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Abstract

Purpose Our review explains the role of surfactant
protein D (SP-D) in different kinds of bacterial infec-
tion based on its presence in different ocular surface
tissues. We discuss the potential role of SP-D against
invasion by pathogens, with the aim of identifying
new prospects for the possible mechanism of SP-D-
mediated immune processes, and the diagnosis, prog-
nosis, or treatment of ocular bacterial infection.
Methods We reviewed articles about the role of
SP-D in various ocular bacterial infections or infec-
tion-related ocular diseases through PubMed, Google
Scholar, and the Web of Science databases.

Results SP-D acts as an important immune factor
that can resemble molecules in different polymeriza-
tion states and that defends against pathogen invasion.
The increased SP-D production and secretion in tear
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fluid and the cornea after ocular bacterial infections
such as Staphylococcus aureus, Pseudomonas aer-
uginosa keratitis, and infection-related ocular dis-
eases, was shown to have potential anti-inflammatory
effects. The mechanisms of SP-D’s action against
ocular bacterial infections include presenting, aggre-
gating, opsonizing, and phagocytizing antigens, as
well as regulating anti-bacterial immunity processes,
including toll-like receptor-5 (TLR-5) pathway and
IL-8 effect, TLR-4 and TLR-2 pathways and other
possible ways remained to be elucidated in more
detail. The findings demonstrate the potential of SP-D
as an important clinical diagnostic biomarker progno-
sis predictor, and target for ocular immunotherapy.

Conclusion SP-D participates in invasion by differ-
ent ocular bacteria and infection-related ocular dis-
eases through multiple immune mechanisms. This
finding provides new prospects for the diagnosis,
prognosis and treatment of ocular bacterial infection.

Keywords Surfactant protein D - Ocular bacterial
infection - Bacterial keratitis - Immune mechanism

Introduction

Surfactant protein D (SP-D), a collagenous C-type
lectin, is widely expressed in tissues and organs
including the human lung, trachea, kidney, brain,
salivary gland, and other extrapulmonary tissues [1].
SP-D is secreted mainly by the alveolar epithelium,
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and plays a vital role in the immunological and anti-
inflammatory processes necessary for the homeostatic
stabilization of the lungs [2]. The carbohydrate recog-
nition domain (CRD), one of four domains compris-
ing SP-D, enables ligands to recognize mannose-rich
microbial molecular patterns and to surveil anti-bac-
terial innate immune responses [3]. The mechanisms
of SP-D in immune activities include mediating the
clearance of pathogens by aggregating them to bron-
chial mucociliary, macrophages or recruited neutro-
phils [4, 5], then enhancing phagocytosis of antimi-
crobial particles or upregulating recognition receptors
[6]. SP-D also mediated the chemotaxis and degranu-
lation of human eosinophils [7], which showed the
potential to prevent the development and deteriora-
tion of lung inflammatory or allergic responses. Con-
sequently, SP-D is closely related to several lung
diseases and acts as a biomarker in pneumonia [8],
chronic obstructive pulmonary disease (COPD) [9],
and asthma [10].

In addition to its role SP-Din the lungs, SP-D was
found recently on the human ocular surface and in
tear fluid, and lacrimal glands and passages. SP-D is
commonly produced from the superficial layers of the
human cornea and conjunctiva in vivo, or human cor-
neal and conjunctival epithelial cells in vitro, then dif-
fused into the tear fluid through the efferent lacrimal
system. The mRNA level of SP-D can be detected in
the lacrimal gland, nasolacrimal ducts, conjunctiva,
cornea and tear film [11]. The levels of SP-D tran-
scription and protein production were higher after
bacterial infection in human tear fluid and corneal
epithelial cells, suggesting that SP-D is likely to act in
defending against ocular bacterial infection [12, 13].
Recent studies focusing on other ocular diseases also
showed the antifungal properties of SP-D [14] and
its role in antiviral defense [15] and dry eye diseases
[16], which indicated the potential anti-inflammatory
effects of SP-D. Howeyver, its innate immune mecha-
nisms need to be explored in more depth.

Ocular bacterial infection refers to the invasion of
bacterial pathogens, especially gram-positive bacte-
ria, into the eye immune barriers formed by oculo-
facial structures, damaging them and causing visual
impairments and even severe blindness without
proper treatment [17]. The most superficial layers of
the oculofacial structure, including the conjunctival
epithelium, corneal epithelium, and tear film, par-
ticipate in the defense against external pathogenic
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microorganisms outside the intraocular structure and
tissue. Moreover, a series of antibacterial substances
and reactions also participate in the ocular immune
defenses [18]. The balance between pro-and anti-
inflammatory factors and responses, and the interplay
between cellular apoptosis versus necrosis, also sys-
tematically regulates the ocular surface micro-envi-
ronment. SP-D is involved in the anti-bacterial action
of the human eye in two main aspects: (a) SP-D plays
an opsonizing role, combining with bacteria and pre-
venting them from invading the ocular surface bar-
rier; and (b) SP-D adjusts the balance between pro-
and anti-inflammatory factors to maintain the stability
of the ocular surface microenvironment. Recent stud-
ies have discussed the action of SP-D in antigen pres-
entation [19], aggregation, opsonization, and phago-
cytosis [20], as well as its effect in anti-bacterial
immunity regulation processes, including the TLR-5
pathway and IL-8 effect [12], the TLR-4 pathway and
the TLR-2 pathway [21]. Other possible mechanisms
remain to be elucidated in more detail. Although the
functional roles of SP-D and the relationship between
SP-D and other aspects need to be explained, SP-D’s
multiple mechanisms of action work together in the
development or regression of bacterial keratitis in
ocular bacterial infection. SP-D may be a vital protec-
tor in the defenses against ocular bacterial infection.

As acute ocular bacterial infection needs to be
treated as an emergency, and antibiotic resistance
generally occurs in regular treatment [22], non-inva-
sive methods of diagnosis and prognosis and new
therapies relying on immune defenses in the eyes
seem to be vital. SP-D exists in most human tissues,
including the upper surface of the eyes and tear fluids,
and it might have the potential to help control kera-
titis, conjunctivitis, and other inflammatory-related
ocular diseases. Therefore, our review first explains
the role of SP-D in different kinds of bacterial infec-
tion in the eyes, with the aim of proposing its pos-
sible mechanisms, as well as methods of diagnosis,
prognosis, and treatment of ocular bacterial infection
using SP-D.

Materials and methods
Articles about the role of SP-D in various ocular

bacterial infections and infection-related ocular dis-
eases were thoroughly reviewed using PubMed,
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Google Scholar, and the Web of Science databases.
Keywords included ‘“‘surfactant protein D,” “ocular
bacterial infection,” “bacterial keratitis,” “ocular sur-
face,” “diagnosis,” “prevention,” “treatment,” “ther-
apy,” “inflammation,” and “immunity.” We searched
for relevant research using these words in different

combinations.

2

SP-D structure

As part of the C-type lectins (CTLs) family of col-
lectins, also called carbohydrate-binding lectins
or pathogen recognition receptor proteins, SP-D is
capable of recognizing and binding pathogens’ sugar
moieties. The members of this family include classi-
cal surfactant protein-A (SP-A) and mannose-binding
lectin, as well as novel members such as collectin
liver 1(CL-L1), collectin kidney 1(CL-K1), and col-
lectin placenta 1 (CL-P1) [23, 24]. SP-D, like SP-A,
is encoded by the long arm of chromosome 10 [25].
The primary structure of this 43-kDa polypeptide
consists of four domains: an N-terminal domain, a
triple-helical collagen body, an alpha-helical coiled
neck region, and a carbohydrate recognition domain
(CRD) [26]. The CRD was specified to play the most
important part in SP-D’s defense against bacterial
invasion [27]. In humans, collectins have well-con-
served oligomeric structures suited to their increasing

Fig. 1 SP-D structure. The
primary structure of SP-D
is formed by the N-terminal
domain, collagen body,
neck region, and carbohy-
drate recognition domain
(CRD). SP-D forms a
trimeric subunit as the
minimal protein unit and
polymerizes into hexam-
ers, dodecamers, or fuzzy
balls as functional proteins
in anti-bacterial immune
responses

SP-D

s
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need for functional affinity to their ligands with an
extended range of their CRDs. SP-D was found to
assemble into high-molecular forms, such as a cruci-
form of trimeric subunits, and even higher-order mul-
timers including hexamers and dodecamers [28]. The
largest collectin polymerization of SP-D monomers,
also called fuzzy balls, contributed to triggering more
effective bacteria aggregation [29] (Fig. 1).

The N-terminal domain contains seven amino
acids that form the short peptide responsible for
the oligomerization of disulfide bridges. A strong
hydrophobic interaction between the collagen body
and the neck region was found [30]. A repeating
glycine (Gly)-X-Y peptide structure, with X and
Y representing mostly proline and hydroxyproline,
constitutes the collagen body. The CRD can recog-
nize various carbohydrate ligands in microorgan-
isms based on the presence of Ca®". Ligands can be
recognized broadly including not only a series of
carbohydrates, such as glucose, fucose, N-acetylglu-
cosamine, and N-acetylmannosamine, but also pro-
teins, nucleic acids, and lipids [4, 31]. Although the
members of the CTL family share a similar struc-
tural homology, SP-D is bound specifically with
inositol, maltose and glucose in pathogens rather
than with galactose and sialic acid in most verte-
brate animals’ oligosaccharides [32]. The ability
to distinguish pathogens from normal human cells
endows SP-D with meaningful immunity function.

primary structure
collagen body coiled neck recognition
region domain (CRD)

trimeric subunit

VN
-

dodecamer fuzzy ball
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Several studies proved that SP-D participates in the
processes of opsonization [33], aggregation, ligand-
receptor association [34], and the direct killing of
pathogens [35].

Evidence of SP-D participation in ocular bacterial
infections

Staphylococcus aureus infection

The Staphylococcus species of infection remains
the cause of several leading clinical problems in
bacterial keratitis, creating an increasing number of
multidrug-resistant strains to be treated [36]. SP-D
participates in innate immunity to corneal impair-
ment by Staphylococcus aureus (S. aureus) through
its function of binding bacteria and regulating the
balance of protease inhibitors. The CRD structure
of SP-D, which binds carbohydrate sites and thus
exposes lipoteichoic acid and peptidoglycan on the
surface of S. aureus, provides structural evidence
for its binding function [37, 38]. Positive results
of SP-D proteins were shown in normal superficial
layers of corneal and conjunctival epithelia, instead
of endothelial or stromal cells, using immunobhis-
tochemical staining. However, the positive staining
reaction of SP-D could be found in the periphery
of corneal ulcers, corneal stroma and endothelium
areas when invaded by S. aureus, suggesting the
induction of SP-D after bacterial stimulation [11].
In mice experiments, the expression of SP-D was
also up-regulated in the corneal epithelium and
endothelium, and acinar cells of the lacrimal gland,
after S. aureus challenge. In addition, SP-D regu-
lated the balance between proteases and protease
inhibitors, ensuring the stable environment of the
ocular surface [39]. Invasive bacteria could release
cysteine protease that would impair SP-D func-
tioning, but cysteine protease inhibitor inhibited
this process. Therefore, cysteine protease inhibitor
can enhance the protective function of SP-D and
reduce bacterial adherence as a potential therapeu-
tic agent for S. aureus keratitis [13]. The protective
role of cysteine protease inhibitor was also shown
in corneal tissue that underwent fusarium damage
[40]. Overall, SP-D acts positively after S. aureus
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invasion to maintain the stable state of the ocular
surface.

Pseudomonas aeruginosa infection

Pseudomonas aeruginosa (P. aeruginosa) represents
the common gram-negative opportunistic bacterium
causing keratitis, corneal ulcers and eventually sight
loss. Ocular P. aeruginosa infection is most strongly
related to contact lens wear [41], followed by ocular
and systemic diseases and trauma [42]. P. aeruginosa
can be divided into at least two strains, invasive and
cytotoxic, both of which can damage corneal epithe-
lial cells [43, 44]. Both of strains target corneal sur-
face cells in vitro but fail to infect healthy corneas
in vivo, indicating that protective factors, such as
lactoferrin, lysozyme [45], secretory phospholipase
A2 [46], defensins [47], and SP-D are present in the
healthy ocular surface [12]. Therefore, studies usually
focus on the epidemiology of patients wearing con-
tact lenses [41] or models of mice with injured cor-
neas [48]. In this section, we discuss the role of SP-D
in ocular P. aeruginosa infection.

SP-D in tear fluid

As a protective factor in tear fluid, SP-D plays a role
in ocular immune defenses. Fleiszig has confirmed
that human tear fluid can protect the corneal epithe-
lium from P. aeruginosa virulence [49]. This kind
of cytoprotective effect could not be eliminated by
boiling or diluting tear fluid, showing that this is not
a heat-labile function and that the intervention of
tear bacteriostatic activity and bacterial motility can
be excluded from possible reasons for the protective
effect. Therefore, the antimicrobial function of tear
fluid is complex and multifactorial.

The function of some anti-bacterial factors relies
on the participation of corneal epithelial cells. A pre-
vious study proved that SP-D existed in human tear
fluid and corneal epithelia [50]. The higher expres-
sion of SP-D mRNA and proteins after P. aeruginosa
infection in human corneal epithelial cells shows that
SP-D could protect tear fluid by increasing SP-D pro-
ductions [12]. Another study proved that the degra-
dation of SP-D is related to P. aeruginosa elastase
in vitro and in vivo, suggesting a possible interaction
between SP-D and bacterial clearance. It is worth
mentioning that proteases took part in the in vivo and
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in vitro immune responses to P. aeruginosa, as puri-
fied elastase could degrade SP-D in tear fluid in vivo,
while P. aeruginosa proteases could enhance the viru-
lence of the infection [51]. SP-D recognizes P. aerug-
inosa through its CRD structure and binds the patho-
gens in a calcium-dependent way. However, SP-D
can be bound to P. aeruginosa wall via the probable
calcium-independent connection of an additional tear
component that cannot be removed by mannan-sepha-
rose enzyme-linked immunosorbent assay [50]. The
relationship of SP-D to other chemicals in tear fluid
must be investigated separately.

The invasive and cytotoxic strains of P. aeruginosa
highlight the various immunomodulatory proper-
ties of SP-D [52]. Cytotoxic strain 6206, which pro-
duces a lower quantity of protease compared to strain
PAOI1 and expresses a powerful cytotoxin, was found
to have delayed clearance from the ocular surface in
SP-D-deficient mice. However, the protease mutant of
the PAOI strain was less easily cleared than the wild-
type strain in SP-D-deficient mice [51]. Therefore,
the protective effects of SP-D and bacterial virulence
were found to differ among strains.

SP-D in the cornea

Corneal epithelial cells function as both physical and
biochemical barriers. The rapid clearance of a large
amount of P. aeruginosa in healthy mouse corneas
showed the effective protective function of SP-D
in vivo [51], so the establishment of animal mod-
els with bacterial corneal keratitis has always been
based on invasive procedures [53, 54]. However, non-
damaged multilayers of corneal epithelial cells could
still be traversed by P. aeruginosa in vitro [55]. This
implies that there exist additional defenses against
invasion of the cornea in vivo, other than physical
barriers including intercellular tight junctions and
basement membranes, and protective factors in tear
fluids. A previous study proved that SP-D contrib-
uted to corneal defense, but called for more studies
to identify the mechanisms of this defense [50]. Tis-
sue paper blotting was proposed to test the damage
caused by an ethylene glycol tetraacetic acid (EGTA)
solution, which disrupts calcium-dependent junction
barriers. Deeper bacterial penetration resulted from
EGTA-treatment than from the absence of SP-D,
which resulted only in superficial invasion, suggest-
ing that calcium-dependent factors other than SP-D

likely contribute to cornea protection [56]. Taken
together, both EGTA-sensitive factors and SP-D limit
the traversal of P. aeruginosa in the cornea, and cor-
neal bacterial defenses may be multifactorial and
redundant.

Infection with other pathogens

Lipoarabino-mannan of Mycobacterium tuberculosis,
infection of which usually leads to ocular tuberculosis
or tubercular retinochoroiditis, can bind to SP-D and
reduce phagocytosis function by macrophages [57].
SP-D enhances the phagocytosis and aggregation of
Chlamydia pneumoniae in THP-1 cells, suggesting
that it may be involved in the eye’s innate host defense
[58]. The specific relationship between human SP-D
and Salmonella enterica lipopolysaccharide (LPS)
was studied recently [59].

SP-D in infection related ocular diseases
SP-D in dry eye (DE)

The pathogenesis of contact lens-related infections
may have relevance for ocular surface disorders. Stud-
ies have described the occurrence of dry eye (DE) as
an inflammation process mediated by oxidative stress,
lymphocytes, and proinflammatory cytokines, such as
IL-8 or MMP-9, in the ocular surface [60, 61]. Con-
ventional culture showed a higher mean number of
bacteria in DE patients than in normal subjects, but
no statistically significant difference between them
was found using polymerase chain reaction amplifica-
tion of 16S rDNA detection [62].

It is not yet known whether inflammatory fac-
tors, including SP-D, will benefit dry eye disease
or experimentally induced dry eye (EDE) in a way
similar to bacterial infection, especially contact lens
related P. aeruginosa infection. SP-D contributes to
corneal defense in EDE, despite barrier loss. Before
and 6 h after bacterial inoculation, elevated expres-
sion of SP-D proteins and fewer bacteria (p=0.049,
Mann—Whitney test) were observed in ocular washes
of EDE wild-type mice compared to normal con-
trols, indicating the enhanced P. aeruginosa clearance
function of SP-D. The result of increased P. aerugi-
nosa corneal colonization (~ fivefold) after bacterial
inoculation was shown in SP-D knockout EDE mice
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[63]. However, a recent study suggested that EDE
did not enhance the epithelium, stroma, or endothe-
lium corneal layers and that the conjunctival surface
is more susceptible to live bacterial colonization,
regardless of the influence of the specific species of
bacteria studied [64]. The significant upregulation
(»<0.05, one-way ANOVA) of SP-D proteins in tear
fluids from DE patients compared to healthy con-
trols reflects the potential antimicrobial and immune
regulating functions of SP-D and requires the further
experimental investigation [16].

SP-D in lacrimal apparatus diseases

SP-D has also been confirmed to play an important
role in lacrimal apparatus diseases, such as func-
tional nasolacrimal duct obstruction and infective
dacryocystitis. It was proven that SP-D exists in the
epithelium of the lacrimal sac and nasolacrimal ducts.
Surfactant proteins (SPs) regulate tear flow speed and
maintain the mucosal defenses of the lacrimal drain-
age system against microbes, and participate in the
pathological processes of infectious dacryocystitis
[65]. The strong expression of SPs in the canalicular
system, including SP-D, provided some new hypoth-
eses of their functions in lacrimal drainage defenses
[66].

The immune mechanism of SP-D in ocular
bacterial infection

SP-D mediated antigen presentation, aggregation,
opsonization and phagocytosis

Considered to be a secreted pattern recognition mol-
ecule, SP-D was proven to serve as a mediator for
the direct killing of pathogens as part of organism’s
innate immunity. Previous studies claimed that the
multiple trimeric lectin subunits of SP-D were served
to connect Pseudomonas aeruginosa [67]. SP-D
primarily stimulates dendritic cells presenting anti-
gens, while SP-A inhibits processes of antigen pres-
entation. Both of these SPs promote phagocytic cell
uptake by increasing the expression of surface recep-
tors and are then activated as models for binding and
aggregating bacteria [19, 68]. The main antigens for
aggregation in gram-negative bacteria are LPS, while
gram-positive bacteria rely on lipoteichoic acid (LTA)
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and peptidoglycan [38, 69]. However, the binding of
SP-D and bacteria is not sufficient to induce obvious
aggregation, while SP-D acts mainly as an opsonin to
enhance phagocytosis or other immune cell response
[4, 67]. For instance, as a surface receptor, CD14 can
bind to LPS, the process of which might be broken
by the ligand-binding of SP-D in the solid phase or
enhanced through the ligand-passing of SP-D to stim-
ulate the following LPS-mediated pathways in the
fluid phase [52].

Although not all LPS phenotypes induce collec-
tin-mediated aggregation, other mechanisms of con-
nection, (e.g., other cell wall glycoconjugates) can
enhance aggregation by SP-D. Interestingly, SP-D
interplayed with the core oligosaccharide of rough P.
aeruginosa LPS and stimulated the release of tumor
necrosis factor-a (TNF-a) by the human monocytic
cell line Mono Mac 6, whereas the cytokine response
was not activated by smooth LPS. The differences
between LPS serotypes might be responsible for the
diversity of their binding proteins or their presentation
toward target cells, as well as for changing the signal
transduction and the activation of proinflammatory
cytokines [70]. Furthermore, the direct killing effect
of SP-D and SP-A was reflected in the increasing per-
meability of the Escherichia coli K12 membrane for
the clearance of gram-negative bacteria without the
assistance of phagocytosis [35]. Rough LPS is more
susceptible to permeabilization, with oxidative dam-
age aggravating this function [71]. A study assumed
that SP-D-mediated antigen immune responses might
have two-step mechanisms, including direct killing,
primarily, and LPS-mediated cytokine responses, sec-
ondarily. The smooth P. aeruginosa—LPS seemed to
need more complex immune responses [52].

In conclusion, multiple factors contribute to the
interactions among antigen presentation, aggrega-
tion, opsonization, and phagocytosis of different bac-
teria strains. SP-D may take part in the various host
responses found in in vitro studies. The inter-reaction
between SP-D and LPS might be effective for bacte-
rial immune defenses when LPS is exposed to tear
fluid. The diversity of connections between bacteria
strains and LPS results from the presence of glyco-
conjugate structures, and density, or the micro-organ-
ization of LPS.

In an experiment using a mice model, signifi-
cantly lower slit-lamp scores (p <0.0185) were pre-
sented in SP-D deficient Black Swiss mice than in
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wild-type mice 3 and 6 days after infection, and the
bacteria count per cornea was be significantly lower
(»<0.0233) in wild-type mice than in Black Swiss
mice. It was proven that SP-D-deficient mice have
lower resistance to P. aeruginosa infection than wild-
type mice. The numbers of gathered polymorphonu-
clear neutrophils (PMNs) or other phagocytic cells
2 or 3 days after infection was revealed. SP-D likely
acts as a host defense molecule to uptake pathogens
against P. aeruginosa Keratitis but must be supported
by phagocytosis [20].

SP-D regulating anti-bacterial immunity processes

Flagellin-mediated toll-like receptor-5 pathway
and IL-8 effect

Human corneal epithelial cells can up-regulate SP-D
in response to P. aeruginosa, and purified flagellin or
LPS can mediate this up-regulation. A previous study
showed that P. aeruginosa flagellin interact with
innate Toll-like receptor-5(TLR-5) in the internal
layers of corneal stratified epithelium when bacteria
enter or break the epithelial barrier, and the flagel-
lin then induce IL-8 expression to trigger the defen-
sive NF-kappaB (NF-xB) signal system in cultured
human corneal epithelial cells [72]. Although SP-D
can be induced by flagellin, flagellin receptor-binding
sites were observed to be separated from the recep-
tors for IL-8 induction, as there was no reduction in
the upregulation of SP-D mRNA when treated with
the SP-D mutations, which reduced the IL-8 response
[12]. Another study suggested that IL-8 mediates
neutrophil infiltration in corneal infections and could
work synergistically with the defensive functions of
SP-D [54]. Therefore, the relationship between IL-8
and SP-D can be either synergistic or separable, and
the separation of receptor-binding sites allows IL-8
and SP-D to activate one response without the other,
which may be beneficial for the limitation of exces-
sive anti-inflammatory actions in ocular bacterial
infection. Further clear evidence for flagellin-induced
SP-D upregulation through TLR-5 processes is
required, as other complex regulatory pathways may
contribute to this upregulation.

IL-8 contributes importantly to corneal tissue
repair, relying on activated corneal stromal fibroblasts
that induce the mitogen-activated protein kinase
(MAPK) pathway to stabilize the expression of IL-8

mRNA and proteins [73]. As a member of the MAPK
family, JNK1 played an important role in anti-inflam-
matory processes as it served as positive feedback
controlled by NF-xB for increased IL-8 release [74].
Conclusion of the participation of IL-8 and JNKI1
in anti-inflammatory processes provided possible
explanations for the results of a previous study that
showed the involvement of MAPK signaling in SP-D
secretion, suggesting that MAPK inhibitors reduce
the secretion rather than the level of SP-D in human
corneal epithelial cell lysates [12]. Addition evidence
at the genetic level included that various transcription
factor-binding sites were found in the SP-D gene pro-
moter, including the MAPK-activated AP-1 transcrip-
tion factors [75]. MAPK was found to play a similar
role in corneal inflammation caused by DE [76] and
hyperosmolar stress [77]. Therefore, the regulation
of MAPK signaling is complex, and other common
pathways or negative regulation between SP-D and
IL-8 responses need to be further determined. The
circumstances under which TLR5 and MAPK path-
ways may be of benefit for IL-8 are still unclear.

LPS mediated toll-like receptor-4 pathway

Toll-Like Receptor-4(TLR-4) is one of the most
important receptors in the innate ocular immune sys-
tem for the recognition of LPS. In a BALB/c mice
model, the expression of TLR4 mRNA was signifi-
cantly upregulated (p <0.001, p<0.0001, p <0.0001,
and p<0.01 at 1, 3, 5, and 7 days postinfection) in
P. aeruginosa corneal infection. The TLR-4-deficient
mice had higher bacterial loads in the cornea com-
pared with the wild type mice, together with signifi-
cantly increased PMN recruitment and proinflamma-
tory cytokine production, including interleukin-1§
(IL-1p), macrophage inflammatory protein-2 (MIP-2),
and interferon-y(IFN-y) production, therefore result-
ing in the increased occurrence of inflammation pro-
cesses. Moreover, the reduced mRNA levels of nitric
oxide (NO) and defensin-p-2 indicated impaired bac-
terial killing [21]. Studies have presumed that SP-D
limits the interaction among pathogens and TLR-4 in
the infected state. However, it was reported that natu-
ral or recombinant SP-D is bound to the extracellular
domains of TLR2 and TLR4 differently from the way
it combines with Escherichia coli LPS. Both com-
binations with TLR-2 and TLR-4 required binding
sites in the CRD structure of SP-D; these sites were

@ Springer



3618

Int Ophthalmol (2022) 42:3611-3623

spatially proximal to each other, having the relatively
direct effect of regulating the LPS-mediated TLR-4
pathway [78]. In addition, as the coreceptor of TLR-
4, the myeloid differentiation protein 2(MD-2) was
responsible for initiating LPS signaling when formed
in the TLR4/MD-2 complex. SP-D hypo-activates the
LPS-elicited inflammatory responses by decreasing
the bond between MD-2 and LPS, specifically result-
ing in the down-regulation of TNF-aand NF-«xB acti-
vation [79].

A recent study showed that the mRNA and pro-
tein levels of SP-D increased in human corneal epi-
thelial cells after Aspergillus fumigatus infection but
decreased 24 h and 36 h later. This negative feedback
control of SP-D might be due to the synthesis and
consumption of mRNA. As TLR4 inhibitors reduced
the IL-1p and IL-8 production activated by A. fumig-
atus, SP-D was proven to connect LPS recognition
and IL-8 response through TLR4-MyDS88/NF-kB
pathway, the expression of which might conversely
be regulated by TLR4-Jnk activation. SP-D down-
regulated the immune reaction against fungal infec-
tion, but not bacterial infection clearly via the TLR-4
signaling pathway [80]. The direct link between SP-D
and the LPS-mediated TLR-4 pathway in ocular bac-
terial infection thus needs to be proven by further
experiments.

Table 1 Immune mechanisms of SP-D in ocular bacterial infection

The toll-like receptor-2 pathway

SP-D is also the ligand for TLR-2 and mediates a sim-
ilar expression of cytokines as SP-A [78]. Although
the peptidoglycan of S. aureus was regarded as a
TLR-2 activator [81], its lipoprotein seemed to play
a critical role in activating TLR2 and MyDS88 in
the processes of inflammatory cytokine production
and neutrophil recruitment in the cornea [82]. The
connection between SP-D and the TLR-2 pathway
is worth investigating for the clinical application
(Table 1).

The role of SP-D in the diagnosis, prognosis,
and treatment of ocular bacterial infection

The present rapid method of diagnosing infectious
keratitis relies on the patient’s clinical history and
empirical examination of typical ocular character-
istics under a slit lamp by optometrists. This diag-
nostic method can be misleading due to differen-
tial pathogen virulence, topical administration at
an early stage of infection or a history of corneal
disease. Corneal smears and bacterial cultures are
commonly used as gold-standard diagnostic meth-
ods, but their limitations include invasive sampling

Bacteria types Strains Immune processes Specific mechanisms References
Gram-positive bacteria S. aureus TLR-2 pathway Binding TLR2 with its CRD [81]
Activating lipoprotein mediated [82]
TLR2/MyD88 pathway
Gram-negative bacteria P. aeruginosa Antigen recognition and presentation  Primary stimulating dendritic cell [19, 68]
presentation
Antigen aggregation, opsonization, Increasing phagocytic cells’ surface [19, 68]

and phagocytosis

Flagellin-mediated TLR-5 pathway

and IL-8 effect

LPS-mediated TLR-4 pathway

E. coli Direct killing

receptors’ expression

Assisting PMNSs or other phagocytic ~ [19]
cells’ uptake

Benefiting anti-inflammatory pro- [12, 54]
cesses synergistically or separably
Enhancing SP-D secretion by the [12]

MAPK signal pathway

Binding TLR4 with its CRD and regu- [78]
lating the following pathways

Limiting inflammation by decreasing  [79]
MD-2 coreceptor responses

Increasing permeability of the mem-  [35]
brane
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operations, long-duration cultivation, and low posi-
tive detection rates. Recent studies have shown
elevated SP-D levels after viral [83], fungal [80],
and bacterial infection [13], as well as allergic reac-
tions on the ocular surface [84], which are signifi-
cant factors in ocular immune defenses and assist
in distinguishing between infectious and non-infec-
tious keratitis. SP-D has been used to diagnose and
evaluate bacterial infection-related inflammation.
SP-D in serum or bronchoalveolar lavage fluid acts
as an important biomarker reflecting lower airway
inflammation for differential diagnosis, evaluation
of severity, or prediction of prognosis of chronic
obstructive pulmonary disease [85], Idiopathic pul-
monary fibrosis [86], asthma [87], and pneumonia
[8, 88], but the methods of collecting serum and lav-
age fluid are invasive. The higher level of SP-D in
nasal lavage fluid from patients with chronic rhinos-
inusitis was found to be a useful adjunct to identifi-
cation methods for upper airway inflammation [89].
Elevated salivary SP-D might reflect small airways
and could help monitor the degree of exacerbation
of childhood asthma [10]. Hence, elevated levels of
SP-D expression in ocular bacterial infection could
provide new information for the diagnosis of early
infection in the lacrimal system and tear fluid, as
well as untypical corneal damage. The quantitative
determination of SP-D may reflect ocular inflam-
mation in human tear fluid and corneas, and could
be used as a non-invasive and easily obtainable
diagnostic biomarker for monitoring the degree of
inflammatory response in place of invasive methods
of collecting biomarkers. The specificity and sensi-
bility of SP-D are worthy of further study in clinical
trials, as SP-D can be induced by various types of
infectious keratitis and ocular allergic inflammation.

The N-terminal domain of SP-D shows its poly-
morphic variation at the genetic level and could influ-
ence the oligomerization, function, and concentra-
tion of its production in the ocular surface [90]. The
genetic single nucleotide polymorphisms (SNP) of
SP-D have been studied in lung diseases [91, 92],
allergic rhinitis [93], and acute kidney injury [94],
indicating the ability of specific SP-D genotypes to
predict susceptibility to and prognosis of these dis-
eases. SP-D SNP could influence the function and
concentration of SP-D protein, therefore resulting in a
higher degree of oligomerization for ocular bacterial
inhibition [95]. The genetic polymorphism of SP-D

may act as a predictor of susceptibility to and progno-
sis of bacterial keratitis.

Although the most effective treatment for bacte-
rial keratitis is still topical antibiotics therapy, the
frequent occurrence of drug resistance remains an
emergent problem. Elucidating the mechanisms of
SP-D’s participation in innate ocular immune sys-
tems provides ideas for the treatment of ocular bacte-
rial infection. Such treatments could be multidimen-
sional and involve the application of multiple factors
and related therapies, for example, the cysteine pro-
tease inhibitor mentioned above or recombinant frag-
ments of human (rfh) SP-D. rfhSP-D, which consists
of an a-helical neck with three CRDs, can recognize
and bind to pathogens, activate immune cells, and
release cytokine and chemokine products, showing
its potential as an immunotherapy target [96]. Smaller
rfhSP-D proteins have been developed and are easy
to access in an economical way from E. coli [97].
rfhSP-D has been under development recently for the
treatment of pulmonary inflammatory diseases, such
as bronchopulmonary dysplasia, chronic obstructive
pulmonary disease, asthma, and even COVID-19 [83,
98]. Multiple studies discussed above have suggested
the anti-bacterial function and therapeutic potential
of SP-D in ocular bacterial infection, and it would
be worthwhile to conduct more clinical trials in the
future.

Conclusion

SP-D, which belongs to the CTL family, comprises
four domains, among which CRD is an impor-
tant antigenic domain with a role in ocular bacte-
rial defenses. Previous studies have proven that the
expression of SP-D increases in tear fluid and corneas
after bacterial infection, such as S. aureus infection
and P. aeruginosa infection, and infection-related
ocular diseases, including DE and lacrimal apparatus
diseases. The immune mechanisms of SP-D consist of
two main aspects: (a) assisting and enhancing the rec-
ognition, presentation, aggregation, opsonization, and
phagocytosis of various antigens, and (b) regulating
different immune pathways, including the flagellin-
mediated TLR-5 pathway and IL-8 effect, the LPS-
mediated TLR-4 pathway and TLR-2 pathways, there-
fore maintaining the micro-environment of the ocular
surface. Recent studies have shown potential clinical
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applications of SP-D for the diagnosis, prognosis,
and treatment of ocular bacterial infection, and more
clinical trials should be conducted, such as studies in
the SNP of SP-D, or the potential value of SP-D as a
diagnostic biomarker and a therapeutic target in ocu-
lar bacterial infection.
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