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Mucosal Immunity in the Ocular System

I. Introduction

Acquired immunity at the ocular surface is mediated
primarily by the mucosal immune system. The linkage of
ocular subcompartments to the mucosal immune net-
work is now well established (Mestecky et al., 1978;
Montgomery et al., 1983, 1985; Gregory and Al-
lansmith, 1986). Since no vaccines currently use the
mucosal immune system to specifically target ocular dis-
eases, this chapter will review ocular mucosal immu-
nobiology, examine approaches for inducing ocular mu-
cosal immune responses, and identify target organisms
for use in potential vaccination against selected ocular
infections. Additional information on ocular mucosal
immunity, including the impact of ocular infection on
the structure and function of this system, is contained in
an excellent review (Sullivan, 1994). It is important to
note that other aspects of ocular immunobiology do not
involve the mucosal immune system. Descriptions of
anterior chamber-associated immune deviation and reti-
nal immunology are provided in a number of other re-
views (Gery et al., 1986; Streilein, 1987, 1990, 1993;
Rocha et al., 1992; Niederkorn and Ferguson, 1996).

II. Ocular Mucosal Immunobiology

A. Tissues and Cells

The conjunctiva and lacrimal gland are the primary ocu-
lar tissues that are considered part of the mucosal im-
mune system. The conjunctiva is a mucous membrane
consisting of an outer squamous epithelial cell layer
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(two to five cells thick) interspersed with goblet cells, a
basement membrane, and the underlying connective tis-
sue of the substantia propria (stroma). Figure 1 dia-
grams the major features of the human conjunctiva.
Bulbar conjunctiva overlies the sclera between the cor-
neal limbus and the conjunctival fornix. Multiple
sebaceous glands within the deeper stroma contribute to
the corneal tear film and the lubrication of the con-
junctiva (Fine and Yanoff, 1979). Mast cells have been
identified in the conjunctiva of humans, other primates,
and several rodents (Allansmith et al., 1977; Fine and
Yanoff, 1979). These are particularly prominent in trau-
ma-induced and allergic conjunctivitis. There are no mi-
crofold (M) cells in the conjunctiva and the normal con-
junctiva is relatively free of lymphocytes. However,
similar to gastrointestinal-associated lymphoid tissue
(GALT), intraepithelial lymphocytes (IEL) have been
identified in human and mouse conjunctiva (Dua et al.,
1994; J. A. Whittum-Hudson, unpublished observa-
tions). Human conjunctival IEL are T cells and express
the mucosal lymphocyte antigen HML-1 and CD8 (Dua
et al., 1994). Another study found that the majority of
conjunctival T cells expressed af TCR (Soukiasian et
al., 1992). The murine equivalent IEL is CD3*, CD8*
and TCR y3* (]J. A. Whittum-Hudson, unpublished ob-
servations). Few T cells and essentially no B cells are
found in the substantia propria of normal human, mon-
key, or mouse conjunctiva (Reacher et al., 1991; Soukia-
sian et al., 1992; Dua et al., 1994; Whittum-Hudson et
al., 1995a). The majority of the substantia propria T
lymphocytes are CD8~ cells in man and monkey and lie
subepithelially. In the lower fornix of human con-
junctiva, clusters of unorganized (nonfollicular) lym-
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GC IEL

Figure 1. Diagrammatic representation of human conjunctiva
showing the conjunctival stratified columnar epithelium (E), intra-
epithelial lymphocytes (IEL), mucous-producing goblet cells (GC),
basement membrane (BM), an accessory lacrimal gland of Krause
(ALG), as well as lymphatic channels (LC), collagen fibrils (CF), lym-
phocytes (L), and dendritic cells (DC) within the substantia propria
(SP). (This figure has been adapted from Sacks et al., 1986.)

phocytes may be found (Fine and Yanoff, 1979). Some
species such as rabbit and guinea pigs may exhibit true
follicles in the lower fornices (Shimada and Silverstein,
1975; Chandler and Gillette, 1983; Sullivan, 1994).
These may develop due to persistent exposure to exog-
enous antigens, or reflect a nonspecific response to the
environment.

Lacrimal glands also play a major role in ocular
mucosal defense. In humans, lacrimal glands are found
in the anterior, superolateral area of the orbit. Smaller
accessory lacrimal glands (see Fig. 1) also may be found
in the upper and lower conjunctiva. Ducts from the ma-
jor lacrimal gland drain into the superotemporal con-
junctival cul-de-sac, while ducts from accessory glands
drain directly through the epithelium of the conjunctiva
adjacent to their location. Lacrimal glands of other spe-
cies are found in different areas both within and outside
the orbit. Histological examination shows that the
glands are made up of acinar units which are intercon-
nected by ductules and that these interconnected acinar
units form the lobes of the gland. Each acinar unit con-
sists of secretory acinar epithelial cells, which are sur-
rounded by a basement membrane, and the glandular
ducts are lined with pseudostratified epithelium.
Lymphatic channels also are present in the gland, and
these drain into the cervical and preauricular lymph
nodes. In addition to epithelial cells, a variety of other
cell types such as plasma cells, B and T lymphocytes,
macrophages, and dendritic cells have been identified in
the interstitial connective tissue between the acinar
units and ducts. In human, rabbit, rat, and mouse lacri-
mal glands, IgA plasma cells predominate, although IgG
and IgM plasma cells are present and, in human, IgD
and IgE plasma cells have been found (Franklin et al.,
1973; 1979; Shimada and Silverstein, 1975; Allansmith

et al., 1976; Brandtzaeg et al., 1979; 1987; Gillette et
al., 1980; Crago et al., 1984; Damato et al., 1984;
McGee and Franklin, 1984; Gudmundsson et al., 1984;
Brandtzaeg, 1985; Kett et al., 1986; Wieczorek et al.,
1988; Ebersole et al., 1988; Pappo et al., 1988b; Hann
et al., 1988; Montgomery et al., 1989). B cells bearing
various surface immunoglobulin isotypes also have been
found in smaller numbers in humans and rodents
(McGee and Franklin, 1984; Pappo et al., 1988b; Wiec-
zorek et al., 1988; Montgomery et al., 1989, 1990;
Pepose et al., 1990). Both CD4+ and CD8% T cells also
have been identified in human and rat (Ebersole et al.,
1988; Gudmundsson et al., 1988; Wieczorek et al.,
1988; Pappo et al., 1988b; Pepose et al., 1990; Mont-
gomery et al., 1989, 1990). Of the CD3* T cells isolated
from rat lacrimal gland, 89% bear the aB and 7% express
v3 TCR (C. A. Skandera and P. C. Montgomery, un-
published observations). Macrophages have been dem-
onstrated in both human and rat (Wieczorek et al.,
1988; Pappo et al., 1988a; Montgomery et al., 1989;
Pepose et al., 1990) and Langerhans-type dendritic cells
identified in human lacrimal gland (Wieczorek et al.,
1988; Pepose et al., 1990). These various cell types con-
tribute a number of biologically active molecules which
are important for defense at the ocular surface. The
acinar epithelial cells produce lysozyme and lactoferrin
which are naturally occurring tear components with
bactericidal properties (Franklin et al., 1973; Gillette
and Allansmith, 1980; Gillette et al., 1981; McGill et
al., 1984). In addition, the plasma cells are the main
source of tear S-IgA antibodies (Sullivan and Al-
lansmith, 1984; Peppard and Montgomery, 1987;
Franklin, 1989; Sullivan, 1994) which are produced in
response to antigenic challenge and are major effector
molecules in mucosal defense {Mestecky and McGhee,

1987; Childers et al., 1989; McGhee and Mestecky,
1990).

B. Relationship to the Mucosal Network

Although it has been postulated that the conjunctiva
functions both as a mucosal inductive and effector site
(Chandler and Gillette, 1983; Franklin and Remus,
1984; Franklin, 1989), the precise relationship of the
conjunctiva to the mucosal immune network requires
further clarification (Sullivan, 1994). With respect to
inductive capabilities, the presence of lymphoid follicles
containing T and B cells in rabbit (Shimada and Silver-
stein, 1975; Franklin et al., 1979; Franklin and Remus,
1984) and, in humans, the presence of Langerhans
cells, dendritic cells, and macrophages (Sacks et al.,
1986), as well as lymphatic channels (Srinivasan et al.,
1990), support the potential to process and perhaps re-
spond to antigen. Normal conjunctival epithelial cells do
not express MHC class II; however, the presence of
class IT* Langerhans cells in the epithelium and dendri-
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tic cells in the stroma suggests that antigen presentation
may occur in conjunctiva. Further support for the in-
ductive function comes from studies showing that topi-
cal application of antigen to the conjunctiva is an effec-
tive means of eliciting tear IgA antibody responses
(Montgomery et al., 1984a,b; Peppard et al., 1988). Re-
cent investigations have suggested that nasal-associated
lymphoid tissue (NALT) may also function as an induc-
tive site following ocular topical antigen application
(Carr et al., submitted; see Section III.A). With the ex-
ception of rabbit conjunctiva, which contains substan-
tial numbers of IgA plasma cells and epithelial cells that
synthesize secretory component (Franklin et al., 1973,
1979; Liu et al., 1981), the conjunctiva of most species
does not display the typical features of a mucosal effec-
tor site. However, it should be noted that studies in at
least two species, rat and monkey, have documented
lymphocyte traffic from gastrointestinal-associated lym-
phoid tissue (GALT) to conjunctiva (Zhang et al., 1983;
Taylor et al., 1985). These data indicate that the func-
tional role of the conjunctiva in the mucosal network
may vary significantly between species.

An abundance of evidence now indicates that the
lacrimal gland is a functional part of the mucosal im-
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mune network. As has been demonstrated for other mu-
cosal effector tissues and described above (see Section
I1.A), the lacrimal glands of many species contain a pre-
dominance of IgA+ plasma cells. In addition, lacrimal
acinar epithelial cells produce secretory component
(Franklin et al., 1973, Sullivan et al., 1984b, 1990; Gud-
mundsson et al., 1985; Hann et al., 1991), which func-
tions as part of the polymeric immunoglobulin receptor
to mediate transport of IgA into external secretions (So-
lari and Kraehenbuhl, 1985). Figure 2 diagrams the bio-
synthetic events within lacrimal gland that lead to the
production and transport of IgA into tears. Linkage of
the lacrimal gland to the mucosal network occurs via
trafficking lymphocyte populations. While both B and T
lymphocytes traffic to mucosal tissues including lacri-
mal gland, B cells have been studied more extensively
than T cells. IgA bearing lymphocytes from GALT (e.g.,
mesenteric lymph nodes) and glandular mucosal tissues
have been shown to seed lacrimal glands (Montgomery
et al., 1983, 1985) in a manner similar to other effector
sites in the mucosal immune system (Roux et al., 1977;
McDermott and Bienenstock, 1979; Weisz-Carrington
etal., 1979). Tear IgA antibodies with specificity for oral
microbes (Burns et al., 1982; Gregory and Allansmith,

PLASMA
CELL

Figure 2. Diagrammatic representation of the lacrimal gland showing S-IgA biosynthesis. Polymeric IgA (pIgA) is synthesized in plasma cells
located adjacent to the acinar epithelial cells. pIgA interacts with the polymeric immunoglobulin (poly-Ig) receptor on the basolateral surface of

the acinar epithelial cells, is internalized and transported to the apical surface, and is released into the glandular lumen. Prior to release of the

S-1gA molecule, the poly-Ig receptor is cleaved, leaving behind the cytoplasmic domain. The remainder of the poly-Ig receptor remains associated
with the S-IgA molecule and is designated secretory component (s.c.). (This figure has been reproduced from Franklin and Montgomery (1996)

and published courtesy of Mosby.)
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1986, 1987) as well as demonstrations that gastroin-
testinal immunization induced tear IgA antibodies
(Mestecky et al., 1978; Montgomery et al., 1983; Grego-
ry and Filler, 1987; Waldman and Bergmann, 1987)
have provided further support for this linkage. Figure 3
shows the interrelationship of various compartments of
the mucosal network and summarizes events leading to
mucosal IgA induction following GALT immunization.

The mechanism accounting for the preferential lo-
calization or retention of specific lymphoid populations
in ocular mucosal tissues is an issue of central impor-
tance in understanding the regulation of ocular mucosal
immunity. Lymphocyte—high endothelial venule (HEV)
interactions control lymphocyte trafficking into orga-
nized lymphoid tissue and lymph nodes (Butcher, 1986;
Woodruff et al., 1987, Stoolman, 1989; Chin et al.,
1991b; Picker and Butcher, 1992; Shimizu et al., 1992;
Bevilacqua, 1993) as well as into organized mucosal
lymphoid tissues (Jalkanen et al., 1989; Chin et al.,
1991a). In general, these interactions involve lympho-
cyte homing receptors which interact with vascular ad-
dressins on HEVs and other specialized endothelial
cells. Although little is known regarding the mecha-
nisms involved in cell trafficking to conjunctival tissue,
the parameters regulating lymphocyte localization with-
in the lacrimal gland are beginning to be defined. With
respect to glandular structures, the control of lympho-
cyte traffic could occur on two levels: (1) at exit from the
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Figure 3. Schematic representation of the major features of the mu-
cosal immune network as they relate to gastrointestinal-associated
lymphoid tissue (GALT). Intestinal antigens (Ag) are taken up by
microfold (M) cells overlying Peyer's patches (PP) and are delivered to
lymphoid cells in the PP. T cells and IgA committed B cells (@)
migrate to the mesenteric lymph nodes (MLN), enter the circulation,
and traffic to the lacrimal (LG), salivary (SG), mammary (MG) glands
as well as to the lamina propria of the small intestine, the bronchial
(BT) and urogenital (UGT) tracts, and liver. B lymphocytes lodging in
mucosal tissues differentiate into IgA secreting plasma cells (O), pro-

ducing pIgA which is transported into external secretions as S-IgA
antibody (Ab). In some species the liver directly transports significant
quantities of pIgA from the circulation into bile. (This figure has been
reproduced from Montgomery et al. (1994) and published courtesy of
Plenum.)

vasculature, or (2) within the stroma of the glandular
tissue. There are no HEVs in lacrimal gland and no
selective interactions with glandular endothelium have
yet been demonstrated. Therefore, it appears that lym-
phocyte entry into lacrimal gland is random (McGee
and Franklin, 1984). Current evidence suggests that
lymphocyte populations are selectively retained based
on interactions that occur within the lacrimal tissue mi-
croenvironment. Early studies indicated that B-cell re-
tention, particularly those committed to IgA production,
resulted from a direct interaction with T cells located in
lacrimal tissue (Franklin and Shepard, 1990). Recently,
an in vitro binding assay has been used to show that
circulating lymphocyte populations preferentially ad-
here to lacrimal gland acinar epithelium (O'Sullivan and
Montgomery, 1990). Both B and T lymphocytes partici-
pate in this interaction with B cells binding in greater
numbers (O'Sullivan et al., 1994a). Studies with bio-
chemical inhibitors and antibodies directed against vari-
ous adhesion molecules initially suggested the involve-
ment of L-selectin (O'Sullivan et al., 1994a,b). Other
data indicated that pretreatment of lymphocytes with
certain cytokines (IL-4 and TGFB) reduced the capacity
of those cells to interact with lacrimal gland but not
lymph node or Peyer’s patches (Elfaki et al., 1994).
These latter data provided the initial support for the
involvement of a receptor distinct from those mediating
interactions with lymph node and Peyer’s patch HEVs.
The characterization of the lymphocyte receptor is still
ongoing, but an 85-kDa factor has been identified which
specifically inhibits lymphocyte interactions with lacri-
mal and salivary gland tissues (Montgomery and Liber-
ati, 1995). Current studies are focused on defining the
relationship of this molecule to other lymphocyte sur-
face determinants and adhesion molecules, as well as on
the identification of the acinar epithelial cell ligand or
counter receptor. With respect to the ligand, recent
studies using cultured rat lacrimal gland acinar cells
suggest that this molecule is shed into the culture medi-
um (O’Sullivan et al., 1995) and has led to the specula-
tion that trafficking lymphocytes may also interact with
secreted ligand accessing the interstitial glandular
spaces. Although the ligand or counter receptor has not
yet been isolated, it appears to be a 20- or 21-kDa gly-
coprotein (R. Raja and P. C. Montgomery, unpublished

observations).

III. Induction of Ocular Mucosal
Immune Responses

Regulatory events leading to the induction and expres-
sion of ocular mucosal immune responses are not com-
pletely defined. However, it is clear that many factors
governing immune responses at other mucosal sites

(Kiyono et al., 1992; Walker, 1994) have general appli-
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cability to mucosal immune responses at the ocular sur-
face. The immunization route is of primary importance
with local (e.g., topical application to the eye) and re-
mote site (e.g., oral or gastrointestinal) routes generat-
ing tear IgA antibody responses. Combinations of routes
and their sequence of administration can also affect an-
tibody induction in tears. Not surprisingly for replicating
microbes, tissue tropism and invasive properties influ-
ence the outcome of mucosal responses. When dealing
with nonreplicating immunogens, particulate antigens
are more effective at inducing ocular mucosal immune
responses than soluble antigens. Thus far, traditional
mucosal adjuvants such as cholera toxin, delivered top-
ically to the eye with antigen, do not appear to enhance
ocular antibody responses (Peppard and Montgomery,
1990). Helper T (Th) cells and T-cell products such as
cytokines appear to play key roles in regulating ocular
mucosal IgA responses, but the direct role of cytotoxic T
(Tc) cells in ocular mucosal immunity is currently not
clear.

As noted above (see Section I1.B), lymphocyte traf-
fic from mucosal inductive to effector sites is a central
feature of the ocular mucosal system. Antigen-present-
ing cells (e.g., macrophages and dendritic cells) are also
required, but their participation in ocular mucosal re-
sponses has yet to be delineated. The neuroendocrine
system also plays a role in regulating ocular mucosal
responses affecting both secretory component synthesis
in vivo (Sullivan et al., 1984a) and cultured lacrimal
gland acinar cells (Kelleher et al., 1991) as well as tear
IgA production (Sullivan and Allansmith, 1985; Sul-
livan, 1988). Neuroendocrine regulation is reviewed in
detail elsewhere (Stanisz et al., 1989; Sullivan, 1990,
1994). Although these as well as other factors yet to be
identified impact ocular mucosal immune responses,
our focus will be on selected parameters relevant to the
development of ocular vaccination strategies. Therefore,
the effects of immunization route, immune potentiators
and delivery vehicles on the induction of ocular mucosal
responses, in particular IgA antibody production, will be
examined in detail.

A. Immunization Routes

In humans, most investigations have focused on use of
the oral or gastrointestinal (GI) immunization route. In-
gestion of heat-killed Streptococcus mutans elicited IgA
antibodies in tears and saliva, but not serum antibodies
(Mestecky et al., 1978). In addition, a second oral im-
munization markedly increased tear and salivary IgA re-
sponses. Other studies using inactivated S. mutans have
generally confirmed these initial observations (Gregory
et al., 1984; Gregory and Filler, 1987; Czerkinsky et al.,
1987). Human tear IgA antibody responses have also
been noted following oral immunization with influenza
vaccine (Bergmann et al., 1986, 1987; Waldman and

Bergmann, 1987) as well as following intranasal immu-
nization with live rhinovirus (Douglas et al., 1967,
Knopf et al., 1970).

The rat model has been employed to directly com-
pare the effectiveness of antigen application to the con-
junctiva (ocular topical, ot) and administration by the
oral or gastrointestinal (GI) route using the nonreplicat-
ing particulate antigen, dinitrophenylated type I pneu-
mococcus (DNP-Pn). These studies have shown: (1)
both the immunization route and the sequence of stimu-
lation play a role in tear antibody expression (Montgom-
ery et al., 1984b); (2) long-term repeated ot stimulation
leads to an eventual downregulation of tear IgA antibody
levels (Montgomery et al., 1984a,b); (3) the ot route
generally yields higher tear IgA antibody levels than GI
immunization (Peppard et al., 1988); and (4) coad-
ministration of antigen and cytokines by the ot route
enhances tear IgA antibody levels (Pockley and Mont-
gomery, 1991; see Section III.B). The rat model also has
been used to study the effect of immunization route on
the kinetics of serum and tear antibody responses to live
Chlamydia trachomatis (Davidson et al., 1993). This
study compared the effectiveness of ot, GI, subcon-
junctival, and intraperitoneal immunization and showed
that ot application was the most effective route for elic-
iting IgA antibody response in tears. Interestingly, sub-
conjunctival injection of chlamydia yielded a vigorous
serum IgG response and minimal tear IgA antibodies,
which is consistent with responses to other antigens
delivered by this route (Cousins et al., 1991). The expla-
nation for this latter finding is not clear, but subcon-
junctival delivery may bypass an essential ocular mu-
cosal processing step during antigen uptake or allow live
organisms to gain access to the circulation.

Although the precise mechanism by which ot im-
munization elicits tear IgA antibody responses is not
known, it appears that the inductive process could in-
volve at least two pathways: (1) antigen uptake, process-
ing, and triggering of B cells in the conjunctival substan-
tia propria or (2) antigen drainage via the nasolacrimal
canal, uptake by NALT M cells, processing and trigger-
ing of resident B cells in NALT (Carr et al., submitted).
The schematic details of these two pathways are shown
in Fig. 4. Not shown in this figure is the option for
antigen drainage via the nasolacrimal canal to access
GALT or other alternatives which may be applicable to
primates. In humans and monkeys, antigen may reach
the accessory lacrimal glands directly or gain access to
potential ductal associated lymphoid tissue as has been
shown for minor salivary glands (Nair and Schroeder,
1986). However, since it is not clear how antigen would
be processed within the acinar units of the accessory
lacrimal glands and ductal-associated lymphoid tissue
has not been identified for these glandular structures,
these latter alternatives appear unlikely.

Several animal models have also been used to eval-
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Figure 4. Schematic representation of the major components of the
ocular mucosal immune system showing possible pathways for anti-
genic stimulation at the ocular surface. 1. Antigen may gain access to
the conjunctival (CONJ) substantia propria where dendritic cells
would present it to resident lymphocytes (see Fig. 1). Once triggered,
B cells (@) would traffic to the superior cervical lymph node (sCLN)
and gain access to lymph. 2. Ag may drain via the nasolacrimal canal
(NLC), be taken up by M cells, and gain access to the nasal-associated
lymphoid tissue (NALT) where presentation and B-cell triggering
would occur. B cells (@) would traffic to the posterior cervical lymph
node (pCLN) and gain access to lymph. B cells reaching lymph from
either pathway would enter the circulation, traffic to the major lacri-
mal gland (LG), and differentiate into IgA antibody-secreting plasma
cells (O). The IgA would be processed as shown in Fig. 2 and reach

the ocular surface via the lacrimal duct (LD).

uate tear antibody responses after immunization or in-
fection at ocular surfaces with chlamydia and other
pathogens. In guinea pigs, only ocular immunization
with live Chlamydia psittaci (GPIC) induced tear IgA
(and in some cases IgG) antibodies (Murray et al., 1973;
Watson et al., 1977, Rank and Whittum-Hudson,
1994). Killed organisms administered via ocular topical
(Murray et al., 1973) or intraperitoneal routes (Malaty
et al., 1981) failed to induce tear antibodies. However,
similar studies with human biovars of C. trachomatis in
owl monkeys suggested that inactivated chlamydia could
indeed induce tear antibodies (MacDonald et al., 1984).
In the cynomolgus monkey model, ocular infection with
the chlamydial organism induced vigorous IgA, IgG, and
IgM responses in both serum and tears (reviewed by
Taylor, 1990). Only oral immunization with live L, bio-
var of chlamydia, but not ocular serotypes, successfully
induced mucosal and systemic immunity, which par-
tially protected the host from subsequent infectious
challenge (Taylor et al., 1987b).

Cynomolgus monkeys develop conjunctival dis-
ease similar to that observed in humans (Whittum-Hud-
son and Taylor, 1984). An intense mononuclear infil-
trate appears in infected conjunctiva (Whittum-Hudson
et al., 1986a,b; Whittum-Hudson and Taylor, 1989) and

is composed of high frequencies of chlamydia-specific T
and B lymphocytes (Pal et al., 1992). Supporting the
importance of regional draining cervical lymph nodes in
conjunctival responses to pathogens, essentially identi-
cal frequencies of antigen-specific cells were detected in
these lymph nodes and the conjunctivae after infection,
and in “ocular-immune” animals which were topically
challenged with the chlamydial hsp60 antigen (Pal et
al., 1990b, 1992). Serologic responses to chlamydial
hsp60 and hsp70 are vigorous during chronic
chlamydial infections in man and animals (Newhall et
al., 1982; Pal et al., 1990a), although neither of these
proteins delivered by the ot route immunized naive mon-
keys (Taylor et al., 1987b, 1990). In contrast, ot boost-
ing after systemic or oral immunization with purified or
recombinant chlamydial antigens induced vigorous tear
IgA and IgG and serum antibodies {Campos et al., 1995;
O'Brien et al., 1994). It remains unclear whether the
initial dosage of some antigens is too small to induce
typical primary secretory immune responses when pre-
sented to the mucosal immune system by ot delivery, or
if an antigen must replicate and/or be invasive to ade-
quately prime experimental animals. Nevertheless, ocu-
lar boosting with purified antigens or infectious ocular
challenge of systemically primed animals has demon-
strated that anamnestic tear antibody responses occur
rapidly for chlamydia (Campos et al., 1995). Combined
oral and subcutaneous priming with a chlamydial fusion
protein of a major outer membrane protein (MOMP)
variable domain incorporated into liposomes also
primed for mucosal immune responses (O'Brien et al.,
1994).

The rabbit model has also been used to test ocular
immune responses to other organisms. Live herpes
simplex virus type 1 administered by the ocular route
elicited tear IgA, but no IgG or IgM antibodies (Willey
et al., 1985). In contrast, application to scarified cornea
induced tear IgA, IgG, and IgM responses (Centifanto et
al., 1989). Whether these differing results relate to virus
strain invasiveness or access to underlying dendritic
cells is unclear. Live Staphylococcus aureus adminis-
tered ot elicited tear IgA and IgG antibodies as did a S.
aureus subunit (peptidoglycan-ribitol teichoic acid) vac-
cine administered by the intradermal or subconjunctival
routes with complete Freund's adjuvant (Mondino et al.,
1987a,b, 1991). However, given the severe inflamma-
tory properties of Freund’s adjuvant and the restrictions
on its use, this latter approach is impractical as a vac-
cination strategy.

B. Immune Potentiators

Immune potentiators, or adjuvants, have been used to
enhance antibody responses in both humans and animal
models. Although the mechanisms responsible for re-
sponse enhancement vary and are often not well de-
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fined, adjuvants appear to function by one or a combina-
tion of mechanisms: (1) increasing the influx of inflam-
matory cells; (2) promotion of antigen presentation;
and/or (3) enhancing antigen uptake. Consideration of
immune potentiators to enhance ocular mucosal re-
sponses requires selection of compounds which will not
promote ocular inflammation and pathology.

The most widely studied mucosal adjuvant has
been cholera toxin (Lycke and Holmgren, 1968) al-
though its effects on ocular immunity are less defined.
Enhancement of mucosal responses depends on the
binding of the cholera toxin B subunit to the G4, gan-
glioside displayed on the luminal surface of enterocytes
such as M cells as well as potential modulatory effects
of the toxin on the B, T, and antigen-presenting cells
(Dertzbaugh and Elson, 1990; Elson and Dertzbaugh,
1994). Cholera toxin enhances antibody responses
when coadministered with many antigens, whereas the
B subunit apparently requires conjugation to antigen to
function optimally. Oral immunization with cholera tox-
in induced the appearance of toxin-specific antibody-
forming cells in rat conjunctiva (Zhang et al., 1983) and
toxin-specific antibodies in tears of monkeys (Campos et
al., 1995). However, ot administration of cholera toxin
with the DNP-Pn antigen did not enhance tear IgA anti-
body responses in the rat model (Peppard and Mont-
gomery, 1990), but the effects of oral or ocular adminis-
tration of antigens conjugated to the B subunit on tear
IgA responses have not been fully investigated. Based on
recent data suggesting that nasal associated lymphoid
tissue can serve as an inductive site for tear IgA antibody
responses (Carr et al., submitted) and the ability of the B
subunit to serve as an adjuvant when coupled to anti-
gens administered by the intranasal route (Bessen and
Fischetti, 1990; Wu and Russell, 1993), this immuniza-
tion protocol requires rigorous testing. Two other mu-
cosal adjuvants, avridine and muramyl tripeptide, ad-
ministered topically by the ocular route with DNP-Pn,
did not enhance tear IgA antibody responses (Peppard et
al., 1988).

Cytokines also appear to exert important regula-
tory effects on mucosal IgA responses including those at
ocular sites. Interleukin (IL)-6 knock-out mice have
greatly reduced numbers of IgA producing cells at mu-
cosae and exhibit grossly deficient local antibody re-
sponses to mucosal challenge (Ramsay et al., 1994). In
addition, transforming growth factor-B (TGFB), IL-5,
and IL-6 have been shown to enhance in vitro IgA re-
sponses in murine B-cell cultures. TGFp appears to in-
crease IgA synthesis by inducing B cells to switch to IgA
production (Coffman et al., 1989; Ehrhardt et al.,
1992), whereas IL-5 and IL-6 induce IgA+* B cells to
terminally differentiate into IgA producing plasma cells
(Coffman et al., 1987; Beagley et al., 1988, 1989; Harri-
man et al., 1988). IL-5, IL-6, and TGFB have been
shown to specifically enhance IgA production in vitro in

a rat lacrimal gland tissue fragment culture system
(Pockley and Montgomery, 1990; Rafferty and Mont-
gomery, 1993). Further, IL-5 and IL-6 in combination
with antigen have been shown to enhance specific tear
IgA antibody responses in rats following ot administra-
tion without affecting serum IgG antibody levels (Pock-
ley and Montgomery, 1991). Recent studies indicate
that these enhanced tear IgA antibody responses persist
following restimulation with antigen in the absence of
IL-5 and IL-6 (Montgomery et al., 1994). Although the
mechanism(s) underlying this ix vivo cytokine-mediated
enhancement is not yet known, it is clear that the regu-
latory roles and therapeutic potential of these and other
cytokines to modulate ocular mucosal antibody re-
sponses require further investigation.

C. Delivery Vehicles

Although the oral or GI immunization route triggers IgA
antibody responses at both intestinal and distal mucosal
sites and represents a safe, convenient alternative for
vaccine administration, it is often difficult to present
intact antigen to GALT-inductive sites. Particulate anti-
gens, including viable organisms, generally appear to be
the most effective immunogens, probably due to their
ability to survive the pH extremes and enzymatic degra-
dation that occur along the alimentary tract. Since many
potential vaccine candidates are microbial components
or subunits and are not viable organisms or particulate
immunogens, considerable effort has focused on the de-
velopment of delivery systems. Such delivery systems
include liposomes and biodegradable microparticles, as
well as recombinant bacterial and viral vectors. Strate-
gies for vehicle development have included not only de-
livery of intact immunogens and genes that code for
relevant antigens, but also systems that promote uptake
by relevant cells (e.g., M cells) at GALT inductive sites.
Detailed information on antigen delivery systems can be
found in several recent reviews (Eldridge et al., 1993;
Michalek et al., 1994, 1995). Although many of these
delivery systems may be relevant to the induction of
mucosal antibody responses owing to their ability to in-
duce vigorous responses at GALT effector sites, infor-
mation is more limited on the potential to employ these
vehicles to induce ocular mucosal immune responses.
Based on recent observations indicating that microparti-
cle-encapsulated antigens evoke ocular mucosal re-
sponses, discussion will be confined to this delivery ve-
hicle.

Poly(lactide-co-glycolide) (PLG) microparticles are
biodegradable under physiological conditions and repre-
sent an important candidate vehicle for delivery and
controlled release of vaccine components (O'Hagan et
al., 1991; O’Hagan, 1994). PLG has been used for su-
ture material (Wise et al., 1979) and as a delivery system
for drugs (Hutchinson and Furr, 1985). PLG does not
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evoke a tissue response (Visscher et al., 1987) and has
been certified by the FDA for human use. Recently,
PLG microparticles have been used for ocular drug de-
livery without provoking histological or electrophysio-
logical changes to the eye (Moritera et al., 1992). In
addition, PLG encapsulated antigens induce sustained
systemic and secretory immune responses following oral
administration (Challacombe et al., 1992; Maloy et al.,
1994). Based on these data as well as observations that
the cytokines IL-5 and IL-6 enhanced tear IgA antibody
responses following topical application to the eye (Pock-
ley and Montgomery, 1991; see Section H1.B), PLG mi-
croparticles appear to be an appropriate vehicle to deliv-
er antigens and immune potentiators to ocular mucosal
inductive sites. Studies indicate that DNP—bovine se-
rum albumin as well as IL-5 and IL-6 can be encapsu-
lated in PLG microparticles without significant loss of
activity. In addition, ot delivery of encapsulated antigen
and cytokines evokes long-term mucosal antibody re-
sponses in tears and distal secretions as well as circulat-
ing antibodies in the rat model (Rafferty et al., 1996).
Further, oral delivery of a poly(lactide) encapsulated
chlamydia candidate vaccine in mice induced antigen
specific serologic responses and conferred partial pro-
tection against ocular challenge (Whittum-Hudson et
al., 1995b; see Section IV.A). While further studies are
required to define the regulatory parameters and events
leading to these responses, microparticles clearly are
promising candidate delivery vehicles to elicit ocular
mucosal immune responses.

IV. Targets for Vaccine
Development

The conjunctiva is the most commonly infected tissue of
the eye (Syed and Hyndiuk, 1992; Tabbara and Hyn-
diuk, 1995). Infection may be limited to the conjunctiva
only or may be part of a lid or corneal infection. Most
conjunctival infections are not vision-threatening, but
most notable exceptions are Neisseria gonorrheae and
herpes simplex virus. Conjunctivitis associated with tu-
laremia (adults) (Knorr and Weber, 1994) and haem-
ophilus infections (infants) (Syed and Hyndiuk, 1992)
are potentially fatal because of systemic dissemination.
The profile of pathogens isolated from normal and dis-
eased human conjunctiva may vary depending upon geo-
graphic locale (Syed and Hyndiuk, 1992). Similarly,
some veterinary pathogens of the conjunctiva/lacrimal
gland are geographically confined (Lepper et al., 1993;
Rogers et al., 1993). Chronic inflammation of the con-
junctiva may lead to scar formation and is termed chron-
ic progressive conjunctival cicatrisation (Bernauer et al.,
1993). Cicatricial diseases often progress to involve the
lacrimal and meibomian glands. The combination of al-
tered tear film, scar contraction, and corneal trauma

from trichiasis may lead to blindness. Although there
are noninfectious etiologies for many cicatrical disor-
ders including pemphigoid, chlamydial infections of the
conjunctiva are a classic example of the blinding se-
quelae of infection.

As discussed above and elsewhere (Sullivan,
1994), there are physical and biochemical barriers to
help prevent ocular infection. For extracellular ocular
bacterial infections, antibodies are a major component
of protective immunization. Both antibody and cell-me-
diated immunity are believed to be important in protec-
tion against intracellular pathogens including viruses,
chlamydia, and mycobacteria. Antibodies would block
infection and clear free organisms, whereas CD8* cyto-
toxic T cells would clear infected cells and prevent full
differentiation and spread from lysed host cells. There is
little in vivo evidence from ocular sites that cytotoxic T
lymphocytes are important in clearance of infectious
pathogens. However, CD4 T cells serve as antigen pre-
senting cells for B-cell responses and both CD4 and
CD8 T cells produce cytokines that facilitate B- and
T-cell responses. Many bacteria, viruses, and parasites
are targets for vaccine development to prevent respira-
tory, genital tract, or other infections. If protective mu-
cosal immunization is induced at one or more of these
latter sites, it is probable that the ocular mucosal sur-
faces would also be protected.

A. Bacterial Infections

A variety of bacteria can infect ocular tissues. Table I
lists some of the bacterial pathogens that are known to
cause conjunctivitis. Bacterial conjunctivitis is most
commonly caused by S. aureus. Streptococcus sp. are
common conjunctival pathogens, except for B-hemolytic
streptococci (S. pyogenes), while other members of this
group are part of the normal conjunctival flora. These
bacteria and Haemophilus influenzae are the most com-
mon agents causing dacryocystitis (lacrimal gland infec-
tion). Corynebacterium diphtheriae is a rare ocular
pathogen, but can cause conjunctival scarring and asso-
ciated problems. For the most part, bacterial infections
of the conjunctiva are self-limiting and nonvision threat-
ening. Neisseria gonorrhoeae is an exception, and this
organism is the leading cause of hyperacute con-
junctivitis particularly in developing countries (Syed and
Hyndiuk, 1992). N. meningitis conjunctivitis, which
cannot be distinguished clinically from N. gonorrhoeae,
also may be associated with systemic disease. H. influ-
enzae conjunctivitis occurs in children as well as adults,
and one could predict a decline in the incidence of this
ocular disease now that the Hib vaccine is available.
Anaerobic organisms compose another part of the nor-
mal flora of the conjunctival sac. As for other infectious
pathogens, the incidence of conjunctival infections with
abnormal anaerobic organisms is increased in patients
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TABLE 1

Major Bacterial Pathogens Causing Conjunctivitis

Organism References

Holzberg et al., 1992
Syed and Hyndiuk, 1992
Murphy et al., 1991
Syed and Hyndiuk, 1992

Staphylococcus aureus
Neisseria gonorrheae
Streptococcus sp.
Haemophilus influenzae,
H. meningitidis
Borellia burgdorferi
Francisella tularensis
Chlamydia trachomatis

Aaberg, 1989; Zaidman, 1993

Knorr and Weber, 1994

Wills et al., 1987; Taylor et al., 1992;
Heggie and Lass, 1994; Brunham
and Peeling, 1994;

Dhingra and Mahajan, 1991

King et al., 1988; Brook and Hulburd,
1993

Linde et al., 1993

C. psittaci
Pseudomonas aeruginosa®

Shigella flexneri,
S. sonneic

Brucella melitensis< Young, 1983; Zundel et al., 1992

4Selected primary articles and/or reviews of bacterial ocular
pathogens.

bPMay cause conjunctivitis, but usually is associated with cor-
neal infections following abrasion or tissue injury (Hazlett et al., 1976
Ramphal et al., 1981).

<Guinea pig ocular challenge model is used to test for protec-
tive immunity induced by anti-Shigella vaccine, because corneal/
conjunctival epithelium is similar to intestinal epithelium in suscep-
tibility to invasion by Shigella.

dInfects conjunctival mucosa, but is more of a problem for
abortion in ewes and goats; however, vaccination via the conjunctiva
reduced spontaneous abortions compared to systemic immunization.

with AIDS (Dugel and Rao, 1993; Campos et al., 1994).
Similarly, some cases of microsporidial conjunctivitis
have been reported in AIDS patients (Lacey et al., 1992;
Lowder, 1993; Weber et al., 1993).

Chlamydia trachomatis, an obligate intracellular
bacterium, has received a great deal of attention with
respect to vaccine development. While chlamydia has
gained notoriety in recent years as a major sexually
transmitted pathogen, it is, in fact, the leading cause of
preventable blindness. Trachoma, resulting from chron-
ic chlamydial infection of the conjunctiva, has been
known since ancient times. Studies of patients in several
endemic areas worldwide yielded valuable information
regarding the epidemiologic, microbiologic, and se-
rologic characteristics of trachoma (Nichols et al., 1973;
Grayston et al., 1985; Dawson et al., 1989; Mabey et al.,
1992; Taylor et al., 1992). Two major animals models
have been used for immunologic studies of chlamydial
ocular infections: a guinea pig model which can be in-
fected with C. psittaci causing guinea pig inclusion con-
junctivitis (GPIC), and subhuman primates, including
owl monkeys and cynomolgus monkeys, which can be
infected with several biovars of C. trachomatis, the usual
human ocular pathogen (Patton, 1990; Rank and Whit-
tum-Hudson, 1994). More recently, a mouse model of

ocular infection was developed using a human ocular
biovar (Whittum-Hudson et al., 1995a); this model
should aid in immunologic studies which have not been
possible with the other outbred species.

Vaccine development for this bacterium has been
hampered by several key factors: (1) no protective anti-
gen or epitope(s) has been conclusively identified from
the plethora of immunogenic proteins; (2) no chla-
mydial target antigens have been shown convincingly to
be expressed on the surface of infected host cells, and
(3) chlamydia-induced disease sequelae are immune-
mediated, though only the 57-kDa chlamydial heat-
shock protein has been associated with immunopatho-
genic responses (Watkins et al., 1986; Taylor et al.,
1987a; Morrison et al., 1989a,b).

Various permutations of the chlamydial major out-
er membrane protein (MOMP) have been tested for
immunogenicity and their ability to induce protective
immunity in experimental animals. Biochemically ex-
tracted native MOMP, recombinant MOMP, or its vari-
able domains have been presented by systemic and mu-
cosal routes. In some cases, protection was tested by
infectious challenge at the ocular mucosal surface or
other sites (genital tract, lung, etc.). Table 1I lists some
of the chlamydial vaccine candidates tested experimen-
tally over the past two decades. In most cases, whole
MOMP or subunits were highly immunogenic as mea-
sured primarily by serologic responses, but no signifi-
cant in vivo protection against ocular infection was ob-
served after direct immunization. Studies by several
groups (Ward et al., 1986; Stephens, 1990; Mabey et al.,
1991; Stagg et al., 1993; Murdin et al., 1993, 1995;
Tuffrey, 1994) have identified important MOMP pep-
tide epitopes to which immune responses have been in-
duced. None of these have been tested in ocular infec-
tion models as yet, but several have been at least
partially protective in chlamydial genital infection mod-
els (reviewed by Tuffrey, 1994).

Other chlamydial antigens such as the chlamydial
lipopolysaccharide (LPS) have been shown to be im-
munogenic but not protective in an ocular infection
model (Taylor and Prendergast, 1987). An additional
chlamydial antigen, the exoglycolipid antigen (GLXA)
(Stuart and MacDonald, 1989), is also expressed by
chlamydia and secreted from infected cell in vitro
(Stuart et al., 1991, 1994; Wyrick et al., 1994). Mono-
clonal anti-idiotypic (Id) antibodies to GLXA have been
shown to immunize and protect mice against subse-
quent infectious ocular challenge with a human biovar
of chlamydia (Whittum-Hudson et al., 1994). Oral im-
munization of BALB/c mice with poly(lactide) encapsu-
lated anti-Id antibodies to GLXA was shown recently to
be even more protective than the soluble antibody since
25-fold less antibody presented in microspheres induced
equivalent or better reduction in microbiologic disease.
In both cases, mice developed serum antibodies to the
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TABLE 11

Potential Chlamydial Vaccine Antigens Tested in Ocular or Extraocular Models

Delivery route?

Antigen® 1°/2° Adjuvant/carrier¢ References
Whole organism i.n. Pal et al., 1994
Oral Taylor et al., 1987b
Whole organism i.m. or s.c. Oil emulsion Grayston et al., 1962; Nichols et al., 1966, 1969;
extracts Soldati et al., 1971; Schachter, 1985
MOMP (TX100) s.C. CFA Taylor et al., 1987a
Oral Taylor et al., 1988
MOMP (OGP) s.C. CFA Batteiger et al., 1993; Campos et al., 1995
Oral/ot CT Campos et al., 1995
rMOMP subunit ot Wong et al., 1990
Oral/ot CT-B conjugate Taylor et al., 1989
MOMP/rMOMP s.c./Peyer’s Alum Tuffrey, 1994
subunits patches
rMOMP subunit s.c./s.c. (EB) Titermax Allen and Stephens, 1993

fusion protein

rMOMP subunit

Oral/oral ot

CT/liposomes

O'Brien et al., 1994; Whittum-Hudson et al., 1995a
Hayes et al., 1991

Murdin et al., 1993, 1995

Taylor et al., 1990

Taylor et al., 1990

Rank et al., 1995

Whittum-Hudson and Taylor, 1994; Whittum-Hudson

fusion protein s.c./s.c.
id. Alum/Salmonella
typhimurium
rMOMP hybrid s.c./s.c. Poliovirus hybrid
hsp 70 s.c. or ot
hsp 60 ot
s.c./ot
Anti-idiotypic s.c./s.c. Alumina (Maalox)
antibodies to
chlamydial Oral/oral Encapsulated

exoglycolipid (microspheres)

et al., 1995a,b

2MOMP, major outer membrane protein; TX100, Triton X-100; OGP, octyl glucosyl pyranoside; rMOMP, recombinant

MOMP; hsp, heat shock protein.

bs.c., subcutaneous; i.n., intranasal; ot, ocular topical; i.d., intradermal; i.m., intramuscular.
<CFA, complete Freund’s adjuvant; CT, cholera toxin; CT-B, cholera toxin B subunit; IFA, incomplete Freund's adju-

vant; EB, chlamydial elementary bodies.

GLXA and these antibodies were neutralizing for in vitro
infectivity (Whittum-Hudson et al., 1995b; Whittum-
Hudson et al., submitted). This type of vaccine approach
has potential value for chlamydial infections at other
sites, and against other biovars since the GLXA antigen
is genus-specific as opposed to being serovar-specific.
It has been hypothesized by several investigators
that protective immunity against chlamydia will require
induction of neutralizing antibody in tears and it is as-
sumed that this will be S-IgA. IgA in tears from patients
with trachoma passively neutralized chlamydia and re-
duced disease in eyes of owl monkeys (Nichols et al.,
1973; Barenfanger and MacDonald, 1974). This was
consistent with observations in guinea pigs ocularly in-
fected with C. psittaci (Orenstein et al., 1973; Malaty et
al., 1981). The dilemma with the chlamydial pathogen is
that individuals who have had a previous ocular {or oth-
er site) infection with chlamydia are not significantly
protected against subsequent ocular infections. This
lack of protective immunity is seen despite evidence of
vigorous antibody responses to many chlamydial anti-

gens in tears and serum and in vitro lymphocyte prolif-
erative responses to whole organism or purified antigens
(Newhall et al., 1982; Ward et al., 1986; Whittum-Hud-
son and Taylor, 1989; Taylor, 1990). Several clinical
studies have shown a poor correlation of acquisition of
genital chlamydial infection with the presence of neu-
tralizing serum antibodies (Jones and Van der Pol,
1994).

Cytotoxic T cells have not yet been associated di-
rectly with ocular protective immunity, nor with the im-
munopathogenesis of chlamydia ocular infection. It has
been argued that the lack of exposure of chlamydial
antigens on the surface of infected host cells would pre-
vent them from serving as immunologic targets and may
explain the failure to induce T-cell-mediated immunity.
However, recent electron microscopic studies of human
endometrial cells have shown that chlamydial MOMP,
LPS, and the GLXA (Wyrick et al., 1994) all pass from
the inclusion body through the cytoplasm to the cell
membrane. LPS are GLXA and both known to exit infec-
ted cells (Brade et al., 1986; Stuart et al., 1991;
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Lukacova et al., 1994). In addition, recent studies dem-
onstrated CD8 mediated cytotoxic killing by chlamydia-
primed T cells in vitro and some in vivo protection after
experimental genital infection (Beatty and Stephens,
1994; Starnbach et al., 1994). Thus, it is possible that
chlamydial antigen presentation to CD8* effector T
cells may occur in the context of MHC class I.

B. Viral and Parasitic Infections

Table 111 lists many of the viral and parasitic pathogens
known to infect ocular tissues. With respect to viruses,
such infections frequently result in conjunctivitis in
both children and adults and these highly contagious
infections (epidemic keratoconjunctivitis) resolve spon-
taneously over 2—3 weeks. The most common viral
pathogen of the conjunctiva is adenovirus. Several ade-
novirus types (3, 7, 8, 19) may be associated with con-
junctivitis, though corneal involvement is often seen
(Murrah, 1988).

Ocular herpesvirus infections, though most often
affecting the cornea, may cause conjunctivitis during
primary infection. However, conjunctivitis is rare during
recurrent infections with herpes simplex virus (Holzberg
et al., 1992). Herpes zoster ophthalmicus may develop
in patients with latent varicella-zoster virus infections,
and the conjunctivia is one of several ocular sites most
often affected (Liesegang, 1993). Since at present there
is no vaccine for herpesviruses, antiviral drugs remain
the therapeutic option. There is a large literature con-
cerning anti-herpesvirus vaccine development strate-

TABLE 111

Major Viral and Parasitic Pathogens of Ocular Tissues

Organisms References®

Wickham et al., 1994

Syed and Hyndiuk, 1992; Tabarra
and Hyndiuk, 1995

Huang et al., 1994

Pepose, 1994; Jones et al., 1994

Holzberg et al., 1992; Pepose, 1994

Holzberg et al., 1992; Syed and
Hyndiuk, 1992

McDonnell et al., 1992

Syed and Hyndiuk, 1992

Coronavirus?
Herpesviruses

Cytomegalovirus

Epstein-Barr virus

Herpes simplex
Adenoviris (Types 3,7,8,19)

Papillomavirus 16

Picornaviruses (Coxsackie
virus A24)

Simian immunodeficiency Conway et al., 1991
virus

Feline immunodeficiency Callanan et al., 1992

virus

Taylor, 1994
Gori and Scasso, 1994

Onchocerca vulva
Rhinosporidium seeberi

4Selected primary articles and/or reviews of nonbacterial ocu-
lar pathogens.

bInfects and replicates in cultured rat lacrimal gland acinar
cells; but its capacity to infect in vivo is not known.

gies, and this information is detailed in several reviews
(Rouse and Lopez, 1984; Dix, 1987; Mader and Stult-
ing, 1992; Stanberry, 1994). In addition to the fact that
herpesviruses are ubiquitous and that the majority of
individuals have been exposed previously, vaccine devel-
opment strategies for ocular and extraocular herpes vi-
rus infections must deal with a number of questions: (1)
Can recurrence of latent infections be ablated by vac-
cination or must primary infection be prevented? (2)
Will herpesvirus-induced immunosuppression be over-
come by appropriate immunization? (3) Will a combina-
tion subunit vaccine be required? and (4) Is systemic
rather than mucosal immunization required? Table IV
lists some recent herpes simplex virus vaccine candi-
dates. A number of viral glycoproteins have been tar-
geted for vaccines (e.g., Burke et al., 1994), although
there are some examples of better protection being con-
ferred by vaccination with live organisms (Ghiasi et al.,
1995). Studies which directly tested for protection
against ocular herpes simplex virus infections have used
various viral constructs ranging from single or multiple
glycoprotein constructs and deletion mutants delivered
with or without adjuvant. Avirulent constructs have
been tested in a variety of experimental models and clin-
ical trials. While most immunizations have been via sys-
temic routes (subcutaneous or intraperitoneal), a recent
study using the rabbit model of recurrent ocular herpes
infection showed that subconjunctival immunization
with recombinant gB and gD after establishment of la-
tent infection reduced spontaneous recurrences
(Nesburn et al., 1994). Promising results have been

TABLE IV

Recent Herpes Simplex Virus Vaccine Candidates

Vaccine References®
Purified or synthetic glycoproteins
gB, gC Chan, 1983
gB, gC Roberts et al., 1985
gD-1, gD-2 Long et al., 1984
gB-1, gD-1,-2 Dix and Mills, 1985

gD Ishizaka and Mishkin,
1991; Burke et al., 1994
Baculovirus-expressed glycoproteins

gB, gl, ¢C, gE, gG, and/or gH Ghiasi et al., 1995

gB-2, gD-2 Nesburn et al., 1994
Adenovirus-expressed glycoproteins
gB Gallichan et al., 1993

Vaccina virus-expressed glycoproteins  Aurelian et al., 1991;
Rooney et al., 1991;
Banks et al., 1994; Fleck
et al., 1994

Farrell et al., 1994

Cantin et al., 1992

Deletion mutants (gH)
Anti-sense nucleic acids

)

“Selected references; see also Rouse and Lopez, 1984; Dix
1987; Mader and Stulting, 1992; Stanberry, 1994.
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shown in extraocular infection models by several groups.
These have included strategies of mucosal vaccination
with recombinant adenovirus expressing herpes simplex
virus gB (Gallichan et al., 1993), subcutaneous immuni-
zation with virus constructs missing an essential gly-
coprotein (e.g., gH; Farrell et al., 1994), and systemic
delivery of synthetic peptides. Other approaches have
included use of anti-sense nucleic acids (Cantin et al.,
1992) and use of other expression systems (e.g.,
baculovirus and vaccinia). Recent studies of cytokine
responses associated with in vive or in vitro anti-viral
protection have implicated IL-6, IL-10, and TNFa in
either recovery from or reduced herpes infection (Chen
et al., 1994; Tumpey et al., 1994; Babu et al., 1995).
Further investigations are required to distinguish be-
tween T-cell-mediated immunopathologic effects (New-
ell et al., 1989; Hendricks and Tumpey, 1990;
Hendricks et al., 1992) and the potential requirement
for individual T-cell subsets in vaccine-induced immu-
nity.

Several common parasitic infections may cause
conjunctivitis. These include Mulluscum contagiosum,
Onchocerca vulva, Verruca vulgaris, and Trypanosoma
cruzi. In some cases, the conjunctival mucosa may be
the portal of entry (e.g., T. cruzi). The pathologic results
of trypanosomiasis include the oculoglandular or oph-
thalmoganglionar complex composed of lid edema,
granulomatous conjunctivitis, follicles, and inflamma-
tion of the lacrimal gland. Parinaud’s oculoglandular
syndrome is rare, and may also be caused by additional
viral or bacterial agents (e.g., F. tularensis, M. tuber-
culosis) (Syed and Hynduik, 1992).

Experimental models of conjunctival and lacrimal
gland infections have been used for many years both to
identify pathogenic and protective immune responses
and, more recently, to evaluate vaccine candidates. Re-
cent advances include new rat and rabbit models of ade-
novirus ocular infections, which should help in evalua-
tion of immune-mediated responses to these pathogens
(Tsai et al., 1992; Gordon et al., 1994).

V. Summary

It is clear that events taking place both in conjunctival
tissue and lacrimal gland are relevant to ocular mucosal
vaccination strategies. While the lacrimal gland func-
tions as a primary effector site for mucosal IgA antibody
responses, the precise relationship of the conjunctiva to
the mucosal network requires further study. It appears
that the conjunctiva plays a role in the induction of
mucosal antibody responses as well as serving as an ef-
fector site for cell-mediated responses. A variety of fac-
tors are involved in the regulation of ocular mucosal
antibody responses and many options such as immuni-
zation routes, delivery vehicles, and immune potentia-

tors have been investigated. Although the development
of appropriate immunization strategies will depend on
the properties of each potential vaccine candidate as
well as the target ocular pathogen, the appropriate tech-
nology is now available to elicit mucosal antibody re-
sponses at the ocular surface. The current challenge is
to identify and select the vaccine component(s) that can
be used to elicit long-term protective responses to ocular
pathogens.

Acknowledgments

Studies from our laboratories which are summarized in
this chapter were supported in part by NIH Grants
EY05133, EY04068, and EY03324, and by Edna Mc-
Connell Clark Foundation Grants 10993, 11092, and
13594. The authors thank Linda Hazlett, Nancy O'Sul-
livan, Robert Prendergast, and Robert Swanborg for
their critical assessment of this chapter and Nancy
Hynous for secretarial support.

References

Aaberg, T. M. (1989). The expanding ophthalmologic spec-
trum of Lyme disease. Am. J. Ophthalmol. 107, 77-80.

Allansmith, M. R., Kajiyama, G., Abelson, M. B., and Simon,
M. A. (1976). Plasma cell content of main and accessory
lacrimal glands and conjunctiva. Am. J. Ophthalmol. 82,
819-826.

Allansmith, M. R., Korb, D. R., Greiner, J. V., Henriquez,
A. S., Simon, M. A., and Finnemore, V. M. (1977).
Giant papillary conjunctivitis in contact lens wearers.
Am. ]J. Ophthalmol. 83, 697-708.

Allen, J. E., and Stephens, R. S. (1993). An intermolecular
mechanism of T cell help for the production of anti-
bodies to the bacterial pathogen, Chlamydia tra-
chomatis. Eur. J. Immunol. 23, 1169-1172.

Aurelian, L., Smith, C. C., Wachsman, M., and Paoletti, E.
(1991). Immune responses to herpes simplex virus in
guinea pigs (footpad model) and mice immunized with
vaccinia virus recombinants containing herpes simplex
virus glycoprotein D. Rev. Infect. Dis. 13, 924-934.

Babu, J. S., Kanangat, S., and Rouse, B. T. (1995). Cell cyto-
kine mRNA expression during the course of the immu-
nopathologic ocular disease herpetic stromal keratitis. J.
Immunol. 154, 4822-4829.

Banks, T. A,, Jenkins, F. J., Kanagat, S., Nair, S., Dasgupta, S.,
Foster, C. M., and Rouse, B. T. (1994). Vaccination
with the immediate-early protein ICP47 of herpes
simplex virus-type 1 (HSV-1) induces virus-specific lym-
phoproliferation, but fails to protect against lethal chal-
lenge. Virology 200, 236-245.

Barenfanger, J., and MacDonald, A. B. (1974). The role of
immunoglobulin in the neutralization of trachoma in-
fectivity. J. Immunol. 113, 1607-1671.

Batteiger, B. E., Rank, R. G., Bavoil, P. M., and Soderberg,



30. Mucosal Immunity in the Ocular System

415

L. S. F. (1993). Partial protection against genital rein-
fection by immunization of guinea pigs with isolated
outer membrane proteins of the chlamydial agent guin-
ea pig inclusion conjunctivitis. J. Gen. Microbiol. 139,
2965-2972.

Beagley, K. W., Eldridge, J. H., Kiyono, H., Everson, M. P,
Koopman, W. J., Honjo, T., and McGhee, ]J. R. (1988).
Recombinant murine IL-5 induces high rate IgA synthe-
sis in cycling IgA-positive Peyer’s patch B cells. J. Immu-
nol. 141, 2035-2042.

Beagley, K. W, Eldridge, J. H., Lee, F., Kiyono, H., Everson,
M. P., Koopman, W. ]., Hirano, T., Kishimoto, T., and
McGhee, J. R. (1989). Interleukins and IgA synthesis.
Human and murine interleukin 6 induce high rate IgA
secretion in IgA-committed B cells. J. Exp. Med. 169,
2133-2148.

Beatty, P. R., and Stephens, R. S. (1994). CD8* T lympho-
cyte-mediated lysis of chlamydia-infected L cells using
an endogenous antigen pathway. J. Immunol. 153,
4588-4595.

Bergmann, K. C., Waldman, R. H., Tischner, H., and Pohl,
W. D. (1986). Antibody in tears, saliva and nasal secre-
tions following oral immunization of humans with inac-
tivated influenza vaccine. Int. Arch. Allergy Appl. Immu-
nol. 80, 107—109.

Bergmann, K. C., Waldman, R. H., Reinhofer, W. D., Pohl,
W. D, Tischner, H., and Werchan, D. (1987). Oral im-
munization against influenza in children with asthma
and chronic bronchitis. Adv. Exp. Med. Biol. 216,
1685-1690.

Bernauer, W., Broadway, D. C., and Wright, P. (1993).
Chronic progressive conjunctival cicatrisation. Eye 7,
371-378.

Bessen, D., and Fischetti, V. A. (1988). Influence of intranasal
immunization with synthetic peptides corresponding to
conserved epitopes of M protein on mucosal coloniza-
tion by group A streptococci. Infect. Immun. 56, 2666—
2672.

Bevilacqua, M. P. (1993). Endothelial-leukocyte adhesion
molecules. Annu. Rev. Immunol. 11, 767-804.

Brade, L., Schramek, S., Schade, U., and Brade, H. (1986).
Chemical, biological and immunochemical properties of
the Chlamydial psittaci lipopolysaccharide. Infect. Im-
mun. 54, 568-574.

Brandtzaeg, P. (1985). Role of J chain and secretory compo-
nent in receptor-mediated glandular and hepatic trans-
port of immunoglobulins in man. Scard. J. Immunol.
22, 111-145.

Brandtzaeg, P., Gjeruldsen, S. T., Korsrud, F., Baklian, K.,
Berdal, P., and Ek, J. (1979). The human secretory im-
mune system shows striking heterogeneity with regard
to involvement of J chain-positive IgD immunocytes. J.
Immunol. 122, 503-510.

Brandtzaeg, P., Kett, K., and Rognum, T. O. (1987). Subclass
distribution of IgG- and IgA-producing cells in secretory
tissues and alterations related to gut diseases. Adv. Exp.
Med. Biol. 216, 321-333.

Brook, ., and Hulburd, C. S. (1993). Pseudomonas aeruginosa
iatrogenic blepharoconjunctivitis. Arch. Ophthalmol.
111, 26-27.

Brunham, R. C., and Peeling, R. W. (1994). Chlamydia tra-

chomatis antigens: Role in immunity and pathogenesis.
Inf. Agents Dis. 3, 218-233.

Burke, R. L., Goldbeck, C., Ng, P., Stanberry, L., Ott, G., and
Van Nest, G. (1994). The influence of adjuvant on the
therapeutic efficacy of a recombinant genital herpes
vaccine. J. Infect. Dis. 170, 1110-1119.

Burns, C. A., Ebersole, J. L., and Allansmith, M. R. (1982).
Immunoglobulin A antibody levels in human tears, sali-
va, and serum. Infect. Immun. 36, 1019-1022.

Butcher, E. C. (1986). The regulation of lymphocyte traffic.
Curr. Top. Microbiol. Immunol. 128, 85-122.

Callanan, J. J., Thompson, H., Toth, S. R., O'Neil, B., Law-
rence, C. E., Willett, B., and Jarrett, O. (1992). Clinical
and pathological findings in feline immunodeficiency
virus experimental infection. Vet. Immunol. Immuno-
pathol. 35, 3—13.

Campos, M. S., Campos e Silva, L deQ., Rehder, ]J. R., Lee,
M. B., O'Brien, T., and McDonnell, P. J. (1994). Anaer-
obic flora of the conjunctival sac in patients with AIDS
and with anophthalmia compared with normal eyes.
Acta Ophthalmol. 72, 241-245.

Campos, M., Pal S., O'Brien, T. P., Taylor, H. R., Prendergast,
R. A., and Whittum-Hudson, J. A. (1995). A chlamydial
major outer membrane protein extract as a trachoma
vaccine candidate. Invest. Ophthalmol. Visual Sci. 36,
1477-1491.

Cantin, E. M., Podsakoff, G., Willey, D. E., and Openshaw, H.
(1992). Antiviral effects of herpes simplex virus specific
anti-sense nucleic acids. Adv. Exp. Med. Biol. 312,
139-149.

Carr, R. M., Lolachi, C. M., Albaran, R. G., Ridley, D. M.,
Montgomery, P. C., and O'Sullivan, N. L. (1996). Na-
sal-associated lymphoid tissue is an inductive site for rat
tear IgA antibody responses. Submitted for publication.

Centifanto, Y., Norrild, B., Andersen, S. M., Karcioglu, Z. A.,
Porretta, E., and Caldwell, D. R. (1989). Herpes simplex
virus-specific antibodies present in tears during herpes
keratitis. Proc. Soc. Exp. Biol. Med. 192, 87-94.

Challacombe, S. J., Rahman, D, Jeffrey, H., Davis, S. S., and
O’Hagan, D. T. (1992). Enhanced secretory IgA and
systemic IgG antibody response after oral immunization
with biodegradable microparticles containing antigen.
Immunology 76, 164—168.

Chan, W. L. (1983). Protective immunization of mice with
specific HSV-1 glycoprotein. Immunology 49, 343-352,

Chandler, J. W., and Gillette, T. E. (1983). Immunologic de-
fense mechanisms of the ocular surface. Ophthalmology
90, 585-591.

Chen, S. H., Oakes, ]. E., and Lausch, R. N. (1994). Synergis-
tic anti-herpes effect of TNF-a and IFN-y in human
corneal epithelial cells compared with that in corneal
fibroblasts. Antiviral Res. 25, 201-213.

Childers, N. K., Bruce, M. G., and McGhee, ]J. R. (1989).
Molecular mechanisms of immunoglobulin A defense.
Annu. Rev. Microbiol. 43, 503-536.

Chin, Y. H., Cai, J. P., and Hieselar, T. (1991a). Lymphocyte
migration into mucosal lymphoid tissues: Mechanism
and modulation. Immunol. Rev. 10, 271-278.

Chin, Y. H,, Sackstein, R., and Cai, J. P. (1991b). Lymphocyte
homing receptors and preferential migration pathways.
Proc. Soc. Exp. Biol. Med. 196, 374-380.



416

Paul C. Montgomery and Judith Whittum-Hudson

Coffman, R. L., Shrader, B., Carty, J., Mosmann, T. R., and
Bond, M. W. (1987). A mouse T cell product that pref-
erentially enhances IgA production. 1. Biologic charac-
terization. J. Immunol. 139, 3685—3690.

Coffman, R. L., Lebman, D. A., and Shrader, B. (1989).
Transforming growth factor B specifically enhances IgA
production by lipopolysaccharide-stimulated murine B
lymphocytes. J. Exp. Med. 170, 1039-1044.

Conway, M. D., Davison-Fairburn, B., Martin, L. N., Insler,
M. S., and Murphey-Corb, M. (1991). Infection of rhe-
sus monkeys with topical instillation of simian immu-
nodeficiency virus (SIV) B670 into the conjunctival sac.
J. Med. Primatol. 20, 152-155.

Cousins, S. W., Trattler, W. B., and Streilein, J. W. (1991).
Immune privilege and suppression of immunogenic in-
flammation in the anterior chamber of the eye. Curr.
Eye Res. 10, 287-297.

Crago, S. S., Kutteh, W. H., Moro, 1., Allansmith, M. R., Radl,
J., Haaijman, J. J., and Mestecky, J. (1984). Distribution
of IgAl-, IgA2-, and ] chain-containing cells in human
tissues. J. Immunol. 132, 16—18.

Czerkinsky, C., Prince, S. J., Michalek, S. M., Jackson, S,
Moldoveanu, Z., Russell, M. W., McGhee, J. R., and
Mestecky, J. (1987). Oral immunization with bacterial
antigen induces IgA-secreting cells in peripheral blood
in humans. Adv. Exp. Med. Biol. 216, 1709-1719.

Damato, B. E., Allan, D., Murray, S. B., and Lee, W. R.
(1984). Senile atrophy of the human lacrimal gland: The
contribution of chronic inflammatory disease. Br. J.
Ophthalmol. 68, 674—680.

Davidson, H. J., Byrnes, S. A., and Montgomery, P. C. (1993).
The effect of immunization on rat serum and tear anti-
body responses to Chlamydia trachomatis. Reg. Immu-
nol.' 5, 114-119.

Dawson, C. R., Juster, R., Marx, R., Daghfous, M. T., and Ben
Djerad, A. (1989). Limbal disease in trachoma and other
ocular chlamydial infections: Risk factors for corneal
vascularisation. Eye 3, 204-209.

Dertzbaugh, M. T., and Elson, C. O. (1990). Cholera toxin as
a mucosal adjuvant. In “Topics in Vaccine Adjuvant Re-
search” (D. R. Spriggs and W. C. Koff, eds.), pp. 119~
131. CRC Press, Boca Raton, Florida.

Dhingra, P. N., and Mahajan, V. M. (1991). Ocular
chlamydial zoonosis: An experimental study in monkeys.
Comp. Immunol. Microbiol. Infect. Dis. 14, 235-241.

Dix, R. D. (1987). Prospects for a vaccine against herpes
simplex virus type 1 and 2. Prog. Med. Virol. 34, 89—
128.

Dix, R. D., and Mills, J. (1985). Acute and latent herpes
simplex virus neurological disease in mice immunized
with purified virus-specific glycoproteins gB and gD. J.
Med. Virol. 17, 9-18.

Douglas, R. G., Rossen, R. D., Butler, W. T., and Couch, R. B.
(1967). Rhinovirus neutralizing antibody in tears, par-
otid saliva, nasal secretions and serum. J. Immunol. 99,
297-303.

Dua, H. S., Gomes, J. A., Jindall, V. K., Appa, S. N., Schwart-
ing, R., Eagle, R. C. Jr., Donoso, L. A, and Laibson,
P. R. (1994). Mucosa specific lymphocytes in human
conjunctiva, corneoscleral limbus, and lacrimal gland.
Curr. Eye Res. 13, 87-93.

Dugel, P. U., and Rao, N. A. (1993). Ocular infections in the

acquired immunodeficiency syndrome. In “New and
Evolving Ocular Infections” (G. Smolin and M. H.
Friedlander, eds.), pp. 103—127. Little, Brown, Boston.

Ebersole, J. L., Steffen, M. J., and Pappo, J. (1988). Secretory
immune responses in aging rats. II. Phenotype distribu-
tion of lymphocytes in secretory and lymphoid tissues.
Immunology 64, 289—-294.

Ehrhardt, R. O., Strober, W., and Harriman, G. R. (1992).
Effect of transforming growth factor (TGF)-B1 on IgA
isotype production. J. Immunol. 148, 3830-3836.

Eldridge, J. H., Stass, J. K., Chen, D., Marx, P. A., Tice, T. R.,
and Gilley, R. M. (1993). New advances in vaccine de-
livery systems. Semin. Hematol. 30, 16-24.

Elfaki, M. G., O’Sullivan, N. L., Skandera, C. A., and Mont-
gomery, P. C. (1994). Inhibition of lymphocyte adher-
ence to rat lacrimal gland acinar epithelium by inter-
leukin-4 and transforming growth factor-B. Cell. Immu-
nol. 153, 154-162.

Elson, C. O., and Dertzbaugh, M. T. (1994). Mucosal adju-
vants. In “Handbook of Mucosal Immunology” (P. L.
Ogra, M. E. Lamm, J. R. McGhee, J. Mestecky, W.
Strober, and J. Bienenstock, eds.), pp. 391-402. Aca-
demic Press, New York.

Farrell, H. E., McLean, C. S., Harley, C., Efstathiou, S., In-
glis, S., and Minson, A. C. (1994). Vaccine potential of a
herpes simplex virus type 1 mutant with an essential
glycoprotein deleted. J. Virol. 68, 927-932.

Fine, B. S., and Yanoff, M. (1979). “Ocular Histology.” Harper
and Row, Hagerstown, Maryland.

Fleck, M., Podlech, J., Weise, K., and Falke, D. (1994). A
vaccinia virus—herpes simplex virus (HSV) glycoprotein
B1 recombinant or an HSV vaccine overcome the HSV
type 2 induced humoral immunosuppression and pro-
tect against vaginal challenge in BALB/c mice. Med.
Microbiol. Immunol. 183, 87-94.

Franklin, R. M. (1989). The ocular secretory immune system:
A review. Curr. Eye Res. 8, 599-606.

Franklin, R. M., and Montgomery, P. C. (1996). Lacrimal
Gland Immunology. In “Ocular Infection and Immu-
nity” (J. Pepose, G. Holland, and K. Wilhelmus, eds.),
pp. 133-140. Mosby Year Book, Philadelphia.

Franklin, R. M., and Remus, L. E. (1984). Conjunctival-asso-
ciated lymphoid tissue: Evidence for a role in the secre-
tory immune system. Invest. Ophthalmol. Visual Sci. 25,
181-187.

Eranklin, R. M., and Shepard, K. F. (1990). T-cell adherence
to lacrimal gland: The event responsible for IgA plasma
cell predominance in lacrimal gland. Regional Immunol-
ogy 3, 213-216.

Franklin, R. M., Kenyon, K. R., and Tomasi, T. B. (1973).
Immunohistologic studies of human lacrimal gland: Lo-
calization of immunoglobulins, secretory component
and lactoferrin. J. Immunol. 110, 984-992.

Franklin, R. M., Prendergast, R. A., and Silverstein, A. M.
(1979). Secretory immune system of rabbit ocular ad-
nexa. Invest. Ophthalmol. Visual Sci. 18, 1093-1096.

Gallichan, W. S., Johnson, D. C., Graham, F. L., and Rosen-
thal, K. L. (1993). Mucosal immunity and protection
after intranasal immunization with recombinant ade-
novirus expressing herpes simplex virus glycoprotein B.
J. Infect. Dis. 168, 622—662.

Gery, 1., Mochizuki, M., and Nussenblatt, R. B. (1986). Reti-



30. Mucosal Imwmunity in the Ocular System

417

nal specific antigens and immunopathogenic processes
they provoke. In “Progress in Retinal Research” (N. Os-
borne and J. Chader, eds.), pp. 75—109. Pergamon, New
York.

Ghiasi, H., Bahri, S., Nesburn, A. B., and Wechsler, S. L.
(1995). Protection against herpes simplex virus-induced
eye disease after vaccination with seven individually ex-
pressed herpes simplex virus 1 glycoproteins. Invest.
Ophthalmol. Visual Sci. 36, 1352—1360.

Gillette, T. E., and Allansmith, M. R. (1980). Lactoferrin in
human ocular tissues. Am. J. Ophthalmol. 90, 30-37.

Gillette, T. E., Allansmith, M. R., Greiner, J. V., and Janusz,
M. (1980). Histologic and immunohistologic compari-
son of main and accessory lacrimal tissue. Am. J. Oph-
thalmol. 89, 724-730.

Gillette, T. E., Greiner, J. V., and Allansmith, M. R. (1981).
Immunohistochemical localization of human tear
lysozyme. Arch. Ophthalmol. 99, 298-300.

Gordon, Y. J., Romanowski, E. G., and Araulio-Cruz, T.
(1994). Topical HPMPC inhibits adenovirus type 5 in
the New Zealand rabbit ocular replication model. Invest.
Ophthalmol. Visual Sci. 35, 4135-4143.

Gori, S., and Scasso, A. (1994). Cytologic and differential di-
agnosis of rhinosporidiosis. Acta Cytol. 38, 361-366.

Grayston, J. T., Woolridge, R. L., and Wang, S. (1962). Tra-
choma vaccine studies on Taiwan. Ann. N.Y. Acad. Sci.
98, 352-367.

Grayston, J. T., Wang, S. P, Yeh, L. J., and Kuo, C. C. (1985).
Importance of reinfection in the pathogenesis of tra-
choma. Rev. Infect. Dis. 7, 717-725.

Gregory, R. L., and Allansmith, M. R. (1986). Naturally occur-
ring IgA antibodies to ocular and oral microorganisms in
tears, saliva, and colostrum: Evidence for a common
mucosal immune system and local immune response.
Exp. Eye Res. 43, 739-749,

Gregory, R. L., and Allansmith, M. R. (1987). Local immune
responses in the ocular secretory immune system of hu-
mans. Adv. Exp. Med. Biol. 216, 1749-1757.

Gregory, R. L., and Filler, S. J. (1987). Protective secretory
immunoglobulin A antibodies in humans following oral
immunization with Streptococcus mutans. Infect. Im-
mun. 55, 2409-2415.

Gregory, R. L., Scholler, M., Filler, S. J., Crago, S. S., Prince,
S. J., Allansmith, M. R., Michalek, S. M., Mestecky, J.,
and McGhee, J. R. (1984). IgA antibodies to oral and
ocular bacteria in human external secretions. Protides
Biol. Fluids 32, 53-56.

Gudmundsson, O. G, Cohen, E. ]., Greiner, ]. V., Taubman,
M. A,, and Allansmith, M. R. (1984). Mononuclear and
IgA-containing cells in the lacrimal gland of germ-free
and conventional rats. Exp. Eye Res. 39, 575-581.

Gudmundsson, O. G., Sullivan, D. A., Bloch, K. J., and Al-
lansmith, M. R. (1985). The ocular secretory immune
system of the rat. Exp. Eye Res. 40, 231-238.

Gudmundsson, O. G., Bjornsson, J., Olafsdottir, K., Bloch,
K. J., Allansmith, M. R., and Sullivan, D. A. (1988). T
cell populations in the lacrimal gland during aging. Acta
Ophthalmol. 66, 490—-497.

Hann, L. E., Allansmith, M. R., and Sullivan, D. A. (1988).
Impact of aging and gender on the Ig-containing cell
profile of the lacrimal gland. Acta Ophthalmol. 66, 87—
92.

Hann, L. E., Kelleher, R. S., and Sullivan, D. A. (1991). Influ-
ence of culture conditions on the androgen control of
secretory component production by acinar cells from
the lacrimal gland. Invest. Ophthalmol. Visual Sci. 32,
2610-2621.

Harriman, G. R., Kuminoto, D. Y., Elliot, J. F., Paetkau, V.,
and Strober, W. (1988). The role of IL-5 in IgA B cell
differentiation. J. Immunol. 140, 3033-3039.

Hayes, L. J., Conlan, J. W., Everson, J. S., Ward, M. E., and
Clarke, 1. N. (1991). Chlamydia trachomatis major outer
membrane protein epitopes expressed as fusion with
LamB in an attenuated aro A strain of Salmonella ty-
phimurium; their application as potential immunogens.
J. Gen. Microbiol. 137, 1557-1564.

Hazlett, L. D., Rosen, D., and Berk, R. S. (1976). Experimen-
tal eye infections caused by Pseudomonas aeruginosa.
Ophthalm. Res. 6, 311-318.

Heggie, A. D., and Lass, J. H. (1994). Chlamydial infections.
In “Principles and Practice of Ophthalmology: Basic
Sciences” (D. M. Albert and F. A. Jakobiec, eds.),
pp. 840-854. Saunders, Philadelphia, Pennsylvania.

Hendricks, R. L., and Tumpey, T. M. (1990). Contribution of
virus and immune factors to herpes simplex virus type 1
induced corneal pathology. Invest. Ophthalmol. Visual
Sci. 31, 1929-1939.

Hendricks, R. L., Janowicz, M., and Tumpey, T. M. (1992).
Critical role of Langerhans cells in the CD4- but not
CD8-mediated immunopathology in herpes simplex vi-
rus-1 infected mouse corneas. J. Immunol. 148, 2522—
2529,

Holzberg, M., Stulting, D., and Drake, L. A. (1992). Ocular
and periocular infections. In “Dermatologic Clinics: Oc-
ulocutaneous Diseases II" (M. M. Grant-Kels, M. ].
Rothe, and B. D. Kels, eds.), pp. 741-761. Saunders,
Philadelphia, Pennsylvania.

Huang, 7., Lambert, R. W., Wickham, L. A., and Sullivan,
D. A. (1993). Influence of the endocrine environment
on herpes virus infection in rat lacrimal gland acinar
cells. In “Lacrimal Gland, Tear Film and Dry Eye Syn-
dromes: Basic Science and Clinical Relevance” (D. A.
Sullivan, ed.), pp. 189-192. Plenum, New York.

Hutchinson, F. G., and Furr, B. J. A. (1985). Biodegradable
polymers for the sustained release of peptides. Biochem.
Soc. Trans. 13, 520-523.

Ishizaka, S. T., and Mishkin, E. M. (1991). Native HSV gly-
coprotein D subunit vaccine: Analysis of in vitro T-cell
activation and antigen presentation. Viral Immunol. 4,
187-193.

Jalkanen, S., Nash, G. S., De los Toyes, ]., MacDermott, R. P.,
and Butcher, E. C. (1989). Human lamina propria lym-
phocytes bear homing receptors and bind selectively to
mucosal high endothelium. Eur. J. Immunol. 19, 63—
68.

Jones, R. B., and Van der Pol, R. (1994). Lack of correlation
between acquisition of infection and ability of serum to
neutralize chlamydial infection in vivo. In “Chlamydial
Infections: Proceedings of the 8th International Sympo-
sium on Human Chlamydial Infections” (J. Orfila,
G. L. Byrne, M. A. Chernesky, J. T. Grayston, R. B.
Jones, G. L. Ridgway, P. Saikku, ]. Schachter, W. E.
Stamm, and R. S. Stephens, eds.), pp. 95-98. Societa
Editrice Escalapio, Bologna, Italy.



418

Paul C. Montgomery and Judith Whittum-Hudson

Jones, D. T., Monroy, D., Ji, Z., Atherton, S. S., and
Pflungfelder, S. C. (1994). Sjogren’s syndrome: Cyto-
kine and Epstein-Barr viral expression within the con-
junctival epithelium. Invest. Ophthalmol. Visual Sci. 35,
3493-3504.

Kelleher, R. S., Hann, L. E., Edwards, J. A, and Sullivan, D. A.
(1991). Endocrine, neural and immune control of secre-
tory component output by lacrimal gland acinar cells. J.
Immunol. 146, 3405-3412.

Kett, K., Brandtzaeg, P., Radl, J., and Haiijman, ]J. J. (1986).
Different subclass distribution of IgA-producing cells in
human lymphoid organs and various secretory tissues. J.
Immunol. 136, 3631-3635.

King, S., Devi, S. P., Mindoff, C., Patrick, M. L., Gold, R., and
Ford-Jones, E. L. (1988). Noscorneal Pseudomonas
aeruginosa conjunctivitis in a pediatric hospital. Infect.
Control Hosp. Epidemol. 9, 77-80.

Kiyono, H., Bienenstock, J., McGhee, J. R., and Ernst, P. B.
(1992). The mucosal immune system: Features of in-
ductive and effector sites to consider in mucosal immu-
nization and vaccine development. Regional Immunol-
ogy 4, 54-62.

Knopf, H. L. S., Bertran, D. M., and Kapikian, A. Z. (1970).
Demonstration and characterization of antibody in tears
following intranasal vaccination with inactivated type 13
rhinovirus: A preliminary report. Invest. Ophthalmol. 9,
727-734.

Knorr, H. L. J., and Weber, A. (1994). Zoonoses and ocular
infections. In “Infectious Diseases of the Eye” (A. A.
Bialasiewicz and K. P. Schaal, eds.), pp. 362-372. Ae-
olus Press, Buren, The Netherlands.

Lacey, C. J., Clarke, A. M., Fraser, P., Metcalfe, T., Bonsor,
G., and Curry, A. (1992). Chronic microsporidial infec-
tion of the nasal mucosae, sinuses, and conjunctivae in
HIV disease. Gewnitourin. Med. 68, 179-181.

Lepper, A. W,, Elleman, T. C., Hoyne, P. A., Lehrbach, P. R.,
Atwell, J. L., Schwartzkoff, C. L., Egerton, J. R., and
Tennent, J. M. (1993). A Moraxella bovis pili vaccine
produced by recombinant DNA technology for the pre-
vention of infectious bovine keratoconjunctivitis. Vet.
Microbiol. 36, 175—-183.

Liesegang, T. J. (1993). The biology of herpes simplex and
varicella zoster virus infection. In “New and Evolving
Ocular Infections” (G. Smolin and M. H. Friedlander,
eds.), pp. 81-93. Little, Brown, Boston.

Linde, K., Randhagen, B., Beer, J., Dentchev, V., Marinova,
S., Vassilev, T., and Bratoyeva, M. (1993). Shigella flex-
neri 2a and sonnei 1 vaccine with two attenuating mark-
ers: Construction, tolerability, and immunogenicity in
143 children aged 13-17 years. Vaccine 11, 197-199.

Liu, S. H., Tagawa, Y., Prendergast, R. A., Franklin, R. M., and
Silverstein, A. M. (1981). Secretory component of IgA:
A marker for differentiation of ocular epithelium. Invest.
Ophthalmol. Visual Sci. 20, 100-119.

Long, D., Madara, T., Ponce de Leon, M., Cohen, G. H.,
Montgomery, P. C., and Eisenberg, R. J. (1984). Gly-
coprotein D protects mice against lethal challenge with
herpes simplex virus types 1 and 2. Invest. Immun. 37,
761-764.

Lowder, C. Y. (1993). Ocular microsporidiosis. In “New and
Evolving Ocular Infections” (G. Smolin and M. H.
Friedlander, eds.), pp. 145—151. Little, Brown, Boston.

Lukacova, M., Baumann, M., Brade, L., Mamat, U., and
Brade, H. (1994). Lipopolysaccharide smooth-rough
phase variation in bacteria of the genus Chlamydia. In-
Sect. Immun. 62, 2270-2276.

Lycke, N., and Holmgren, J. (1986). Strong adjuvant proper-
ties of cholera toxin on gut mucosal immune responses
to orally presented antigens. Immunology 59, 301-308.

MacDonald, A. B., McComb, D., and Howard, L. (1984). Im-
mune response of owl monkeys to topical vaccination
with irradiated Chlamydia trachomatis. ]. Infect. Dis.
149, 439-442.

McDermott, M. R., and Bienenstock, J. B. (1979). Evidence
for a common mucosal immunologic system. I Migra-
tion of B immunoblasts into intestinal, respiratory and
genital tissues. J. Immunol. 122, 1892—1898.

McDonnell, J. M., McDonnell, P. J., and Sun, Y. Y. (1992).
Human papillomavirus DNA in tissues and ocular sur-
face swabs of patients with conjunctival epithelial neo-
plasia. Invest. Ophthalmol. Visual Sci. 33, 184-189.

McGee, D. W, and Franklin, R. M. (1984). Lymphocyte mi-
gration into the lacrimal gland is random. Cell Immunol.
86, 75-82.

McGhee, J. R., and Mestecky, J. (1990). In defense of mucosal
surfaces. Development of novel vaccines for IgA re-
sponses protective at the portals of entry of microbial
pathogens. Infect. Dis. Clinics N. Am. 4, 315-341.

McGill, J. L., Liakos, G. M., Goulding, N., and Seal, D. V.
(1984). Normal tear protein profiles and age-related
changes. Br. J. Ophthalmol. 68, 316-320.

Mabey, D. C., Holland, M. J., Viswalingam, N. D., Goh, B. T.,
Estreich, S., Macfarlane, A., Dockrell, H. M., and Treh-
arne, J. D. (1991). Lymphocyte proliferative responses
to chlamydial antigens in human chlamydial eye infec-
tions. Clin. Exp. Immunol. 86, 37—-42.

Mabey, D. C., Bailey, R. L., Ward, M. E., and Whittle, H. C.
(1992). A longitudinal study of trachoma in a Gambian
village: Implications concerning the pathogenesis of
chlamydial infection. Epidemiol. Infect. 108, 343—-351.

Mader, T. H., and Stulting, R. D. (1992). Viral keratitis. Infect.
Dis. Clin. North Am. 6, 831-849.

Malaty, R., Dawson, C. R., Wong, 1., Lyon, C., and Schechter,
J. (1981). Serum and tear antibodies to chlamydia after
reinfection with guinea pig inclusion conjunctivitis
agent. Invest. Ophthalmol. Visual Sci. 21, 833-841.

Maloy, K. J., Donachie, A. M., O’'Hagan, D. T., and Mowat,
A. Mcl. (1994). Induction of mucosal and systemic im-
mune responses by immunization with ovalbumin en-
trapped in poly(lactide-co-glycolide) microparticles. I'm-
munology 81, 661-667.

Mestecky, J., and McGhee, J. R. (1987). Immunoglobulin A
(IgA): Molecular and cellular interactions involved in
IgA biosynthesis and immune response. Adv. Immunol.
40, 153-245.

Mestecky, J., McGhee, J. R., Arnold, R. R., Michalek, S. M.,
Prince, S. J., and Babb, J. C. (1978). Selective induction
of an immune response in human external secretions by
ingestion of bacterial antigen. J. Clin. Invest. 61, 731—
737.

Michalek, S. M., Eldridge, J. H., Curtiss, R., and Rosenthal, K.
(1994). Antigen delivery systems. New approaches to
mucosal immunization. In “Handbook of Mucosal Im-
munology” (P. L. Ogra, M. E. Lamm, J. R. McGhee, J.



30. Mucosal Immunity in the Ocular System

419

Mestecky, W. Strober, and ]. Bienenstock, eds.),
pp. 373-390. Academic Press, New York.

Michalek, S. M., Childers, N. K., and Dertzbaugh, M. T.
(1995). Vaccination strategies for mucosal pathogens.
In “Virulence Mechanisms of Bacterial pathogens”
(J. A. Roth, C. Bolin, K. Brogden, C. Minion, and M.
Wannemuehaler, eds.), pp. 269-301. American Society
for Microbiology, Washington, D.C.

Mondino, B. J., Brawman-Mintzer, O., and Adamu, S. A.
(1987a). Corneal antibody levels to ribitol teichoic acid
in rabbits immunized with staphylococcal antigens using
various routes. Invest. Ophthalmol. Visual Sci. 28,
1553-1558.

Mondino, B. J., Laheji, A. J., and Adamu, S. A. (1987b). Ocu-
lar immunity to Staphylococcus aureus. Invest. Ophthal-
mol. Visual Sci. 28, 560-564.

Mondino, B. J., Adamu, S. A., and Pitchekian-Halabi, H.
(1991). Antibody studies in a rabbit model corneal
phlyctenulosis and catarrhal infiltrates related to Staph-
ylococcus aureus. Invest. Ophthalmol. Visual Sci. 32,
1854-1863.

Montgomery, P. C., and Liberati, D. M. (1995). A lymph de-
rived fraction inhibits lymphocyte adherence to lacrimal
gland acinar epithelium. Invest. Ophthalmol. Visual Sci.
Suppl. 36, 651.

Montgomery, P. C., Ayyildiz, A., Lemaitre-Coelho, I. M., Vaer-
man, J. P., and Rockey, J. H. (1983). Induction and
expression of antibodies in secretions. The ocular im-
mune system. Ann. N.Y. Acad. Sci. 409, 428--440.

Montgomery, P. C., Rockey, J. H., Majumdar, A. S., Lemaitre-
Coelho, 1. M., Vaerman, ]. P., and Ayyildiz, A. (1984a).
Parameters influencing the expression of IgA antibodies
in tears. Invest. Ophthalmol. Visual Sci. 25, 369-373.

Montgomery, P. C., Majumdar, A. S., Skandera, C. A., and
Rockey, J. H. (1984b). The effect of immunization route
and sequence of stimulation on the induction of IgA
antibodies in tears. Curr. Eye Res. 3, 861-865.

Montgomery, P. C., Skandera, C. A., and Majumdar, A. S.
(1985). Evidence for migration of IgA bearing lympho-
cytes between peripheral mucosal sites. Protides Biol.
Fluids 32, 43-46.

Montgomery, P. C., Peppard, ]J. V., and Skandera, C. A.
(1989). Isolation and characterization of mononuclear
cell populations from lacrimal glands. In “Modern
Trends in Immunology and Immunopathology of the
Eye” (A. G. Secchi and I. A. Fregona, eds.), pp. 339-
343. Masson, Milano, Italy.

Montgomery, P. C., Peppard, J. V., and Skandera, C. A.
(1990). A comparison of lymphocyte subset distribution
in rat lacrimal glands with cells from tissues of mucosal
and non-mucosal origin. Curr. Eye Res. 9, 85-93.

Montgomery, P. C., O'Sullivan, N. L., Martin, L. B., Skan-
dera, C. A,, Peppard, J. V., and Pockley, A. G. (1994).
Regulation of lacrimal gland immune responses. In
“Lacrimal Gland, Tear Film, and Dry Eye Syndromes.
Basic Science and Clinical Relevance.” (D. A. Sullivan,
ed.), pp. 161-168. Plenum, New York.

Moritera, T., Ogura, Y., Yoshimura, N., Honda, Y., Wada, R.,
Hyon, S.-H., and Tkada, Y. (1992). Biodegradable micro-
spheres containing adriamycin in the treatment of pro-
liferative vitreoretinopathy. Invest. Ophthalmol. Visual
Sci. 33, 3125-3130.

Morrison, R. P., Belland, R. J., Lyng, K., and Caldwell, H. D.
(1989a). Chlamydial disease pathogenesis. The 57-kD
chlamydial hypersensitivity antigen is a stress response
protein. J. Exp. Med. 170, 1271-1283.

Morrison, R. P., Lyng, K., and Caldwell, H. D. (1989b).
Chlamydial disease pathogenesis. Ocular hypersen-
sitivity elicited by a genus-specific 57-kD protein. J. Exp.
Med. 169, 663-675.

Murdin, A. D., Su, H., Manning, D. S., Klein, M. H., Parnell,
M. J., and Caldwell, H. D. (1993). A poliovirus hybrid
expressing a neutralization epitope from the major outer
membrane protein of Chlamydia trachomatis is highly
immunogenic. Infect. Immun. 61, 4406—4414.

Murdin, A. D., Su, H., Klein, M. H., and Caldwell, H. D.
(1995). Poliovirus hybrids expressing neutralization epi-
topes from variable domains [ and IV of the major outer
membrane protein of Chlamydia trachomatis elicit
broadly cross-reactive C. trachomatis-neutralizing anti-
bodies. Infect. Immun. 63, 1116—1121.

Murphy, J. C., Ackerman, ]. 1., Marini, R. P., and Fox, J. G.
(1991). Cervical lymphadenitis in guinea pigs: Infection
via intact ocular and nasal mucosa by Streptococcus zoo-
epidemicus. Lab. Anim. Sci. 41, 251-254.

Murrah, W. F. (1988). Epidemic keratoconjunctivitis. Ann.
Ophthalmol. 20, 36-38.

Murray, E. S., Charbonnet, L. T., and MacDonald, A. B.
(1973). Immunity to chlamydial infections of the eye. 1.
The role of circulatory and secretory antibodies in resis-
tance to reinfection with guinea pig inclusion con-
junctivitis. J. Immunol. 110, 1518-1525.

Nair, P. N. R., and Schroeder, H. E. (1986). Duct-associated
lymphoid tissue (DALT) of minor salivary glands and
mucosal immunity. Immunology 57, 171-180.

Nesburn, A. B, Burke, R. L., Ghiasi, H., Slanina, S., Bahri, S.,
and Wechsler, S. L. (1994). Vaccine therapy for ocular
herpes simplex virus (HSV) infection: Periocular vac-
cination reduces spontaneous ocular HSV type 1 shed-
ding in latently infected rabbits. J. Virol. 68, 5084—
5092.

Newell, C. K., Martin, S., Sendeli, D., Mercadal, C. M., and
Rouse, B. T. (1989). Herpes simplex virus-induced stro-
mal keratitis: Role of T-lymphocyte subsets in immu-
nopathology. J. Virol. 63, 769-775.

Newhall, W. J., Batteiger, B., and Jones, R. B. (1982). Analysis
of human serological responses to proteins of Chlamydia
trachomatis. Infect. Immun. 38, 1181-1189.

Nichols, R. L., Bell, S. D, Jr., Murray, E. S., Haddad, N. A,,
and Bobb, A. A. (1966). Studies on trachoma. V. Clini-
cal observations in a field of bivalent trachoma vaccine
at three dosage levels in Saudi Arabia. Am. J. Trop. Med.
Hyg. 15, 639-647.

Nichols, R. L., Bell, S. D., Jr., Haddad, N. A., and Bobb, A. A.
(1969). Studies on trachoma. VI. Microbiological obser-
vations in a field trial in Saudi Arabia of bivalent tra-
choma vaccine at three dosage levels. Am. J. Trop. Med.
Hyg. 18, 723-730.

Nichols, R. L., Oertley, R. E., Fraser, C. E. O., MacDonald,
A. B, and McComb, D. E. (1973). Immunity to
chlamydial infections of the eye. VI. Homologous neu-
tralization of trachoma infectivity for the owl monkey
conjunctivae by eye secretions from humans with tra-
choma. J. Infect. Dis. 127, 429-431.



420

Paul C. Montgomery and Judith Whittum-Hudson

Niederkorn, J. Y., and Ferguson, T. A. (1996). Anterior cham-
ber associated immune deviation (ACAID). In “Ocular
Infection and Immunity” (J. S. Pepose, G. N. Holland,
and K. R. Wilhelmus, eds.) pp. 96—103. Mosby Year
Book, Philadelphia.

O'Brien, T. P., Maclean, 1., Edidin, M., Prendergast, R. A,,
and Whittum-Hudson, J. A. (1994). Immunogenicity
and partial protection against ocular chlamydia with a
MOMP VD4-fusion protein. Invest. Ophthalmol. Visual
Sci. Suppl. 35, 1301.

O’Hagan, D. T. (1994). Microparticles as oral vaccines. In
“Novel Delivery Systems for Oral Vaccines” (D. T.
O’Hagan, ed.), pp. 175-205. CRC Press, Boca Raton,
Florida.

O’'Hagan, D. T., Rahman, D., McGee, ]J. P., Jeffrey, H.,
Davies, M. C., Williams, P., Davis, S. S., and Chal-
lacombe, S. J. (1991). Biodegradable microparticles as
controlled release antigen delivery systems. Immunology
73, 239-242.

Orenstein, N. S., Mull, J. D., and Thompson III, S. E. (1973).
Immunity to chlamydial infections of the eye. V. Passive
transfer of antitrachoma antibodies to owl monkeys. In-
fect. Immun. 7, 600—603.

O’Sullivan, N. L., and Montgomery, P. C. (1990). Selective
interactions of lymphocytes with neonatal and adult lac-
rimal tissues. Invest. Ophthalmol. Visual Sci. 31, 1615—
1622.

O’Sullivan, N. L., Skandera, C. A., Chin, Y. H., and Montgom-
ery, P. C. (1994a). In vitro adhesive interactions be-
tween rat lymphocytes and lacrimal gland epithelium.
Phenotype of adherent lymphocytes and involvement of
adhesion molecules. J. Immunol. 152, 1684—1692.

O’Sullivan, N. L., Raja, R., and Montgomery, P. C. (1994b).
Lymphocyte adhesive interaction with lacrimal gland ac-
inar epithelium involves carbohydrate recognition. In
“Lacrimal Gland, Tear Film, and Dry Eye Syndromes:
Basic Science and Clinical Relevance” (D. A. Sullivan,
ed.), pp. 181-184. Plenum, New York.

O’Sullivan, N. L., Raja, R., and Montgomery, P. C. (1995).
Lymphocyte adhesive interactions with lacrimal gland
acinar epithelial cells in primary culture. Invest.
Ophthal. Visual Sci. 36, 2246-2253.

Pal, S., Taylor, H. R., and Whittum-Hudson, J. A. (1990a).
Identification of fine antigenic specificities of antibody
responses in experimental Chlamydia trachomatis infec-
tion. Invest. Ophthalmol. Visual Sci. Suppl. 31, 448.

Pal, S., Pu, Z., Huneke, R. B., Taylor, H. R., and Whittum-
Hudson, J. A. (1990b). Chlamydia-specific lymphocytes
in conjunctiva during ocular infection: Limiting dilution
analysis. Regional Immunology 3, 171-178.

Pal, S., Taylor, H. R., Huneke, R. B., Prendergast, R. A., and
Whittum-Hudson, J. A. (1992). Frequency of antigen-
specific B cells during experimental ocular Chlamyd-
ia trachomatis infection. Infect. Immun. 60, 5294—
5297.

Pal, S., Fielder, T. ]., Peterson, E. M., and de la Maza, L. M.
(1994). Protection against infertility in a BALB/c mouse
salpingitis model by intranasal immunization with the
mouse pneumonitis biovar of Chlamydia trachomatis.
Infect. Immun. 62, 3354-3362.

Pappo, J., Ebersole, J. L., and Taubman, M. A. (1988a). Resi-
dent salivary gland macrophages function as accessory

cells in antigen-dependent T-cell proliferation. Immu-
nology 63, 95-104.

Pappo, J., Ebersole, J. L., and Taubman, M. A. (1988b). Phe-
notype and mononuclear leucocytes resident in rat ma-
jor salivary and lacrimal glands. Immunology 64, 295—
300.

Patton, D. L. (1990). Experimental systems. In “Chlamydial
Infections” (W. R. Bowie, H. D. Caldwell, R. P. Jones,
P. Mardh, G. L. Ridgeway, J. Schachter, W. E. Stamm,
and M. E. Ward, eds.), pp. 223-231. Cambridge Univ.
Press, New York.

Pepose, J. S. (1994). Ocular features of sexually transmitted
herpetic infections. In “Infectious Diseases of the Eye”
(A. A. Bialasiewicz and K. P. Schaal eds.), pp. 535-544.
Aeolus Press, Buren, The Netherlands.

Pepose, J. S., Akata, R. F., Pflugfelder, S. C., and Voigt, W.
(1990). Mononuclear cell phenotypes and immu-
noglobulin gene rearrangements in lacrimal gland biop-
sies from patients with Sjogren’s syndrome. Ophthal-
mology 97, 1599-1605.

Peppard, J. V., and Montgomery, P. C. (1987). Studies on the
origin and composition of IgA in rat tears. Immunology
62, 194—-198.

Peppard, J. V., and Montgomery, P. C. (1990). Optimising the
expression of antibody in tears: Manipulation of the
common mucosal immune response? In “Advances in
Mucosal Immunology” (T. T. MacDonald, S. J. Chal-
lacombe, P. W. Bland, C. R. Stokes, R. V. Heatley, and
A.Mcl. Mowat, eds.), pp. 513-517. Kluwer, London.

Peppard, J. V., Mann, R. V., and Montgomery, P. C. (1988).
Antibody production in rats following ocular—topical or
gastrointestinal immunization: Kinetics of local and sys-
temic antibody production. Curr. Eye Res. 7, 471—481.

Picker, L. J., and Butcher, E. C. (1992). Physiological and
molecular mechanisms of lymphocyte homing. Annu.
Rev. Immunol. 10, 561-591.

Pockley, A. G., and Montgomery, P. C. (1990). The effects of
interleukins 5 and 6 on immunoglobulin production in
rat lacrimal glands. Regional Immunology 3, 242—246.

Pockley, A. G., and Montgomery, P. C. (1991). In vivo adju-
vant effects of interleukins 5 and 6 on rat tear IgA anti-
body responses. Immunology 73, 19-23.

Rafferty, D. E., and Montgomery, P. C. (1993). The effects of
transforming growth factor-B on immunoglobulin pro-
duction in cultured rat lacrimal gland tissue fragments.
Regional I'mmunology 5, 312-316.

Rafferty, D. E., Elfaki, M. G., and Montgomery, P. C. (1996).
Preparation and characterization of a biodegradable mi-
croparticle antigen/cytokine delivery system. Vaccine
14, 532-538.

Ramphal, R. R., McNiecc, M. T., and Polack, F. M. (1981).
Adherence of Pseudomonas aeruginosa to the injured
cornea: A step in the pathogenesis of corneal infections.
Ann. Ophthalmol. 13, 421-425.

Ramsay, A. J., Husband, A. J., Ramshaw, I. A., Bas, S., Mat-
thaei, K. L., Koehler, G., and Kopf, M. (1994). The role
of interleukin-6 in the mucosal IgA antibody responses
in vivo. Science 264, 561-563.

Rank, R., and Whittum-Hudson, J. A. (1994). Animal models
for ocular infection. In “Methods in Enzymology, Vol-
ume 235: Bacterial Pathogenesis” (V. L. Clark and P. M.
Bavoli, eds.), pp. 69—83. Academic Press, New York.



30. Mucosal Immunity in the Ocular System

421

Rank, R. G., Dascher, C., Bowlin, A. K., and Bavoil, P. M.
(1995). Systemic immunization with Hsp60 alters the
development of chlamydial ocular disease. Invest. Oph-
thalmol. Visual Sci. 36, 1344-1351.

Reacher, M. H., Pe'er, ]., Rapoza, P. A., Whittum-Hudson,
J- A., and Taylor, H. R. (1991). T cells and trachoma.
Their role in cicatricial disease. Ophthalmology 98,
334-341.

Roberts, P. L., Duncan, B. E., Raybould, T. J. G., and Watson,
D. H. (1985). Purification of herpes simplex virus gly-
coproteins B and C using monoclonal antibodies and
their ability to protect mice against lethal challenge. J.
Gen. Virol. 66, 1073-1085.

Rocha, G., Baines, M. G., and Deschenes, J. (1992). The im-
munology of the eye and its systemic interactions. Crit.
Rev. Immunol. 12, 81-100.

Rogers, D. G., Anderson, A. A., Hogg, A., Nielsen, D. L., and
Huebert, M. A. (1993). Conjunctivitis and keratocon-
junctivitis associated with chlamydiae in swine. J. Am.
Vet. Med. Assoc. 203, 1321-1323.

Rooney, J. F., Wohlenberg, C. R., Moss, B., and Notkins, A. L.
(1991). Live vaccinia virus recombinants expressing her-
pes simplex virus genes. Rev. Infect. Dis. 13, 898—903.

Rouse, B. T., and Lopez, C. (1984). Strategies for immune
intervention against herpes simplex virus. In “Immu-
nobiology of Herpes Simplex Virus Infection” (B. T.
Rouse and C. Lopez, eds.), pp. 145-156. CRC Press,
Boca Raton, Florida.

Roux, M. E., McWilliams, M., Phillips-Quagliata, J. M., and
Lamm, M. E. (1977). Origin of IgA-secreting cells in the
mammary gland. J. Exp. Med. 146, 1311-1322,

Sacks, E. H., Wieczorek, R., Jakobiec, F. A., and Knowles,
D. M. (1986). Lymphocytic subpopulations in the nor-
mal human conjunctiva. A monoclonal antibody study.
Ophthalmology 93, 1276~1283.

Schachter, J. (1985). Overview of Chlamydia trachomatis in-
fection and the requirements for a vaccine. Rev. Infect.
Dis. 7, 713-716.

Shimada, K., and Silverstein, A. M. (1975). Local antibody
formation within the eye: A study of immunoglobulin
class and antibody specificity. Invest. Ophthalmol. 14,
573-583.

Shimizu, Y., Newman, W., Tanaka, Y., and Shaw, S. (1992).
Lymphocyte interactions with endothelial cells. Immu-
nol. Today 13, 106-112.

Solari, R., and Kraehenbuhl, J. P. (1985). The biosynthesis of
secretory component and its role in the transepithelial
transport of IgA dimer. Immunol. Today 6, 17-20.

Soldati, M., Verini, M. A., Isetta, A. M., and Ghione, M.
(1971). Immunization research in the field of trachoma.
Some laboratory and clinical contributions. In “Tra-
choma and Related Disorders” (R. L. Nichols, ed.),
pp. 407—417. Excerpta Medica, Amsterdam.

Soukiasian, S. H., Rice, B., Foster, C. S., and Lee, S. J. (1992).
The T cell receptor in normal and inflamed human con-
junctiva. Invest. Ophthalmol. Visual Sci. 33, 453-459.

Srinivasan, B. D., Jakobiec, F. A., and Iwamoto, T. (1990).
Conjunctiva. In “Duanes’s Biomedical Foundations of
Ophthalmology” (W. Tasman and E. A. Jaeger, eds.),
pp. 1-28. Lippincott, New York.

Stagg, A. ]., Elsley, W. A,, Pickett, M. A., Ward, M. E., and
Knight, S. C. (1993). Primary human T-cell responses to

the major outer membrane protein of Chlamydia tra-
chomatis. Immunology 79, 1-9.

Stanberry, L. R. (1994). The concept of immune-based thera-
pies in chronic viral infections. J. Acquired Immune De-
fic. Syndr. 7, 1-5.

Stanisz, A. M., Bienenstock, J., and Agro, A. (1989). Neuro-
modulation of mucosal immunity. Regional Immunology
2, 414-419.

Starnbach, M. N., Bevan, M. ]., and Lampe, M. F. (1994).
Protective cytotoxic T lymphocytes are induced during
murine infection with Chlamydia trachomatis. J. Immu-
nol. 153, 5183-5189.

Stephens, R. S. (1990). Molecular genetics of chlamydia. In
“Chlamydial Infections” (W. R. Bowie, H. D. Caldwell,
R. P. Jones, P. Mardh, G. L. Ridgway, ]J. Schachter,
W. E. Stamm, and M. E. Ward, eds.), pp. 64—72. Cam-
bridge Univ. Press, Cambridge.

Stoolman, L. M. (1989). Adhesion molecules controlling lym-
phocyte migration. Cell (Cambridge, Mass.) 56, 907
910.

Streilein, J. W. (1987). Immune regulation and the eye: A
dangerous compromise. FASEB J. 1, 199-208.

Streilein, J. W. (1990). Anterior chamber associated immune
deviation: the privilege of immunity in the eye. Ophthal-
mology 35, 67-73.

Streilein, J. W. (1993). Immune privilege as the result of local
tissue barriers and immunosuppressive microenviron-
ments. Curr. Opin. Immunol. 5, 428—-432.

Stuart, E. S., and MacDonald, A. B. (1989). Some characteris-
tics of a secreted chlamydial antigen recognized by IgG
from Chlamydia trachomatis patient sera. Immunology
68, 469-473.

Stuart, E. S., Wyrick, P. B., Choong, J., Stoler, S. B., and
MacDonald, A. B. (1991). Examination of chlamydial
glycolipid with monoclonal antibodies: Cellular distribu-
tion and epitope binding. Immunology 74, 740-747.

Stuart, E. S., Troidle, K. M., and MacDonald, A. B. (1994).
Chlamydial glycolipid antigen: Extracellular accumula-
tion, biological activity, and antibody recognition. Curr.
Microbiol. 28, 85-90.

Sullivan, D. A. (1988). Influence of the hypothalamic-pituitary
axis on the androgen regulation of the ocular secretory
immune system. J. Steroid Biochem. 30, 429—433.

Sullivan, D. A. (1990). Hormonal influence on the secretory
immune system of the eye. In “The Neuroendocrine-
Immune Network” (S. Freier, ed.), pp. 199-237. CRC
Press, Boca Raton, Florida.

Sullivan, D. A. (1994). Ocular mucosal immunity. In “Hand-
book of Mucosal Immunology” (P. L. Ogra, M. E.
Lamm, J. R. McGhee, ]J. Mestecky, W. Stober, and ].
Bienenstock, eds.), pp. 569—-597. Academic Press, New
York.

Sullivan, D. A., and Allansmith, M. R. (1984). Source of IgA in
tears of rats. Immunology 53, 791-799.

Sullivan, D. A., and Allansmith, M. R. (1985). Hormonal in-
fluence on the secretory immune system of the eye: An-
drogen modulation of IgA levels in tears of rats. J. Im-
munol. 134, 2978-2982.

Sullivan, D. A, Bloch, K. J., and Allansmith, M. R. (1984a).
Hormonal influence on the secretory immune system of
the eye: Androgen regulation of secretory component
levels in rat tears. J. Immunol. 132, 1130-1135.



422

Paul C. Montgomery and Judith Whittum-Hudson

Sullivan, D. A., Bloch, K. J., and Allansmith, M. R. (1984b).
Hormonal influence on the secretory immune system of
the eye: Androgen control of secretory component pro-
duction by the rat exorbital gland. Immunology 52, 239~
246.

Sullivan, D. A., Kelleher, R. S., Vaerman, J. P., and Hann,
L. E. (1990). Androgen regulation of secretory compo-
nent synthesis by lacrimal gland acinar cells in vitro. .
Immunol. 145, 4238—-4244.

Syed, N. A., and Hyndiuk, R. A. (1992). Infectious con-
junctivitis. Infect. Dis. Clinics N. Am. 6, 789—805.

Tabbara, K. F., and Hyndiuk, R. A. (1995). “Infections of the
Eye.” Little, Brown, Boston.

Taylor, H. R. (1990). Development of immunity to ocular
chlamydial infection. Am. J. Trop. Med. Hyg. 42, 358-
364.

Taylor, H. R. (1994). Onchocerciasis: Clinical features. In
“Infectious Diseases of the Eye” (A. A. Bialasiewicz and
K. P. Schaal, eds.), pp. 623—628. Aeolus Press, Buren,
The Netherlands.

Taylor, H. R., and Prendergast, R. A. (1987). Attempted oral
immunization with chlamydial lipopolysaccharide sub-
unit vaccine. Invest. Ophthalmol. Visual Sci. 28, 1722—
1726.

Taylor, H. R., Pierce, N. F., Zhang, P., Schachter, ]., Silver-
stein, A. M., and Prendergast, R. A. (1985). Secretory
immune cellular traffic between the gut and the eye. In
“Advances in Immunology and Immunopathology of the
Eye” (G. R. O'Connor and J. W. Chandler, eds.),
pp- 208-211. Masson Publishing, New York.

Taylor, H. R,, Johnson, S. L., Schachter, J., Caldwell, H. D,
and Prendergast, R. A. (1987a). Pathogenesis of tra-
choma: The stimulus for inflammation. J. Immunol.
138, 3023-3027.

Taylor, H. R,, Young, E., MacDonald, A. B., Schachter, J., and
Prendergast, R. A. (1987b). Oral immunization against
chlamydial eye infection. Invest. Ophthalmol. Visual Sci.
28, 249-258.

Taylor, H. R., Whittum-Hudson, J., Schachter, J., Caldwell,
H. D., and Prendergast, R. A. (1988). Oral immuniza-
tion with chlamydial major outer membrane protein
(MOMP). Invest. Ophthalmol. Visual Sci. 29, 1847—
1853.

Taylor, H. R., Stephens, R. S., Whittum-Hudson, J. A., and
Prendergast, R. A. (1989). Initial evaluation of trachoma
subunit vaccines. Invest. Ophthalmol. Visual Sci. Suppl.
30, 381.

Taylor, H. R., Maclean, 1. W., Brunham, R. C., Pal, S., and
Whittum-Hudson, J. (1990). Chlamydial heat shock
proteins and trachoma. Infect. Immun. 58, 3061-3063.

Taylor, H. R., Siler, J. A, Mkocha, H. A., Munoz, B., and
West, S. (1992). The natural history of endemic tra-
choma: A longitudinal study. Am. J. Trop. Med. Hyg. 46,
552-559.

Tsai, J. C., Garlinghouse, G., McDonnell, P. J., and Trousdale,
M. D. (1992). An experimental animal model of ade-
novirus-induced ocular disease. The cotton rat. Arch.
Ophthalmol. 110, 1167-1170.

Tuffrey, M. (1994). The use of animal models to study human
chlamydial diseases. In “Chlamydial Infections: Pro-
ceedings of the 8th International Symposium on Human

Chlamydial Infections” (J. Orfila, G. 1. Byrne, M. A.
Chernesky, J. T. Grayston, R. B. Jones, G. L. Ridgway,
P. Saikku, W. E. Stamm, J. Schachter, and R. S. Ste-
phens, eds.), pp. 513-524. Societa Editrice Esculapio,
Bologna, Italy.

Tumpey, T. M., Elner, V. M., Chen, S. H., Oakes, ]J. E., and
Lausch, R. N. (1994). Interleukin-10 treatment can
suppress stromal keratitis induced by herpes simplex vi-
rus type 1. J. Immunol. 153, 2258-2265.

Visscher, G. E., Robinson, R. L., and Argentieri, G. J. (1987).
Tissue response to biodegradable injectable microcap-
sules. J. Biomater. Appl. 2, 118-131.

Waldman, R. H., and Bergmann, K. C. (1987). Stimulation of
secretory antibody following oral antigen administra-
tion. Adv. Exp. Med. Biol. 216, 1677-1684.

Walker, R. I. (1994). New strategies for using mucosal vac-
cination to achieve more effective immunization. Vac-
cine 12, 387-400.

Ward, M. E., Treharne, J. D., and Murray, A. (1986). Anti-
genic specificity of human antibody to chlamydia in tra-
choma and lymphogranuloma venereum. J. Gen. Micro-
biol. 132, 1599-1610.

Watkins, N. G., Hadlow, W. J., Moos, A. B., and Caldwell,
H. D. (1986). Ocular delayed hypersensitivity; a patho-
genic mechanism of chlamydial conjunctivitis in guinea
pigs. Proc. Natl. Acad. Sci. U.S.A. 83, 7480—-7484.

Watson, R. R., Horton, R. G., and Clinton, J. M. (1977).
Suppression of secretory IgA antibodies in protein mal-
nourished guinea pigs following a chlamydial eye and
vaginal infection. Fed. Proc. 36, 1251.

Weber, R., Kuster, H., Visvesvara, G. S., Bryan, R. T., Schwartz,
D. A,, and Luthy, R. (1993). Disseminated microsporid-
iosis due to Encephalitozoon hellem: Pulmonary coloni-
zation, microhematuria, and mild conjunctivitis in a pa-
tient with AIDS. Clin. Infect. Dis. 17, 415-419.

Weisz-Carrington, P., Roux, M. E., McWilliams, M., Phillips-
Quagliata, J. M., and Lamm, M. E. (1979). Organ and
isotype distribution of plasma cells producing specific
antibody after oral immunization: Evidence for a gener-
alized secretory immune system. J. Immunol. 123,
1705-1708.

Whittum-Hudson, J. A., and Taylor, H. R. (1989). Anti-
chlamydial specificity of conjunctival lymphocytes dur-
ing experimental ocular infection. Infect. Immun. 57,
2977-2983.

Whittum-Hudson, J. A., and Taylor, H. R. (1994). The immu-
nology of trachoma. In “Infectious Diseases of the Eye”
(A. A. Bialasiewicz and K. P. Schaal, eds.), pp. 605-614.
Aeolus Press, Buren, The Netherlands.

Whittum-Hudson, }. A., Prendergast, R. A., and Taylor, H. R.
(1986a). Changes in conjunctival lymphocyte popula-
tions induced by oral immunization with Chlamydia tra-
chomatis. Curr. Eye Res. 5, 973-979.

Whittum-Hudson, J. A., Taylor, H. R., Farazdaghi, M., and
Prendergast, R. A. (1986b). Inmunchistochemical study
of the local inflammatory response to chlamydial ocular
infection. Invest. Ophthalmol. Visual Sci. 27, 64-69.

Whittum-Hudson, J. A., MacDonald, A. B., Prendergast, R. A,,
O'Brien, T. P., and An, L. (1994). Protection against
ocular chlamydial infection with an anti-idiotypic anti-
body. Invest. Ophthalmol. Visual Sci. Suppl. 35, 1301.



30. Mucosal Immunity in the Ocular System

423

Whittum-Hudson, J. A., O'Brien, T. P., and Prendergast, R. A.
(1995a). Murine model of ocular infection by a human
biovar of Chlamydia trachomatis. Invest. Ophthalmol. Vi-
sual Sci. 36, 1976-1997.

Whittum-Hudson, J. A., Saltzman, W. M., O'Brien, T. P.,
Prendergast, R. A., and MacDonald, A. B. (1995b). Oral
immunization with anti-idiotypic antibodies protects
against ocular chlamydial infection. Invest. Ophthalmol.
Visual Sci. Suppl. 36, 1030.

Whittum-Hudson, J. A., An, L. L., Saltzman, W. M., Pren-
dergast, R. A., and MacDonald, A. B. (1996). Oral im-
munization with an anti-idiotypic antibody to the
exoglycolipid antigen protects against experimental
Chlamydia trachomatis infection. Submitted for publica-
tion.

Wickham, L. A., Huang, Z., Lambert, R. W., and Sullivan,
D. A. (1994). Sialodacryoadenitis virus infection of rat
lacrimal gland acinar cells. In “Lacrimal Gland, Tear
Film and Dry Eye Syndromes: Basic Science and Clini-
cal Relevance” (D. A. Sullivan, ed.), pp. 193—196. Plen-
um, New York.

Wieczorek, R., Jakobiec, F. A., Sacks, E. H., and Knowles,
D. M. (1988). The immunoarchitecture of the normal
human lacrimal gland. Relevancy for understanding
pathologic conditions. Ophthalmology 95, 100—109.

Willey, D. E., Smith, M. D., Nesburn, A. B., and Trousdale,
M. D. (1985). Sequential analysis of antibody responses
in serum, aqueous humor and tear film during latent
and induced recurrent HSV infections. Curr. Eye Res. 4,
1235-1240.

Wills, J. M., Gruffydd-Jones, T. J., Richmond, S. J., Gaskell,
R. M., and Bourne, F. J. (1987). Effect of vaccination on
feline Chlamydia psittaci infection. Infect. Immun. 55,
2653-2657.

Wise, D. L., Fellman, T. D., Sanderson, J. E., and Wentworth,
R. L. (1979). Lactic/glycolic acid polymers. In “Drug
Carriers in Biology and Medicine” (G. Gregoridis, ed.),
pp- 237-270. Academic Press, London.

Wong, E., Pribnow, ]J. A., and Stephens, R. (1990). Topical
ocular immunization with defined Chlamydia tra-
chomatis major outer membrane epitopes. Invest. Oph-
thalmol. Visual Sci. Suppl. 31, 571.

Woodruff, J. J., Clarke, L. M., and Chin, Y. H. (1987). Specific
cell-adhesion mechanisms determining migration path-
ways of recirculating lymphocytes. Annu. Rev. Immunol.
5, 201-222.

Wu, H. Y., and Russell, M. W. (1993). Induction of mucosal
immunity by intranasal application of a streptococcal
surface protein antigen with cholera toxin B subunit.
Infect. Immun. 61, 314-322.

Wyrick, P., Choong, J., Knight, S. T., Goyeau, D., Stuart,
E. S., and MacDoland, A. B. (1994). Chlamydia tra-
chomatis antigens on the surface of human endometrial
cells. Immunol. Infect. Dis. 4, 131-141.

Young, E. J. (1983). Human brucellosis. Rev. Infect. Dis. 5,
821-842.

Zaidman, G. W. (1993). The ocular manifestations of Lyme
disease. In “New and Evolving Ocular Infections” (G.
Smolin and M. H. Friedlander eds.), pp. 9-22. Little,
Brown, Boston.

Zhang, P., Pierce, N. F., Silverstein, A. M., and Prendergast,
R. A. (1983). Conjunctival immunity: Compared effects
of ocular or intestinal immunization in rats. Invest. Oph-
thalmol. 24, 1411-1412.

Zundel, E., Verger, J. M., Grayon, M., and Michel, R. (1992).
Conjunctival vaccination of pregnant ewes and goats
with Brucella melitensis Rev. | vaccine: Safety and se-
rological responses. Ann. Rech. Vet. 23, 177-188.



