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Abstract:

Various aspects of neutrophil-Candida interactions were investigated. Serum-free culture filtrates of
five Candida species and Saccharomyces cerevisiae were found to contain chemoattractants for human
neutrophils and a mouse macrophage-like cell line, J774. The chemoattractant in Candida albicans
culture filtrates appeared to act through the formyl peptide receptor (FPR) of neutrophils, since it was
also found to induce chemotaxis of Chinese hamster ovary (CHO) cells expressing the human FPR, but
not wild type CHO cells. Therefore, we have identified a receptor by which a non-serum dependent
chemotactic factor (NSCF) produced by C. albicans induces chemotaxis of neutrophils. J774 cells did
not migrate toward the formylated peptides and chemotaxis toward the C. albicans culture filtrate was
not inhibited by an FPR antagonist, suggesting that a different receptor mediated J774 cell chemotaxis.
The C. albicans culture filtrates also induced neutrophil migration across monolayers of a human
gastrointestinal (GI) epithelial cell line, T84, in the basolateral-to-apical direction, but not the reverse,
unless epithelial tight junctions were disrupted. This observation suggested that NSCFs produced by C.
albicans and other yeast species may influence host-pathogen interactions at the GI mucosa by
inducing phagocytic cell infiltration.

The role of (B2-integrins in phagocytosis and killing of C. albicans was confirmed using neutrophils
isolated from calves with bovine leukocyte adhesion deficiency (BLAD). BLAD neutrophils displayed
decreased phagocytosis and killing capabilities, supporting claims that B2-integrins are the primary
PMN adhesins for C. albicans.

To examine the differences in adhesion of Candida species to human GI epithelium, radiolabeled yeast
were allowed to adhere to T84 and Caco2 monolayers. The adhesion to T84 monolayers correlated
with the reported prevalence of Candida spp. in the human GI tract and the adhesion to Caco2
monolayers was similar, although C. glabrata displayed greater adherence than other yeast tested. C.
tropicalis adhered poorly to both cell lines in contrast to exfoliated buccal and vaginal epithelial cells,
suggesting differences in expression of cell adhesion molecules on different epithelial cell types and/or
Candida species. Therefore, human intestinal epithelial cell lines are a useful in vitro model system to
investigate the initial steps of colonization of the human GI tract.
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ABSTRACT

Varijous aspects of neutrophil-Candida interactions were investigated. Serum-free
culture filtrates of five Candida species and Saccharomyces cerevisiae were found to
contain chemoattractants for human neutrophils and a mouse macrophage-like cell line,
J774. The chemoattractant in Candida albicans culture filtrates appeared to act through
the formyl peptide receptor (FPR) of neutrophils, since it was also found to induce
chemotaxis of Chinese hamster ovary (CHO) cells expressing the human FPR, but not
wild type CHO cells. Therefore, we have identified a receptor by which a non-serum
dependent chemotactic factor (NSCF) produced by C. albicans induces chemotaxis of
neutrophils. J774 cells did not migrate toward the formylated peptides and chemotaxis
toward the C. albicans culture filtrate was not inhibited by an FPR -antagonist, suggesting
that a different receptor mediated J774 cell chemotaxis. The C. albicans culture filtrates
also induced neutrophil migration across monolayers of a human gastrointestinal (GI)
epithelial cell line, T84, in the basolateral-to-apical direction, but not the reverse, unless_
epithelial tight junctions were disrupted. This observation suggested that NSCFs
produced by C. albicans and other yeast species may influence host-pathogen interactions
at the GI mucosa by inducing phagocytic cell infiltration. '

The role of B,-integrins in phagocytosis and killing of C. albicans was confirmed
using neutrophils isolated from calves with bovine leukocyte adhesion deficiency
(BLAD).. BLAD neutrophils displayed decreased phagocytosis and killing capabilities,
supporting claims that B,-integrins are the primary PMN adhesins for C. albicans.

To examine the differences in adhesion of Candida species to human GI
epithelium, radiolabeled yeast were allowed to adhere to T84 and Caco2 monolayers.
The adhesion to T84 monolayers correlated with the reported prevalence of Candida spp.
in the human GI tract and the adhesion to Caco2 monolayers was similar, although C.
glabrata displayed greater adherence than other yeast tested. C. fropicalis adhered
poorly to both cell lines in contrast to exfoliated buccal and vaginal epithelial cells,
suggesting differences in expression of cell adhesion molecules on different epithelial
cell types and/or Candida species. Therefore, human intestinal epithelial cell lines are a
useful in vitro model system to investigate the initial steps of colonization of the human
GI tract.
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CHAPTER 1

INTRODUCTION

Candida albicans is recognized as a human opportunistic fungal pathogen that
can cause a wide range of diseases ranging from superficial candidiasis of the skin or
mucosa to life-threatening hematogenously-disseminated disease. C. albicans is
commonly a member of the normal flora of the lower gastrointestinal (GI) tract of healthy
individuals (72). It is also regularly found in the oral cavity (15), the female genital tract
(32,372), and occasionally on the skin (297). The majority of Candida infections result
from the uncontrolled growth of the individuals own endogenous yeast due to failure or
suppression of the host’s immune system (327,430). Therefore, the ability of C. albicans
to adhere to and grow as a commensal on mucosal surfaces is considered a putative
virulence trait that will be discussed in detail.

In the 1980’s, there was a dra.mafic rise, close to 500%, in large U.S. teaching
hospitals, of Candida species nosocomial blood stream infections (BSIs), (25). This rise
directly correlated with the increased numbers of immunocomprdmised individuals due
to advances in modern medicine. Currently, Candida spp. are the fourth leading cause of
both nosocbmial BSIs (315) and nosocomial urinary tract infections (UTIs) (175) hospitzﬁ
wide. Candida spp. are the number one cause of UTIs in intensive care unit patients
(176). C. albicans is the most commonly isolated species for nosocomial BSIs and UTlIs,
although an increase in other Candida spp. has recently been documented (159,316,413).
The outcome for patients with dissemina"ced candidiasis is bleak. Diagnosis is difficult
due to the low recovery rate of yeast from blood cultures (349,383) and there are'only a
few antifungal agents available f(.)r tfeatment (433). In non-neutropenic patients with
systemic candidiasis, the crude mortélity rate is reported to be 55-70% and the

attributable morality 26 to 49% (413,431). In neutropenic¢ patients, the attributable
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morality may be as high as 94% (148,243).‘ These statistics emphasize the need for better
antifungal agenfs, diagnostic tests, and understanding of the host’s defenses against these
opportunistic pathdgens.

For Candida spp., the switch from a commensal to a pathogen is uncommon
without suppression of the host’s immune system, innate or cellular mediated
(250,251,264,348,437). There is now a large popuIation of people with_comprc;mised
immune systems that are being kept alive longer due to current advances in modern
medicine. Primarily, these are people with impaired host defense mechanisms due to
either primary disease states (e.g., AIDS, cancer, or diabetes), the use of broad-spectrum
antibiotics that disrupt the mucosal normal flora, immunosuppressive therapeutic
regimens (e.g., cytotoxic chemotherapies an_d immunosuppression for " organ
transplantation) (430), and invasive devices and procedures, (176). Therefore, it is not
surprising that the incidence of opportunistic fungal infections has increased dramatically
over the past two decades.

Polymorphonuclear leukoéytes (PMNs) have been shown to be the priméry
component of the host’s innate immune defenses against disseminated candidiasis in in -
vitro studies (104), animal models (129), and studies of neutropenic patients (250). A
better understanding of the interactions between C. albicans and professional phagocytic
cells would provide valuable insights into how the body protects itself against tﬁis
opportunistic pathogen. My research dissertation has focused on the recognition of C.
albicans by professional phagocytic cells. The primary focus was on small molecular
weight non-serum dependent chemotactic factors (NSCFs) released from C. albicans
blastoconidia that stimulated chemotaxis of both human PMNs and a mouse macrophage
cell line, J774. An in vitro model of the intestinal epifhelium (310,311) was used to
investigate the ability of the NSCF to induce‘PMN transmigration across the intestinal

epithelium (simulating the transmigration of PMNs into the GI lumen). I also extended
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the use of this model to investigate the ability of C. albicans to colonize the human GI
tract. Topics that will bel discussed in this introduction include: the biology of C.
albicans, host anti-Candida defense mechanisms, with an efnphasis on PMNs, and the
adhgsion to and colonization of the host’s mucosal surfaces, particularly the GI tract, by

C. albicans.

Biology of Candida albicans

Candida spp. are classified in the Kingdom fungi, subdivision Deutc;,romycotina,
also known as the Fungi Imperfecti. They are further classified in the class
Blastomycetes, the order Cryptoéoccales, and the family Cryptococcaceae (217). C.
albicans is a polymorphic fungus that can grow as blastoconidia, pseudohyphae and true
hyphae in vivo and in vitro (297). All three morphological forms are found at the foci of

“infection (297). A fourth form, chlamydoconidia, is also commonly observed in vitro
(388) and has been reported in vivo (77). The terms blastoconidia'and yeast will be used
synonymously throughout this thesis. In addition, the term hyphaé' will be used to
describe filamentous forms of Candida unless the use of pseudohyphae or germ tubes
were explicitly stated in the wbrk cited. Many different environmental conditions have
been found to influence hyphal formation, such as yeast concentration, temperature, pH,

_ nutrient availability, carbohydrate type and concentration, and serum (147). The ability
to switch from yeast to hyphél growth is considered to be a putative virulence trait due fo
the penetrative nature of the hyphae and environmental adaptability (147). The diameter
of C. albicans bla»stoconidia and hyphae is in the range of 3 to 6 um. C. albicans forms
small, white to cream colored, _smooth colonies on Sabouraud dextrose agar at 35 to
37°C. C. albicans also has the ability to form .a variety of alternate colony morphology ‘
phenotypes, such as an dpaque phenotype (374), and tends to spontaneously switch

between the different phenotypes ét a frequency of ~107 (368). These alternate
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phenotypes are hypothesized to enable C. albicans to adapt to different environmental
conditions in vitro and in vivo (7). Isolates of C. albicans fall into two major serotypes,
A and B (156). The serotypes are distinguished by the structure of the side chain
oligosaccharides attached to the backbone 1,6 mannosyl residues of the mannoprotein
complex in the cell wall (290).‘ C. albicans has a diploid genome consisting of 8
chromosomes and does not appear to go through meiosis. However, the identification of
genes in C. albicans that are homologous to Saccharomyces cerevisiae genes involved in
the mating pathway of haploid cells, suggests that C. albicans once had a sexual cycle
(232).

Host Defense Mechanisms against Candida albicans;
Emphasis on Polymorphonuclear Leukocytes

In 1883, the Russian zoologist, Elie Metchnikoff, pfesented his phagocyte theory
of host defense (34,393). The term phagocyte (phagos (to eat) and cyte (cell)), coined by
Elie Metchnikoff and Karl Claus, was used to described the mesodermal amoeboid cells
of starfish larvae that acted in host defeﬁse against an intruder, a rose thorn that was
placed under the larva’s skin. Later, Metchnikoff’s observations of mammalian
leukocytes, polymorphonuclear leukocytes (PMNs) and macrophages, actively engulfing
invading organisms, led to the formulation of his theory of immunity. He proposed that
phagocytosis provided the main, if not the only, defense against infection.

We now know that host defense mechanisms are much more complex than
envisioned Ey Metchnikoff; being composed of both innate‘ and acquired components.
The impairment of innate resistance is associated with hematogenously disseminated
‘candidiasis, while acquired resistance abnormalities predisposes one to superficial
candidiasis. Components of innate immunity against Candida are leukocytes, both

PMNs (or heutfophils) and macrophages/monocytes, mucosa normal flora, complement
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cascade, and fungistatic or fungicidal compounds contained in fluids, such as serum,

saliva and respiratory secretions. Yet, this simplistic view of host resist'ance to systemic
candidiasis is also naive. In animal models, the cellular mediated immune (CMI)
response has been found to influence the recovery of animals with systemic candidiasis
(338). In addition, the humoral response to Candida was initially thought not to play a
part in host defense. It is now known that antibodies directed against specific cell wall
epitopes of C. albicans are protective against systemic and vaginal candidiasis in animal
models (61,153,155). |
The PMN functions as the primary effector cell against C. albicans invasion. In
immunologically normal individuals, a inflammatory response consisting mostly of
PMNss is the hallmark of the majority of Candida lesions. Together with monocytes and
tissue macrophages, PMNs modulate and carry out many of the major functional
responses ‘of the innate immune system. For candidiasis, these include: recognition of
and rapid mobilization to the foci of infection, modulation of the acquifed host response,
and ultimately killing of the invader. PMN anti-Candida functions are also influenced by
the CMI system. In addition, C. albicans has developed mechanisms to evade these
immune responses. Each of these processes will be considered separétely. I will limit
this discussion to PMN anti-Candida defense mechanisms. Monocytes and macrophages

will be discussed only when necéssary.

Mechanisms of C. albicans dissemination
and adhesion to the vascular endothelium

Once C. albicans has reached the blood stream, adhesion to the vascular
endothelium is critical for invasion of target organs. Of the Candida spp. tesfed, C.
albicans displayed the greatest capacity for adhesion to the endothelium of porcine blood
vessels (202) and cultured human umbilical vein endothelial cell (HUVEC) monolayers

(342) in vitro. Both non-specific and specific mechanisms are thought to be involved in
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adhesion to the endothelium. Hydrophobic inferactidns between C. albicans and host
cells most likely acts as the predominant' adhesive force during initial contact (158). C.
albicans germ tubes display high cell surface hydrophobicity (CSH) (157) and the
transformation from yeast to hyphal growth was shown to correlate with increased
adhesion to host surfaces (341). Yet, evaluation of the contributioﬁ of C. albicans CSH
to adhesion is problematic (158). This is due to the ability of C: albicans to quickly
modulate its’ CSH, and the difficulty to strictly evaluate the contribution of CSH to
adherence separate from other adhesion mechanisms. In addition, hydrophobic yeast and
hyphal cells tend to clump which may create artificially high adhesion values.

Multiple surface antigens on C. albicans have been reported to be involved in
specific adhesion to endothelial cells. Adhesion of C. albicans to both human epithelial
(30) and endothélial monolayers (151,443) was found to be mediated, in part, by the
complement recéptor 3-like receptor (CR3-like receptor) eXpressed by C: albicans. CR3-
like receptor recognizes the cl:omplement component's 1C3b and C3d (102,105), ligands
for mammalian CR3. Based on cross-reactivity with monoclonal antibodies (mAbs), the
CR3-like receptor is thought to be antigénically similar to CDllb and CDllc, the o-
subunits of the mammalian -Bg—ihtegrins, CD11b/CD18 (CR3) and CD11c/CDI18
(p150,95) (102,105,143,151,165). Mammalian [,-integrins are expressed in viarying
degrees by all human leukocytes and lymphocytes and are involved in cell-cell and cell-
matrix adhesion functions- (130). CR3-like receptor expression appears to be greatest on
pseudohyphae and hyphae (102,162) with some activity on blastoconidia (143). The
expression is up-regulated at 30°C (105,443) and when yeast are grown in high glucose
concentrations (166). A variety of MW size mannoproteihs from C. albicans, ranging‘ :

from approx. 40- to 185-kDa, are recognized by anti-CR3 mAbs (103,105 ,i66).
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Another C. albicans surface mannoprotein recognizes the complement component
C3d and has been given the name CR2-like receptor (231,352). Althéugh, no antigenic
similarities to maminalian CR2 (CD21) have been demonstrated. CR2 is a single
transmembrane glycoprotein expressed on B cells and follicular dendritic celis (333).
Like the CR3-like receptor, the CR2-like receptor has been postulated to be involved in
endothelial cell adhesion (103,415). Surface expression of CR2-like receptor was
reported on hyphae but not blastoconidia in vivo and in vitro (182). A C3d-binding 55- to
60-kDa glycoprotein was purified from C. albicans and was able to inhibit binding of
C3d-coated erythrocytes to pseudohyphae (352). After deglycosylation, the protein had
an apparent molecular weight of 45-kDa by polyacrylamide gel electrophoresis. Purified
CR2-like receptor also inhibited rosetting of hyphae with erythrocytes coated with 1C3b,
raising the possibility that the CR2-like and CR3-like receptors are actually one protein
with alternate glycosylation (415).

Definitive proof of an integrin-like pfotein expressed on C. albicans and its
similarity to mammalian integrins has come from the recent cloning of the C. albicans
gene OUINTI (132,133). An open reading frame was predicted to encode an
.approximately 188-kDa polypeptide. The structure of odntlp is similar to mammalian
integrins with a single transmembrane domain, I domain, divalent cation-binding motifs,
and an arginine-glycine-aspartic acid (RGD) sequence. aINTj was found to be involved
in the yeast/hyphal transition and adhesion to epithelial He;La cell monolayers (132,133).
In addition, C. albicans intl/intl strains were less virulent in a systemic muﬁne model
(132). Expression of oINTI in haploid S. cerevisiae induced the production of germ
tubes and adhesion to HelLa monolayers (132). The ﬁgand for alntlp is unknown.

Of interest is the predicted RGD séquence contained in the putative I domain of
odntlp. Mammalian integrins mediate cell adhesion by binding to proteins that contain

this triamino peptide sequence (343), such as extracellular matrix (ECM) proteins
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(fibronectin, laminin, and collagens I and IV), C3 fragments and fibrinogen. The RGD
flanking sequences, and possibly other binding sequences, appear to direct the specificity
of the different integrins for various ligands. Yet, the exact role of the RGD-sequence in
mémmalian receptor-ligand recogrﬁtion has been ’ohallenged. CR3 recognition of iC3b
does not appear to take place through the RGD-sequence. Site directed mutagenesis of
RGD to AAA did not effect binding of CR3 to iC3b (392). The RGD-containing ligands
may actually bind to integrin associated protein (CD47) on PMNs and influence CR3
activity via this receptor (409). Nevertheless, it appears that some pathogens ﬁay adhere
to host cells or the extracellular matrix by recognition of RGD and RGD-like sequences.
Adhesion of C. albicans to epithelial cells (29) and ECM prdteins (206,312) appears to be
inhibited by RGD-containing peptides in vitro. In addition, pre-treatment of C. albicans
- yeast with RGD-containing peptides increased the hepatic fungicidal activity in an
isolated perfused mouse liver model (3_51), and 4 synthetic peptide containing the RGD
sequence protected rabbits against an IV challenge with C. albicans (207). These results
indicated that receptors expressed on C. albicans that recognized RGD—coptaining
ligands may play an important role in pathogenesis.
Mannoproteins expressed on C. albicans that have been implicated in adhesion to
ECM proteins include a fibronectin-binding protein (204,206), and a laminin-binding

protein (43). Anti-human B1-integrin mAbs recognized a 60-kDa glycoprotein isolated

from C. albicans that was implicated in adhesion to fibronectin, laminin and type I

collagen, 'suggesting C. albicans expressed a fl-integrin homologue (205). The
collagenous domain, not the RGD-containing domain, of fibronectin has been suggested

to mediate binding of fibronectin by C. albicans (292,360). 'However, peptides

containing the RGD sequence inhibited binding of C. albicans to immobilized fibronectin

but not to other ECM proteins (206,312).
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The C. albicans cell surface glycoproteins, Als prgtéins (agglutinin like
§equencé), are homologues of the S. cerevisiae agglutin'in protein-al and have also. been
shown to be involved in endothelial and epithelial cell adhesion (167). S. cerevisiae
expressing the C. albicans gene, ALS1, displayed increased adherence to HUVEC and
FaDu, an oropharyngeal epithelial cell line, monolayers (128). Additionally, increased
adherence to all ECM proteins tested was noted with S. cerevisiae expressing the C.
albicans gene ALAI, a gene with significant amino acid sequence homology to ALSI
(138).

The interaction of C. albicans with serum proteins may influence the binding of
C. albicans to host cells and/or ECM proteins. Yea§t grown in the presence of
hemoglobin were found to display enhanced adhesion to immobilized ECM proteins,
fibronectin, laminin, fibrinogen and type IV collagen (445). Fibrinogén was found to
bind to C. albicans through a 58—kba fibrinogen-binding mannoprotein (60). Activated
platelets, that are found at sites. of endothelial damage, bind fibrinogen through the [s-
integrin, GPIIb/IIia (1), and ha\}e been shown to bind to C. albicans germ tubes that are
coated with fibrinogen (189). The adhesion of C. albicans to EDTA—tréated HUVEC
monolayers was enhanced when platelets were added to the system (203). The yeast
were found to bind to platelet aggregates formed at sites where ECM proteins were
efcposed. Although not investigated, this YGasf—pli‘atelet interaction was most. likely

mediated through the binding of fibrinogen by both the yeast and platelets.

C. albicans Invasion of Vascular Endothelium

Penetration of HUVEC monolayers by C. albicans 'was shown to occur by
phagocytosis of yeast or germinated cells by the endothelial cells (342). Of Candida spp.
tested, only C. albicans was engulfed by the endothelial éells, suggesting the

phagocytosis was specific for C. albicans. Dead yeast and germinated cells were
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phagocytosed by the endothelial cells, but only live, engulfed yeast caused significant
cellular damage to the endothelial cells. Damage was found to occur by an iron-
dependent, reactive oxygen intermediates-independent mechanism (117,124). The

addition of PMNs (104) or pretreating HUVEC monolayers with IFN-y (125,169)

inhibited cellular damage by C. albicans. IFN-y prevented phagocytosis of yeast by the

endothelial cells and, therefore, cellular damage. In addition, phagocytosis of C. albicans
stimulated endothelia.l cell responses that had immunomodulating activity. Filler and
colleagues showed C. albicans induced the synthesis and release of prostaglandins
(prostaglandin I, (PGl,), PGF,y, and PGE,) frorﬁ HUVEC monolayers (116,117). PGI,
was shown to inhibit adhesion of C. albicans yeast to endothelial monolayers and also to
break up platelet aggregates to which C. albicans yeast were strongly adherent (201).
Klotz showed that C. albicans may actually inhibit the release of PGI, from endothelial
cells at early time points but acted as a stimulant for PGI, production only at later time
points during the infection (201). C. albicans-infected HUVECs displayed upregulated
synthesis and surface ekpression or release of many proinflammatory molecules: E-

selectin,>ICAM—1, vascular cell adhesion molecule 1 (VCAM-1; CD106), interleukin-6

(TL—6), IL-8, and monocyte chemoattractant protein 1 (118). Although not tested, the

damaged endothelium probably also releases formylated peptides that induce leukocyte

chemotaxis (59).

PMN Recruitment to the Foci of Infection

To get to the foci of infection, PMNs must adhere to the endothelium and then
emigrate from the microvasculature into the tissue by amoeboid-like movements, a

process termed transendothelial migration or diapedesis. PMN adhesion is dependent

upon the activation status of the endothelium. Addition of C. albicans to endothelial .

monolayers results in activation of the endothelium (116,118). The initial PMN adhesive
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event results from weak interactions between members of the selectin family. Activation
of endothelial cells results in transient expression of P-selectin within minutes from
internal stores (260). L-selectin (CD62L) (377) and P-selectin glycoprotein liéand-l
(CD162) (16,261) expressed on PMNs bind to carbohydrate ligands, sialyl Lewis X and
sialyl Lewis A antigens, on sialoproteins E- and P-selectins expressed on the endothelial -
cells (CD62E and CD62P respectively). These interactions result in the tethering and
rolling of PMNs on the endothelial surface (306). Stimulated endothelial cells rapidly
synthesizé and express platelet activating factor (PAF). PAF binds to the PAF receptc‘)r
(PAFR) on PMNs. Both binding of P-selectin to its respective ligand and PAFR to PAF
on the endothelium results in inside-out signalling of B-integrins, CD11a/CD18
(lymphocyte function-associated molecule-1), CD11b/CD18 and CD11c¢/CDI18
(234,235), expressed on the PMN surface. This results in a conformational change of the
B,-integrins allowing binding to their respective ligands, ICAM-1 and ICAM-2 (CD102),
and results in firm adhesion of the PMN to the endothelium. After PMN activation, L-
selectin expression is down-regulated and shed into the circulation. Stimulation of
endothelium in vitro by LPS, TNF-q, IL-103, IL-4, and IFN-y results in up—fegulation at
the transériptional level of ICAM-1, VCAM-1, P-selectin, and E-selectin (306). P- and
E-selectin expression reaches a peak at 3 — 5 hours after endothelial activation. While
VCAM-1, involved in lymphocyte and monocyte transendothelial migration, expression
peaks at approximately 6 hours and ICAM-1 at about 12 hours after stimulation.
Although, the intensity of ICAM-1 up-regulation varies between different vascular beds
in vivo (306). Activation of PMNs by IL-8, formylated peptides, and leukotriene By also
results in Bo-integrin activation. Transendothelial migration of PMNs up the chemotactic
gradient toward the foci of infection is dependent upon CD11a/CD18 and CD11b/CD18

adhesive events; selectins do not seem to be necessary (306).
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The cell wall of C. albicans is an excellent activator of the complement cascade
(210). Activation of the complement cascade results in the production of the powerful
inflammatory mediators C3a, :CSa, and the less potent C4a. These mediators increase
vasopermeability for inflammatory cell infiltration. C3a and CSa display strong
chemotactic activity for PMNs, monocytes and macrophages. In addition, numerous
other biological effects on PMNs have been attributed-to these proteins (227), such as
induction of the oxidative burst, release of lysosomal enzymes, [,-integrin surface
expression, and release of inﬂammatery cytokines IL-1, IL-6, IL-8 and TNF-oi: The
release of compounds from C. albicans chemotactic for phagocytic cells may also play a '
role in directing cellular infiltration. A number of etudies have shown that C. albicans
produces non-serum dependent chemotactic factors (49,50,84,401,405), and my research
has shown C. albicans produces chemotactic factors that can stimulate chemotaxis of

both human PMNs and the mouse macrophage cell line, J774.

Leukocyte Adherence to C. albicans

PMNs take up C. albicans yeast into phagosomes that fuse with both granules and
lysosomes to form the phagolysosome in which the PMN attempts to kill and digest the
yeast (248). Filamentous forms of C. albicans are toe‘ large 'to be fully erlgulfed by
phagocytic cells. Instead, the phagocytic cells attach to and spread over the cell surface
(91), and degranulation occurs at the site of PMN contact with the hyphal cell surface.
This is termed “frustrated phagocytosis”. PMN adlrerence to C. albicarrs is dependent '

upon the recognition of both fungal- and host-derived components. Neither normal nor
frustrated phagocytosis requires C. albicans’ cell wall opsonization (91,313), but optimal
adhesion, and therefore phagocytosis, occurs with opsonization by factors contained in
fresh human serum (226). The cell wall of C. albicans is a potent stimulator of the

alternatrve complement cascade, and anti-Candida antrbodles and the mannose binding
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protein (MBP) found in human serum can activate the classical complement cascade.
This results in the deposition of C3b, iC3b and C3d on the cell surface (211). PMNs
express receptors for C3b and iC3b, CR1 (CD35) and CR3 (CD11b/CD18), respectively.
Large internal pools of CR1 relocate to the cell surface upon PMN activation (113). In
addition, upon activation of PMNs, CR3 undergoes a conformational change (inside-out
signalling discussed above) resulting in enhanced ligand binding affinity. Although,
binding of polysaccharide ligands to CR3 does not seem to require inside-out signaling.
~ The receptors for the Fc region of IgG, FeyRIla (CD32), FeyRIIb (CD16), and IgA,
FcoRI (CD89), are normally expressed by human PMNs and can be up-regulated with
inflammatory factors, such as IFN-y (273). Human PMNs do not usually express FcyRI
(CD64), ;che high-affinity receptor for IgG, but expression is upregulated with IFN-y and
granulocyte-macrophage-colony stimulating factor (GM-CSF) (314,339). Cooperation
between FcyRs and CR3 results in enhanced adhesive capabilities of PMNs (215).
Additionally, chemoattractant factors, such as forymlated peptides, C5a, LTB4 and PAF,
~ stimulate increased surface expression of 3,-integrins, resulting in enhanced adhesion of
PMN:ss to the vascular endothelium (402), and presumably, a greater numbers of PMNs at
the foci of infection.

A variety of non-opsonic recognition systems are used by phagocytic cells to
recognize C. albicans consisting of lectin-carbohydrate, protein-protein, and
hydrophobin-protein interactions (300). In addition to iC3b, other ligands for CR3
include B-glucans (395), ICAM-1, factor X (89) and fibrinogen (395). As previously

stated, C. albicans can bind to ECM proteins found in serum and the basement membrane |

and exposure to hemoglobin enhances the binding to several of these ECM proteins
(445). Host effector cells may recognize ECM proteins bound to the cell wall of C.

albicans by integrins, such as CR3 (378).
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Unlike PMNs, macrophages and monocytes express surface receptors that are
specialized for nonopsonin-mediated phagocytosis of targeted particles by recognition of
terminal carbohydrate moieties (380). These receptors have been found to be important
for adherence to C. albicans (111,247). Macrophages, but not monocytes (363), express’
the macrophage mannose receptor (MMR) that binds to terminal mannose, fucose, N-
actylglucosamine, and glucose residues (273). In addition, monocytes express a B-glucan
receptor implicated in adhesion and phagocytosis of C. albicans (174).

Sérum mannose bindirig protein (MBP), C-type lectin secrétea by the liver, is
thought to play an important role in the initial stages of host defense against C. albicans
(390). MBP recognizes C. albicans and activates the classical complement cascade in a
similar manner as Clq (177,390). In addition, MBP enhances phagocytosis by bmdmg to
both mannose residues on the microorganism and to the Clq receptor on both

macrophages and PMNs (300,394).

Phagocvti¢ Cell Killin;i Mechanisms:

The antimicrobial killing arsenal of PMNs contains both oxidative and non-
oxidative mechanisms that work in concert. The proteins that are involved in both
mechanisms are contained within the PMN granules. There are 3 types of granules in
PMNs (70): primary (azurophilic), secondary (specific), and fertiary. After ingestion of
the microorganism into the phagosome, the granules and lysosomes fuse with the
phagosome and release their deadly contents (24,329). In “frustrated phagocytosis”, the
fusion of granules takes place with the plasrﬁa membrane in direct contact with the fungal
cell surface. Granule constituents are released into the space directly between the plasma
membrane and the hyphal cell. Some secondary and tertiary granule products that may
contribute to. killing ro collateral injury, such as lactoferrin (LF) (41,237) and

myeloperoxidase (MPO) (47,324), are also released into the extracellular milieu.
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Phagocytosis of invading microorganisms by PMNs and macrophages occurs
concurrently with a large increase in the consumption of oxygen, tei’med the “respiratory‘
burst” (21). This is due to the production of massive amounts of superoxide (Oz°") by the
nicotinamide adenine dinucleotide phosphate-oxidase (NADPH-oxidase) complex found
in phagocytic cells (330). Monocytes and macrophages display -a greater respiratory
burst than PMNS; yet they convert less of the oxygen into superoxide than PMNs (86).
Reduction of molecular oxygen occurs by the following reaction: NADPH + 20, —
20,2 + NADP*+ 2H*. The active NADPH-oxidase complex is composed of several
different components (87). The complex is dissociated in unstimulated cells. The
compénents are found in the plasma membrane (flavocytochrome b558 and RaplA), and
cytosol (p47-phox, p67-phox, p40-phox, Racl/2) compartments of the cell (87).
Flavocytochrome b558 is a heterodimer composed of a large and small subunit, gp91-
phox and gp22-phox respectively, that associate with a flavin-adenine dinucleotide
molecule. In non-activated PMNs, the majority of flavocytochrome b558 is found in the
secondéry granules membrane (90%), with a small amount in the plasma membrane
(10%) ('179)1) When activated, the components of the NADPH-oxidasé traﬁslocate to the
plasmalemma that forms the phagosome and form a large multicomponent activated
complex that is able to re;duce molecular oxygen to superoxide (42,87,179).

Due to the inherent instability of Oy, it rapidly dismutates to form hydrogen
‘peroxide (H,0,). In the presence of a halide ion, such as Cl", MPO converts H,O, to
OCI™ which can react with amines to form long-lived N-chloramines that have potent
antimicrobicidal activity. OCI™ can further interact with Oy°~ to form extremely reactive
hydroxyl radicals (OHe) (340). Studies suggest that MPO released into the extracellular
milieu from PMNs enhances macrophage anti-Candida activity (223). In addition,
inducible nitric oxide synthetase has been shown to be produced by PMNs in primary

granules (110). Through MPO-dependent pathways, activated human PMNs were shown
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to convert NO™ into the inflammatory oxidants NO,Cl and NO,e in vitro (106).

The importance of PMN oxidative killing mechanisms is most apparent in
individuals with-chronic granulomatous disease (CGD) (274). CGD patients have ’a
defect in one of the components of the NADPH-oxidase and are unable to make
superoxide. They suffer from chronic and recurrent bacterial and fungal infections. In
vitro, CGD PMNs display decreased killing efficiency of many microorganisms, however
the majority of recurrent infections are caused by those capable of producing catalase
(245). Approximately 20% of CGD patients experience fungal infections, primaﬁly by
Aspergillus spp., that includes pneumonia and/or widely disseminated disease with bone
involvement (71). Candiaiasis appears to be relatively rare in CGD patients.

There are two mouse models of CGD, gp91- (319) and p47-null (172) mice
(gp917"*"~ and p47 P**" mice, respectively). Both display similar responses to
challenge with pathogens that normally cause recurrent infections in CGD patients
(245,269). Although, p47 Phox= mice, unlike gp91l Phox-~ mice, develop spontaneous
infections (172). In gp9 179~ mice, enhanced proinflammatory cytokine production in
response to intranasal challenge with A. fumigatus and chronic bronchopneumonia with
granuloma formation after administration of sterile hyphae into the lungs was observed,
suggesting that the pathology associated with CGD was also due to dysregulation of the
inflammatory response (269). In addition, catalase deficient ASpergillus nidulans was
shown to be as virulent as wild type in p47” hox-I- mice, suggesting that the role of catalase
as a fungal virulence factor in CGD patients should be reevaluated (64).

In addition to CGD PMNs, PMNs derived from individuals with complete MPO-
deficiency demonstrate impaired killing of catalase-positive organisms and Candida
albicans in vitro (22). MPO-deficient individuals are usually asymptomatic (22).
However, there are reported cases of reéurrent Candida infectioné in MPO-deficient

patients, but infections are usually associated' with additional immunocompromising
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conditions, such. as diabetes mellitus (218,293). Enhanced production of superoxide
anion (140), alternative metabolism of H,O, by other System;s, within the phagolysosome,
such as the Haber-Weiss reactions (140), the production of reactive nitrogen species by
iNOs (278), and normal eosinophil peroxidase activity (140) are thought to cofnpen_sate
for the loss of MPO activity. -

Recently, a MPO-deficient mouse was generated (14). These mice displayed
enhanced susceptibility to pneumonia and death following intratracheal infection with C.
albicans, and. increased rate of dissemination of intraperitoneally injected C. albicans.
The authors suggested that MPO—defi.cient mice were unable to compensate with othef
oxygen-dependent microbicidal systems m viﬁo. However, the relatively rare occurrence
of candidiasis in MPO-deficient patients, without an additional immunocompromising
condition, suggest that other microbicidal systems can compensate for the loss of MPO
activity.

PMN candidacidal responses are thought to consist of both non-oxidative and
oxidative mechanisms, and may explain why C. albicans infections are rarely observed in
MPO-deficieﬁt and CGD patients. Non-oxidative mechanisms were found to severely
damage hyphal cell wall, although the addition of oxidative mechanisms to the in vitro
system resulted in enhanced anti-fungal activity (66). | In vitro, C. albicans yeast appeared
to be susc'eptible to non-oxidative killing by PMN granule extracts at pH 55t0 =75
©(299), values thought to be necessary for the.action of some non;oxidative killing
mechanisms (255,358), whereas A. fumigatus conidia were highly resisfant throughout
the pH range tested (pH 5.5 to 8.5). In ,additioﬁ, CGD PMNs were found to inflict a
significant amoﬁnt of damage to C. albicans hyphal cell walls in vitro (66). Although,
the addition of oxidative-killing mechanisms to CGD PMNs significantly enhanced
damage to the cell wall, as well as DNA, of the hyphal cells (66)
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LF is 4an iron binding protein that plays a role in both non-oxidative and oxidative
killing mechanisms. Sequestering of Fe** inhibits the reduction of Fe®* to Fe** by Oy~
‘that results in the reduction of H,O, to Oﬁ° by the metal ion catalyzed Haber-Weiss
reaction (Oz°” + H,O0p — 6H° +OH™ + 10,) (70), while iron saturation of LF resu}ts in
enhancing PMN superoxide production in response to fMLF (131). Prevention of OHe
formation by LF is believed to allow a certain level antimicrobial activity by PMNs while
minimizing the harm to the surrounding tissue.

In vitro, PMNs can inhibit growth of C. albicans without direct contact (373).
Release of LF and other cytoplasmic and granular proteins from intact or lysed PMNs
have been suggested to account for this observation. The anti-Candida effects of LF are
well documented (28,301,304,305,376). LF is also produced by mucosal epithelial cells
and is found in external secretions, such as saliva, where it may play a pivotal role in
early host defense (53). Competition for iron is thought to be one way LF exerts this
inhibitory effect; only 20% of LF in saliva has iron bound to it. Apolactoferrin (iron free
lactoferrin) exerted fungicidal activity in vitro (376). Lactoferricin B, a peptide derived
from the N-terminal region of LF, bound to the cell surface of C. albicans and stimulated
what appeared to be an autolytic response (28). LPS activated PMNs displayed enhanced
anti-Candida activity that was correlated to the secretion of LF (304). Furthermore, the
addition of LF to PMNs, in vitro, increased fhe inhibitory growth effect of human PMNs
on C. albicans (301). C. albicans cell wall mannoproteins were found to be strong
stimulators of LF release from human PMNs in vitro (305). .LF has also been shown to
exert immunomodulatory effects on PMNs. PMNs exposed to human lactoferrin, in
vitrp, exhibited increased adhesion (303), chemokinesis and fMLF stimulated superoxide
production (131). LF released from PMNs may also affect mononuclear leukocytes. LF

treated human monocytes and monocyte-derived macrophages did not show increased
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motility or fMLF stimulated superoxide production (131), yet LF was found to directly
stimulate phagocytic and cytotoxic properties of macrophages against microorganiéms,

such as Trypanosoma cruzi (230).

‘Other PMN granule and cytosolic compounds that were demonstrated have anti- -

fungal activity either alone or in combination with oxidative mechanisms include
azurocidin (57), calprotectin‘ (48,279), cathepsin G, eclastase, defensins, and even
lysozyme has been found to have weak fungicidal activity in’ vitro (90). Defensins are
small polrycationic peptides, 29-35 amino acid residues, that make up to 50% of the total
protein content of the primary granules, 5-7%.of total human PMN proteih (40). They
are not found in human monocytes or macrophages. Defensins have a broad spectrum of

activity and have been found to have anti-Candida activity under suitable conditions in

vitro and in viv0'(225 A34). It is thought that they insert themselves directly into the cell |

wall or plasma membrane of the microbe (432), although the exact mechanism of hoW

defensins work is unknown.

T Helper Cell Response to C. albicans and °
Induction of PMN Anti-Candida Activity

Using inbred mouse strains, it was determined that the outcome of systemic or
mucosal candidiasis depended upon the type of T helper (Th) cell response that
developed (336,338). Protective host immune responses to C. albicans correlated with
the development of a Thl responses, whereas Th2 responses were associated with
suscept1b111ty Thl and Th2 type responses are dlfferentlated by Th cell cytokine profiles
that modulate the development and activity of immune effector cells. A Thl cell- -type
cytokine pattern (IL-2, IL-12, interferon [IFN]-y, and tumor necrosis factor [TNF]-B)
skews the immune response toward CMI effector functions, such as activated cytotoxic
cells Alternatively, a Th2 cell-type cytokine pattern (IL-4, IL—S? IL-6, and IL.-10) skews

the immune response toward humoral mediated immunity effector functions. Although,
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the Th cell cytokine patterns are much more complex than this, production of cytokines
by Th cells that énhance the candidacidal activity of PMNs and monocytes/macrophages
have been associated with protective host responses. Some cytokines originally thought
to be associated strictly with a Th1 or Th2 response may actually be necessary for'the
development of both types of Th cells (288). For example, IL—4—deficient mice were
unable to control systemic and GI C. albicans infections'during late stages of disease, and
-4 primeci PMNs were necessary for IL-12 production (244). Also, some cytokines do
not fit neatly into a particular category, such as TNF-o,, GM-CSF, and IL-3. TNF-ol and
GM-CSF tend to mostly be associated with a Thl-type response, but may be present in
either type (533).

In vitro, the treatment of phagocytic cells (PMNs and monocytes or macrophages)
with Th1- or Th2-type cytokines has led to a greater understanding of cytokine-induced
effects on anti-Candida functions by these cells. In vitro, PMNs readily engulf large
numbers of C. albicans yeast, although the percent killed is relatively low (313). The

killing efficiency is greatly enhanced when PMNs are activated by pro-inflammatory

cytokines (18,96,335). In addition, PMNs not only respond to certain stimuli by

releasing or upregulating the surface expression of preformed macromolecules, but are.

also able to synthesize many important proteins, including cytokiﬁes. This realization has
changed the view of the PMN in early host defense from strictly an end effector cell to
one with immunoregulatofy functions as well. " For simplicity, I will restrict my
discussion of cytokine effects on anti-Candida PMN responses to human PMNs and only
refer to information gained from murine models when necessary.

Supernatants from natural killer (NK) cells exposed to C. albicans blastéconidia
containing the proinflammatory cytokines, TNF-o, IFN-y and GM;CSF, simulated PMN
anti-Candida activity as determined by growth inhibition (36,94,95). The effects of these

cytokines on PMN anti-Candida functions were further characterized. Priming PMNs
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with TNF-o in vitro resulted in increased expression of adhesion molecules (346),
respiratory burst (114,196), degranulation (114), and enhanced chemoattractant receptor
responsiveness due to an increase in heterotrimeric G-protein expression (259,354).
TNF-o, also acted as an autocrine factor by stimulating more TNF-o production from
PMNs (95). IL-2 was found to stimulate the production of TNF-o. (424), IL-8 (425), and
LF (98) from PMNs. IFN-y and TNF-a were synergistic in stimulating.PMN anti-
Candida activity in vitro, n-leasured by fuﬁgal growth inhibition (97). In addition, co-
incubating PMNs with C. albicans and TNF-o resulted in the production of the
chémokines IL-8 and macrophage inflammatory proteiri l-o. (152). Yet, co-incubating
PMNs with S. cerevisiae or zymosan and TNF-o resulted in IL-8 release only. Both IFN-
v and GM-CSF stimulated synthesis and expression of FcyRIa on PMNs (314,362,426),
suggesting a role for PMNs in ’host defense at mucosal sites as well. FcyRla expression
was originally thought to be restricted to monocytes and macrophages. IFN-y
enhancement of PMN anti-fungal activity toward filamentous forms of C. albicans was
found to be greater than both granulocyte-CSF (G-CSF) and GM-CSF (139).

Colony stimﬁlating factors, G-CSF and GM-CSF, are potent stimulators of

proliferation and differentiation of hematopoietic progenitor cells, and significantly

increase the functional life span of PMNs. G-CSF and GM-CSF also amplify several '

important effector functions of mature PMNs that resulted in enhanced anti-fungal
activity in vifro, including, superoxide production in response to chemoattractants
(289,387,427) and C. albicans (331), FcyRs and FcoRla synthesis and expreésion
(195,328,426), CR3 expression (233,447), and synthesis of lipid mediators (323). In
vitro, treatment of human_ PMNs with GM-CSF (444), but not G-CSF (332), resulted in
enhanced growth inhibition -or killing of C. albicans. ert, PMN:ss isolated from héalthy
volunteers given G-CSF daily, for up to 5 days, did not display enhanced killing of C.

albicans. Although, treatment did appear to prime the PMNs for sustained superoxide
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production in respoﬁse to Candida extracts (228) apd modulate FcyRI and FcyRIIIb
expression (107,265).

The morphological form of C. albicans used to stimulate murine peritoneal cavity
PMNs, in vitro, was found to induce the selective release of IL-10 or IL-12 (334). C.
albicans capable of undergoing the yeast 'to hyphal transition stimulated IL-10
production, whereas a non-germinating strain stimulated release of IL-12. Additionally,
IL-12 production in vivo, that is thought to be from PMNs, correlated with enhanced
resistance to candidiasis, while IL-10 with disease progression (335,337). Human PMNs
stimulated with a mannose protein fraction (MP-F2) from the cell wall of C. albicans
released IL-8, TNF-o, IL-6, .and ]L-'1[3 (62). But, if PMNs were stimulated with MP-F2
together with IFN-y, IL-12 was also released. Therefore, the selection of the Th cell anti-
Candida response appeared to be dependent upon the ability of PMNs to selecti\}ely

produce IL-12 or IL-10, that in turn effects the immunomodulatory functions of PMNs.

Immunomodulation_bv C. albicans

The ability of a microorganism to elude the host’s immune response ensures its
ability to thrive anci cause disease. In the case of C. albicans, it has evolved as a
commensal of the mucosal surfaces in humans. Therefore, it has developed.mechanisms
that either inhi’bit or modulate the host’s immune responses discuésed above. The end
result is colonization without disease, unless the host becomes immunocompromised and
tips the balance in the favor of Candida.

As already discussed, C. albicans exhibits exan;ples of molecular mimicry of
mammalian proteins. The CR3- and CRz-like receptors appear to.‘ display anti-opsonic
and anti-phagocytic activity by -competing for ligand with the mammalian receptors
.(143,166). Enhanced phagocytosis by PMNs was observeci'when C. albicans was

pretreated with the IgM mAb, Mol, that recognizes the C. -albicans iC3b receptor, and
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decreased phagocytosis was observed when growth conditions were used that enhanced
expression of CR3- and CR2-like receptors (143). Enhanced phagocytosis may actually
have been the result of increased complement activation stimulated by Mol, or
recognition of the IgM by Clq receptors expressed on PMNs (394). Additionally,
decreased phagocytosis of yeast grown under CR2- and CR3-like receptor expression
enhanciﬂg conditions may have been due to alterations of expression of other surface
antigens by C. albicans.

C. albicans is able to switch, at a high freéuency and reversibly, between a
number of different phenotypes that are distinguished by colony morphology, and in
sorﬁe cases by cellular morphology
(11,12,326). It has been hypothesized that the ability to switch between different
phenotypes allows C. albicans to adapt to various environments, interact differently with
host cells (190,375,412), and possibly display alternate virulence traifs (190,191,411). It

was shown in the white-opaque switching system, that switching was accompanied by the

differential expression of phase-specific genes (270-272). In addition, opaque and white

cells displayed differences in susceptibility to antifungal agents (141), and killing by
PMN oxidative mechanisms (208).

A low molecular weight compound released into supernatants from live and dead
C. albicans hyphae and pseudohyphae (crude hyphal inhibitory product or CHIP)
inhibited contact between PMNs and fungal cells (92), and PMN superoxide production
and degranulation in response to fMLF (370,371).. Also, a high-molecular weight
component in the same supernatants inhibited Candida killing by human PMNs in vitro
(369). The low molecular weight compound was determined to be ‘the
immunomodulatory agent adenosine (369). Human PMNs express both the high affinity
adenosine receptor, Al, and the low affinity receptor, A2 (82). Adenosine acting through

the A2 receptor has anti-inﬂamniatory effects on PMN function, such as decreased
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superoxide pfoduction and adhesion to endothelium, and inhibition of phagocytosis. Yet,
by acting through the A1l receptor, adenosine promotes PMN chemotaxis (81). In
addition, these receptors influence phagocytosis mediated through FcyRs in opposing
ways (345). At low concentrations, adenosiﬁe acts through the Al receptor to enhance
PMN FcyR functions, but at high concentrations adenosine exerts an inhibitory effect on
FcyR functions through the A2 receptor. The effect of adenosine released from C.
albicans on FcyR mediated phagocytosis is unknown.

In addition to adenosine, fnannoproteins released from the cell wall of C. albicans
~ have been shown to affeét leukocyte functions (187). A decreased or absent delayed-type
hypersensitivity (DTH) response when stimulated with Candida antigens is often
observed in patients with CMCC, disseminated candidiasis and recurrent Vaginél
candidiasis (381). This immunosuppression may be due in part to mannoproteins
released from C. albicans cell wall. Within 15 minutes of inte'racting with human PMNs
in vitro, C. albicans yeast released high molecular weight antigens, suggested to be
mannoproteins (17). Treatment of micé with a mannan extract from C. albicans cell wall
suppressed the DTH response to C. albicans cell wall mannan or qucan (99). Defective -
processing of mannan by CMCC patient’s monocytes has been suggested to result in
suppressed CMI responses in these patients (122). Mannan isolated from the serum of
CMCC patients selectively inhibited PMN réspiratory burst and MPO release (442).
Zhang and Petty proposed that superoxide production was inhibited by mannan binding
to CR3 on PMNs, thereby blocking transmembrane signalling (449). It has recently been
shown that CR3 associates with and transduces cellular signals in a cis-acting fashion
with a number of gl‘ycosylphosphatidylinositol (GPD)-linked receptors expressed on
immune cells, such as Fcy receptor IIlb (399). This interaction can be blocked with the
carbohydrates p-mannose, o-methylmannoside and N-acetyl-D-glucosamine, resulting in

the inhibition of important antimicrobial responses, such as superoxide production. A C.
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albicans cell wall "gl'ycoprotein extract was found to inhibit CR3-mediated phagocytosis
of C. albicans-yeast cells by macrophages (389). There is no experimental evidence that
C. albicans cell wall mannanoproteins block the interaction of CR3 with other receptors
on the surface of leukocytes or lymphoctyes, although I believe this possibility merits

investigation.

Candida albicans Colonization and Invasion
of the Gastrointestinal Tract

The gastrointestinal (GI) tract is recognized as a portal of entry for hematogenous
spread of C. aibicans (73,188). C. albica%zs is commonly fm/md as a commensal in the GI
tract of humans and other animals (72). In healthy ihdividuals, the cérriage rate has been
reported to be up to 80% (72,145,297). The ability of C. albicans to adhere to and
colonize the mucosal surface of the human GI tract is considered a putative virulence trait
t85). GI tract bacterial normal flora, alterations of the lumen environment by bécterial
and host prodﬁcts, peristalsis, mucus secretions, and the éontinual renewal of enterocytes
have-all beén suggested to prevent C. albicans colonization. An increased GI carriage
rate of C. albicans has been associated with disturbance of the host’s innate immunity,
such as neutropenia, . and the bacterial normal ﬂora found in the GI tract
(318,347,348,349). Although little is known concefning the maintenance of C. albicans
as a commensal in the GI tract of healthy individuals (76,188,297,298), it is clear that
- dissemination from the GI tract is uncommon without immuﬁosuppreséion of the host or
perturbation of thé normal flora (39,58,348,364). Therefore, a better understanding of
~ both the mechanisms used by C. albicans for mucosal colonization and dissemiﬁation,

and anti-Candida host defense mechanisms at the GI tract are warrantéed.
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Mucocutaneous candidiasis is generally associated with Candida overgrowth on
the upper GI mucosa (oral, pharynx and esophagus) (100,404)., although
immunocompromised individuals are also at risk of lower GI tract (duodenum, small and
large intestine) involvement as well. Candidiasis restricted to the mucosa/submucosa is
most often seen in patients with defects in CMI, such as AIDS (264). Disseminated
candidiasis is sometimes seen in late stage AIDS patients (219), yet this is thought to be
due to a decrease in phagocytic cell function as a result of generalized
immunosuppression (75). Overgrowth of Candida spp. in the lower intestine and‘
subsequent hematogenous dissemination to iﬁternal organs is most commonly associated
with defects in innate immunity, particularly neutropenia (250,251).

C. albicans dissemination from the GI tract must require at least two steps: [1] the
ability of C. albicans to persistently adhere to the mucosal lining, and [2] penetration of
the lining either by an active or inactive process. Presumably, both of these steps are
cofnplex, i.e. composed of many individual components. The small intestine is the
primary site of bacterial translocation out of the intestinal lumen (428), and in infant
mice, C. albicans was shown to cross the epitheliurr'l in the upper thirds of the small
intestine (115). .

The cellular morphology of the intestine is complex (112,320). The small
intestine is composed of crypt-villus units. The villi are finger-like projeétions
surrounded by several crypts at their base. Multiple epithelial cell lineages (absorptive
enterocytes or columnar epithelial cells, enteroendocrine cells, goblet cells anci paneth
cells) arise from multipotent stem cells contained within the crypts. As they mature,
absorptive, goblet and enteroendocrine enterocytes migrate from the crypt to the tip of the
villus. The enterocytes are polarized cells with an apical and basolateral surface with
different morphology and surface antigen expression. The enterocyte apical surface is

composed of microvilla (also called the brush border), 1,500 — 3,000 minute finger-like
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projections per cell that are covered by the glycocalyx, a mucus glycoprotein layer. The
intestinal lamina propria contains many diffusely scattered microscopic lymphoid
nodules as well as macroscopic discrete domes of lymphoid nodules called Peyer’s
patches. The Peyer’s patches are found throughout the small intestine with the greatest
concentration in the ileum.

A high concentration of C. albicans is thought to be necessary for hematogenous
dissemination from the GI tract (212). The GI tract bacterial normal flora is most likely
the greatest barrier to Candida o_vergrowth at the mucosal surface (192,229,438). The
use of broad spectrum antibiotics was shown to correlate with increased GI. tract
colonization by C. albicans in both humans (348,357) and animal models
(192,193,229,4385 and an increased susceptibility to hematogenous dissemination (430).
The intestinal bacterial normal flora of a mature animal is estimated to conteﬁn up to 500
different species with anaerobes being the largest group (31). Dissemination from the GI
tract was greatest in animals treated with antibiotics with good anaerobic éctivity and/or
high GI concentrations (192,193). Therefore, the removal of a large numl;er of northal
flora members by broad-spectrum antibiotics may be detrimental to an
immunocompromised host by allowing the overgrowth of opportunistic microorganisms,
such as C. albicans.

The infant mouse was shown to be an informative animal model for investigating
the mechanisms used by C. albicans for persistent colonization of the GI mucosal surface
(76,161). Adult mice (conventional, pathogen- or germ-free, and gnotobiotic) given
intragastric (i.g.) inoculation without antibiotic or immunosuppressive treatments are
highly resistant to colonization by C. albicans, and eliminate the yeast from the GI tract
within a relatively short period of time (69,229,406). This reflects that C. albicans is not
part of the GI tract normal flora in the mouse. For unknown reasons, mice are resistant to

C. albicans colonization. In the adult animals, persistent GI colonization was only
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achieved with treatment, either singly or in combination, with irradiation (417), broad-
spectrum antibiotics (193), corticosteroids (280), or cytotoxic drugs (438). High
dissemination rates were also observed in these animals. Dissémination was most likely
the result of damage to the integrity of the GI mucosa and induced granulocytopenia by
these therapeutic agents (46,68,382). The infant mouse model offers the advantage of
studying colonization in vivo with natural host barriers in place. If the infant mouse
survived the initial inoculation, persistent colonization (at least 6 weeks post inoculum)
could be achieved without other insults. Yet, it would be naive to assume all the natural

host barriers to colonization are in place in the infant mouse. Because of their age, these

mice are not immunocdmpetent, nor do they have a well established intestinal normal

flora (322). Of course, humans are colonized early in life, probably as early as passage
though the birth canal. Even so, it must be kept in mind that this animal model may nof
completely reflect the mechanisms involved in establishing long term colonization in
humans.

| Both specific and non-épecific mechanisms are thought to be involved in C.
albicans adhesion to the GI mucosa. Electron microscopy studies of infant mice
inoculated i.g. with C. albicans showed yeast adhered to the mucosa by a variety of
mechanisms: adhesién directly to the epithelium, adhesion to normal flora bacteria, co-
adhesion to other yeast, and adhesion to or entrapment within the glycocalyx (76,193).
Two strains of C. albicans that differed in persistence of colonization and systerﬁic
spread from the GI tract displayed similar distribution, determined by CFUs per gram of

tissue, in the GI tract for the first 3 weeks after inoculation (115,321). Colonization of

the upper and middle regions of the small intestine by these two strains was consistently

lower than the stomach, ileum, cecum and colon (321). Yeast were commonly observed
initially embedded within the glycocalyx of the intestinal epithelial surface, followed by

what appeared to be an intimate association with the small intestine enterocytes
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(115,321). An association of yeast with a single villus without attachment to adjacent
villi was regularly observe(.i (78). Abundant yeast cells were also observed associated
with the cardial-atrium fold of the sfomach (74,76), the keratinized stratified squamous
‘ epithelium found between the stratified and giandular regions ‘of the gastric mucosa
(183), once again, suggesting specific fungal-host cell interactions. ‘

Enterocytes are highly polarized with respect to morphology and surface antigen
expression. Differences in yeast adhe;sion to the apical surface of intact murine GI
epithelium explants were noted depending on the anatomical site the explants were
derived from (263). These differences were lost when adhesion assays were done with
cell suspensions made by trypsinization of 'explants. Although, surface adhesion
molecules may have been éltere?d by the trypsin influencing the adherence characteristics
observed.

A number of C. albicans antigens have been implicated in adhesion to buccal and
vaginal ep'ithélium and extracellular matrix prot_eins, including: the fucose-binding
adbesin (80,403), Int1p (132,133) Als proteins (128,138), laminin and fibronectin binding
proteins (43,55), fibrinogen binding-proteins (60), and secreted aspartic proteinéses
(421). The role of these C. albicans adhesins in adherence to GI epithelium has not been
iﬁvestigated. |

The exact mechanism of C. albicans passage through the mucosal surface in
compromised patients is still unknown. Translocation of invading organisms through the
intestinal epithelium may occur by two separafe routes, transceilular or paracellular
(238,428). One of the first studies to implicate the GI tract as a reservoir for
disseminated candidiasis suggested passage through the GI lining by an iniracellular
pathway (212). Oral administration of a large dose of C. albicans blastoconidia
(approximately 10" yeast), to a healthy volunteer resulted in hematogenous

dissemination from the GI tract. Dissemination occurred rapidly, approximately 2 hours
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after ingestidn yeast were found in the blood. Because of the short period of ;time from
ingestion to dissemination, it was unlikely that translocation of the yeast occurred due to
penetrative gfowth through the epithelium. The investigators postulated that movement
of the yeast tﬁrough the GI mucosa occurred ‘by "‘persorption..” The term persofption
describes a process in which relatively large objects, up to ~10 um, are transported
through the intestinal lining by the host’s o.wn 'cells (414).

The infant mouse model supports both pathways for pénétration of the GI lining.
‘The rapid systemic sﬁread that followed ig inoculation supports persorption as a
mechanism of yeast translocation through the GI lining (115). Yeast could be found
~ systemically by 30 min post inoculation (115). In addition, penetration of the microvillus -
barrier and intracellular invasion of the columnar epithelial cells in the jejunum by lyeast
cells was observed by electron microscopy 1 hour after inoculation (785._ Thin fibrils
appeared to link the tips of the microvilli with the outer, fibrillar layer of the yeast cell.
wall. Adhesion to the microvilli was followed by what appeared to be active destruction
of the microvilli by the yeast cell. Extracellular phospholipases and proteinases produced

by C. albicans have been suggested to play a role in this process (168). Typically, single

yeast cells were found within epithelial cells enclosed in a non—membfanou;% ‘vacuolar
space; unlike the phagocytosis observed by -endothelial cells in which yeast were
observed enclosed within a membranous vacuole (452). Thé cytoplasmi'c‘co'ntents of the A
enterocytes did not appear to be disturbed by-the yeast. Yeast then passed through the
basal side of the enterocyte into the larnina propria‘where the yeast were either engulfed
by phagqéytic cells or formed microabscesses (8).

Penetrative growth through the epithelial lining by hyphae at the cardial-atrium
fold of the infant mouse stomach was a prominent feature of C. albicans GI invasion
early after inoculation (76). In addition, colonized infant mice given a second insult by

broad spectrum antibiotics, X-irradiation, or immunosuppressant agents, resulted in
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overgrowth and hyphal penetration of the mucosa pred'qminantly at the cardial-atrium
fold (74,150). |

Translocation through the gut epithelium by the aid of M cells is also possible. A
high frequ'ency of C. albicans yeast translocation tﬁfough‘ the mucosal epithelium
covering Peyer’s patches of the small intestine was noted by Alexander aﬁd colleagues
(8). Membranous (M) cells are intérspersed in the follicle-associated epithelium
overlying the Peyer’s patches in the intestine, and continuously transport antigen By
transcellular movement from the gut lufrien to cells of the mucosal associated lymphoid
tissue (MALT) (291). The MALT is a large, spmewhat amorphous collection of mucosal
immune system cells composed of cells contained in the Peyer’s patc_hes, lymphoid
follicle cells, larhina propria and intraepithelial lymphpcytes; and mésenﬁeric- lymph
nodes. The basolateral surface of the M cell forms an intraepithelial pocket containing B
and T lymphocytes and macrophages to which the M cells transport antigens. In GI
translocation kinetic sfudies, orally inoculated latex beads or Saccharomyces cereviside
initially associated with Peyer’s patch enterocytes of the small intestine, presumably M-
cells (27,178,222). Yeast cells were not seen adhering to adjacent villi or crypts. ‘The
beads and yeast were then found vﬁthin intraepithelial pocket mécrophages, the
intraepithelial space itself and phagocytes beneath the basalateral membrane. Phagocytic
cells, notably macrophages from the germinal centers of Peyer’s patches, transported the.
particles to the mesenteric lymph nodes (8). In an animal burn model, Inoue and‘
colleagues observed C. albicans yeast cells within the mesenteﬁc Iymph nodes after
dissemination from the GI tract (170). Therefore, it is highly possibie that M cells

transport C. albicans across the intestinal mucosa.




32
Leukocyte Chemoattractant Receptors

As stated previously, the main focus of my research was investigating the
recognition of C. albicans by human phagocytic cells, particularly PMNs. As shown in
the section, “Host Defense Mechanisms agains;t Candida albicans,” PMNs function as
the primary effector cells against disseminated candidiasis. This is highly dependent
upon the PMNs ability to migrate from the blood stream into the tissues where C.
albicans has invaded. Once within the tissues, PMNs display chemotactic activity toward -
the foreign microorganism. Chemotaxis is the directed migration of cells along a
chemical gradient. PMNs are attracted to the fungal cells by chemoattractants generated
either directly from host cells in response to the fungal organism or due to the interaction
of extracellular host factors with the fungus, e.g. fungal cell wall activation of the
complement cascade. In addition, my research and experimental evidence from other
researches, has shown that C. albican-s produces a chemoattractant(s) for PMNs that does
not depend upon host derived factors.

Human pl;agocytic leukocytés express a number of different chemoattractant
receptors that recognize factors derived from both éndogenous and exogenous sources.
Classical chemoattractant factors include the anaphylatoxins C3a and C5a, N-formylated
peptides (the best characterized being fMet-Leu-Phe (fMLF)), platelet-activating factor |
(PAF), and leukotriene B4. Hence, the known receptors for these factors are termed the
classical chemoattractant receptors: CS5a receptor, C3a receptor (also known as AZ3B),
formylated peptide receptor (FPR or FPR1), and PAF receptor (44,276). Furthermore,
two other chemoattractant receptors expressed by leukocytes have recently been
identified by their high homology to FPR, FPR like-1 receptor (FPRL1) and FPR like-2
receptor (FPRL2). In addition to the classical chemoattractants, the chemokines make up
a large group of cytokines with chemotactic activity. There at least 17 human chemokine

receptors and 36 chemokines known to date (453). The chemokines are divided into four
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classes (o, B, & and ) based on sequence similarities and the position of four conserved |
cysteine residues (453). Each chemokine receptor has more than one chemokine ligand
and individual chemokines generally bind to more than one receptor, making the
relationships between the chemokines and their receptors very complex. All eukaryotic

" cell chemoattractant receptors are members of the 7-transmembrane domain receptor
superfamily,. and are coupled to pertussis toxin-sensitive guanine nucleotide-binding
protein (G protein)-linked signalling pathways (307).

Bacteria release a heterogeneous mixture of small molecular weight N-formylated
peptides that stimulate leﬁkocyte chemotaxis (355,356). These peptides'aré presént in
nanomolar concentration in spent bacterial culture medium and display potent
chemotactic activity for both human PMNs and macrophages (355). Characterization of
the peptides in enriched butanol extracts from Escherichia coli culture supernatants
. showed that fMLF was the prodominant peptide present responsible for PMN
chemotactic activity (246). Separate experiments using a variety of synthetically
produced NH,-terminal blocked and unblocked peptides also showed fMLF to have the
greatest activity of those tested (Kyq = 1 nM) (126).

The expression of chemoattractant peptide receptors for formylpeptides was
shown using radio- and fluorescently-labeled formylpeptides that bound to the plasma
membrane of human (295,296) and rabbit (19) PMNs and a subpopulation of
differentiated HL-60 ce}ls (294). cDNA FPR clones were isolated using a strategy in .
which clones from a cDNA library constructed from granulocyte differentiated HL-60
cells confer.red the binding of N-formylpeptides to transfected COS-7 cells (45).
Subsequently, by using the same strategy and cross-hybridization under high stringency'
conditions FPRL1 and FPRL2 were identified (26,277,446). FPRL1 is 69% identical to
FPR, but has ~1,000 fold lower affinity for jMLF (Kq > 400 nM) (277). Both FPR and

FPRL1 are expressed in human PMNs and monocytes (101). Lipoxin A4, an arachidonic
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acid derivative with anti-inflammatory functions, was suggested by Fiore and colleagues
to be the ligand for FPRL1 (120), although others have not been able to reproduce this
finding (44,385). A peptide derived from the ectodomain of human immunodeficiency
virus type-1 gp41 was recently shown to be an agonist for FPRL1 (385). FPRL2, is 56%
identical to FPR and.72% identical to FPRL1 (277,446). The ligand for FPRL2 is
unknown. It does not recognize N-formylated peptides nor does it appear ’.to be expressed

in PMNs (101).

Standard ligands for FPR consist of bacterial and mitochondrial peptides that are

synthesized with N-formylmethionine as the starting residue (59;239,246,'348,
355,356,361). Some nonformylated peptides have also been shown to stimulate FPR-

" mediated chemotaxis (126,386,397), but with the exception of a few cases (135), the

chemotactic activity induced by these peptides was significantly lower than that of their -

formylated counterparté (126). Concentrations of ligand 10- to 100- fold greater than that
required for chemotaxis stimulate anti-microbial and cytotoxic functions through FPR,

such as the release of inflammatory granule contents and activation of superoxide

production by the NADPH-oxidase (180). The role of FPR in host defense has been -

continually questioned be;cau_se of the lack of direct evidence that phagocytes recognize
bacterially derived N-formylated peptides in vivo.

The first in vivo evidence that FPR does function in host defense was obtained
using FPR1 knock out mice (136). The mouse gene Fprl encodes a receptor that is 77%
identical to human FPR. The ECs, for Fprl is approximately IOOffold higher than for
human FPR, as measured by intracellular calcium mbbilization in response to fMLF
(137). Therefore, mouse Fprl is considered a low affinity receptof for N-formylated
peptides. Although mice have not been shown to express a high affinity receptor for N-
formyllated peptides(137), the removal of FprI resulted in decreased resistance to Listeria

monocytogenes injected by IV compared to Fprl™ littermates (136). . Interestingly,




35
heterozygous mice had an intermediate phenotype, suggesting a gene dosage effect in
both L. monocytogenes IV challenge experiments and functional FPR. assays in vitro.
Neutrophilic abscesses were observed in liver and spleen of Fprl 7 mice, although there
were increased numbers of L. monocytogenes CFUs in these organs versus Fprl ** mice.
The researcﬁers suggested that FPR deficiency does not affect neutrophil trafficking into
the organs but does affect the regulation of innate immunity.

I present. evidence in this thesis that non-serum dependent chemotactic factors
(NSCFs) released from C. albicans yeast stimulated human PMN chemotaxis by
interacting with FPR. The recognition of C. albicans yeast deri.\/ed NSCFs for guinea pig
PMNs was first shown in 1977 by Jim E. Cutler (84). We showed that FPR-mediated
chemotaxis accounted for approximately half of the PMN chemotaxis toward NSCF(s) in
the C. albicans culture filtrate. In addition, Chinese hamster ovary (CHO) cells
expressing FPR displayed chemotaxis toward C. albicans culture filtrates, while CHO-
wild type cells did not. CHO-FPR chemotaxis toward C. albicans NSCF was inhibited
with the FPR antagonist, fer-butoxycarbonyl-Met-Leu-Phe (--Boc-MLF). These results
provide another mechanism by which C. albicans may stimulate the host’s inflammatory
immune response. - |

C. albicans secreted aspartyl proteinase (SAP) was also found to be chemotactic,

as well as chemkinetic, for human PMNs (405). Maximal chemotactic activity was at
500 nM and was greatly reduced by heating SAP at 100°C for 10 min. Intra-dermal
injection of purified SAP induced PMN infiltration a;round the dermal vessel, suggesting
that SAP displayed chemotactic activity in vivo.

Others have nofed a correlation between virulence aﬂd decreased stimulatjdn of
PMN chemotaxis by specific C. albicans strains (416). However, in results reported
here, S. cerevisiae (a species rarely implicated in disease) and all Candida spp. tested

produced’ a NSCF for human PMNs. In addition to these findings, others have shown
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that Trichophyton mentagrophytes and Blastomyces dermatitidis release low molecular
weight chemotactic substances for PMNs (361,391,396). Therefofe, a wide rangé of
fungi can produce non-serum dependent PMN chemoattractants.

Furthermore, we demonstrated that the NSCF(s) attracts PMNs across an -
intestinal epithelial cell monolayer in vitro, suggesting that NSCF was active .acrosé a
rhucosal surface. We also provide evidence for an additional chefnotactic agent produced
by C. albicans that stimulated chemotaxis of the murine macrophage-like cell line, J774,
by a different receptor. As already discuésed, a higﬁ affinity FPR has not been shown to
be expressed by murine leukocytes (137). J774 cell chemotaxis coﬁld not be stimulated
by MLF, nor was chemotéxis toward NSCF inhibited by #-Boc-MLF, suggesting that
chemotaxis was stimulated through a _different receptor by the same chemoattractant or a
separate factor contained in the culture filtrate. Considering that the C. albicans NSCF
contained in the culture filtrates stimulated human PMNs through FPR and J774 cells by ‘_
a different receptor, it would be very interesting to determine the response of Fprl " mice

to a C. albicans infection.

PMN [3,-Integrins and Leukocyte Adhesion Deficiencﬂf—TVpe I

Integrins are a class of cell memBrane glycoproteins made up of covalently bound
of hete;odimers that are involved in cell adhesion functions. Cufrently, there are 8
known P subunits and 14 known o subunits (2). The formation of o heterodimers is
restricted, such that not all B subunits bind to all o subunité, and vice-versa. Therefofe.,,
integrins are further subdivided into groups based on the association of a particular B
subunit with various ¢, subunits (e.g. B;-integrins, Bz-integriné, etc.).

Leukocyte adhesion deficiency-type 1 (LAD-1) .is an autoéomal recessive disorder
due to a genetic defect in the gene ITGB2 that encodes CD18. CD18 is the 95 kDa

glycoprotein, that is the 3-subunit of (,-integrins.(200,379). CD18 forms a heterodimer
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with one of three o-subunits, CD11a, CD11b, CD1l1c, or CD11d (257,439). The [»-
integrins are expressed in varying degrees by all human leukocytes and lymphocytes.
They play arole in Bot}h cell-matrix and cell-cell adhesion functions. Other names for ;-
integrins comﬁonly used in the literature are: [1] CD11a/CD18; LFA-1, Leu CAMa, and
oL/B,, [2] CD11b/CD18; co_mplement receptor (CR) 3, Leu CAMb, Mac-1, Mol, OKM-
1, and aM/B,, [3] CD11c¢/CD18; p150 (p150, 95), CR4, Leu CAMc, and oX/B,, [4]
CD11d/CD18; oD/B2 (2). To be consistent with other sections of this thesis, I will refer
to CD11b/CD18 as CR3 and CD11c/CD18 as CR4.

CD18 deficiency results in the loss of function; and usually expression, of -all 3,-
integrins (4,257). Although, patients that retain surface expression of non-functional [3,-
integrins have been described (164,213). In addition, a moderate phenotype is associated
with patients that express low levels (1-10%) of functional B,-integrins (10,93). LAD—I
patients display recurrent Bacterial infections, impaired pus formation and wound healing,
and neutrophilia (408). Granulocytes (83), monocytes (242) and lymphocytes (93,256)
all display a wide variety of adhesiqn-dependent functi(;n abﬁormalities. PMN defects
are noted in respiratory burst regulation (367), chemotaxis (213,285) and phagocytosis
(367). All are secondary effects of cell adhesion abn'ormalities. Lymphocyte functions
are also severely impaired (185,353), although the pathology in LAD patients is primarily
due to deficieﬁt leukocy’.te function. Severity of c;l'inical infections among LAD patients
directly correlated with the degree of expression of [,-integrins, such that patients with
some expression of functional ,-integrins displayed less infectious complications and a

| longer life expectancy than those with no expression of B,-integrins (10). Patients with a
complete loss of Bo-integrins expression usually do not survive past the first yeaf Qf life

(398).
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Another syndrome; LAD-type 2 (LAD-2), is a separate genetic disorder also
characterized by leukocyte adhesion malfunctions (3,184). LAD-2 patients have a defect
in the de novo pathway of GDP-fucose biosynthesis that results in aberrant glycosylation
of some cell surface glycoproteins (184,384). Therefore, patients do not express the
sialyl-Lewis X ligands for selectins that are necessary for the initial adhesion of PMNs to.
endothelium (109). LAD-2 patients also display recurrent bacterial infection, impaired
pus formation, and impaired wound healing (109).

Restoration of B,-integrin expression and function is necessary to cure LAD-1
patients. Treatment for LAD-1 patients includes bone marrow transplantation (121,284)
with or without gene therapy (435,448).. Gene therapy was attempted by retrovirus-
mediated transduction of a functional human CD18 gene into the bone marrow progenitor
cells of a LAD patient (435,448). In addition, one LAD patienf was treated with human
- recombinant IFN-y (hrIFN-y) to try to increase FcyRI (CD64)-mediated effector functions-
of leukocytes, primarily PMNs (423). Although the patient’ died after 10 weeks of
treatment, due to surgical complication, the patient had not experienced any new
infections or side-effects due to the rIFN-y since treatment was initiated (423). This

suggests that rIFNYy treatment may be a way to restore some phagocytic cell effector
functions. |

LAD animal models include a CD18-deficient mouse that displays 2-16% of

normal [,-integrin levels on leukocytes (436), a CD18-null mouse with no expression of
"Bo-integrins (353,419), and bovine LAD (BLAD) (186) with <2% [,-integrin expression
of normal PMNs (285,367). Almost all BLAD animals were produced from a naturally
occurring point mutation in the gene for CD18 that occurred in a Holstein bull,
Osborndale Ivanhoe (365). Due to this bull’s “high genetic merit” for producing cows
with superior milk production, he, several of his sonms, and grandsons have sired

thousands of cows. Because of the practice of inbreeding in the dairy industry, BLAD
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has become the most common bovine genetic disease worldwide and a serious economic
concern (365). Studies using these animals, as well as cells isolated from LAD patients,
have proven invaluable in definihg the role of B,-integrins in a multitude of adhesion-
related functions of immune cells (83,213), interactions of J,-integrins with other cell
surface receptors (257), and cell signaling pathways stimulated through {,-integrins
(33,51).

Studies have implicated that Bz-inj[egrins are necessary for PMN transendothelial
migration (171). For a review of the molecular mechanisms of PMN transendothelial
migration, refer to the section “Host defense mechanisms against Candida albicans;
" emphasis on PMNs.” Interestingly, when PMN transendothelial migration'was evaluated
in LAD animals, the role of B,-integrins was found to be dependent upon the type of
endothelium. Impaired PMN extravasation into the peritoneal cavity elicited by
thioglycollate injection was observed in CDlS-deficient mice (436) and CD18-null mice
(419). Although, in CD18-null mice generate& by a different research group (268), PMN
migration into the peritoneal cavity was actually greater than in the control animals. The
reason for this discrepancy is unknown. PMN transmigration into the respiratory tract of
CD18-null mice (268) and BLAD calves (5,6) occurred at the same rate as in control
animals. These results suggest that PMN transendothelial migration may occur by a f,-
integrin-independent mechanism dependin g upon the type of endothelium.

Interestingly, using LAD monocytes it was determined that transendothelial
migration occurred by PB,-integrin- and very late antigen-4 (VLA-4, olf4)-dependent
mechanisms across non-activated HUVEC monolayers (67). Transendothelial migration
across IL-1o, TNF-o, or LPS pretreated monolayers, was not dependent upon [,-
integrins and was completely inhibited by monoclonal antibodies (mAbs) against VLA-4.
LAD patient monocytes displayed considerable VLA-4-dependent migration as well.

Therefore, transendothelial migration of PMNs and monocytes may occur by f,-
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independent mechanisms and monocyte migrati'on of LAD patiénts nmay not be totally
impaired. . “ |

B.-integrins have been iinked to promoting apoptosis‘ of PMNs (418). Enhanced
onset of apoptosis was observed in PMNs after transendothelial migration and antibody:
cross-linking of CR3 expressed on TNF-a treated PMNs. Therefore, the néutrophilia
observed in human LAD i)atients (257) and LAD animals (275,419) may be due to
decreased apoptosis of PMNs together with heightened PMN production in response to
microbial infections. |

The profound effects on both'. innate (149,257,302,367) and acquired
(256,353,400) immune functions observed in LAD patients results not only because of
loss of the adhesive functions of [,-integrins themselves, but also due to the loss of
interaction. between Bo-integrins and other surface adhesins expressed on fhe immune
cells (399). LAD PMNs displayed altered expression of various reéeptors. CR1 (CD35)
expression on non-activated BLAD PMNs was about the same as normal c;ontrol PMNs,
yet expression was 2-fold gfeater on normal PMNs versus BLAD PMNs when cells were
activated with‘P.MA (440). L-selectin was reduced on BLAD PMNs compared to normal
PMNs (420). Unstimulated LAD PMNs‘ had enhanced expression of all three Fcy
rece‘ptolrs‘, FcyRI (241), FeyRIla (440) and FeyRIIb (281,283,440) compared to normal
PMNs. Even though there is increased expressioﬂ of FcyRs on LAD PMNs, LAD
patients displayed impaired antibody (IgG)-dependent phagocytosis and cytolysis
(214,242,287). CR3 and CR4 have been found to cooperate with Fc receptors to mediate

Ab-dependent effector functions (399). Cooperation between Fc receptors and [,-

integrins on PMNs resulted in increased adhesion and anti-microbial responses, such as.

enhanced respiratory burst (215,450). Additionally, linkingy of CR3 to soluble FcyRIIIb
can induce the release of proinflammatory cytokines from monocytes and PMNs (134).

Therefore, augmentation of the majority of PMN phagocytic functions at inflammatory
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' sites are found to be absolutely dependent upon CR3 (149).

The B,-integrins have been shown to act as signaling pértners on PMNs for a
variety of receptors by interacting in a cis-acting fashion (37,399). CR3 has been shown
to associate with and transduce cellular signals for the GPI-anchored receptors FcyRIIIb
(CD16), urokinase—typ'e plasminogen activator receptor (UPAR, CD87), and LPS receptor
(CD14) that binds LPS/LPS-binding protein (LBP) complex (399). CR4 has ’also been
shown to bind uPAR and uPAR appears to shuttle between CR3 and CR4 during
chemotaxis (37). The LPS portion of the LPS/LBP complex bound to CD14 is believed
to be responsible for binding to CR3 (399). In addition, FcyRIla (CD32a), a single
transmembrane protein (407), associates with CR3 by binding to CD11b, but does not
bind to CR4 (13,441). Ligatipn of CR3 with anti-CR3 mAbs was sufficient to induce
FcyRIla association with the actin cytoskeleton (450). Phosphorylation of the
cytoplasmic tail of FcyRIla was induced when CR3 and FcyRIIIb were cross-linked
together (450), and phosphorylation of FcyRIla was found to Be necessary for stimulating
a respiratory burst through CR3-FcyRIIIb. Direct ligation of FcyRlla resulted in a
respiratofy burst without CR3-FcyRI1IIb actiyation. Ligation of CR3-FcyRIIIb or Fcyllla
are thought to stimulate O,°~ production through separate cell signalling cascades (451).
Additionally, FceR (CD23), also a single transmembrane protein, expressed by
monocytes and B cells (197), interacts specifically with both CR3 and CR4 through their
o-subunits, resulting in the production of reactive nitric oxide species and pro-
inflammatory cytokines (220).

B,-integrins not only provide a means for cell signalling for the receptors
discussed above, but also a link to the cytoskeletdn. Co-capping experiments suggested
direct—phyéical linkage between CR3 and FcyRIIIb, uPAR (also with CR4), and CD14
(399). A transmembrané link to the cytoskeleton is necessary for capping membrane

proteins. . CR3-FcyRIIIB and CR3-uPAR co-capping was inhibited with the
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carbohydrates oc-methylmahnoside, p-mannose, and N-acetyl-p-glucosamine, suggesting
that a lectin-carbohydrate interaction méy be responsible for mediating the association
(399). Therefore, B,-integrins promote the redistribution of membrane components on
the surface of PMNS, a process that is extremely important for cellular functions, such as
chemotaxis. Fof example, uPAR‘expression is localized to the leading edge of migrating -
inflammatory and neoplastic éells, where it focuses the proteolytic activity ofﬂ uPA to
convert plasminogen (bound to adjacent receptors) to plasmin that, in turn, degrades
ECM proteins in the path of the cell (37,399). LAD PMNs were found to be deficient in
capping of these three receptors (198), although patching of these receptors was not
defective, suggesting the mobility of these receptors was not impaired.

No evidencé exi:ts for a cis-acting function between [,-integrins and FcyRI
(CD64). FcyRI, the high affinity receptor for monomeric Fcy (314,339), is a single
transmembrane protein. PMNs do not normally express FcyRI, but unstimulated LAD
PMNs show enhanced expression of FcyRI (241). FcyRI expression on normal PMNs
can be up-regulated with IFN-y and granulocyte-rhacrophage-colony stimulating factor
(314,339), and was also shown to be upregulated in vivo during bacterial sepsis (366).
LAD PMN:s, but not normal PMNs, displayed enhanced chemiluminescence, representing
superoxide production, in response to murine IgG2a-opsonized sheep RBCs (IgG2a-
SRBCs) and phagocytosis of IgG2a-SRBCs (241). Both of these responses were,
inhibited by monomeric human IgG, suggesting they were FcyRI-mediated (241). Using
LAD PMNs, it was determined that ,-integrins and FcyRs, FcyRIla and FcyRIIIb, were
required for mAb~mediated anti-tumor PMN ADCC (214). Additionally, LAD
monocytes displayed ADCC by a FcyRI-mediated fashion, but not by FcyRIla (242).
Therefore, cell effector functions mediated by FcyRI are not thought to be dependent

upon CR3 and may be enhanced in LAD patients.
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PMNs are thought to express fwo distinct Clq réceptofs,' one that triggers
superoxide production (C1qRo,.) and one that up-regulates phagocytosis (C1gRp) (394).
Clq triggers superoxide production in a CD18-dependent manner (144), as shown by the
complete unresponsiveness of LAD PMNs to Clq énd inhibition of superoxide
production from normal PMNs by anti-CD11b or CD18 mAbs. Adhesion of PMNs to a
surface; coated with C1q was inhibited by these mAbs as well. How CR3 interacts with
C1gRo;. is unknown.

Intracellular Ca®* release stimulated by a variety of stimulants has been evaluated
in LAD PMNs. Ca® acts as a secondary messenger within the cell. A decreased Ca*
response was observed when LAD PMNs were treated with serum-opsonized zZymosan
(282), Concanavalin A (282,287), and bovine serum albumin-IgG immune complexes
(359). LAD PMNs displayed a slight decrease, but longer lasting Ca®* response to heat
aggregated-IgG than confrol PMNs (282,287). LAD PMN response to PMA, a potent
protein kinase C activator, was identical to normal PMNs (282). Therefore, Bo-integrins
interact with a variety of surface receptors, but not all, to trigger intrace]lular signalling
responses that result in effector functions.

Superoxide (O+") production by the NADPH—oxidase is an important effector
function of PMNs. The production of O,+” is dependent upon the stimulus, and a number
of studies have evaluated the ability of LAD PMNs to mount a sufficient respiratory
burst. In general, a 'decreased or absent respiratory burst is observed when LAD PMNs
are stimulated with serum-opsonized zymosan (283,287), IgG-opsonized S. cerevisiae
(216), surf;ice bound Clq (144), and a combination of anti-CR3 and anti-FcyRIIIb mAbs
(450). LLAD PMN O, production was the same as control PMNs when stimulated with
Concanavalin A (283), heat aggregated-IgG (283,287), IgG-SRBCs (283), and anti- .
FcyRIla mAb (450). An enhanced superoxide response was observed when LAD PMNs
were stimulated with mIgG2a-SRBCs (241) and PMA (367). Some have noted the Oy+~

-~
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response to PMA was not enhanced in LAD PMNSs, but instead sustained longer than .
normal PMNs (216). Therefore, superoxide functions might be impaired depending upon

the stimulus and P,-integrins appear to serve a regulatory role in O, production.




. 45
CHAPTER 2

NON-SERUM DEPENDENT CHEMOTACTIC FACTORS PRODUCED BY CANDIDA ALBICANS
STIMULATE CHEMOTAXIS BY BINDING TO THE FORMYL PEPTIDE RECEPTOR ON
NEUTROPHILS AND AN UNKNOWN RECEPTOR ON MACROPHAGES -

Introduction

The number of systemic Candida infections continues to increase among humans
due to factors such as immunosuppressive therapeutic regimes, long-term catheterization,
broad-spectrum antibiotic use, and increased survival time of immunologically
compromised individuals (251,348,437). The gastrointestinal (GI) tract is believed to be
one site of entry for C. albicans into the blood stream of immunocompromised
individuals (73,188). C. albicans is commonly found as a commeﬁsal in the GI tract of
humans (73) but dissemination from this site is uncommon without immunosuppression,
such as suppression of the GI bacterial normal flora and neutropenia (188). The
containment of Candida spp. to the GI mucosa as a commensal in immunologically
normal individuals is not fully understood (76,188,297,298).

Both non-specific and specific immune defenses play a role in protection against
disseminated candidiasis. Polymorphonuclear leukocytes (PMNs) have been shown to be
the primary components of the host’s innate immune defenses against disseminated
candidiasis in in vitro studies, animal models, and neutropenic patient studies (90). A
protective role for macrophages in disseminated candidiasis has also been suggested
(23,35,325). In a murine model, promotion of a Th type-1 cell response by the release of
IL-12 from professional phagocytic cells has been correlated with resistance to systemic
candidiasis (336). Additionally, antibodies have been shown to play a protective role
against systemic and vaginal candidiasis (61,153,252,253) and may act by enhancing the
activity of professional phagocytic cells (54,154). Thus, a better understanding of the

interactions between C. albicans and professional phagocytic cells would provide
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valuable insights into how the body protects itself against this opportunistic pathogen. In
particular, it is important to further characterize factors released from C. albicans that are
recognized by phagocytic cells and attract them toward the site of infection or
colonization.

In this chapter, we describe the production of a culture filtrate containing non-
serum dependent chemotactic factors (NSCFs) from a variety of Candida spp. yeast

forms and Saccharomyces cerevisiae. A C. albicans culture filtrate induced the attraction

_ of both human PMNs and the murine macrophage-like cell line J774. Using an in vitro

model of PMN migraﬁon across the intestinal epithelium (310,311) (simulating the
transmigration of PMNs into the GI lumen), we have observed transmigration of PMNs
toward culture filtrates containing the NSCFE. We also determined that formyl peptide:
receptor (FPR)-mediated chemotaxis of human PMNs was reéponsible for a significant

portion of the observed PMN chemotaxis. The results presented in this study suggest that

‘there are at least two NSCFs produced by C. albicans. One NSCF attracté macrophages

and the other PMNSs.

) Materials and Methods

Mammalian Cell Culture

T84 epithelial cells were purchased from fAmericén Type Culture Collection.
J774, clone number 8, and wild type Chinese hamster ovary (CHO) cells were a kind gift
from Dr. Ira Mellman, Yale University, New .Haven, CT. T84 epithelial cell monolayers
were grown in tissue culture dishes and on polycarbonate permeable supports with a
surface area of 0.33 cm?> (63,311). Cells were maintained in-a 1:1 mixture of Dulbecco’s

modified Eagles’ medium (DMEM) and Ham’s F-12 medium supplemented with 50

| U/ml penicillin, 0.05 mg/ml streptomycin, 5% fetal bovine serum (FBS), and 15 mM

HEPES. Wild type CHO cells and CHO cells transfected with the human FPR (CHO-
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FPR) (267) were grown as adherent monolayers in o-modified minimum essential
medium eagle (0-MEM) supplemented with 50 U/ml penicillin, 0.05 mg/ml
stfeptomycin, and 5% FBS. 1774 cells were grown in spinner flasks (Bellco Glass, Inc.,
Vineland, NJ) in DMEM containing, 50 U/ml penicillin, 0.05 mg/ml streptomycin, and
5% FBS. ’

Isolation of Human PMNs

Normal human PMNs were isolated from non-;:oagulated citratedsblood‘ by a
_ gelatin sedimentation technique - which gavé approximately 90% pure PMNs as
determined by microscopic evaluation (311). PMNs were suspended at a concentration
of 5 x 107 cells/ml, not counting mononuclear cells, in modified Hanks’ balanced salt
solution (Sigma Chemical Co., St. Louis, M_O) containing (in g/1) 0.185 CaClz, 0.098
MgS0q4, 0.4 KCI, 0.06 KH,PO,, 8 NaCl, 0.048 Na,HPO,, 0.01 glucose, and 10 mM
HEPES (pH 74, 4°C) (HBSS(+)). PMNs were kept on ice, up to 2 h until use.

Yeast

All yeasf strains were from the stock collection at Montana State University and
included C albicans strains CA-1, A9, 105, 222a, LGH1095Y, and ATCC64550. Other
yeast species in this study included C. lusitaniae (ATCC 64125), C. parapsilosis (ATCC
90018), C. tropicalis (ATCC 750), C. glabrata (ATCC 90036), and Saccharomyces
cerevisiae (2180WT). Identification of all strains was confirmed with API 20C yeast
identificatié)n strips (Analytab Products, Plainview, NY). All isolates were cultured. from
glycerol stock cultures held at -70°C and plated onto Sabouraud dextrose agar (SDA)
(Difco Laboratories, Detroit, MI) for 48 h at 37°C. C. albicans strain CA-1 was used in
all experiments except where otherwise noted. This strain was originally characterized
by Hasenclever’s ofigiﬁal antiserum as a serotype A strain (160,181). . However, by the

Candida Cheqk systém (Tatron Laboratories Inc, Tokyo, Japan), CA-1 was a,serotype B
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strain. Others have noted discrepancies between the two methods of serotyping (153).

Production of Non-Serum Dependent
Chemotacti¢ Factor (NSCF).by Yeast
Isolates

Culture filtrates containing NSCF were prepared tﬁe same way for all | yeest
isolates. A single yeast colony from a Sabouraud dextrose agar plate was inoculated into
glucose (2%), yeast extract (0.3%), peptone (1%) broth (GYEPB), incubated to stetionary
phase at 37°C for 24 h with aeration, and subcultured to fresh 2% GYEPB and incubated
to stationary phase. Yeast cells were then harvested by centrifugation, washed 3x in
HBSS(+), and suspended in HBSS(+) at 5 x 10® cells/ml or other cell coﬁcentrations as
indicated. Yeast suspensions were incubated for various times at 37°C under vigorous
aeration by rotation at approximately 200 rpm (Controlled Environment Incubator Shaker
model M52 New Brunswick Scientific Co., Inc. Edison, NJ).‘ Yeast cells were removed
by centrifugation and the culture supernatant containing the NSCF was filtered through a
sterile 0.2 pm cellulose acetate filter (Costar, Cambridge, MA). Culture filtrates were
kept on ice or stored at 4°C until use. No loss of cherﬂotactic activity wes observed for
culture filtrates stored up to 1 month. For filtration ex'periments,l kDa and 0.5 kDa cut

off filters (Amicon Inc., Beverly, MA) were used.

PMN Transmigration Across an Epithelial
Monolayer ,

For transrrﬁgration experiments, T84 intestinal epithelial cell monolayers were
grown in cell culture inserts on permeable polycarbonate filters (Corning Costar, Ihc.,
Cambridge, MA) with 5.0 um pores (310). T84 monolayers were cultured both in the
standard (apical surface upwar(i)‘ configuration and in the inverted configuration
(basolateral surface upward) to permit transepithelial migratioﬁ in the apicel-to—

basolateral and basolateral-to-apical directions. For inverted monolayers, the porous
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supports were fitted with a 0.8-mm thick lexan ring with the same dimensions as the base
of the Costar insert (Harvard Uriiversity Machine Shop, Boston, MA). The ring was
attached to the underside of the insert using General Electric RTC Silicone (no. 108,
translucent) glue making sure to not apply any glue to the porous support itself. The glue
was allowed to dry over night at room temperature. Inserts were then sterilized by
submersion in 70% ethanol, inverted onto a sterile petri dish in a hood, and allowed to
dry. Rat tail collagen (88) was then applied to the underside of the porous support. Cells
were .applied.'to the underside of the porous support and allowed to attach overnight
before righting the inserts into the 24-well holding plates. The confluence and tight
junction formation -of monolayers were determined by measuring the transepithelial
resistance' with an. EVOM epithelial voltohmmeter '(World» Precision: Instruments,
Sarasota, FL) (239). Prior to addition of PMNs, monolayers were washed extensively
with HBSS(+) to remove the tissue culture medium containing FBS. For apical-to-
basolateral transmigration'experiments, 2 x 10° PMNs were added to the top chamber aﬁd
allowed to transmigrate into the lower well containing either 1. uM f-Met-Leu-.Phe (f-
MLF) (as a positive control) or the yeast culture filtrate. In a subset of experiments,
transmigration was performed with T84 monolayers in the standard configuration after
treatment of monolayers with 2 mM EDTA for 12 min at 37°C (309),' to disrupt the tight
junctions. Such experifnents; were performed exactly as the standard aﬁical—to-‘basol‘ateraly
assays except that half the concentrati'on of PMNs was added. For basolateral-to-abical
transmigration experiments, 1 x 10 PMNs were added to the top well and allowed to
transmigrate into the lower well containing either 100 nM fMLF (as a positive control),
or the yeast culture filtrate. After incubating for 110 min at 37°C, the transmigrated cells
and cells contained within the T84 cell monolayer were quantified by a myeloperoxidase

assay (311).
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Chemotaxis Across a Membrane Filter

Cell culture inserts with 5.0 and 8.0 um diameter pore sizes were used for
chemotaxis of PMN and CHO or J774 cells, respectively. PMNS (10% were suspended in
HBSS(+) for" chemotaxis assays or in culture filtrate or f-MLF (10 nM) for chemokinetic -
experiments and directly placed in the upper well of the filter insert. For some
expériments, PMNs were treated with t—butoxycarbonyl—Phe-Leu—Phe-Leu—Phe (fBoc-
FLFLF) (33 UM final concentration) or, dimethyl sulfoxide (DMSO) (0.3% [v/V] final
concentration) for 10 min at 4°C before being added to the upper well. PMNs migrated
into the lower well containing either 10 nM f~MLF (as a positive control) or the yeast
culture filtrate. After 110 min at 37°C, the number of PMNs in the lowgr well was
determined .By the myeloperoxidase assay. Results were normalized by ‘set'ting the’
average value for f-MLF-induced c'hemotaxis to 100.

At 14-16 h before use in the chemotaxis experiments, 6 mM (final concentration)

Na-butyrate was added to the adherent CHO cells to increase cellular protein expression

(146). The CHO cells were then harvested from the tissue culture plate surface with 1x
trypsin-EDTA (Sigmia Chemical Co., St. Louis, MO) in phosphate-buffered saline
wijchout Ca®* and Mg*" and suspended in o-MEM confaining FBS (5%) for 1 h at 37°C.
CHO cells were washed 2x with serum-free o-MEM containing 10 mM HEPES (pH 7.4)
and suspended to 2 x 10° cell/ml in seru{m—free 0-MEM containing 10 mM HEPES (pH
7.4). For J774 cell chemotaxis experiments, the cells were removed from the spinner
flasks, washed 2x with serum-free DMEM containing 10 mM HEPES (pH 7.4) and
suspended to 2 x 10%ml in serum-free DMEM containing 10 .mM HEPES (pH 7.4). For
both CHO and J774 cell chemotaxis experiments, 3 x 10° celis (150 wl) were placed in
the upper well and yeast culture filtrate or controls in the lower well. For some
experiments CHO-WT ;and CHO-FPR cells were treated with fBoc-Met-Leu-Phe (/Boc-
MLF) (33 uM final cbncentration) or DMSO (0.3% [v/v] final concentration) for 10 min _ |
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before addition to the upper well. As a positive fibroblast migration control, fibronectin
(20 pg/ml) was used for both CHO-WT and CHO-FPR cells (20,258,258), In chemotaxis
experiments, 1 nM f-MLF served as the poéitive control for CHO-FPR cells. Zymosaﬁ A
(Sigma Chemical Co., St. Louis, MO) complement-activated human serum was.used as
the positive control for J774 cell chemotaxis. Zymosan A (1 mg/ml) was added to sefum
(30 min, 37°C), pelleted from solution and the supernatant was used as the positi§e
control. CHO and J774 cell migration was carried out for 4 h at 37°C, after which time
the filters were fixed with 2.5% paraformaldehyde (Sigma Chemical Co., St. Louis, MO)
for 2 h at room temf)erature or overnight at 4°C. The cells on the upper side were
removed from the filter with a cotton swab and those that“ had migrated to the under-side
were stained with hematoxylin stain (Sigma Chemical Co., St. Louis, MO). After being
stained, the upper side of the filter was again swabbed with cot‘ton. For analysis, the filter -
was removed from the plastic holder. Quantification of cells was performed using a
computerized image analysis system (Imaging Research M4 True Color Image Analysis -
System, Imaging Research, St. Catherines, Ontario) to determine the average cell area
(um?) per field from an average of 10 randomly chosen (avoiding the periphery) 40x
fields. Results are equalized by setting the average value for chemotaxis induced by f-

MLF or zymosan A activated serum to 100.

Results

Production of the Non-Serum Dependent
Chemotactic Factor (NSCF) from C. albicans
Yeast.

Samples of culture filtrates were taken at various times.from HBSS(+) cultures
inoculated with either 2 x 107 or 5 x 10°® yeast/ml. As shown in figure 1, production of
chemotactic activity in the cultures filtrate was time dependent. Chemotactic activity

consistently peaked at 1 to 3 h for culture filtrates from the 5 x 10® yeast/ml culture.
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Figure 1. Production of NSCF by C. albicans is Time and Yeast Concentration
Dependent. Chemotaxis of PMNs toward C. albicans culture filtrates produced with 2 x
107 yeast/ml (A) or 5 x 1Ge yeast/ml (D) for 0.5 h to 24 h. PMN chemotaxis was
assessed by quantification of the total number of PMNs found in the lower reservoir by a
myeloperoxidase assay. HBSS(+) was used as a negative control and/-MLF (10 nM) as
a positive control. Data points are of a representative experiment. All samples were run
in triplicate. Error bars indicate SD.

Production of the chemotactic activity from the 2 x IOr yeast/ml culture was more
delayed. The activity in the 2 x 1Or yeast/ml culture leveled out at later time points and
remained consistently high compared to the 5 x 108 yeast/ml culture, which showed a
steady decrease after the early activity peak. The chemotactic activity in the cultures at
the 24-h time point differed dramatically. In the high yeast concentration culture, the
activity had dropped to almost the level of the negative control at 24 h, whereas the
activity in the culture produced with a low concentration of yeast remained high at 24 h.
To confirm that the culture filtrate contained a chemotactic factor rather than a
chemokinetic factor, a checkerboard analysis was performed (Table 1). PMN migration
was found to be maximal when undiluted culture filtrate was used. With the addition of

culture filtrate into the upper well, a decrease in migration was observed, suggesting that



Table 1. Checkerboard assay of PMN chemotaxis toward C. albicans culture filtrate
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a

Culture filtrate concentration

in lower well
2 F

—_
[\

Undil. |

Culture filirate concentration in upper weﬂi

0 1:8 1:4 1:2 Undil.
1.7+0.5 1.2+£0.2 1.4+ 0.3 23+0.6 1.8+0.3
37104 1.3+£0.2 1.8£0.3 1.5+£0.2 1.7+0.3
6.2+ 0.6 1.5+0.3 1.1+£0.2 29+0.8 2.8+0.6
19.1£0.7 3707 | 3.5%0.5 7.0t 6.9 7.7+0.8

329+ 0.6 15.6 £ 2.7 ‘ 12.7+£3.0 22.7+1.2 14.3+0.8

¢ C. albicans culture filtrate produced by 5 x 10° yeast/ml for 1 h. Samples were diluted
with HBSS(+). PMN chemotaxis was assessed by quantification of the total number of
PMNs-found in the Iower reservoir by a myeloperoxidase assay. Results are the number

|- --MLF concentration
in lower well

,_.
o
5

=

-MLF induced PNIN chemotaxis

-MLF concentration

in upper well

10 nM
0| 1.7+05 1.2
12.4+0.8 4.7%

of PMNs migrated (x 10%. Results are the average of samples run in trlphcate + SD.
Samples run in duplicate only. ‘
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the activity was mostly due to chemotaxis, rather than chemokinesis (Table 1). Similar
results were obtained when PMNs were allowed to migrate toward f—MLF in the presence
or absence of £AMLF in the upper well (Table 1). These results suggest that the C.
albicans culture filtrate stimulated PMN chemotaxis and contained chemokinetic activity

at a level similar to that of 10 uM f-MLF.

_Characterization of the NSCF

NSCF stability, size range and culture parameters were determined (Table 2).
Culture filtrate from a 1-h culture retained NSCF activity for over 1 month at 4°C. NSCF
activity was lost following filtration ‘of active culture filtrates through a celiulose acetﬁte
filter with a glass pre-filter, presumably due to adherence to the glass filter (data not
shown). NSCF activity in the culture filtrate was not retained by a 1-kDa cutoff filter,
and only partial activity for PMNs was recovered in the retentate when a 0.5-kDa cutoff
filter was used (Table 2). These results suggest that the size of the NSCF is a small
molecule with an apparent molecular weight between 0.5 and 1 kDa. The chemotactic
activity of C. albicans NSCF was concentration dependent (Table 1). Dilution analyses
of culture filtrates made with 5 x 10° yeast/ml for 0.5 and 1 h revealed that the |
chemotactic activity decreased to fhat of the negative control at a greater than eight fold
dilution (data not shown). It was also determined that glucose was not required for the
production of NSCF. However, no activity was produced when yeast cultures were
produced without Ca®* and Mg”* (Table 2). Addition of the divalent cations to the
culture filtrate did not restore NSCF activity (data not shown).

To examine whether the production of the NSCF was strain- or species-
depencient, we tested.the production of the factor by six different strains of C. aibicans, a
strain of S. cerevisiae and a variety of Candida spp. (Fig. 2). For all strains and species,

1-h culture filtrates stimulated PMN chemotaxis significantly more than the negative




55

Table 2. NSCF Characteristics®

Characteristic Conditions PMN J774
Chemotaxis Chemotaxis
Stability” 4°C, > 1 mo. Yes Yes
56°C, 30 min Yes Yes
Boiling, 10 min No Yes
Size® 1 kDa retentate . 219%6.1 22.5+14.8
1 kDa filtrate 952+27.6 119.7+18.0
0.5 kDa retentate 37.0+£5.0 ' ND:
0.5 kDa filtrate 59.8£21.8 ND )
Production Glucose Chemotactic Chemotactic
Requirementsd Divalent Cations Not chemotactic Chemotactic

¢ Characterization of the NSCF in a C. albicans 1 h culture filtrate. PMN chemotaxis
was assessed by quantification of the total number of PMNs found in the lower
reservoir by a myeloperoxidase assay.
b Culture filtrate was held at 4°C (> 1 mo.), 56°C (30 min), and boiling (10 min) and
then tested for PMN chemotactic activity.

¢ Culture filtrate was passed through 1 and 0.5 kDa cut off filters. Retentate was
diluted to the original volume with HBSS(+) to avoid concentration effects and
then tested for PMN chemotactic activity. Values given are percentages of activity
retained in the retentate compared to the non-filtered 1 h culture filtrate sample
value that was set to 100. Migration of PMNs toward HBSS(+) was 14.2 +.6.8.
Mlgratlon of J774 cells toward HBSS(+) was 15.5 £ 5.3.
4 A C. albicans 1 h culture filtrate was produced using HBSS(+) without glucose and
HBSS(-). Divalent cations were added back to the HBSS(-) culture filtrate (0.185
g/l CaCl, and 0.098 g/l MgSO,) before determination of PMN chemotaxis.

control (Student’s ¢ test; P values ranged‘ from 0.003 to <0.0001). Chemotaxis
differences observed figure 2 are possibly due to PMN donor variability. Differences in -
the degree of chemotaxis toward the same chemoattractants by different donors’ PMNs

were routinely observed.
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Figure 2. NSCF Production is Not Species or Strain Dependent. (A) Chemotaxis of
PMNs toward | h culture filtrates produced by 6 different C. albicans strains. (B)
Chemotaxis of PMNs toward | h culture filtrates produced by various Candida spp. and
S. cerevisiae yeast forms. C. albicans in B is strain CA-1. Chemotaxis was assessed by
quantification of the total number of PMNs found in the lower reservoir by a
myeloperoxidase assay. The data are expressed as the mean + SEM from three different
experiments with samples run in triplicate. Data points were equalized by setting the
migration toward/-MLF (10 nM) to 100.

C. albicans NSCF Stimulates Chemotaxis by
Binding to the Formyl Peptide Receptor

We previously generated a CHO cell line stably-expressing the human formyl
peptide receptor (FPR) (CHO-FPR) and showed that these cells migrated toward a
gradient of formylated peptides (266). Our preliminary characterization revealed that the
NSCF appeared to be similar in size to formylated peptides, thus we performed
experiments to determine if the NSCF could stimulate CHO-FPR chemotaxis. As seen in
figure 3C and figure 4A, CHO-FPR cells displayed chemotaxis toward the 1-h culture
filtrate, whereas CHO-WT cells did not (Fig. 4A). Both CHO-FPR and CHO-WT cells
displayed chemotaxis towards fibronectin (20 gg/ml), a natural chemoattractant for
fibroblasts (20,258) (Fig. 4A). Chemotaxis of CHO-FPR cells towards the culture filtrate

was inhibited by the FPR antagonist rBoc-MLF, confirming that the CHO-FPR cell
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Figure 3. Migration of CHO;FPR Cellé Toward C. albicans 1 h Culture Filtrate. CHO-
FPR céll‘s migrated through 8.0 pm semi-porous supports for 4 h, 37°C, £oward (A).
HBSS(+), (B) f-MLF (1 nM), and (C) 1 h culture filtrate. CHO-FPR cells adhered to the
underside of the support were stained with hematoxylin. Bar, 50 um.(Student’s t—test; P

values ranged from 0.003 to <0.0001)..
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chemotaxis was mediated by FPR. In addition, the FPR antagonist tBoc-FLFLF inhibited

the chemotaxis of PMNs toward the 1-h culture filtrate by approximately 51% (Fig. 4B).

Figure 4. C. albicans Culture Filtrate Contains a Chemotactic Factor That Activates
Chemotaxis Through FPR. (A) Wild type CHO cells (open bars) and CHO cells
expressing FPR (filled bars) or (B) PMNs were stimulated to migrate toward C.
albicans 1 h culture filtrate or/-MLF (I nM). Fibronectin (0.02 mg/ml) was used as a
positive control for chemotaxis of CHO cells. Some CHO cells and PMNs were
preincubated with the FPR antagonists, fBoc-MLF (10 |[IM, 10 min, 37°C), or fBoc-
FLFLF (10 (iM, 10 min, 4°C), respectively, before being placed in the upper well. The
final concentration of DMSO in the wells containing agonist was 33 (iM. This
concentration of DMSO by itself did not significantly decrease chemoattractant-induced
migration. (A) Chemotaxis of CHO cells was assessed by quantification of the average
cell area of hematoxylin stained cells that had migrated and adhered to the underside of
the porous support. A total of 10 randomly chosen 40x fields were examined. The data
are expressed as the mean £ SEM from three different experiments. Data points were
equalized by setting the migration of CHO-FPR cells toward /-MLF to 100. (B)
Chemotaxis of PMNs was assessed by quantification of the total number of PMNs
found in the lower reservoir by a myeloperoxidase assay. The data are expressed as the
mean + SEM from three different experiments with samples run in triplicate per
experiment. Data points were equalized by setting the migration toward/-MLF (10 nM)
to 100. ** Student’s t test, P = 0.0001.
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PMN Transmigration Across a Cultured
Intestinal Epithelial Monolayer

Since the GI tract is considered to be a major portal of entry to the blood stream,
we tested whether the culture filtrate could attract PMNs across a monolayer of T84
intestinal epithelial cells grown on permeable supports (309). As shown in figure 5A, the

filtrate from a I-h C. albicans culture stimulated basolateral to apical migration of PMNSs.

A. Basolateral to Apical Migration B. Apical to Basolateral Migration,
No EDTA treatment No EDTA treatment
**B T84 monolayer = m T84 monolayer y
CZ=I Lower well C 3 Lower well
HBSS(+) MVILF 1 h Culture HBSS(+) I'h Culture
Filtrate Filtrate

C. Apical to Basolater Migration
EDTA Treated

m 1784 monolayer
C=2D Lower well

HBSS(+) MVLF I h Culture
Filtrate

Figure 5. Transmigration Through a Monolayer of T84 cells Toward 1-h C. albicans
Culture Filtrate. (A) Transmigration in the physiological direction, basolateral-to-apical.
(B) Transmigration in the non-physiological direction, apical-to-basolateral, without the
removal of extracellular CaZl’ (C) Transmigration of cells in the non-physiological
direction with prior treatment of the T84 cells with EDTA to remove extracellular Ca2+
that results in breaking epithelial tight junctions (C). For figures A and C, | x 106 PMNs
per monolayer and /-MLF at 100 nM was used. For figure B, 2 x 106 PMNs per
monolayer and /-MLF at | |iM was used. PMN transmigration was assessed by
quantification of the total number of PMNs found in the T84 cell monolayer and lower
reservoir by the myeloperoxidase assay. The data are expressed as the mean + SD from a
single representative experiment of three separate experiments. Determination of the
number of PMNs contained within the monolayer was only performed for the data
shown. For each experiment, all samples were run in triplicate.
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To determine if the polarity of the monolayer affected the PMN transmigration, we also
‘examined the chemotaxis in the opposite direction (apical to basolateral). As expected,
‘based. on previous results by Parkos er al. (311), the 1-h culture f}ltrate was unable to
induce transmigration in the non-physiological . direction, from thé: apical side to the
basolateral side (Fig. 5B). A total of 2 x 10° PMNs per monolayer and f-MLF at a
_ concentration-of 1 pM was used for assessing transmigration in the apical to basolateral
direction because the efficiency of PMN migration in this direction is 5 to 20-fold lower -
than the basolateral to apical direction (310). 'Howevér, transmigration in the apical to
basolateral direction towards the culture filtrate could be induced after transient
disruption of epithelial tight junctions by Ca®* chelation (309) (Fig. 5C). Thus, NSCF
can drive ﬁolarized transmigration in a physiologically relevant direction, but failed to
induce migration in the reverse direction unless barrier function was disrupted.

Finally, to cohfirm that the culture filtrate itself did not damage the epithelial
monolayer or alter the tight junction permeability, we examined the monolayer
resistance. After a 5-h incubation with culture filtrate in the apical compartment and
HBSS(+) in the basolateral compartment, or vice versa, no change in resistance was
observed (data not shown). Activation of superokide production by PMNs may also
effect the .epi‘thelial' mondlayer while at the same time alter the myeloperoxidase assay
results. Therefore, we determined whether the C. albicans culture filtrate stimulated
superoxide production from PMNs using a cytochrome ¢ microplate assay (65,317). The
culture filtrate did not stimulate the production of superoxide from PMNS,.sugges;ting that
the culture filtrate does not activate superoxide prodﬁction (data not shown). Superoxide
production was only observed after the addition of phorbol 12-myristate 13-acetate and

did not occur in the presence of superoxide dismutase (data not shown).
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Chemotaxis of the Murine Macrophage-like
Cell Line, J774

In addition to PMNs, macrophages are also important in host defense against -
disseminated candidiasis (325). A J_774 céll line was chosen as a model of murine
macrophages and tested for chemotactic activity toward the NSCF. J774 cells displayed
chemotaxis toward a C. albicans 1-h culture filtrate (Fig. 6 and 7). An activity trend over
time similar to that for PMNs was noted (Fig. 7), except that the highest chemotactic
activity occurred at 0.5 h instead of at 1 h. The. filtrate from a 1-kDa ultrafiltfatidn :
induced chemotaxis of J774 cells, suggesting that the size of the NSCEF for J774 cells was
similar to that for PMNs (data not shown, Table 2). We were unable to induce
chemotaxis of J774 cells toward £-MLF (107 to 10™° M) (data not shown), which
c'orresponded with evidence that murine macrophages do not express a high affinity FPR
(137). Furthermore, we examined if mannoproteins released from.C. albicans were -
responsible for the migration of 1774 cells, since J774 cells have previously been shown
to express the mannose receptor (38). ‘Chemotaxis experiments were performed using a
wide concentration range of 2-B-mercaptoethanol (2-ME) C. albicans cell wall extract
(10* = 10* pg/ml) diluted in HBSS(+). This extract contains the C albicans cell wall
phosphomannan complex, primarily mannan with about 3.5% profein, that has been
identified as responsible for attachment of C. albicans to the splenic and lymph node
macrophages in mice (181). No significant chemotaxis toward 2-ME extract above the
negative control was observed for J774 cells. Stabi_lify of the J774 NSCF wa;c, also noted
to differ from the PMN NSCF (Table 2). Neither heating at 56°C for 30 min -nor boiling
for 10 min decreased the éhemotactic activity. These results suggest that the NSCF
stimulating J774 cell chemotaxis produced by C. albicans yeast cells is différent lfhan the

C. albicans NSCF for PMNs and interacts with an unknown receptor on J774 cells.
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Figure 6. J774 Cells Migrate Toward C. albicai_is 1-h Culture Filtrate. Migration of J774
cells through 8.0 wm semi-porous supports for 4 h, at 37°C, toward (A)'HBSS(+), (B)-
zymosan A activated huﬁan serum, and (C) 1 h culture filtrate. J774 cells adhered to the
underside’ of the support were stained with hematoxylin. Bar, 50 pm. (data not shoWn).
In addition, pretreatment of J774 cells with :[he 2-ME extract did not decrease J774

chemotaxis toward the C. albicans 1 h culture filtrate.
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Figure 7. C. albicans Culture Filtrate Contains a Chemotactic Factor for the Murine
Macrophage-like Cells, J774. Chemotaxis of J774 cells towards C. albicans 0.5, 1,2,3
and 4 h culture filtrates (m). Chemotaxis was assessed by quantification of the average
cell area of hematoxylin stained J774 cells that adhered to the underside of the porous
support. Activated serum was used as the positive control and HBSS(+) was used as the
negative control. The average cell area of 10 randomly chosen 40x fields was
determined per sample. The data are expressed as the mean + SEM from three different
experiments. Data points were equalized by setting the migration of J774 cells toward
zymosan A activated serum to 100.

Discussion

Previous studies have shown that C. albicans yeast cells produce a NSCF for
PMNs (49,50,84,405). Our results confirmed and extended the scope of the previous
findings. We showed that FPR-mediated chemotaxis accounted for approximately half of
the PMN chemotaxis toward NSCF(s) in the C. albicans culture filtrate. Furthermore, we
demonstrated that the NSCF(s) attracts PMNs across an intestinal epithelial cell
monolayer in vitro. We also provide evidence for an additional chemotactic agent that
stimulates chemotaxis of the murine macrophage-like cell line, J774, by a different

receptor.
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We found similarities and differences between the NSCF described hére and those
described by others. Consistent with other studies that implica;ted a role for a NSCF in
cutaneous candidiasis (50), we found that the C. albicans NSCF is produced in the
absence of glucose. NSCF chemotactic activity was found to peak at 1 h incubation at a
concentration of 5 x 10® yeast cells/ml, whereas others have demonstrated that up to 12 h
is necessary for production of chemotéctic activity (84). Such discrepancies might be due
to differences in concentration of yeast, the chemotactic assays, and the species from
which PMNs were obtained.  When a lower concentration of yeaslt was used, a longer
incubation. time was required for. chemotactic activity ‘to equal that of 5 x 10% yeast
cells/ml. Others have noted a éorrelation between virulence and decreased stimulation of
PMN chemotaxis by specific C. albicans strains (422). However, in results reported
here, S. cerevisiae (a species rarely implicated in disease) and all Candida spp. tested
produced a NSCF for human PMNs. In addition to these findings, others have shown
that Trichophyton mentagrophytes and Blastomyces dermatitidis release iow molecular
weight chemotactic substances for PMNs (391,396). Therefore, a wide range of fungi
can produce non-serum dependent PMN chemoattractants. '

The decrease in chemotactic activity observed with a higher dose of C. albicans
might be expected if an inhibitor of chemotaxis was produced after the initial production
of the NSCF. Tﬁe decreasé in activity did hqt result from saturating amounts of
chemoattractant, since NSCF activity could not be rescued by dilution of a 4 h culture
filtrate (data not shown). It is also possible that denaturafion or degradation of the NSCF
occurs such tHat it no longer had chemotactic activity.

Our data implicated FPR as a receptor for a C. albicans NSCF. Preincubation of
CHO-FPR and PMN with FPR antagonists significa;ntly decreased cherﬁotaxis‘toward the
culture filtrate (Fig. 4). Standard ligands for FPR coﬁsist of bacterial and mitochondrial

peptides that are synthesized with N-formylmethionine as the starting residue

4
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(59,246,355,356,361). Some nonformylated peptides have also been shown to stimulate
FPR-mediated chemotaxis but, with the exception of a few cases (135), thé chemotactic
activity of these peptides was significantly lower than that of their formylated
counterparts (126,401). If the NSCF that interacts with FPR is a formylated peptide, the
most obvious place of origin would be the mitochondrion. C. albicans mitoghondrial
proteins may be activély released or as a byproduct of yeast cell déath during culture
filtrate production. However, examination of ce11 death in cultures of 1 to 4 h does not
support cell death as a source. Propidium iodide-stained cells analyzed by flow
cytometry (249) showed that cell death did not increase with time but-remained less than
1% throughout the production time, 1 to 4 h (data not shown). Because the antagonigt
only inhibited PMN chemotaxis toward the culture filtrate by approximately 50%, it is
possible that othé'r: chemotactic factors cbntaining in the culture filtrate and chemotactic
receptors expressed by PMNs are involved in the observed chemotactic response. Other
known chemotactic receptors expressed by human PMNs are: C5a receptor, C3a receptor,
platelet activating factor receptor, C-X-C chemokine receptors (such as IL-8 receptor A
and IL-8 receptor B), and C-C chemqkine receptor 1. The ligands for the chemokine
receptors are about 8-10 kD, suggesting that these receptors are unlikely candidates for
binding NSCF unless they also bind small molecular weight factors. C5a receptor binds
a 74 amino acid peptide but has also been shown to bind‘ smaller peptides with lower
affinity (209). However, CHO cells expfessing C5a receptor showed no chemotaxis
toward the C albicans 1-h culture filtrate (data not shown), suggesting that NSCFs do not
act as agonists for C5a receptor-mediated chemotaxis.

To investigate the relevance of our finding with respect to the GI tract, we used an
in vitro T84 cell monolayer system to examine whether the C. albicans NSCF can attract
PMNs through an epithelial monolayer. Due to the complexity of the GI trac.t, a

reductionistic approach to unraveling the interactions of C. albicans at the GI epithelium
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as a commensal and potential pathogen is ﬁecessary. As shown here, this in vitro-model
system is useful for identification of putative C. albicans colonization factors and
mechanisms of dissemination from the human GI tract. The C. albicans culture filtraté '
induced transmigration of PMNs in the physiological direction across a T84 epithelial
cell monolayer (Fig. 5A), suggesting that the release of small molecular weight molecules
| by C. albicans helps to récruits PMNs into the gut. Since NSCFs induced chemotaxis of
PMNs in the absence of the T84 cells, the facfor(s) is not likely to be epithelial-derived.
However, it is possiblé tﬁat the NSCF induced T84 cells to release other chemotactic
agents, such as IL-8, which stimulate PMN transmigration. Because f-MLF has been
shown to cross model intestinal epitheiial monolayers by the paracellular pathway (397),
it is highly probable that the NSCF contained in the culture filtrate is crossing the T84
monolayer by the paracellular pathway to stimulate PMNs transepithelial migration. The
production of secreted aspartyl proteinases by C:. albicans, has been suggested to
facilitate heﬁatogenous disseminati"on from the gut by digesting the mucin layer (79) and"
has also been showh to be chemotactic as well as chemokinetic for human PMNs (405).
Thus, secreted aspaﬁyl proteinases and NSCFs described in this study may act together to
stimulate PMN infiltration. ‘

We examined also whether C. albicans culture filtrate stirhulatgd the migration. of
the macrophage cell line, 3774. To our knowledge this is the first report of a non-serum
dependent chemotactic factor produced by C. albicans for macrbphages. Unlike the

* NSCF for PMNs, the production of the chemotactic factor for 3774 cells peaked sooner
and the activity remained stable when the 1-h culture filtrate was boiled for 10 min. In
addition, despite using a wide concentration range of f-MLF (10° M to 107° M), we were
unable to stimulate J774 cell migration, suggesting that they Iacic FPR expression and the
NSCF contains a factor which is a ligand for a separate chemotactic receptor. These

results support existing data that murine macrophages may lack expression of a'high
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a;ffinity FPR (137,416).

We provide evidence in this study that C. albicans, along with other yeast speciés,
produces a NSCF for human PMNs which may have immunoregulatory activity at sites
where there is decreased complement activity. The ability of the culture filtrate to induce
| transmigration of PMNs across the T84 monolayer from the basoiateral to the apical side
suggests that the NSCF influences the host-pathogen interactions in the GI tract by

stimulating an infiltration of leukocytes.
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CHAPTER 3

IN VITRO ADHESION OF CANDIDA ALBICANS TO HUMAN
GASTROINTESTINAL MONOLAYERS

Introduction

The gastrointestinal (GI) tract is a major portal (;f entry for the hematogenous
spread of Candida albicans in the immunocompromiseci‘ host (7'3,188). The C. albicans
strain residing on the mucosa is usually the primary agent of disseminated candidiasis
(327,430). Therefore, the ability of C. albicans to adhere to and persistently colonize the
mucosal surface of thé human GI tract is considered a putative virulence trait (85).
Although little is known about the maintenance of. C. albicans as a commensal in the GI
tract of healthy individuals, overgrowth on the mucosal surface and/or dissemination
from the GI tract is apparently uncommon withdut immunosuppression of the host
(76,188,297,298). Both specific and non-specific interactions are thought‘to play a role
in C. albicans adhesion to the GI mucosa (76). Specific interactions of host-fungal cell-
surface molecules are suggested by the preferential association of C. albicans with
stratified epithelium of the cardium-atrium fold in the murin(;, stomach (76), and the
adherence of C. albicans yeast to an individual villi in the intestine without attachment to
the surrounding villi (78).

- In this study, we used monolayers of human colonic intestinal epithelial cell lines,
T84 and Caco2, to compare their interaction with C. albicans and other yeast cells.
These cell lines form confluent monolayers wifh high resistance to passive ion flow that
correlates with tight junction formation and normal polarization. . They display
phenotypic similarities to intestinal crypt epithelial cells and are functionally similar to

native crypt epithelial'cells (88,163,239).
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Materials and Methods

3

Mammalian Tissue Cuiture ‘

Maintenance of T84 cells in culture was the same as described iﬁ Chapter 2.
‘Ca002 cells, a kind gift froni Dr. Susan Weimer-Mackin, Harvard Medical School,
~ Boston, Massachusetts, were grown in low glucose (1,000 mg/L) Dulbecco’s modified
Eagles’ medium (DMEM) (Sigma Chemical Co., St. Louis, MO) supplemented with 1.2
mg/ml NaHCOs, 50 U/ml penicillin, 0.05mg/ml streptomycin, 3.58 mg/ml HEPES and
5% fetal bovine serum (FBS). |

Yeast

All yeast-strains were from the stock collection at Montana State University-
Bozeman and included C. albicans strains 3153A, CA-1, A9, 105, and ATCC64550.
Other yeast species in this study included C. lusitaniae (ATCC 64125), C. parapsilosis
(ATCC 90018), C. tropicalis (ATCC 750), C. glabrata (ATCC 90030), and S. cerevisiae
(2180W'T). Idéﬁtification of all species was confirmed with API 20C yeast idc_entification
strips (Analytab Products, Plainview, N.Y.). C. albicans strain 3153A was used in all
experiments except where otherwise noted. All isolates were cultured from glycerol
stock cultures held at -70°C and plgted onto Sabouraud dextrose agar (Difco -
Laboratories, Detroit, Mich.) for .48 h at 37°C.

Yeast were grown in 50 mM glucose-yeast nitrogen broth confaining amino acids
(glu-YNB (+)) (Difco Laboratories, Detroit, Mich.) at 22-23°C (RT), with shaking to
stationary phase, then subcultured to fresh glu-YNB (+) and incubated to stationary
phase. Yeast were subcultured to fresh glu-YNB (+) and grown at 30°C with shaking to
stationary phase. Yeast were washed three times with RT saline and sonicated for4to 6
sec (Fischer Scientific water bath sonicator FS30, Fischer Scientific Co.) and checked

microscopically to ensure that >95% were individual cells.
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Radiolabeling Yeast

Blastoconidia were metabolically labeled with L—[3SS]—rﬁethionine (ICN, Irvine,
CA) using a modification of the proceci‘ure by Rotrosen and colleagues (342). Yeast were
suspended to 4.5 x 107 yeast/ml in 4.5 ml glu-YNB without aminQ acids containing 52.5
uCi of 1-[*3S]-methionine (ICN, Irvine, Calif.). The yeast suspension was incubated for 2
h at 30°C, and aerated by shaking at 250 rpm (Controlled Environment Incubator Shaker
model M52 New Brunswick Scientific Co., Inc. Edison, N.J.). Yeast were washed in
saline seven times to remove the unincorporated radioactivity, sonicated, and suspended
in Hank’s balan.ced salts so_lution with calcium and magnesium [HBSS(+)] at pH 7.4, 22-
23°C, at the desired cell concentration. Alternate growth and radiolabeling conditions
included YNB containing 50 mM sucrose, 50 mM or 500 mM galactose, or 500 mM

glucose, and 37°C.

Adhesion Assay

For adhesion assays, T84 and Caco2 monolayers were grown in RIA 96-well
plates, medium-binding (Corning Costar, Inc., Cambridgé, Ma.), precoated with rat tail
collagen (88), and were used between 7 and 14 days in culture. Monolayers were washed
three times with warm \(v37°C) HBSS(+), 100 l‘ll of the desired concentration of yeast was
added to each well, and incubated at 37°C for 45 to 180 min without shaking. After the
incubation, monolayers were washed four times with HBSS(+), and the wasﬁings
containing non-adherent yeast were pooled into scintillation vials (Kimball Glass Co.,
Vineland, N.J.). RIA wells were separated and each was placed directly into scintillation
vials. Scintisafe 30% (Fisher Chemical Co.), 5 ml, was added to each vial. B-emissions
were counted for 2 min in a Scintillation Counter (Beckman, Fullerton, Calif.). The
counting efficiency for samples containing 10 ul or 400 pl of HB"SS(+) did not differ.
All samples were run in triplicate. Sample cpm values were compared to ﬂstandard curves

created with each yeast species to convert épm values into yeast concentration. The
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percent adherent yeast per sample was then determined.

S1Chromium Release Assay

Cellular damage of epithelial monolayers by C. albicans and S. cerevisiae Was
determined using a SICr release assay (119). Epifhelial monolayers were grown in 12-
well tissue culture plates for 14 days. Ménolayers were incubated overnight at 37°C,
" plus 5% CO,, in 500 pl tissue culture medium containing 6 KCi/ml N a,°'CrO, (ICN, Co.,
Costa Mesa, Calif.). The cell monolayers were washed three times with warm (37°C)
HBSS(+), and 1 ml tfssue culture medium containing yeast or medium alone was édded'
to each monblayer and incubated as above for 3 or 6 h. Culture medium, 500 pl, was
removed from each well and placed into scintillation vials. NaOH (6.N, 500 .pltl) was
added to each monolayer, incubated for 15 min at 22-23°C without shaking, and the
contents of each well was placed into scintillation 'vials. Each well was washed 2x, 500
ul each, with Count Off (Fisher Chemical Co.) and pboled with the appropriate vial.
Scintisafe 30'%,‘ 2.5 ml, was added to eabh scintillation vial and cpm'deternlined. The
counting efficiency for samples with and without NaOH was 9.7 to 11% and 25 to 27%,
respectively. All calculations of specific S1Cr release ;zvere carried out after converting
cpm values to disintegrations per minute (127). Specific SICr release for each sample
was determined as follows: Percent of total >'Cr per well released into the medium = 2 x
released *'Cr/(residual 3'Cr + released >'Cr), specific >'Cr release = percent experimental
release - percent spontaneous release/(1— percent spontaneous release). The percent
spontaneous release was the percent of total 31Cr released in wells éontaining monolayers

without yeast that served as the negative control.
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Results

Yeast adhesion to Gl epithelial monolayers, T84 and Caco2, was monitored using
L-[3S]-methionine metabolically labeled yeast. Figure 8 shows a typical standard curve
of radioactively-labeled C. albicans yeast. As reported by others (254), this labeling
procedure was very sensitive. We were able to detect as low as 100 yeast per well. Yeast
numbers were also determined by counting colony forming units from aliquots of the
serial dilutions used for generating the standard curve. CFUs counts correlated with the
yeast concentrations that had been determined by using a hemacytometer (data not

shown).

Figure 8. Typical Standard Curve of L-~SJ-labeled C. albicans Yeast. Yeast were
metabolically labeled with L-[35S]-methionine as described in material and methods.

We first analyzed the adhesion of C. albicans and S. cerevisiae to T84
monolayers over a range of 103 to 105 yeast per monolayer (Fig. 9). S. cerevisiae was
used because it is considered to be non-adherent to mammalian tissues in vitro (132). As
can be seen, adhesion of C. albicans and S. cerevisiae yeast did not differ significantly
when concentrations of 103 and 104 yeast per monolayer were used. This probably

reflects non-specific adherence to the T84 monolayers. At 105 yeast per monolayer,
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adherence of C. albicans was significantly greater than S. cerevisiae (Student t test, P =
0.0482). Additionally, as the yeast inoculum size increased, the percent of S. cerevisiae
yeast adhered to the T84 monolayer remained constant, whereas the percent of adherent
C. albicans yeast increased (Fig. 9B). Based on these results, a 105 yeast per monolayer

inoculum size was used for subsequent adhesion assays.
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Figure 9. Effect of Yeast Dosage on Adhesion to T84 Monolayers. A range of inoculum
sizes of L-(3BS)-labeled C. albicans and S. cerevisiae yeast were allowed to interact with
T84 monolayers for 45 min at 37°C. Results are expressed as the total number of yeast
adhered per monolayer (A), and the percent of adherent yeast per monolayer (B) from
three separate experiments with all samples run in triplicate. Error bars indicate the
standard error of the mean. *, Students Mest P = 0.0482.
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We next examined the adhesion of a variety of Candida species and S. cerevisiae
to T84 and Caco2 monolayers (Fig. 10). C. albicans displayed the greatest adherence to
the T84 monolayers (Fig. IGA). The order of adherence to T84 monolayers correlated
well with the reported prevalence of Candida spp. in the human GI tract (297). To make
sure that the adherence of C. albicans was not strain-specific, the adherence of five C.
albicans strains to T84 monolayers was evaluated. The adherence of all C. albicans
strains tested did not appear to differ (data not shown). The order of adherence to Caco?2
monolayers was similar as that to T84 monolayers, except that C. glabrata displayed
significantly greater adherence than the other yeast tested (Fig. 10B). C. tropicalis
adhered poorly to both cell lines (Fig. 10). In addition, C. albicans adhesion to T84 and

Caco2 monolayers was found to increase with time (Fig. 11). Radiolabeled yeast were

Figure 10. Adhesion of a Variety of Candida spp. and S. cerevisiae to Gl Epithelial
Monolayers. Adhesion was assessed to (A) T84 and (B) Caco2 monolayers using an
inoculum size of 105 L-[3S]-labeled yeast per monolayer. Yeast were allowed to adhere
to monolayers for 45 min. Figure A is two separate experiments with samples run in
triplicate. Figure B is from four separate experiments, except data for C. tropicalis is
from three separate experiments. Samples were run in triplicate. * Student’s t test, P-
values ranged from 0.026 to 0.0145. Student’s t test, P-values ranged from 0.0094-
0.0024. ** Student’s t test, P-values ranged from 0.0003 to <0.0001. All P-values were
calculated by comparing C. albicans to other yeast tested.
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allowed to adhere to monolayers up to 180 min. Adhesion to T84 monolayers started to
level off at approximately 135 min., whereas an increase in adhesion to Caco2
monolayers was still evident at 180 min, suggesting the monolayers may be displaying

different surface properties or antigen phenotypes.

T84 monolayers
¢ 30- Caco2 monolayers

Time (min)

Figure 11. Percent Adhesion of C. albicans to Gl Epithelial Monolayers is Time
Dependent. L-[3S]-labeled C. albicans yeast, 105 yeast per sample, were allowed to
adhere to either T84 or Caco2 monolayers for 45 to 180 min. Figure is a representative
experiment from two experiments. Samples were run in triplicate Error bars represent
standard deviation.

The percent adherence of C. albicans (Fig. 9-11) was found to decrease with
increasing passage number of T84 monolayers. We used passage numbers 61 through 69
for the experiments. This result may possibly have been caused by a loss of expression
of adhesion molecules on T84 monolayers, possibly explaining the decreased adhesion
observed in the experiments performed with later passages (experiments shown in figures
2 through 4).

The type and concentration of carbon source and temperature used to grow C.
albicans yeast has been suggested to influence the adherence characteristics of C.

albicans (108). We observed no difference in adhesion to T84 or Caco2 monolayers
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yeast grown in YNB containing 50 mM and 500 mM glucose and galactose, and 50 mM
sucrose (data not shown). Additionally, yeast grown and radiolabeled at 37°C versus
30°C did not display different adhesion characteristics (data not shown).

It has been previously demonstrated that C. albicans’ cell wall cqrﬁponents, such
as chitin (224) or mannoprotein (221,350), mediate adhesion of C. albicans to epithelial
cells. Therefore, we attempted to inhibit the adhesion of C. élbicans to T84 monolayers
with C. albicans cell wall 2-B-mercapto ethanol (2-ME) extract or a chitin soluble extract
(CSE). The 2-ME extract contains C. albicans cell wall phosphomannoprotein coﬁplex
(181). 2-ME. extract was kindly provided by Df. Yongmoon Han at Montana State
University-Bozeman. We isolated chitin soluble extract (CSE) frorﬁ crab shell chit‘in‘
(Sigma Chemical Co., St. Louis, Mo.) using the method described by Segal and
colleagues (224). CSE prepared from crab shell had been shown to display similar
inhibitory activity as C. albicans cell wall CSE (224). Pretreating either yeast or
monolayers with 2-ME exfract (10 - 200 ug/ml in HBSS(-F)), or CSE (approximately 10
mg/ml in HBSS(+)) did not effect the adhesion of yeast compared to non-treated controls
(data not shown). This suggested that adhesion was not mediated by either of these cell
wall components. |

Damage to the epithelial monolayers by C. albicans and S. cerevisiae was’
evaluated using a >'Cr release assay. C. albicans ’did not damage T84 or Caco2
monolayers to a greater extent than S. cerevisiae (Fig. 12) even though S. cerevisiae'
adhered poorly to both cell lines compared to C. albicans and is considered to be non-
pgthogenic. However, this observation appears to be conmsistent with transmission
electron microscbpy studies in which yeast were observed inside mouse GI epithelial
cells but the cytoél‘asmic contents of the epithelial cells did not appear to be disturbed
(78).. This_morphological finding suggested that.the yeast were able to pass through the

epithelial cells by a non-destructive mechanism.
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Qalbicans S. cerevisiae C.abcans S. cerevisiae

Figure 12. C. albicans Does Not Damage Gl Epithelial Monolayers Greater than S.
cerevisiae. T84 (A) or Caco2 (B) monolayers grown in 12-well plates were loaded with
51Cr overnight. Two different concentrations of yeast, 1050r 106 yeast per monolayer,
were allowed to interact with the monolayers for 3 and 6 h. The amount of yeast-
induced cell injury was measured as the specific release of 5ICr. These results are an
average from two experiments. 105 or 106 yeast per monolayer. The yeast were

allowed to interact with the monolayers for 3 and 6 h. Error bars represent standard
deviation.

Discussion

In our study, we demonstrated that intestinal epithelial monolayers are a useful in
vitro model to investigate host-commensal/pathogen interactions. We found that the
degree of adhesion of five Candida species to Gl epithelial monolayers, T84 and Caco2,
(Fig. 10) correlated with the reported prevalence of Candida spp. in the human GI tract
(297). Penetration through the GI mucosa by the endogenous Candida sp. is thought to
be the most frequent mechanism leading to systemic dissemination in the
immunocompromised patient (73,251,327,430). The most recent epidemiological
analysis of Candida spp. nosocomial blood stream isolates (BSls) (316) show that C.
albicans accounted for 52% of total isolates followed by C. glabrata (18%), C.
parapsilosis (15%), C. tropicalis (11%), and C. krusei (2%) (316). Therefore, data from

our study together with epidemiological data, suggest that the ability to adhere to and
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colonize the GI tract may play an important role in disseminated candidiasis in
immunocompromised individuals. |

Other researchers have compared the adhesion characteristics of various Candida
spp. to different types of epithelial cells. The adhesion hierarchy to HeL.a monolayers, a
cervical epithelial carcin;)fna cell line, was as follows: C. albicans > C. troﬁicavlis > C.
lusitaniae = C. parapsilosis 2 C. glabrata = C. krusei = S. cerevisiae (30). Thi_s
hierarchy correlated with the recognition of an integrin-like molecule on the yeast cells
by the monoclonal antibody OKM1. This antibody recognizes. human CDllb, the o
subunit of B,-integrin CD11b/CD18 (30). As can be seen from our results (Fig. 10), C
glabrata and C. tropicalis displayed different adhesion characteristics to the GI epithelial
monolayers, compared to HeLa cell monolayers. This difference. suggests that Candida
surface-expressed integrin-like proteins, that cross-react with OKMII, did not play an
important role in adhesion of Candida spp. to the GI epithelial cell monolayers.
However, we have not specifically evaluated the a role of yeast integrin-like proteins in
adherence to these monolayers. |

Results from our study“also differed from yeast adhesion studies using exfoliated
buccal and vaginal epithelial cells (199). Of the Candida spp. tested, C. albicans was
found to be the most adherent to buccal and vaginal epithelial cells. | Yet, unlike our
study, C. tropicalis also displayed a significant amount of adherence to both buccal and
vaginal epithelial cells, while C. parapsilosis and C. glabrata were virtually. non-adherent
(199). These results may reflect differences in cell adhesion molecules expressed on the
different epithelial cell types and/or Candida species.

Although the adhesion to T84 and Caco2 rﬁqnolayers by the yeast species tested
was similar, differences were observed. We were surprised that C. glabrata displayed
significantly greater adherence to Caco2 monolayers compared to the other Candida spp.

This was unlike T84 monolayers where C. albicans displayed the.greatest adhesion
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compared to the other Candida spp. These results may reflect differences in cell
adhesion molecules expressed by both the yeast and the epithelial cells. Because of the
correlation between colonization of the GI mucosa‘and hematogenous disserﬁination in
the immunocompromised host, these differences should be studied further to investigate

the mechanisms used by the different Candida spp. to colonize the GI mucosa in humans.
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CHAPTER 4

POLYMORPHONUCLEAR LEUKOCYTES FROM HOLSTEIN CALVES WITH
BOVINE LEUKOCYTE ADHESION DEFICIENCY ARE DEFECTIVE IN
PHAGOCYTOSIS AND KILLING OF CANDIDA ALBICANS

- Introduction

B,-integrins are cell surface glycoproteins thth are made up of a common 95-kDa
B chain, B (CD18), that forms a heterodimer with one of four o, chains: CD11a, CD11b,
CDl1lc or CD11d (257,439).' The B,-integrins are expressed in varying degrees by all

.human leukocytes and lymphocytes. Polymorphqnuclear leukocytes (PMNs) express -
CD11a/CD18, CD11b/CD18 and CD11c¢/CD18 (257). PBy-integrins play a role in both
cell-matrix and cell-cell adhesion functions. For PMNs, this includes transendothelial
(402) and transepithelial migration (308), and phag;)cytosis (52). P.-integrins also play a
critical role in activation and vupregulation of leukocyte killing mechanisms, such as -
superoxide production (241).

Leukocyte adhesion deficiency-type 1 (LAD-1) is an autosomal recessive disorder
due to a genetic defect in the gene ITGB2 that encodes CD18 (200,379). This results in
either severely reduced‘ or complete absence of expression of functional [,-integrins
,(200).’ LAD-1 granulocytes (83), monocytes (242) and lymphocytes (93,256) all display
abnormalities in a wide range of adhesion-dependent functions. Defects in PMN function
are predominantly noted in transendothelial migration (419),. respiratory burst regulation
(367), chemotaxis (213,285) and phagocytosis (149,367).  Although lymphocyte
functions are also severely impaired, such as transendothelial migration and T cell
activation (185,353), the pathology observed in LAD patients is primarily due to

defective leukocyte function.
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A number of animal models exist for studying the role of B,-integrins in adhesion-
related functions of immune cells. These ipclude a CD-18 null mouse with no expression
of Bo-integrins (353,419), a CD18-deficient mouse that has 2-16% expression of normal
B,-integrin levels (436), and bovine LAD (BLAD) (186) in which calves display <2% (.-
integrin expression of normal PMNs (285,367). We have evaluated the phagocytic and
killing capability of BLAD PMNs With C. albicans yeast. A phagocytic assay was used
that distinguished adherent yeast from those ‘that' had been fully engulfed. In addition, we
evaluated the contribution of opsonizing factors to phagocytosis by nofma«l, heterozygqus

and BLAD PMNEs.

Materials and Methods"

Yeast

C. élbicans, strain CA-1, was from the stock collection at Montana State
University — Bozeman. Identification was confirmed with API 20C yeast identification
strips (Analytab Products, Plainview, NY). CA-1 was cultured from glycerol stock
cultures held at -70°C and plated -onto Sabouraud dextrose agar (SDA) (Difco.
Laboratories, Detroit, MI) for 48 h at 37°C. |

Source of Bovine Blood

Blood was drawn from age-matched normal, heterozygous and homozygous
BLAD Holstein calves. The  blood was collected into 50 ml polypropylene tubes
containing acid citrate dextrose at-the National Animal Center in Ames, IA, and shipped
at room temperature to Montana State University — Bozeman. PMNs were isolated and
used for experiments within 24 h of collection. Bovine serum was separated from blood
isolated from a normal Holstein calf housed at our facility. Serum was held in an ice-

water sluffy if it was to be used the same day as isolated, or stored at -20°C until use.
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Isolation of Bovine PMNs

Bovine PMNs were isolated using a distilled water lysis method. Blood, 50 ml
per tube, was centrifuged at 300 x g for 20 min at 22-23°C. The plasma and buffy coat
were removed and discarded. . The red blood cells were lysed by thé addition of 10 mls
ice cold distilled water for approximately 10 sec, and then the total volume was increased
to 50 ml with cold Dulbecco’s bhos'phate buffered saline (DPBS), pH 7.4. Cells were
pelletéd by centrifugation at 400 x g for 10 min at 4°C. The water lysis was repeated a
total of 3 times. Isolated PMNs were suspended in DPBS and held on ice until use. The

purity of PMNs was approximately 90% as determined by visual inspection.

Production of FITC-Labeled Yeast

A single yeast colony from a SDA plate was inoculated into glucose (2%), yeast
extract (0.3%)_, peptone (1%) broth (GYElPB), incubated . to stétionary phase (24 h) at
37°C with aeration. Yeast were subcultured to fresh GYEPB and incubated to stationary
phase again. The yeast cells were then harvested by centrifugation, washed three times
with DPBS at pH 7.4 and fixed with 10% formaldehyde in DPBS at 4°C for 30 min to 1
h, with gentle inversion every 5 min.. The formalin-fixed yeast were washed three times
with DPBS at'4°C and stored, at 4°C until use. Heat-killed yeast‘ were produced by
boiling yeast suspended in DPBS for 30 min vs;ith gentle inversion every’ 5 min. Yeast
were then washed three times with DPBS at 4°C and stored at 4°C until use. Aliquots of
formalin-fixed and heat-killed yeast were plated on a SDA plate and incubated for 48 h at
37°C to check for sterility. All yeast were labeled with FIT C as described by Lyman and
- Walsh (236). Briefly, heat killed yeast at 107yeast cells/ml were washed once in room
temperature 0.2 M PBS at pH 8.0 and incubated in 250 uM FITC in 0.2 M PBS at pH 8.0
for 30 nﬁn in the dark at 22-23°C. The yeast were then washed three times with 0.2 M

PBS at pH 7.4 and stored at 4°C.
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Yeast Phagocytosis Assay

PMNS, 5.4 x 10%ml, were suspended in prewarmed (37°C) RPMI-1640 (Sigma

Chemical Co., St. Louis, MO) directly before use. The PMN suspension was added to
Thermanox cover slips (Nunc, Inc., Naperville, IL) inside the, wells of a 6-well tissue
culture plate, total volume of 500 pl per ceverslip. The PMNs were allowed to adhere to
the coverslips for 30 min to 1 h at 37°C without shaking. The RPMI-1640 was removed
and SQO ul of FITC-labeled heat-killed C. albicéns yeast, 2.7 x 10° yeast/ml, in either ‘
RPMI-1640 plus 10% normal bovine serum, complement inactivated bovine serum, or C.
albicans yeast-absorbed serum, pre-warmed to 37°C, was added to the wells. Serum was
complement inactivated by treating it at 56°C for 30 min. C. albicans yeast-absorbed
serum was produced by mixing 1 part packed formalin-killed yeast cells with 10 parts of
normal bovine serum for 10 min on ice.. Yeast were then i)elleted and the supernatant
~removed and treated two more. times with fresh formalin-killed yeast. PMNs were
incubated with the yeast for 1 h at 37°C without agitation. To stop the interaction, cold
paraformaldehyde, final concentration 1%, was added to each well and the samples were
incubated 1 to 2 h at 22-23°C or overnight at 4°C. The FITC of attached yeast, but not
| ingested, was quenched by the addition of trypan blue, 2 mg/ml in 0.02 M citrate buffer
containing 0.15 M NaCl at pH 4.4 (_23’6). Trypan blue does not penetrate the PMN
plasma membrane. The number of ingested yeast was determined by visually counting
the number of fluorescent yeast associate({ with at least 100 PMNs per sample with a

Nikon epifluorescent microscope. For each experiment, samples were run in duplicate.

Yeast Killing Assay
To analyze the ability of PMNs to kill C. albicans yeast, 2.7 x 10° PMNs and 5.3

x 10° live yeast were combined in a total volume of 1 ml RPMI-1640 plus 10% normal

bovine serum and incubated for 1 h at 37°C with rotation. The samples were then serially
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diluted in DPBS and aliquots were plated onto SDA plates. After incubating for 48 h at

37°C, yeast CPUs were counted. All samples were run in triplicate.

Results

We compared the phagocytic capability of PMNs isolated from normal,
heterozygous and homozygous BLAD Holstein calves using C. albicans yeast cells.
Three different conditions were tested, phagocytosis in the presence of normal, yeast-
absorbed, or complement-inactivated bovine serum. As can be seen in figure 13, with all
conditions tested, BLAD PMNs were almost completely deficient in phagocytic ability.
Figure 13 is a representative experiment of three separate experiments. Variation was
observed in the measured phagocytic index from experiment to experiment. The
phagocytic index of BLAD PMNSs for the other two experiments ranged from 0O to 0.06

for all conditions tested. @ The phagocytic ability of heterozygous PMNs was

I )Normal bovine serum
777771 Yeast absorbed serum

X 0.6- m m Complement inactivated
serum

c 0.5-

m 0.4-

Normal  Calf | Calf 2 Cafl Caf2
Heterozygous Homozygous

Figure 13. Phagocytosis of C. albicans Yeast by PMNs Isolated from Normal,
Heterozygous, and Homozygous BLAD Calves. Bovine PMNs were incubated with
FITC-labeled C. albicans suspended in normal bovine serum (open bars), yeast
absorbed serum (striped bars), or complement inactivated serum (filled bars) and the
number of phagocytosed yeast per PMNs was determined by fluorescence microscopy
as described in materials and methods. Samples were run in duplicate. Figure is from a
representative experiment. The experiment was repeated three times.
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indistinguishable from normal PMNs in all three experiments, and serum complement
inactivation or absorption with yeast always resulted in a decreased phagocytic index of
normal and heterozygous PMNs compared to untreated serum. Although, a lower
phagocytic index was not always observed for the absorbed serum compared to
complement-inactivated serum.

As can be seen in figure 14, BLAD PMNs did maintain the ability to kill C.
albicans yeast. Although, their killing efficiency was greatly decreased compared to both
normal and heterozygous PMNs. Similar to the phagocytosis results, the Kkilling

efficiency of heterozygous PMNs was indistinguishable from normal PMNSs.

Normal Heterozygous Homozygous

Figure 14. Killing of C. albicans Yeast by PMNs Isolated from Normal,
Heterozygous, and Homozygous BLAD calves. PMNs, isolated from normal,
heterozygous or homozygous BLAD calves, were combined with yeast in RPMI1-1640
plus 10% normal bovine serum for | h at 37°C. An effector to target ratio of 1:2 was
used. Yeast survival was determined by counting CPUs. Error bars indicate standard
deviation. Samples were run in triplicate. *Student’s t test, P<0.005 for homozygous
versus both normal and heterozygous PMNs.
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Discussion

CD11b/CD18 is c;,onsidered the -principle leukocyte adhesion receptor for C.
* albicans (123). Our results support this conclusion. BLAD PMNs were severely
deficient in ph‘agocytosisﬂ of C. ‘albicans yeast. In addition, adhesion of yeast to BLAD
PMNs was absent (data not shown). These results are similar to those of other groups
that evaluated the phagocytic ability of LAD PMNs with S. cerevisiae (286) and zymosan
particles (9). We did not observe a difference in the phagocytic index of normal and
heterozygous bovine PMNSs, suggesting that heterozygous PMNs have normal B-integrin
expression. Phagocytosis of yeast‘ by normal and heterozygous PMNs_wit'h‘ C. albicans
yeast-absorbed serum and cbmplement-inactivated éerum was decreased, but not absent.
Therefore, neither antibodies nor complement components were necessary for
phagocytosis of C. ;zlbicans, although they were required for mgximum phagocytosis by
bovine PMNs. .

Cooperation of CD11b/CD18 with Fecy rqceptofs, FcyRIIa and FcyRIIIb, results in
‘enhanced adhesive capabilities of PMNs (399). Although, cell effector functions
mediated by FcyRI (CD64), the high affinity receptor.for monomeric Fcy (314,339), are
not thought to be dependent upon CD11b/CD18, and may actually be enhanced in LAD
patients (214,242). Compared to normal PMNs, investigators showed unstimulated LAD
PMNs displayed enhanped expression of all three Fcy receptors (FcyRs), FeyRI (241),
FcyRIla (440) and FcyRHOIb (281,283,440). LAD PMNs, bﬁt not normal PMNs,
displayed enhanced phagocytosis and chemiluminescence, representing superoxide
broduction, in response to murine IgG2a-opsonized sheep RBCs (241). Both of these
responses were inhibited by monomeric human IgG, sﬁggesting they were FcyRI-
mediated (241); In addition, human recombinant IFN-y (hrIFN-y) was used to treat one
LAD patient to try to increase leukocyte FcyRI (CD64)-mediated effector functions

(423).  Although the patient died after 10 weeks of treatmenf, due to surgical
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complication, the patient had not experienced any new infections or side-effects due to
the hrIFN-y since treatment was initiated (423). This suggested that hrIFNYy treatment
may be a Way to restore some phagocytic cell effector functions. We attempted tolpre-
treat BLAD PMNs with hrIFN-y to try to enhance their phagocytic ability. Human rIFN-
vy was used insiead of bovine IFN-y because boviﬂe IFN-'Y was not available. We did
observe enhanced phagocytosis of C. albicans yeast by BLAD PMN:s, suggesting it did
not stimulate enhanced expression or function of FcyRI (data not shown). It is possible
that the hrIFN-y was incqmpatible with bovine PMNs.

Eveﬁ though PMNs from BLAD calves were unablé to engulf the yeast (Fig. 13),
they still maintained approximately 30% of the capacity of normal or heterozygous
PMNs to kill C. albicans yeast (Fig. 14). BLAD PMNs were observed to generate
approximately twice the amount of superoxide anion than normal PMNs vwhen stimulated
with PMA (367). It is possible that even without phagocytosis, oxidative-dependent
mechanisms were responsible for the killing observed in our assays. Even so, the killing
activity of BLAD PMNs was severely decreased; suggesting that phagocytosis was

necessary for efficient killing.




90 |
CHAPTER 5

CONCLUSIONS

Non-serum dependent chemotactic factors (NSCFs) produced by Candida
albicans yeast stimulated chemotaxis of human PMNs through the formyl peptide
receptor (FPR). This. was based on the observation that NSCF-induced
chemotaxis of PMNs-and Chinese hamster ovary cells expressing human FPR was
inhibited by FPR antagonists. However, because PMN chemotaxis was not
totally inhibited, we.cannot rule out the possibility that the culture filtrate
contained other chemoattractants recognized by neutrophil chemoattractant
receptors other than FPR.

C. albicans culture filtrates also stimulated chemotaxis of the murine macrophage
cell line, J774, through an unknown receptor. To our knowledge, this was the first
report of a non-serum dependent chemotact1c factor produced by C. albicans for
macrophages.

. C. albicans culture filtrate containing NSCFs was found to stimulate PMN
transepithelial migration in the physiological direction, basolateral to apical, but
not the reverse direction unless the epithelial tight junctions were disrupted. This
suggested that NSCFs produced by C. albicans, and other yeast species, may
influence host-pathogen interactions at the GI .mucosal surface by inducing
phagocytic cell infiltration.

PMNs isolated from calves with BLAD, but not normal or heterozygous calves,
displayed decreased phagocytosis and killing of C. albicans yeast. This supports
studies claiming that the B,-integrin, CD11b/CD18, is the primary PMN adhesin
for C. albicans, and is necessary for host defense against this opportunistic
pathogen.

Human intestinal epithelial cell lines, T84 and Caco2, were found to be a useful in
vitro model system to investigate the initial steps of colonization of the human GI
tract. Adherence characteristics of five Candida spp. and S. cerevisiae suggested
that different cell adhesion molecules expressed by the epithelial cells and/or
Candida spp., mediated adherence to GI epithelium compared to exfoliated buccal
and vaginal epithelial cells. :
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APPENDIX _
FURTHER STUDIES ON THE INTERACTION OF CANDIDA ALBICANS
AND HUMAN GASTROINTESTINAL EPITHELIAL MONOLAYERS

Introduction

As previously stated, Candida albicans is cqmmonly found as a commensal in the
gastrointestinal (GI) tract of hedlthy individuals (72), and the GI tract is a major portal of
entry for hematogenous spread of C. albicans in immunocompromised patients (73,188).
Yet, the exact mechanism(s) used by C. albicans to pass through .the GI mucosa in
immunocompromised patients is still unknown. Both transcellular and paracellular
transcytosis routes have been observed in infant mice inoculated intragastrically with C.
' &lbicans yeast (76). Certainly, damage to the intégrity of the GI mucosa by cytotoxic
drugs and irradiation aids in the translocation of C. albicans (46,68). Additionally,
Alexander and colleagues observed a high frequency of C. albicans yeast. translocation
through the mucosal epithelium covering Peyer’s patches of the small intestine (8),
suggesting a role for M cells. These specialized épithelial cells (194) trénsport foreign
antigen from the GI lumen directly to cells contained within intraepithelial ﬁockets
formed by the basolateral surface of M cells, including lymphoid cells, professional
phagocytic cells, and antigen presenting cells (291). Antigen ié transported by directed
movement within membrane vesicles from. the apical to basolateral surface and appears to
be highly dependent upon the polarized nature of these cells (291). In addition, the apical
surface of M cells differs dramatically from the surrounding enterocytes with a less-
organized brush border (173), different surface antigen expression, including divergent
glycosylation patterns (142), and recognition of IgA alone or complexed with antigen

(291,429).
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L C. albicans transcytosis by M cells through the GI mucosa has not ‘been
investigateci. This is partly due to the difficulty in’ studying M cells. They are relatiklely
rare, constituting <0.1% of GI enterocytes (238), and specific cell markers for M- cells are
lacking. Theréfore, identification of M cells has been based on their 'unique
ultrastructural morph_ology compared to absorptive enterocytes. ‘However, researchers
have recenﬂy shown human M cells preferentially display the carbohydrate epitope, sialyl‘
Lewis A antigen (sialyl Le®) (142). In addition, an in vitro system was used to induce
enterocytes, CacpZ cells, to switch to an M cell phenotype that was able to transport
Vibrio cholerae across polarized monolayers (194).' I attempted to use this in vitro
switching system to ‘investivgate the role of M cells in transcytosis of C. albicans
" blastoconidia across GI epithelial monolayers in vitro. This report contains preliminary

experimental data.

" Materials and Methods

Yeast

C. albicans, strain 3153A, was from the stock collection at Montana State
University-Bozeman. Identification was confirmed with an API 20C yeast identification
strip (Analytab Products, Plainview, NY). The yeast inoculum for adhesion assays was
prepared exactly as described in Chapter 3. Yeast were suspended in tissue culture
medium at the desired concentration for transepithélial electrical resistance studies and in

HBSS(+) at the desired concentration for adhesion assays.

Mammalian céll culture

T84 and Caco2 cell lines were maintained in culture exactly as described in
Chapters 2 and 3. Inverted T84 monolayers were prepared as described in Chapter 2 and
inverted Caco2 monolayers were prepare exactly the same way.. The human B cell

lymphoma cell line, Rdji, was a kind gift'from Dr. Jean Starkey, Montana State
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University-Bozeman, Bozeman, MT. Raji cells were grown as cell suspensions in
spinner flasks (Bellco Glass, Inc., Vineland, NJ), 37°C’in the presence of 5% CO,, in
.high glucose (4,500 mg/L) DMEM supplemented with 1.2 mg/ml NaHCO;, 50 U/ml
penicillin, 0.05mg/ml streptomycin, 3.58 mg/ml HEPES and 5% FBS. Hybridofna
cloning factor (Origen Internation, Inc., Gaithersburg, MD), at the concentration
suggested by the manufacturer, was added to Raji ‘cell cultures for the first passage after
thawing the cells from storage in liquid nitrogen.

Raji cells were added to T84 or Cacoé monolayers to induce M cell formation as
described by Kernéis and colleagues (194). Briefly, T84 and Caco2 cells were grown as
inverted monolayers until fnature, generaﬂy 7 days. Cell monolayer ﬁaturity was
determined By measuring the transepithelial electrical resistance with an EVOM.
epithelial voltohmmeter (World Precision Instruments, Sarasota, FL) (209), 175 and 334
Q-cm? for Caco-2 and T84 monolayers, respectively. A high transepithelial electrical
resistance has been shown to correlate with tight junction (also known as occluding
junction) formation and a ﬁature énteroc;yte ultrastructural phenotype (240). Raji cells
were pelleted, the supernatant discarded, and cells suspended in the medium that
. corresponded to the cell monolayer type that they were added to. Raji cells were added,
at the indicated concentration, to the top well (basolateral side) of mature inverted T84 or
Caco-2 monolayers in a total volurﬁe of 150 pl per well. Raji cells were allowed to
interact with the epithelial monolayer for 12 h, 37°C plus 5% CO,. After this, the upper.
chamber was washed three times with warm PBS at pH 7.4 with gentle repipetting to
remove Raji cells that had not migrated into the epithelial monolayer. Fresh medium,
150 pl, was then added to the upper well. Culturé medium in the upper and lower wells
was replaced every 2 td 3 days. Co-cultures were incubated up to 7 days at 37°C before
using them for adhesion assays and the tfansepithelial resistance .of the monolayers was

monitored daily.
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Immunofluorescence Microscopy

For immunofluorescence microscopy with anti-sialyl Le® antigen moﬁoclonal
IgG;, KM231 (Kamiya Biomedical Co., Seattle, WA), T84 and Caco2 monolayers were
grown on 8 Well tissue culture slides (Corning Costar, Inc., Cambridge, MA or Nalge,
Nunc International, Rochester, NY) coated with rat tail collageﬁ (88). Monolayers were
washed "three times with warm HBSS(+) at pH 7.4, three times, and then fixed at 4°C for .
30 to 60 min with periodate-lysine-;;araformaldehyde fixative containing 2%
paraformaldehyde (262). v'Monolayers were then washed once with HBSS(+) at 4°C, and
two times at RT with Tris buffered saline, pH 7-8, containing 0.1% gelatin and 0.05%
saponin (TBS). KM231 at 5 ug/ml in TBS was allowed to interact with the monolayers
for 30 to 60 min at 22-23°C. After this, the monolayers were washed three times with
TBS and incubated for 30 to 60 min at RT with a goat anti-mouse IgG FITC-conjugéted
secondary antibody (Sigma Chemical Co., St. Louis, MO). Monolayers were washed two
times with TBS v;/ithout-'saponin, five times with TBS without saponin or gelatin, and
then three times With water. vaerSl‘ips were applied to the monolayers after the addition
of glycerol-gelatin mounting medium containing 1,4-Diazobicyclo[2.2.2]Octane (Sigma
Chemical Co., St. Louis, MO) and observed with a Nikon epifluoresence microscope.

For endogenous phosphatase detection on epithelial monolayers, the ELF-97
Endophosphatase Detectioﬁ Kit (Molecular Probes, Eugéne, OR) was used. The
manufacturer’s directions were followed. Samples were observed with a Nikon

epifluoresence microscope equipped with 360 nm excitation and 520 nm emission filters.
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Results

The Effect of pH on the Transepithelial
Electrical Resistance of T84 Monolavers

The transepithelial resistance has been directly correlated’ with tight junction
formation between the epithelial cells, and therefore the health of the mature rnonol\ayer
(240). We monitored the electrical resistances of T84 monolayers aftér the addition of
various concentrations of yeast. C. albicans yeast were allowed to interact with the
apical surface of T84 monolayers for up to 34 hours (Fig. 15A).’ An initial rise in
transepithelial electrical resistance was observed after the addition of yeast and appeared
to be yeast dose dependent (Fig. 15A). The transepifhelial electrical resistance of the
monolayers with medium alone‘was identical to the starting resistance at the 6 hour time.
point. A small decrease in resistance was observed with control monolayers at
approximately 9 hours, after which time a steady state was reached. Wé believe this may
have been due to continual manipulation of the monolayers. The resistances of the
monolayeré with yeast showed a steady decrease that was most likely due to the
destruction of the monolayer integrity by the yeast (Fig. 15A).

After the addition of the yeast to the T84 monolayers, we observed that the yeast.
begun to acidify the tissue culture medium. Therefore, we decided to determine if this
pﬁ change was responsible for the initial increase in transepithelial resistance. DMEM
was prepared without sodium bicarbonate and adjusted to 6.8 — 7.4 pH units, in
increments of 0.2 units. The transepithelial resistance was monitored for 5 hours after the
addition of the medium to the monolayers (Fig. 15B). An increase in transepithelial
resistance was observed directly after the medium was added to the monolayers and was
most likely due to handling of the monolayers, a phenomenon that we had previously
observed. An inverse relationship between transepithelial resistance and pH, such that a
small drop in pH stimulated an increase in the monolayer transepithelial electrical

resistance was noted. Samples at pH 7.4 appeared to stabilize by 1 h and remain constant
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-0-Medium
-*-2.5 x 105yeast/ml
-*-5 x 105yeast/ml

1 x 106yeast/ml
-*-2x106yeast/ml
--4x106yeast/ml

-0-pH7.4
-*-pH 7.2
-v-pH 7.0
-v-pH 6.8

Time (h)

Figure 15. Effect of C. albicans Yeast and pH on T84 Monolayers Transepithelial
Electrical Resistance. C. albicans yeast (A) or culture medium at various pH (B) were
applied to mature T84 monolayers and the transepithelial resistances were monitored
using an EVOM epithelial voltohmmeter. Transepithelial resistances were normalized to
I for time = 0 hr; the time that the yeast or medium were applied to the monolayers.
Figure A is a representative experiment from 3 separate experiments, samples were run in
qguadruplicate. Error bars indicate standard deviation. Figure B is a representative
experiment from 2 separate experiments, samples were run in duplicate.

up to 5 h. The resistances of the other monolayers at pH 7.2 - 6.8 stabilized by the 2-h
time point and remained elevated up to 5 h. Therefore, these results suggested that the
increased resistance observed when C. albicans yeast were added to the monolayers was

stimulated by the decreased pH of the tissue culture medium.
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Co-culture of T84 or Caco2 Monolayers
with Raji cells

Kernéis and colleagues demonstrated the ability of Peyer’s patch cells or Raji

cells to induce the conversion of Caco2 into M cells, as judged by ultrastructural changes
and the abiljty of these cells to transport bacteria, Vibrio cholérae, across the monolayer
in the apical to basolateral direction (194). Therefore, we thought it would be interesting
to evaluate the interaction of C. albicans yeast with M cells using this in vitro system.

We originally attempted to isolate Peyer’s patch cells from the mouse GI tract.

* Two separate protocols were used. The first consisted of dissociating Peyer’s patches

between glass slides and then placing cells into culture (194), and in the second, Peyer’s
patch cells were dissociated using collagenase 1A (Sigma Chemical Co., St. Louis, MO).
Bacterial contamination and low cell number yields were associated with both méthods.
Therefore, induction of M cells by the addition of Raji cells was attempted.

Raji cells were added to the basolateral surface of ‘inverted T84 and Caco2’
monolayers. Kernéis and colleagues used a concentration of 10° Raji cells per inverte‘:d‘
Caco2 ménolaye;r grown on a 0.33 cm? filter with 5.0 um holes, to stimulate conversion.
of Caco2 cells to M cells (194). We noted a significant decrease in monolayer resistance
was noted when this method was used (Fig. 16A), and the resistances failed to recover.
Hematoxylin staining of Caco2 monolayers after the addition of Raji cells showed that a
large portion of the Caco2 cells had detached from the porous support (data not shown),
suggesting that the Raji cells had an adverse effect on the integrity of the Caco2
monolayers. Therefore, we were unable to further evaluate M cell production and
interaction with C. albicans using Caco2 monolayers. An initial drop in resistance was
also observed after Raji cells were added to T84 monolayers (Fig. 16B), but unlike the

Caco2 monolayers the resistance did recover. As can be seen in figure 16B, a lower

. concentration of Raji cells did not appear to affect the resistance of T84 monolayers.
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Yet, in other experiments a decrease in resistance has been observed with these Raji cell
concentrations as well (data not shown). We observed a slight increase in adherence of
C albicans yeast to the apical side of T84 and Raji co-culture monolayers compared to
control monolayers, approximately 2% from four separate experiments run in triplicate
each, (data not shown). This increase was not significantly different compared to

controls.

-e-medium only

— 106 Raji cells/well

200-,
4

) i —-medium only
| 1.75- Raji cells

added 5x105Raji cells/mondayer

5 15¢°- .
105 Raji cells/monolayer
3 125- ! y

m loo-
's 0/~
1 0.50-
S 025-

000-

Time (days)

Figure 16. Transepithelial Electrical Resistance of Gl Epithelial Monolayers after the
Addition of Raji Cells. Raji cells were added to the basolateral side of Caco2 (A) or T84
(B) monolayers and the transepithelial electric resistance was measured.  Monolayer
resistances were normalized to | for t=0 h. Figures A and B are representative examples
from at least 3 separate experiments. Samples were run in triplicate. Error bars indicate
standard deviation.
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Immunofluoresence Microscopy

It has been reported that human M cells preferentially exp'ressed the sialyl Le®
antigen on their surface. Therefore, we used an anti-sialyl Le” antigen monoclonal IgG;,
KM231, to determine the éxpression of this antigen on Caco2 and T84 monolayers. No
fluorescence was observed with Caco2 monolayeré, but T84 monolayers were strongly
reactive with KM231 -(data“hot shown), suggestihg T84 cells expressed the sialyl Le®
antigen on their surface. This indicated that we would be unable to use the expression of
sialyl Le® antigen as a marker for M cell production.

Cytochemical analysis of M cells of murine Peyer’s patches suggesfed that these
cells displayed a markedly reduced expression of alkaline phosphatase activity on their
apical surface. We attempted to determine the alkaline phosphatase activity of Caco2 and
T84 monolayers using a commercial endophosphatase detection system that is based on
the production of a fluorescent precipitant at the site of enzyme activity. Both Caco2 and
T84 monolayers diéplayed endogenous alkaline phosphatase activity (data not shown).
I/Jnfortunately, the staining“pat‘tern was not uniform and the precipitant formed small
crystal-like patterns that made it difficult to distinguish M cells with decreased alkdlirie

phosphatase activity from enterocytes.

Discussion

It initially appeared that C. albicans yeast stimulated an increase in transepithelial
~ electrical resistance of T84 monolayers. Further analysis indicated that the increased
resistance was most likely due to the acidification of the medium by C. albicans. The
monolayers were very sensitive to a slight change in the pH of the medium, as small as
0.2 pH units (Fig. 16). The transepithelial electrical resistance is a measure of the
resistance to passive ion flow across the monolayer and is dependent upon the formation

of intercellular tight junctions at the épical end of the lateral membrane (88). How the
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altered pH stimulated-an increase in the electrical resistance is unknown. As far as we
are aware, this correlation has not: been previously reported in the l‘iteréture. Tyrosine
phosphorylétion of tight junction proteins, such as zonula occludins-1, and association
with the actin cytoskeleton have been shown to be involved in tight junction formation
(344). Tt is possible that these processes were stimulated by the decreased pH of the
medium. |

Unfortunately, we were unable to duplicate the in vitro system dev‘eloped by
Kernéis and colleagues (194). They used Peyer’s patch cells and Raji cells to induce
Caco2 enterocytes to switch to a M cell phenotype. Both cell lines available for our use
had been in culture for extensive periods of time. Therefore, it is possible that the Caco2
and Raji cell lines we were using had lost some of the characteristics necessary for the
induction of M cells. In addition, the Raji cells seemed to have an adverse effect on the
Caco2 moﬁolayers. It was reported that Raji cells, 10° per monolayer, did not effect the
transepithelial electrical resistancé (194). However, we observéd a significant decrease
in Caco2 monolayer resistance after the addition of Raji cells (Fig. 17A) that seemed to
correspond to detachment of Caco2 cells from the porous support. Therefore, we
attempted to use T84 cell monolayers to induce M cells. Caco2 and T84 cell lines are
béth human colonic epithelial cell lines that have been shown to display phenotypic
characteristics of and functional similarity to native intestinal cr‘yp"t epithelial cells
(88,163,239). Although, these cell types do differ in surface antigen expreésion of sialyl
Le* (data not shown) and T84 monolayers ac;hieve higher transepithelial electrical
resistance than Caco2 monolayers (personal observation). Similar to Caco2 monolayers,
' the Raji cells seemed to have an adverse effect on the T84 moqolayers. After the
addition of Raji cells, tﬁe resistances of the monolayers dropped .(Fig.' 17B). The drop in
resistance was dependent upon the dose of Raji cells (Fig. 17B), although, the degree in

resistance decrease was’ variable from experiment to experiment. The decrease in
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resistance may have been due to dissociation of some T84 cells from the porous support
or an effect directly on the tfanscellular tight junctions. T84 cells- do display greater
adherence avidity to collagen coated tissue culture wells than Caco2 cells (personal
. observation), and this may explain why the T84 monolayers did not dissociate from the
porous support after the addition of the Raji cells. The T84-Raji cell co-cultures did
regain a high resistance after 24 to 72 h post Raji célls addition. A slight increase in
adhesion by C. albicans yeast to T84-Raji co-cultures was observed, although it was not
significant. Wewere unable to determiﬂe if M cells were produced in these monolayers.
Therefore, these results do ﬁét support or reject the hypothesis that M cells transport C.
albicans yeast across the GI mucosa..

Studies suggest C. albicans expresses a fucose-specific adhesin that may be
involved in adhgrence to epithelial cells (56,403,410). Sialyl Le® antigen is a fucose
containing glycoside. Human M cells have been shown to up-regulate the expression of
sialyl Le? (142).‘ It is possible that C. albicans may recognizé M cells through expression
of a fucose-specific adhesin. In addition, it was intriguing that T84 and Caco2
monolayers differed in expression of sialyl Léa antigen. Therefore, it is interesting to
speculate on the role of sialyl Le* in C. albicans adhesion to the T84 and Caco2
monolayers shown in Chapter 3; figure 10. It is possible that C. albicans was more
adherent to T84 monolayers, but not to Caco2 monolayers, compared to C. glabrata

(Fig. 10), because of the recognition of sialyl Le® by the fucose-specific adhesin.




10.

11.

12.

102
LITERATURE CITED

Integrin, beta-1; ITGB1, #135630. Online Mendelian Inheritance in Man, OMIM.
3-3-1997. http://www.ncbi.nlm.nih.gov/htbin-post/Omim. John Hopkins University.

Integrin, beta-2; ITG2, #600065. Online Mendelian Inheritance in Man, OMIM. 3-
8-1999. http: //www ncbi.nlm.nih.gov/htbin-post/Omim. John Hopkins University.

Leukocyte adhesion deficiencey, type II, #266265. Online Mendelian Inheritance in
Man, OMIM. 4-6-1999. http://www.ncbi.nlm.nih.gov/htbin-post/Omim. John
Hopkins University.

Leukocyte adhesion deficiency, type I, LAD, #116920. Online Mendelian
Inheritance in Man, OMIM. 3-2-1999. http //www ncbi.nlm.nih.gov/htbin-
post/Omim. John Hopkins University.

Ackermann, ML.R., MLE. Kehrli, Jr., and K A. Brogden. 1996. Péssage of CD18-
and CD18+ bovme neutrophils into pulmonary alveoli durlng acute Pasteurella
haemolytica pneumoma Vet.Pathol. 33:639-646.

Ackermann, M.R., M.E. Kehrli, Jr., J.A. Laufer, and L.T. Nusz. 1996.
Alimentary and respiratory tract lesions in eight medically fragile Holstein cattle
with bovine leukocyte adhesion deficiency (BLAD). Vet.Pathol. 33:273-281.

Agabian, N., F.C. Odds, D. Poulain, D.R. Soll, and T.C. White. 1994.

Pathogenesis of invasive candidiasis. J.Med.Vet.Mycol. 32:229-237.

Alexander, J.W., S.t. Boyce, G.F. Babcock, L. Gianotti, M.D. Peck, D.L. Dunn,
T. Pyles, C.P. Chldress, and S.K. Ash. 1990. The ‘process of microbial
translocation. Ann.Surg. 212:496-512. ,

Anderson, D.C., F.C. Schmalstieg, M.A. Arnaout, S. Kohl, M.F. Tosi, N. Dana,
G.J. Buffone, B.J. Hughes, B.R. Brinkley, and W.D. Dickey. 1984.
Abnormalities of polymorphonuclear leukocyte function associated with a heritable
deficiency of high molecular weight surface glycoproteins (GP138): common
relationship to diminished cell adherence.. J.Clin.Invest. 74:536-551.

Anderson, D.C., F.C. Schmalstieg, M.J. Fingold, B.J. Hughes, R. Rothlein, L.J.
Miller, S. Kohl, MLF. Tosi, R.L. Jacobs, and T.C. Waldrop. 1985. The severe
and moderate phenotypes of heritable Mac-1, LFA-1 deficiency: their quantitative

definition and relation to leukocyte dysfunctlon and clinical features. J.Infect.Dis.
152:668-689.

Anderson, J., R. Mihalik, and D.R. Soll. 1990. Ultrastructure and antigenicity of
the unique cell wall pimple of the Candida opaque phenotype. J.Bacteriol.

© 172:224-235.

Anderson, J. and D.R. Soll. 1987. Unique phenotype of opaque cells in the white
opaque transition of Candida albicans. J.Bacteriol. 169:5579-5588.



http://www.ncbi.nlm.nih.gov/htbin-post/Omim
http://www.ncbi.nlm.nih.gov/htbin-post/Omim
http://www.ncbi.nlm.nih.gov/htbin-post/Omim
http://www.ncbi.nlm.nih.gov/htbin-post/Omim
http://www.ncbi.nlm.nih.gov/htbin-post/Omim

13.-

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

i03

Annenkov, A., S. Ortlepp, and N. Hogg. 1996. The B2 integrin Mac-1 but not
p150,95 associates with FcyRITA. Eur.J.Immunol. 26:207-212.

Aratani, Y., H. Koyama, S. Nyui, K. Suzuki, F. Kura, and N. Maeda. 1999.
Severe impairment in early host defense against Candida albicans in mice deficient
in myeloperoxidase. Infect.Jmmun. 67:1828-1836.

Arendorf, T.M. and D.M. Walker. 1980. The prevalence and intra-oral
distribution of Candida albicans in man. Arch.Oral Biol. 25:1-10.

Asa, D., L. Raycroft, L. Ma, P.A. Aeed, P.S. Kaytes, A.P. Elhammer, and J.G.
Geng. 1995. The P-selectin glycoprotein ligand functions as a common human
leukocyte ligand for P- and E-selectins. J.Biol.Chem. 270:11662-11670.

Ashley, C., M. Morhart, T. Rennie, and B. Ziola. 1997. Release of Candida
albicans yeast antigens upon interaction with human neutrophils in vitro.
J.Med.Microbiol. 46:747-755. '

Ashman, R.B. and J.M. Papadimitriou. 1995. Production and function of
cytokines in natural and acquired immunity to Candida albicans infection.
Microbiol.Rev. 5§9:646-672. '

Aswanikumar, S., B. Corcoran, E. Schiffmann, A.R. Day, R.J. Freer, H.J.
Showell, and E.L. Becker. 1977. Demonstration of a receptor on rabbit neutrophils
for chemotactic peptides. Biochem.Biophys.Res.Commun. 74:810-817.

Aznavoorian, S., M.L. Stracke, H. Drutzsch, E. Schiffmann, and L.A. Liotta.
1990. Signal transduction for chemotaxis and haptotaxis by matrix molecules in
tumor cells. J.Cell Biol. 110:1427-1438.

Badwey, J.A. and M.L. Karnovsky. 1980. Active oxygen species and the
functions of phagocytic leukocytes. Annu.Rev.Biochem. 49:695-726.

Baehner, R.L. 1980. Neutrophil dysfunction associated with states of chronic and
recurrent infection. Pediatr.Clin.North.Am 27:377-401. - :

Baghian, A. and K.W. Lee. 1988. Role of activated macrophages in resistance to

. systemic candidosis. J.Leukoc.Biol. 44:166-171.

Bainton, D.F., J.L. Ullyot, and M.G. Farquhar. 1971. The development of
neutrophilic polymorphonuclear leukocytes in human bone marrow. J.Exp.Med.
134:907-934.

Banerjee, S.N., T.G. Emori, D.H. Culver, R.P. Gaynes, W.R. Jarvis, T. Horan,
J.R. Edwards, J. Tolson, T. Henderson, and W.J. Martone. 1991. Secular trends
in nosocomial primary bloodstream infections in the United States, 1980-1989. -
National nosocomial infections surveillance system. Am.J.Med. 91:86S-89S.

Bao, L., N.P. Gerard, R.L.J. Eddy, T.B. Shows, and C. Gerard. 1992. Mapping
of genes for the human C5a receptor (C5aR), human FMLP receptor (FPR), and
two FMLP receptor homologue orphan receptors (FPRH1, FPRH2) to chromosome
19. Genomics 13:437-440.

-




27.
28.
29,
30.

31.
32.
33.
34.

35,
36.
37,
38,

39.

40.

104

Beier, R. and A. Gebert. 1998. Kinetics of particle uptake in the domes of Peyer's
patches. Am.J.Physiol. 275:G130-G137

Bellamy, W., H. Wakabayashi, M. Takase, K. Kawase, S. Shimamura, and M.

Tomita. 1993. Killing of Candida albicans by lactoferricin B, a potent

antimicrobial peptide derived from the N-terminal region of bovine lactoferrln
Med.Microbiol.Immunol. 182:97-105.

Bendel, C.M. and M.K. Hostetter. 1993. Distinct ‘mechanisms of epithelfal

adhesion for Candida albicans and Candida tropicalis. J.Clin.Invest. 92:1840- -

1849.

Bendel, C.M., J. St.Sauver, S. Carlson, and M.K. Hostetter. 1995. Epithelial |

adhesion in yeast species: correlation with surface expression of the integrin analog.
J.Infect.Dis. 171:1660-1663.

Bengmark, S. 1998. Ecological control of the gastrointestinal tract. The rule of
probiotic flora. Gut 42:2-7.

Bertholf, M.E. and M.J. Stafford. 1983. Colonization of Candida albicans in
vagina, rectum, and mouth. J.Family Practice 16:919-924.

Berton, G., L. Fumagalli, C. Laudanna, and C. Sorio. 1994. 2 integrin-
dependent protein tyrosine phosphorylation and activation of the FGR protein
tyrosine kinase in human neutrophils. J.Cell.Biol. 126:1111-1121.

Besredka, A. 1921. The story of an idea; E. Metchnikoff's work, embryogenesis,
inflammation, immunity, aging, pathology, philosophy. Paris.

Bistoni, F., A. Vecchiarelli, E. Cenci, P. Puccetti, P. Marconi, and A. Cassone.
1986. Evidence for macrophage-mediated protection against lethal Candida
albicans infections. Infect.Immun. 51:668-674.

Blanchard, D.K., M.B. Michelini-Norris, and J.Y. Djeu. 1991. Production of
granulocyte-macrophage colony stimulating factor by large granular lymphocytes

stimulated with Candida albicans: role in activation of human neutrophil function.
Blood 77:2259-2265.

Blasi, F. 1993. Urokinase and urokinase fecéptor: a paracrine/autocrine system
regulating cell migration and invasiveness. BioEssays 15:105-111.

Blum, J.S., P.D. Stahl, R. Diaz, and M.L. Fiani. 1991. Purification and
characterization of the D-mannose receptor from J774 mouse macrophage cells.
Carbohydr.Res. 213:145-153.

Bodey, G.P., R. Bolivar, and V. Fainstein. 1982. Infectious comphcatlons in
leukemic patlents Semin.Hematol. 19:193-226.

‘Boman, H.G. 1998. Gerie-encoded peptide antibiotics and the cbncept of innate

immunity: an update review. Scand.J.Immunol 48:15-25.




41.

42.

43.
44,

-, 45.

46.
47.

48.

49.

50.

51.

52.
53.

54.

55.

105

Borregaard, N., L. Christensen, O.W. Bejerrum, H.S. Birgens, and I
Clemmensen. 1990. Identification of a highly mobilizable subset of human
neutrophil -intracellular vesicles that contains tetranectin and latent alkaline
phosphatase. 'J.Clin.Invest. 85:408-416.

Borregaard, N., J.M. Héiple, E.R. Simons, and R.A. Clark. 1983. Subcellular
localization of the b-cytochrome component of the human neutrophil microbicidal
oxidase: translocation during activation. J.Cell Biol. 97:52-61.

Bouchara, J.P., G. Tronchin, V. Annaix, R. Robert, and J.M. Senet. 1990.
Laminin receptors on Candida albicans germ tubes. Infect.Immun. 58:45-54.

Boulay, F., N. Naik, G.M. Tardif, and L. Brouchon. 1998. Phagocyte
chemoattractant receptors. Adv.Pharmacol. 38:221-289. ‘

Boulay, F., M. Tardif, L. Brouchon, and P. Vignais. 1990. Synthesis and use of a
novel N-formyl peptide derivative to isolate a human N-formyl peptide receptor
cDNA. Biochem.Biophys.Res.Commun. 168:1103-1109.

Borsch, G. and G. Schmidt. 1985. What's new in steroid and nonsteroid drug
effects on gastroduodenal mucosa? Pathol.Res.Pract. 180:437-444.

Bradley, P.P., R.D. Christensen, and G. Rothstein. 1982. Cellular and
extracellular myeloperoxidase in pyogenic inflammation. Blood 60:618-622.

Brandtzaeg, P., T.-0. Gabrielsen, 1. Dale, F. Miiller, M. Steingbakk, and M.K.
Fagerhol. 1995. The leucocyte protein L1 (calprotectin): a putative nonspecific
defence factor at epithelial surfaces. Adv.Mucos.Immunol. 201-206. ‘

Brasch, J., J.M.- Schroder, and E. Christophers. 1991. Serum-independent
neutrophil chemotaxins in the yeast phase of Candida albicans. Mycoses 34:35-39.

Brasch, J., J.M. Schroder, and E. Christophers. 1992. Candida albicans grown
in glucose-free media contains serum-independent chemotactic activity. Acta
Dermato-Venereologica 72:1-3.

Brockdorff, J., S.B. Kanner, M. Nielsen, N. Borregaard, C. Geisler, A.
Svejgaard, and ‘N. Odum. 1998. Interleukin-2 induces [B2-integrin-dependent
signal transduction involving the focal adhesion kinase-related protein B (fakB).
Proc.Natl.Acad.Sci.U.S.A. 95:6959-6964.

Brown, E.J. 1995. Phagocytosis. BioEssays 17:109-117.

Bullen, J.J. 1981. The significance of iron in infection. Rev.Infect.Dis. 3:1127-
1138. _ : :

Caesar-TonThat, T.C. and J.E. Cutler. 1997. A monoclonal antibody to Candida
albicans enhances mouse neutrophil candidacidal activity. Infect.Immun. 65:5354-
5357. ' ‘

Calderone, R.A. and P.C. Braun. 1991. Adherence and receptor relationships of
Candida albicans. Microbiol.Rev. 55:1-20.




56.

57.

58.
- 59.

60.

61.

62.

63.
64.
65.
66.
67.

68.

106

Cameron, B.J. and L.J. Douglas. 1996. Blood group glycolipids as epithelial cell
receptors for Candida albicans. Infect.Immun. 64:891-896.

Campanelli, D., P.A. Detmers, C.F. Nathan, and J.E. Gabay. 1990. Azurocidin
and a homologous serine protease from neutrophils. Differential antimicrobial and
proteolytic properties. J.Clin.Invest. 85:904-915.

Cantorna, M.T. and E. Balish. 1991. Role of CD4+ lymphocytes in resistance to ’
mucosal candidiasis. Infect.Immun. 59:2447-2455.

Carp, H. 1982. Mitochondrial N-formylmethionyl proteins as chemoattractants for
neutrophils. J.Exp.Med. 155:264-275.

Casanova, M., J.L. Lopez-Ribot, C Monteagudo, A. Llombart-Bosch, R.
Sentandreu, and J.P. Martinez. 1992. Identification of a 58-kilodalton cell surface
fibrinogen-binding mannoprotem from Candida albicans. Infect.Immun. 60 4221-
4229.

"Cassone, A., M. Boccanera, D. Adriani, G. Santoni, and F. De Bernardis. 1995.

Rats clearmg a vaginal infection by Candida albicans acquire specific, antibody-
mediated resistance to vaginal reinfection. Infect Immun. 63:2619-2624.

Cassone, A., P. Chiani, I. Quinti, and A. Torosantucci. 1997. Possible
participation ~ of  polymorphonuclear cells stimulated by  microbial
immunomodulators ‘in the dysregulated cytokine patterns of AIDS patients.

J Leukoc.Biol. 62:60-66.

Cereijido, M. and D.D. Sabatini. 1978. Polarized monolayers formed by epithelial
cells on a permeable and translucent support. J.Cell.Biol. 77:853-876.

Chang, Y.C., B.H. Segal, S.M. Holland, G.F. Miller, and K.J. Kwon-Chung.
1998. Virulence of catalase-deficient Aspergzllus nidulans in p47 """ mice.
Implications for fungal pathogenicity and host defense in chronic granulomatous
disease. J.Clin.Invest. 101'1843-1850

Chapman-Kirkland, E.S., J.S. Wasvary, and B.E. Sellgmann 1991. Superoxide
anion production from human neutrophils measured with an improved kinetic and
endpoint mlcroassay J.Immunol.Meth. 142:95-104. '

Christin, L., D.R. Wysong, T. Meshulam, S. Wang, and R D. Diamond. 1997.
Mechanisms and target sites of damage in killing of Candida albicans hyphae by
human polymorphonuclear neutrophils. J.Infect.Dis. 176:1567-1578.

Chuluyan, H.E. and A.C. Issekutz. 1993. VLA-4 integrin can mediate
CD11/CD18-independent transendothelial - migration of human monocytes.
J.Clin.Invest. 92:2768-2777.

Churnratanakul, S., B. Wirzba, T. Lam, K. Walker, R. Fedorak, and A.B.
Thomson. 1990. Radiation and the small intestine. Future perspectives for
preventive therapy. Digestion Dis. 8:45-60.




69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

107

Clark, J.D. 1971. Influence of antibiotics or certain intestinal bacteria on orally
administered Candida albicans in germ-free and conventional mice. Infect.Immun.
4:731-737. :

Cohen, ML.S. 1994. Molecular events in the activation of human neutrophils for
microbial killing. Clin.Infect.Dis. 18:5170-S179

Cohen, M.S., R.E. Isturiz, H.L. Malech, R.K. Root, C.M. Wilfert, L. Gutman,
and R.H. Buckley. 1981. Fungal infection in chronic granulomatous disease. The
importance of the phagocyte in defense against fungi. Am J.Med. 71:59-66.

Cohen, R, F.J. Roth, E. Delgado, D.G. Ahearn, and M.H. Kalser. 1969. Fungal
flora of the normal human small and large intestine. N.Engl.J.Med. 280:638-641.

Cole, G.T., A.A. Halawa, and E.J. Anaissie. 1996. The role of the gastrointestinal
tract in hematogenous candidiasis: from the laboratory to the bedside.
Clin.Infect.Dis. 22:S73-S88 '

Cole, G.T., KT. Lynn, and K.R. Seshan. 1990. An animal model for
oropharyngeal, esophageal and gastric candidosis. Mycoses 33:7-19.

Cole, G.T., K. Saha, K.R. Seshan, K.T. Lynn, M. Franco, and P.K. Wong.
1992. Retrovirus-induced immunodeficiency in mice exacerbates gastrointestinal
candidiasis. Infect.Immun. 60:4168-4178.

Cole, G.T., K.R. Seshan, K.T. Lynn, and M. Franco. 1993. Gastrointestinal
candidiasis: histopathology of Candida-host interactions in a murine model.
Mycological Res. 97:385-408.

Cole, G.T., K.R. Seshan, M. Phaneuf, and K.T. Lynn. 1991. Chlamydospore-like
cells of Candida albicans in - the gastrointestinal tract of infected,
immunocompromised mice. Can.J.Microbiol. 37:637-646.

Cole, G.T., K.R. Seshan, L.M. Pope, and R.J. Yancey. 1988. Morphological
aspects of gastrointestinal tract invasion by Candida albicans in the infant mouse.
J.Med.Vet.Mycol. 26:173-185.

Colina, A., F. Aumont, N. Deslaurieré, P. Belhumeur, and L. De Repentigny.
1996. Evidence for degradation of gastrointestinal mucin by Candida albicans
secretory aspartyl proteinase. Infect.Immun. 64:4514-4519.

Critchley, LA. and L.J. Douglas. 1987. Role of glycosideé as epithelial cell
receptors for Candida albicans. J.Gen.Microbiol. 133 :637-643.

Cronstein, B.N. 1994. Adenosine, an endogenous anti-inflammatory agent.
J.Applied Physiol. 76:5-13.

Cronstein, B.N., L. Daguma, D. Nichols, A.J. Hutchison, and M. Williams.
1990. The adenosine/neutrophil paradox resolved: human neutrophils possess both
Ay and A, receptors that promote chemotaxis and inhibit O2 generation,

respectively. J.Clin.Invest. 85:1150-1157.




83.

84.
85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

108

Crowley, C.A., J.T. Curnutte, R.E. Rosin, J. Andre-Schwartz, J.I. Gallin, M.
Klempner, R. Snyderman, F.S. Southwick, T.P. Stossel, and B.M. Babior.
1980. An inherited abnormality of neutrophil adhes1on Its genetic transmission and
its association with a mlssmg protein. N. Engl J.Med. 302:1163-1168.

Cutler, J.E. 1977. Chemotactic factor produced by Candzda albicans.
Infect.Immun. 18:568-573.

Cutler, J.E. 1991. Putative virulence factors of Candidia albicans.
Annu.Rev.Microbiol. 45:187-218.

Davies, B. and S.W. Edwards. 1992. Chemilumineséehce of human bloodsteam
monocytes and neutrophils: an unusual oxidant(s) generated by monocytes during
the respiratory burst. J.Biolumin.Chemilumin. 7:229-238.

DeLeo, F.R. and M.T. Quinn. 1996. Assembly of the phagocyte NADPH oxidase:
molecular interaction of oxidase proteins. J.Leukoc.Biol..60:677-691.(Abstract)

Dharmsathaphorn, K. and J.L.. Madara. 1990. Established intestinal cell lines as
model systems for electrolyte transport studies. Methods Enzymol. 192:354-389.

Diamond, M.S., J. Garcia-Aguilar, J.K. Bickford, A.L. Corbi, and T.A.
Springer. 1993. The I domain is a major recognition site on the leukocyte integrin
Mac- 1 (CD11b/CD18) for four distinct adhesion ligands. J.Cell.Biol. 120:1031-
1043..

Diamond, R. 1993. Interactions of phagocytic cells with Candida and other
opportunistic fungi. Arch.Med.Res. 24:361-369.

Diamond, R.D., R. Krzesicki, and W. Jao. 1978. Damage to pseudohyphal forms

" of Candzda albzcans by neutrophils in the absence of serum in v1tro J.Clin.Invest.

61:349-359.

Diamond, R.D., F. Oppenheim, Y. Nakgawa, R. KrZesicki, and C.C.
Haudenschild. 1980. Properties of a product of Candida albicans hyphae and
pseudohyphae that inhibits contact between the fungi and human neutrophils in
vitro. J.Immunol. 125:2797-2804.

Dimanche-Boitrel, M.T., D.F. Le, A. Quillet, A. Fischer, C. Griscelli, and B.
Lisowska-Grospierre. 1989. Effects of interferon-gamma (IFN-y) and tumor
necrosis factor-alpha (TNF-o) on the expression of LFA-1 in the moderate
phenotype of leukocyte adhesion deficiency (LAD). J.Clin.Immunol 9:200-207.

Djeu, J.Y. 1990. Role of tumor necrosis factor and colony-stimulating factors in
phagocyte functions against Candida albicans. Diagn.Microbiol.Infect.Dis. .
13:383-386. : :

Djeu; J.Y. 1991. Tumor necrosis factor and Candida albicans. Behring Institute
Mitt. 88:222-227.

Djeu, J.Y. 1992. Cytokines and anti-fungal immunity. Plenum Press, New York.




97.

98.

99.

100.
101.

102..

103.

104.

105.

106.

107.

108.

109

Djeu, J.Y., D.K. Blanchard, D. Halkias, and H. Friedman. 1986. Growth

inhibition of Candida albzcans by human polymorphonuclear neutrophils:
activation by interferon-gamma and tumor necrosis factor. J.Immunol. 137:2980-
2984.

DJeu, J.Y., J.H. Liu, S. Wei, H. Rui, C.A. Pearson, W.J. Leonard, and D.K.
Blanchard 1993. Function associated with IL-2 receptor-B on human neutrophlls
J.Immunol. 150:960-970.

Domer, J.E., R. E. Garner, and R.N. Befidi-Mengue. 1989. Mannan as an antigen
in cell-mediated immunity (CMI) assays and as a modulator of mannan-specific
CML. Infect.Immun. 57:693-700.

Dreizen, S. 1984. Oral candidiasis. Am.J.Med. 77 :28;33:

Durstin, M., J.L. Gao, H.L. Tiffany, D. McDermott, and P.M. Murphy. 1994.
Differential expression of members of the N-formylpeptide receptor gene cluster in

-human phagocytes. Biochem.Biophys.Res.Commun. 201:174-179.

Edwards, J.E., Jr., T.A. Gaither, J.J. O'Shea, D. Rotrosen, T.J. Lawley, S.A.
Wright, M.M. Frank, and I. Green. 1986. Expression of specific binding sites on
Candida with functional and antigenic characteristics of human complement
receptors. J.Immunol. 137:3577-3583.

Edwards, J.E., Jr., C.L. Ma'yer, S.G. Filler, E. Wadsworth, and R.A.
Calderone. 1992. Cell extracts of Candida -albicans block adherence of the
organisms to endothelial cells.: Infect.Immun. 60:3087-3091.

Edwards, J;E., Jr., D. Rotrosen, J.W. Fontaine, C.C. Haudenschild, and R.D.
Diamond. 1987. Neutrophil-mediated protection of cultured human vascular
endothelial cells from damage by growing, Candida albicans hyphae. Blood
69:1450-1457.

Eigentler, A., T.F. Schulz, C. Larcher, E. M Breitwieser, B.LL.. Myones, A.L.
Petzer, and M P. Dierich. 1989. C3bi-binding protein on Candida albicans:
temperature-dependent expression and relationship to human complement receptor
type 3. Infect.Immun. 57:616-622.

Eiserich, J.P., M. Hristova, C.E. Cross, A.D. Jones, B.A. Freemaﬁ, B. Halliwell,
and A. van der Vliet. 1998. Formation of nitric oxide-derived inflammatory
oxidants by myeloperoxidase in neutrophils. Nature 391:393-397.

Elsner, J., J. Roesler, A. Emmendorffer, C. Zeidler, M.L. Lohmann-Matthes,
and K. Welte. 1992. Altered function and surface marker expression of neutrophils

induced by rhG-CSF treatment in seyere congemtal neutropenia. Eur.J.Haematol.
48:10-19.

Enache, E., T. Eskandari, L. Borja, E. Wadsworth, B. Hoxter, and R.A.
Calderone. 1996 Candida albicans adherence to a human oesophageal cell line.
Microbiol. 142:2741-2746.




109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

110

Etzioni, A., M. Frydman, S. Pollack, I. Avidor, M.L. Phillips, J.C. Paulson, and
R. Gershom-Baruch 1992. Brief report: recurrent severe infections caused by a
novel leukocyte adhesion deficiency. N.Engl.J.Med. 327:1789-1792.

Evans, T.J., L.D.K. Buttery, A. Carpenter, D.R. Springall, J.M. Polak, and J.

"‘Cohen. 1996 Cytokine-treated human neutrophils contain inducible nitric oxide

synthase that produces nitration of ingested bacteria. Proc.Natl.Acad.Sci U.S.A.
93 9553-9558.

Ezekowitz, R.A.B., K. Sastry, P. Bailly, and A. Warner 1990. Molecular
characterization of ‘the human macrophage mannose receptor: demonstration of
multiple carbohydrate recognition-like domains and phagocytosis of yeasts in Cos-1
cells. J.Exp.Med. 172:1785-1794.

Falk, P.G., L.V. Hooper, T. Midtvedt, and J.I. Gordon. 1998. Creating and
mamtammg the gastrointestinal ecosystem: what we know and need to know from
gnotobiology. Microbiol.Mol.Biol.Rev. 62:1157-1170.

Fearon, D.T. and J.M. Ahearn. 1990. Complement receptor type 1 (C3b/C4b
receptor; CD35) and complement receptor type 2 (C3d/Epstein-Barr virus receptor;
CD21). Curr.Top.Microbiol Immunol 153:83-98.

Ferrante, A. 1989. Tumor necrosis factor-o potentiates neutrophil antimicrobial
activity: increased fungicidal act1v1ty against Torulopsis glabrata and Candida
albicans and associated increases in oxygen radical production and lysosomal
enzyme release. Infect.Immun. 5§7:2115-2122.

Field, L.H., L.M. Pope, G.T. Cole, M.N. Guentzel, and L.J. Berry. 1981].
Persistence and spread of Candida albicans after 1ntragastrlc inoculation of infant
mice. Infect.Immun. 31:783-791.

Filler, S.G., B.O. Ibe, A. Ibrahim, M.A. Ghannoum, 'J.U. Raj, and J.E.
Edwards, Jr. 1994. Mechanisms by which Candida albicans induces endothelial
cell prostaglandin synthesis. Infect.Immun. 62:1064-1069.

Filler, S.G., B.O. Ibe, P.M. Luckett, J.U. Raj, and J.E. Edwards, Jr. 1991.
Candida albicans stlmulates endothelial cell elcosan01d production. J.Infect.Dis.
164:928-935.

Filler, S.G., A.S. Pfunder, B.J. Spellberg, J.P. Spellberg, and J.E. Edwards, Jr.
1996. Candida albicans stimulates cytokine production and leukocyte adhesion
molecule expression by endothelial cells. Infect.Immun. 64:2609-2617.

Filler, S.G., J.N. Swerdloff, C. Hobbs, and P.M. Luckett. 1995. Penetration and
damage of endothelial cells by Candida albicans. Infect.Immun. 63:976-983.

Fiore, S., J.F. Maddox, H.D. Perez, and C.N, Serhan. 1994. Identification of a
human cDNA encoding a functlonal high affinity lipoxin A4 receptor. J. Exp.Med.
180:253-260.




121.

122,

123.

124.
125.
126.

127.

128.
129.
130.
131.
132.

133.

o b el

111

Fischer, A., C. Griscelli, W. Friedrich, B. Kubanek, R. Lévinsky, G. Morgan, J.
Vossen, G. Wagemaker, and P. Landais. 1986. Bone-marrow transplantation for
immunodeficiencies and osteopetrosis: European survey, 1968-1985. Lancet
2:1080-1084. ‘

Fischer, A., L. Pichat, M. Audinet, and C. Griséel_li. 1982. Defective handling of
mannan by monocytes in patients with chronic mucocutaneous candidiasis resulting
in a specific cellular unresponsiveness. Clin.Exp.Immunol. 47:653-660.

Forsyth, C.B., E.F. Plow, and L. Zhang. 1998. Interaction. of the fungal pathogen
Candida albicans with integrin CD11b/CD18: recognition by the I domain is
modulated by the lectin-like domain and the CD18 subunit. J.Immunol. 161:6198-
6205.

Fratti, R.A., P.H. Belanger, M.A. Ghannoum, J.E. Edwards, Jr., and S.G.
Filler. 1998. Endothelial cell injury caused by Candida albicans is dependent on
iron. Infect.Immun. 66:191-196.

Fratti, R.A., M.A. Ghannoum, J.E. Edwards, Jr., and S.G. Filler. 1996. Gamma
interferon protects endothelial cells from damage by Candida albicans by inhibiting
endothelial cell phagocytosis. Infect.Immun. 64:4714-4718.

Freer, R.J., A.R. Day, J.A. Radding, E. Schiffmann, S. Aswanikumar, H.J.-
Showell, and E.L. Becker. 1980. Further studies on the structural requirements for
synthetic peptide chemoattractants. Biochem. 19:2404-2410.

Freifelder, D. 1982. General laboratory methods; radioactive labeling and
counting. p. 151-155. In Physical Biochemistry. W.H. Freeman and Co., New York.

Fu, Y., G. Rieg, W.A. Fonzi, P.H. Belanger, J.E. Edwards, Jr., and S.G. Filler.
1998. Expression of the Candida albicans gene ALSI in Saccharomyces cerevisiae
induces adherence to endothelial and epithelial cells. Infect.Immun. 66:1783-1786.

Fulufija, A., R.B. Ashman, and J.M. Papadimitriou. 1996. Neutrophil depletion
increases susceptibility to systemic and vaginal candidiasis in mice, and reveals

“differences between brain and kidney in mechanisms of host resistance. Microbiol.

142:3487-3496.

Gahmberg, C.G. 1997. Leukocyte adhesion: CDI11/CDI8 integrins and
intercellular adhesion molecules. Curr.Opin.Cell Biol. 9:643-650.

Gahr, M., C.P. Speer, B. Damerau, and G. Sawatzki. 1991. Influence of
lactoferrin on the function of human polymorphonuclear leukocytes and monocytes.
J.Leukoc.Biol. 49:427-433.

Gale, C.A., C.M. Bendel, M. McClellan, M. Hauser, J.M. Becker, J. Berman,
and M.K. Hostetter. 1998. Linkage of adhesion, filamentous growth, and virulence
in Candida albicans to a singel gene, INTI. Science 279:1355-1358.

Gale, C.A., D. Finkel, N. Tao, M. Meinke, M. McClellan, J. Olson, K.
Kendrick, and M.K. Hostetter. 1998. Cloning and expression of a gene encoding
an integrin-like protein in Candida albicans. Proc.Natl.Acad.Sci.USA




134.

135.

136.

137.

138.

139.

140.

141.

142,

143.

144.

145.

112

Galon, J., J.F. Gauchat, N. Mazieres, R. Spagnoli, W. Storkus, M. Lotze, J.Y.
Bonnefoy, W.H. Fridman, and C. Sautes. 1996. Soluble Fcyreceptor type III
(FcyRIII, CD16) triggers cell activation through interaction with complement
receptors. J.Immunol. 157:1184-1192.

Gao, J.L., E.L. Becker, R.J. Freer, N. Muthukumaraswamy, and P.M.
Murphy. 1994. A high potency nonformylated peptide agonist for the phagocyte N-
formylpeptide chemotactic receptor. J.Exp.Med. 180:2191-2197.

Gao, J.L., E.J. Lee, and P.M. Murphy. 1999. Impaired antibacterial host defense
in mice lacking the N-formylpeptide receptor. J.Exp.Med. 189:657-662.

Gao, J.L. and P.M. Murphy. 1993. Species and subtype variants of the N-formyl
peptide chemotactic receptor reveal multiple important functional domains.
J.Biol.Chem. 268:25395-25401.

Gaur, N.K. and S.A. Klotz. 1997. Expression, cloning, and characterization of a
Candida albicans gene, ALAI, that confers adherence properties upon
Saccharomyces cerevisiae for extracellular matrix proteins. Infect.Immun.
65:5289-5294.

Gaviria, J.M., J.-A.H. van Burik, D.C. Dale, R.K. Root, and W.C. Liles. 1999.
Comparison of interferon-y, granulocyte colony-stimulating factor, and
granulocyte-macrophage colony-stimulating factor for priming leukocyte-mediated
hyphal damage of opportunistic fungal pathogens. J.Infect.Dis. 179:1038-1041.

Gerber, C.E., S. Kuci, M. Zipfel, D. Neithammer, and G. Bruchelt. 1996.
Phagocytic activity and oxidative burst of granulocytes in persons with -
myeloperoxidase deficiency. Eur.J.Clin.Chem.Biochem. 34:901-908.

Ghannoum, M.A., I. Swairjo, and D.R. Soll. 1990. Variation in lipid and sterol -
contents in Candzda albicans white and opaque phenotypes. J.Med.Vet.Mycol.
28:103-115. A

Giannasca, P.J., K.T. Giannasca, A.M. Leichtner, and M.R. Neutra. 1999.

Human 1ntestma1 M cells display the sialyl lewis A antigen. Infect Immun. 67:946-
953.

Gilmor, B.J., E.M. Retsinas, J.S. Lorenz, and M.K. Hostetter. 1988. An iC3b
receptor on Candida albicans: structure, function, and correlates for pathogenicity.
J.Infect.Dis. 157:38-46.

Goodman, E.B., D.C. Anderson, and A.J. Tenner. 1995. Clq triggers neutrophil
superoxide production by a unique CD18-dependent mechanism. J.Leukoc.Biol.
58:168-176.

Gorbach, S.L., A.G. Plaut, L. Nahas, L. Weinstein, G. Spanknebel, and R.
Levitan. 1967. Studies of intestinal microflora. II. Microorganisms of the small
intestine and their relations to oral and fecal flora. Gastroenterol. 53:856-867.




146.

147.
148.
149.
150.
151.

152.

153.

154.

155.

156.

157.

158.

159.

- 113

Gorman, C.M. and B.H. Howard. 1983. Expression of recombinant plasmids in
mammalian cells is enhanced by sodium buyrate. Nucleic Acids Res. 11:7631-
7648. ‘

Gow, N.A.R. 1997. Germ tube growth of Candida albicans. Curr Top Med.Mycol.
8(1-2):43-55.

Greenfield, R.A. 1992. Host defense system interactions -with Candida.
J.Med.Vet.Mycol. 30:89-104.

Gresham, H.D., L.L. Graham, D.C. Anderson, and E.J. Brown. 1991. Leukocyte
adhesion- def1c1ent neutrophils fail to amplify phagocytlc function in response to
stimulation; evidence for CD11b/CD18-dependent and -independent mechanisms of
phagocytosis. J.Clin.Invest. 88:588-597.

Guenfzel M.N. and C. Herrera. 1982. Effects of compromising agents on
cand1d0s1s in mice with persistent infections initiated in 1nfancy Infect.Immun. 35
:222-228.

Gustafson, K.S., G. Vercellotti, C.M. Bendel, and M.K. Hostetter. 1991.
Molecular mimicry in Candida albicans, role of an integrin analogue in adhesion of
the yeast to human endothelium. J. Clm Invest. 94:1896-1902.

Hachicha, M., -P. Rathanaswami, P.H. Naccache, and S.R. McColl 1998.
Regulation of chemoklne gene expression in human. peripheral blood neutrophils
phagocytosing microbial pathogens. J.Jmmunol. 160:449-454.

Han, Y. and J.E. Cutler. 1995. Ahtibody response that protects against
disseminated candidiasis. Infect.Immun. 63:2714-2719.

Han, Y. and J.E. Cutler. 1997. Assessment of a mouse model of neutropenia and
the effect of an anti-candidiasis monclonal antibody in these animals. J.Infect.Dis.
175:1169-1175.

Han, Y., R.P. Morﬁson, and J.E. Cutler. 1998. A vaccine and monoclonal
ant1bod1es that enhance mouse res1stance to Candida albicans vaginal infection.
Infect.Immun. 66:5771-5776.

Hasenclever, H.F. and W.0O. Mitchell. 1961. Antigenic studies of Candida. 1.
obsevation of two antigenic groups in Candida albicans. J.Bacteriol. 82:570-573.

Hazen, B.W., R.E. Liebert, and K.C. Hazen. 1988. Relationship of cell surface
hydrophobicity to morphology of =monomorphic and dimorphic fungi.
Mycopathologia 80:348-355. “

Hazen, K.C. 1989. Participation .of“yeast cell surface hydrophobicity in adherence
of Candida albicans to human epithelial cells. Infect.Immun. 57:1894-1900.

Hazen, K.C. 1995. New and emergmmg yeast pathogens Clin.Microbiol.Rev.
8:462-478. :




114

160. Hazen, K.C., D.L. Brawner, M.H. Riesselman, M.A. Jutila, and J.E. Cutler.
1991. Differential adherence of hydrophobic and hydrophilic Candida albicans
yeast cells to mouse tissues. Infect.Immun. 59:907-912.

161. Hector, R.F. and J.E. Domer. 1982. Mammary gland contamination as a means of
establishing long-term gastrointestinal colonization of infant mice with Candida
albicans. Infect.Immun. 38:788-790.

162. Heidenreich, F. and M.P. Dierich. 1985. Candida albicans and Candida
stellatoidea, in contrast to other Candida species, bind iC3b and C3d but not C3b.
Infect.Immun. 50:598-600.

163. Hidalgo, LJ., T.J. Raub, and R.T. Borchardt. 1989. Characterization of the
human colon carcinoma cell line (Caco-2) as a model system for intestinal epithelial
permeability. Gastroenterol. 96: 736-749 :

164. Hogg, N., ML.P. Stewart, S.L. Scarth, R. Newton, J.M. Shaw, S.K. Law, and N.
Klein. 1999 A novel leukocyte adheswn deficiency caused by expressed but
nonfunctional 32 integrins Mac-1 and LFA-1. J.Clin.Invest. 103:97-106.

165. Hostetter, M.K. 1994. Adhesins and ligands involved in the interaction of Candida |
spp. with epithelial and endothelial surfaces. Clin.Microbiol.Rev. 7:29-42.

166. Hostetter, M.K., J.S. Lorenz, L. Preus, and K.E. Kendrick. 1990. The iC3b
receptor on Candida albicans: subcellular localization and modulation of receptor
expression by glucose. J.Infect.Dis. 161:761-768.

167. Hoyer, L.L. 1999. The ALS gene family of Candida albicans. ASM Conference
on Candida and Candidiasis 10-11.(Abstract) .

168. Hube, b. 1996. Candida albicans secreted aspartyl proteinases.
Curr.Top.Med.Mycol. 7:55-69.

169. Ibrahim, A., S.G. Filler, M.A. Ghannoum, and J.E. Edwards, Jr. 1993.
- Interferon-y protects endothelial cells from damage by Candida albicans.
J.Infect.Dis. 167:1467-1470.

170. Inoue, S., J.A. Wirman, J.W. Alexander, O. Trocki, and R.R. Cardell. 1988.
" Candida albzcans translocation across the gut mucosa following burn injury.
J.Surg.Res. 44:479-492. :

171. Issekutz, A.C., D. Rowter, and T.A. Springer..1999. Role of ICAM-1 an& ICAM-
~ 2 and alternate CD11/CD18 ligands in neutrophll transendothelial m1grat1on
J.Leukoc.Biol. 65:117-126.

172. Jackson, S.H., J.I. Gallin, and S.M. Holland. 1995. The p47""** mouse knock-out
model of chronic granulomatous disease. J.Exp.Med. 182:751-758.

173. Jacob, E., S.J. Baker, and S.P. Swaminathan. 1987. 'M' cells in the follicle-
associated epithelium of the human colon. Histopathology 11:941-952.




174.

175.
- 176.

177.

178.

179.

180.

. 181.

182.

183.

184.

185.

115

Janusz, M.J., K.F. Austen, and J.K. Czop. 1988. Phagocytosis of heat-killed
blastospores of Candida albicans by human monocyte B-glucan receptors.
Immunol. 65:181-185.

Jarvis, W.R. 1995. Epidemiology of nosocomial fungal infections, with emphasis
on Candida species. Clin.Infect.Dis. 20:1526-1530.

Jarvis, W.R. and W.J. Martone. 1992. Predominant pathogens in héspital
infections. J.Antimicrob.Chemother. 29 Suppl A:19-24.

Jiang, G.Z., T. Sugiyama, Y. Kato, N. Koide, and T. Yokochi. 1995. Binding of
mannose-binding protein to Klebsiella O3 lipopolysaccharide possessing the
mannose homopolysaccharide as the O-specific polysaccharide and its relation to
complement activation. Infect.Immun. 63:2537-2540.

Joel, D.D., J.A. Laissue, and M.E. LeFevre.' 1978. Distribution and fate of
ingested carbon particles in mice. J.Reticuloendothel.Soc. 24:477-487.

Johansson, A., A.J. Jesaitis, H. Lundqvist, K. Magnusson, C. Sjolin, A.
Karlsson, and C. Dahlgren. 1995. Different subcellular localization of cytochrome
b and the dormant NADPH-oxidase in neutrophils and macrophages: effect on the
production of reactive oxygen species during phagocytosis. Cell.Immunol. 161:61-
71. '

Jones, O.T.G. 1994. The regulation of superoxide production by the NADPH
oxidase of neutrophils and other mammalian cells. BioEssays 16:919-923.

Kanbe, T., Y. Han, B. Redgrave, M.H. Riesselman, and J.E. Cutler. 1993.
Evidence that mannans of Candida albicans are responsible for adherence of yeast
forms to spleen and lymph node tissue. Infect.Immun. 61 :2578-2584.

Kanbe, T., T. Li, E. Wadsworth, R.A. Calderone, and J.E. Cutler. 1991.
Evidence for expression of the C3d receptor of Candida albicans in vitro and in-
vivo obtained by immunofluorescence and immunoelectron microscopy.
Infect.Immun. 59:1832-1838. : :

Kararli, T.T. 1995. Comparison of the gastrointestinal anatomy, physiology, and
biochemistry of humans and commonly used laboratory animals. Biopharm.Drug
Dispos. 16:351-380. T ~

Karsan, A., C.J. Cornejo, R.K. Winn, B.R. Schwartz, W. Way, N. Lannir, R.
Gershoni-Baruch, A. Etzioni, H.D. Ochs, and J.M. Harlan. 1998. Leukocyte
adhesion deficiency type II is a generalized defect of de novo GDP-fucose
biosynthesis. Endothelial cell fucosylation is not required for neutrophil rolling on
human nonlymphoid endothelium. J.Clin.Invest. 101:2438-2445.

Kavanaugh, A.F., E. Lightfoot, P.E. Lipsky, and N. Oppenheimer-Marks.
1991. Role of CD11/CD18 in adhesion and transendothelial migration of T cells.
Analysis utilizing CD18-deficierit T cell clones. J.Immunol. 146:4149-4156.




186.

187.

188.

189.

116

Kehrli, M.E., Jr., M.R. Ackermann, D.E. Shuster, M.J. van der Maaten, F.C.
Schmalstieg, D.C. Anderson, and B.J. Hughes. 1992. Bovine leukocyte adhesion
deficiency. 2 integrin deficiency in young Holstein cattle. Am.J.Pathol. 140:1489-
1492. _ :

Kennedy, C.T. C .H. Valdimarsson, and R.J. Hay. 1981. Chronic mucocutaneous.
candidiais with a serum-dependent neutrophil defect: response to ketoconazole.
J.Royal Soc.Med. 74:158-161.

Kennedy, M.J. 1989. Regulation of Candida albicans populations in the
gastrointestinal tract: mechanisms and significance in GI and systemlc candidiasis.
Curr.Top.Med.Mycol. 3:315-402.

Kennedy, M J., RAA. Calderone, J.E. Cutler, T. Kanbe, M.H. Riesselman, R.
Robert, J.M. Senet V. Annaix, A. Bouali, C. Mahaza, G. Tronchin, J.P.
Bouchara, M. Mlegevﬂle, A. Marot-Leblond, and E. Segal. 1992. Molecular

- basis of Candida albicans adhesion..J .Med.Vet.Mycol. 30:95-122.

190.

191.

192.

Kennedy, M.J., A.L. Rogefs, ‘L.R. Hanselmen, D.R. Soll, and R.J.J. Yancey.
1988. Variation in adhesion and cell surface hydrophobicity in Candida albicans
white and opaque phenotypes. Mycopathologia 102:149-156.

Kennedy, M.J., A.L. Rogers, and R.J.J. Yancey. 1989. Envﬂonmental alteration
and phenotypic regulatlon of Candzda albicans adhesion to plastic.. Infect.Immun.

57:3876-3881.

Kennedy, M.J. and P.A. Volz. 1985.- Ecology of Candida albicans gut
colonization: inhibition of Candida adhesion, colonization, and dissemination from

- the gastrointestinal tract by bacterial antagonism. Infect.Immun. 49:654-663.

193.

194.

195.

196.

197.

Kennedy, M.J., P.A. Volz, C.A. Edwards, and R.J. Yancey. 1987. Mechanisms
of association of Candida albicans with intestinal mucosa. J.Med.Microbiol.
24:333-341. '

Kernéis, S., A. Bogdanova; J.-P. Kraehenbuhl, and E. Pringault. 1997.
Conversion by peyer's patch lymphocytes of human enterocytes into M cells that
ransport bacteria. Science 277:949-952.

Kerst, J.M., J.G. van de Winkel, A.H. Evans, H.M. de, 1.C. Slaper-Cortenbach
W.T. de, von dem Borne AE, van der Schoot CE, and R.H. van QOers. 1993.
Granulocyte colony-stimulating factor induces hFcyRI (CD64 antigen)-positive
neutrophils via an effect on myeloid precursor cells. Blood 81:1457-1464.

Kharazmi, A., H. Nielsen, and K. Bendtzen. 1988. Modulation of human
neutrophil and monocyte chemotaxis and superoxide responses by recombinant
TNF-o and GM-CSF. Immunobiol. 177: 363 370.

Kikutani, H., S. Inui, R. Sato, E.L. Barsumlan, H. Owaki, K. Yamasaki, T.
Kaisho, N. Uchibayashi, R.R. Hardy, and T. Hirano. 1986. Molecular structure
of human lymphocyte receptor for immunoglobulin E. Cell 47:657-665.




198.
199.
200.
201.

202.

203.
204.
205.
206.
207.

208.

209.

210.

117

Kindzelskii, A.L., W. Xue, R.F.I. Todd, L.A. Boxer, and H.R. Petty. 1994.
Aberrant capping of membrane proteins on neutrophﬂs from patients with leukocyte
adhesion deficiency. Blood 83:1650-1655.

King, R.D., J.C. Lee, and A.L. Morris. 1980. Adherence of Candida albicans and
other Candida species to mucosal epithelial cells. Infect.Immunol. 27:667-674.

Kishimoto, T.K., N. Hollander, T.M. Roberts, D.C. Anderson, and T.A.
Springer. 1987. Heterogeneous mutations in the  subunit common to the LFA-1,
Mac-1, and p150,95 glycoproteins cause leukocyte adhesion deficiency. Cell
50: 193 202.

Klotz, S.A. 1994. Adherence of Candida albicans to endothelial cells is inhibited
by prostaglandin I2. Infect.Immun. 62:1497-1500.

Klotz, S.A., D.J. Drutz, H.L. Harrison, and M. Huppert. 1983. Adherence and

penetration of vascular endothelium by Candida yeasts. Infect.Immunol. 42:374-
384.

Klotz, S.A., J.L. Harrison, and R.P. Misra. 1989. Aggregated platelets enhance
adherence of Candida yeasts to endothelium. J.Infect.Dis. 160:669-677.

Klotz, S.A., R.C. Hein, R.L. Smith, and J.B. Rouse. 1994. The fibronectin
adhesin of Candida albicans. Infect.Immun. 4679-4681.

Klotz, S.A., M.J. Rutten, R.L. Smith, S.R. Babcock, and M.D. Cunningham.
1993. Adherence of Candida albicans to immobilized extracellular matrix proteins
is mediated by calcium-dependent surface glycoproteins. Microb.Pathog. 14:133-
147. ‘

Klotz, S.A. and R.L. Smith . 1991.- A fibronectin receptor on Candida albicans
mediated adherence of the fungus to extracellular matrix. J.Infect.Dis. 163:604-
610.

Klotz, S.A., R.L. Smith, and B.W. Stewart. 1992. Effect of an arginine-glycine-
aspartic acid-containing peptide on hematogenous candidal infections in rabbits.
Antimicrob.Agents Chemother. 36:132-136.

Kolotila, M.P. and R.D. Diamond. 1990. Effects of neutrophils and in vitro
oxidants on survival and phenotypic switching of Candzda albicans 'WO-1.

. Infect Immun. 58:1174-1179.

Konteatis, Z.D., S.J. Siciliano, G. van Riper, C.J. Molineaux, S. Pandya, P.
Fischer, H. Rosen, R.A. Muniford, and M.S. Springer. 1994. Development of
C5a receptor antagonists; d1fferent1a1 loss of functional responses. J.Immunol.
153:4200-4205.

Kozel, T.R. 1996. Activation of the the complement system by pathogemc fungi.
Clin. M1cr0b101 Rev. 9:34-46. o




211.

212.

213.

214.

215.

216.

217.
218.

219,

220.

221.

- 222,

223.

118

Kozel, T.R., L.C. Weinhold, and D.M. Lupan. 1996. Distinct characteristics of
initiation of the classical and alternative complement pathways by Candida
albicans. Infect.Immun. 64:3360-3368. :

Krause, W., H. Matheis, and K. Wulf. 1969. Fungemia and funguria after oral
admlmstratlon of Candida albicans. Lancet 598-599.

Kuijpers, T.W., R.A. van Lier, D. Hamann, B.M. de, L.Y. Thung, R.S.
Weening, A.J. Verhoeven, and D. Roos. 1997. Leukocyte adhesion deficiency
type 1 (LAD-1) variant. A novel immunodeficiency syndrome characterized by
dysfunctional B2 integrins. J.Clin.Invest. 100:1725-1733.

Kushner, B.H. and N.K. Cheung. 1992. Absolute requirement of CD11/CD18
adhesion molecules, FcRII and the . phosphatidylinositol-linked FcRIII for
monoclonal antibody-mediated neutrophﬂ antihuman tumor cytotox1c1ty Blood
79:1484-1490.

Kusunoki, T., S. Tsuruta, H. Higashi, S. Hosoi, D. Hata, K. Sugie, M. Mayumi,
and H. Mikawa. 1994. Involvement of CD11b/CD18 in enhanced neutrophil
adhesion by Fey receptor stimulation. J.Leukoc.Biol. 55:735-742.

Kuwabara, M., Y. Nishimura, F. Sato, T. Takahashi, M. Tajima, K.
Takahashi, and H. Nagahata. 1993. Spin-trapping and chemiluminescence studies
of neutrophils from a Holstein-Friesian calf with bovine leukocyte adhesion
deficiency. Free Radic.Res. 18:309-318.

Kwon-Chung, K.J. and J.E. Bennett. 1992. Candidiasis. p. 280-336. In Medical
Mycology. Cann,C. (Ed.). Lea & Febiger, Malver, Pennsylvania.

Lanza, F. 1998. Clinical manifestation of myeloperox1dase deficiency. J.Mol.Med.
76:676-681.

Launay, O., O. Lortholary, C. Bouges-Michel, B. Jarrousse, M Bentata, and
L. Guillevin. 1998. Candidemia: a nosocomial complication in adults with late-
stage AIDS. Clin.Infect.Dis. 26:1134-1141.

Lecoanet-Henchoz, S., J.F. Gauchat, J.P. Aubry, P. Graber, P. Life, N. Paul-
Eugene, B. Ferrua, A L. Corbi, B. Dugas, and C. Plater-Zyberk. 1995. CD23
regulates monocyte activation through a novel interaction with the adhesion
molecules CD11b-CD18 and CD11c-CD18. Immunity 3:119-125.

Lee, J.C. and R.D. King. 1983. Characterization of Candida albicans adherence to
human vaginal epithelial cells in vitro. Infect.Immun. 41:1024-1030.

LeFevre, M.E., R. Olivo, J.W. Vanderhoff, and D.D. Joel. 1978. Accumulation
of latex in Peyer's patches and its subsequent appearance in villi and mesenteric
lymph nodes. Proc.Soc.Exp.Biol.Med. 159:298-302.

Lefkowitz; S.S., M.P. Gelderman, D.L. Lefkowitz, N. Moguilevsky, and A.
Bollen. 1996. Phagocytosis and intracellular killing of Candida albicans by
macrophages exposed to myeloperoxidase. J.Infect.Dis. 173:1202-1207. '




224.

225.

226.

227.

228,

229.

230.

231.

232.

233.

234.

235.

236.

119

Lehrer, N., E. Segal, and L. Barr-Nea. 1983. In vitro and in vivo adherence of
Candida albicans to mucosal surfaces. Ann.Microbiol. 134B:293-306.

Lehrer, R.L, D. Szklarek, T. Ganz, and M.E. Selsted. 1986. Synergistic activity
of rabbit granulocyte peptldes against Candida albzcans “Infect.Immun. 52:902-
904. :

Leijh, P.C.J., M.T. van den Barselaar, and R. van Furth. 1977. Kinetics of
phagocytosis and intracellular killing of Candida albicans by human granulocytes
and monocytes. Infect.Immun. 17:313-318.

Levy, J.H. 1996. The human mﬂammatory response J.Cardiovasc.Pharmacol. 27
Suppl 1:S31-S37

Liles, W.C., J.E. Huang, J.-A.H. van Burik, R.A. Bowden, and D.C. Dale. 1997.
Granulocyte colony-stimulating factor administered in vivo augments neutrophil-
mediated activity against opportunistic fungal pathogens. J.Infect.Dis. 175:1012-
1015.

Liljemark, W.F. and R.J. Gibbons. 1973. Suppression of Candida albicans by
human oral streptococci in gnotobiotic mice. Infect.Immun. 8:846-849.

Lima, M.F. and F. Kierszenbaum. 1987. Lactoferrin effects on phagocytlc cell
function. II. The presence of iron is required for the lactoferrin molecule to
stimulate intracellular killing by macrophages but not to enhance the uptake of
particles and microorganisms. J. Immunol 139:1647-1651.

Linehan, L., E. Wadsworth, and R.A. Calderone. 1988. Candzda albicans C3d
receptor, 1solated by using a monoclonal antibody. Infect.Immun. 56:1981-1986.

Liu, H., J. Kohler, and G.R. Fink. 1994. Suppression of hyphal formation in
Candida albicans by mutation of a STE12 homolog. Science 266:1723-1726.

Lopez, A.F., D.J. Williamson, J.R. Gamble, C.G. Begley, J.M. Harlan, S.J.
Klebanoff, A Waltersdorph, G. Wong, S.C. Clark, and M.A. Vadas. 1986.
Recombmant human granulocyte-macrophage colony- stlmulatmg factor stimulates

_in vitro mature human neutrophil and eosinophil function, surface receptor
‘expression, and survival. J.Clin.Invest. 78:1220-1228.

Lorant, D.E., K.D. Patel, T.M. Mclntyre, R.P. McEver, S.M. Prescott, and
G.A. Zimmerman. 1991. Coexpression of GMP-140 and PAF by endothelium
stimulated by histamine or thrombin: a juxtacrine system for adhesion and
activation of neutrophils. J.Cell.Biol. 115:223-234.

Lorant, D.E., M.K. Topham, R.E. Whatley, R.P. McEver, T.M. McIntyre, S.M.
Prescott and G.A. Zimmerman. 1993. Inflammatory roles of P-selectin.
J.Clin.Invest. 92:559-570.

Lyman, C.A. and T.J. Walsh . 1994. Phagocyt031s of medically important yeasts
by polymorphonuclear leukocytes. Infect.Immun. 62:1489-1493.




237.

238.

239.

240.

120

Maallem, H., K. Sheppard, and J. Fletcher. 1982. The discharge of primary and
secondary granules during immune phagocytosis by normal and chronic
granulocytic leukaemia polymorphonuclear neutrophils. Br.J.Haematol. 51:201-
208.

Madara, J L. 1997. The chameleon within: improving antigen delivery. Science
277:910-911.»

Madara, J.L., S.P. Colgan, A. Nusrat, C. Delp, and C.A. Parkos. 1992. A simple
approach to measurement of electrical parameters of cultured epithlial monolayers:
use in assessing neutrophil-epithelial interactions. J.Tissue Cult.Meth. 14 :209-216.

Madara, J.L. and K. Dharmsathaphorn. 1985. Occluding junction structure-
function relationships. in a cultured epithelial monolayer. J.Cell Biol. 101:2124-

2133,

241.

242.

243.

244.

245.

246.

247.

248.

Majima, T., N. Minegishi, R. Nagatomi, Y. Ohashi, S. Tsuchiya, K. Kobayashi,
and T. Konno. 1990. Unusual expression of IgG Fc receptors on peripheral
grahulocytes from patients with leukocyte adhesion deficiency (CD11/CD18
deficiency). J.Immunol. 145:1694-1699. ‘

Majima, T., Y. Ohashi, R. Nagatomi, A. Iizuka, and T. Kenno. 1993. Defective
mononuclear cell antibody-dependent cellular cytotoxicity (ADCC) in patients with
leukocyte adhesion deficiency emphasizing on different CD11/CD18 requlrement
of FcyRI versus FcyRII in ADCC. Cell.Immunol. 148:385-396.

Maksymiuk, A.W., S. Thongprasert, R. Hopfer, M. Luna, V. Fainstein, and
G.P. Bodey. 1984. Systemic candidiasis in cancer patients. Am.J.Med. 77:20-27.

Mancacci, A., G. Del Sero, E. Cenci, C. Fé¢ d'Ostiani, A. Bacci, C. Montagnoli,
M. Kopf; and L. Romani. 1998. Endogenous interleukin 4 is required for
development of protective CD4+ T helper type 1 cell responses to Candzda
albicans. J.Exp.Med. 187:307-317.

Mandell, G.L. and E.W. Hook. 1969. Leukocyte bactericidal activity in chronic
granulomatous disease: correlation of bacterial hydrogen peroxide production and
susceptibility to intracellular killing. J.Bacteriol. 100:531-532.

Marasco, W.A., S.H: Phan, H. Krutzsch, H.]J. Showell, D.E. Feltner, R. Nairn,
E.L. Becker, and P.A. Ward. 1984. Purification and identification of formyl-
methionyl-leucyl-phenylalanine as the major peptide neutrophil chemotactlc factor
produced by Escherichia coli. J.Biol.Chem. 259:5430-5439.

Marodi, L., S. Schreiber, D.C. Anderson, R.P. MacDermott, H.M. Korchak,
and R.B.J. Johnston. 1993. Enhancement of macrophage candidacidal activity by

- interferon-gamma. Increased phagocytosis, killing, and calcium signal mediated by

a decreased number of mannose receptors. J.Clin.Invest. 91:2596-2601.

Marquis, G., S. Garzon, S. Montplaisir, H. Strykowski, and N. Benhamou.
1991. Hlstochemlcal and immunochemical study of the fate of Candida albzcans
inside human neutrophil phagolysosomes. J. Leukoc Biol. 50:587-599.




249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

121

Martin, E., U. Schlasius, and S. Bhakdl 1992. Flow cytometric assay for
extimating fung1c1da1 activity of Amphotericin B in human serum. Med. Microbiol.
Immunol. 181:117-126.

Martino, P., G. Corrado, M. Venditti, A. Micozzi, S. Santilli, V.L. Burgio, and
F. Mandelh 1989. Candida colonization and systemic 1nfect1on in neutropenic
patlents Cancer 64:2030-2034. :

Martmo, P., C. Girmenia, A. Micozzi, F. Dernardis, M. Boccanera, and A.
Cassone. 1994 Prospective study of Candida colonization, use of empiric
amphotericin B and development of invasive mycosis in neutropenic patients.
Eur.J.Clin.Microbiol.Infect.Dis. 13:797-804.

Matthews, R.C. and J.P. Burnie. 1992. Acquired immunity to systemic
candidiasis in immunodeficient mice: role of antibody to heat-shock protein 90.
J.Infect.Dis. 166:1193-1194.

Matthews, R.C., J.P. Burnie, D. Howat, T. Rowland, and F. Walton. 1991.
Autoantibody to heat-shock protein 90 can mediate protection against systemic
candidosis. Immunol. 74:20-24.

Mayer, C.L., S.G. Filler, and J.E. Edwards, Jr. 1992. Candida albicans
adherence to endothelial cells. Microvascular Research 43:218-226.

Mayer, S.J., P.M. Keen, N. Craven, and F.J. Bourne. 1989. Regulation of
phagolysosome pH in bovine and human neutrophils: the role of NADPH oxidase
activity and an Na+/H+ antiporter. J.Leukoc.Biol. 45:239-243.

Mazerolles, F., C. Lumbreso, O. Lecomte, D.F. Le, and A. Fischer. 1988. The
role of lymphocyte function-associated antigen 1 (LFA-1) in the adherence of T
lymphocytes to B lymphocytes. Eur.J.Immunol. 18:1229-1234. '

Mazzone, A. and G. Ricevuti. 1995. Leukocyte CD11/CD18 integrins: biological
and clinical relevance. Haematologica 80:161-175.

McCarthy, J.B. and L.T. Furcht. 1984. Laminin and fibronectin promote the
haptotactic migration of B16 mouse melanoma cells in vitro. J.Cell Biol. 98:1474-
1480.

McColl, S.R., D. Beauseigl‘e, C. Gilbert,’and P.H. Naccache. 1990. Priming of
the human neutrophil respiratory burst by granulocyte- macrophage colony-
stimulating factor and tumor necrosis factor-¢, involves regulation at a post-cell

surface receptor level. Enhancement of the effect of agents which directly activate
G proteins. J.Immunol. 145:3047-3053.

McEver, R.P., J.H. Beckstead, K.L. Moore, L. Marshall- Carlson, and D.F.
Bainton. 1989 GMP-140, a platelet o-granule membrane protein, is also
synthesized by vascular endothelial cells and is localized in We1be1 Palade bodles
J.Clin.Invest. 84:92-99. :

McEver, R.P. and R.D. Cummings. 1997. Role of PSGL-1 binding to selectins in
leukocyte recruitment. J.Clin.Invest. 100:S97-103. ‘




262.
263.

264.

265.

266.
267.

268.

269.

270.
271.
272.

273.

122

McLean, LW. and P.K. Nakane. 1974. Periodate—lysirie—paraformaldehyde‘
fixative. A new fixation for immunoelectron microscopy. J.Histochem.Cytochem.
22:1077-1083. o

Mehentee, J.F. and R.J. Hay. 1989. In vitro adherence of Candida albicans strains
to murine gastrointestinal mucosal cells and explants and the role of environmental
pH. J.Gen.Microbiol. 135:2181-2188.

Michiels, J.F., P.M. Saint, P. Hofman, C. Perrin, V. Giorsetti, E. Bernard, M.L.
Montoya, and R. Loubiere. 1992. Histopathologic features of opportunistic
infections of the small intestine in acquired  immunodeficiency syndrome.
Ann.Pathol. 12:165-173. ~

Michon, J.M., A. Gey, S. Moutel, E. Tartour, V. Meresse, W. Fridman, and
J.L. Teillaud. 1998. In vivo induction of functional FcyRI (CD64) on neutrophils
and modulation of blood cytokine mRNA levels in cancer patients treated with G-
CSF (rMetHuG-CSF). Br.J.Haematol. 100:550-556.

Miettinen, H.M., J. Gripentrog, and A.J. Jesaitis. 1998. Chemotaxis of Chinese
hamster ovary cells expressing the human neutrophil formyl peptide receptor: role
of signal transduction molecules and oisf; integrin. J.Cell Sci. 111:1921-1928.

Miettinen, H.M., J.S. Mills, J.M. Gripentrog, E.A. Drafz, B.L. Granger, and
A.J. Jesaitis. 1997. The ligand binding site of the formyl peptide receptor maps in
the transmembrane region. J.Immunol. 157:4045-4054. )

Mizgerd, J.P., H. Kubo, G.J. Kutkoski, S.D. Bhagwan, K. Scharffetter-
Kochanek, A.L. Beaudet, and C.M. Doerschuk. 1997. Neutrophil emigration in
the skin, lungs, and peritoneum: different requirements for CD11/CD18 revealed by
CD18-deficient mice. J.Exp.Med. 186:1357-1364.

Morgenstern, D.E., M.A. Gifford, L.L. Li, C.M. Doerschuk, and M.C. Dinauer.
1997. Absence of respiratory burst in X-linked chronic granulomatous disease mice
leads to abnormalities in both host defense and inflammatory response to
Aspergillus fumigatus. J.Exp.Med. 185:207-218.

Morrow, B., H. Raﬁsey, and D.R. Soll. 1994. Regulation of phase-specific gehes
in the more general switching system of Candida albicans strain 3153A.
J.Med.Vet.Mycol. 32:287-294.

Morrow, B., T. Srikantha, J. Anderson, and D.R. Soll. 1993. Coordinate
regulation of two opaque-phase-specific genes during. white-opaque switching in
Candida albicans. Infect.Immun. 61:1823-1828.

Morrow, B., T. Srikantﬁa, and D.R. Soll. 1992. Transcripfion of the gene for a
pepsinogen, PEP], is regulated by white-opaque switching in-Candida albicans.
Mol.Cell.Biol. 12:2997-3005. ‘

Mosser, D.M. 1994. Receptors on phagocytic cells invofved in microbial
recognition. Immunol.Ser. 60:99-114.




274.

275.

276.

271.

278.

279.

280.

281.

282.

283.

284.

285.

286.

123

Mouy, R., A. Fischer, E. Vilmer, R. Seger, and C. Griscelli. 1989. Incidence,
severity, and prevention of infections in chronic granulomatous disease. J.Pediatr.
114:555-560. :

Muller, K.E., W.E. Bernadina, H.C. Kalsbeek, A. Hoek, V.P. Rutten, and G.H.
Wentink. 1994. Bovine leukocyte adhesion deficiency--clinical course and
laboratory findings in eight affected animals. Vet.Q. 16:65-71.

Murphy, P.M. 1994. The molecular biology of leukocyte chemoattractant
receptors. Annu.Rev.Immunol. 12:593-633.

Murphy, P.M., T. Ozcelik, R.T. Kenney, H.L. Tiffany, D. McPDermott, and U.
Francke. 1992. A structural homologue of the N-formyl peptide receptor.
Characterization and chromosome mapping of a peptide chemoattractant receptor
family. J.Biol.Chem. 267:7637-7643.

Murray, H.W. and C.F. Nathan. 1999. Macrophage microbicidal mechanisms in
vivo: reactive nitrogen versus oxygen intermediates in the killing of intracellular
visceral Leishmania donovani. JExp.Med. 189:741-746. '

Murthy, A.R., RI Lehrer, S.S. Harwig, and K.T. Miyasaki. 1993. In vitro |
candidastatic properties of the human neutrophil calprotectin complex. -J.Jmmunol.
151:6291-6301. '

Myerowitz, R.L. 1981. Gastrointestinal and . disseminated  candidiasis. An
experimental model in the immunosuppressed rat. Arch.Pathol.Lab.Med. 105:138-
143. . : “ _

Nagahata, H., H. Higuchi, N. Goji, h. Noda, and M. Kuwabara. 1996.
Functional characteristics 'of enhanced Fc receptor expression of (2 integrin-
deficient bovine mononuclear phagocytes. Microbiol.Immunol. 40:389-395.

Nagahata, H., H. Higuchi, H. Nochi, K. Tamoto, T. Araiso, h. Noda, and G.J.
Kociba. 1996. Biosynthesis of P2-integrin, intracellular calcium signalling and
functional responses of mnormal and CDI18-deficient bovine neutrophils.
Res.Vet.Sci. 61:95-101.

Nagahata, H., H. Higuchi, H. Nochi, K. Tamoto, h. Noda, and G.J. Kociba.
1995. Enhanced expression of Fc receptors on neutrophils from calves with
leukocyte adhesion deficiency. Microbiol. Immunol. 39:703-708.

Nagahata, H., S. Matsuki, H. Higuchi, O. Inanami, M. Kuwabara, and K.
Kobayashi: 1998. Bone marrow transplantation in a Holstein heifer with bovine
leucocyte adhesion deficiency. VetJ. 156:15-21.

Nagahata, H., H. Nochi, K. Tamoto, h. Noda, and G.J. Kociba. 1995.
Expression and role of adhesion molecule CDI18 on bovine neutrophils.
Can.J.Vet.Res. 59:1-7.

Nagahata, H., H. Nochi, K. Tamoto, K. Yamashita, h. Noda, and G.J. Kociba.
1995. Characterization of functions of neutrophils from bone marrow of cattle with
leukocyte adhesion deficiency. Am.J.Vet.Res. 56:167-171.




287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

124

Nagahata, H., C. Sawada, H. Higuchi, H. Teraoka, and M. Yamaguchi. 1997.
Fc receptor-med1ated phagocytosis, superoxide production and calcium signaling of
B2 integrin-deficient bovine neutrophils. Microbiol.Immunol. 41:747-750.

Nakamura, T., R.K. Lee, S.Y. Nam, E.R. Podack, K. Bottomly, and R.A.
Flavell. 1997. Roles of IL-4 and IFN-y in stab111z1ng the T helper cell type 1 and -2
phenotype J.Immunol. 158:2648-2653.

Nathan, C.F. 1989. Respiratory burst in adherent human neutrophlls triggering by
colony stimulating factors CSF-GM and CSF-G. Blood 73:301-306.

Nelson, R.D., N. Shlbata, R.P. Podzorski, and M.J. Herron. 1991. Candida
mannan: chemistry, suppression of cell-mediated immunity, and possible
mechanisms of act1on Clin.Microbiol.Rev. 4:1-19.

Neutra, M.R. 1999. M cells in antigen sampling in mucosal tissues.
Curr.Top.Microbiol.Immunol. 236:17-32.

Négre, E T. Vogel, A. Levanon, R. Guy, T.J. Walsh, and D.D. Roberts. 1994.
The collagen binding domain of fibronectin contains a hlgh affinity binding site for
Candida albicans., 1.Biol.Chem. 22039-22045:

Nguyen, C. and H.P. Katner . 1997. Myeloperoxidase deficincy manifesting as .
pustular candidal dermatitis. Clin.Infect.Dis. 24:258-260. ‘

Niedel, J., I. Kahane, L. Lachman, and P. Cuatrecasas. 1980. A subpopulation
of cultured human promyelocytic leukemia cells (HL-60) displays the formyl
peptide chemotactic receptor. Proc.Natl.Acad.Sci.U.S.A. 77:1000-1004. :

Niedel, J., S. Wilkinson, and P. Cuntrecasas. 1979. Receptor-mediated uptake
and degradation of 125I-chemotactic peptide by human neutrophils. J.Biol.Chem.
254:10700-10706.

Niedel, J.E., I. Kahane, and P. Cuatrecasas. 1979. Receptor-mediated -
1nternahzat1on of fluorescent chemotactic peptide by human neutrophlls Science
205:1412-1414.

Odds, F.C. 1988. Candida and Candidosis; A Review and Bibliography. Bailliere
Tindall, Philadelphia.

Odds, F.C. 1991. Potential for penetration of passive barriers to fungal invasion in
humans. p. 287-295. In G.T. Cole and H.C. Hoch. (ed.), The fungal spore and
disease initiation in plants and animals. Plenum Press, New York.

Odell, E.W. and A. W Segal . 1991. Killing of pathogens associated with chronic
granulomatous disease by the non-oxidative microbicidal mechanlsms of human
neutrophils. J.Med.Microbiol 34:129-135.

Ofek, L, J. Goldhar, and Y. Keisari. 1995. Nonopsonic phagocytosis of
microorganisms. Annu.Rev.Microbiol. 49:239-276.




301.

302.

303.

304.

. 30s.

306.

307.

308.

125

Okutomi, T., S. Abe, S. Tansho, H. Wakabayashi, K. Kawase, and H.
Yamaguchi. 1997. Augmented inhibition -of growth of Candida albicans by .
neutrophils in the presence of lactoferrin. FEMS Immunol.Med.Microbiol 18:105-
112. , : '

Olchowy, T.W.J., P.N. Bochsler, N.R. Neilsen, M.G. Welborn, and D.O.
Slauson. 1994. Bovine leukocyte adhesion deficincy: in vitro assessment of
neutrophil function and leukocyte integrin expression. Can.J.Vet.Res. 58:127-133.

Oseas, R., H.-H. Yang, R.L. Baehner, and L.A. Boxer. 1981. Lactoferrin: &
promoter of polymorphonuclear leukocyte adhesiveness. Blood 57:939-945.

Palma, C., A. Cassone, D. Serbousek, C.A. Pearson, and J.Y. Djeu. 1992.
Lactoferrin release and interleukin-1, interleukin-6, and tumor necrosis factor
production by human polymorphonuclear cells stimulated by various
lipopolysaccharides: relationsip to growth inhibiton of Candida albicans.
Infect.Immun. 60:4604-4611.

Palma, C., D. Serbousek, A. Torosantucci, A. Cassone, and J.Y. Djeu. 1992.
Identification of a mannoprotein fraction from Candida albicans that enhances
human polymorphonuclear leukocyte (PMNL) functions and stimulates lactoferrin
in PMNL inhibition of candidal growth. J.Infect.Dis. 166:1103-1112.

Panés, J. and D.N. Granger. 1998. Leukocyte-endothelial cell interactions:
molecular mechanisms and implications in gastrointestinal disease. Gastroenterol.
114:1066-1090.

Parelit, C.A. and P.N. Devreotes. 1999. A cell's sense of direction. Science .
284:765-770.

Parkos, C.A. 1997. Molecular events in neutrophil transepithelial migration.

- BioEssays 19:865-873.

309.

310.

311.

312.

313.

Parkos, C.A., S.P. Colgan, A.E. Bacarra, A. Nusrat, C. Delp-Archer, S.
Carlson, D.H.C. Su, and J.L. Madara . 1995. Intestinal epithelia (T84) possess
basolateral ligands for CD11b/CD18-mediated neutrophil adherence. Am.J.Physiol.
268:C472-C479

Parkos, C.A., S.P. Colgan, and J.L. Madara. 1994. Interactions of neutrophils
with epithelial cells: lessons from the intestine. J.Am.Soc.Nephrol. 2:138-152.

Parkos, C.A., C. Delp, M.A. Arnaout, and J.L. Madara. 1991. Neutrophil
migration across a cultured intestinal epithelium. J.Clin.Invest. 88:1605-1612.

Penn, C. and S.A. Klotz. 1994. Binding of plasma fibronectin to Candida albicans
occurs through the cell binding domain. Microb.Pathog. 17:387-393.

Pereira, H.A. and C.S. Hosking. 1984. The role of complement and antibody in
opsonization and intracellular killing of Candida albicans. Clin.Exp.Immunol.
57:307-314.




314.

315.

316.

317.
318.

319.

320.
321.

322.
323.
324.

325.

126

Perussia, B., E.T. Dayton, R. Lazafus, V. Faﬁning, and G. Trinchieri. 1983.
Immune interferon induces the receptor for monomeric IgG1 on human monocytic
and myeloid cells. J.Exp.Med. 158:1092-1113. :

Pfaller, M., R.N. Jones, S.A. Messer, M.B. Edmond, R.P. Wenzel, and SCOPE
participant group. 1998. National surveillance of “nosocomial blood stream
infection due to species of Candida other than Candida albicans: frequency of
occurrence and  antifungal  susceptibility . in the. SCOPE  program.
Diagn.Microbiol.Infect.Dis. 30:121-129. - ‘

Pfaller, MLA., S.A. Messer, R.J. Hollis, R.N. Jones, G.V. Doern, M.E. Brandt,
and R.A. Hajjeh. 1999. Trends in species distribution and susceptibility to
fluconazole among blood stream isolates of Candida species in the United States.
Diagn.Microbiol Infect.Dis. 33:217-222. '

Pick, E. 1986. Microassays for superoxide and hydrogen peroxide production and
nitroblue tetrazolium reduction using an enzyme immunoassay microplate reader.
Methods Enzymol. 132:407-421. ~ . ‘

Pizzo, P.A., K.J. Robichaud, F.A. Gill, and F.G. Witebsky. 1982. Empiric
antibiotic and antifungal therapy for cancer patients with prolonged fever and
granulocytopenia. Am.J.Med. 72:101-111.

Pollock, J.D., D.A. Williams, M.A. Gifford, L.L. Li, X. Du, J. Fisherman, S.H.
Orkin, C.M. Doerschuk, and M.C. Dinauer. 1995. Mouse model of X-linked
chronic granulomatous disease, an inherited defect in phagocyté superoxide
production. Nat.Genet. 9:202-209. '

Polotsky, Y. 1994. Morphologic Evaluation of the Pathogenesis of Bacterial
Enteric Infections. Crit.Rev.Microbiol. 20:161-208. -

Pope, L.M. and G.T: Cole. 1981. SEM studies of adherence of | Candida albicans
to the gastrointestinal tract of infant mice. Scan.Electron Microsc. 73-80.

Pope, L.M., G;T. Cole, M.N.'Guentzel, and L.J. Berry. 1979. Systemic and
gastrointestinal candidiasis of infant mice  after intragastric challenge.
Infect.Immun. 25:702-707. : “

Pouliot, M., P.P. McDonald, L. Khamzina, P. Borgeat, and S.R. MecColl. 1994.
Granulocyte-macrophage colony-stimulating factor enhances 5-lipoxygenase levels
in human polymorphonuclear leukocytes. J.Immunol. 152:851-858.

Pryzwansky, K.B., E.K. MacRae, J.K. Spitznagel, and M.H. Cooney. 1979.
Early degranulation of human neutrophils: immunocytochemical studies of surface
and intracellular phagocytic events. Cell 18:1025-1033.

Qian, Q., MLA. Jutila, N. van Rooijen, and J.E. Cutler. 1994. Elimination of
mouse splenic macrophages correlates with increased susceptibility to experimental
disseminated candidiasis. J.Immunol. 152:5000-5008.




326.

327.

328.

329.

330.

331.

332.

333.
334.

335.

336.

337.

338.

127

Radford, D.R., S.J. Challacombe, and J.D. Walter. 1994. A scanning
electronmicroscopy investigation of the structure of colonies of -different
morphologies produced by phenotypic switching of Candida albicans.
J.Med.Microbiol. 40:416-423. ,

Reagan, D.R., M.A. Pfaller, R.J. Hollis, and R.P. Wenzel. 1990. Characterization
of the sequence of colonization and ,nosocomial candidemia using DNA
fingerprinting and a DNA probe. J.Clin.Microbiol. 28:2733-2738.

Repp, R., T. Valerius, A. Sendler, M. Gramatzki, H. Iro, J.R. Kalden, and E.
Platzer. 1991. Neutrophils express the high affinity receptor for IgG (FcyRI, CD64)
after in vivo application of recombinant human granulocyte colony-stimulating
factor. Blood 78:885-889. e

Richardson, M.D. and H. Smith. 1983. Ultrastructural features of phagocytosis
and intracellular killing of Candida albicans by mouse polymorphonuclear
phagocyte monolayers. Mycopathologia 83:97-102.

Robinson, J.M. and J.A. Badwey. 1994. Production of active oxygen species b
phagocytic leukocytes. Immunol.Ser. 60: :

Roilides, E., K. Uhlig, D. Venzon, P.A. Pizzo, and T.J. Walsh. 1992. Neutrophil
oxidative burst in response to blastoconidia and pseudohyphae of Candida albicans:
augmentation by granulocyte colony-stimulating factor and interferon-y.
J.Infect.Dis. 166:668-673. ‘

Roilides, E., T.J. Walsh, P.A. Pizzo, and M. Rubin. 1991. Granulocyte colony-
stimulating factor ‘enhances the phagocytic and bactericidal activity of normal and
defective human neutrophils. J.Infect.Dis. 163:579-583.

Roitt, I. 1997. Roitt's essential immunology. Blackwell Science, London.

Romagnani, S. 1995. Biology of human Thl and Th2 Cells. J.Clin.JImmunol
15:121-129.

Romani, L., F. Bistoni, and P. Puccetti. 1997. Initiation of T-helper cell immunity
to Candida albicans by IL-12: the role of the neutrophil. Chem.Immunol. 68:110-
135.

Romani, L., A. Mencacci, E. Cenci, G. Del Sero, F. Bistoni, and P. Puccetti.
1997. An immunoregulatory role for neutrophils in CD4+ T helper subset selection
in mice with candidiasis. J.Immunol. 158:2356-2362.

Romani, L., A. Mencacci, E. Cenci, P. Puccetti, and F. Bistoni. 1996.
Neutrophils and the adaptive immune response to Candida albicans. Res.Immunol.
147:512-518. :

Rbmani, L., S. Mocci, C. Bietta, L. Lanfaloni, P. Puccetti, and F. Bistoni. 1991.
Th1 and Th2 cytokine secretion patterns in murine candidiasis: association of Thl
responses with acquired resistance. Infect.Immun. 59:4647-4654.




339,

340.
341.

342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

128

Rosales, C. and E. J. Brown. 1993. Neutrophil receptors and modulation of the
immune response. p. 23-227. In The Neutrophil — Natural Immunity. Oxford
University Press, Oxford.

Rosen, G.M., S. Pou, C.L. Ramos, M.S. Cohen, and B.E. Britigan. 1995. Free
radicals and phagocytic cells. FASEB Journal 9:200-209.

Rotrosen, D., R.A. Calderone, and J.E. Edwards, Jr. 1986. Adherence of
Candida spemes to host tissues and plastic surfaces. Rev.Infect.Dis. 8:73-85.

Rotrosen, D., J.E. Edwards, Jr., T.R. Gibson, J.C. Moore, A.H. Cohen, and I.
Green. 1985 Adherence of Candzda to cultured vascular endothelial cells:
mechanisms of attachment and endothelial cell penetratlon J.Infect.Dis. 152: 1264—
1274.

Ruoslahti, E. and M.D. Pierschbacher. 1987. New perspectives in cell adhesion:
RGD and integrins. Science 238:491-497. ‘

Sakakibara, A., M. Furuse, M. Saitou, Y. Ando-Akatsuka, and S. Tsukita.
1997. Possible involvement of phosphorylation of occludin in tight junction
formation. J.Cell.Biol. 137:1393-1401.

Salmon, J.E. and B.N. Cronstein. 1990. Fcy receptor-mediated functions in
neutrophils are modulated by adenosine receptor occupancy. Al receptors are
stimulatory and A2 receptors are inhibitory. J.Immunol. 145:2235-2240.

Salyer, J.L., J.F. Bohnsack, W.A. Knape, A.O. Shigeoka, E.R. Ashwood, and
H.R. Hill. 1990. Mechanisms of tumor necrosis factor-o. alteration of PMN
adhesion and migration. Am.J.Pathol. 136:831-841.

Samonis, G., G.P. Bodey, and E.J. Anaissie. 1990. Effects of broad-spectrum
antimicrobial agents on yeast colonization of the gastrointestinal tracts of mice.
Antimicrob.Agents Chemother. 34:2420-2422.

Samonis, G., A. Gikas, E.J. Anaissie, G. Vrenzos, S. Maraki, Y. Tselentis, and
G.P. Bodey. 1993. Prospective evaluation of effects of broad-spectrum antibiotics

on gastrointestinal yeast colonization of humans. Antimicrob.Agents Chemother.
37:51-53.

Sandford, G.R., W.G. Merz, J.R. Wingard, P. Charache, and R. Saral. 1980.
The value of fungal surveillance cultures as predictors of systemic fungal
infections. J.Infect.Dis. 142:503-509. '

Sandin, R.L., A.L. Rogers, R.J. Patterson, and E.S. Beneke. 1982. Evidence for
mannose-mediated adherence of Candida albicans to human buccal cells in vitro.
Infect.Immun. 35:79-85.

Sawyer, R.T., R.E. Garner, and J.A. Hudson. 1992. Arg-Gly-Asp (RGD)
peptides alter hepat1c killing of Candida albicans in the 1solated perfused mouse -
liver model. Infect.Immun. 60:213-218.




352.

353.

354.
355.
356.

357.

358.

359,

360.
361.
362.
363.

364.

129

Saxena, A. and R.A. Calderone. 1990. Purification and characterization of the
extracellular C3d-binding protein of Candida albicans. Infect.Immun. 58:309-314.

Scharffetter-Kochanek, K., H. Lu, K. Norman, N. van Nood, F. Munoz, S.
Grabbe, M. McArthur, I. Lorenzo, S. Kaplan, K. Ley, C. W Smith, C.A.
Montgomery, S. Rich, and A.L. Beaudet. 1998. Spontaneous skin ulceration and
defective T cell funct1on in CD18 null mice. J.Exp.Med. 188:119-131.

Scherzer, J.A., Y. Lin, K.R. McLeish, and J.B. Klein. 1997. TNF translationally
modulates the expression of G protein alpha(i2) subunits in human
polymorphonuclear leukocytes. J.Immunol. 158:913-918. ‘

Schiffmann, E., B.A. Corcoran, and S.M. Wahl. 1975. N-formylmethionyl
peptides as chemoattractants for leucocytes. Proc.Natl.Acad.Sci.USA 72:1059-
1062.

Schiffmann, E., H.V. Showell, B.A. Corcoran, P.A. Ward, E. Smith, and E.L.
Becker. 1975. The isolation and partial characterization of neutrophil chemotactic
factors from Escherichia Coli. J.Jmmunol. 114:1831-1837.

Seelig, M.S. 1966. The role of antibiotics in the pathogenes1s of Candida mfectlons
Am.J. Med 40:887-917. ,

Segal, A.W,, M. Geisow, R. Garcia, A. Harper, and R. Miller. 1981. The
respiratory burst of phagocytlc cells is associated with a rise in vacuolar pH. Nature
290:406-4009.

Sehgal, G., K. Zhang, R.F. Todd, L.A. Boxer, and H.R. Petty. 1993. Lectin-like
inhibition of immune complex receptor-mediated stimulation of neutrophils. Effects
on cytosolic calcium release and superoxide production. J.Immunol. 150:4571-
4580. ‘ '

Sepiilveda, P., A. Murgui, J.L. Lépez-Ribot, M. Casanova, J. Timoneda, and
J.P. Martinez. 1995. Evidence for the presence of collagenous domains in Candida
albicans cell surface proteins. Infect.Immun. 63:2173-2179.

Shawar, S.M., R.R. Rich, and E.L. Becker. 1995. Peptides from the amino-
terminus of mouse mitochondrially encoded NADH dehydrogenase subunit 1 are
potent chemoattractants. Biochem.Biophys.Res.Commun. 211:812-818.

Shen, L., P. M. Guyre, and M.W. Fanger. 1987. Polymorphonuclear leukocyte
function trlggered through the hlgh affinity Fc receptor for monomeric IgG.
J.Immunol. 139:534-538.

Shepherd, V.L., E.J. Campbell, R.M. Senior, and P.D. Stahl. 1982.
Characterization of the mannose/fucose receptor on human mononuclear
phagocytes. J. Retlculoendothel Soc. 32:423-431. '

Shou, J., J. Lappin, E A. Minnard, and J.M. Daly. 1994. ~Total parenteral
nutrition, bactenal translocation, and host immune function. Am.J.Surg. 167: 145—
150. ‘




365.

366.

367.

368.

369.

370.

371.

372.

373.

130

Shuster, D.E., M.E. Kehrli, Jr., M.R. Ackermann, and R.O. Gilbert. 1992.
Identification and prevalence of a genetic defect that causes leukocyte adhesion
deficiency in Holstein cattle. Proc.Natl.Acad.Sci.U.S.A. 89:9225-9229.

Simms, H.H., M.M. Frank, T.C. Quinn, S. Holland, and T.A. Gaither. 1989.
Studies on phagocytosis in patients with acute bacterial infections. J.Clin.Invest.
83:252-260.

Sipes, K.M., H.A. Edens, M.E. Kehrli, Jr., H.M. Miettinen, J.E. Cutler, M.A.
Jutila, and M.T. Quinn. 1999. Analysis of surface antigen expression and host
defense function in leukocytes from calves with bovine leukocyte adhesion
deficiency: comparison of heterozygous and homozygous animals. Am.J.Vet.Res.
in press:

Slutsky, B., m. Staebell, J. Anderson, L. risen, M. Pfaller, and D.R. Soll. 1987.
White-opaque transition: a second high-frequency switching system in Candida
albicans. J.Bacteriol. 169:189-197. '

Smail, E.H., R.N. Cronstein, T. Meshulam, A.L. Esposito, R.W. Ruaggeri, and
R. Diamond. 1992. In vitro, Candida albicans releases the immune moduator
adenosine and a second, high-molecular weight agent that blocks neutrophil killing.
J.Immunol. 148:3588-3595.

Smail, E.H., m.P. Kolotila, R. Ruggeri, and R.D. Diamond. 1989. Natural
inhibitor from Candida albicans blocks releae of azurophil and specific granule
contents by chemotactic peptide-stimulated human neutrophils. Infect.Immun.

57:689-692.

Smail, E.H., D.A. Melnick, R. Ruggeri, and R.D. Diamond. 1988. A novel
natural inhibitor from Candida albicans hyphae causing dissociation of the
neutrophil respiratory burst response to chemotactic peptides from other post-
activation events. J.Immunol. 140:3893-3899.

Sobel, J.D. 1988. Pathogenesis and epidemiology of vulvovagnial candidiasis.
Ann.N.Y.Acad.Sci. 544:547-557.

Sohnle, P.G. and C. Collins-Lech. 1990. Comparison of candidiacidal and

- candidastatic activities of human neutrophils. Infect.Immun. 58:2696-2698.

374.

.375.

376.

Soll, D.R. 1997. Gene regulation during high-frequency switching in Candida
albicans. Microbiol. 143:279-288. ‘

Soll, D.R., R. Galask, S. Isley, T.V.G. Rao, D. Stone, J. Hicks, J. Schmid, K.
Mac, and C. Hanna. 1989. Switching of Candida albicans during successive
episodes of recurrent vagninitis. J.Clin.Microbiol. 27:631-690.

Soukka, T., J. Tenovuo, and M. Lenander-Lumikari. 1992. Fungicidal effect of
human lactoferrin against Candida albicans. FEMS Microbiol.Lett. 90:223-228.




3717.
378.
379.

380.
381.

382.

383.

384.

385.

131

Spertini, O., F.W. Luscmskas, G.S. Kansas, J.M. Munro, J.D. Griffin, M.A.J.
Gimbrone, and T.F. Tedder. 1991. Leukocyte adhesion molecule-1 (LAM-1, L-
selectin) interacts with an inducible endothelial cell ligand to support leukocyte
adhesion. J.Immunol. 147:2565-2573.

Springer, T.A. 1990. Adhesion receptors of the immune system. Nature 346:425-
434,

Springer, T.A., W.S. Thompson, L.J. Miller, F.C. Schmalstieg, and D.C.
Anderson. 1984 Inherited deficiency of the Mac-1, LFA-1, p150,95 glycoprotein
family and its molecular basis. J.Exp.Med. 160: 1901-1918. -

Stahl, P.D. 1992. The mannose receptor and other macrophage lectins.
Curr.Opin.Immunol 4:49-52.

Stevens, D.A., J.E. Domer, R.B. Ashman, R. Blackstock, and E. Brummer.
1994. Immunomodulation in mycoses. J.Med.Vet.Mycol. 32:253-265.

Stolfi, R.L.. and D.S. Martin. 1991. Enhancement of anticancer agent activity by
selective inhibition of rapidly proliferating tissues of the host. Pharmacol.Ther.
49:43-54.

Stone, H.H. 1974. Studies in the pathogenesis, diagnosis, and treatment of Candida
sepsis in children. J.Pediatr.Surg. 9:127-133.

Sturla, L., A. Etzioni, A. Bisso, D. Zanardi, F.G. De, L. Silengo, F.A. De, and
M. Tonetti. 1998. Defective intracellular activity of GDP-D-mannose-4,6- -
dehydratase in leukocyte adhesion -deficiency type II syndrome. FEBS.Lett.
429:274-278.

Su, S.B., J. Gao, W. Gong, N.M. Dunlop, P.M. Murphy, J.J. Oppenheim, and
J.M. Wang 1999. T21/DP107, a synthetic leucine zipper-like domain of the HIV-1

- envelope gp4l, attracts and activates human phagocytes by using G-protein-

386.

387.

388.

389.

coupled formyl peptide receptors. J.Immunol 162:5924-5930. -

Su, S.B., W.H. Gong, J.L. Gao, W.P. Shen, M.C. Grimm, X. Deng, P.M.
Murphy, J.J. Oppenheim, and J.M. Wang. 1999. T20/DP178, an ectodomain
peptide of human immunodeficiency virus type 1 gp4l, is an activator of human

phagocyte N-formyl peptide receptor. Blood 93:3885-3892.

Sullivan, G.W., H.T. Carper, and G.L. Mandell. 1993. The effect of three human
recombinant hematopoietic growth factors (granulocyte-macrophage colony-
stimulating factor, granulocyte colony- stimulating factor, and interleukin-3) on
phagocyte oxidative activity. Blood 81:1863-1870.

Sutton, D. A., Fotherfill, A. W;, and Rinaldi, M. G. Guide to clinically significant
fungi. 88.1998. Baltimore, MD, Williams and Wilkins. .

Szabo, L., L. Guan, and T.J. Rogers. 1995. Modulation of Macrophage Phagocytic
Activity by Cell Wall Components of Candida albicans. Cell. Immunol 164:182-
188.




390.
391.
392.
" 393.
394,
395.
- 396.
397.

398..
399.
400.

401.

402.

132

Tabona, P., A. Mellor, and J.A. Summerfield. 1995. Mannose binding protein is
involved in first-line host defence: evidence from transgenic mice. Immunol. 85
:153-159.

Tagami, H., N. Natsume, T. Aoshima, F. Inoue, S. Suehisa, and M. Yamada.
1982. Analysis' of transepidermal leukocyte chemotaxis in experimental
dermatophytosis in guinea pigs. Arch.Dermatol.Res. 273:205-217.

Taniguchi-Sidle, A. and D.E. Isenman. 1992. Mutagenesis of the arg-gly-asp
triplet in human complement component C3 does not abolish binding of iC3b to the
leukocyte integrin complement receptor type II = (CR3, CDI11b/CD18).
J.Biol.Chem. 267:625-643. -

Tauber, A.L. and L. Chernyak. 1991. Metchnikoff and the origins of immunology;
from metaphor to theory. Oxford University Press, New York. . '

Tenner, A.J. 1998. Clq receptors: reguléting specific functions of phagocytic cells.
Immunobiol. 199:250-264.

Thornton, B.P., V. Vetvicka, M. Pitman, R.C. Goldman, and G.D. Ross. 1996.
Analysis of the sugar specificity and molecular location of the B-glucan-binding
lectin site of complement receptor type 3 (CD11b/CD18). J.Immunol. 156:1235-
1246.

Thurmond, L.M. and T.G. Mitchell. 1984. Blastomyces dermatitidis chemotactic
factor; kinetics of production and biological characterization evaluated by a
modified neutrophil chemotaxis assay. Infect.Immunol. 46:87-95.

Tiehl, T.E. and W.F. Stenson. 1994. Mechanisms of transit of lipid mediators of
inflammation and bacterial peptides across intestinal epithelia. =~ Am.J.Pathol.

' 267:G687-G695

Todd, R.F. and D.R. Freyer . 1988. The CD11/CD18 leukocyte glycoprotein
deficiency. Hematol.Oncol.Clin.North. Am. 2:13-31.

Todd, R.F. and H.R. Petty. 1997. B2 (CD11/CD18) integrins can serve as
signaling partners for other leukocyte receptors. J.Lab.Clin.Med. 129:492-498.

Tohma, S., S. Hirohata, and P.E. Lipsky. 1991. The role of CD11a/CD18-CD54
interactions in human T cell-dependent B cell activation. J.Immunol. 146:492-499.

Toniolo, C., M. Crisma, V. Moretto, R.J. Freer, and E.L. Becker. 1990. N*-
formulated and rers-butyloxycarbonylated Phe-(Ldeu-Phe), and (Leu-Phe) ,
peptides as agonists and antagonists of the chemotactic formylpeptide receptor of
the rabbit peritoneal neutrophil. Biochimica et Biophysica Acta 1034:67-72.

Tonnesen, M.G., D.C. Anderson, T.A. Springer, A. Knedler, N. Avdi, and P.M.
Henson. 1989. Adherence of neutrophils to cultured human microvascular
endothelial cells. Stimulation by chemotactic peptides and lipid mediators and
dependence upon the Mac-1, LFA-1, p150,95 glycoprotein family. J.Clin.Invest.
83:637-646. :




403,
404,

405.

406

407.
408.

409.

133

Tosh, F.D. and L.J. Douglas. 1992. Characterization of a fucos1d -binding adhesin
of Candzda albicans. Infect.Immun. 60:4734-4739.

Trier, J.S. and D.J. Bjorkman. 1984. Esophageal, gastric, and intestinal
candidiasis. Am.J.Med. 77:39-43.

Tsuboi, R., Ran, Y-P., and Ogawa, H. Candida albicans proteinase acts as a
chemoattractant for per1phera1 neutrophils. 111-115. 1996. Tokyo, Japan, Saikon
Publishing Co., Ltd. Fungal cells in biodefense mechanisms. Suzuki, S. and Suzuki,
M. 1996. Conference Proceeding. -

Turner, J.R., T.F. Butler, M.E. Johnson, and R.S. Gordee. 1976. Colonization
of the intestinal tract of conventional mice with Candida albicans and treatment
with antifungal agents. Antimicrob.Agents Chemother. 9:787-792.

Unkeless, J.C. 1989. Function and heterogeneity of human Fc receptors for
immunoglobulin G. J.Clin.Invest. 83:355-361.

van der Meer, J.W., T.L. van Zwet, and R. van Furth. 1975. New familial defect

. in microbicidal function of polymorphonuclear leucocytes. Lancet 2:630-632.

van Strijp, J.A.G., D.G. Russell, E. Tuomanen, E.J. Brown, and S.D. Wright.

+ 1993. Ligand spec1f1c1ty of purlfled complement receptor type three (CDl 1b/CD18,

410.

411.

412.

413.

414.

415.

Omf2, Mac-1). J.Immunol. 151:3324-3336.

Vardar-Unlu, G., C. McSharry, and L.J. Douglas. 1998. Fucose-specific
adhesins on germ tubes of Candida albicans. FEMS Immunol.Med.Microbiol
20:55-67.

Vargas, K., P.W. Wertz, D. Drake, B. Morrow, and D.R. Soll. 1994. Differences.

-in adhesion of Candida albicans 3153A cells exhibiting switch phenotypes to

buccal epithelium and stratum corneum. Infect.Immun. 62 :1328-1335.

Velegraki, A., D.  Papalambrou, S. Sofeml, and N.J. Legakis. 1996. Variable
antifungal suscept1b1hty of wild-type Candida albicans phenotypes from
neutropenic hosts. Eur.J.Clin.Microbiol. 15:854-860.

Vicoli, C., C. Girmenia, A. Marinus, L. Collette, P. Martino, B. Vandercam, C.
Doyen, B. Lebeau, D. Spence, V. Kremery, B. De Pauw, F. Meunier, and
Invasive fungal infection group of the EORTC. 1999. Candidemia in cancer
patients: a prospective, multicenter surveillance study by the invasive fungal
infection group (IFIG) of the European organization for research and treatment of

cancer (EORTC). Clin.Infect.Dis. 28:1071-1079.

Volkheimer, G. and F.H. Schulz 1968. The phenomenon of persorptlon
Digestion 1:213-218.

Wadsworth, E., S.C. Prasad, and R. Calderone. 1993. | Analysis  of
mannoproteins from blastoconidia and hyphae of Candida albicans with a common
epitope recognized by anti-complement receptor type 2 antibodies. Infect.Immun.
61:4675-4681.




416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

134

Walker, B.A.M., A.J. Seiler, C.A. Owens, B.E. Hagenlocker, and P.A. Ward.
1991. Absence of FMLF receptors on rat macrohages. J.Leukoc.Biol. 50:600-606.

Walsh, T.J. and P.A. Pizzo . 1992. Experimental gastrointestinal and disseminated
candidiasis in immunocompromised animals. Eur.J.Epidemiol. 8:477-483.

Walzog, B., F. Jeblonski, A. Zakrzewici, and P. Gaehtgens. 1997. B2 integrins
(CD11/CD18) promote apoptosis of human neutrophils. FASEB J. 11:1177-1186.

Walzog, B., K. Scharffetter-Kochanek, and P. Gaehtgens. 1999. Impairment of
neutrophil emigration in CD18-null mice. Am.J.Physiol. 276:G1125-G1130

Wang, Y., M.J. Paape, L. Leino, A.V. Capuco, and H. Narva. 1997. Functional
and phenotypic characterization of monoclonal antibodies to bovine L-selectin.
Am.J. Vet.Res. 58:1392-1401. : ‘

Watts, H.J:, F.S.H. Cheah, b. Hube, D. Sanglard, and N.A.R. Gow. 1998.
Altered adherence in strains of Candida albicans harbouring null mutations in
secreted aspartic proteinase genes. FEMS Microbiol.Lett. 159 :129-135.

Weeks, -B.A. and P.B. Hamilton. 1975. Differential chemotaxis of
polmorphonuclear leukocytes by strains of Candida albicans. Annual meeting of
American Society of Microbiology. Abstract F23

Weening, R.S., RG. Bredius, P.P. Vomberg, C.E. van der Schoot, M
Hoogerwerf, and D. Roos. 1992. Recombinant human interferon-y treatment in
severe leucocyte adhesion deficiency. Eur.J.Ped. 151:103-107.

Wei, S., D.K. Blanchard, J.H. Liu, W.J. Leonard, and J.Y. Djeu. 1993.
Activation of tumor necrosis factor-o production from human neutrophils by IL-2
via IL-2-Rf. J.Immunol. 150:1979-1987. . ~

Wei, S., J.H. Liu, D.K. Blanchard, and J.Y. Djeu. 1994. Induction of IL-8 gene
expression in human polymorphonuclear. neutrophils by recombinant IL-2.
J Immunol. 152:3630-3636. : :

Weisbart, R.H., A. Kacena, A. Schuh, and D.W. Golde. 1988. GM-CSF induces
human neutrophil IgA-mediated phagocytosis by an IgA Fc¢ receptor activation
mechanism. Nature 332:647-648. ‘

Weisbart, R.H., L. KWan, D.W. Golde, and J.C. Gasson. 1987. Human GM-CSF
primes neutrophils for enhanced oxidative metabolism in response to the major
physiological chemoattractants. Blood 69:18-21.

Wells, C.L., M.A. Maddaus, and R.L. Simmons. 1988. Proposed mechanisms for
the translocation of intestinal bacteria. Rev.Infect.Dis. 10:958-979.

Weltzin, R., P. Lucia-Jandris, P. Michetti, B.N. Fields, J.P. Kraehenbuhl, and
M.R. Neutra. 1989. Binding and transepithelial transport of immunoglobulins by
intestinal M cells: demonstration using monoclonal IgA antibodies against enteric
viral proteins. J.Cell Biol. 108:1673-1685.




430.

431].

432.

433,
434.
435,
436.

437,

438.
4309.

440.

441.

442.

135

Wenzel, R.P. 1995. Nosocomial candidemia: risk factors and attributable mortality.
Clin.Infect.Dis. 20:1531-1534. :

Wey, S.B., M. Mori, M.A. Pfaller, R.F. Woolson, and R.P. Wenzel. 1988.
Hospital-acquired candidemia. The attributable mortality and excess length of stay.
Arch.Intern.Med. 148:2642-2645. .

White, S.H., W.C. Wimley, and M.E. Selsted. 1995. Structure, function,.and
membrane integration of defensins. Curr.Opin.Struct.Biol. 5:521-527.

White, T.C., K.A. Marr, and R.A. Bowden. 1998. Clinical, cellular, and
molecular factors that contribute to antifungal drug resistance. Clin.Microbiol.Rev.
11:382-402. .

Wilde, C.G., J.E. Griffith, M.N. Marra, J.L. Snable, and R.W. Scott. 1989.
Purification and characterization of human neutrophil peptide 4, a novel member of
the defensin family. J.Biol.Chem. 264:11200-11203.

Wilson, J.M., A.J. Ping, J.C. Krauss, L. Mayo-Bond, C.E. Rogers, D.C.
Anderson, and R.F. Todd. 1990. Correction of CD18-deficient lymphocytes b
retrovirus-mediated gene transfer. Science 248:1413-1416. ‘

Wilson, R.W., C.M. Ballantyne, C.W. Smith, C. Montgomery, A. Bradley,
W.E. O'Brien, and A.L. Beaudet. 1993. Gene targeting yields a CD18-mutant
mouse for study of inflammation. J.Jmmunol. 151:1571-1578. ‘

Wingard, J.R. 1994. Infections ciue to. resistant Candida species in patients with
cancer who are receiving chemotherapy. Clin.Infect:Dis. 19:S49-S53

Wingard, J.R., J.D. Dick, W.G. Merz, G.R:. Sandford, R. Saral, and W.H.
Burns. 1980. Pathogenicity .of Candida tropicalis and Candida albicans after
gastrointestinal inoculation in mice. Infect.Immun. 29:808-813.

Wong, D.A., E.M. Davis, M. LeBeau, and T.A. Springer. 1996. Cloning and
chromosomal localization of a novel gene-encoding a human P2-integrin alpha
subunit. Gene. 171:291-294. -

Worku, M., M.J. Paape, C.A. Di, M.E. Kehrli, Jr., and W.W. Marquardt.
1995. Complement component C3b and immunoglobulin Fc receptors on
neutrophils from calves with leukocyte adhesion deficiency. Am.J.Vet.Res.
56:435-439. ‘

Worth, R.G., L. Mayo-Bond, J.G. van de Winkel, R.F. Todd, and H.R. Petty.
1996. CR3 (oMB2; CD11b/CD18) restores IgG-dependent phagocytosis in .
transfectants expressing a phagocytosis-defective FeyRIIA (CD32) tail-minus
mutant. J.Immunol. 157:5660-5665. :

Wright, C.D., M.J. Herron, G.R. Gray, B. Holmes, and R.D. Nelson. 1981.
Influence of yeast mannan on human neutrophil functions: inhibition of release of
myeloperoxidase related to carbohydrate-binding property of the enzyme.
Infect.Immun. 32:731-738.




443,

444.

445.

446.

447.

448.

449.

450.

451.

452,

453.

136

Waurzner, R., M. Langgartner, L. Spotl, A. Eder, H. Bujdakova, K. Schroppel,
and M.P. Dierich. 1996. Temperature-dependent surface expression of the f-2-
integrin analogue of Candida albicans and its role in.adhesion to the human
endothelium. Exp.Clin.Immunogenet. 13:161-172. o | :

Yamamoto, Y., T.W. Klein, H. Friedman, S. Kimura, and H. Yamaguchi. 1993.
Granulocyte colony-stimulating factor potentiates anti-Candida albicans growth
inhibitory activity of polymorphonuclear cells. FEMS Immunol.Méed.Microbiol
7:15-22. :

Yan, S., R.G. Rodrigues, D. Cahn-Hidalgo, T.J. Walsh, and D.D. Roberts.
1998. Hemoglobin induces binding of several extracellular matrix proteins to
Candida albicans. J.Biol.Chem. 273:5638-5644.

Ye, R.D., S.L. Cavanagh, O. Quehenberger, E.R. Prossnitz, and C.G.
Cochrane. 1992. Isolation of a cDNA that encodes a novel granulocyte N-formyl
peptide receptor. Biochem.Biophys.Res.Commun. 184:582-589.

Yong, K.L., P.M. Rowles, K.G. Patterson, and D.C. Linch. 1992. Granulocyte-
macrophage colony-stimulating factor induces neutrophil adhesion to pulmonary
vascilar endothelium in vivo: role of B2 integrins. Blood 80:1565-1575.

Yorifuji, T., R.W. Wilson, and A.L. Beaudet. 1993. Retroviral mediated
expression of CD18 in normal and deficient human bone marrow progenitor cells.
Hum.Mol.Genet. 2:1443-1448.

Zhang, K. and H.R. Petty. 1994. Influence of polysaccharides on neutrophil
function: specific antogonists suggest a model for cooperative saccharide-associated
inhibiton of immune complex-triggered superoxide production. J.Cell.Biochem.
56:225-235.

Zhou, M.J. and E.J. Brown. 1994. CD3 (Mac-1, a2, CD11b/CD18) and FcRIII
cooperate in generation of a neutrophil respiratory -burst: requirement for FcRII and
tyrosine phosphorylation. J.Cell Biol. 125:1407-1416. ‘

Zhou, M.J., D. Lublin, D.C. Link, and E.J. Brown. 1995. Distinct tyrosine kinase
activation and Triton X-100 insolubility upon FcyRII or FcyRIIIB ligation in human
polymorphonuclear leukocytes. J.Biol.Chem. 270:13553-13560. -

Zink, S., T. Nab, P. Rosen, and J. Ernst. 1996. Migration of the fungal péthogen
Candida albicans across endothelial monolayers. Infect.Immun. 64:5085-5091.

Zlotnik, A., J. Morales, and J.A. Hedrick. 1999. Recent advances in chemokines
and chemokine receptors. Crit.Rev.Immunol. 19:1-47.




R

T



