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Monocyte Derived Dendritic Cells: Sentinels andriglators of Immune Response

to Staphylococcus aureus

Mini Bharathan

ABSTRACT

Staphylococcus aurels a versatile opportunistic pathogen causingagewpectrum of diseases
in both humans and animals. My research focusezharacterization of the immune responses
of monocyte derived dendritic cells (DC)$o aureusWe initially evaluated the potential of
circulating monocytes to serve as precursors fordDhgS. aureusnfection. The CD14
monocytes, when stimulated with irradiated (ISA)iee S. aureugLSA), differentiated into
CD11¢"" cD118"9"DC (MonoDC) in an autocrine fashion. This was aigted with the up-
regulation of granulocyte-macrophage colony stimmgpfactor (GMCSF) and tumor necrosis
factor- ; (TNF- ;) gene transcription. We continued our studieslémtify the role of TNF-; in
the LSA induced differentiation of monocyte to M@1®. Blocking TNF- ; reduced the
expression of CD11c and increased the expressi@Dad# on LSA stimulated monocyte
derived MonoDC. Stimulated monocytes were abletoete monocyte chemotactic protein-1
(MCP-1), a chemokine that recruits monocytes tositeeof infection/injury and induces the
expression of ; integrins on DC. Characterization of the respafdeC derived from
monocytes using GMCSF and IL-4 revealed that, trfa@ureusather than its purified
structural components were efficient in DC actieatiln response to ISA or LSA stimulation,
DC induced proliferation of T cells collected frahe peripheral circulation of cows with a
history ofS. aureusnastitis. Subsequent characterization of the fgraliing T cells identified

the presence of memory T cells. Finally we ideatifa unique population of DECZ@DS *



DCin monocyte derived DC. We further elucidated thle of DC DEC205, a C-type lectin, in
S. aureusuptake. Blocking of receptor mediated endocytosssilited in reduced uptake $f
aureusby DC. Confocal microscopy confirmed a role for@#D5 inS. aureusnternalization
and delivery to endosomes. DEC205 DC upon stimaratiith S. aureuslisplayed enhanced
maturation and antigen presentation. In conclusimomocyte derived DC can uptaBeaureus

and elicit cell mediated immune responses.
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CHAPTER 1 REVIEW OF LITERATURE

OVERVIEW

Staphylococcus aureus a major pathogen causing a variety of diseasbsth humans
and animals [1].S. aureugauses diseases such as superficial skin infects@ptic arthritis,
osteomyelitis, endocarditis, pneumonia, toxic shegkdrome and septicemia in humans. In
dairy cows, it is one of the organisms that causgeaand chronic mastitis [2, 3]. There is an
increasing incidence of community acquidaureusnfections in hospitals. Hospital acquired
infections are difficult to treat because of theeegence of multidrug resistant strains such as
methicillin and vancomycin resistait aureu§MRSA and VRSA) 1, 4]. Emerging virulent
strains associated with both severe community-aequiuman infections and MRSA mastitis in
bovines highlights the occurrence of transfer tdigs between humans and animals [5, 6]. This
increased threat to both public health and aniropbfations warrants the need of an animal

model system to study host respons8& taureusnfection.

STAPHYLOCOCCUS AUREUS

S. aureuss a Gram, nonmotile, nonsporulating, facultative anaerafgsiccus (1um in
diameter) usually seen as clusters (bunch of grap&gr the microscope and producing
hemolysis on blood agar plates. The pathogen &éas# and coagulase positive. Colonies
appear as golden yellow due to the presence ajragmt called staphyloxanthin; however,
nonpigmented strains are also common.
IMMUNE SYSTEM RECOGNITION

S. aureugolonizes the skin and respiratory tract and aewdin in the skin or mucus

membrane predisposes the host for an invasivesid@h S. aureuss considered a classical



extracellular pathogen; however, intracellular atiens have been demonstraféd8]. The
intracellular persistence in endothelial cellstlegial cells, and keratinocytes proteStsaureus
from host immune defenses and antibiotics, addirtge incidence of recurrent and chronic
infections [7, 9].

S. aureuss known toproduce a variety of toxins and immunomodulatogt@ns that
possess the ability to evade the innate and adajptitnune mechanisms of the host [10].
Structural components &. aureusnclude peptidoglycan (PGN), lipoproteins, anatgchoic
acid (LTA) which are often involved in causing se@hock [11] . These pathogen associated
molecular patterns (PAMPS) are recognized throwagt pattern recognition receptors (PRRS),
mainly through Toll- like receptor (TLR) 2 [12-14F5. aureud.TA is known to induce the
secretion of cytokines and chemokines from monagyteacrophages and dendritic cells (DC)
[15-17]. S. aureud?GN also stimulates cytokine and chemokine seerdétom innate cells [18,
19]; however, large quantities (10-100ug/ml) agureed to induce responses [20].

Previous exposure . aureusesults in less severe subsequent infections atehpa
with high titer ofS. aureuspecific antibodies are less susceptible to irdast(reviewed in
[21]). These studies point to the fact that ae@f¥e immunological therapy and/or vaccination
againstS. aureusnfections in humans and animals is possible [Z8veral studies tested the
efficacy of differentS. aureuwvaccines in humans and rodents, but to date, nave provided
complete protection [23, 24]. In cows, severatigs used toxoid, or bacterin or capsular
polysaccharides in vaccines; however, none of #oeimes were found to provide complete
protection againss. aureusnfection [25, 26]. Emerging multidrug resistatrags and the
contagious nature of the pathogen in both humadsamals warrant the need of a

multicomponent vaccine that provides complete mtaia againss. aureusAs an alternative



approach, DC are being used as biological adjuvantaccines to hasten the T cell memory
[27].
VERTEBRATE IMMUNE SYSTEM

Living organisms are constantly exposed to varioigobes that are present in their
environment and need to deal with the invasiorhe$é microbes into the body. A healthy
immune system is marked by ahility to distinguish between self and non-setimiunity can
be divided into innate, providing the first line adfense against pathogens, and acquired
immunity, often a slow process but specifically magedd through T and B cells [28]. Adaptive
immunity displays the remarkable property of mem&wsgcently, it is considered that the innate
immune system also possesses specificity andyataldiscriminate between self and foreign
antigens [29]. Adaptive immunity is further cldisd into cell- mediated immunity (CMI) and
humoral immunityCMI is largely mediated by T cells and humoral immity by B cells. T cells
possess a unique antigen binding receptor molecutll surface called T cell receptor (TCR).
The majority of TCRs recognize antigenic peptidesral to major histocompatibility complex
(MHC) derived molecules. T Helper cells (CD4 + sklecognize processed foreign peptide
complexed with MHC class Il molecules on the swfatantigen presenting cells (APC) and
elicit immune response by secreting cytokines shiatulate CD8 T cells and B cells [30].
Cytotoxic or killer T cells (CD8cells) engage with other cells that carry proce$sagign
peptide complexed with MHC class | molecules orirtbgrface [31]. The CMI also include
regulatory T cells (T Reg) which inhibit the protioa of CD8 T cells once they are not needed,
and the memory T cells that are programmed to mEzegand respond to a pathogen once it has
invaded and been removed. Humoral immunity is atedi through immunoglobulins secreted

by the stimulated B cells / plasma cells [32].



Lymphocytes are the core cells of the immune systed play an important role in
acquired immunity. They exist as different subsiess differ in their function and protein
products. DC, monocytes / macrophages, and B-lyiryibe are the professional APC that
express MHC class Il receptor, whose function isresent processed antigenic peptides to CD4

T cells.

MONOCYTE DERIVED INFLAMMATORY DC DEVELOPMENT

Monocytes originate from myeloid progenitors, aedve as precursors for tissue
macrophages and DC [33]. Circulating monocytesugsmacrophages, and DC recognize
PAMPs from various pathogens through PRRs, sudiLRs, nucleotide oligomerization
domains (NODs) and C-type lectin receptors (CLRs)lting in their activation [34, 35]. On
extravasation, monocytes become macrophages orepénding on stimuli and the cytokines
present at the site of infection [36]. Activatiohpiagocytic cells induces secretion of
proinflammatory cytokines, growth factors, and cb&mes that recruit additional inflammatory
cells to the site of infection resulting in pathnggearance [37]. Important proinflammatory
cytokines include TNF- IL-1 and IL-6. The cytokine, TNF-suppresses expression of the
macrophage colony stimulating factor (MCSF) receptual directs the differentiation of
monocytes into DC rather than to macrophages [38f growth factor, granulocyte-
macrophage colony stimulating factor (GMCSF) in bamation with IL-4 strongly up-regulate
TNF- convertase enzyme (TACE) expression and actimitponocytes [39]. TACE is a type 1
transmembrane metalloproteinase that is requirethéactivation of pro- TNF-[40]. The
function of TACE is to shed ectodomains of membsaoend proteins such as cytokines,
chemokines, growth factors, receptors or adhesiolecnles [40, 41]. The chemokine ligand 2

(CCL2) or monocyte chemotactic protein-1(MCP-13ésreted on stimulation by monocytes and



other innate cells [42] . In response to CCR2-C@it@raction, monocytes traffic to the sites of
microbial infection [43]. There, monocytes diffetiate into macrophages or DC to curtail the
infection by phagocytizing and killing the pathogefhus, monocytes along with neutrophils
form an integral part of innate immune system dag p key role in early containment of
infections.

S. aureusexpresses leukotoxins and leukocidins that lyst leoikocyte cell membranes
[44]. Staphopain B (a staphylococcal cysteine pnai®),in the presence of staphylococcal
protein A, may reduce the number of functional mitates thereby enabling colonization at
infection sites and dissemination®f aureug45]. Even though phagocytes are recruited to the
site of infection, a protective CMI may not be #8d due to the death of neutrophils and
monocytes.

Previous research has shown that peripheral blaotnuclear cells (PBMC) stimulated
with S. aureusuperantigens differentiated into a DC phenoty&g; [however, the exact
mechanism or the precursor cells that differendiatéo DC phenotype was not addressed. Most
related studies usefl aureusuperantigens to study the effect on host immultisg, ¢eit, limited
information is available on the interaction of wi8l. aureusvith monocytes. The mechanism of
differentiation of monocytes to DC B. aureusnfection remains elusiv&herefore, we
hypothesized that monocytes stimulated Vtlaureusecrete GMCSF and TNFresulting in

autocrine stimulation and differentiation into DC.

DENDRITIC CELLS
DC, along with the epithelial cells are considetteel sentinels of immune system. DC
bridge the innate and adaptive immune system ame wvitially described in 1973 [47]. They are

considered as the professionals of APC becaudeenfunique characteristic of stimulating naive T



cells [48]. The DC system is formed of large stbskerived from both lymphoid and myeloid
progenitors. The exact mechanism of developmebBi®fs not fully known. There are different
types of DC subsets which perform specialized imenumctions depending upon their location
[49]. Migratory DC residing in an immature stateles sites of potential pathogen entries
constantly patrol the environment for invading pagnsImmature DC residing in tissues (eg.
Langerhans cells (LC) of the epidermis) or in peeial blood mature once they encounter an
antigen. The mature DC migrates towards the regilgmph node where they present the
antigenic peptide through MHC molecules to functioh cells to elicit immune responses [50].
On the other hand, the lymphoid tissue residensD¢h as in thymus and spleen do not migrate,

and, instead, sample and present antigens inrdsdence itself [51].

Monocytes (CD1%) and early hematopoetic progenitor cells (CDh3%ave the potential to
differentiate into DC when cultured with GM-CSF t e exact regulatory mechanisms of this
differentiation is not known [52, 53]. Severaldies have shown that mice deficient in MCSF are
also deficient in monocytes and skin Langerhans.cghis information points to the fact that

migratory DC could be derived from monocytes stimbedl with GMCSF and IL-4.

Immature DC constantly patrol for invading pataog at the common sites of potential
pathogen entry [54-56]. The PRR like TLRs and Iteteptor family recognize the PAMPs present
on the pathogens. Activation through TLRs trigg€r Daturation and thereby modulate the
adaptive immune responses. This program of maturati DC brings about the up- regulation of
MHC class Il [57] and co-stimulatory molecules CC8t CD86 [58], and expression of CCR7
[59]. The mature DC become more efficient in antigeesentation, while less efficient in
phagocytosis [57]. In addition, mature DC havedhgity to activate naive T cells than immature

DC. Tissue DC like LC of the skin migrate to thedblymph node during the process of



maturation and present the antigen to the naivell$. Since naive T cells do not traffic to
peripheral tissues like skin, migration of DC isywamportant for the proper immune response. The
expression of CCR7 on matured DC facilitates thgration of DC to lymph node [60]. Immature
DC activate naive T cells that regulate differemeitogenic mechanisms including T cell deletion,
unresponsiveness and generation of regulatoryl¥ [&]. Depending upon the stimuli received
from the pathogen DC undergo maturation to indug@unity, tolerance or become sessile

whereas immature DC induce only tolerance [62].

Naive T cell activation requires signals from tleestimulatory molecules and cytokines
provided by the mature DC [63]. There are threesphan T cell priming following contact with a
DC-MHC ll-antigenic peptide complex [64]. Phase anéhe contact of T cells with antigen loaded
DC and subsequent up-regulation of its activati@mkar, CD69, depending on the threshold of
antigen. Phase two is characterized by furthevatatn of CD69 and onset of IL-2 and interferon-

(IEN- ) secretion. In phase three, transient DC- Tin&raction occurs followed by the

induction of T cell proliferation.

Bovine monocyte derived DC are characterized byeased expression of MHC class I,
CD11c, co-stimulatory molecules CD80 and CD86 amctehsed expression of CD14, and
CD21 surface markers [65]. The relative expressainarious markers on monocyte and
monocyte derived DC are depicted (Table 1.1). C&x&® CD86 are the co-stimulatory
molecules present on the antigen presenting célishanteract with the CD28 (stimulatory) and
CTLA-4 (inhibitory) receptors of the T cell. Thesdmce of CD80 and CD86 results in lack of
co-stimulatory signal delivery to T cells and leadl€lonal anergy and lack of proper T cell
response [66]. CTLA-4 is the inhibitory moleculegent on T cells and interacts with B7

molecules resulting in the down regulation of aatigd T cells [67]. CTLA-4 inhibits T cell



activation and induces T cell anergy by competiiméagonism of CD28:B7 mediated
costimulation; however, the complete absence of &flresults in unrestricted activation of T
cells [68].

The chemokine receptor CCR7 plays a major roléenacalization of antigen specific T
cells and antigen loaded DC in the lymph nodes.[6@R7 is expressed primarily on naive T
cells, central memory T cells, mature DC and maBuoells which frequently move to the
secondary lymphoid tissues [70]. Absence of CCRidlte in the absence of a T cell response
[71].

DC tightly regulate their ability to induce effectd cells by secreting cytokines. Under
the influence of cytokines from DC, CD4 helper Ti<€Th cells) polarize to a Thl, Th2, Th17
or a T regulatory (Reg) type [72]. DC also stimulate CTLs. The T helpeli classification
based on cytokine signature, transcription factat fainction is shown (Figure 1. 1). Thl
lineage is shaped under the influence of IL-12 nti8. The effector cytokines in Thl response
are IFNgand TNF- [73]. Th2 lineage is formed when the polariziyto&ine is IL-4. The
major cytokines secreted by Th2 cells are IL-45land IL-13 [74]. The IL-17 expressing T
cells which are known as Th 17 cells, have beenries] recently as a third lineage of T helper
cells and are formed when naive T cells are expts@&GF- and IL-6 [75, 76]. The Th 17 cells
have been identified as important effector cellsamy infections characterized by their pro
inflammatory function. IL-23 is required for the mi&nance of Th17 cells [77]. However, the
transcriptional and cytokine mediated regulatio@fL7 cell differentiation and effector

functions is not fully known [75].



DEC205™"/CD205"° DC

The DCare professional APC capable of initiating naiveell activation. Immature DC
express a wide variety of receptors on their serf&d] including phagocytic receptors, CLRs,
PRRs and scavenger recept&sveral reports indicate that targeting antigerid3Gareceptors
increases antigen presentation to CD4 and CD8I3 inelivo[78-81]. DEC205/CD205 is a
CLR that can function as an endocytic receptor;[B@jvever, the ligand for this receptor is
waiting to be identified. The CLRs a@a'* dependent glycan-binding proteins that internalize
their ligands through clathrin coated pits resgitim the delivery of ligands to lysosomes or late
MHC-II rich endosomes [83]. Targeting the endocy&iceptor DEC205, improves the efficiency
of T cell vaccination [79]. Targeting protein aygns to DEC205 increases antigen presentation
on MHC | and Il [83, 84]. Directing peptide antigenDEC205 receptors results in an initial
increase in CD4 and CD8 T cell proliferatioanvivg followed by a state of tolerance in the
absence of DC maturation [84, 85]. However, inghesence of maturation stimuli, targeting

protein antigens to DEC205 improves T cell vaccomaf84].

DEC205"° DC can uptake and process protein antigens suotiagisumin, thereby
inducing a strong CD4 and CD8 T cell response 8%, however, the pathogenic ligands for
DEC205 or the signaling proteins involved are rettdescribed [88]. CLRs such as mannose
binding lectins have been shown to coordinate TBRR@ TLR6 binding t&. aureug89].
However, there are no reports indicating the réIBBC205 inS. aureusuptake by DC. The role
of DEC205 inS. aureusnfection needs to be described. We hypothesizatbt aureusises
DEC205 for its internalization, induces DC matuwatand facilitate antigen presentation by up

regulating MHC expression.



The functional outcomes of DC-T cell interactioms eritical in the differentiation of an
effective T cell memory and protective immunity.releve hypothesize that understanding the
signals and molecules involved in DC-T cell intei@ts in response tStaphylococcus aureus

infection might be useful for the design of a swstel vaccine.



Table 1.1. Relative expression of markers on motescgnd DC

Markers Monocytes Monocyte derived Mature DC
CD14 +++ + (Low level of expression)

MHCII +++ +++ (MFI moderate-high)

CDl11c + +++ (MFI moderate-high)

CD11b +++ ++ (High on inflammatory DC)
CD205 + ++ (less on monocyte derived DC)
CD80 + +++ (relatively high on DC)

CD86 ++ +++ (High expression)
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Figure 1.1. T helper cell classification based on their cytokine signat,
transcription factor and function. Antigen presenting cells esp. dendritic cells
activate T cells and regulate their differentiation into T helper cell tygé&1)/ or Th2/
Th17/TReg cells depending upon the cytokine. The fully-differentiated T cejipasgot
secrete specific cytokines that play positive roles in the protecting thadesst
pathogens (viruses, bacteria, parasites), and negative roles in inthfamgmation
or autoimmunity
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CHAPTER 2 STAPHYLOCOCCUS AUREUSNDUCES TNF-
AND GMCSF SECRETION BY MONOCYTES AND

STIMULATES DENDRITIC CELL DIFFERENTIATION

ABSTRACT

Monocytes originate from myeloid precursors anduate in the blood. They are considered
precursors for tissue macrophages and dendritie @C). We hypothesized that following uptake
of S. aureusmonocytes secrete granulocyte-macrophage colomykgtiing factor (GMCSF) and
tumor necrosis factor-(TNF- ) resulting in autocrine stimulation and subsequiiférentiation

of these cells into DC (MonoDC). The objectivesho$ study were to determine the role of
monocytes and their secreted cytokines in the goéMonoDC differentiation during. aureus
infection. This study used bead purified bovine @Qderipheral blood monocytes aBd aureus
strain RN6390B.S. aureusiptake by monocytes was assessed by flow cytorfadtoying

infection with FITC labeled®. aureusat multiplicity of infection (MOI) 10 and 25. As¢hM Ol
increased, the uptake 8f aureusy monocytes also increased significantly indicdig@n

increase in the percentage of FITGmonocytes. Real time PCR indicated a significaotdase in
the gene expression of TNFand GMCSF after 24 and 48h of incubation. Proteimcentrations

of TNF- and GMCSF in the supernatants of stimulated maesayere confirmed by western
blot. ELISA results showed th&t aureusstimulation significantly increased chemokine tig&2
(CCL2) in culture supernatants compared to unstited monocytes. To determine differentiation
capacity ofS. aureustimulated monocytes to MonoDC, monocytes werecitefd withS. aureus
(MOI 10) for 2h. Cells were washed extensively &iedh monocyte medium without any

exogenous cytokines was added. For confirmatidb@ftevelopment, monocytes stimulated



with exogenous GMCSF and IL-4, and unstimulated oogtes were used as positive and negative
controls, respectively. Phenotypic analysis aftéof culture indicated a distinct DC morphology
similar to positive controls with high level of exgssion of DC markers CD11GD11c, and MHC

Il and low level expression of monocyte marker Cri&. aureusstimulated monocytes.
Experiments using TNF-blocking antibody confirmed a role for TNFin S. aureustimulated
monocyte differentiation into MonoDC. In conclusj& aureusstimulated monocytes secreted
TNF- and GMCSF in an autocrine fashion and differeatiahto MonoDC in a TNF-dependent

manner.



INTRODUCTION

Monocytes originate from myeloid precursors anduate in the blood. They are
considered precursors for tissue macrophages andD®@/onocyte derived DC are routinely
usedin vitro as models for studying the properties of DC. Cating monocytes, tissue
macrophages, and DC become activated upon bindipgtbogen-associated molecular patterns
(PAMPs) of various pathogens by pathogen recognigaeptors (PRRs), such as Toll-like
receptors (TLRs), nucleotide oligomerization dorsgiNODs) and C-type lectin receptors
(CLRs) [2, 3]. Upon extravasation, monocytes becamerophages or DC depending on stimuli
and the cytokines present at the site of infedidgnActivation of monocytes induces secretion
of cytokines, chemokines, and growth factors legadinchemotaxis of more inflammatory cells
to the site of infection resulting in pathogen céeee [5]. TNF- directs the differentiation of
monocytes to DC instead of macrophages by suppeasacrophage colony stimulating factor
(MCSF) receptor expression [6]. Reports indichtd,tin monocytes, GMCSF in combination
with IL-4 strongly up-regulates TNF-convertase enzyme (TACE) expression and activity [
TACE, a type 1 transmembrane metalloproteinadeeiptimary protease required for the
activation of pro-TNF- [8]. TACE causes ectodomain shedding of membrananh proteins
such as cytokines, chemokines, growth factors ptecg or adhesion molecules [8-10]. One
important chemokine produced by stimulated monacigehe CCL2 or monocyte chemotactic
protein-1(MCP-1) [11]. In response to chemokineepor 2 (CCR2)-CCL2 interaction,
monocytes traffic to the sites of microbial infecti[4]. There, monocytes differentiate into
macrophages or DC and curtail the infection by plesttizing and killing the pathogens.
Therefore, monocytes, along with neutrophils, famessential part of the innate immune

system.



Peripheral blood mononuclear cells (PBMC) stimwatéth S. aureusuperantigens
differentiate into MonoDC [12]; however, the exastchanism or the precursor cells that
differentiate into DC phenotype remains unknown sigiudies usg. aureusuperantigens to
study the effect of this pathogen on host immurnis,aberefore, limited information is available
about the interaction of whofe. aureusand monocytes. The mechanism of differentiation of
monocytes to DC i1$. aureusnfection remains elusivéVe hypothesized that monocytes
stimulated withS. aureusecrete GMCSF and TNFE-which induces differentiation into
MonoDC in an autocrine manndihe objectives of this study were to determinertie of
monocytes and their secreted cytokines in the ggoeéMonoDC differentiation during.

aureusinfection.



MATERIALS AND METHODS
Animals

Four Holstein Friesian dairy cows from the Virgifiach Dairy Research Facility were
used for this study. All the animals were free frany visible signs of disease at the time of
blood collection. As per the history, these aninvegse never reported to haSe aureusnastitis
during their lifetime. The animal experiments comglwith the ethical and animal experiment
regulations of Virginia Tech IACUC.
Propagation and fluorescent labeling ofs. aureus

Single colonies of RN6390B strain 8f aureusvere cultured in tryptic soy broth for 4h
with rigorous shaking (12400 Incubator Shaker, NBrwnswick Scientific CO, Inc.). The
cultures were washed three times with Hank’s badrsalt solution (HBSS) (Invitrogen, NY,
USA), and pelleted at 1500xg for 10 min. Culturesenvthen serially diluted and drop plated to
get the actual colony counts per mL. Bacteria weagliated in a Model 109 research cobalt
irradiator (JL, Shepherd and Asscocites, San FelmabA) for 3h. Before use, the irradiated
aureus(ISA) were washed twice with HBSS and diluted ®@FU/mL with RPMI 1640

medium.

Fluorescent labeling &. aureusvas performed with some modifications of the
procedure described earlier [13]. Briefly,>TFU/mL of RN6390B strairB. aureusn carbonate
bicarbonate buffer were incubated with 100 pug wbifescein isothiocyanate (FITC) (46425;
Thermo scientific, IL, USA) isomer | /mL for 2h the dark at 37°C. The cultures were then
washed three times with HBSS and analyzed for umity of staining by fluorescent

microscopy. Labeled cultures were suspended in HB®Sstored at -20°C until use.



Culturing of monocytes and monocyte derived DC

PBMC were isolated from healthy cows. Briefly, PBM@re isolated from 250 mL of
blood drawn from the jugular vein into 250ml-EDTA-vacuum bottles and enriched by
discontinuous density gradient centrifugation with procedure described earlier [14]. Briefly,
10mL of the buffy coat were collected and suspende& mL of 1x HBSS. The suspended buffy
coat was layered over Ficoll-Paqlieplus (GE Healthcare Biosciences AB, Uppsala, Sweden
and centrifuged at 330xg for 45 min at 25°C. Tlmamuclear cell layer was removed and
washed three times using HBSS. Cell viability anthber were determined by Trypan blue
exclusion test. The PBMC were incubated with &otran CD14 microbeads (Miltenyi Biotec,
CA, USA) (10uL/16 PBMC) for 20 minutes on ice. A positive selectafrCD14" cells was
performed by magnetic cell sorting according to afacturer’s instructions. The purity of the
cells (> 98%) was assessed by flow cytometry afidriability was assessed 99%) by Trypan

blue exclusion.

Purified CD14 monocytes were infected with ISA or lige aureugLSA) (MOI 10) for
2h. After 2h of incubation, the cells were washggtesively and fresh monocyte medium with
gentamicin was added. On every third d, half ofrtrezlium was replaced by fresh media. The
cells were cultured for 7-8d and analyzed by flowometry for the expression of various DC
markers. Unstimulated monocytes and monocytesrealtwith recombinant bovine (rb)-GMCSF

and rb-IL-4 for 7d were used as negative and p@sdontrols, respectively.

For DC differentiation, CD14 bead purified peripéldslood monocytes were cultured in
plastic petri dishes for 6-7d in Rosewell Park Meiadnstitute (RPMI)-1640 medium
(Invitrogen, NY, USA) containing 10% FBS (Hyclonalks, UT, USA), 10mM HEPES, 4mM

L-glutamine (Invitrogen, New York, USA), 5xf0M 2-betamercaptoethanol (Sigma-Aldrich,



MO, USA), rb GMCSF (200ng/mL) and rb I1L-4 (100ng/jrds described earlier [15]. Media
and cytokines were replenished on every third d.
Flow cytometric analysis for surface markers

Fresh monocytes, ISA or LSA stimulated 7d MonoD@ amstimulated DC were
stained with anti-bovine MCA1651G (Abd serotec,dfgth, NC, USA) (IgG2b PE) for DEC205,
MM61A (IgG1Texas red) for CD14, TH16B (IgG2a FITfoy MHCII, H58A (IgG2a FITC) for
MHCI, MM10A (IgG2b PE) for CD11b, BAQ153A (IgM APGpr CD11c, MUC76A (IgG2a
FITC) for CD11a, and BAQ15A (IgM APC) for CD21 (VMR Pullman, WA, USA) and
assessed by flow cytometry. Briefly, the cell susgpens were stained with primary antibodies
followed by incubation for 1h on ice. After threashings, fluorochrome-conjugated isotype
specific secondary antibodies (Invitrogen/Caltdy Mew York, USA) were added and
incubated for another 30 min on ice followed byethwashings. Percentages of cells and mean
fluorescence intensity (MFI) were determined udtiagsCalibur flow cytometer (BD
biosciences, San Jose, CA, USA) and analyzed &3avgo software v. 7.6.1 (Tree star Inc.,
Ashland, OR).
Endocytosis Assay

For endocytosis assay, fresh monocytes (Z)xd@re infected with FITC labeles!
aureuswith different MOI 10, 25, 50 and 100 in antibiotree media and incubated for 2h at
37°C. After 2h of incubation, the cells were washgad treated with 100ug lysostaphin (Sigma-
Aldrich, MO, USA), for 7 min. Cells were then fixedth 1% formaldehyde and analyzed by

flow cytometry for FITC' cells and MFI.



Blocking of TNF- with polyclonal antibody

Monocytes (2x16) were stimulated with LSA for 2h. After 2h of incutma, cells were
washed three times and extracellular bacteria Wsesl with lysostaphin. Monocyte medium
with rabbit anti-bovine polyclonal TNF-antibody (5ug/mL) (AbD Serotec) or isotype control
was added to the culture. Monocytes stimulated wxibgenous GMCSF and IL-4 were used as
positive controls. The cultures were replenishetth vesh monocyte media every 3d and
cultured for 7d. Cells were collected and analyloedC cell surface markers by flow
cytometry.
Real-Time PCR

Total RNA was extracted from unstimulated, and 24 48h ISA and LSA stimulated
monocytes using Qiagen’s RNeasy Mini Kit with DN#Qeagen, Valencia, CA, USA)
according to manufacturer’s protocol. cDNA was jarel from 1 pug RNA using Superscript Il
Reverse Transcriptase and oligo dT primers (Ing#rg Carlsbad, California, USA). Bovine
specific primers / probes were designed using Rrimeress 3 software (Applied Biosystems,
USA) as described earlier [16]. The designed prénaed probes were purchased from IDT
(Integrated DNA Technologies, Inc, USA) (GMCSF fard: 5
GACACTGATGCTGTGATGAATGAC 3, reverse: 5 CAGGCCGTTTGTACAGCTT3’,
probe- TCCCAGGAACCAACGTGCCTGC; TNF- forward:
5TCTCCTTCCTCCTGGTTGCAS, reverse: 5" GTTTGAACCAGSGCTGTTG 37, probe-
5" CCCAGAGGGAAGAGCAGTCCCCAZ") and we confirmed thepecificity to detect a
DNA standard for each gene derived from bovine nogtes / DC cDNA by running a standard
curve Real-time (RT)-PCR using primers and Tagman pd¢B@plied Biosystems, USA) was

used to determine the levels of transcription of G3F and TNF-. The RT-PCR reactions were



conducted using the Tagman Universal master mipliag Biosystems, USA) and analyzed
using ABI Prism 7300 Real-Time PCR System (AppBeosystems, USA). CT Values were
normalized with glyceraldehyde-3-phosphate dehyeinage (GAPDH) as an endogenous
control and expressed as fold change as calcutgtéte 2 " method. Briefly, CT = CT of
the target subtracted from the CT of GAPDH, ancCT= CT of samples for target subtracted
from the CT of corresponding control samples. Statisticallysis was performed onCT
values and expressed as fold change with respecistonulated monocytes.
ELISA for Bovine CCL2

Protein levels of CCL2 in cell culture supernatgnisn unstimulated or stimulated
monocytes was quantified using Bovine CCL2 (MCR/&)Set ELISA Development Kit
according to manufacturer’s protocol (Kingfisheotch Inc., St. Paul, MN, USA). Values are
expressed in ng/mL of supernatant.
Western blot

Bradford assay was performed to assess the tatadiprin samples to ensure equal
protein loading [17]. The proteins were separégtlovex Midi Gel (Invitrogen Co, CA, USA)
electrophoresis at 100V for 90 min and transfemedo a Immobilon-FIPVDF membrane at
60mA for 90 min. The resulting membrane was blockét Starting Block™ blocking buffer
(Thermo Scientific, IL, USA) for 1hThe membrane was incubated with the primary antibod
(TNF- ; polyclonal Q06599, AHP852Z, AbD Seortec Raleiykt;,, USA; and GMCSF; GM-
CSF 20.1, VMRD, Pullman, WA, USAgt 4°C overnight in blocking buffelmmunoreactive
proteins were visualized by incubation with goai-amouse or anti-rabbit IgG secondary

antibody(Bio-Rad) for 1h.The signals were detected with an ODYSSEY Infrdneaging



System (LI-COR, Lincoln, NE, USA) and the gray walf protein bands quantified with
Photoshop (Adobe, San Jose, CA).

Statistical analysis
Statistical analysis was performed by one-way ANQWUsging Graph Pad Prism 5.0 (San

Diego, CA, USA). To compare treatment means, Tuké&gst was performed. Rvalue of <

0.05 was considered statistically significant.



RESULTS

Monocytes exhibit efficient phagocytic capacity

Compared to neutrophils and macrophages, monosktas a lower phagocytic response
[18]. Phagocytosis related cell responses restultargeneration and release of inflammatory
mediators. Our first aim was to assess the alafitpyonocytes to uptak®. aureusFlow
cytometric analysis of monocytes infected with FllaBeledS. aureuslemonstrated that as the
MOI increased, the uptake 8f aureusy monocytes also increasd®i£ 0.02) indicated by an
increase in the percentage of FITositive monocytes (Figure 2.1A). The number aftbaa
per cell was also increased when the MOI was isg@édrom 10 to 25, represented as MFI
(Figure 2.1B). Thougls. aureusuptake increased from MOI 10 to 25, the numbariaible cells
at MOI 25 was reduced as compared to MOI 10 (datamown). Within 2h of stimulation,
monocytes infected with MOI 50 and 100 were deatidisintegrated suggesting the ability of
S. aureugoxins to kill leukocytes. Results indicate thaimocytes can survive and phagocytize
S. aureudo elicit an immune response when the level agatibn is MOI 10 or lower.
S. aureusstimulated monocytes differentiate in to an inflanmatory DC phenotype

During our experiments we observed that culturedoogtes, when stimulated with ISA
or LSA were able to differentiate into MonoDC afte despite a lack of exogenously added
GMCSF or IL-4. After 7d of culture, the MonoDC hsithilar phenotypic characteristics of the
DC differentiated from monocytes with the additmiGMCSF and IL-4. The expression of
different markers on 7d monocytes, ISA and LSA stated MonoDC are shown (Figure 2.2).
The GMCSF and IL-4 differentiated DC (positive aofithad a distinct morphology with

greater intensity of expression of MHC class II,X1D, CD11b and CD11a; however, with a



lower expression of CD14 and lack of CD21 exprassimmpared to 7d old unstimulated
monocytes.
Increased CCL2 levels in supernatants of monocytesgimulated with ISA or LSA

Stimulated monocytes secrete MCP-1/CCL2 to reedulitional monocytes, memory T
cells, and DC to sites of injury and infection. &ted MCP-1/CCL2 has the ability to induce the
expression of 2 integrins on leukocytes [19]. We investigatedihesence of MCP-1/CCL2 in
24h cell culture supernatants of monocytes stiredlatith ISA or LSA. ELISA results show that
both ISA and LSA stimulation significantly increas@ < 0.0001) CCL2 in supernatants with
respect to unstimulated monocytes (Figure 2.3)uResdicate thal. aureustimulated
monocytes have the ability to secrete MCP-1/CCL&hemokine, which can attract more

monocytes to the site of infection.

GMCSF and TNF- mRNA and protein levels increase in monocytes stumated with ISA or
LSA.

We analyzed the changes in gene expression argiptevels of GMCSF and TNF4n
S. aureusstimulated monocytes. Monocytes stimulated with &8 LSA up regulated the
GMCSF and TNF- expression after 24 and 48h. ISA or LSA stimulasamnificantly increased
the gene expression of GMCSF (Figure 2.4A) by mgtescat 24hR < 0.001) and 48H(<
0.01) compared to unstimulated cells. Similarly nmoyte transcription of TNF-mRNA
(Figure 2.4B) also increased with ISA or LSA stiatidn compared to unstimulated monocytes.
Significant increase in TNF-mRNA induction in ISA or LSA stimulated monocyteas noted
at 24h P < 0.001) relative to control. At 48h, although I8Ad LSA stimulations increased
TNF- mRNA transcription compared to unstimulated, d8l stimulation increased TNF-

MRNA (P < 0.05) significantly.



To confirm whether the increase in MRNA express¥as translated to protein, we
conducted Western blot analysis for TNBnd GMCSF. TNF- and GMCSF were detected in
the supernatants of monocytes stimulated with IBASA (Figure 2.5). Results confirmed that
the mRNA expression translated to TNFBnd GMCSF protein i8. aureustimulated
monocytes.

TNF- expression is required for increased expression @D11c on LSA differentiated
MonoDC.

TNF- is synthesized as a membrane-anchpredlNF- that is released by TACE [9].
To identify a role for TNF- in the differentiation of LSA stimulated monocyiato MonoDC,
we conducted a blocking assay. Flow cytometry amsievealed that when anti-bovine
polyclonal TNF- antibody was used to block the secreted TNESA stimulated 7d MonoDC
expressed greater intensity of expression of Ciielmonocyte/macrophage marker and lower
intensity of expression of CD11c compared to isetgpntrol or LSA differentiated MonoDC
(without any blocking antibody) (Figure 2. 6). Maytes stimulated with exogenous GMCSF
and IL-4 differentiated into DC with greater intégf expression of CD11c and lower intensity
of expression of CD14 compared to unstimulated TH&se results confirm the role of

monocyte-derived TNF-in S. aureusnduced differentiation of MonoDC.



DISCUSSION

In this study, we report that stimulation with IS8ALSA triggers monocyte
differentiation into MonoDC. Several studies hakiewsn that monocytes can be differentiated to
DC under the influence of GMCSF and IL-4 in 5-78,[20-23]. Our data confirm that bovine
MonoDC possess a higher intensity of expressidd@ilb along with other surface markers.
This CD1189" CD118"" MonoDCcould be a subset of inflammatory DC having a Hieec
function in immune response agaistaureug24]. The CD118%"CD11¢"9" monocyte derived
DC represent an inflammatory DC phenotype with héylels of MHC 1l expression [25].
Several studies have demonstrated that in nmoayo differentiation of monocytes to DC
occurs upon antigen stimulation [26, 27]. It is Ymothat dermal monocyte derived DC are more
efficient in contributing to T cell mediated immiyncompared to DC differentiated from
monocytes in lymph nodes [28]. In a mouse modBll @"" DC derived from monocytes were
recruited to the peripheral non lymphoid tissuessponse to inflammation induced memory
CD8 T cell activation [29, 30]. Previous studiesdahown that monocyte derived DC exert
microbicidal activity againdtisteria monocytogend81], induce Th1l response by producing IL-
12 [26] and cross prime antigen specific CD8 T<[3R]. Hence, we presume that CD14b
CD11d"" DC differentiated from circulating bovine monocyie response 8. aureus
stimulation would be efficient in mounting an etige immune response & aureusnfection.

Our preliminary studies showed that there was fferénce in the expression levels of
surface markers between adhered out monocytes andaytes isolated using CD14 magnetic
beads. In this study, monocytes displayed effig@ratgocytosis 0. aureushowever, at higher

MOI, monocytes were dead and disintegrated, sigrgfthe capacity 08. aureugoxins to kill

leukocytes. The necrosis of monocytes occurrirgndtabove MOI 25 in this study mimics a



natural acute infection. This could be a reasom@drdeveloping a protective immune response
during or aftelS. aureusnfection. We postulate that recruited monocytéghinbe undergoing
necrosis with the ultimate effect that monocyte ratedl DC differentiation is physically
inhibited at the site of infectiohVe assume that monocyte phagocytic responses greaf
importance in the initial containment and in thatext of initiation of an immune responseSo

aureusinfection.

Previous studies show that irradiationSofaureuseduces production of toxins [33].
Therefore, we used ISA to minimize the effect ofite on monocytes and eliminate the role of
secreted toxins in monocyte differentiation to MDI@ Our results indicate that phagocytosis-
associated monocyte responses resulted in theag@meand release of inflammatory mediators
such as GMCSF and TNFE-Our results are consistent with a previous sthdyreported
induction of TNF- and GMCSF gene expression in monocytes when stediwithS. aureus
superantigens [12]. We speculate that upon ISAX ktimulation, monocytes secreted
GMCSF eventually up-regulated the expression atidityoof TACE resulting in the shedding
of MCSF membrane receptor thereby driving theifedéntiation to MonoDC [8, 10]. Increased
expression of TACE might have resulted in the cegvof pro-TNF- [9]. Blocking
experiments confirmed the role of monocyte-deriVétdF- in the differentiation of monocytes
to MonoDC. Previous research indicates that TNstyppresses MCSF receptor expression on

monocytes facilitating DC differentiation [6].

TNF- is a potent activator of CCL2. MCP-1/CCL2 is sfieally involved in the
chemotaxis of monocytes, CD4 andT cells [34] and acts as an activator for moncs{8&].
Our results indicate that monocytes can secrete2Zd(bnS. aureustimulation. Secreted

CCL2 has the ability to recruit more immune cedlgie site ofS. aureusnfection. Raised



levels of CCL2 inS. aureusnfection may lead to greater monocyte mediateahumity.
Previous research has shown that CCL2 can up-fegi@ expression of2 integrins and elicit
cytokine secretion by peripheral blood monocytéq.[Ih the present study, elevated levels of
CCL2 may have up-regulated the expression2ohtegrins, CD11a, CD11b and CD11c in

MonoDC.

Recruitment of immune cells such as monocytes addsa prerequisite for initiation of
specific immune responses. Immuno-adjuvant effechemokines could be used at the site of
vaccination to enhance recruitment of inflammatelfs, especially, monocytes and immature
DC [36]. The potential of monocytes to recruit daohial cells, enhance their differentiation into
DC and the ability of these inflammatory DC to glecprotective long lasting immune response

could be exploited for formulating. aureusraccines.
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Figure 2.1.S. aureusendocytosis by monocyte2x1® monocytes (n=3) were infected with
FITC labeledS. aureusat different MOI for 2h, treated with lysostaphiixed and analyzed by
flow cytometry.(A) Increasing MOI resulted in increased uptak& ohureusy monocytesK =
0.003). MOls with different letters significantlyfigér from each other. Data represent mean +
SE.(B) Histograms showing difference in mean fluorescentansity of monocytes infected
with FITC™®S. aureusat MOI 25 (blue, right), MOI 10 (pink, middle), @mninfected cells
(black, left).



Figure 2.2. S. aureusstimulated monocyte differentiation into DC Monocytes
were stimulated (MOI 10) with ISA and LSA for 2h, cultured for 7d in without any
exogenous cytokines and analyzed by flow cytometry for surface markers.
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Figure 2.3. CCL2 levels in supernatants of unstimaited, ISA, and LSA loaded monocytes.
Monocytes were loaded with ISA and LSA (MOI 10) &ir. After 2h, cells were washed three
times, fresh monocyte media with gentamicin waseddzthd cells were cultured for 24h. CCL2
levels were measured by ELISA in cell culture snp@nts. Both ISA and LSA stimulation of
monocytes increased (*P< 0.001) the levels of CCL2 in supernatants comgb&o

unstimulated monocytes. Results shown represemhéaa + SE of data from cells of four cows.



Figure 2.4. GMCSF and TNF- mRNA transcription in monocytes stimulated with 1SA or
LSA at 24 and 48h after stimulation.Monocytes were loaded with ISA and LSA (MOI10) for
2h. After 2h, cells were washed three times anshfraonocyte media with gentamicin was
added. Total RNA was isolated after 24 and 488.adureusoading and mRNA expression was
determined by real time PCR. All the results wesenmalized using GAPDH. Results are
expressed as fold change from unstimulated monscgleulated using the ddCT method. Both
ISA and LSA stimulation increased GMC$&) and TNF- (B) mRNA induction in monocytes
at 24h (***P < 0.001) compared to unstimulated monocytes. Ba#hand LSA stimulation
increased GMCSF mRNA induction in monocytesR*® 0.01) at 48h with respect to control.
However, only ISA treatment induced TNAFNRNA (*P < 0.05) at 48h compared to
unstimulated monocytes. Results shown represenntan + SE of data from three cows.
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Figure 2.5. Immunoblots of TNF- and GMCSF in the supernatants of unstimulated, ISA

and LSA stimulated monocytesMonocytes were stimulated with media, ISA or L4 2h.

After 2h of incubation, cells were washed and addedia with gentamicin without any
cytokines. Supernatants collected at 48h of stittarlavere immunoblotted for TNF-and
GMCSF. Increased secretion(@) TNF- and(B) GMCSF in the supernatants of ISA, and LSA
stimulated monocytes compared to unstimulated. Bggeesentative of three independent
experiments.



Figure 2.6. Blocking of TNF-a reduces the expressicof CD11c on LSA stimulated

MonoDC. Blue, red and green histograms represent LSA sétaedl7d monocytes, LSA
stimulated monocytes cultured for 7d in the presasfdsotype control and TNF-antibody,
respectively. Blocking with TNF-antibody reduced the expression of CD{Axand showed
greater intensity of expression of CD(B) in LSA stimulated monocytes compared to controls.
" $ % - +
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CHAPTER 3 STAPHYLOCOCCUS AUREU&ND ITS

STRUCTURAL COMPONENTS: RECOGNITION AND

RESPONSE BY MONOCYTE DERIVED DENDRITIC CELLS

ABSTRACT

Staphylococcus aureus considered to be a classical extracellularggeh causing a
variety of diseases in both humans and animals.edewS. aureusan also cause intracellular
infections, which may involve specific receptor nated recognition and subsequent host
immune response. The objective of this study wasuestigate the recognition and response of
bovine monocyte derived dendritic cells (DCRoaureusand its different structural
components, such as lipotechoic acid (LTA), andideglycan (PGN). Peripheral blood
monocytes were cultured for 7d in medium suppleegemtith recombinant bovine granulocyte-
monocyte stimulating factor colony (rb-GMCSF) aedambinant bovine interleukin (rb-IL)-4.
DC were infected witls. aureust different multiplicity of infection (MOI) (1025, 50 and 100)
and uptake 08. aureusvas assessed by flow cytometry. Results indi¢steas MOI increased
from 10 to 100, the uptake increased significartiyorder to test the viability of D@aded with
S. aureusAnnexin V and propidium iodide (PI) staining wd@ne at 6 and 24h. There was no
significant difference in the percentage of live D&@npared to control DC at 6h and 24h.
Blocking of endocytic pathways involved $1 aureusiptake confirmed endocytosis through
caveolar and clathrin coated pits and also by pitusts. DC were stimulated with irradiat&d
aureus(ISA), live S. aureugLSA), LTA, PGN, or LPS, for 3, 6, 12, 24 and 48hhe expression
kinetics of Toll like receptors (TLRS) 2, 4, andnicleotide oligomerization domain (NOD) 2,

CD80, CD86, and tumor necrosis factor (TNF)JL-1 , IL-6, transforming growth factor



(TGF)- , IL-12, IL-23 and IL-27 mRNA were analyzed by gtitative real-time PCR (RT-
PCR). Stimulation with LSA, ISA, LTA, PGN or lipopsaccharide (LPS) induced various
TLRs and cytokine genes. In order to assess tliation and antigen presentation by DC, the
surface expression of CD11b, CD11c, CD14, MHC 1 &¢re assessed by flow cytometry after
24 or 48h of stimulation. The surface expressio@bfilb, MHC I, and MHC Il increased when
stimulated withS. aureus Finally, LSA or ISA loaded DC triggered CD4, CRB8dgdT cell
proliferation. In conclusion, DC recogni&e aureusand its structural components and initiate

innate and adaptive immune responses.



INTRODUCTION

Staphylococcus aureus an important pathogen causing a variety of disgan both
humans and animalsS. aureusolonizes the skin and the respiratory tract, tleecany breach
in the skin or mucus membrane predisposes theftwoah invasive disease [1]. This pathogen
causes diseases such as superficial skin infecsepsic arthritis, osteomyelitis, endocarditis,
pneumonia, toxic shock syndrome and septicemiaimams. S. aureuss considered a classical
extracellular pathogen; however, intracellular atiens have also been demonstrdtied?]. The
intracellular persistence prote@saureusrom host immune defenses and antibiotics, and adds
to the incidence of recurrent and chronic infedi¢®]. S. aureugproduces a variety of
leukocidins and immunomodulatory proteins , whiohance the ability of this bacteria to evade
the innate and adaptive immune mechanisms of tee(heviewed, [4]. Even though sevegal
aureusvaccines have been developed using bacterins,lleap®lysaccharides and
superantigens, none of them offer a specific og liemm protection. Recently, we have shown
that DC are able to induce memory T cell prolifenatChapter 4). Elucidating the response of
DC toS. aureusand its various pathogen associated moleculaenpat{PAMPSs) may contribute
to the use of DC as potential adjuvanSinaureuyaccines.

The DC are considered the sentinels of immune syptessessing the unique
characteristic of stimulating naive T cells. Thegge the innate and adaptive immune system.
The DC differentiated from infiltrated monocytedla site of infection or inflammation [5] can
play an important role in the induction and regolabf immune response & aureusThe
innate immune system recognizes microorganismgesian line encoded evolutionarily
conserved pattern recognition receptors (PRRs) asdfiLRs [6, 7]. Although TLRs are

expressed on various immune cells, antigen prexgnélls (APC) such as DC and macrophages



highly such receptors. It has been suggested itfas Tecognize pathogens at either the cell
surface or lysosome/endosome membranes; howeegratk not used for the detection of
intracellular pathogens that have invaded the oyi@&. Engagement of the TLRs with PAMPs
results in dimerization of TLR and conformationaboges so as to recruit adaptor molecules
such as MyD88 and TIR-domain-containing adapteuaimy interferon- (TRIF). The adaptor
molecules, MyD88 and TRIF activate distinct signglpathways that direct the production of
proinflammatory cytokines and type | interferonBNE), respectively [8]. On the other hand,
cytosolic PRRs stimulate the cleavage and actimadfaccaspase-1, which in turn cleaves and
activates pro-IL-1 and pro-IL-18 [9, 10]. Thus, the immune systerates response
depending upon the recognition of PAMPs by membaareytosolic PRRs.

TLR2 plays a major role in the recognition@faureusand is involved in the recognition
of a variety ofS. aureusstructural components, including LTA, lipoproteiasd PGN [11-13].
Research has shown that LTA in Gram positive bectativates the cells via the TLR2/TLR6
heterodimer [14-16]. Maturation of DC induced byA.Was modest with a moderate increase in
CD80, CD86, TNF- and IL-12p40 in human monocyte derived DC [17]syhergistic effect
on DC maturation has been noted when LTA and PGi¢ gwen together [17] and both LTA
and PGN induced DC maturation via TLR2 [18]. In marmacrophageS. aureusitilizes
TLR2 as a mean of facilitating intracellular infiect characterized by diminished superoxide
production after TLR2 activation [19]. TLR1 and T&Rvere shown to complex with TLR2 in
macrophages and facilitate recognition of PGN [}, Intracellular PGNan be recognized by
the intracellular PRR nucleotide-binding oligomatian domain containing 2 (NOD2) [20]

SinceS. aureusan also cause intracellular infections [19], ¢hisra need to explore the

role of cytoplasmic PRRs that could recognize thh@gen. The NOD proteins which contain



N-terminal caspase recruitment domains (CARD) iem@icated in the recognition of bacterial
components. Binding of ligands to NOD1 and NOD2sesutheir oligomerization and
subsequent NF-kB activation resulting in downstreggnaling. NOD2 recognizes muramyl
dipeptide, the catabolism product of PGN [21]. Egsion of IL23p19 is co-regulated with IL-
1b secretion through NOD2 dependent signaling mdmuDC stimulated with PGN [22].
Reports fronS. aureusctivated macrophages indicate that intracellsggasing by NOD2 was
essential for cytokine production in the absencéld®2 [23]. Data available on the NOD2
expression in bovine monocyte derived DC in respdoS. aureusre scanty or deficient. We
proposed that bovine monocyte derived DC recoglizureusand its purified structural
components and initiate cytokine response and mducell proliferation. The objectives of the
current study were to characterize (a) the PRR®oresble for the recognition &. aureusand

(b) the cytokine response and induction of T cedliferation by bovine monocyte derived DC.



MATERIALS AND METHODS

Animals

Holstein Friesian dairy cows from the Virginia Tdohiry Research Facility were used
for this study. All the animals were free from angible signs of illness at the time of blood
collection. The animal experiments complied with #thical and animal experiment regulations
of Virginia Tech IACUC.

Propagation, irradiation and fluorescent labeling ¢ S. aureus

Single colonies of RN6390B strain 8f aureusvere cultured in tryptic soy broth for 4h
with rigorous shaking (12400 Incubator Shaker, NBranswick Scientific CO, Inc.). The
cultures were washed three times with Hank’s badrsalt solution (HBSS) (Invitrogen, NY,
USA), and pelleted at 1500xg for 10 min. Culturesesvthen serially diluted and drop plated to
get the actual colony counts per mL. Bacteria vireagliated in a Model 109 research cobalt
irradiator (JL, Shepherd and Asscocites, San FelmabA) for 3h. Before use, the ISA were
washed twice with HBSS and diluted to’ @FU/mL with RPMI 1640 medium.

Fluorescent labeling @&. aureusvas performed with some modifications of the
procedure described earlier. Briefly, TXFU/mL of RN6390B strair. aureusn carbonate
bicarbonate buffer were incubated with 100ug obfascein isothiocyanate (46425; Thermo
scientific, IL, USA) isomer | /ml for 2h in dark &7°C. The cultures were then washed three
times with HBSS and analyzed for uniformity of atag by fluorescent microscopy. Labeled

cultures were suspended in HBSS and stored at 20GQuse.

Culturing of monocytes and monocyte derived DC
Peripheral blood mononuclear cells (PBMC) wereatad from peripheral blood. Briefly,

PBMC were isolated from 250 mL of blood drawn fréme jugular vein into 250mL KEDTA-



vacuum bottles and enriched by discontinuous degsadient centrifugation with the procedure
described earlier [24]. Briefly, 10mL of the buffpat were collected and resuspended in 20mL of
1x Hanks balanced Salt Solution (HBSS). The suspetbdffy coat was layered over Ficoll-Paque
™ plus (GE Healthcare Biosciences AB, Uppsala, Sweded centrifuged at 330xg for 45 min at
25°C. Mononuclear cell layer was removed and wadeee times using HBSS. Cell viability

and number were determined by Trypan blue exclugish The PBMC were incubated with anti-
human CD14 microbeads (Miltenyi Biotec, CA, USADKL/10' PBMC) for 20 min on ice. A
positive selection of CDI4cells was performed by magnetic cell sorting adicay to
manufacturer’s instructions. The purity of the s¢h 98%) was assessed by flow cytometry and

cell viability was assessdd 99%) by Trypan blue exclusion.

Purified CD14 monocytes were infected with li& aureugLSA) or irradiatedS. aureus
(ISA) ISA or LSA (MOI 10) for 2h. After 2h of incwdiion, the cells were washed extensively and
fresh monocyte medium with gentamicin was adde@r¥8d, half of the medium was replaced
by fresh media. The cells were cultured for 7-8d analyzed by flow cytometry for the
expression of various DC markers. Unstimulated nogtes and monocytes cultured with rb-

GMCSF and rb-IL-4 for 7d were used as negativegositive controls, respectively.

For DC differentiation, CD14 bead purified peripéldslood monocytes were cultured in
plastic petri dishes for 6-7d in RPMI-1640 mediunvitrogen, NY, USA) containing 10% FBS
(Hyclone Labs, UT, USA), 10mM HEPES, 4mM L-glutamifinvitrogen, New York, USA),
5x10°M 2-betamercaptoethanol (Sigma-Aldrich, MO, USA)GMCSF (200ng/mL) and rb-

IL-4 (100ng/mL) as described earlier [25]. Medmdaytokines were replenished on every 3d.



Flow cytometric analysis of surface markers

Fresh monocytes, ISA or LSA stimulated 7d old mgtes and unstimulated DC were
stained with anti-bovine MCA1651G (Abd serotec,dfgth, NC, USA) (IgG2b PE) for DEC205,
MM61A (IgG1Texas red) for CD14, TH16B (IgG2a FITfoy MHCII, H58A (IgG2a FITC) for
MHCI, MM10A (IgG2b PE) for CD11b, BAQ153A (IgM APGpr CD11c, MUC76A (IgG2a
FITC) for CD11a, and BAQ15A (IgM APC) for CD21 (VMR Pullman, WA, USA) and
assessed by flow cytometry. Briefly, the cell surgpens were stained with primary antibodies
followed by incubation for 1h on ice. After threashings, fluorochrome-conjugated isotype
specific secondary antibodies (Invitrogen/Caltdy Mew York, USA) were added and
incubated for another 30 min on ice followed bythwashings. Apoptosis and necrosis were
assessed by staining the cells with annexin V fiedgiue™ conjugate (Invitrogen, New York,
USA) and PI (Sigma-Aldrich, MO, USA), respectiveBercentages of cells and mean
fluorescence intensity (MFI) were determined udtiagsCalibur flow cytometer (BD
biosciences, San Jose, CA, USA) and analyzed &3avgo software v .7.6.1 (Tree star Inc.,
Ashland, OR).
Endocytosis and Endocytosis Inhibition Assay

For endocytosis assay, DC fLere infected with FITC labele8l. aureusvith different
MOI 10, 25, 50 and 100 in antibiotic free media amxlibated for 3h at 37°C. After 3h of
incubation, the cells were washed and treated ¥0ug lysostaphin (Sigma-Aldrich, MO,
USA), for 7 min. Cells were then fixed with 1% faafdehyde and analyzed by flow cytometry
for FITC™® positive cells and MFI.

In order to elucidate the various endocytic pathsvayolved in the uptake &. aureusy

DC, DC were pretreated for 30 min with media (1%SIFBontaining one of the following



inhibitors; chlorpromazine (10 pg/mL) (Sigma-Alchii MO, USA), filipin (5 pg/mL) (Sigma-
Aldrich, MO, USA), or sucrose (450 mM) to blockféifent endocytic pathwaysS. aureus
labeled with FITC were added to the cells at MOF&OLh. After 1h, cells were washed twice
with HBSS, treated with lysostaphin 100ug (Sigmdsah, MO, USA) and fixed with 1%
formaldehyde. The cells were analyzed by flow cygomfor FITC® DC.
DC Activation

The DC were stimulated with whole LSA (MOI, 50) f&in, ISA (MOI, 50) or different
bacterial membrane components such as LTA (InvivpGan Diego, CA, USA) (1pg/mL),
PGN (InvivoGen, San Diego, CA, USA) (5pg/mL) or LESSgma-Aldrich, MO, USA)
(0.5ug/ml) for 3, 6, 12, 24 and 48h. The LSA infectwas terminated after 3h by adding
gentamicin to the media. The expression levelliftdrent PRRS, co-stimulatory molecules and
various cytokine genes were assessed by RT-PCRbatl2, 24 and 48h of stimulation. The
MFI of expression of MHCI, MHCII, CD11b, CD11c, a@D14 were determined by FACS

after 24h of stimulation.

Real-Time RT-PCR

Total RNA was extracted from 3, 6, 12, 24 and 48A,ILSA, PGN, and LTA stimulated
DC using Qiagen’s RNeasy Mini Kit with DNase (Qiag®alencia, CA, USA) according to
manufacturer’s protocol. Unstimulated and LPS #ed2C were used as negative and positive
controls, respectively. The cDNA was prepared filgng RNA using Superscript Il Reverse
Transcriptase and oligo dT primers (Invitrogen,|€kzad, California, USA). Bovine specific
primers / probes were designed using Primer Ex{@esdtware (Applied Biosystems, USA) as
described earlier [26]. The designed primers anthgs were purchased from IDT (Integrated

DNA Technologies, Inc, USA) (Table 3.1). We confaditheir specificity to detect a cDNA



standard for each gene derived from bovine monedyi¥C cDNA by running a standard curve.
Real-time RT-PCR using primers and Tagman probegl{éd Biosystems, USA) were used to
determine the level of transcription of GMCSF adFF . The RT-PCR reactions were
conducted using the Tagman Universal master miypliag Biosystems, USA) and analyzed
using ABI Prism 7300 Real-Time PCR System (AppBeosystems, USA). The CT values were
normalized with glyceraldehyde-3-phosphate dehyeinage (GAPDH) as an endogenous
control and expressed as fold change as calcutgtéte 2 " method. Briefly, CT = CT of
the target subtracted from the CT of GAPDH, ancCT= CT of samples for target subtracted
from the CT of corresponding control samples. Statisticallygsis was performed on log
transformed values of2 7 values and expressed as fold change with respecistimulated
DC.
Statistical analysis.

Statistical analysis was performed by one-way ANQWAtwo-way using Graph Pad
Prism 5.0 (San Diego, CA, USA). To compare treatmaeans, Tukey’s test was performed. A

P value of < 0.05 was considered statistically gigant.



RESULTS

S. aureusuptake by DC reaches maximum at MOI 50

Immature DC have high endocytic capacity. To asgesgndocytosis d&. aureusdy
bovine DC; DC were loaded with different MOI of EZTlabeledS. aureugor 3h. Flow cytometry
analysis showed that as MOI was increased frono 1@0, the uptake also increased significantly
(P < 0.0001) (Figure 3.1a and 119). aureusuptake by DC increase® € 0.05) as we increased
MOI from 10 to 25. Numerically, MOI 100 showed tmaximum uptake, however, there was no
significant difference between MOI 50 and 180> 0.05). S. aureusiptake by DC at MOI 50 and
100 showed significant differences from MOI 0 0.001) and MOI 25K < 0.05). Results

indicate that DC are efficient in endocytos@gaureus.

Clathrin-mediated, caveolar and fluid phase depend® endocytosis are involved in the

internalization of S. aureusby DC

We investigated the effects of inhibitors of clathmediated (chlorpromazine), caveolar
dependent (filipin) and fluid phase dependent eptibsis (sucrose) on internalization of FITC
labeledS. aureusy DC (Figure 3.2). Treatment with different ibhors significantly decreased
the internalization 086. aureusompared to controP(< 0.001). Simultaneous treatment with three
inhibitors interfering with three different pathwsagf internalization did not diffeiP(> 0.05) from
the effect of chlorpromazine or sucrose alone. Harecompared to chlorpromazine and sucrose,
filipin treatment inhibited the internalization 8f aureudess significantly P <0.01). Results
suggest that although three pathways are involvehd internalization 06. aureusglathrin-

mediated and fluid phase endocytosis play maj&sroiS. aureusiptake by DC.



ISA/LSA loading fails to induce apoptosis in DC

Apoptosis / programmed cell death is a physiologechanism that maintain
homeostasis of body tissues. DC were loaded withasd LSA (MOI 50) and analyzed for
apoptosis and necrosis after 6 and 24h by flowrngtoy using Annexin V and PlI, respectively.
The percentage of live DC following loading withAl®r LSA were 81.2 and 78.0, respectively
at 24h compared to 90.6 in control (Figure 3.3nitirly, at 6h, the live DC percentages in
control, ISA and LSA treatments were 79.9, 76.8l, 8%.3, respectively (Figure 3.4A). There
was no significant difference in the percentagkvef DC between ISA and LSkaded DCP >
0.05) at 6 (Figure 3.4) and 24h.
Relative expression kinetics of mRNA of PRRs, cytakes and co-stimulatory molecules in
stimulated DC

We tested the mRNA expression pattern of PRRskowe and co-stimulatory
molecules in DC at 3, 6, 12, 24 and 48h of stimaitatvith media, ISA, LSA, PGN, LTA or
LPS. It is noted that there was no effect on NOR@ession by any of the treatments. TLR2
gene expression increased at 3, 6, 12, 24 andot&il treatments compared to unstimulated
DC; however, PGN and LTA were less efficient inuoton (Figure 3.5). TNF-gene
expression was increased significantly by ISA, L&AJS. aureustructural components
compared to unstimulated D@ & 0.001). IL-1 expression was increased at all time points for
all treatments® = 0.0003) except by PGN at 48h. Similarly, IL-esssion was increased at all
time points for all treatments except by PGN alyetame points P = 0.005). It is also noted that
TGF- expression was increased significantly at 12 &ht for all treatmentd 0.009).
Expression of the Th1l inducing cytokine IL-12p40 N/Rexpression was significantly up-

regulated by ISA, LSA and LTAX(= 0.008). A significant increase in IL-23p19 expreasvas



induced by ISA and LSA at all-time poin® = 0.0001). The expression of IL-27 was up-
regulated by all treatments at different time pgitiowever, the effect was more pronounced for
ISA. Transcription of the costimulatory molecule 8Dwas significantly increased by all
treatments; whereas this was not the case for CR&88ults suggest recognition®faureusand
its components through TLR2. In additich,aureusand its structural components were able to
up-regulate the expression of cytokines and cotséitary molecules suggesting activation of
DC.
Surface receptor expression of CD11b, MHCI, MHC lland CD14 increases in LSA
stimulated DC

Here we assessed the abilitySfaureusr its PAMPs to induce DC activation, antigen
presentation and maturation. DC were stimulated W8A, PGN, or LTA for 3h and assessed
by flow cytometry for MFI of expression o® integrins (CD11b and CD11c), MHC | and II,
and CD14 (Figure 3.6). Unstimulated and LPS stitedl®C were used as negative and positive
controls, respectively. Stimulation of the DC w&8haureudor 24h resulted in greater intensity
of expression of CD11b, CD14 and MHC class | anzbthpared to unstimulated DC. CD11b
expression increased significantly with LSA aftéhZompared to PGNP(= 0.01) and LTAP
= 0.03); however, there was no difference betweggN Rnd LTA stimulated DC. CD11c surface
expression did not change in any of the stimul&€d MHC | surface expression increased
significantly when DC were stimulated with LSA coanpd to PGNR = 0.02) and LTAP =
0.03), while no difference was noted between PGHNLaM. The MHC Il expression increased
with LSA stimulation compared to PGIR € 0.02), however there was no difference in the

expression levels of MHC Il between LSA and LTARGBN and LTA. CD14 surface expression



in LSA stimulated DC was significantly up-regulat@smpared to PGNP(= 0.02) and LTAP

=0.02).

Proliferative response of T cells t&. aureusloaded DC

We further assessed the ability of DC to ind8caureuspecific lymphocyte
proliferation. The CSFE labeled lymphocytes werecaltured with either ISA or LSA loaded
DC for 4d. Flow cytometric analysis showed both 1&#d LSA loaded DC induce CD4, CD8
andg T cells compared to the controls (Figure 3.7)e TBA, ISA, DC and ConA stimulated
lymphocytes were our controls. Unstimulated DC wetuproliferation of 2.0, 4.8, and 1.1 % of
CD4, CD8, andd T cells, respectively. Any proliferation induced ISA or LSA stimulated
CD4, CD8, andd T cells was gated out when we analyzed for pnaltfag (CFSE®") CD4,
CD8 and dT cells. Twelve and 9.3 % CD4 cells and 8.3 abd 26 CD8 T cells proliferated in
response to LSA or ISA loaded DC, respectively.iirty, 3.5 and 5.3 %d T cells proliferated

in response to ISA or LSA loaded DC, correspongingl



DISCUSSION

This study details for the first time, the respoagbovine monocyte derived DC &
aureusand its structural components. Previous studied 8saureusuperantigens or its
structural components alone to study the effediast immune cells, but, limited information is
available on the interaction & aureugo bovine monocyte derived DC. Monocyte derived DC
are widely used as a model for studying functiaagdabilities of inflammatory D@ vivo. Our
data confirm that bovine monocyte derived DC passdsigh intensity of expression of CD11b
along with other characteristic DC markers. ThislZ8"" CD118"9"DC could be a subset of
inflammatory DC having a specific function in imnauresponse, consistent with previous
research [27]. Our preliminary studies showed thate was no difference in the expression
levels of surface markers between adhered out nype®and monocytes isolated using CD14

magnetic beads.

Immature DC constantly sample the environmentrigading pathogens at the common
sites of potential pathogen entry. Previous resesinowed the function of an array of surface
receptors present in immature DC in antigen upgadcetheir activation [8]. Presumably, in our
study, these surface receptors might have playetkan S. aureusiptake by immature DC. We
sought to determine the specific endocytic pathvwayslved in the entry o§. aureusnto bovine
immature DC. As demonstrated through the use dispénhibitors of endocytic pathways, all
three pathways are involved in the internalizatbd®. aureusbut clathrin-mediated and fluid
phase endocytosis play major roles in uptak8.acureusy DC.

It has been postulated that in general, pathogaoistawo strategies to overcome the
host immune system: first, interfering directly wRRRs of antigen presenting cells; or second,

triggering apoptosis of proximal antigen presentietis. Apoptosis / programmed cell death is a



physiologic mechanism that maintain homeostasixdi tissues. It has been reported that
viable DC can uptake apoptotic DC resulting initiduction of tolerance by promoting
regulatory T cells [28]. We hypothesized thabifaureusoaded DC undergo apoptosis/necrosis
at a higher rate than unstimulated DC; this migimtibute to the defective immune responses.
The ISA was used to minimize the effect of leukatscand other toxins on DC. Instead, we
observed that bovine monocyte derived DC are adi$0S. aureusnduced cell death
compared to monocytes (Chapter 2). It appearshinahe DC are capable of mounting an

effective immune response agaifSstaureus

The results suggest that wh@eaureuss required to induce antigen presentation
compared to its structural components alone. THRHRe TLRs and IL-1 receptor family
recognize the PAMPs present on the pathogens agenadus danger signal like TNE4t has
been reported th&. aureusand its structural components are recognized girdlLR2 [11-13].
S. aureugarries PGN and LTA as its structural componehtseth wall [29]. DC maturation
induced by LTA was modest with a moderate increa$eD80, CD86, and TNF-and IL-12p40
in human monocyte derived DC [17]. Previous stsiti@ve shown synergistic effect on DC
maturation when LTA and PGN were given togethett il induced maturation via TLR2 [18].
Consistent with earlier studies, we found that TlgeRe expression along with increased
cytokine gene expression in respons8taureusLTA and PGN. Previous research has
reported that LTA activated cellular responsesugloTLR2, facilitated by LPS binding protein
(LBP) and CD14; however, independent of TLR4 and-RI[30]. Synergistic effect of LTA and
PGN may attribute to the up-regulation of CD14 BALtreated DC. LSA and ISA rather th&n
aureusstructural components appear to be more effeatiaetivating immature bovine DC.

This program of maturation is characterized byupeegulation of MHC molecules and CD80.



The mature DC become more efficient in antigengmegion, while less efficient in
phagocytosis [31]. DC after antigen acquisition raig to the local lymph node during the
process of maturation and present the antigenetodlive T cells [32]. Since naive T cells do not
traffic to peripheral tissues, migration of DC yoiph nodes is very important for the activation
of naive T cells. Effective activation inducesmdbexpansion and differentiates into effector
and memory T cells. Depending upon the stimuliikameby DC from the pathogen it can be
matured to induce immunity, tolerance or even bexeassile whereas immature DC induces
only tolerance. In humans, studies have shownntimatocyte derived DC induce a superior
memory T cell proliferation because of their alitib produce IL-12p70 and IL-23. In a mice
model, CD11B°" DC derived from monocytes recruited to the peniphron lymphoid tissue in
response to inflammation induced memory activatb@D8 T cells [33, 34].

In this study, the greater expression of integresstimulatory and MHC molecules
consequent t&. aureusiptake indicates an ability of bovine monocytetst DC for
maturation, antigen presentation and migration. Jieater expressions of integrins suggest the
ability of matured DC to migrate towards regionahph nodes to elicit an immune response.
The 2-integrins CD11b and CD11c are up regulated okdeytes during inflammation,
contributing to their migration and subsequent fiomal responses in various
pathophysiological conditions [35, 36]. The up-fagion of MHC | in stimulated DC might be
an indication of the cytosolic route of antigenqessing or a cross presentation [37]. In this
study, we didn’t conduct any experiments to diffét@e cross presentation from other two
classical antigen processing pathways. Greatemsitieof expression of MHC Il indicates the
endocytic processing &. aureusas with any classical extracellular pathogen. Ujxegulation

of IL-12p40 and IL-27 genes suggests the role duneaDC in shaping a Th1 response against



S. aureusSimilarly, S. aureusand its structural components modify the transicnpof Th17
polarizing cytokine genes in bovi¥C. The cytokines, IL-6, TGF5 and IL-23nduce Th17 cell
differentiation. In this study, we have noted thtulated DC up-regulate IL-6 gene expression
along with other cytokines. IL-6 is one of the D€rded factors that act in concert with TGF-

to differentiate Th17 cells [38].

Subsequent to the uptake of antigen and maturafi®C, the optimal interaction occurs
between DC and naive CD4, CD8 andT cells in an antigen specific way. In the presgatly,
we observed that DC induced proliferation of CDB8Cand d T cell subsets. It is known that
CD118"" DC derived from monocytes recruited to the penipheon-lymphoid tissues in
response to inflammation induce memory CD8 T adilation [5, 33]. In conclusion, bovine

monocyte derived DC induced T cell proliferatiorr@sponse t&. aureus.



A. S.aureusndocytosis by DC B. Mean Fluorescence Intensity

100- C C
8 P <0.0001 -
()
> 75 b
[7)]
@ -1
S 50
T
% a
O |
E 25
L
N
C 1) ] J
10 25 50 100

MOl

Figure 3.1.S. aureusendocytosis by DCA.1x1® DC (n=4) were loaded with FITC label&d
aureusat different MOI for 3h and the cells were coligtfter treating with lysostaphin, fixed
and analyzed by flow cyometrfA) Increasing MOI resulted in increased uptak& chureusy
DC (P < 0.0001). MOls with different letters significintiffer from each other. Data represent
mean_+ SE(B) Histograms showing mean fluorescence intensity©fiaded with FITC
labeledS. aureusat different MOI; black (unstained DC), pink (M@0), blue (MOI 25), orange
(MOI 50) and green (MOI 100).



Figure 3.2. Effects of inhibitors on internalization of S. aureusby DC. Cells were pretreated
with media only, chlorpromazine, or filipin or sose. Subsequently, FITC label8daureus
were added and after 1h and cells were treatedlygtstaphin. Cells were fixed and analyzed
by flow cytometry. One way ANOVA was carried outdetermine the statistical significance of
the data and Tukey's test to compare treatmentsn@agatment with different letters
significantly differs from each other. Data reprgs@mean + SE. Data representative of three
individual experiments.
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Figure 3.3. Apoptosis and necrosis of DC after 6 h of ISA and LSA loadin DC

(n=3) were loaded with ISA or LSA (MOI 50) for 3h and infection was terminated by
adding gentamicin after 3h. DC were collected and stained for Annexin V aifieiPo

h of initial stimulation and analyzed by flow cytometry. There was nordiffse

between unstimulated DC (A), ISA (B) and (C) LSA loaded cells. X-axigsepts
Annexin V and Y-axis represents Pl in the dot plots. Flow cytometry plots are
representative of three individual experiments. (D) Mean + SE of % live DC.



Figure 3. 4. Apoptosis and necrosis of DC after 24 of ISA and LSA loading.DC were

loaded with ISA or LSA (MOI 50) for 3 hours. Aft8h, DC were washed twice with HBSS

and added fresh media with gentamicin. DC wereect#d and stained for Annexin V and Pl
after 24h of initial stimulation and analyzed bgwil cytometry. There was no difference between
ISA and LSA loaded DC. Dot plots represent apoptasid necrosis in unstimulated (A), ISA

(B) and (C) LSA loaded DC. X-axis represents Anneéxiand Y-axis represents Pl in the dot
plots. Flow cytometry plots are representativenoé¢ individual experiments.
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Figure 3.5. mRNA induction of (A) NOD2, (B) TLR2,(C) TNF- , (D) IL-1 , (E) IL-6, (F)
TGF- , (G) IL-12p40, (H) IL-23p19, (1) IL-27, (J) CD80,and (K) CD86 in DC stimulated
with ISA, LSA, PGN, LTA ,LPS or unstimulated. DC were stimulated with ISA and LSA
(MOI50), PGN (5mg/mL), LTA (Img/mL) and LPS (0.5mg/) for 3h. After 3h, infection was
stopped by adding fresh media with gentamicin acdbated for another 3, 6, 12, 24 or 48h.
Total RNA was collected at3, 6, 12, 24 or 48h d@fiahstimulation and mRNA expression was
determined by real time PCR. All the results wayenmalized with the GAPDH. All results are
expressed as fold change from unstimulated DC lzdtmliusing the ddCT method. The

expression levels are mean + SE of five indepenebgmeriments.



Figure 3.6. Surface intensity expression of markers stimulated DC. DC (n=4) were
stimulated with LSA, PGN, and LTA or with media f8in and surface intensity of expression of
(A) CD11c, (B) CD11b, (C) MHC I, (D) MHC Il and (E}D14 analyzed after 24h of

stimulation by flow cytometry. Media stimulated ald@S stimulated DC represents negative and
positive controls, respectively. Values are exprdsss fold change with respect to unstimulated
DC. Student's t test was performed to determintesstal significance between LSA, PGN and
LTA. Treatments with different letters significandiffer from each other.



Figure 3.7. Flow cytometry plots showing proliferaton of CFSE labeled lymphocytes (CD4,
CD8 and g stimulated with ISA or LSA loaded DC, unstimulated DC, ConA, ISA and

LSA. Addition of CFSE labeled lymphocytes to DC loadathuSA or LSA resulted in CD4,
CD8 and T cell proliferation after 5d. X-axis represe@BSSE and Y-axis representsAPC,

or CD8APC or CD4 PerCP Cy5.5 CD4 in the dot plDiEta representative of four experiments.



Table 3.1. Primer and probe sequences from 3’ émd

Gene Forward primer Reverse primer Probe
GAPDH 53RCCCCTTCATTGACCTTC 53ATCTCGCTCCTGGAAG 53TCCAGTATG
A33 ATG33 ATTCCACCCAC
GGCA3
TNF- S53CTCCTTCCTCCTGGTTG 5FHBLTTTGAACCAGAGGGCT 5L CCAGAGGG
CA33 GTTG33 AAGAGCAGTCC
CCA33
IL-6 5T CAGAGAAAACCGAAGC S5TTCATCATTCTTCTCACA SAGCGCATGGT
TCTCA33 TATCTCCTTT3 CGACAAAATCT
CTGC3
IL-1 S5TACCTCTCTCTCAATCAG S5 GAGGTATCCAGGGACA 5TAAGCTATGA
AAGTCCTT33 TAAACTTA33 GCCACTTCGTG
AGGACCA33
TGF- S5TGAGCTGTATCAGATTC S3ITTCACGACTTTGCTGTC 53TAACATCTC
TCAAATCC33 AATGT33 CAACCCAGCG3
TLR 4 S53GCGTACAGGTTGTTCCT S53TAGTTAAAGCTCAGGTC S5RAAAATCCCCG
AACATT33 CAGCATCT3 ACAACATCCCC
ATATCAA33
TLR1 S5LBATGCCGAGAGCCTTCA S5ACACGTCCAAAATAAAA  LHRGTCTGCAC
AGA33 TGGAATTC33 ATTGTTTTCC
CCACAGGA33
NOD2 S5TACGGATCAGGAGCGTC S5TACCTTGCGGGCATTCTT 5 CGCCCCCAC
ACT33 33 GTCAGTCCAG3
CD80 S5ELGTGCTCACTGGTCTTTT S5AGTGGATGTGTTGTAATC S53TCAGGCATC
TTACTTC33 ACAGGATAG33 ACCCCAAAGA
GTGTGA3
CD86 S53FCTCTGTTTCCACTGTTC 53GGCAGTTCTCCAGTCTC 53GCTGCTTCC
CTTTTTC33 GTT33 TTGAAAAGTCA

TGCCTTC3
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CHAPTER 4 IDENTIFICATION OF MEMORY T CELLS TO

STAPHYLOCOCCUS AUREUSA STEP CLOSER TO VACCINE?

ABSTRACT

Staphylococcus aureus a versatile pathogen causing a variety of desasboth
humans and animals. Increase in nosocomial infeeti@ chronic mammary gland infection by
antibiotic resistant strains warrants the needafoeffective vaccine. This study assessed the
presence 08. aureusspecific memory T cells in previously infected susing CD14
monocyte derived dendritic cells (DQ. aureusoaded DC showed increased cell surface
expression of MHC | class & Il and cytokine genduation, suggesting DC activation and
antigen presentation. Initial screening of infeated/s for memory T cells showed a significant
increase in lymphocyte proliferation compared totow animals. Further characterization of
proliferating CFSE" CD4 and CD8 T cells from infected animals reveahesipresence of
memory markers, CD45R0O and CD62L. This is the &tatly to show the presenceSfaureus
specific CD8 memory T cells in the peripheral clation of any species. Future experiments

will identify the S. aureusantigens that initiate T cell clonal expansion.



INTRODUCTION

Staphylococcus aureus a major pathogen causing a wide spectrum oadesein both
humans and animals. Diseases range from supédigrainfections to severe invasive clinical
illnesses such as septic arthritis, osteomyeébtislocarditis, pneumonia, toxic shock syndrome
and septicemiaS. aureugolonizes normal skin and respiratory tracts andbaeach in the skin
or mucous membrane predisposes the host to invdsgase [1]. Community associated and
nosocomialS. aureusnfections have appeared as serious health thdeat$o the emergence of
multidrug resistant strains [2]. A recent epidelogocal study has identified methicillin resistant
S. aureugMRSA) as a major public health problem in the @diStates [3]. In dairy animalS,
aureusis one of the organisms that causes acute andichmastitis [4]. Emerging virulent
strains associated with both severe community-aedquiuman infections and MRSA mastitis in
bovines emphasizes the occurrence of transferafistbetween humans and animals [5, 6].
Thisincreased threat to both public health and aniroplfations warrants the need of an animal
model system to study host respons8.taureusnfection. Being a natural host, bovines
provide an excellent animal model for the studp@$t inmune mechanisms involvedSn
aureusinfection. S. aureuss considered a classical extracellular pathogemever,
intracellular infections have also been demongtrfite7]. The intracellular persistence in
endothelial cells, epithelial cells, and keratinesyprotects. aureugrom host immune
defenses and antibiotics, adding to the incideficecurrent and chronic infections [8].

Previous exposure . aureusesults in less severe subsequent infections atehpa
with high titer ofS. aureuspecific antibodies are less susceptible to irdast(reviewed in [9]).
These studies point to the fact that an effectiwsunological therapy and/or vaccination might

be possible t&. aureusnfections in humans and animals [10]. Severadiss tested the



efficacy of differentS. aureuwvaccines in humans and rodents, but to date noregravided
complete protection [11, 12]. In cows, severatigs used toxoid, or bacterin or capsular
polysaccharides in vaccines; however, none of #ueimes found to provide a complete
protection agains$. aureusnfection in cows [13, 14]. Emergence of multidmegistant strains
in both humans and animals, and contagious nafuregathogen warrant the need for a
multicomponent vaccine to confer complete protectmS. aureus

The current vaccines available agaiisaureusare designed to elicit antibody response.
The intracellular persistence 8f aureusecessitates the need of a cell mediated immune
response to clear the pathogen. Once challengesdyiesumed that antigen specific memory T
cells persist in the individual after the resolatif initial immune response. Memory CD§
cells may form a key cellular element of vaccinguced protection. To date, there is no
information on the presence of memory CD8 T cellgivo againsS. aureusin fact, to our
knowledge there have been no studies to confirnptbésence of ang. aureuspecific memory
based cellular immune. Although a recent studyatestrated decreased central memory T cells
in circulation of children with invasivB. aureusnfections, the antigen specificity of these
memory T cells has not been addressed [15]. Vditialn the prevalence and expression of
virulence factors bf. aureusiecessitates a multicomponent vaccine or comlimati
technologies using novel adjuvants such as DCard#velopment of a vaccine. Effective
activation and antigen presentation by DC indu¢esat expansion and differentiation of T cells
into effector and central memory T cells. The @mies of development and maintenance of a
central memory T cell pool and subsequent actinadicthese cells to effector phenotype during

challenge could be harnessed in a properly desigaecine.



Identification of memory T cells and their subset aid in the formulation of an
efficient vaccine that would provide complete potiten against. aureusnfection. The present
study uses$. aureudoaded monocyte derived DC to stimulate autolodgephocytesex vivo
The objective of our study was to determine the@nee ofS. aureuspecific memory T cells in
the peripheral circulation of naturally infectedrgacows and to analyze their proliferation upon

restimulation.



MATERIALS AND METHODS

Propagation of S. aureus
S. aureustrains used in our study are shown in Table 4. hureussolates were

cultured from the infected quarter milk of cowsls Virginia Tech Dairy Center, analyzed
using standard biochemical tests, and saved at-®0%uture use [16]. Frozen isolatesSf
aureuswere streaked on EBA plates and incubated overaigB7°C. Single colonies were
cultured in tryptic soy broth at 37°C for 4h witbarous shaking. The incubation was restricted
to 4h to minimize toxin production. Bacteria werashied twice with PBS at 4°C and CFU/mL
determined. Bacteria were irradiated in a Modél d€search cobalt irradiator (JL, Shepherd and
Asscocites, San Fernando, CA) for 3h. Before teirradiateds. aureugISA) were washed
twice with PBS and diluted to ¥@FU/mL with RPMI 1640 medium.
Animals

Dairy cows from the Virginia Tech dairy researchility were used for this study. All
the animals were free from any visible signs oédge at the time of blood collection. The
animal experiments complied with the ethical anitnahexperiment regulations of Virginia
Tech IACUC. Cows previously diagnosed w&haureu<linical mastitis and recovered
(infected; n=5) were used as the infected groumti©@bcows (control; n=5) were chosen based
on milk culturing and lack of a previous recordSofaureugnastitis.
Generation of bovine Monocyte derived DC

Peripheral blood mononuclear cells (PBMC) wereataa from infected and control
cows. Briefly, PBMC were isolated from 250mL of btbdrawn from the jugular vein into
250mL Ks-EDTA-vacuum bottles and enriched by discontinudeissity gradient centrifugation
with the procedure described earlier [17]. Briel@mL of the buffy coat were collected and

resuspended in 20mL of 1x Hanks balanced Salt ®al@HBSS) (Invitrogen, NY, USA). The



suspended buffy coat was layered over Ficoll-Patfysus (GE Healthcare Biosciences AB,
Uppsala, Sweden) and centrifuged at 330xg for 4bahR5°C. Mononuclear cell layer was
removed and washed three times using HBSS. Cdlilfjeand number were determined by
trypan blue exclusion test. The PBMC were incutbateh antihuman CD14 microbeads
(Miltenyi Biotec, CA, USA) (10uL/10PBMC) for 20 min on ice. A positive selection dbT4"
cells were performed by magnetic cell sorting adcwy to manufacturer’s instructions. The
purity of the cells (always > 98%) was assessefliowy cytometry and cell viability was
assessethlways > 99%) by trypan blue exclusion.

For DC differentiation, CD1%4cells were cultured in plastic petri dishes fofdbin
RPMI-1640 medium (Invitrogen, NY, USA) containin@% FBS (Hyclone Labs, UT, USA),
10mM HEPES, 4mM L-glutamine (Invitrogen, New YotkSA), 5x10°M 2-
betamercaptoethanol (Sigma-Aldrich, MO, USA), rebomant bovine granulocyte monocyte
colony stimulating factor (200ng/mL) and recombinlavine interleukin-4 (100ng/mL) [18].
Media and cytokines were replenished every thiffelien d old DC, macrophages and fresh
monocytes were stained with anti-bovine MM61A (Ig@kas red) for CD14, TH16B (IgG2a
FITC) for MHCII, H58A (IgG2a FITC) for MHCI, MM10A(IgG2b PE) for CD11b, BAQ153A
(IgM APC) for CD11cMUCT76A (IgG2a FITC) for CD11a, and BAQ15A (IgM AP&y CD21
(VMRD, Pullman, WA, USA) and assessed by flow cy&bm.

Flow cytometric analysis

To ascertain the cell surface markers in monocya€s,live S. aureugLSA) or ISA
stimulated DC, and lymphocytes, 1 X°t@ll suspensions were stained with primary antiesdi
followed by incubation for 1h on ice. After threashings, fluorochrome-conjugated isotype

specific secondary antibodies (Invitrogen/Caltdy ldSA) were added and incubated for



another 30 min on ice followed by three washinggcntages of cells and mean fluorescence
intensity (MFI) were determined using FacsCalibawfcytometer (BD biosciences, San Jose,
CA, USA) and analyzed using Flowjo software v. X @ree star Inc., Ashland, OR).
Real-Time PCR
Total RNA was extracted from the unstimulated aimddated DC using Qiagen’s

RNeasy Mini Kit with DNase (Qiagen, Valencia, CASA). cDNA was prepared from 1 ug
RNA using Superscript Il Reverse Transcriptasedigb dT primers (Invitrogen, Carlsbad,
California, USA). Real-time (RT)-PCR using bovimesific primers and Tagman probes (ABI,
USA) was used to determine the level of transaiptf TLR2, and cytokines (IL-12, IL-23 and
IL-27). The Real-time RT-PCR reactions were conedatsing the Tagman Universal master
mix (Applied Biosystems, USA) and analyzed usingl Rism 7300 Real-Time PCR System
(Applied Biosystems, USA). CT Values were normalizath glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as an endogenous contragreéssed as fold change as calculated
by the 2 ©" method. Briefly, CT = CT of the target subtracted from the CT of G and

CT= CT of samples for target subtracted from tl&T of corresponding control samples.
Statistical analysis was performed o8T values and expressed as fold change with respect
unstimulated DC.
Proliferation Assay

For an initial screening of DC induc&d aureuspecific memory lymphocyte

proliferation, peripheral blood monocytes (CD)fiwere isolated from infected cows (n=5) and
control cows (n =5). In order to assess thetginli DC to induce lymphocyte proliferation, DC
(10 were loaded with bovin®. aureussolates (multiplicity of infection (MOI), 5 or 10)The

infection was terminated after 4h by adding gentamgontaining media after washing twice



and DC were incubated overnight. Day old culturfesubologous lymphocytes (1:10) were
added to respective wells 24h after loading of BiCexperiments were done in quadruplicate.
Concanavalin A stimulated and unstimulated lymplegyvere used as positive and negative
controls, respectively. Lymphocyte proliferationsnraeasured using Cell Titer solution
(Promega, San Luis Obispo, CA USA) according to uffecturer’s instruction after 5d.
Characterization of memory T cells

Autologous lymphocytes from the infected cows waleled with CellTrace™
carboxyfluorescein diacetate succinimidyl (CFSEge€ell Proliferation Kit (Molecular probes,
OR, USA) at a final concentration of 2.5uM for \adizing the proliferating cells as previously
described [19]. CFSE labeled lymphocytes were dtwad with ISA or LSA loaded DC for 5d.
On day 5, the lymphocytes were collected and imrataiwoed for T cell markers with bovine
specific antibodies including IL-A11 (IgG2a Percjy 6) for CD4, BAQ 111A (IgM PE) for
CD8 and CACTB32A (IlgG1Pe-Texas red) for WC1gd3 cells. The lymphocytes were
analyzed for apoptosis by staining with AnnexinT¥ie proliferating CD4 and CD8 T cells were
immunostained for memory markers, IL-A116 (IgG3Ade594) for CD45R0O and BAQ92A
(lgG1Alexa 594) for CD62L and analyzed by flow aytetry.
Statistical Analysis

The CT values of RT-PCR were analyzed by two-way ANO¥sMg Graph Pad Prism
5.0 (San Diego, CA, USA). Proliferation data wamalyzed using Studentsest. Significance

was declared & < 0.05



RESULTS
S. aureusisolates

It has been documented tl&ataureugproduces a variety of secreted toxins during
stationary phase of growth [20E. aureussolates were profiled to determine genotypes and
toxin production potential. In order to control &ecreted toxin production, we cultured the
bacteria only to their log phase of growth and veasISA twice before loading of DG. aureus
expresses various enterotoxins and staphylococotdip A (Spa) that subverts the host immune
responses. AlB. aureussolates used in this study expressed superantigaterotoxins A, B, C
and D (Table 4.1). The majority of the isolatepressed Spa type 102 followed by 105. Isolate
4102 as identified &. chromogeneand therefore used only as a control for memory
development and T cell responses

Generation of DC

The DC differentiated with GMCSF and IL-4 had gezantensity of expression of
CD11a, CD11b, CD11c, and MHC class Il compareddtondnocytes. DC had a lower intensity
of expression of the surface molecule CD14, whsch definitive marker for monocytes and
macrophages. The distinct phenotype and expregsitt@rns of surface molecules on following
culture with cytokine cocktail confirmed the gerteya of DC from peripheral blood derived

CD14 monocytes (data not shown).

Up-regulation of pattern recognition receptors andcytokine gene expression in activated
DC

DC recognizes pathogen associated molecular pat(B#MVIPs) through pattern
recognition receptors (PRRs). Downstream signalinfgRRs leads to the translocation ofkdNF

B to the nucleus and induces transcription of ayiekjenes. Loading DC with LSA or ISA



induced up regulation of TLR2, IL-12, IL-27, and-23 gene expression. To assess the ability
of DC to induce the transcription of cytokine gemresl time RT PCR was conducted after 24 or
48h of continuous stimulation. To mimic thevivo state of infection, we incubated the cells
with LSA or ISA for 24 or 48h. Stimulation of monge derived DC with LSA or ISA for 24 or
48h results in the induction of (Figure 4.1) (A)RZ, (B) cytokines IL-12 (C), IL-27, and (D)
IL-23 gene expression compared to unstimulated &ulation of DC with ISA or LSA
increased the transcription of TLRR € 0.0001), IL-12 P = 0.0002), IL-27 P = 0.0003), and
IL-23 (P < 0.0001) mRNA compared to control. The typicatera of cytokine induction in DC

is suggestive of a Th1l or Th17 response.
MHC | and Il molecules up-regulated inS. aureusloaded DC

To assess the ability of immature DC to matune gresent antigen after loading with
ISA or LSA, the expression of surface MHC molecwese measured after 24h. Greater MFI of
expression of MHC Il (Figure 4.2A & B) and MHC liffare 4.2C & D) molecules were
observed after 24h of stimulation of DC with eith&A or ISA indicative of DC maturation and
antigen presentation. The ability 8f aureudoaded DC to up regulate the MHC molecules
along with transcription of adaptive immunity tr&ggng cytokines are suggestive of the capacity
of DC to prime CD4 and CD8 T cells.
Proliferative response of T cells

We next determined the ability of DC to induce @ént antigen specific lymphocyte
proliferation in cows previously infected wigh aureusompared with control cowdn the
initial screening experiments (Figure 4.3), greatetiferative responsd®(< 0.01) was observed
in infected cows compared to control cows sugggstie presence &. aureuspecific memory

lymphocyte proliferation. To delineate the proldeng lymphocytes in the infected cows,



lymphocytes were labeled with CFSE and co-cultuved either ISA or LSA loaded DC for 4d.
Flow cytometric results revealed (Figure 4.4) aatgepercentage of proliferating CD4, CD8,
andg T cells compared to the controls. CFSE labeledolyotytes were also cultured with
unstimulated DC or with ISA or LSA to account faofiferation. Unstimulated DC induced
proliferation of 6.1, 15.9, and 12.5 % of CD4, C@8d d T cells, respectively. We gated out
any proliferation induced by ISA or LSA stimulat€®4, CD8, andd T cells when we
analyzed for proliferating CD4, CD8 and T cells. As a result, 24.2 and 24.7% CD4 cell$ an
80.0 and 60.5% CD8 T cells proliferated in respdndeSA or ISA loaded DC, respectively.
Similarly, 54.2 and 35.65 % T cells proliferated in response to ISA or LSAded DC,
correspondingly.
Characterization of memory T cells

We further characterized the proliferating CI8E cells by immunostaining with
memory markers; CD45R0O and CD62L. CD45Ktand CD62[°" expressing CD4 and CD8
were distinguished as memory phenotypes (Figug.4Accordingly, 27.5 and 29.5% of
proliferating CD4 expressed CD45R0 and 17.0 an@%2f CD4 expressed CD62L in
response to DC loaded with ISA and LSA, respegtivBimilarly, 62.1 and 62.1 % of
proliferating CD8 expressed CD45R0 and 62.0 anti%3f CD8 expressed CD62L in
response to DC loaded with ISA or LSA. Presenc8@45R3"" and CD621°" expressing T
cells among proliferating CD4 and CD8 T cells con an effector memory phenotype in

previously infected cows.



DISCUSSION

DC are professional antigen presenting cells capabdiriving naive T cell responses;
however, little or no information is available dretability of DC to induc&. aureuspecific
memory T cells, if present. The current study assgshe ability of DC to induc®. aureus
specific T cell proliferatiorex vivoand characterized the T cell subsets. This stedyahstrates
for the first time, the presence f aureuspecific memory T cells in peripheral circulation o
dairy cows. Phenotypic marker expression and naggly of DC in this study are consistent
with other studies that have shown that monocyaesbe differentiated to DC under the
influence of GMCSF and IL-4 [18, 21-24]. Our preinary studies showed that there was no
difference in the expression levels of surface merketween adhered out monocytes and
monocytes isolated using CD14 magnetic beads. Mgeaterived DC are widely used as a
model for studying functional capabilities of infianatory DCin vivo. In humans, they induce a
superior memory T cell proliferation because ofrthability to produce IL-12p70 and IL-23 [25].
The up-regulation of MHC | in DC might be an indioa of a cytosolic route of antigen
processing or a cross presentation. In this padaticiudy, we did not conduct any experiments
to differentiate cross presentation from the other classical antigen processing pathways.
Greater intensity of expression of MHC class llicadled the endocytic processing@faureus
as with any classical extracellular pathogen. Tireagulation of TLR2 indicates the
engagement of specific ligands®faureuson DC Up-regulation of IL-12, IL-27, IL-23, and
MHC I along with CD8 T cell proliferation are sugge of a cell mediated response to
counteract the ability d. aureugo cause intracellular infections. It is yet toibeestigated
whether an intracellular infection occurs in asaton with an extracellular infection or as a way

to undermine the host immune response. The typai#érn of cytokine induction and MHC up-



regulation usually trigger a T cell mediated resgmresp Thl or Th17 type is consistent with
previous research [26]. The PAMPs of different pgéms stimulate DC to produce cytokines
IL-6, TGF- and IL-23 that are required for induction of IL-piducing cells [27, 28]. The
mechanism of IL-17 mediated immune response agairstireusnfection is not yet

characterized.

In the initial screening experiments, we found gigant increase in lymphocyte
proliferation in previously infected cows compatedaive cows. Greater proliferations of
lymphocytes from cows previously infected wihaureuss compared with naive cows suggest
the presence of an antigen specific lymphocyte [adiom. We acknowledge that the naive cows
are free of clinicab. aureusnastitis; however, naive cows may have been pusiyexposed to
S. aureus.Lack of proliferation of lymphocytes indicates m@mory response in naive cows. To
further characterize the proliferating lymphocytes, assessed the response to ISA and.LSA
Increased proliferation of CD4, and CD8 in respadios®. aureusoaded DC indicated the
presence of a T cell mediated memory responsevirs poeviously exposed ®. aureus
mastitis. A similar study has shown that DC indeffecient proliferation of T lymphocytesn
vitro from calves vaccinated with BCG [21]. In additiomcreased expression of MHC
molecules and up regulation of cytokine genes sstghe antigen presentation through both
MHC 1l and MHC I, thus driving CD4 and CD8 T celigtiferation, respectively. Antigen
specific memory T cells to various pathogens haenlreported [29, 30]; but, limited
information is available o8. aureuspecific memory T cells. A recent study demonsttat
decreased central memory T cells in circulatioololdren with invasiveS. aureusnfections;
however, the antigen specificity of the memory Tscleas not been addressed [15]. The results

of our research provide additional information althe existence db. aureuspecific memory



T cells in the peripheral circulation of naturaltyected dairy cows. The presence of
CD45R3""and CD621°" T cells among proliferating lymphocytes confirnmsedfector
memory phenotype in previously infected cows. Savaudies have reported that the bovine
memory CD4 and CD8 T cells express CD45R0O and CB2L.30]. Challenge induced CD8
T cells falls in either central or effector memdrgell group and they differ in their functional
ability and phenotypic marker expressions [31]. Weea CD8 mediated immune response is
itself sufficient to preven$. aureusnfection has yet to be determined.

Theg T cells represent an important T cell populatiotbovines, and are present in skin
and mucosal surfaces [32]. Presumably, these glajsan important role in inducing immune
response to infectio T cells are responsible for recognition of a wideety of antigens
including toxins, phophosantigens and lipid antgy88]. These cells play a role in the early
containment of pathogens in the initial infectiaie ®r exert an immunomodulatory effect in
excessive inflammation [34]. In this experiment,T cells proliferated significantly in response
to LSA or ISA. It has been shown that DC are mdfieient in stimulating antigen specifgg T
cell proliferation compared to monocytes [35]. histstudy, memory phenotyping was not
performed because memory markersgof cells in bovines have yet to be developed. \(&rio
studies have reported that vaccinations and irflestcan primeWC1 T cellsin vivo[36-38].
Research has established that memory CD8 T ceBE{ vaccine reside in the T cells and
not inthe T cells [39]. The protective role gf T cells inS. aureusnfection in bovines and
humans remains to be investigated.

Even though the presence of memory T cells in grgperal circulation is evident in
many infections, the migration of these cells tagdeeral tissues such as skin, intestines and

lungs are limited [40]. Migration of memory T cetlepend on the expression of different



molecules such as CD45R0O, CCR7and CD62L or spexfichination of these molecules [41].
This could be a reason why even though memory[§ aet present in peripheral circulation of
previously infected cows, the migratory capacityhefse memory cells to the mammary gland
might be impaired resulting in the occurrence abalt infections. Another reason could be the
capability of S aureusto ward of the immune response by forming absse$sadure studies will
be directed towards the identification®faureusantigens responsible for T cell memory and to
increase the migration potential of central membigells to the site of infection. In conclusion,
memory T cells are present in the peripheral catoih of cows previously infected with

aureusand are able to proliferate on a second stimulation



Table 4.1. Profile 06. aureussolates used in this study

Isolate Suffix spp spa cassettes Enterotoxin
genes

3693 3 44 aureus 402 tmk C

4028 39 aureus 102 zb C

4003 3 62 aureus 102 zb C

4078 6 81 aureus 102 zb C

4183 6 13 aureus 88 ujgfmbbbbpb C A

4131 7 68 aureus 105 u.new.gfmbbbpb

3783 6 57 aureus 102 zb C

4077 121 aureus

3937 6 14 aureus 105 ujgfmbbbpb

4102 111 chromogenes

4065 9 33 aureus 92 ujgfmbbpb C A

4170 9 24 aureus 309 timbmdm B,D

4338 9 35 aureus 105 ujgfmbbbpb C




Figure 4.1. Transcription of TLR2 and cytokine gens at 24 and 48 h o8. aureus
stimulation. Stimulation of monocyte derived DC with LSA or I$&sulted in the induction

of (a), TLR2 and cytokines (b) IL-12 (c), IL-27 ar(d) IL-23 gene expression. Data represent
mean_+ SE from six independent experiments. The atzove the bars indicate significant
differences (***P < 0.001, * < 0.01, P < 0.05) compared to unstimulated cells.



Figure 4. 2. Increased intensity of expression of MC in S. aureusloaded DC.DC loaded
with LSA and ISA showing increased intensity of egsion of MHC Il (A&B) and MHC 1(C
& D) proteins after 24 hours of initial stimulatioBlack unfilled histograms represent isotype
controls; green filled histogram for unstimulate@ Bnd red unfilled histogram for LSA or ISA
loaded DC. Data representative of three indepersigregriments.



Figure 4. 3. LSA loaded DC induced lymphocyte proleration. Bovine DC (n=5) were
stimulated with MOI 5 for 4 hours and the infecti@nminated with gentamicin. 24 hours later
autologous lymphocytes were added to the DC cidtwith appropriate controls. Values
represent the OD values of the controls subtraicted OD values of LSA loaded DC cultured
with lymphocytes for each cow. Data represent me8ik. Significance walB = 0.01.



Figure 4. 4. Proliferation of T cell subsets in rgsonse toS. aureusloaded DC.
Lymphocytes were loaded with CFSE and stimulated VA, LSA, DC, or DC loaded
with ISA or LSA, or ConA for 5d. Flow cytometry @dapresented is percentage of CFSE
positive cells within each population. Gate onttigat indicates non-proliferating cells;
gate on the left indicates proliferating populatiddata representative of five independent
experiments.



Figure 4. 5. Presence of memory T cells among T telibsets proliferating in response t&.
aureusloaded monocyte derived DCLymphocytes were labeled with CFSE and stimul&bed
5 d with ConA, monocyte derived DC loaded with IS&A or media. Dot plots represent cells
in the CD4 or CD8 gate labeled with CFSE (X-axis)l @xpressing the memory markers
CD45RO0 or CD62L (Y-axis). WQjddata is presented from cells in the lymphocyte gatsets
represent source gates for each population. Dptagentative of five independent experiments.
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CHAPTER S5 A NOVEL ROLE FOR DEC205 IN THE
INTERNALIZATION OF STAPHYLOCOCCUS AUREUSBY

DENDRITIC CELLS

ABSTRACT

Dendritic cells (DC) recognize pathogen-associatetecular patterns (PAMPS) from
various pathogens through pathogen recognitiomptece (PRRs), such as Toll-like receptors
(TLRs), nucleotide oligomerization domains (NODsY &-type lectin receptors (CLRS) leading
to their activation. CLRs are Calependent carbohydrate -binding proteins. DEC2@& is
endocytic CLR expressed on DC that mediates endsisytAlthough various studies have
targeted proteins to DEC205 receptor, the pathedeyands for this receptor have not yet been
identified. Hence, we propose that DEC205 playsrgiortant role in the endocytosis $f aureus
The goal of this study is to investigate whether ¥ DEC205 for internalization 8f aureus
and facilitate antigen presentation by up reguiphiHC expression. Blocking of receptor
mediated endocytosis using chlorpromazine confiro@dke ofS. aureudy DC through receptor
mediated endocytosis. After 3h of loading of DChat aureussignificant down-regulation of
surface DEC205 suggests DEC205 internalizatiors phttern continued till 24h of loading and
the receptor recycle back to the surface by 48hf@al microscopy confirms the co-localization
of CD205 ands. aureusTo assess antigen presentation and activati@E@205 DC, DC were
loaded with irradiated (ISA) or live (LSA. aureusand analyzed by flow cytometry, real-time
RT-PCR and Western blot for antigen presentatigtokine genes and cytokines, respectively.
Results show that DC up-regulate both MHC | and MHi@dicating antigen presentation. The

induction of CD80 and CCR7 and various cytokine MRddnfirms DC activation. In conclusion,



S. aureususes DEC205 for its internalization resulting i€ Bctivation and antigen presentation.
The findings of this study will aid in targeting DEdocytic receptors f@. aureuyaccine
formulation.

INTRODUCTION

Staphylococcus aureus a versatile pathogen causing a wide spectrudisefises in
both humans and animals [1]. Some of these infiestinay be fatal. A significant number of
clinical cases 08. aureusnfections are caused by methicillin resistardiss (MRSA)[2].
Nosocomial and community associated MRiB#&ctions have emerged as a serious health
threats around the globe [3-5] . Notably, it haserdly been estimated that MRSA causes more
deaths annually in the USA than AIDS [6]. Such dregjstantS. aureusstrains have been
transmitted from humans to animals and vice vgrseentially an emerging zoonosis [7].

The multidrug resistance and contagious naturbepathogen has made the treatment
of S. aureusnfections often very difficult. Unfortunately,\g@n the high costs and lack of
success in antimicrobial discovery, not many phaeutcal companies are investing in the
development of new antibiotics. In addition, overa$ new antibiotics may eventually results in
the spread of resistant strains [8]. Horizontatdfar of genes encoding for antibiotic resistance
and or virulence factors is responsible for multgdresistans. aureusnfections and current
epidemiology [9, 10]. So far there is no workinge@e or effective passive immunization
available for the treatment of sev&taphylococcainfection, despite considerable research
efforts.S. aureugpossesses the ability to evade the innate andigdammune mechanisms of
the host [11, 12]. As a consequence of problenadaelto antibiotic resistance and past failures

of immunotherapy, currently researchers are int@hginvestigating alternative therapeutic



options, especially the development of vaccinesgiBiICand therapeutic antibodies against S
aureusinfections.

DC are professional antigen presenting cells capdhblatmting naive T cell activation.
Immature DC express a wide variety of receptortheir surface [13] including phagocytic
receptors, lectins, pattern recognition receptBRKs) and scavenger recept@sveral reports
indicate that targeting antigens to DC receptocsgases antigen presentation to CD4 and CD8 T
cellsin vivo[14-17]. Antigen presentation on MHC | and Il isieased when protein antigens
are targeted to DC DEC205 [18-20]. DEC205/CD20& @3LR that can function as an endocytic
receptor [21]however, the ligand for this receptor is waitingbidentified. The CLRs are
Ca" dependent glycan-binding proteins that internatsr ligands through clathrin coated pits
resulting in the delivery of ligands to lysosomesabe MHC Il rich endosomes [18h vivo
targeting of antigen to DEC205 receptors resulanimitial increase in CD4 and CD8 T cell
proliferation, followed by a state of tolerancele absence of DC maturation [19, 22].
However, the presence of maturation stimuli orgéingy protein antigens to DEC205 in matured
DC improves T cell vaccination [15]. DEC205 hasrbskown to uptake and process protein
antigens such as ovalbumin, thereby inducing aagt@D4 and CD8 T cell response [23, 24];
however, the pathogenic ligands for DEC205 or tgeading proteins involved are not yet
described [25].

S. aureuss a classical extracellular pathogen that haareety of mechanisms to subvert
innate and adaptive immunity [26]. CLRs such asmoar binding lectins have been shown to
coordinate Toll like receptor (TLR) 2 and TLR6 bingl to S. aureug27]. However, there are no
reports so far indicating the role of DEC205Sinaureusiptake by DC. Our preliminary data

suggest that DEC205 plays a role in the uptak®. @ureudy DC. Hence, the role of DEC205



in S. aureusnfection needs to be described. We hypothesizadRC use DEC205 fd8. aureus
internalization, induce DC maturation and faciktaintigen presentation by up-regulating MHC
expression. Our objectives were to elucidate theeadbDEC205 irS. aureusiptake and to

evaluate antigen presentation and activation ofup@nS. aureusstimulation.



MATERIALS AND METHODS
Animals

Four dairy cows from the Virginia Tech Dairy RessmaFacility were used for this study.
As per the records, all the animals were free femy visible signs of disease at the time of
blood collection. When screened for the level giression of DEC205 in monocyte derived DC,
we observed that there is high variability (5-948¢)ween animals. Hence, we used monocyte
derived DC (DEC20%") from three cows ( >80% of DC express DEC205) tdquer
experiments. As per the history, these animals wever reported to hav& aureusnastitis
during their lifetime. The animal experiments comglwith the ethical and animal experiment
regulations of Virginia Tech IACUC.
Propagation, irradiation and fluorescent labeling ¢ S. aureus

Single colonies of RN6390B strain 8f aureusvere cultured in tryptic soy broth for 4h
with rigorous shaking. The cultures were washededhimes with Hanks balanced Salt Solution
(HBSS) (Invitrogen, NY, USA) HBSS and pelleted 80@xg for 10 min. Cultures were then
serially diluted and drop plated to get the actadbny counts per mL. Bacteria were irradiated
in a Model 109 research cobalt irradiator (JL, $teeg and Asscocites, San Fernando, CA) for
3h. Before use, the irradiat&d aureugISA) were washed twice with HBSS and diluted t8 10
CFU/mL with Roswell Park Memorial Institute (RPMIB40 medium (Invitrogen, NY, USA).

Fluorescent labeling @&. aureusvas performed with some modifications of the
procedure described earlier [28]. Briefly>TFU/mL of RN6390B strairS. aureusn
carbonate bicarbonate buffer were incubated wiflgs®¥ Alexa 555 succinidymyl ester
(A20009; Molecular Probes, Invitrogen, USA) or 10§ of fluorescein isothiocyanate (FITC)

(46425; Thermo scientific, IL, USA) isomer | /mbrf2h in dark at 37°C. The cultures were then



washed three times with HBSS and analyzed for umity of staining by fluorescent
microscopy. Labeled cultures were suspended in HB®{Sstored at -20°C until use.
Culturing of monocyte derived DC

Peripheral blood mononuclear cells (PBMC) werdatsal from infected and control
cows. Briefly, PBMC were isolated from 250 mL obbtl drawn from the jugular vein into
250mL Ks-EDTA-vacuum bottles and enriched by discontinudessity gradient centrifugation
with the procedure described earlier [29]. Briefl®, mL of the buffy coat were collected and
suspended in 20 mL of 1x HBSS. The suspended loofiy was layered over Ficoll-Paqlie
plus (GE Healthcare Biosciences AB, Uppsala, Sweded centrifuged at 330xg for 45 min at
25°C. Mononuclear cell layer was removed and wadhee times using HBSS. Cell viability
and number was determined by trypan blue exclugsisih The PBMC were incubated with anti-
human CD14 microbeads (Miltenyi Biotec, CA, USADKL/10' PBMC) for 20 min on ice. A
positive selection of CDT4cells were performed by magnetic cell sorting adirm to
manufacturer’s instructions. The purity of the s¢h 98%) was assessed by flow cytometry and
cell viability was assessdd 99%) by Trypan blue exclusion. For DC differation, CD14
bead purified peripheral blood monocytes were cettun plastic petri dishes for 6-7d in RPMI-
1640 medium (Invitrogen, NY, USA) containing 10%%Byclone Labs, UT, USA), 10mM
HEPES, 4mM L-glutamine (Invitrogen, New York, USAX10°M 2-betamercaptoethanol
(Sigma-Aldrich, MO, USA), recombinant bovine gramute monocyte colony stimulating
factor (rb-GMCSF) (200ng/mL) and interleukin (IL)é100ng/mL) as described earlier [30].
Media and cytokines were replenished on every 3d.

Flow cytometric analysis for surface markers



Seven day old DC were stained with anti-bovine MGAIG (AbD Serotec, Raleigh,
NC, USA) (lgG2b PE) for DEC205, MM61A (IgG1Texaslydor CD14, TH16B (IgG2a FITC)
for MHCII, H58A (IgG2a FITC) for MHCI, MM10A (IgG2tPE) for CD11b, BAQ153A (IgM
APC) for CD11c, MUCT76A (IlgG2a FITC) for CD11a, aBAQ15A (IgM APC) for CD21
(VMRD, Pullman, WA, USA) and assessed by flow cyery. Briefly, 1 x 18cell suspensions
of unstimulated, LSA or ISA stimulated DC were st with primary antibodies followed by
incubation for 1h on ice. After three washingspflachrome-conjugated isotype specific
secondary antibodies (Invitrogen/Caltag lab, NewkydSA) were added and incubated for
another 30 min on ice followed by three washinggcentages of cells and mean fluorescence
intensity (MFI) were determined using FacsCalibawfcytometer (BD biosciences, San Jose,
CA, USA) and analyzed using Flowjo software v 71 §Tree star Inc., Ashland, OR). The
presence of DEC209C was assessed by flow cytometry for each exmarirand was always
greater than 80%.
Endocytosis and endocytosis inhibition assay

For endocytosis assay, FITC labetedaureugMOI 50) were added to 7d old DC
cultures in antibiotic free media and incubated3orat 37°C. For endocytosis inhibition assay,
immature DC were pretreated with 1% serum mediumaining 10pg/mL of chlorpromazine
(Sigma-Aldrich, MO, USA) or medium alone for 30 nah37°C and subsequently incubated
with FITC labeledS. aureugMOI 50) for an additional 3h. Cells were then hed twice with
HBSS and treated with lysostaphin for 7 min. Ce#se immediately fixed and analyzed in a
flow cytometer for FITC'® DC.

Live confocallaser scanning microscopy



DC (10" were cultured in 36mm glass bottom dishes (Mt Cerporation, Ashland,
MA, USA). DC were incubated with anti-bovine DEG&20rimary antibody (MCA1651G; Abd
serotec, Raleigh, NC, USA) for 30 min at 37°C. Adéd7-conjugatelyG2b Ab
(Invitrogen/Caltag lab, New York, USA) was used/tsualize the staining of primaAb for
another 30 min. Cells were then incubated with AlB%5 labele®. aureugMOI 50) for 3h.
Cells were washed thréees and treated with lysostaphin followed by wagland stainindpr
another 30 min each with 250nM Oregon green tullB®#075; Molecular Probes, Invitrogen,
USA) and 1uM LysoTracker blue DND-22 (L-7525; Maléar Probes, Invitrogen, USA). Cells
were washed and added RPMI media without phendiarése DC culture. Cells were visualized
at a magnificatioof 40x or 100x with a Zeiss confocal microscopeNI=30 META
microscope) and analyzed using ZEN 2009 softwaael (@eiss Microimaging, Germany). For
co-localization after 15 min, we used FITC labefecaureusand Alexa 594 labeled secondary
antibody to visualize DEC205. Cells were visualiaéé magnificationf 62x with a LSM510
META microscope (Zeiss).
Real-time RT-PCR

Total RNA was extracted from the unstimulated, A and LSA stimulated DC using
Qiagen’s RNeasy Mini Kit with DNase (Qiagen, ValencCA, USA) according to
manufacturer’s protocol. cDNA was prepared from RMNA using Superscript Il Reverse
Transcriptase and oligo dT primers (Invitrogen,l§lzad, California, USA). Bovine specific
primers / probes were designed using Primer Ex{@esdtware (Applied Biosystems, USA) as
described earlier [31]. Real-time RT-PCR usingibespecific primers and Tagman probes
(Applied Biosystems, USA) were used to determirgelével of transcription of cytokines (IL-

12, IL-23 and IL-27) and maturation markers (CD8M86 and CCR7). The RT-PCR reactions



were conducted using the Tagman Universal masteApplied Biosystems, USA) and
analyzed using ABI Prism 7300 Real-Time PCR Syq#&pplied Biosystems, USA). The CT
Values were normalized with glyceraldehyde-3-phasplidehydrogenase (GAPDH) as an
endogenous control and expressed as fold chanc@sated by the2 P method. Briefly,
CT = CT of the target subtracted from the CT of ®&R and CT= CT of samples for

target subtracted from theCT of corresponding control samples. Statisticallysis was
performed on CT values and expressed as fold change with respecistimulated DC.
Western blot

Bradford assay was performed to assess the tatadiprin samples to ensure equal
protein loading [32]. The proteins were separatetibvex Midi Gel (Invitrogen Co, CA, USA)
electrophoresis at 100V for 90 min and transfemedo a Immobilon-FIPVDF membrane at
60mA for 90 mins. The resulting membrane was bldakith Starting Block" blocking buffer
(Thermo Scientific, IL, USA) for 1hThe membrane was incubated with the primary antibod
(IL212p40; clone CC301 MCA1782EL, AbD Seortec Raleigh, NKSA) at 4°C overnight in
blocking buffer..lmmunoreactive proteins were visualized by incidratvith goat anti-mouse
lgG secondary antibodyio-Rad).The signals were detected with an ODYSSEY Infrared
Imaging System (LI-COR, Lincoln, NE, USA) and thayvalue of protein bands quantified

with Photoshop (Adobe, San Jose, CA).



RESULTS
Existence of a CD205CD8 ™ subset in bovine monocyte derived DC

During the experiments, we noticed that monocyterdd DC from certain animals
express very high levels of DEC205. To analyzeptiesence of a DEC206D8 * subpopulation
as in mouse, DC were immune-stained for the presehCD8 along with DEC205. Flow
cytometry results indicate that 14% of DC expresth IDEC205 and CD8(Figure 5.1).
DEC205 expression decreases after 3h 8f aureusstimulation

We found from our preliminary experiments that nmaxm uptake oS. aureuccurs by
3hin DC (Chapter 3). Since DEC205 is an endoagioeptor, we considered the possibility that
its surface expression changes followshgaureusuptake. After 3h of incubation wit. aureus,
extracellular bacteria were lysed with lysostapgh#atment followed by staining the DC for
DEC205 expression. Here, we noticed that afterf33 aureusiptake by DC, the percentages
of DC expressing DEC205 decreased (Figure 5. 2A)paved to unstimulated D@ & 0.005).
UponS. aureusiptake by DC, the MFI of expression of DEC205 alsoreased (Figure 5.2B)
from 3948 to 1320 suggesting receptor internaliraélong withS. aureus
Blocking of endocytic receptors with chlorpromazinereducesS. aureusuptake

To confirm whether the internalization 8f aureusvas through clathrin coated pits, DC
were treated with 10ug/mL of chlorpromazine (Sigikhich, USA) 30 min prior td&. aureus
loading. DC cultures were then incubated with Fl&keledS. aureudor 3h followed by
lysostaphin treatment. After 3h, flow cytometry e showed that chlorpromazine treatment
decrease®. aureusuptake from 81.1 to 26.2 % (Figure 5.3) compacetthé untreated DC
confirming a role for uptake by receptor mediatadaeytosis. We were able to establish the same

results when we repeated the experiment with D@ fBacows.



Recycling of DEC205 receptors occurs is. aureusstimulated DC

In order to assess the recycling of DEC205 bacthkeaell surface o8. aureustimulated
DC, DC were stained for DEC205 after 24 and 48stiofiulation. We found that the surface
expression levels were significantly lower in ISA< 0.05) and LSAR = 0.01) stimulated DC
compared to the unstimulated controls (Figure Sugjgesting receptor internalization along with
S. aureusHowever,S. aureusoaded DC up-regulated surface expression of DBEG@2@8h of
stimulation signifying recycling or denovo syntteesf this receptor. There was no significant
difference P = 0.99) in surface DEC205 expression in stimul&@€&dcompared to unstimulated
DC at 48h after stimulation.
DEC205 andS. aureusco-localization occurs in DC

To verify the internalization 0. aureusand DEC205, we looked for any co-localization
(S. aureusDEC205 ) and receptor internalization followindg#ion of S. aureugo DC cultures
at 15 min and 3h, respectively. In order to denadstDEC205 mediated endocytosis of FITC
labeledS. aureusDC were visualized at 62x magnification in a comflomicroscope after
probing DC with anti-DEC 205 antibody at 15 minSfaureusaddition. Colocalization was
observed at 15 min at the surface of DC (Figurg@. To visualize ligand-receptor
internalization and delivery to the lysosomal compants, anti-DEC205 probed DC were
stained with lysotracker blue after 3h incubatiathvé. aureusTubulin was stained using
Oregon green. DC were analyzed under 40x or 10{®ctibe of a confocal microscope. After
3h, the majority of the DEC205 was found to beaoéllular with relatively small amounts of
expression at the cell surface (Figure 5.5B). difinote that in Figure 5.5C, DEC2U5C show
abundant bacterial uptake compared to DEEY0BC. This reinforces our previous result that

surface DEC 205 plays an important rolé&inaureusnternalization.



Stimulation of DEC205 DC with S. aureusresults in antigen presentation and DC activation

The final question we askedaswhetherS. aureustimulation induces antigen
presentation with DC activation. We observed uplagpn of both MHC | and MHC Il surface
expression on DC 24h after stimulation with ISAL&A (Figure 5.6). The results indicate that
MHC class Il molecules are redistributed from thieacellular components to the cell surface
upon maturation.

We tested the mRNA expression of TLR2, cytokines$ @mstimulatory molecules in
DEC205 DC at 6h of stimulation with media, ISA, LS# LPS. The cytokine responses at 6h of
stimulation were assessed by real-time RT-PCR. @@ation was confirmed by increased gene
expression of cytokines, and costimulatory molexgléch as CD80 and CCR7 at 6h of stimulation
with ISA and LSA (Figure 5.7). Stimulation with ISASA or LPS significantly increase® €
0.05) gene expression of TLR2 in DC compared tdrobnTNF- gene expression was increased
(P < 0.001) for all treatments compared to unstimal&€ at 6h. Similarly, IL-1 expression was
increased for ISAR < 0.01), LSA P < 0.001), and LPSA(< 0.01) treatments. Compared to
control, IL-6 gene expression was increaded (.01) for ISA and LSA; however, LPS was less
efficient in induction at 6hR > 0.05). Gene expression of IFNwas up-regulated in LPS
stimulated DCPR < 0.0001) whereas ISA and LSA treatments were igoifecant. A significant
increasgP < 0.01) in IL-23p19 expression was induced by ISAAL8nd LPS at 6h. The Thl
response inducing cytokine I1L-12p40 mRNA expressias significantly up-regulated by ISA,
LSA and LPSP < 0.0001). Similarly, the gene expression of ILv2&s inducedR < 0.001) by all
treatments at 6h. The costimulatory molecule CD&0scription was significantly increasdel<
0.01) by all treatments. The CCR7 mRNA expressian significantly induced in LSAP(< 0.01)

and LPS P < 0.001); however, no effect was noticed with 1S#nsilation. Results suggest that



recognition ofS. aureusand signaling through TLR2 results in the geneesgion of cytokine and
co-stimulatory molecules. The data indicates atidaton and antigen presentation in DEC205
DC.
IL-12p40 and TNF- protein expression increases in stimulated DC

Stimulation of DEC205° DC with ISA, LSA or LPS substantially increased thvel of
IL-12p40 (Figure 5.8A) and TNF-(Figure 5.8B) in 24h supernatants suggesting tizlity to
polarize T cells to Thl or Th17 pathway. IL-12p40ms the shared subunit for both IL-12 and IL-
23. The protein could be either IL-12 or IL-23 adicated by the mRNA induction of both genes
occurring at 6h of stimulation. These results implgt a cell mediated immune response can be

elicited by DEC205 DC t&. aureus



DISCUSSION

In the current study our data suggest that DC USE€ZD5 forS. aureusnternalization.
Other surface CLRs or TLRs may also play a rolhéuptake of. aureusWe could find only
less than 5% DEC20%nonocytes in the peripheral circulation of thenaalis used in this studly.
These monocytes gained DEC205 expression whenatbiey cultured with GMCSF and 1L-4
for DC differentiation. Our preliminary studies sted that there was no difference in the
expression levels of surface markers between adlmeremonocytes and monocytes isolated
using CD14 magnetic beads. When screened for Weé &€ expression of DEC205 in DC in
twelve dairy cows, we observed that there is highability (5-94%) between animals. This is
also the first study that reports the presenceBER205CD8 * population in bovine monocyte
derived DC. This population has the unique abtlitgross present antigens to CD8 T cells [33-
35]. CD8 is believed to facilitate the presentation of Wptaantigen to CD8 T cells via MHC |
[36-38]. Presumably, DEC206D8 * population might have a role in the induction ofriome
response t&. aureusApart from the specific endocytic pathway inhidmit assays, we used
animals with very low and high level of natural DEIS expression in monocyte derived DC for
S. aureusiptake studies (data not shown). DC from DEC¥0&nimals showed increased
uptake ofS. aureusompared to DC from DEC28% animals suggesting the role of DEC205 in

S. aureusuptake.

DEC205 is an endocytic CLR present in DC and ote dee consistent with other
studies which show the endocytic ability of thiseptor. DEC205 receptors mediate adsorptive
uptake and possess cytosolic domains with claitwated pit localization [21]. Blocking of
receptor mediated endocytosis via clathrin coattsdysing chlorpromazine resulted in

significant reduction o8. aureusiptake by DCDown-regulation of DEC205 surface expression



as well as increased expression of DEC205 alongMIEC labeleds. aureusn the intracellular
compartment 3h after addition 8f aureusvas confirmed by flow cytometry and confocal
microscopy. These data strongly suggest that DE®28%an important role in the internalization
of S. aureusWe have shown th&. aureusoaded DC recycle DEC205 to the surface at 48h of
stimulation and the data are consistent with eashedies [39]. As a result of recycling, there
will be a substantial enhancement in the efficiewy which peptides are saved and presented
as MHC—peptide complexes [18].

DEC205 mediated delivery &. aureugo the endolysosomal compartments along with
MHC | and Il up-regulation suggest DC’s abilitydmss present antigens. Cross-presentation is
the processing of extracellularly derivedn-replicating internalized antigen onto MHC | for
recognition by CD8T cells.Studies report that an endolysosomal compartmesept in DC
facilitates the acquisition of exogenously deriyegtides for cross presentation. In DC, cross
presentation occurs when DC acquires exogenougeastby phagocytosis and transfer to
cytosol for proteosomal degradation. Following @elgtion, loading of processed peptides to
MHC I occurs in endoplasmic reticulum and transpadtb the cell surface for presenting

antigens to CD8 T cell (reviewed in [40]).

DC activation is characterized by the inductiorcytibkines and costimulatory molecules
upon recognition of pathogenic stimuli. DC activatinduces the expression of chemokine
receptors such as CCR7 enabling them to migrateetdraining lymph nodes to elicit T cell
response [41]. CD80 gene induction suggests DG&#malatory ability on maturation. In
addition, mRNA induction and protein expressiorcytbkines such as IL-12, IL-23 and IL-27
indicating DC ability to polarize T cells to a TbL Th17 response. As suggested by earlier

studies, IL-12 might have induced the up-regulatbt=Ng genes [42]. In our study, we



detected increased expression of TNWwhich may have contributed to effective maturatién
antigen loaded DC [43].

Previous research has shown that ligand bindiaggéting to DEC205 alone does not
induce DC activation [19]; however, in our studymailating DC with ISA or LSA resulted in
DC activation. Signaling through PRRs such as TirfRght have induced DC activation in our
study. Specifically, we showed that aureusstimulation of DEC205 DC induces gene
expression of proinflammatory and adaptive immualtgiting cytokines, and co-stimulatory
molecules along with antigen presentation on MH&SIll and II. Altogether, our results are the
first to suggest that DEC205 DC were able to uptpkecess, mature and pres8ntwureus
antigens on MHC efficiently. Additional blocking periments are needed to confirm the role of
DEC205 inS. aureusnternalization.This experimental approach will provide evidencat th
DEC205 is essential for optimal immune responde®©fto S. aureus.

The functional outcomes of DC-T cell interactiongeésponse to target antigens are
critical in the differentiation of an effective Bl memory and protective immunity.
Characterization of the signals and molecules wealin DC-T cell interactions in responseso
aureusinfection might be useful for the design of a sssful vaccine. Targeting the DEC205
endocytic receptor on DC for antigen delivery woltgpefully generate long-lived memory T
cells that confer lasting immunity agair&taureusvith appropriate specificity.

Our results are suggestive®faureusas a ligand for DEC205 receptor and an inducer of
antigen presentation and DC activation. In thislgtuve were able to identify a unique
DEC205CD8" population in bovine monocyte derived DC. Using 2B6 forS. aureus
targeted delivery, the ability of DC for antigerepentation and activation could be enhanced.

This could be harnessed for developing a T cektdamccine fos. aureus



Figure 5.1. DEC20'CD8 * DC in bovine monocyte derived DC Seven day old
monocyte derived DC stained with isotype con(fl or DEC205 PE along) or
with CD8 for double positive celléC). 92.4 % are single positive for DEC205 and
14.4 % of the stained DC are double positive for DEC205 and @P&. X-axis
represents DEC205 PE and Y-axis denotes CBRC. Data representative of two
independent experiments.



B. MFI DEC205 after 3h

Isotype control of S. aureus

addition

DEC205 befores.

aureusaddition

Figure 5.2. DEC205 expression in unstimulated anfl. aureusloaded DC After 3h of
stimulation withS. aureugMOI 50), DC were stained with anti-bovine DEC2@6noclonal
antibody for DEC205 receptor expression, fixed andlyzed by flow cytometnys. aureus
infected DC showed a significant decreasePir (0.005) in (A) DEC205 expression
compared to uninfected DC on a paired t test. Degeesent mean + SE. (B). Represents
decrease in mean fluorescent intensity of DEC26@ &f aureusnternalization. Data from

four cows.



Figure 5.3. Blocking with chlorpromazine reducesS. aureus
internalization by DC. DC were treated with or without chlorpromazine in
1% serum media for blocking receptor mediated endocytosis for 30 min.
FITC labeledS. aureusvas added to the DC cultures at MOI 50. After 3h,
cells were washed, treated with lysostaphin, fixed and analyzed by flow
cytometry.(A) unstained cell§B) S. aureusuptake by control DC, anC)
Blocking with chlorpromazine significantly reduc8saureusiptake by DC.
Data representative of three individual experiments.



Figure 5.4. DEC205 internalization and recycling irDC at 24 and 48h ofS. aureus
loading. DEC205 DC were incubated wigh aureugMOI50) for 3h. After 24 and 48h

of initial stimulation, DC were stained for surfaeepression of DEC205 and analyzed

by flow cytometry. Compared to unstimulated DC, I8*< 0.05) and LSAR < .01)
stimulation decreased DEC205 surface expressigdahatHowever, both ISA and LSA
stimulations didn't differ® = 0.99) significantly from unstimulated DC. Dagpresents
Mean with SEM of three independent experiments. Sihes above the bars indicate
significant differences (*P < 0.01, P < 0.05) compared to unstimulated cells from three
COWS.



A. DEC205 B. DEC20%ITC™ S. aureus

Figure 5.5A. Co-localization of DEC205 and. aureusafter 15min.

"A#567 "# , , -$ "4#567 $ 8
- 79 25+ % 1/#
, "# + % &7 "#, |,
, + : "4#567
# , "4#567 ()
- 8 ( )+" $ %,



D E
Figure 5.EB. Distribution of DEC 205 andS. aureusin DC. "4#567 "# ,
, -$ "4#567 $ 8 - 25+ %
- 777 : "# + % < "#,
, , +# y =
% + : 8

> 1

"A#567 % <

# % # "+" $ % -




Figure 5.5C. Difference inS. aureusuptake by DEC 205 positive and negative DC at
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Figure 5.6. MHC expression in DC loaded with ISA ad LSA after 24h. DC were loaded
with ISA or LSA for 3h. MHC | and Il expression wedstermined 24h post stimulation.
Values expressed as fold change with respect timunated DC. Data represents mean
with SEM of mean fluorescence intensity(d) MHC | and(B) MHC Il from three cows.






Figure 5.7. mRNA induction of (a)TLR2, (b) TNF-a,(c) IL-1b, (d) IL-6, (e) IFN-g, (f) IL-
23p19, (g) IL-12p40, (h) IL-27, (i) CCR7 and (j) ®80 in DC stimulated with ISA, LSA,
LPS or unstimulated. DEC205+ve DC were stimulated with ISA and LSA (MO)J&and LPS
(0.5mg/mL) for 3hs. After 3hs, cells were washetergively, added fresh media with
gentamicin and incubated for another 3h. Total RS collected at 6h of initial stimulation
and mMRNA expression was determined by real time.PXIIRhe results were normalized with
the GAPDH. All results are expressed as fold chdrgya unstimulated DC calculated using
the ddCT method. The expression levels are mearesalf four independent experiments.
Bars on bar graphs represent standard error. 8takianalysis was conducted using ANOVA
with Tukeys post-test. The stars above the baisatel significant differences (*P < 0.001,
** P < (0.01, P <0.05) compared to unstimulated cells from tlvess.



A. 1L-12p40 B NTF-

Figure 5.8. Secreted cytokines in supernatants o8A, LSA, LPA and unstimulated DC.

DC were stimulated with ISA, LSA for 3h and incuddfor 24h. The 24h cell culture
supernatants were analyzed by western blot for2p40 and TNF-. Increased secretion of (A)
IL-12p40 and (B) TNF- in the supernatants of ISA, LSA and LPS stimuld&icompared to
unstimulated DC" $ % - +
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CHAPTER 6 CONCLUSIONS AND FUTURE RESEARCH

CONCLUSIONS

My dissertation focused dDC cell based immunological strategies to enhahnee t
efficiency of anti-staphylococcal therapy in a bevimodel. The novel finding in our first study
was that CD124monocytes when stimulated with irradiated or Bzeaureusip-regulated gene
expression of granulocyte-macrophage colony stitmgdactor (GMCSF) and tumor necrosis
factor- and stimulated monocytes in an autocrine fashoatifterentiate into
CD11¢""cD118"9"DC phenotype. Subsequent characterization of mdaetsrived DC
response revealed that int&taureustimulated DC more efficiently than its purifiegiuctural
components (peptidoglycan or lipotechoic acid), i@gulated MHC molecules and induced T
cell proliferation. In our third study, we idengti CD8 memory T cells agairSt aureuswhich
being the first ever report of this cell typeSnaureusnfection in any species. Our study also
depicted the role of DC DEC205 & aureusnternalization. In addition the role of DEC205as
an endocytic receptor, DC that possess this Ciggia, undergo enhanced maturation and
antigen presentation by up regulating MHC | anexipression in response $o aureusln
conclusion, monocytes have the capacity to diffeaéminto DC upors. aureustimulation and

DC elicits an effective innate and adaptive immresponse.

FUTURE DIRECTIONS

Future plans should be targeted to develop anteféeanti-staphylococcal
immunotherapy to comb&. aureusnfections. The versatility db. aureuposes serious
challenges to the design of a working vaccine agdims important animal and human pathogen.

A vertically integrated approach should be usechi@racterizé&s. aureusantigens that are



specifically recognized by CD4 and CD8 T cells ahdtidate the molecular and cellular
mechanisms involved in the protection. For thappse, conduct a detailed study for the
identification of appropriate target antigensSofaureughat could be used for vaccine
formulation. The functional outcomes of DC-T cealldractions in response to target antigens are
critical in the differentiation of an effective BlE memory and protective immunity.
Characterization of the signals and molecules wvealin DC-T cell interactions in responseso
aureusinfection might be useful for the design of a sssful vaccine. The possibilities of using
DC endocytic receptor DEC205 (C-type lectin) amgeptial target for immunotherapy
aureusshould be further explored. Targeting this endoagceptor on DC for antigen delivery
would generate long-lived memory T cells that coidsting immunity with appropriate
specificity. To achieve this, future studies will/estigate three key components: (a)
identification of target antigens, (b) antigen sfied cell clones (Th1/Th17), and (c)

combination technologies using targeted deliveily movel adjuvants.



APPENDIX A. SUPPORTING DATA

A. Unstimulated 7 d monocyte

B. 7 d LSA stimulated monocyte

C. 7d ISA stimulated e

D. 7d GMCSF and IL-4 DC

Figure A. 1. Images of 7d unstimulated, ISA and LSAtimulated monocytes showing a DC
phenotype compared to unstimulated DC and the posite control, GMCF and IL-4 derived
DC. Fresh monocytes were stimulated with ISA or LSAQM.0) for 2h. After 2h, cells were
washed three times, added monocyte media with gecitaand cultured for 7d. Microscopic
appearance ) unstimulated(B) LSA and(C) ISA stimulated monocytes are shown. QD)
positive control was GMCSF and IL-4 stimulated 7@ D



DEC205 2h block + 30 miB8. aureus

P=0.03

% FITC'VDC

Figure A. 2. DEC205 blocking using monoclonal antibdy reducesS. aureusuptake.
DEC205 DC were treated with antibody or isotypetaarior 2h. FITC labeled®. aureusvas
added to DC cultures at MOI 50 for 30 min. Aftecubation, cells were washed, treated with
lysostaphin, fixed and analyzed by flow cytomeRgsults indicate that blocking of DEC205
with its antibody shows a tendendy £ 0.03) to reduc8. aureusiptake.



Figure A. 3. DEC205 expression on DC after SIRNA &atment.4d old DC were treated with
DEC205 or control SiRNA (Invitrogen, NY, USA) andalyzed for the surface expression of
DEC205 after 48h. Histograms showing DEC205 receptpression after 48h of DEC205
SIRNA at 50nM (Blue), 100nM (Red) or control SiRNreatment (Black). SiRNA treatment
did not reduce the expression of surface DEC20B©n



APPENDIX B. DETAILED PROTOCOLS

ALEXA 555 & FITC LABELING OF RN6390B STRAIN S. AUREUS
Reagents:
TSB
Carbonate bicarbonate buffer (pH 9)
Succinidimyl ester of Alexa 555
Fluorescein isothiocyanate
HBSS
Protocol:
1. CultureS. aureusn TSB for 4 h
2. Wash 3x with HBSS at 1500xg for 10 min at 4°C
3. Resuspend the bacteria in carbonate bicarbonaterfpH 9) @ 18CFU/mL
4. Add 250uL of succinidimyl ester of Alexa 555 (Imd/)n HBSS or 100@y of
fluorescein isothiocyanate (FITC) isomer | /ml
5. Incubate for 2 h in dark at 37°C
6. Wash 3x with HBSS and aliquot 500uL/tubes

7. Stored at -20C until use.



GAMMA IRRADIATION OF STAPHYLOCOCCUS AUREUS
1. Culture single colonies of RN6390B strairSofaureusin tryptic soy broth for 4 h

with rigorous shaking (12400 Incubator Shaker, NBrwnswick Scientific CO, Inc.).
2. Wash the cultures three times with HBSS, antpat 1500xg for 10 min at 4°C.
3. Serially dilute the cultures and drop plate @b ttpe actual colony counts.

(1 ml of S.aureussuspension in a 1.5 mL tube {16 10 CFU/mL) and put 2 -3

tubes in a 50ml Falcon tube)

4. Irradiate bacteria in a Model 109 research dabadiator (JL, Shepherd and

Asscocites, San Fernando, CA) for 3 h.
5. Streak the colonies in EBA plate and incubatrimght at 37°C to ensure irradiation.

6. Before use, the irradiat&d aureugISA) should be washed twice with HBSS and

diluted to 18 CFU/mL with RPMI 1640 medium.



ISOLATION OF PERIPHERAL BLOOD MONONUCLEAR CELLS FRO M
BOVINE BLOOD
Reagents:
EDTA
HBSS or PBS (1x and 10x)
Ficoll-paque
2X MEM
Hanks Balanced Salt Solutions (HBSS, Sigma H4891)
Procedure:
1. Collect 250 ml blood using 10% (vol/vol) 40 nBBIDTA containing bottle. Transfer
blood to 50 ml centrifuge tubes.
2. Centrifuge in 50 ml tubes at 670xg, 30 min,A5BRAKE OFF.
3. Remove 10 ml buffy coat and using 10 ml pipettihne smallest possible volume with
the least amount of RBC'’s transfer into axientrifuge tube containing 20 ml HBSS.
4. Layer over 12.5 ml Ficoll-Paque in a 50 ml cémge tube.
a. Pick up 25 ml of cell in 25 ml pipette
b. Tip tube so that ficoll-paque almost reachestfemige of the tube, and carefully
place one drop of cells just in front of ficoll.prihe tube so that cells run onto the
ficoll, then slowly add the remaining cells intettube. As you add more cells, bring
the tube back to a near vertical position.
5. Centrifuge 330xg, 45 min 15°C. Brake OFF.
6. Remove mononuclear layer at interface usingillpipette and transfer to another 50 ml

centrifuge tube with HBSS.



12.

13.

14.

15.

a. Bring up to 50 ml with HBSS
Centrifuge 170xg, 10 min 15°C
Pool the cells and Resuspend in 5 mL of HBSBaald 10 mL of sterile water to lyse
RBC. Pipette up and down for 18 sec and &dehll of 2x MEM. Mix well and fill the
tube with HBSS
Centrifuge 170xg 10 min, 15°C
Wash 2x with HBSS
Resuspend in 25 ml and count

Use cells in functional assay or culture



MAGNETIC CELL SORTING

Purpose: To purify pure population of cells bassith@ Milteny Biotech MACS sorting

system.

Reagents:

HBSS

Column Wash: PBS + 2mM EDTA + 1% BSA (or 2%FBS)

LS/LD column (Miltenyi Biotech)

Magnets and Stand

Ice

Magnetic bead labeled antibody

Protocol:

1.

2.

Isolate PBMC

Centrifuge cells at 240xg 10 min, 4°C

. Resuspend pellet in column wash solution@feads per 17O:ells).
. Incubate 20 minutes on ice.

. Add 15ml HBSS

. Centrifuge cells at 240xg 10 min, 4°C

. repeat step 5 and 6

. Resuspend pellet in Column Wash (2.5 ml)

a. Filter cell prep through nylon mesh (70u) in@rbl conical tube

. Equilibrate column with 5 ml column wash



10. Load cells onto column (~1x811®|agnetically labeled cells from up to 231@tal
cells/column)
11. Wash 5 times with 3 ml Column Wash
12. Use plunger to elute cells off of column
a. 2 times with 5 ml Column Wash

13. Centrifuge cells at 240xg 10 min, 4°C

6
14. Resuspend in Cell Culture Media at 1xddll/ml after counting.



CFSE STAINING PROTOCOL
Reagents:
PBS
CFSE stock + DMSO
BSA
Cold monocyte media
Protocol:

1. Dilute 1 vial of CFSE in 18uL of DMSO (Moleculprobes, Invitrogen, USA)
2. Pellet isolates lymphocytes
3. Dilute @ 16°°"Yml of PBS + 0.1% BSA

4. Add 1pL of CFSE/ mL of cells (final concentratiof 2.5uM). Mix well and incubate

at 37°C

for 10 min
5. Add 5 x volumes of cold monocyte culture media and incubate for 5min on ice.
6. Wash 4x in media

7. Dilute the labeled lymphocytes at desired cotregion. (Make sure you have some

unlabeled lymphocytes for staining compensatmmtrols for flow cytometry)



DENDRITIC CELL ANTIGEN LOADING AND LYMPHOCYTE CO-CU LTURE
Reagents:
Bacterial 4 h culture in TSB
Dendritic Cells (DC)
DC media with and without antibiotics
CFSE or CellTiter 96-AQueous (Colorimetric) celbpieration reagents (Promega)
Procedure: Use DC media without 2-betamercaptoetha

Antigen Loading:

1. Culture DC for in 6-well plates at a densitﬂ@?/well in 2 mL media
without gentamicin and cytokines

2. Add bacteria at a multiplicity of infection (MPaf 50 for 3 h in antibiotic-free
medium

4. After 3 h, wash the wells three times with HB818l add 3mL of fresh media with
gentamicin.

5. Culture DC overnight prior to addition of lymptybes.

6. Isolate lymphocytes

7. Label lymphocytes with CFSE @/bfinal concentration)

Take out 20@. of the supernatant and add lymphocytes cellsratia of 10
lymphocytes per DC in 1mL.
Concanavalin A (2.89/ mL) should be added to lymphocytes as positorgrol.
Unstimulated lymphocytes are used as negatméaal.

8. Incubate for 48 — 72 hr (4 d).

9. Harvest supernatants for cytokine assay and fmliflow cytometry (CFSE labeled) or



add Cell Titer Solution (promega).
a. Add cell proliferation reagent (@well) and read on plate reader 15-45 min.
later (mix on nutator).

b. CellTiter 96-AQ - read on colorimetric plate deaat 490 nm.



ASSAY FOR ENDOCYTOSIS AND ENDOCYTOSIS INHIBITION
Reagents:
FITC labeledS. aureus
DC/ Monocytes
Lysostaphin, HBSS
Chlorpromazine, Sucrose, Filipin
Media with 1% serum and without 2-betamercaptoaihan
Procedure:
1. For endocytosis assay, add FITC labekecaureugMOI 50) to 7d old DC cultures in
antibiotic free media and incubate for 3h at 37°C.

2. For endocytosis inhibition assay, pretreat immaR@ewith 1% serum media
containing 10pg/mL of chlorpromazine or 5pg/oflFilipin or 450mM (Sigma-
Aldrich, MO, USA) or media alone for 30 min3at°C.

3. Incubate with FITC labele8. aureugMOI 50) for an additional 3h.

4. Wash the cells twice with HBSS and treat with Iyaphin 100ug (Sigma-Aldrich)

for 7 minutes.

5. Collect the cells using cell stripper solution aminediately fixed with 1%

formaldehyde and analyze in flow cytometer for FIf®C.



LIVE CONFOCAL LASER SCANNING MICROSCOPY
Reagents:
LysoTracker blue DND-22 (L-7525; Molecular Probesjitrogen, USA)
Oregon green tubulin (T34075; Molecular Probesitlagen, USA)
Mouse antibovine CD205 (MCA1651G; Abd serotec, RleNC, USA)

Alexa 647-conjugatedgoat anti-mouskG2b Ab (Invitrogen/Caltag lab, New York,
USA)

HBSS, DC media without phenol red and cytokines

36mm glass bottom dishes (Mat Tek Corporation, &sth] MA, USA)

Alexa 555 labele®. aureus

Procedure:

1. Culture monocyte-derived DCs (30n 36mm glass bottom dishes in phenol red free

media.
2. Incubate DC with antibovine CD205 primary antibddly 30 min at 37°C.
3. Wash with HBSS three times.

4. Use Alexa 647-conjugatddG2b Ab (1 in 200) to visualize the staining oinpary

Ab for another 30 min.
5. Wash with HBSS three times.
6. Incubate DC with Alexa 555 label&l aureugMOI 50) for 3h.

7. Washed DC thremes and treated with lysostaphin 100ug (Sigmalriah)



8. Wash and staifor another 30 min each with 250nM Oregon greenlinl{T34075;

Molecular Probes, Invitrogen, USA) and 1uM Lysokexcblue DND-24L-7525;

Molecular Probes, Invitrogen, USA).

9. Wash DC three times and add RPMI media without phesd to the DC culture.

10.Visualize DC at a magnificatiasf 40x or 100x with a Zeiss confocal microscope

(LSM510 META microscope) and analyze using ZEN 268068ware (Carl Zeiss

Microimaging, Germany).



WESTERN BLOT FOR CYTOKINES IN CELL CULTURE SUPERNAT ANTS

Reagents:

Comassie Blue

Novex Midi Gel

Starting Block™ blocking buffer (Thermo Scientific, IL, USA)
Immobilon-FLPVDF membrane

1. Bradford assay was performed to assess the tadiprin samples to ensure equal
protein loading.

2. Separate the proteins by Novex Midi Gel (Invitrogam CA, USA) electrophoresis at
100V for 90 min and transfer on to a Immobilon4\/DF membrane at 60mA for 90
minutes.

3. Block the resulting membrane with Starting Bl8%klocking buffer (Thermo Scientific,
IL, USA) for an hour.

4. Incubated the membrane with the primary antibodyRT ; polyclonal Q06599,
AHP852Z, AbD Seortec Raleigh, NC, USA; and GMCSM-GSF 17.2, VMRD,
Pullman, WA, USA)at 4°C overnight in blocking buffer.

5. Wash the membrane five times with PBS tween (0.05%)

6. Visualize immunoreactive proteins were by incubgivith goat anti-mouse (1 in 10000)
or anti-rabbit IgG (1 in 10000) secondary antibédio-Rad).

7. Wash the membrane five times with PBS tween (0.05%)



8. Detect the signals with an ODYSSEY Infrared Imaddygtem (LI-COR, Lincoln, NE,
USA) and the gray value of protein bands quantifigth Photoshop (Adobe, San Jose,

CA).



BOVINE CCL2 VETSET™ ELISA DEVELOPMENT PROTOCOL

Included Components:

Description | Quantity Component Number
Bovine CCL2 | 2 each VS0083B-CP
Coated Plate
Bovine CCL2 | 2 each VS0083B-ST
Standard
Bovine CCL2 | 2 each VS0083B-DA
Detection
Antibody
Streptavidin- | 1 each AR0100-001
HRP
Plate Sealer 6 each N/A

Additional Reagents Required:

Reagent Formulation

DPBS 0.008M sodium phosphate, 0.002M potassium
phosphate, 0.14M sodium chloride, 0.01M potassitim
chloride, pH 7.4

Standard and Sample Complete cell culture medium used to generate ce
Diluent culture supernatant samples.

It is critical that this medium contain at least 1%
carrier protein. If the medium does not contairriear
protein, use Reagent Diluent to dilute the Standarg

and samples.
Reagent Diluent 4% BSA in DPBS, (@ filtered
Wash Buffer 0.05% Tween®-20 in DPBS
Substrate 3,3',5,5'-tetramethylbenzidine (TMB) Suate
Stop Solution 0.18 M Sulfuric Acid

Procedure:
1. Prepare standard and cell culture supernatant sagiiptions in standard and sample

diluent. (Reconstitute Standard in 1 mL standad sample diluent. Dilute 50@ of



8.

9.

the reconstituted standard in 5@f standard and sample diluent. The standard now
has a concentration of 10,000 pg/mL. Prepare Yialsklutions of the standard by
mixing 500@. Standard with 50@). standard and sample diluent. Repeat 1:1 serial
dilutions until reach a final concentration of 1&pg/mL. Use standard and sample

diluent as a zero standard.)
Add 100@. of Standard or sample to appropriate wells.
(Note: Run each Standard or sample in duplicate.)
Cover plate with Plate Sealer and incubate at rmamperature (20-25°C) for 1 hour.
Wash plate FOUR times with wash buffer.

(Note: Gently squeeze the long sides of plate fraefere washing to ensure all strips
remain securely in the frame. Empty plate contdo$e a squirt wash bottle to
vigorously fill each well completely with 1X WashuBer, then empty plate contents.
Repeat procedure three additional times for a tft&IOUR washes. Blot plate onto
paper towels or other absorbent material.) Recomstdetection antibody in 5@
Reagent diluent. Dilute the 5@ of reconstituted detection antibody in 11.5 mL

Reagent diluent.

Add 100@ of Detection antibody working solution to eachlhwe
Cover plate with plate sealer and incubate at reamperature for 1 hour.

Wash plate FOUR times with wash buffer as describestiep 4.
Dilute 7. 500@Q. Strepavidin-HRP in 11.5 mL Reagent diluent.

Add 100@ of Streptavidin-HPR working solution to each well

10. Cover plate with plate sealer and incubate at rtemperature for 30 minutes.



11.Wash plate FOUR times with wash buffer as describextiep 4.

12.Add 100@ of TMB substrate solution to each well.

13.Develop the plate in the dark at room temperator&® minutes.
(Note: DoNOT cover plate with Plate Sealer)

14. Stop reaction by adding 1@ of Stop Solution to each well.

15. Measure absorbance on a plate reader at 450 nm.



STAPHYLOKINASE ASSAY
Purpose: To measure levels of Staphylokinase ptaufulby Staphylococcus strains
Reagents:
Todd Hewitt Broth or TSB
Tris/HCI buffer (50 mM, pH 7-4)
D-Val-Leu-Lys paranitroanilide (S-2251; Chromogenix
PBS

Protocol:
1. Isolate single colonies of bacteria by cultgriar isolation on Blood agar plate.

2. Inoculate 2 ml Todd Hewitt Broth or TSB witheonolony from blood agar plate.
a. Incubate at 37°C overnight

3. Centrifuge at 40009 for 10 min

4. Collect supernatant for determination of sedr&@AK activity and place on ice.

5. Wash pellet in 10 ml PBS

6. Take OD readings.

7. Resuspend at S:)L(IFU/mI
8. Add calculated amount of 2&/ml human Glu-plasminogen and incubate for 4 hrs.
9.Wash pellet twice in PBS and resuspend in Trid/lHCGffer
a. Add plasmin substrate (with 0-2 M human Glu-ple®gen)
b. Incubate 30 min.
10. Add 0-4 _M H-D-Val-Leu-Lys paranitroanilide 2251; Chromogenix)
11.Create standard curve of recombinant SAK
12. Take absorbance reading at 405 nm.

a. 30 min for surface-bound SAK



b. 2 hr for secreted SAK

* Run in duplicates*



