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Abstract 18

Surfactant proteins A (SP-A) and D (SP-D) are soluble innate immune molecules which maintain lung 19
homeostasis through their dual roles as anti-infectious and immunomodulatory agents. SP-A and SP-20
D bind numerous viruses including influenza A virus, respiratory syncytial virus (RSV) and human 21
immunodeficiency virus (HIV), enhancing their clearance from mucosal points of entry and 22
modulating the inflammatory response. They also have diverse roles in mediating innate and adaptive 23
cell functions and in clearing apoptotic cells, allergens and other noxious particles. We summarize here 24
how the properties of these first line defense molecules modulate inflammatory responses, as well as 25
host-mediated immunopathology in response to viral infections.  26

Since SP-A and SP-D are known to offer protection from viral and other infections, if their levels are 27
decreased in some disease states as they are in severe asthma and chronic obstructive pulmonary 28
disease (COPD), this may confer an increased risk of viral infection and exacerbations of disease. 29
Recombinant molecules of SP-A and SP-D could be useful in both blocking respiratory viral infection 30
whilst also modulating the immune system to prevent excessive inflammatory responses seen in, for 31
example, RSV or coronavirus disease 2019 (COVID-19). SP-A and SP-D could have therapeutic 32
potential in neutralizing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus and 33
modulating the inflammation-mediated pathology associated with COVID-19. Further work 34
investigating the potential therapeutic role of SP-A and SP-D in COVID-19 and other infectious and 35
inflammatory diseases is indicated. 36
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1 Introduction 38

Surfactant proteins A (SP-A) and D (SP-D) are essential innate immune molecules with important roles 39
in lung health (1-3). These work to both neutralize and enhance the clearance of pathogens whilst 40
modulating the inflammatory response (4, 5). SP-A and SP-D play key roles in keeping the lungs in a 41
non-inflamed and infection-free homeostatic state to ensure efficient gaseous exchange. In this review 42
we focus on the dual roles of SP-A and SP-D in immunoregulation and anti-viral defense and in 43
particular their role in protecting against immune-mediated pathophysiological processes following 44
viral infection. Furthermore, we discuss the potential of recombinant versions of these proteins as 45
prophylactic treatments for infectious and inflammatory diseases, ranging from neonatal chronic lung 46
disease to coronavirus disease 2019 (COVID-19). 47

2 Pulmonary surfactant and SP-A and SP-D  48

Pulmonary surfactant is an important lipoprotein complex of the lung lining made of 90% lipids and 49
10% proteins. Surfactant is produced predominantly by alveolar type 2 cells and forms a mobile-liquid 50
phase which covers the alveolar epithelium to facilitate breathing by reducing surface tension at end-51
expiration and preventing alveolar collapse (6, 7). Surfactant proteins B (SP-B) and C (SP-C) are small 52
hydrophobic peptides of 14 kDa and 6 kDa, respectively. These are involved in the packaging and 53
recycling of surfactant as well as contributing to its biophysical properties. Contrastingly, surfactant 54
protein A (SP-A) and surfactant protein D (SP-D) are large, soluble, hydrophilic proteins which are 55
expressed on most mucosal surfaces and have key overlapping and distinct roles in innate immunity 56
and immunological homeostasis of the lung.  57

SP-A and SP-D form functional trimeric units, consisting of four domains, a C-terminal carbohydrate 58
-helical coiled-coil neck, a collagenous domain and an N-terminal domain 59

(Figure 1). SP-A and SP-D are termed collectins as they contain collagen and are functional (group III) 60
lectins, which bind carbohydrates in a calcium-dependent manner using their CRD. While the SP-D 61
trimer is a homotrimeric unit, SP-A is formed of two gene products, SP-A1 and SP-A2, and some 62
functional differences have been described between these two molecules (8). Through interaction of 63
their N-terminal domains, these trimeric units oligomerize into an octadecameric-like structure for SP-64
A, which is similar to a bunch of flowers, and a dodecameric cruciform-like structure which can further 65
assemble into -D (Figure 1) (9). This multimerization enhances the overall 66
avidity of binding to carbohydrate targets and enhances their capacity for pathogen agglutination. 67

Recombinant trimeric fragments of human SP-A (rfhSP-A) and D (rfhSP-D) have been produced and 68
consist of the CRD and trimerizing neck regions and a collagenous stalk consisting of 8 x Gly-Xaa-69
Yaa repeats. These lack the capacity to agglutinate pathogens but maintain many of the anti-pathogenic 70
and immunomodulatory functions of the native proteins. Furthermore, they have potential for 71
development into therapeutics for a variety of inflammatory and infectious lung diseases (10-14).  72

3 Anti-viral functions of SP-A and SP-D 73

SP-A and SP-D bind to and neutralize a number of different viruses (13). Their importance in 74
protecting the lung against viral infections has been demonstrated by the increased susceptibility of 75
SP-A and SP-D knockout mice to influenza A virus and respiratory syncytial virus (RSV) infection 76
and viral-mediated inflammation (15-20).  77
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3.1 Influenza A Virus 78

As compared with wildtype mice, both SP-A and SP-D knockout mice have increased susceptibility to 79
influenza infection with an increase in viral load, infiltration of inflammatory cells, production of 80
inflammatory cytokines and immunopathology (16, 19, 21, 22). SP-D neutralizes influenza virus 81
through interaction with high mannose oligosaccharides in close proximity to the hemagglutinin (HA) 82
binding site, preventing binding to the sialic acids on the host cell (23). Administration of exogenous 83
SP-D into the lung of SP-D knockout mice decreases viral loads and reduces neutrophil infiltration, as 84
well as levels of inflammatory cytokines within the lung, including tumor necrosis factor alpha (TNF-85

) and interleukin (IL)-6. Similarly, rfhSP-D has been shown to neutralize and downregulate pro-86
inflammatory cytokines in vitro including TNF- interferon (IFN)- - -6, and 87
regulated on activation normal T-cell expressed and secreted (RANTES), upon influenza infection of 88
a basal epithelial cell line (24, 25). Comparatively, SP-A occupies the HA binding site through its own 89
salicylic acid, found naturally on the asparagine 187 residue of the CRD. This prevents binding of 90
influenza to salicylic acids on the host cell (26). Alongside increased viral loads, SP-A knockout mice 91
infected with influenza develop epithelial injury and higher levels of IL-6, macrophage inflammatory 92
protein 2 (MIP-2) and macrophage and neutrophil infiltration (19, 22). Treatment with exogenous SP-93
A decreases influenza infection and the production of inflammatory cytokines including TNF- -6 94
and IFN-  (27).  95

Although both SP-A and SP-D have overlapping roles in neutralizing influenza virus, they also likely 96
have distinct roles in vivo. For example, SP-A but not SP-D has been shown to opsonize influenza and 97
enhance phagocytosis by rat macrophages (28). A recent study further demonstrated that native human 98
SP-A reduced infection of an epithelial cell line by pH1N1 and H3N2 strains of influenza in vitro (25). 99
In this paper recombinant fragment of SP-A, composed of the CRD and neck without a collagen stalk, 100
interacted with neuraminidase and matrix protein 1 in a calcium-dependent manner. However, it was 101
shown that this fragment enhanced influenza infection as well as expression of inflammatory cytokines 102
TNF- - -  IL-12, IL-6 and RANTES, contrasting to the native molecule. This opposing 103
effect of the SP-A fragment is interesting and could be explained by its expression in an Escherichia 104
coli strain, which lacks the capacity to add N-linked glycosylations to the expressed protein. This 105
fragment, therefore, lacks the asparagine 187 residue which is known to be important for influenza A 106
neutralization, which may mean that the SP-A fragment interacts with influenza through a different 107
mechanism. Alternatively, the trimeric structure of this molecule as opposed to the octadecameric 108
structure of the native protein could impact the ability of this molecule to neutralize or aggregate 109
influenza and allow enhancement of epithelial cell infection. Further work elucidating this difference 110
between native SP-A and SP-D and their recombinant fragments in ex vivo and epithelial-macrophage 111
co-culture models will be important to understand their role in the influenza infected lung and the 112
potential for therapeutic use (29). 113

3.2 Respiratory Syncytial Virus 114

RSV is the leading cause of lower respiratory tract infection in infants worldwide and is characterized 115
by an excessive immune response with a T helper (Th)2 bias (30, 31). SP-A knockout mice have an 116
enhanced susceptibility to RSV, with increased viral loads, infiltration of immune cells and production 117
of inflammatory cytokines including TNF- -6 and IL- (17). In vitro work has demonstrated the 118
capacity of SP-A to neutralize RSV through binding the fusion (F) protein (32). Furthermore,  119
administration of native SP-A to SP-A knockout mice both prevented RSV infection and decreased 120
total bronchoalveolar lavage (BAL) inflammatory cell numbers (32). However, another in vitro study 121
found native human SP-A to bind to the attachment protein (G) of RSV and enhance the update of RSV 122
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by Hep-2C cells, potentially via its N-terminal domain (33). More recent research confirmed the role 123
of native SP-A in neutralizing RSV, but found trimeric rfhSP-A lacking the N-terminal domain to be 124
more efficacious (10). Further work is, therefore, needed to investigate the importance of the N-125
terminal domain in mediating RSV infection. 126

SP-D interacts with RSV through both the fusion (F) and attachment (G) proteins (18). SP-D knockout 127
mice also have increased levels of inflammatory cytokines following RSV infection including TNF-128
IL- -6, and MIP-2. Administration of either exogenous native human SP-D or rfhSP-D into the 129
lung neutralizes RSV in vivo (18, 34). However, despite these early studies, there has been no recent 130
work demonstrating the importance of SP-D treatment in preventing RSV-induced inflammation and 131
immunopathology. Further work will be key in assessing the potential of recombinant SP-D as a 132
therapeutic in RSV infections. 133

Parainfluenza is a virus related to RSV which commonly infects the elderly and immunocompromised 134
(35). However, the role of SP-A and SP-D in modulating parainfluenza infection and parainfluenza-135
mediated immunopathology is yet to be described. SP-D has, however, been reported to inhibit 136
hemagglutination activity of Sendai virus, the related murine parainfluenza virus (36). Further studies 137
on the direct interaction of SP-A and SP-D with parainfluenza are needed. 138

3.3 Coronaviruses 139

SP-A and SP-D play roles in modulating coronavirus infection and have been shown to bind human 140
coronavirus 229E (HCoV-229E) virions and prevent infection of human bronchial epithelial cells (37). 141
Notably SP-D was more efficient than SP-A at neutralizing HCoV-229E virions to prevent human 142
bronchial epithelial cell line infection. However, SP-A, but not SP-D was demonstrated to reduce 143
infection of human alveolar macrophages (37).  144

SP-D has been shown to bind the heavily glycosylated SARS-coronavirus (CoV) spike (S) protein (38). 145
Furthermore, pre-incubation of SP-D with SARS S-protein increases binding of S-protein to DCs, but 146
not macrophages or a kidney epithelial cell line (38). Plasma levels of SP-D have been found to be 147
elevated in severe acute respiratory syndrome (SARS)-related pneumonia, potentially through leakage 148
from the damaged lung into the blood (39). Furthermore, recent studies have shown that COVID-19 149
patients who went on to develop macrophage activation syndrome had significantly higher serum levels 150
of SP-D on admission and that SP-A and SP-D serum levels correlated with more severe COVID-19 151
disease (40, 41). Thus, early work suggests a role for SP-D in SARS-CoV infection, which may 152
modulate infection and the pathologic host inflammatory response. The level of SP-D levels in the lung 153
and potential role in SARS infection immunopathology, therefore, merit consideration. Equally, the 154
potential role of serum SP-D levels as a potential biomarker in SARS-related pneumonia warrants 155
further investigation.  156

The severity of COVID-19 disease resulting from the current SARS-CoV-2 pandemic is in part related 157
to aberrant host-inflammatory responses (42, 43). SP-A and SP-D could play roles in modulating 158
inflammation and binding to and neutralizing SARS-CoV-2 through interaction with the spike protein 159
which is also heavily glycosylated (42). Thus, the role of SP-A and SP-D in COVID-19 disease needs 160
to be determined in both the serum and the lung in in vivo and ex vivo models. Furthermore, the 161
potential for recombinant versions of SP-A and SP-D to modulate SARS-CoV-2 infection and 162
immunopathology warrants investigation. 163

3.4 Human Immunodeficiency Virus 164

D in modulating parainfluenza infection and parainfluenza
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Outside the lungs, SP-A and SP-D are expressed within the urogenital tract and most other extra-165
pulmonary mucosal surfaces (44-46). SP-A and SP-D play dual roles in HIV infection and pre-166
incubation with HIV both neutralizes the virus to prevent infection of a cluster of differentiation 167
(CD)4+ T cell line (PM1 cells), as well as enhance infection of immature monocyte-derived dendritic 168
cells (IMDDCs) and subsequent transfer to T cells (47, 48). SP-A binds to glycoprotein (gp)120 and 169
blocks its interaction with both CD4 and Dendritic Cell-Specific Intercellular adhesion molecule-3-170
Grabbing non-integrin (DC-SIGN). Similarly, SP-D also binds gp120 and gp41 and blocks the 171
interaction of gp120 with DC-SIGN. However, there have been conflicting reports around the capacity 172
of SP-D to disrupt the binding of gp120 to CD4 (47, 49). The mechanism by which SP-A and SP-D 173
enhances uptake into DCs is still not fully characterized. This could be through interaction of the HIV-174
bound collectin with a host cell receptor and agglutination of the virus to enhance uptake. Upon 175
occupation of the collectin CRD, SP-A and SP-D bind numerous host cell receptors, principally 176
through their N-terminus. A rfhSP-D molecule lacking the N-terminal domain could therefore be 177
advantageous in neutralizing HIV without agglutination or interacting with dendritic cell (DC) 178
receptors. Pandit et al demonstrated the function of rfhSP-D in neutralizing HIV to prevent T cell 179
infection. However, the effects of HIV pre-incubation with rfhSP-D on DC uptake and subsequent 180
transfer to T cells was not determined (49). Dodagatta-Marri et al demonstrated that rfhSP-D inhibited 181
HIV-1 transfer to activated peripheral blood mononuclear cells when pre-incubated with a human 182
embryonic kidney cell line (50). They further demonstrated that rfhSP-D was able to interact with DC-183
SIGN as well as compete with DC-SIGN to interact with gp120. Further work directly comparing the 184
interaction with HIV of both native SP-A and SP-D and their recombinant fragments would be useful 185
to determine the structure-function relationships affecting their capacity to neutralize HIV and 186
modulate viral transfer to T cells. 187

Alongside neutralization of HIV, SP-D has been shown to play important roles in modulating HIV-188
mediated inflammation.  In vitro treatment of Jurkat T cells with SP-D upon HIV infection decreased 189
expression levels of IL-2, IFN- , vascular endothelial growth factor (VEGF), IL- -190
Similarly, treatment of peripheral blood mononuclear cells (PBMCs) with SP-D during HIV infection 191
decreased IL-2, IFN- , VEGF, IL-6, monocyte chemoattractant protein-1 (MCP-1) and IL- (49). 192
However, despite the promising potential of SP-A and SP-D for modulating HIV infection and HIV 193
mediated inflammation, the full impact of SP-A and SP-D on HIV infection and immunopathology in 194
vivo and in the human disease is yet to be determined.  195

3.5 Other current and emerging viruses  196

SP-A and SP-D are broadly selective innate immune proteins and thus are likely to play key roles in 197
modulating infection and inflammation mediated by other viruses. SP-A, but not SP-D, binds to human 198
papillomavirus 16 (HPV16) pseudovirions and enhances their uptake by RAW267.4 macrophages and 199
clearance in vivo (51). SP-A also binds herpes simplex virus (HSV) infected cells, as well as HSV 200
virions through its Asn187 carbohydrate moiety to enhance phagocytosis by rat macrophages (52, 53). 201
Further work is needed to characterize the mechanism of SP-A interactions with HPV and HSV and 202
its role in modulating inflammatory responses to these viruses (54).  203

SP-D but not SP-A has been demonstrated to bind to the Ebola virus in a calcium-dependent manner 204
through its CRD (55). However, pre-incubation of human SP-D (but not rfhSP-D) with the Ebola virus 205
enhanced infection of Vero cells; this could be mediated through membrane receptor interactions with 206
the collectin N-terminal domain. The potential of trimeric rfhSP-D in therapeutic modulation of the 207
aberrant pro-inflammatory cytokine release by monocytes and macrophages in Ebola virus infection is 208
as yet untested (56), as it is for other currently emerging viruses.  209
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4 Immunomodulatory functions of SP-A and SP-D 210

SP-A and SP-D are key defense molecules which neutralize a range of viruses. However, a plethora of 211
in vitro and in vivo studies have demonstrated SP-A and SP-D as key players in directly modulating 212
the innate and adaptive immune system independent of infection (Figure 2). Through these 213
mechanisms, SP-A and SP-D could be important in balancing the inflammatory response to prevent 214
immune-mediated pulmonary pathology, an important feature of influenza and SARS-related viral 215
pneumonia, as well as RSV induced bronchiolitis (57, 58). 216

4.1 The phenotype of SP-A and SP-D knockout mice 217

The importance of SP-A and SP-D in maintaining lung homeostasis is highlighted by the inflammatory 218
phenotype of the knockout mice. SP-D deficient mice have increased infiltration of macrophages and 219
activated T cells, the appearance of foamy macrophages with an excessive level of apoptotic and 220
necrotic macrophages and alveolar type II cell hyperplasia in the airways. They also have excessive 221
levels of phospholipids, overproduction of reactive oxygen species (ROS) and increased levels of lung 222
IL-6, IL-12 and metalloproteinases (MMPs). By the age of three weeks, these mice already show signs 223
of a progressive emphysema-like phenotype with loss of alveolar septation and the appearance of 224
foamy macrophages (59-61). This phenotype can be resolved upon therapeutic treatment with rfhSP-225
D, which corrects the emphysema and decreases the number of apoptotic and necrotic alveolar 226
macrophages, excess phospholipid production and alveolar type II cell hyperplasia (60, 62).  227

Allergy mouse models have also demonstrated the role of SP-D in immunoregulation with increased 228
IL-13 levels and BAL eosinophils upon ovalbumin sensitization in SP-D knockout mice (63). 229
Similarly, as compared with wildtype mice, SP-D deficient mice exposed to Aspergillus fumigatus 230
allergen have enhanced CD4 T cells numbers, IgG1 and IgE immunoglobulins and Th2 cytokines, with 231
a decrease in IFN-  (64-66). This highlights the potential role of SP-D in preventing Th2 inflammatory 232
skewing, which has been shown to be important in immune evasion by viruses such as RSV (67). SP-233
D knockout mice also have an enhanced susceptibility to cigarette smoke-induced airway inflammation 234
with influx of alveolar macrophages, secretion of chemokine (C-C motif) ligand 3 (CCL3) and IL-6 235
and upregulation of ceramide genes; rfhSP-D alleviates this in vivo phenotype and attenuates cigarette 236
smoke induced human epithelial cell apoptosis (68). 237

By contrast, SP-A knockout mice kept in sterile vivarium conditions have relatively unaltered lungs 238
and normal lung function. However, they also exhibit increased susceptibility to a range of pathogens 239
and enhanced inflammatory responses to pathogen challenge, showing, for example higher levels of 240
TNF- tabolites upon intranasal delivery of lipopolysaccharide (LPS); this is 241
corrected upon therapeutic treatment with exogenous SP-A (17, 21, 69-74). SP-A deficient mice also 242
show excessive inflammation following allergen challenge with marked hyper-eosinophilia and 243
increased IL-5 and IL-13 upon challenge with Aspergillus fumigatus allergens (66). This excessive 244
inflammatory response in SP-A and SP-D knockout mice to pathogen-associated molecular patterns 245
(PAMPs) on allergens and in infection, highlights their critical role in maintaining the lung in a non-246
inflamed condition, preserving homeostasis and facilitating gas exchange. This may be crucial to both 247
prevent excessive inflammation  and reduce viral-mediated lung pathology in chronic lung diseases.  248

4.2 Roles of SP-A and SP-D as innate immune scavenger receptors 249
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4.2.1 Agglutination of bacteria and fungi and their components 250

SP-A and SP-D help preserve lung homeostasis by acting as innate immune scavenger receptors (75, 251
76). Their importance in binding to and clearing an array of different gram negative and positive 252
bacteria and fungi, as well as their components, has been widely reported (76-78). This can occur 253
through interacting with LPS through binding to terminal monosaccharides and lipid A. Binding 254
pathogens by SP-A and D leads to their agglutination, whilst also directly enhancing uptake by 255
macrophages and neutrophils through interactions mediated by various receptors (Table 1) (5, 76, 77, 256
79, 80). Comparative to the native oligomeric proteins, fragments of SP-A and SP-D are trimeric and 257
lack the capacity to agglutinate bacteria. SP-A and SP-D can also modulate receptor expression on 258
macrophages including mannose receptor, an important receptor for mediating phagocytosis (81, 82). 259
Alongside enhancing clearance of pathogens, SP-A and SP-D also enhance macrophage-mediated 260
killing of bacteria through increasing the production of nitric oxide as well as directly increasing 261
membrane permeability of gram negative bacteria to inhibit their growth (83-86). However, Bordetella 262
pertussis lipopolysaccharide resists the bactericidal effects of pulmonary surfactant protein A and the 263
ability of SP-A to bind and aggregate the bacteria; this protective effect was lost in LPS mutants which 264
lacked the terminal trisaccharides, suggesting that B. pertussis has evolved a mechanism which  shields 265
against the anti-bacterial function of SP-A (84). SP-A has been shown to enhance TNF-266
oxide mediated killing of Bacillus Calmette-Guerin by rat macrophages (87). These roles could be 267
particularly important for the prevention of secondary bacterial infection and resolution of 268
inflammation following viral infection (88). 269

4.2.2 Clearance of apoptotic and necrotic cells 270

Promoting the clearance of apoptotic cells before the later stages of apoptosis and necrosis is important 271
in preventing cell membrane breakdown and leakage of toxic intracellular enzymes, which can lead to 272
inflammation and damage to the delicate lung tissue (89, 90). Administration of rfhSP-D is effective 273
in clearing apoptotic and necrotic cells from the lungs of SP-D knockout mice (60). Both SP-A and 274
SP-D bind and enhance the clearance of apoptotic cells, including polymorphonuclear leukocytes 275
(PMNs) and T cells, through distinct mechanisms (91-95). SP-A and SP-D suppress alveolar 276
macrophage phagocytosis through binding of the CRD to signal-regulatory protein (SIRP)277
resting lung. However, upon initiation of inflammation, SP-A and SP-D activate phagocytosis through 278
binding to the CD91 receptor. Thus, SP-A and SP-D play flexible roles in modulating the inflammatory 279
response depending on the lung environment (96-98).  280

4.2.3 Removal of damage-associated molecular patterns (DAMPs) and neutrophil extracellular 281

traps (NETs) 282

283
like protrusions to display deoxyribonucleic acid (DNA) and ribonucleoproteins at the cell surface (99). 284
One mechanism by which rfhSP-D has been shown to bind to and enhance the clearance of apoptotic 285
cells in vivo is through binding genomic DNA (100). SP-D has been shown to interact with neutrophil 286
extracellular traps (NET) whilst simultaneously binding to carbohydrate ligands in vivo. Through this 287
mechanism, SP-D agglutinates Pseudomonas aeruginosa and alters the mode of NET-mediated 288
bacterial trapping (101). SP-D has also been shown to inhibit eosinophil extracellular DNA trap 289
formation. This effect was lost upon nitrosylation of SP-D, highlighting the potential differing role in 290
modulating eosinophil DNA trap formation depending on the inflammatory status of the lung (102). 291
Alongside binding to apoptotic cells, cell debris and extracellular traps, SP-D binds free bacterial and 292
host DNA. Palaniyar et al demonstrated the decreased clearance and accumulation of both free DNA 293
and auto-antibodies in SP-A and SP-D knockout mice (103, 104). 294
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4.2.4 Clearance of allergens 295

Clearance of allergens is also an important function of SP-A and SP-D as allergens may have a 296
synergistic role with viruses in inducing exacerbations of inflammatory lung diseases including asthma 297
(105).  SP-A and SP-D are widely reported to bind to and enhance the uptake and clearance of allergens 298
from A. fumigatus  (106), house dust mite (107) and various types of pollen (108, 109). Furthermore, 299
they modulate the allergen-induced inflammatory response by reducing basophil, eosinophil and mast 300
cell degranulation to prevent the release of pro-inflammatory mediators including histamine and beta-301
hexosaminidase (66, 106-108, 110). rfhSP-D modulates allergic inflammatory responses and reduces 302
mast cell and basophil degranulation in allergic inflammation in vivo. rfhSP-D also both prevents 303
eosinophil recruitment in allergen-challenged mice and enhances the apoptosis and clearance of primed 304
eosinophils by macrophages and PBMCs (110-113). 305

4.2.5 Interaction with noxious particles 306

Inhalation of noxious particles is an important risk factor for the development of inflammatory lung 307
diseases such as chronic obstructive pulmonary disease (COPD), and patients with COPD have an 308
increased risk of viral lower respiratory tract infections (LRTI) (114-116). SP-A and SP-D agglutinate 309
and clear a range of different hydrophobic and hydrophilic nanoparticles and rfhSP-D enhances the co-310
localization of nanoparticles to epithelial cells in vitro (117, 118). Nanoparticles may inhibit the 311
capacity of SP-A and SP-D to neutralize influenza virus (2, 117, 119). Diesel exhaust pollutant exposed 312
mice have an increased susceptibility to influenza and RSV infection, associated with a decrease in 313
surfactant protein expression (119, 120). Thus, both decreased expression and modulation of SP-A  314
and SP-D  anti-viral activity could play roles in the increased susceptibility of smokers and COPD 315
patients to viral LRTI. Moreover, SP-A and SP-D could play additional indirect roles in preventing 316
viral infection and inflammation through the clearance of noxious particles.  317

4.3 Modulation of the innate immune response by SP-A and SP-D 318

SP-A and SP-D interact with various receptors on innate immune cells to modulate inflammation 319
(Table 1) (79). An elegant model by Gardai et al demonstrated the dual manner by which SP-A and 320
SP-D mediate or suppress inflammation, dependent on the orientation of the collectin and, therefore, 321
receptor with which it interacts; a similar mechanism to their role in modulating apoptosis (97). Gardai 322
et al described the interaction of SP-A and SP-D through the CRD with SIRP  on myeloid lineage cells 323
in the resting lung. This was shown to prevent pro-inflammatory cytokine production to maintain 324
homeostasis. However, upon occupation of the CRD through pathogen binding, SP-A and SP-D instead 325
interact with the calrecticulin/CD91 receptor complex through their N-terminal tails. This mediates the 326
production of pro-inflammatory cytokine production for anti-pathogen immune responses. An 327
exemplar of this dual role in viral infection has been demonstrated by the ability of SP-D to decrease 328
neutrophil burst in vitro, but increase neutrophil burst in the presence of influenza (121). 329

SP-A and SP-D bind various other receptors on alveolar macrophages and have been shown to reduce 330
TNF- (122). Furthermore, SP-331
A and SP-D modulate inflammatory cytokine production after stimulation of macrophages by 332
cytokines or PAMPs. For example, SP-A inhibits peptidoglycan-induced TNF-333
binding to toll-like receptor (TLR)-2. SP-A also inhibits TNF- -334
macrophages to reduce nitric oxide production (123, 124). Minutti et al demonstrated the role of SP-A 335
in directly binding to IFN- - induced TNF- inducible nitric oxide 336
synthase (iNOS), and C-X-C motif chemokine ligand 10 (CXCL10) production (125). SP-A and SP-D 337

Inhalation of noxious particles is an important risk factor for the development of inflammatory lung 
COPD), and patients with COPD have an 

lower respiratory tract infections lower respiratory tract infections (LRTI) (114-116)116). SP. SP-A and SP
and clear a range of different hydrophobic and hydrophilic nanoparticles and rfhSPd hydrophilic nanoparticles and rfhSP

to epithelial cells in vitroin vitro (117, 118)(117, 118). . NNanoparticles anoparticles 
D to neutralize influenza virus influenza virus (2, 117, 119)(2, 117, 119). DDiesel exhaust iesel exhaust 

increased susceptibility to influenza and RSV infectionincreased susceptibility to influenza and RSV infection
surfactant protein expressionsurfactant protein expression (119, 120)(119, 120). ThusThus, both decreased expression and mboth decreased expression and m

D antianti--viral activity could play roleviral activity could play roles in the increased susceptibility of smokers and COPD 
patients to viral viral LRTILRTI. Moreover, SPMoreover, SP
viral infection and inflammation through the clearance of noxious particles. viral infection and inflammation through the clearance of noxious particles. 
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also mediate alveolar macrophage and neutrophil chemotaxis and stimulate alveolar macrophage 338
directional actin polymerization (126-129). 339

4.3.1 Interactions with newly discovered receptors on monocytes 340

Two new receptors have recently been discovered for SP-D on monocytes which demonstrate the dual 341
role SP-D plays in modulating their functions through the collagen domain. SP-D binds to Leukocyte-342
associated Ig-like receptor-1 (LAIR1), a receptor expressed on neutrophils and monocytes, and 343
prevents the production of FcR-mediated ROS, in a human myeloid leukaemia cell (130). However, 344
SP-D also binds to osteoclast-associated receptor (OSCAR) on human C-C chemokine receptor 2 345
positive (CCR2+) inflammatory monocytes to activate TNF-346
(131). Further work to investigate the impact of these interactions in anti-viral and inflammatory 347
responses is needed. 348

4.3.2 Interaction with innate lymphoid and natural killer cells 349

Although there has been limited research investigating the interaction of SP-A and SP-D with innate 350
lymphoid cells (ILC), one study demonstrated the importance of SP-D in mediating effective ILC2-351
mediated immune responses to the parasite Nippostrongylus brasiliensis (132). SP-D knockout mice 352
had an impaired ability to resolve N. brasiliensis infection. However, intra-nasal treatment with rfhSP-353
D was shown to increase numbers of IL-13 producing ILC2s and numbers of alternatively activated 354
macrophages in the lung. Moreover, rfhSP-D administration enhanced parasitic killing during the 355
larval L4 lung stage of its natural life cycle (132).  356

Natural killer (NK) cells are an essential component of the anti-viral immune response. However, little 357
is known about their interaction with SP-A and SP-D. A study by Ge et al demonstrated a decreased 358
IFN- -D knockout mice upon ozone exposure (133). The authors hypothesized that 359
this decrease was as a result of the absence of SP-D interacting with the glycosylated NKp46 receptor 360
on NK cells (133). They further postulated that this could play a role in the impaired dendritic cell 361
homing to lymphoid tissue seen in SP-D knockout mice. SP-A has also been suggested to interact with 362
NK cells through the SPR-210 receptor, now identified as Myosin 18A (or CD245) (134). A study 363
looking at the impact of SP-A on NK cell function found an increase in IL-2 activated NK cell-mediated 364
lymphokine-activated killer (LAK) activity toward Epstein-Barr Virus-infected B cells (135). These 365
interactions could have important potential consequences for modulating NK cell function in anti-viral 366
and inflammatory responses. Further work characterizing the role of SP-A and SP-D in NK-cell 367
mediated anti-viral responses may be important in understanding the pathogenicity of emerging viral 368
threats. 369

4.4 SP-A and SP-D: orchestrators of the adaptive immune system 370

4.4.1 Interaction with dendritic cells 371

SP-A and SP-D bridge the innate and adaptive immune system through their functions in modulating 372
DC function. These roles could be key in directing the inflammatory response after respiratory viral 373
infection. SP-D knockout mice have increased activation of DCs as demonstrated by CD11b and CD86 374
co-stimulatory molecule upregulation and increased TNF- is corrected upon 375
treatment with recombinant murine SP-D (136). Furthermore, SP-A and SP-D modulate lung DC 376
function through inhibiting antigen presentation and SP-A has been shown to inhibit E. coli antigen 377
presentation, whilst simultaneously increasing its phagocytosis (137, 138). 378

D in mediating effective ILC2
Nippostrongylus brasiliensisNippostrongylus brasiliensis (132)(132)

brasiliensis infection. However, infection. However, intraintra--nasal treatment with nasal treatment with 
D was shown to increase numbers of IL-13 producing ILC213 producing ILC2s and numbers of alternatively activated and numbers of alternatively activated 
macrophages in the lung. Moreover, rfhSP. Moreover, rfhSP-D administration D administration enhanceenhance
larval L4 lung stage of its natural larval L4 lung stage of its natural life cyclelife cycle (132)(132). . 

Natural killer (NK) cells are an essential component of the antiNatural killer (NK) cells are an essential component of the anti
is known about theis known about theirir interaction interaction 
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The resultant impact of collectin-modulated DC function on T cells has been demonstrated by a 379
decrease in LPS-mediated major histocompatibility complex II (MHCII) and CD86 expression by DCs 380
and a reduction in allo-stimulation of CD4 T cells upon treatment with SP-A.  DCs from SP-D knockout 381
mice also express thymus and activation-regulated chemokine (TARC), which is chemotactic for 382
activated T cells (64).  383

4.4.2 Modulation of T cell responses 384

SP-A and SP-D directly modulate T cells and inhibit antigenic and mitogenic induced T cell 385
proliferation through both IL-2-dependent and IL-2-independent mechanisms (139-144). They also 386
alter T cell function and activation. For example, SP-D knockout mice have increased numbers of 387
activated CD4 and CD8 T cells which express CD69 and CD25, whilst SP-A has been shown to reduce 388
IFN-  production and T cell mediated inflammation (61, 64, 144). Treatment with rfhSP-D both 389
decreases T cell activation and lymphoproliferation through the upregulation of cytotoxic T-390
lymphocyte-associated protein 4 (CTLA4), as well as decreasing allergen induced IgE production by 391
B cells (110, 145). 392

SP-D impacts the adaptive immune system by modulating T cell apoptosis. This is seen through the 393
prevention of caspase-8 and caspase-3 activation by SP-D to inhibit Fas (CD95)-Fas ligand and tumour 394
necrosis factor-related apoptosis-inducing ligand (TRAIL)-TRAIL receptor induced apoptosis (146, 395
147). T cells are essential in anti-viral immunity and collectins could play roles in coordinating this 396
response (148). Further investigation of the roles of SP-A and SP-D in modulating T cell-mediated 397
responses and viral-mediated immunopathology is now indicated, through the use of appropriate ex 398
vivo viral and inflammatory models (149).  399

5 Deficiency of collectins in inflammatory lung diseases 400

Consistent with their array of roles in viral immunity and lung homeostasis, SP-A and SP-D deficiency 401
may contribute to pathological mechanisms in a range of respiratory diseases. Winkler et al 402
demonstrated a decreased level of SP-D in the airways of smokers, with a further reduction in patients 403
with COPD (2). This was inversely related to serum SP-D levels due to leakage of alveolar SP-D across 404
the inflamed or damaged alveolar capillary membrane. Patients experiencing COPD exacerbations 405
have higher serum SP-D levels which are reduced by treatment with anti-inflammatory glucocorticoids, 406
highlighting its potential role as a biomarker for COPD acute inflammation (150, 151).  SP-A and SP-407
D have also been shown to be reduced in allergen-challenged asthma patients and lower airway levels 408
have been shown to correlate with asthma severity (1, 152).  409

Along with lipid surfactant, SP-A and SP-D levels are deficient in premature neonates. However, these 410
key proteins are not replaced with current surfactant therapy, as they are not present in current 411
formulations. Low collectin levels are correlated with risk of infection and development of neonatal 412
chronic lung disease, both in animal models of preterm lung disease and in clinical studies. In 413
particular, low SP-D levels in human preterm infants soon after birth are linked with an increased risk 414
of neonatal chronic lung disease development (3, 153-155). SP-D levels increase in response to 415
infection in the preterm infant, but this acute phase response may be inadequate to counter ongoing 416
inflammation, due to degradation in the inflamed preterm lung.  Exogenous therapeutic recombinant 417
SP-D administration has been shown to reduce ventilation-induced inflammation in preterm lambs, 418
highlighting its potential to reduce inflammation caused by barotrauma in ventilated preterm infants 419
developing neonatal chronic lung disease (156, 157). 420

D impacts the adaptive immune system by modulating T cell apoptosis. This is seen through the 
D to inhibit Fas (CD95)

inducing ligand (TRAIL)-TRAIL receptor induced apoptosis 
T cells are essential in anti-viral immunity and collectins could play roles in coordinating this viral immunity and collectins could play roles in coordinating this 

response (148)(148). Further investigation of the roles of SP. Further investigation of the roles of SP--A and SPA and SP
responses and viralresponses and viral--mediated immunopathology is now indicated, through the use of appropriate mediated immunopathology is now indicated, through the use of appropriate 

viral and inflammatory modeviral and inflammatory modelsls (149)(149)

Deficiency of collectins in inflammatory lung diseasesDeficiency of collectins in inflammatory lung diseases
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Deficiency of collectins in inflammatory lung diseases could be related to multiple factors (Figure 3). 421
Firstly, SP-A and D have key roles as scavenger molecules in maintaining lung homeostasis. Thus, in 422
the chronic inflammatory environment of the diseased lung, a constant turnover and degradation of SP-423
A and SP-D through binding to and enhancing clearance of pathogens, noxious particles, apoptotic 424
cells and cell debris could lead to decreased levels. Furthermore, inflammatory mediators which 425
damage the delicate epithelium could compromise the air-blood barrier with resultant leakage of SP-A 426
and SP-D from the lung into the blood. Alveolar type 2 cell injury could similarly lead to a reduction 427
in SP-A and SP-D lung levels due to decreased synthesis (158).  428

Degradation of SP-A and SP-D through pathogen-derived proteases and elevated endogenous 429
proteases, secreted by recruited inflammatory cells or released from dying and damaged cells, may also 430
play a role in reducing SP-A and SP-D levels within the inflamed lung. SP-A and SP-D are degraded 431
through various host and pathogen-derived enzymes including leucocyte elastase, proteinase 3, 432
cathepsin G and Pseudomonas elastase (159-162). Children with cystic fibrosis have protease - 433
antiprotease imbalance as well as coexisting low levels of SP-A and SP-D (163-165). Decreased SP-A 434
and SP-D levels have also been found in BAL from children with RSV infection (20). Low SP-A and 435
SP-D levels in such inflammatory lung diseases may both generate susceptibility to respiratory viral 436
infection and lead to an exaggerated damaging host inflammatory response. 437

6 Discussion 438

The potential for treatment of inflammatory diseases and respiratory viral infections by augmentation 439
of the innate immune system is increasingly understood but as yet remains unexploited (166, 167). SP-440
A and SP-D are anti-viral innate immune molecules and play key roles in orchestrating the innate and 441
adaptive immune system to limit inflammation, making these mechanisms dually attractive as potential 442
therapeutics.  443

Correction of SP-A and SP-D deficiency in inflammatory respiratory diseases could be achieved by 444
supplementation with recombinant versions of SP-A and SP-D. However, development of full-length 445
recombinant SP-A and SP-D molecules as therapeutics has been problematic due to low expression 446
yields in eukaryotic systems. Furthermore, difficulties with handling of the proteins, with a tendency 447
to oligomerize and/or agglomerate, generates difficulties with precise stable molecular characterization 448
and solubility (168-173). 449

Smaller rfhSP-A and rfhSP-D trimeric fragment proteins have been developed and have the advantage 450
of being more easily and cheaply produced in E. coli (174-176). These proteins maintain many of the 451
anti-viral and immunomodulatory functions of the native proteins (10-12, 14, 177). Furthermore, they 452
contain the functional CRD binding domain which mediates the anti-inflammatory collectin action 453

(97). However, they lack the majority of the 454
collagen domain and the N-terminus of the native full-length protein. The N-terminal region has been 455
shown to induce inflammation through binding calrecticulin/CD91 and may be exploited to facilitate 456
a route of entry for viruses such as HIV, RSV and the Ebola virus (13, 56, 97).  457

rfhSP-D functions to neutralize RSV and HIV and modulates influenza-mediated inflammatory 458
cytokine production (24, 34, 49). rfhSP-D also corrects the emphysematous phenotype seen in murine 459
SP-D deficiency and reduces levels of apoptotic and necrotic macrophages and MMPs. rfhSP-D binds 460
to and enhances the clearance of apoptotic cells, free DNA and neutrophil and eosinophil extracellular 461
traps (101, 102) and modulates the adaptive immune system to suppress proliferation and activation of 462
T cells through upregulation of CTLA4 (61, 145, 178).  rfhSP-D, therefore, has properties which 463

D (163
ldren with RSV infection 

D levels in such inflammatory lung diseases may D levels in such inflammatory lung diseases may both generate susceptibility to respiratory viral generate susceptibility to respiratory viral 
infection and lead to an exaggerated damaging host inflammatory response.infection and lead to an exaggerated damaging host inflammatory response.

The potential for treatment of inflammatory diseases and respiratory viral infections by augmentation The potential for treatment of inflammatory diseases and respiratory viral infections by augmentation 
of the innate immune system is increasingly understood but as yet remains unexploited of the innate immune system is increasingly understood but as yet remains unexploited 

D are antiD are anti-viral innate immune molecules and play key roles in orchestrating theviral innate immune molecules and play key roles in orchestrating the
adaptive immune system to limit inflammation, making these mechanisms dually attractive adaptive immune system to limit inflammation, making these mechanisms dually attractive 
therapeutics. therapeutics. 
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suggest it may be useful both as a prophylactic and treatment for infectious and inflammatory lung 464
diseases. rfhSP-A has been shown to neutralize RSV, but requires further characterization (10).  465

Therapeutic rfhSP-D is currently under development for treatment of premature neonates with neonatal 466
RDS as an adjunct to current surfactant therapies to help prevent the development of chronic 467
inflammation leading to neonatal chronic lung disease. This may help prevent the inflammatory 468
emphysematous phenotype seen in neonatal chronic lung disease and reduce susceptibility to severe 469
respiratory viral infection. Alongside other inflammatory diseases such as asthma and COPD, rfhSP-470
D could have therapeutic potential in emerging respiratory infections such as SARS-CoV-2, by both 471
neutralizing the virus and modulating the inflammation-mediated pathology associated with COVID-472
19. 473
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SP-A and SP-D contain four domains: the N-terminal domain (black), collagen-like domain (green), 1097
neck region (blue) and CRD (red). SP-A and SP-D form functional trimers and can then further 1098
oligomerize into an octadecameric-like structure for SP-A and a dodecameric cruciform-like structure 1099
which can further assemble into -D. 1100

Figure 2. Maintenance of homeostasis in the lung by SP-D. 1101

Shown is an overview of the roles of SP-D in the lung. Indicated is the role SP-D plays in neutralizing, 1102
agglutinating and clearing viruses as well as reducing the inflammatory response upon infection with 1103
IAV, RSV and HIV. The role of SP-D in enhancing phagocytosis by dendritic cells (DCs) whilst 1104
simultaneously reducing antigen presentation and activation of co-stimulatory markers is indicated. 1105
Also shown is the role of SP-D in keeping T cells in a hyporesponsive state to increase CTLA4 1106
expression, reduce T cell proliferation, reduce allergen induced Th2 cytokine production and modulate 1107
apoptosis. The role of SP-D in clearing and agglutinating noxious particles, pollen and pathogens is 1108
indicated. Similarly, the role of SP-D in enhancing macrophage-mediated pathogen killing, modulating 1109
inflammatory cytokine production by macrophages and macrophage chemotaxis and reducing antigen 1110
presentation is displayed. Also shown is the role of SP-D in clearing apoptotic and necrotic cells in the 1111
lung as well as its interaction with neutrophils in binding to neutrophil NETS, and eosinophil 1112
extracellular traps, preventing degranulation and modulating cytokine production. Finally, the role of 1113
SP-D and rfhSP-D in correcting the phenotype of the SP-D knockout mouse is indicated, specifically 1114
their role in decreasing emphysema, excessive phospholipid production, decreasing inflammatory cells 1115
and apoptotic and necrotic cells numbers, decreasing the level of reactive oxygen species (ROS), 1116
decreasing inflammatory cytokines including IL-6 and IL-12 and decreasing the susceptibility of SP-1117
D knockout mice to pathology as a result of challenge with pathogens allergens and noxious particles. 1118

Figure 3. Mechanisms for reduction in SP-A and SP-D in the lung during infection and 1119
inflammation  1120

Indicated is the degradation of SP-A and SP-D through their role as scavenger receptors to bind and 1121
enhance clearance of pathogens, noxious particles, apoptotic cells and cell debris (1), degradation of 1122
SP-A and SP-D through pathogen-derived proteases and elevated endogenous proteases, secreted by 1123
recruited inflammatory cells or released from dying and damaged cells (2), damage to the alveolar 1124
epithelium leading to reduction of SP-A and SP-D production (3) and leakage into the blood (4). 1125
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