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ABSTRACT

THE EFFECTS OBORDETELLA PERTUSS{3N DENDRITIC CELL IMPRINTING
OF CD4+ T CELLS

by Sana Waheed

Bordetella pertussis an aerobic gram-negative bacterial pathogen that causes
the human respiratory disease whooping cough. Despite widespread vaccination,
whooping cough is reemerging due to decreased vaccine efficacy. One ofriteksll
of infection is lymphocytosis, which is induced by the pertussis toxin. Lymphocytes such
as CD4+ T cells navigate to infected tissues through surface-trafficloteggutes, which
are imprinted during their interaction with tissue-associated dendritsc d&ke
hypothesized that the pertussis toxin affects the imprinting processnmgsulaltered
expression of trafficking molecules on CD4+ T cells. We tested this hypotissg a
mouse model of infection. Imprinting levels on CD4+ T cells were compared to
Bordetella parapertussis related strain that lacks pertussis toxin. Our results indicated
that 5 days post-infection, the percentage of lung dendritic cells incresedapted a
mature phenotype (displaying an increased capability to migrate and pretsgen &0 T
cells) in response 8. pertussisnfection, and there was an overall downregulation of
trafficking molecules on CD4+ T cells. However, 25 days post-infectionBvith
pertussisdendritic cells continued to express elevated levels of MHC class II, and the
expression of trafficking markers on CD4+ T cells also increased comipanethfected
controls. These results enable identification of molecules that are spacific
lymphocyte trafficking to the respiratory airways and contribute to knaeledeful in

the development of better vaccines.
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PREFACE
This thesis is comprised of three chapters and the appendices. Chapter | provides
an overview of the research project and includes information regarding eachtpart of
project. The second chapter is presented in journal format according to thengaidet
by theJournal of Immunology The final chapter includes the conclusions from the
research as well as a discussion of future directions. The appendices provide &dditiona

supplementary data associated with this study.
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INTRODUCTION



Overview of the Research Project

Immune cells such as lymphocytes circulate between the blood, lymph nodes, and
organs due to chemotactic interactions between secreted and surface moldiadess
and surface molecules on immune cells. This process is termed lymphoditieingaf
and is responsible for the recruitment of T lymphocytes to sites of infection (1).
Lymphocyte trafficking (homing) to infected organs and tissues is crucitidor
elimination of airborne pathogens and for restoration of a homeostatic environment such
that unnecessary inflammation and tissue damage is prevented. T lymphocytés are a
to home to specific organs due to a special combinatorial pattern of suaffic&itrg
molecules that are “imprinted” on their surface during interaction with dendeiis.

The trafficking molecules responsible for exclusive homing to the airwaysmem
unknown. We report here our study of CD4+ T cell trafficking using two respiratory
pathogensB. pertussiswhich produces pertussis toxin aBd parapertussiswhich does
not. Pertussis toxin is responsible for lymphocytosis (extremely eleeateld bf
lymphocytes in the bloodstream) and is known to inhibit G proteins, which are
responsible for cell signaling leading to chemotaxis or cell migratitwerefore we
designed this study to observe the effects of pertussis toxin on dendritromatiting of
trafficking molecules on CD4+ T cells that could lead to preventing theifrera the
bloodstream and entry into the lungs.

This project had two main objectives. The first objective was to analyze the
presence of homing molecules on CD4+ T cells in three different compartnyempé (|

nodes, blood, and lungs), which was conducted primarily by Brian Kwong. Imprinting of
3



homing molecules occurs in the lymph nodes so it was important to include the CD4+ T
cell trafficking levels in our analyses. Levels of these molecules Wserereeasured for
CD4+ T cells in the blood and lungs to observe their phenotype after imprinting.
Together the information from these tissues allowed us to compare the lezehof e
trafficking marker in various compartments during experimental infection.

The second objective of this project was to mimicith@vo imprinting process
that takes place in the lymph nodes, and observe the resulting interactions that occur
between isolated lung dendritic cells and naive allogeneic splenocyteminitia co-
culture system. The focus of this thesis was objective two of the overalictepeaject,
which should inform us about the effects of pertussis toxin on the ability of dendigic ce
to imprint homing molecules on naive T cells. To study this process, a co-cultera syst
was developed using isolated lung dendritic cells from uninfecte@artdtellainfected
mice and co-cultured overnight with naive splenocytes to allow for imprinting. The
expression levels of trafficking molecules on CD4+ T cells from uninfected and
Bordetellainfected co-cultures were compared by flow cytometry. These exgaam
results will contribute to our understanding of the pathogene8ispdrtussisas well as
the role of imprinting molecules in respiratory trafficking of CD4+ T cellbis
knowledge may lead to improved vaccine development targeting molecules that

participate in lung homing.
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Abstract

Bordetella pertussis an aerobic gram-negative bacterial pathogen that causes
the human respiratory disease whooping cough. Despite widespread vaccination,
whooping cough is reemerging due to decreased vaccine efficacy. One ofriteksll
of infection is lymphocytosis, which is induced by the pertussis toxin. Lymphocytes such
as CD4+ T cells navigate to infected tissues through surface-trafficloteggutes, which
are imprinted during their interaction with tissue-associated dendritsc d&ke
hypothesized that the pertussis toxin affects the imprinting processngsnltltered
expression of trafficking molecules on CD4+ T cells. We tested this hypotissg a
mouse model of infection. Imprinting levels on CD4+ T cells were compared to
Bordetella parapertussis related strain that lacks pertussis toxin. Our results indicated
that 5 days post-infection, the percentage of lung dendritic cells incr@agdediopted a
mature phenotype (displaying an increased capability to migrate and pretsgen &0 T
cells) in response 8. pertussisnfection, and there was an overall downregulation of
trafficking molecules on CD4+ T cells. However, 25 days post-infectionBvith
pertussisdendritic cells continued to express elevated levels of MHC class II, and the
expression of trafficking markers on CD4+ T cells also increased comipanethfected
controls. These results enable identification of molecules that are spacific
lymphocyte trafficking to the respiratory airways and contribute to knaeledeful in

the development of better vaccines.



I ntroduction

Bordetella pertussiss an aerobic gram-negative bacterium that causes the
respiratory disease whooping cough in humans. Considerable mortality wageattto
B. pertussisn the early twentieth century, which declined once a vaccine was introduced.
However, whooping cough is reemerging in both adults and children due to drop in
vaccine efficacy (2-3). Vaccinated adults can be carriers of perauss manifest a
prolonged, but relatively mild respiratory disease, which may be transnaitted t
unvaccinated infants (4). In infants the manifestations can include vomiting, pneumonia,
hypoxia, seizures or apnea. Throughout the world there are 300,000 pertussis-related
deaths each year, mostly in children (5). Although these cases are mainly see
developing areas of the world, there have been incidents of pertussis outbreaks in the
United States and, according to the Centers for Disease Control and Previeatid:g.t
had over 10,000 reported cases of pertussis in 2007 (6). The onset of the disease is
characterized by a persistent, forceful whoop-like cough that can |asvieral weeks to
months, even after the clearance of the bacteria. The hallmark of the disease i
leukocytosis with extreme lymphocytosis, which is attributed to one of the ladcteri
virulence factors, pertussis toxin (PTx) (7-10).

Bordetella pertussis an extracellular pathogen that colonizes the upper
respiratory system and bronchial epithelial cells. The respiratomnsystconstantly
exposed to airborne antigens. The mucosal immunity maintains a steady statéin whic
harmless antigens do not trigger unnecessary immune responses (11-12). Ticksote res

DCs sample the airways and are key players in supporting immunologicahtel@na
8



response to non-pathogenic antigens (BQrdetella pertussisvercomes this
suppressive mechanism and disrupts these homeostatic conditions in the airwayal Se
bacterial factors contribute to the pathogenesB. giertussisn the respiratory tract.
PTx is a secreted AB subunit exotoxin that is associated with numerbog@aic
functions and immunomodulation. It is responsible for inhibiting chemotaxis ins[ cell
macrophages, neutrophils, and reduced B cell survival (13). The A subunit is the
enzymatically active component that is responsible for ADP-ribosylation ariitiohi
of the alpha subunit of G proteinso)3n target host cells (14). G proteins are coupled
to chemokine receptors and mediate cell signaling. PTx prevents activatiaraatlG
interferes with signaling that leads to chemotaxis and cell migration (8, 15).
Administration of soluble PTx was reported to delay the initial recruitmentroiine
cells such as neutrophils and macrophages, which are responsible for engualfing a
killing bacteria (16-20). Impaired neutrophil and macrophage function can lead to
colonization ofB. pertussisn the respiratory tract

During respiratory infection, DCs sample and pinocytose (internalizgeanti
from the tracheal lumen and tissue-penetrating antigens. Immedi#igglantigen
internalization, DCs develop a mature phenotype that is comprised of upregulation of
surface maturation markers such as MHC class Il, CD40, and CD86, whidatadiC
entry into the lymphatics and migration to the draining lymph nodes where antigen
presentation to T cells occurs (21-23). The interaction of mature DCs with naille T ce
in the lymph nodes results in T cell activation, signaling, and upregulation ofknadji

receptors, a mechanism called imprinting. Mature DCs derived from aispissifie
9



will then imprint T cells with trafficking receptors that direct them toarea of infection
where the antigen was originally encountered by the DC (24).

Lymphocyte trafficking is a multi-step process that allows activatedlJ toeexit
the lymph nodes, enter the bloodstream, extravasate, and home to infected tissue (1, 24-
26). The first step of this process is a rolling/tethering action mediatezlduyiss that
loosely bind the T cell to inflamed endothelium and slows its transit in the bloadstrea
This is followed by attachment and activation of the T cell by chemokine recepioes
third step is mediated by integrins, which completely halt the T cell ibltoelstream
and mediate extravasation.

The concept of trafficking receptor imprinting on lymphocytes is well
documented in the gut and skin where the trafficking molecules and environmental
factors influencing this interaction have been identified (26). For exam@kefriom gut
origin imprint T cells in the presence of retinoic acid (a dietary envirorahizmtor)
with high levels of CCR9 an@4f7, which are the surface molecules that direct T cells to
the small intestine (1, 25, 27-30). Trafficking of T cells to the skin is mediated by DC
and activated Vitamin D3 derivatives that imprint CCR10, CLA, and CCR4, which leads
T cells to the skin (1, 31-33). As of now, the imprinting factors that direct T cell
trafficking exclusively to the respiratory system have not been dedcBide.

In this thesis, we studied the interactions between DCs and T cells during a
respiratory infection witlB. pertussis We hypothesized th&t pertussigvia PTx) alters
DC imprinting of trafficking molecules on T cells. This may lead to a highegegjir

lymphocytosis in the circulation with reduced levels of trafficking molecthiiat can
10



orient lymphocyte homing to the lungs. We tested our hypothesisBispegtussiand
Bordetella parapertussisxperimental infections in micéBordetella parapertussigcks

PTx and was used as a control. This comparison elucidated the effects of PTx on G
protein-coupled receptor signaling, as well as DC and T cell interactexhadeto T cell
homing (35-36). Since defective homing could lead to delayed clearance Buring
pertussisgnfection, knowledge in this area should contribute to understanding the
pathogenesis of this bacterium and aid in vaccine development based on lung associated

trafficking molecules.

11



Materials and M ethods

All studies using animals have been approved by the Institutional Animal Care and Use

Committee (IACUC) (Protocol #921) at San José State University, San José, CA.

Bacteria

Two Bordetellastrains were use@. pertussi838, which is a nalidixic acid-resistant
derivative of the Tohama strain, aBdparapertussiswhich was obtained from ATCC
(#9305). Both strains were grown on Bordet-Gengou blood plates, and single colonies
were used to inoculate Stainer-Scholte broth containing Heptakis (SigmakAlgti

Louis, MO) prior to experimental infection.

Experimental infection

Six-week-old female Balb/c mice were inoculated intranasally witil 205x10° colony
forming units ofB. pertussir B. parapertussis Uninfected control mice received gD

of PBS (37-38). Two time-points of experimental infection were established, 5 days
post-infection (peak infection) and 25 days post-infection, which were determined by
performing a time-course experiment where bacterial load in the lungseassired for

ten days and again on day 25 (see Appendix A). To confirm infection and determine the
bacterial load, lungs from experimentally infected mice were had;dstenogenized,

and plated on Bordet-Gengou plates prior to each experiment.

12



Preparation of single cell suspensions from lungs and spleen

Mice were exsanguinated followed by perfusion of lungs with 30-50 ml of PBS. The
lungs and trachea were removed, minced and digested in RPMI-1640, 10% FCS, 75U/ml
DNase | (Sigma-Aldrich) and 250 U/ml Type | Collagenase (WorthingtonHgmical
Corporation, Lakewood, NJ) in a 37°C orbital shaker for 45 to 60 minutes. The digested
lungs were passed through a 40-micron nylon mesh strainer and cells were wiished w
RPMI-1640 to remove residual digest medium. Digested lung tissue was resdspende
40% Percoll (GE Lifescience, Piscataway, NJ), slowly underlaid with 70&olPand
centrifuged for 25 minutes to create a density gradient. Cells at the 4G:i&0fade
(mononuclear cells) were collected and used for enrichment of DCs. The spbeens fr
uninfected allogeneic mice were harvested and pressed through a nylon meamta obt
single cell suspension (39). Splenocytes were incubated with 3 ml red blood cell lysis
buffer (Sigma-Aldrich) for 5 minutes and washed with RPMI-1640 with 10% FCS. Cell
pellets from the lungs were resuspended in buffer (PBS, 0.5% FCS, 2 mM EDTA)

suitable for MACS columns.

Enrichment of lung DCs

All cell enrichments were performed using magnetic microbeads (MilBintech,

Auburn, CA). For DC enrichment from lungs, CD11c microbeads (N418) were used and
lung mononuclear cells were enriched for CD11c+ cells using positiveigeladth a
MiniMACS separator. Briefly, lung mononuclear cells were incubated with 100 pl

CD11c microbeads for 15 minutes at 4°C. Cells were washed with MACS buffer (PB
13



0.5% FCS, 2 mM EDTA) and resuspended in 500 ul of buffer. One MS column was used

to enrich for CD11c+ cells.

T cell activation and co-cultures

For co-culturing experiments, 24-well plates were coated with the punifogaclonal
antibodies CD3 (Lig/ml) and CD28 (1ig/ml) in PBS, and incubated at 4°C, as adapted
from Sigmundsdottir (33) and Campanelli (39). Enriched lung DCs were cultured with
splenocytes from uninfected allogeneic mice at a 1:25 ratio in RPMI-1640 supplémente
with 10% FCS, penicillin, streptomycin, IL-2 (12.5 ng/ml) and IL-12 (2.5 ng/ml) (R&D
Systems, Minneapolis, MN). Cells were co-cultured overnight at 37°C with 5240CO
allow for imprinting, followed by flow cytometry analysis. T cell activatwas
determined using intracellular antibody staining with Ki-67 (B56) and imterfe
(XMGL1.2), which served as markers of T cell proliferation in an allogesters.

Briefly, cells were stained for extracellular markers and resuspen@&dl
Fixation/Permeabilization (BD Biosciences, Franklin Lakes,dél)tion and incubated

at 4°C for 20 minutes. Cells were washed twice with 1 ml of 1x Perm/Wash Bsiber (
Biosciences) and then resuspended in @3 Perm/Wash Buffer containing the
antibody or negative control. Cells were incubated at room temperature inkHerdz0
minutes before being washed twice with 1 ml/wash of 1x Perm/Wash Buffer and

resuspended in staining buffer (0.1% Sodium Azide, 1% FCS, PBS).

14



Flow cytometry

Analysis of surface and intracellular markers was done by flow cytgmeting derived
DC phenotyping was measured by the expression of myeloid associated m@kkets |
(N418), CD11b (M1/70)] and maturation markers [MHC class 1l (M5/114.15.2), CD40
(3/23), CD86 (GL-1)]. Additional trafficking markers were evaluated on DCstagete
for T cells. Expression of trafficking molecules on CD4+ T cells included CI¥HR

BD Biosciences and Invitrogen, Carlsbad, California), CD38 (90) and the following
trafficking molecules: CD11a (M17/4), CD49f (GoH3), CD162 (2PH1, BD Biosciences)
CXCR3 (220803, R&D Systems), CD49a (HMalphal, ABDSerotec, Raleigh, NC),
CD49d (9C10 MFR4.B), and CD103 (2E7). All antibodies were purchased from
BioLegend (San Diego, CA) unless otherwise indicated. The levels of tlagkers

were compared fdB. pertussiandB. parapertussisnfections and normalized to
uninfected controls as explained in the figure legends. Samples were acquirdgtieising
FACS Calibur (BD Biosciences) at San José State University and tHé (BER

Biosciences) at Stanford University, and were analyzed using Flowjo.

15



Results

Experimental design

Balb/c mice were inoculated intranasally with PBS (uninfected contBls),
pertussisor B. parapertussi$or a period of 5 and 25 days. At each time-point lungs
were harvested, mononuclear cells were obtained and enriched for DCs (Giefldc+
using Miltenyi Microbeads (Fig. 1). DCs were enumerated and phenotyped for each
treatment using multicolor flow cytometry (Fig. 2, 4). Imprinting of tiing
molecules was observed in co-cultures of lung DCs with naive allogeneic spénocyt

from Swiss Webster mice (Fig. 3, 5).

Peak infection: DCs matured in response to Bordetella infection

Five days post-infection we found 23% of CD11c+ cells in uninfected control
lungs, whereaB. parapertussifiad 33.1% an8. pertussidiad 70.6% (Fig. 2A). The
percent DCs was estimated by the overall analysis of CD11c+ celletbiamn the
lungs. DC phenotype was characterized using CD11c+ and a second marker (Table I)
using flow cytometry (Fig. 2B). Levels of maturation markers were sasdegith MHC
class Il, CD40, and CD86 (Fig C-D). These molecules bind to the T cell receptor,
CD40L, and CD28 respectively on CD4+ T cells, forming an immunological syrnagise t
results in T cell activation and stimulation (11). SiBcgertussiss an extracellular
bacterial pathogen, we analyzed MHC class Il, which is the moleculensislgofor
presenting antigen to CD4+ T cells. Lung DCs from uninfected mice reveatdevels

of MHC class Il, CD40, and CD86 (7.72%, 10.64%, 6.11% respectively), wHereas
16



parapertussignfected DCs showed increased expression (20.64%, 13.67%, 14.04%).
Comparatively, lung DCs from8. pertussisnfection displayed the highest levels of
maturation (64.92%, 36.64%, 60.26% respectively).

The phenotypic marker CD11b is present on myeloid DCs of lung origin (40).
Relatively low expression of CD11b (10.21%) was observed in lung DCs from
uninfected control mice while this percentage increas&l parapertussigfection
(20.5%), but even more so B pertussisnfection (61.04%). Additionally, CCR5 was
analyzed to observe DC migratory abilities to inflamed tissues. Theréowa
expression of CCRS5 in uninfected DCs (7.76%) compar&d parapertussi$13.95%,)
andB. pertussig55.84%). Together, this data indicate that DCs mature dBring

pertussignfection and do not appear to be inhibited by PTx.

17



N AN N AN N N Infect Balb/c

Uninfected (PBS) B. pertussis  B. parapertussis Mice on Day 0

Time-points of 5 or 25 days
post-infection

Harvest lungs and digest (separately)

|

Obtain mononuclear cells with Percoll gradient

|

Enrich for DCs using CD11c microbeads

Enumerate DCs with Imprinting of trafficking
multicolor flow cytometry il molecules from co-culture of
lung DCs with allogeneic
splenocytes from Swiss
DC phenotyping using Websters
multicolor flow cytometry

FIGURE 1. Experimental design. Balb/c mice were infected and lungs were
harvested 5 and 25 days post-infection. Lungs were processed and mononuclear
cells were obtained to further enrich for CD11c+ cells. DCs were enumerated,
phenotyped and analyzed for imprinting abilities in co-cultures with allogenei
splenocytes from Swiss Webster mice.

18



TABLE |. DC phenotypic markers. The following markers were used to
phenotype DCs and determine maturation levels for uninfeBtqubrtussis
andB. parapertussignfected lungs.

Marker Function

CDl11c Expressed primarily on DCs

CD40 Co-stimulatory molecule

CD86 Co-stimulatory molecule

MHC class ll| Extracellular antigen presentation molecule
CCR5 Allows DC migration to inflamed tissue (24)
CD11b Integrin expressed on DCs and monocytes

19



2A Percent CD11c+ Cellsper Treatment

% CD11c+ cdls
N
(@)

10
O _
Uninfected B. parapertussis B. pertussss
Treatment
2B N
Ssc FSC-A CD11c
FSC-W DC Phenotypic'
Marker

FIGURE 2. DC maturation 5 days post-infection wih pertussiandB. parapertussis
Mononuclear cells were isolated from lungs and enriched for DCs. Percenl&€€D
cells was estimated using quadrants that were placed according to positiots¢antr
Mononuclear cells were gated on monocytes, and doublets (cell clumping) merede
(B). CD11c+ cells (DCs) were analyzed for a second phenotypic marker iésddet&.
(See Table | for a description of the markers). For DC maturation, we me:éstets of
CD40, CD86, MHC class II; myeloid associated marker CD11b, as well ay &ili
migrate to lymph nodes with CCR6-D). Data are representative of at least 4
independent experiments.
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2D

DC Phenotype 5 Days Pogt-Infection

70

60

50 A

40 —

30

MHC I CD40 CD86 CD11b CCR5

% Expression on CD11c+ Célls

Uninfected B B. parapertussis O B. pertussis

Infection with Bordetella alters trafficking receptor levels on naive CD4HI$ ce

In order to verify the imprinting ability of lung©s derived from experimentally
infected mice, we co-cultured lung DCs with naigkesocytes from allogeneic mice.
Establishing an allogeneic system ensures thatimpy occurs on proliferating T cells,
where DCs interact through MHC class Il with theell receptor and trigger non-
specific T cell proliferation. This leads to tranption of certain patterns of molecules
that guide the T cell to the site of infection (33hese homing molecules are a
combination of chemokine receptors and integrias ithteract with inflamed

endothelium and allow transmigration of the T ¢e&lm the bloodstream into the tissue.
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The proliferative nature of the allogeneic systeaswonfirmed by intracellular
staining for interferory (secreted during T cell activation) and Ki-67 (elear factor of
proliferation) in activated CD38+ cells (Fig. 3AA proliferating population was
observed in each treatment; 0.5-1.8% of cells westgtive for interferory and roughly
2% were positive for Ki-67 indicating that we hagraliferating T cell system. DC
ability to imprint trafficking markers on allogemwrel cells was then analyzed. Since little
is known about specific lung homing markers, weyael a panel of trafficking
molecules to determine whether the levels of intpdrhoming molecules were altered in
infected co-cultures compared to uninfected costfdable 2). Our results indicate an
overall downregulation of homing molecules on CD4eells during experimenta.
pertussignfection compared to uninfected controls at 5sdagst-infection. These
results were normalized to uninfected control valset at 100%.

Recent studies indicate that CD11a, CD162, and GRi6€ important markers
for trafficking and cell retention in the lungs (28L-45). On day 5 of infection, CD4+ T
cells fromB. parapertussiso-cultures showed upregulation of CD11a (125.8#@)
CD162 (114.9%) but downregulation of CD103 (81.5%inpared to uninfected controls
(100%) (Fig. 3C). In contra&. pertussico-cultures showed downregulation of CD11a
(94.4%) and CD162 (76.1%) with upregulation of CB1030.3%). Additionally, the
integrins CD49a and CD49d can dimerize with CD29 laave been reported to migrate
to the respiratory system (21, 46-47). Howevewrmegulation was observed in bdh
parapertussisandB. pertussisnfections for CD49a (53.6%, 75.6% respectivelyl a

CD49d (63.9%, 81.9% respectively) compared to wtitefld controls (100%). Another
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adhesion molecule, CD49f, may play a role in lunghing and was downregulated more
in B. pertussico-cultures (69.9%) than B. parapertussi$89.6%) (27). There is also
evidence in the literature that CXCR3 is involvedicell homing to the lungs (11, 48-
50). Five days post-infection wiBordetella CXCR3 was downregulated in bdsh

parapertussig49.6%) and. pertussig58.7%,) compared to uninfected controls (100%).

TABLE Il. Trafficking markers and their functions. A vayi®f markers that are
implicated in the homing process were analyzed) ssscmolecules involved in tethering
or rolling and other integrins that mediate attaehtrto the endothelium and lead to
extravasation.

Marker Function Receptor Family
CD162 (PSGL-1) Adhesion (43) Selectin

CXCR3 Chemotaxis of T cells (49) Chemokine réaep
CD11a (LFA-1) | Cell adhesion, costimulation (45) |Integrin

CD49a (1) Involved in T cell adhesion (46) Integrin

CD49d ¢4) Cell migration, adhesion, homing (4/Antegrin

CDA49f (u6) Cell adhesion, migration (27) Integrin

CD103 () Tissue retention of lymphocytes (42) Integrin

CD38 Activation marker
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3A Uninfected B. parapertussis B. pertussis
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CD38
Interferony

v

Ki-67

FIGURE 3. Imprinting of trafficking molecules, 5 days pastection, occurs when DCs
interact with CD4+ T cells. Lung DCs were cultukeith naive allogeneic splenocytes
to allow for imprinting. Intracellular flow cytontey was used to confirm that co-cultures
were an allogeneic system using CD38 with Ki-67 emerferony (A). For co-culture
experiments flow cytometry was used to gate orythgphocytes, doublets (cell
clumping) were removed and CD4+ cells were idegditio determine the pattern of
trafficking receptorsg). In order to observe whether imprinting occuriegtels of the
chemokine receptor CXCR3 and various integrins (CHLTD162, CD49f, CD49a,
CD49d, and CD103) were measur&.((See Table Il for a description of the markers)
Data was normalized to uninfected controls (10086) @are representative of at least 4
independent experiments.
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Twenty-five days post-infection: DC maturation levels decrease except fonsokes
in B. pertussis infection
In our previous experiment for 5 days post-inf@ttiwe observed an increase in
both percent CD11c+ cells and DC maturation ledaling experimentaBordetella
infection. In order to establish the phenotypatesiof DCs 25 days post-infection, lungs
were harvested and lung mononuclear DCs were ebldh the lungs, the percent gated
CD11c+ cells decreased fBr pertussig20.7%) andB. parapertussi$23.1%) infections
to levels similar to uninfected controls (20.4%ig(4A). DC phenotypic levels were
then analyzed where lung DCs frdnparapertussisfection had reduced expression of
the maturation marker CD86 (4.14%) compareB.tpertussig8.04%) (Fig. 4B). In
contrast, MHC class Il remained upregulate@impertussig18.3%) whereas the levels
for uninfected controls ang. parapertussislecreased to 6.74% and 7.57% respectively.
The lung-associated marker CD11b was 5.24% for @g from uninfected
controls, whereas DCs froB pertussisnfection had elevated levels (13.1%) while DCs
from B. parapertussisvere downregulated (6.56%). The DC migratory raaf&CR5
was upregulated on DCs fro pertussig7.24%) compared tB. parapertussi$3.59%)
and uninfected controls (3.75%). Together, thisdates that the effect &ordetellaon
DC phenotype diminished 25 days post-infection \thih exception oB. pertussis

infection where MHC class Il, CD86, CD11b, and CGBRfained elevated.
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FIGURE 4. DC maturation 25 days post-infection wihpertussisandB.
parapertussisAfter 25 days of infection lung mononuclear celisre obtained, enriched
for DCs and gated similarly to that shown in FiB. 2Ve assessed the percent CD11c+
cells in each treatment (as determined using quagifeom flow cytometry dot plotsAj
and evaluated DC maturation with MHC class I, CP@D86; myeloid and lung
associated markers CD11b, CD11c, and migratorylsityavith CCR5 @). Data are
representative of at least 3 independent expersgnent
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Trafficking receptor levels decreased in B. parapertussis co-cultures buasectéen B.
pertussis co-cultures 25 days after infection

Intracellular flow cytometry results of interfergrand Ki-67 confirmed the
proliferative ability of each co-culture, as illtesied by the interferop positive and Ki-

67 positive populations (Fig. 5A). The level ddffrcking receptors on CD4+ T cells was
measured to determine whether DCs continued teedgtimprint 25 days post-infection.
In B. pertussisnfected co-cultures, the adhesion and lung regtemharker CD11a was
upregulated to 201.1% whereas it was downreguiatBd parapertussisnfected co-
cultures (113.5%) when compared to uninfected ots1{d00%) (Fig. 5B).

The integrins CD49d and CD49f are associated witration and had reduced
expression iB. parapertussigo-cultures (96.7% and 95.1% respectively) when
compared td. pertussico-cultures, which displayed elevated levels o¥8®(164.6%)
but maintained downregulation of CD49f (50.5%).r Bopertussiso-cultures, CXCR3
remained downregulated (21.4%) compared to uniefecontrols (100%). This suggests
that 25 days post-infectioB, pertussigsnfected DCs can imprint some trafficking
molecules on CD4+ T cells, while this is not theecéorB. parapertussinfected co-

cultures, where these molecules are expressew dtlels.
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Uninfected B. parapertussis B. pertussis

CD38 Interferony

v

Ki-67

FIGURE 5. The levels of trafficking molecules increase 2ygipost-infection iB.
pertussignfection. Lung DCs were cultured with naive spleytes overnight to allow
for imprinting. Intracellular staining with intesfony and Ki-67 was included to confirm
that imprinting occurred in the allogeneic co-ctési@). To determine the levels of
imprinted markers, we gated on the lymphocytesoraad doublets (cell clumping), and
identified trafficking markers on CD4+ cells (gaisimilar to that shown in Fig. 3B).
On day 25 of infection we measured levels of lugtgmtion molecules (CD11a, CD162,
CD103), integrins (CD49a, CD49d, CD49f), and therabkine receptor CXCR3]J.

All values were normalized to uninfected contrdl®8{%). Data are representative of at
least 3 independent experiments.
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Discussion

Unlike other areas of the body such as the skingamavhere specific homing
molecules that govern lymphocyte trafficking haeeib established (26), a unique
trafficking molecule pattern to the respiratoryals remains to be defined. We were
interested in elucidating the role PTx has on D@rinting of trafficking molecules on
CDA4+ T cells that guides them to the respiratosteay. PTx inhibits G protein
activation and hinders chemotaxis of cells (8,18, Therefore, we established an
experimental respiratory infection model using tvazteria from th&ordetellaspecies:
B. pertussigproduces PTx) anB. parapertussiglacks PTx).

DC origin and their level of maturation are criticamponents for imprinting.
Therefore, we utilized flow cytometry to determiD€ phenotype for uninfected controls
andBordetellainfected DCs. At 5 days post-infection, CD11cH#scmcreased 1.4 times
in B. parapertussignfection, whereas there was a 3-fold incread®. ipertussisnfection
compared to uninfected controls. This increaséilc+ cells may either be due to
recruitment of DCs in the lungs during a statenéction or inability to leave the lungs
and migrate to the lymph nodes, a phenomenon thedl be attributed to PTx inhibition
of chemokine receptors such as CCR7. Howeverblgae®s post-infection, the percent
CD11c+ cells in the lungs decreased for both imdast possibly due to a halt in
recruitment of these cells to the lungs.

In contrast to those who report partial DC matoratiuringB. pertussisnfection
(51), our results indicated that 5 days post-inéectiung DCs fronB. pertussisnfection

had upregulated MHC class II, CD40 and CD86 anddeaxtrally higher levels of
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maturation compared to that parapertussignfection or uninfected controls. This
discrepancy between our results and those of othaysbe attributed to the timing of
post-infection sampling or differences in bactesiafins. The phenotype of DCs
changed 25 days post-infection #rparapertussiso that MHC class Il, CD86, CD11b,
and CCR5 were downregulated compareB.tpertussis However MHC class i
remained upregulated B. pertussiswhich may be due to continued antigen presemtatio
to CD4+ T cells in the regional lymph nodes evelat stages of infection. Together
this information indicated that 5 days post-infentiB. pertussisioes not prevent DCs
from acquiring a mature phenotype that is requiogdmprinting CD4+ T cells.
However, by 25 days after infectidB, parapertussisnfected lungs appeared to revert to
steady-state conditions, which may not be the ttad®. pertussisnfection. An
important chemokine receptor, CCR7, is requirecefary into lymph nodes (24). In
order to further characterize the migratory abiifyB. pertussisnfected DCs, CCR7
assessment will be included in future experiments.

Once the DC phenotype was established, isolategiDCs were co-cultured
with naive splenocytes harvested from allogeneterand imprinting of trafficking
molecules on CD4+ T cells was analyzed. CD11aGDb#l62 have been reported to be
important for adhesion and retention of cells ia lilngs (43, 45). Interestingly, we
found that on day 5 post-infection, both CD11a @il 62 were downregulated B
pertussignfection but upregulated . parapertussiswhich suggests that PTx has a

role in suppressing these molecules during peakciimin. However, on day 25 post-

33



infection, CD11a levels were elevated, suggestiagjthis marker is upregulated only at
later stages of infection, perhaps after the effe€PTx have diminished.

Bordetella pertussialso showed elevated levels of CD103 on day 5 post
infection, while it was downregulated B parapertussiso-cultures. CD103 has been
shown to be involved in tissue retention of lympytes (42), and perhaps CD4+ T cells
are retained in the tissue instead of migratingnduB. pertussisnfection. There is also
evidence that CXCR3 is important for CD4+ T cetirretment to the airways (11) and
bothBordetellainfections showed decreased levels of CXCR3 onbdafyinfection,
while B. pertussisnfection continued to show downregulation on @8y This indicates
that perhaps both species prevent initial T celtugment to the lung through this
chemokine receptor.

The results from this research project suggestBhpertussigsiownregulates
certain trafficking molecules during peak infectitlwever, at later stages of infection
these molecules are upregulated. SBcpertussiss a prolonged respiratory disease, it
is possible that imprinting of trafficking molecslen CD4+ T cells persists during later
stages of infection, perhaps due to the decredtesrieof PTx. Our experiments
indicate that the lung environment #Br parapertussiseturned to a state of homeostasis
25 days after infection, whereas this is not treedarB. pertussisnfection.

Further studies can also include additional tr&ffig molecules such as CLA,
CCR9 anth4p7 due to their presence on T cells that traffidesigely to the skin and
gut respectively. Therefore, low levels of thesd#deoules may be observed on T cells

that home to the respiratory system (30, 48, Z@)}ditional experiments may include
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vitro infection of uninfected lung DCs pulsed with PTxassess the antigen specific
response and imprinting of trafficking moleculeattare PTx-dependent. Antigen pulsed
DCs could be co-cultured with naive splenocyteslltaw for imprinting, and results can
be compared tm vivo experimentaBordetellainfection. In order to further confirm the
role of PTx, an experimental infection wigh parapertussisomplemented with soluble
PTx could be included and comparedtgertussig18). This information will increase
our understanding of the pathogenesiB.gbertussisand the role of PTx in preventing
lymphocyte recruitment to the respiratory systerouigh trafficking molecule

modulation. This line of research may identify thelecules responsible for the
exclusive recruitment of CD4+ T cells to the airaalgading to a more efficacious

vaccine design that targets trafficking molecutapartant inB. pertussisnfection.
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Conclusions

These experiments were designed to study theattiens between DCs and
CDA4+ T cells that lead to the imprinting of trakfing markers, which are especially
important for respiratory illnesses suchBagertussis The discovery of lung specific
trafficking markers will aid in the developmentiofproved vaccines that target the
upregulation of such molecules and will enhancectearance of respiratory pathogens.
Our results from this research project indicated ICs are activated and adopt a mature
phenotype fronB. pertussisnfection on day 5, and that perhaps PTx intesfevigh the
imprinting process, as observed by the downreguiaif CD11a and CD162 on CD4+ T
cells, which are important molecules for T celergton in the lungs. However, 25 days
post-infection withB. pertussighere is continued elevated expression of MHCsclgs
CCRS5, and CD11b in addition to upregulation of CBahd CD49d, which could be due
to the fading effects of PTx. This suggests Bhgbertussisnay initially alter the DC

imprinting process to avoid T cell recruitment e fungs.

Future directions

In order to further investigate the effeBtspertussisas on the respiratory
system, we plan to perform immunohistochemical ysislof lung sections from
uninfected andordetellainfected mice. These lung sections will illuséréte degree of
inflammation and tissue damage inflicted by thetéx@@ compared to uninfected lungs.
We will also include fluorescence tagged antiboggscific to T cells to determine

whether these cells are recruited to the lungsordier to broaden our analysis of
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lymphocyte trafficking we will also incorporate CBJ cells to observe whether PTx

differentially imprints homing molecules on thididgpe during infection.
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APPENDIX A: TIME COURSE EXPERIMENT TO DETERMINE PEA

INFECTION

Time Cour se Of | nfection

102

3 4 5 6 7 8 9 10
Days Post Infection

- B. pertussis

-+ B. parapertussis

FIGURE 6. A time course of infection shows the peak infectilays foB. pertussis
andB. parapertussis In order to determine the optimal day for pe#kdtion, we
administered 5x10CFU per 2Qul by intranasal administration and performed a time
course experiment with two Balb/c mice per timerpoiLungs were harvested at each
time-point, homogenized and plated on Bordet-Gergjood plates. By day 25 post-
infection, zero colonies d@. pertussi|andB. parapertussisvere recovered from lungs
(data not shown). Experiment and analysis was tgridicole Tarlton.
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APPENDIX B: SUPPLEMENTARY DATA

TA Percent CD11c+ Cells per Treatment

% CD11c+ Cdls

Uninfected B. pertussis

Treatment

FIGURE 7. DCs mature in responseBo pertussisnfection even with smaller doses of
inoculum. BALB/c mice were infected intranasallitmsx1@ CFU in 20ul and percent
DCs were measured in each treatment at a peakioridene of 10 daysA). Maturation
markers (MHC class Il, CD40, CD86) and lung-asdedianarkers (CD11b, CD207)
were also measureB), Bordetella pertussiinfected DCs were co-cultured with naive
splenocytes and levels of CCR5, CCR6, CD103, CDCmg,1a, CD162, CD49d, and
CD49f were assesse@)( All values for the co-cultures were normalizedininfected
controls (100%).
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APPENDIX B: SUPPLEMENTARY DATA
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APPENDIX B: SUPPLEMENTARY DATA

8A

Percent CD11c+ Cells per Treatment

50

% CD11c+ Cells

&\

Uninfected B. parapertussis B. pertussis

Treatment

FIGURE 8. DCs mature in responseBordetellaand downregulation of homing
molecules on CD4+ T cells was observe®irpertussiso-cultures. We assessed the
percentage of CD11c+ cells in each treatment ugiragirants that were placed according
to positive controlsA). DC maturation markers observed included MHG<Ii% CD40,
CD80, CD86; myeloid and lung associated markersl TRDCD207 and migratory
makers CD103, CCR5, CCR6, CCHB).( After co-culturing, levels of the chemokine
receptors CCR5, CCR6, CXCR3, and adhesion markedd & CD29, CD49a, CD49d,
CD106, and CD162 were measur&).( All values were normalized to uninfected
controls (100%).
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APPENDIX B: SUPPLEMENTARY DATA

Trafficking Molecules Expression During Peak | nfection
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APPENDIX B: SUPPLEMENTARY DATA

Trafficking Molecule Expression After Recovery
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FIGURE 9. 25 days post-infection, the pattern of traffigkimarkers changes compared
to peak infection. 25 days after infection wigbrdetellg levels of CCR5, CCRS,

CD49f, and CD162 were measured on co-cultured CD4ell. All values were
normalized to uninfected controls (100%).
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