° CFUs heat-killed TB in the presence of naive spleen cells (source of APCs) for 72
hours. IL-17A levels in the supernatants were measured by ELISA. The data shown are of a single
independent experiment. The sorted yo T cells were pooled together from 10 ears and 10 lymph
nodes from 5 S. aureus infected mice. D) RT-qPCR analysis of Vy4 mRNA expression in ears of
WT and AHR KO mice ondays 0 (n=4),1 (n=5),2(n=8),3 (n=28),5(n=28),9 (n=>5), and
21 (n = 5) post S. aureus infection (red arrows). All genes were normalized to B2m and TBP

mRNA expression levels. Error bars represent the SEM of the technical triplicates.
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4.3.2. Primed AHR-deficient mice behave as naive WT mice upon a secondary infection
Our preliminary results indicate that the expanded yo T cells in WT mice may be memory cells.
Therefore, in order to test whether these cells could be protective against re-exposure to S. aureus
we designed an in vivo secondary infection model (Figure 4.14 a). We expected that the yo T cell
expansion and bacterial clearance would occur faster in the primed WT mice. A subset of the WT
and AHR KO mice were primed by the administration 5x10° CFUs of S8 on days 0, 1, and 2. Ear
thickness of the primed mice was measured on days 0, 1, 2, 3, 5, 9, 21, 28, and 35. Naive and
primed mice of both strains of mice were administered 5x10° CFUs of S8 on days 40, 41, and 42
(Figure 4.14 a). Ear thickness of the primed and naive mice was measured on days 40, 41, 42, 43,
and 45. Regardless of priming, WT mice had more redness and ear crusting than the AHR KO
mice on day 45 (Figure 4.14 b). After the primary S. aureus infection, WT mice had significantly
higher ear thickness than AHR KO mice, as shown previously (Figure 4.5 f). Both strains of mice
maintained a slightly increased ear thickness until the rechallenge at day 40. The ear swelling
during the secondary infection was significantly higher in WT primed mice than in the AHR KO
primed mice (Figure 4.14 c). Both strains of mice that were primed had higher ear swelling in the
secondary infection than in the primary infection. Since AHR KO mice in each group (primed or

naive) had less swelling, the role of AHR appears to be independent of re-exposure to S. aureus.

The ears of these mice were harvested on days 43 and 45 in order to determine the bacterial
burden by CFU counts and the T cell response by flow cytometry. The S. aureus CFUs were
transiently higher in the primed mice compared to the naive mice on day 43, however this
difference disappeared by day 45 (Figure 4.15 a). There was no difference in the CFU counts

between the WT and AHR KO mice in each group (primed and naive).
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As expected in a memory response, WT primed mice had increased T cell numbers (Figure
4.15b), yd T cell numbers, and IL-17A" y3 T cell numbers (Figure 4.15 d) at day 43 compared to
the AHR KO primed mice and all the naive mice. In fact, the AHR KO primed mice had similar
CD3" T cell and yd TCR" T cell numbers to the WT naive mice. However, by day 45 the number
of T cells and yo T cells were the same between WT primed and WT naive mice. Similarly, the
number of T cells and yo T cells were the same between AHR KO primed and AHR naive mice at
day 45, although the levels were much lower than in the WT groups. In all the mice, the yo T cells
expressed high levels of CD44, a T cell activation marker, and CD103, the ligand for E-cadherin
on epithelial cells (Figure 4.15 ¢). In contrast, the CD4" T cells were relatively similar between all
groups, except for a slightly increase in the IL-17A" CD4" T cell numbers in WT primed mice on
day 45 (Figure 4.15 f). In all of the mice, only about about half of the CD4" T cells expressed
CD44 and CD103 (Figure 4.15 e). These results indicate that the expanded yd T cell pool responds

to the infection but does not improve bacterial clearance upon a rechallenge.

The lymph nodes were harvested on day 43 and day 45 to test if the lymph node yd T cell
population would be reacting in a similar manner as the yd T cell population in the ear. Cells were
stained for lineage-specific transcription factors and analyzed by flow cytometry. A similar
increase was seen in the CD3™ T cells (Figure 4.16 a) and the RORyt™ v8 T cells (Figure 4. 16 b)
in WT primed mice on days 43 and 45. However in WT naive mice, the T cells numbers did not
increase to the same level as the WT primed mice on day 45. Instead, the WT naive mice had low
CD3" T cells and RORyt" y8 T cell numbers that matched the AHR KO primed mice on both days.

There was no effect of priming on the CD4 and Foxp3*CD4 T cell populations. These data indicate
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that S. aureus priming may lead to inflammation caused by IL-17A" y8 T cells during a secondary

infection, and that the role of AHR during S. aureus infections is independent of priming.
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Figure. 4.14: Ear thickness and morphology during a secondary S. aureus infection. A)
Timeline of the secondary S. aureus infection model. Mice were primed by administering 5x10°
CFUs of S8 intradermally on days 0, 1, and 2 (red arrows). Both primed and naive mice were
administered 5x10° CFUs of S8 intradermally on days 40, 41, and 42 (red arrows). B) Ears of
primed and naive mice on day 45. C) Ear swelling of S8 primed mice was measured on days 0, 1,
2,3,5,9,21,28 and 35 (n = 15). Days 21, 28, and 35 had n = 13 AHR KO mice due to the death
of 2 mice from unrelated causes. Ear swelling of S8 primed and naive mice was measured on days
40,41,42,43,and 45 (n =15 WT primed; n = 13 AHR KO primed; n= 15 WT naive; n=16 AHR
KO naive). The data shown is representative of a single independent experiment. Error bars

represent the SEM, P<0.001 = #**,
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Figure 4.15: Bacterial burden and cutaneous T cell expansion during a secondary S. aureus
infection. Mice were primed by administering 5x10% CFUs of S8 intradermally on days 0, 1, and
2. Both primed and naive mice were administered 5x10° CFUs of S8 intradermally on days 40, 41,
and 42. Flow cytometry was used to analyze the T cell populations in the ear on days 43 (n = 8
WT primed; n = 7 AHR KO primed; n = 8 WT naive; and n = 8 AHR KO naive), and 45 (n =7
WT primed; n =6 AHR KO primed; n =7 WT naive; n = 8§ AHR KO naive). A) S. aureus CFUs
were cultured overnight on LB agar from ear supernatants from day 43 and 45. B) Absolute
numbers of CD45.2" CD3" CDI11b cells at day 43 and 43. C) Graphical representation of the
CD45.2" CD3" CD11b population (left), CD4" and y6 TCR™ T cell populations (middle), and IL-
17A" v8 T cell population (right) at day 43. D) Absolute numbers of y§ TCR" and IL-17A" 8
TCR" populations. E) Graphical representation of the CD44" CD103" yd TCR" T cell population
at day 43. F) Absolute numbers of CD4" and IL-17A" CD4" T cell populations. G) Graphical
representation of the CD44" CD103" CD4" T cell population at day 43. The data shown are
representative of a single independent experiment. Error bars represent the SEM, P<0.05 = *,

P<0.01 = **, and P<0.001 = ***,
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Figure 4.16: Lineage-specific transcription factor expression in lymph node CD4 and y6 T

cells after a secondary S. aureus infection. Mice were primed by administering 5x10° CFUs of

S8 intradermally on days 0, 1, and 2. Both primed and naive mice were administered 5x10° CFUs

of S8 intradermally on days 40, 41, and 42. Flow cytometry was used to analyze lineage-specific

transcription factor expression by T cells in the lymph nodes of S. aureus infected mice on days

43 (n=8 WT primed; n=7 AHR KO primed; n =8 WT naive; and n = 8 AHR KO naive), and 45

(n=7 WT primed; n = 6 AHR KO primed; n =7 WT naive; n = 8§ AHR KO naive). A) Absolute

number of CD45.2" CD3" CD11b" cells. B) Absolute number of Y8 TCR" (left) and RORyt" y8
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TCR" cells (right). C) Absolute number of CD4" (left) and Foxp3" CD4" T cells (right). The data
shown are representative of a single independent experiment. Error bars represent the SEM,

P<0.05 = *, P<0.01 = **, and P<0.001 = ***,
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4.4. Summary of results

In summary, the presence or absence of AHR does not impact the bacterial burden and is not
required for clearing S. aureus cutaneous infections or for the colonization with S. aureus.
After a single injection, S. aureus is cleared by day 21. In addition, after prolonged exposure
S. aureus could still be detected at 21 days in half of the mice regardless of the background
strain. However, the presence of AHR results in more acute inflammation, characterized by
increased ear swelling and redness, during a S. aureus cutaneous infection. Therefore, AHR
may be detrimental in the development of disease tolerance to S. aureus. Surprisingly, AHR-
deficient mice have proper neutrophil recruitment to the site of infection despite their decreased
v6 T cell population. In addition, an unexpected expansion and maintenance of cutaneous IL-
17A" v3 T cells occurs at the later stages of infection, and this process is dependent on AHR.
These y0 T cells are maintained at the site of infection up to 21 days. However, AHR-deficient
mice can still produce IL-17A during infection, indicating that they might have developed a
mechanism to compensate for the lack of IL-17A" v5 T cells. In the absence of AHR the
development of adaptive CD4 T cells, such as the Foxp3™ Tregs, in response to S. aureus is
unaffected. Similar to the ear, the RORyt" y8 T cell population in the lymph nodes is dependent
on AHR. Our preliminary data suggest that the expanded y6 T cells may be memory cells due
to their rapid expansion upon S. aureus rechallenge. Yet, this yd T cell pool did not confer
increased killing of S. aureus. Additionally, primed mice that received a S. aureus rechallenge,
had increased ear swelling and ear crusting. This suggests that priming to S. aureus may be
additionally detrimental to disease tolerance. Lastly, the role of AHR is not affected by
priming, since AHR KO mice maintain their phenotypic differences (decreased inflammation

and decreased yo T cells) compared to WT mice in identical treatment groups.
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5. Discussion

S. aureus is a pathobiont that can cause a wide variety of human diseases (22) and can also colonize
the human nostrils, skin, and other sites asymptomatically (4). In addition, S. aureus has been
historically correlated with skin inflammatory diseases, such as AD (30). It has only been recently
suggested that the inflammation in these skin conditions may be directly caused by S. aureus and
the microbe’s effect on the immune system (32). In addition, a recent publication illustrated how
S. aureus vaccination can increase mortality upon S. aureus infection due to a heightened T cell-
mediated immune response (77). Therefore, mechanisms of disease tolerance and avenues directed
at limiting inflammation by dysregulated immune cells will be important in the future for both
disease management and vaccine development. Since AHR has been implicated in the regulation
of various T cell lineages, we expected that it would be required for both the protection against S.
aureus infections, and for the induction of a disease tolerant state to S. aureus. The results
presented in this thesis indicate that AHR is not required for clearing S. aureus during an infection
but it may have a role in preventing the development of disease tolerance to S. aureus, in part, by

its regulation of IL-17A producing y6 T cells.

5.1. The importance of neutrophils for S. aureus clearance
Our results illustrate that AHR-deficiency had no effect on the clearance or colonization of S.
aureus. This can be explained by the observation that neutrophil recruitment to the site of infection
occurred properly in the AHR KO mice. Future experiments should assess the recruited neutrophils

for functional equivalence. It was unexpected that neutrophil recruitment would occur properly in
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the AHR KO mice since they have a reduced cutaneous yo T population. It has been previously
reported that neutrophil recruitment is dependent on IL-17A production at 8 hours post S. aureus
infection by the epidermal Vy5* y3 T cells (5). In this study, vd T cell-deficient mice had decreased
neutrophil recruitment and increased lesion sizes (5). Similarly, IL-22 production has been
reported to peak at 6 hours post S. aureus infection, and is also produced by yo T cells (124). This
early IL-22 production has also been documented as a requirement for the recruitment of
neutrophils (124). In our study, we observed a reduction of resident yo T cells in AHR-deficient
mice (Figure 4.6 b). A more dramatic decrease occurred in the Y5 TCR™ population, which has
been suggested to be the epidermal yd T cells (119, 121). Complementary to this, epidermal yd T

cells have already been reported to be decreased in AHR-deficient mice (109).

Since the epidermal yd T cells are reduced in AHR KO mice, there might be another cell
type responsible for the recruitment of neutrophils. It has been suggested that perivascular
macrophages are involved in the recruitment of neutrophils during dermal S. aureus infections by
their expression of neutrophil chemoattractants, such as CXCL1 and CXCL2 (125). The
macrophage population and CXCL2 mRNA expression in our model was not affected by AHR-
deficiency, making this a population of interest for future studies. Interestingly, in other models of
infection neutrophils have been proposed to produce both IL-17A (126) and IL-22 (112). However,
this remains to be documented during a S. aureus cutaneous infection. Other cell populations that
could also be compensating for the decreased yd T cells are natural killer cells, and ILC3s. Another
explanation could be that the small number of remaining dermal yo T cells in the AHR KO mice
compensate by producing more IL-17A early on during the infection. However, this cannot be

determined from our results since our experiments did not look at cytokine production earlier than
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24 hours after infection. The epidermal v T cell production of IL-17A is reported to peak at 8
hours and reach very low levels by 24 hours (5). Therefore, future experiments should investigate

the cytokine and chemokine production prior to 24 hours post infection.

Lastly, it is important to mention the recent paradigm shift in the role of T cells during S.
aureus infections. Historically, T and B cells were thought to be important in clearing many
bacterial pathogens. However, the failures in developing an S. aureus vaccine brings to question
whether adaptive T and B cells play a protective role in S. aureus. In fact, systemic S. aureus
infections have been properly resolved in mice deficient in both T and B cells (127). Additionally,
afy T cell-deficient mice are able to clear S. aureus skin infections as efficiently as WT mice (5).
In fact, our own preliminary experiments using RAG1 and AHR double knock out mice indicate
that these mice can clear S. aureus skin infections just as well as WT mice (data not shown). Future
experiments should confirm the mechanism by which neutrophils can be recruited independently
from all types of T cells, and if these neutrophils can compensate by producing the Tu17 cytokines

(IL-17A and IL-22) themselves.

5.2. Disease tolerance in the absence of AHR
In our studies, WT mice had increased in vivo signs of inflammation as suggested by increased ear
swelling compared to AHR KO mice from days 2 to 9 post infection (Figure 4.5 f). However, the
histological analysis of the ear’s sections did not correlate with the ear swelling. There might be
two explanations for this discrepancy. First, the histological processing might have removed some
of the water in the tissues, making the histological edema scores suboptimal. Secondly, there might

have not been enough histological samples sent to reach significant differences. 60% (3 out of 5)
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of the WT mice had scored 3 on the lesion severity, while only 20% (1 out of 5) of the AHR KO
mice had scored a 3. The ear swelling was typically measured on 8 to 40 mice (depending on the
day), this large number of animals made the difference between WT and AHR KO mice very
significant. Therefore, if more samples were scored each day during the infection perhaps the

differences in the histological scoring would have been significant.

During the period of increased ear swelling in WT mice (days 2 to 9), there is also an AHR-
dependent increase in the yd T cell population (Figure 4.8 c). The IL-17A" y8 T cell production
increases from day 3, reaching a maximum at day 5 and day 9 post infection. During a S. aureus
rechallenge, primed WT mice have higher ear swelling and higher IL-17A" y8 T cell numbers
compared to naive WT and primed AHR KO mice. These results suggest that the expanded yo T

cells correlate with the increased inflammation observed in the mice.

The expanding yo T cells observed in the WT mice after a S. aureus infection appear to be
different from the protective epidermal yd T cells reported by Cho, et al. (5). RT-qPCR of the
whole ear and preliminary characterization of yo T cells from WT mice indicate that there is an
increase in IL-17A and Vy4 mRNA expression during the later stages of infection (post day 3)
(Figure 4.10 and 4.13 d). The IL-17A" Vy4* y3 T cell population are thought to reside in the dermis
(121) and are the cause of inflammation during psoriasis and dermatitis (119). These cells are
additionally characterized by high expression of the CD44 marker, a sign of activation, and
expression of Toll-like receptors such as TLR2 (11). Similarly, our results indicate that the yo T
cells within the ear of S. aureus infected mice express high levels of both CD44 and the skin

homing receptor, CD103. This population is thought to be the same as the RORyt" y8 T cell
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population that has the potential to migrate back and forth from the skin to draining lymph nodes
(121). Their ability to be recruited to skin sites is thought to occur through their expression of skin
homing receptors, including CD103 (128). Our results are in support of these recent studies, since
a similar reduction in RORyt" y8 T cells is observed in the lymph nodes of AHR KO mice during
S. aureus infection. Therefore, it appears that the expansion of these migratory and pro-

inflammatory IL-17A" Vy4* y3 T cells is dependent on AHR.

The observation of an expanded yd T cell population in response to a S. aureus infection is
interesting because psoriasis patients with phenotypically similar yd T cells are reported to be at
lower risk of infection or colonization by S. aureus (129). Whether initial bacterial exposure, such
as a S. aureus infection, is the initiation event of inflammatory skin diseases such as psoriasis is
currently being debated. Similarly, recent studies have reported that S. aureus colonization directly
contributes to inflammation in dermatitis by an unknown mechanism (32). Future experiments,
should investigate if S. aureus-induced expansion of IL-17A* y8 T cells can predispose the host to
inflammatory skin diseases such as psoriasis. Furthermore, the expanded IL-17A" v8 T cell

population should be tested for reactivity and specificity to other non-specific bacterial antigens.

Since IL-17A" Vy4™ y8 T cells appear responsible for murine inflammation during
inflammatory skin diseases, targeting them may have therapeutic approaches. These findings
additionally have potential implications in humans since dermal IL-17A" y8 T cell populations
have been observed to be increased in the skin lesions of psoriasis patients (119). Our results
suggest that inhibiting AHR could potentially prevent the development of these IL-17A" Vy4" y8 T

cells. Interestingly, human studies have identified that AHR expression is increased and that the
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AHR pathway is activated in skin lesions of AD and psoriasis patients (13). Murine in vitro studies
have demonstrated that both AHR activation by the high affinity AHR ligand, FITC, and TLR2
activation by pathogen products can result in an expansion of these yo T cells (11). However, no
one has documented this expansion to occur in vivo and to be maintained for as long as 21 days
post cutaneous bacterial infection. In stark contrast, in vivo experiments have shown that AHR-
deficient mice had increased inflammation during a model of psoriasis due to keratinocyte
signaling and that systemic administration of FITC led to reduced IL-17A expression (14). These
discrepancies may indicate a paradoxical role in AHR where its inhibition may be beneficial prior
to the development of psoriasis by preventing the increase of resident dermal yd T cells, but within

the disease state AHR activation may be beneficial through an activation pathway in keratinocytes.

5.3. Primed innate immunity
Historically, the belief in the field of innate immunity has been that innate immune cells act rapidly,
non-specifically, and cannot retain immunological memory. Typically, immunological memory
was considered the role of T and B cells. Recently, it has been suggested that immune memory (or
trained cells) can develop from APCs such as monocytes, and innate T cells such as yo T cells
(130). Pathogens can induce epigenetic modifications to either promote tolerance or train the
innate immune cells (131). IL-17" Vy4* y8 T cells have been reported to expand in response to B.
pertussis lung infections (122). These cells were shown to remain in the lung after a primary
infection, and expand rapidly upon a secondary challenge to increase bacterial clearance (122).
These cells are the same as the dermal yo T cells involved in the inflammation of psoriasis. In fact,
the dermal yo T cells in psoriasis have also been claimed to be long-lived memory cells within the

skin (128).
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In the context of a S. aureus infection, memory IL-17" Vy4" v5 T cells have only been
documented to occur after S. aureus-induced peritonitis (123). These studies illustrated that prior
S. aureus exposure leads to the development of protective memory IL-17" Vy4" y8 T cells that
help clear a secondary S. aureus infection faster (123). However, no one has reported the
development of this population after a cutaneous S. aureus infection. Our preliminary results
indicate that a memory IL-17" CD44" CD103" Vy4" y3 T cell population developed after priming
with S. aureus. Additionally, these cells rapidly expand in the primed WT mice during a secondary
S. aureus infection. However, unlike the peritonitis experiments, the bacterial burden in our
preliminary rechallenge experiment was not affected by the increased presence of yd T cells in the
primed mice. Therefore, this raises the question of whether these cells are protective in the skin or

if they are pathogenic and are a byproduct of a cutaneous infection.

5.4. Differences in immunity based on the site of infection and host
Cutaneous S. aureus infections often predispose individuals to bacteremia and systemic infections.
Similarly, individuals colonized by S. aureus are at greater risk for S. aureus bacteremia, especially
with their own colonizing strain (34, 35). However, the cutaneous immune response to S. aureus
is unique and different from systemic immune responses during sepsis or S. aureus bacteremia
(53). For example, both Tul cells (70) and antibodies (33) are known to be involved during
systemic S. aureus infections but not during cutaneous infections. Our results suggest that AHR is
not required for the clearance of cutaneous S. aureus infections, but may be detrimental to the
development of disease tolerance. However, we cannot predict whether AHR would be important

in the survival of the host during systemic S. aureus infections. Although AHR is not directly
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involved in the development of antibodies and Tul immunity, it has been shown that AHR
promotes Tul7 differentiation by inhibiting Statl phosphorylation and ultimately Tul
differentiation (96). In the absence of AHR, it is possible that the development of Tyl immune
cells in response to systemic S. aureus infections would be increased. Therefore, future

experiments should investigate the role of AHR in systemic S. aureus infections.

One major challenge in studying S. aureus infections in vivo is that mice have an intrinsic
high resistance to severe S. aureus infections. In order to obtain a dermonecrosis lesion, 10" CFUs
of S. aureus need to be administered (132, 133). To compare, data suggest that as few as 10* CFUs
are needed to establish a S. aureus skin infection in humans (132, 134). In our experiments we
administered 5x10° CFUs of S. aureus to our mice for 1 or 3 days, a dose significantly higher than
the amount required for an infection in humans. Once the infection was established, the mice were
able to start efficiently clearing the infection within a few days. Additionally, there are many
differences between the human and murine immune responses to S. aureus. To name one, humans
do not have the epidermal yd T cells that are thought to be required for the early production of IL-
17A (5). Therefore, many results may differ between murine models and human S. aureus

cutaneous infections.

There are numerous limitations to studying AHR in vivo. One of the limitations is that
AHR has a wide range of different ligands, with several of them remaining to be discovered.
Natural and/or endogenous ligands were not accounted for in our experiments, and therefore our
results might not accurately represent the functional roles of AHR during natural human exposure

to S. aureus where additional endogenous AHR ligands are present. In addition, AHR is expressed
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ubiquitously in cells throughout the body, so AHR deficiency may have impacted other cell
populations that are not accounted for in our experiments. Future studies should use selective AHR

deletion by Cre-lox recombination in specific cell populations, such as in yd TCR" T cells.

Furthermore, several differences exist between the mouse AHR and human AHR. Mouse
AHR and human AHR have been found to have different ligand selectivity and affinities (87). This
implies that AHR might regulate S. aureus infections differently in mice and in humans simply
because of differences in ligand binding. Other differences include cytoplasmic complex stability
(135), recruitment of coactivators (136), and regulation of gene expression (137). Therefore,
repetition of these experiments in transgenic mice that express the human AHR instead of the

mouse AHR would prove confirmation of our findings with the human AHR.

Lastly, many studies have acknowledged the important role of the microbiota in diseases
and immunity. For example, human skin infections and their outcomes can be influenced by the
skin microbiota (40). On the other hand, skin infections can also influence the skin microbial
community (40). In addition, temporal shifts in the microbiota have been correlated with
inflammatory flares of AD patients (31). Furthermore, microbiota tryptophan products have been
discovered to activate AHR and influence the immune cells of the skin (98). The microbiota has
been shown to be important for CD4" T cell production of IL-17A and IL-22 against S. aureus
(138). When culturing S. aureus CFUs we also detected the presence of a colonizing bacteria in
both the PBS and S. aureus treated groups. We have replicated our experiments with WT and AHR
KO co-housed mice in order to try to keep the microbiota consistent between these two strains of

mice. During these experiments, our results were consistent and the microbiota colonization
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pattern was equal between the two mouse strains. However, we did not characterize the microbiota
that was present or its potential role on AHR. Therefore, future studies should consider the

potential involvement of the microbiota in both human and murine studies.

5.5. Conclusion and future directions
The role of AHR in S. aureus cutaneous infections has been undocumented up until now. Since
AHR is important for the development and function of many T lymphocytes, we hypothesized that
the AHR pathway would be necessary for both the protection against S. aureus and the
establishment of a disease tolerant state to S. aureus. Our data shows that the AHR pathway is not
required for S. aureus clearance. Additionally, AHR-deficient mice have intact neutrophil
recruitment to the cutaneous site of infection suggesting that a proper neutrophil response may be
sufficient to clear staphylococcal cutaneous infections even with decreased numbers of T cells.
Furthermore, S. aureus infection induces an AHR-dependent expansion of IL-17A" y3 T cells that
remain at the site of infection for at least 21 days. The yd T cell pool in WT mice after a primary
S. aureus infection does not lead to increased bacterial killing during a secondary S. aureus
infection. Future experiments will further test the memory potential of these cells with adaptive
transfer experiments. Lastly, AHR inhibition may facilitate disease tolerance to S. aureus, and this
suggests that differential AHR expression in humans may provide an explanation to why some
individuals are transient and chronic asymptomatic carriers of this microbe. Future experiments
should test AHR-deficiency during systemic S. aureus infections, and S. aureus carriage states to

further elucidate the potential role of AHR in disease tolerance.
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