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Abstract. Macrophage‑mediated xenogeneic rejection is a 
major immunological obstacle. We recently reported that 
membrane‑type surfactant protein‑D (SP‑D) on swine endothe‑
lial cells (SECs) suppressed macrophage‑mediated rejection. 
Similar to SP‑D, the carbohydrate recognition domain of 
surfactant protein‑A (SP‑A) can induce inhibitory signals in 
effector cells. The present study aimed to examine the suppres‑
sive effect of SP‑A on macrophage‑mediated xenogeneic 
rejection. Naive SECs and SPA‑transfected SECs (SEC/SP‑A) 
were co‑cultured with THP‑1 cells and cytotoxicity was evalu‑
ated. To investigate the effect of SP‑A on phagocytosis, human 
macrophages were co‑cultured with SEC or SEC/SP‑A, and 
the extent of phagocytosis and production of reactive oxygen 
species were assessed via flow cytometry. The mRNA expres‑
sion levels of inflammatory cytokines in macrophages were 
determined using reverse transcription‑PCR. Additionally, 
the effects of THP‑1-Lucia NF‑κB cells on transcription 

factors were evaluated. The cytotoxicity and phagocytosis of 
SEC/SP‑A were significantly decreased compared with those of 
naive SEC. Furthermore, the co‑culture of human macrophages 
with SEC/SP‑A decreased reactive oxygen species production, 
and the mRNA expression levels of TNFα were decreased 
in macrophages, whereas those of IL‑10 were increased. In 
addition, NF‑κB transcription was decreased in SEC/SP‑A 
compared with that in SEC. In conclusion, the ectopic expres‑
sion of human SP‑A in porcine cells represents an attractive 
method for suppressing macrophage‑mediated cytotoxicity.

Introduction

Xenotransplantation is one of the most attractive 
strategies to overcome the shortage of organ donors. 
α1,3‑galactosyltransferase gene‑deficient‑knockout (αGalTKO) 
pigs have been produced to provide sufficient protection against 
hyper acute rejection, which is mediated by natural antibodies 
to xenogeneic antigens and complements (1‑4). The expres‑
sion of complement regulatory proteins, such as C1 esterase 
inhibitors, decay accelerating factors, and membrane cofactor 
proteins on porcine cells, downregulates complement‑mediated 
cytotoxicity (5‑8). However, a limited number of studies have 
been conducted on cellular xenogeneic rejection (CXR). 
Histopathological studies have demonstrated that the mecha‑
nisms involved in xenogeneic graft rejection are significantly 
different from those associated with allogeneic graft rejection. 
In allograft rejections, cytotoxic T lymphocytes are the main 
infiltrating cells, while xenografts mainly induce the infiltra‑
tion of neutrophils, NK cells, and macrophages (9‑11). CXR 
with innate immune cells particularly causes severe rejection 
in xenotransplantation. Macrophages are activated under 
xenogeneic conditions through both antibody‑dependent and 
‑independent mechanisms. Immunocomplexes of porcine cells 
with xenogeneic antigen bind to the Fc gamma receptor on 
macrophages and activate macrophages (12,13). Macrophages 
are also activated by interaction with neutrophils, NK cells, 
and Th1 cells in an antibody‑independent manner  (14,15). 
Furthermore, damage‑associated molecular patterns (DAMPs) 
from dead porcine cells activate macrophages in an anti‑
body‑independent manner (16). Martin et al demonstrated that 
the infiltration of neutrophils and macrophages in αGalTKO 
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islets was not different from that in wild‑type islets in a dual islet 
transplantation model, suggesting that antibody‑independent 
mechanisms are important in CXR (17). Thus, it is important 
to develop strategies to suppress the action of innate immune 
cells, such as macrophages and neutrophils, for successful 
clinical application of xenotransplantation (18‑24).

Surfactant protein‑A (SP‑A) and SP‑D are epithelial 
cell‑derived immune modulators that are C‑type collagen‑like 
lectins. SP‑A and SP‑D can be detected in the mucosal surfaces 
of various organs, and both proteins play important roles in 
immune responses  (25‑29). While ligation of N‑terminal 
collagen domains with the calreticulin/CD91 receptor 
complex induces pro‑inflammatory responses, binding of the 
carbohydrate recognition domain (CRD) to signal inhibitory 
regulatory protein α (SIRPα) prevents inflammation (30). We 
have previously reported the preparation of cDNA for the 
membrane‑type protein, collectin placenta 1 (CL‑P1), with 
the CRD of SP‑D (CL‑SPD) and its transfection into swine 
endothelial cells (SECs). The hybrid molecule significantly 
suppresses macrophage‑mediated cytotoxicity in SECs (31). 
Additionally, in vitro studies have indicated that the suppres‑
sive function of CL‑SPD in macrophage‑mediated cytotoxicity 
is more potent than that of CD47. However, the effect of CRD 
of SP‑A on the xenogeneic condition remains unknown.

This study aimed to examine the suppressive effect of 
CRD of SP‑A on macrophage‑mediated xenogeneic innate 
immune responses. Pro‑inflammatory cytokines are key 
factors in innate immune responses; hence, the activation of 
pro‑inflammatory cytokines and production of reactive oxygen 
species (ROS) in macrophages were the focus of this study.

Materials and methods

Ethical approval. The present study was approved [approval 
no. 18395(T1)] by the Ethics Committee of Osaka University 
(Osaka, Japan). All the participants enrolled in the study provided 
signed written informed consent. The participants were over 
20‑year‑old healthy volunteers, and their clinical data were 
blinded.

Cells and generation of human macrophages. A swine endo‑
thelial (SEC) line MYP30 was cultured in Dulbecco's modified 
Eagle's medium (DMEM, Nacalai Tesque, Kyoto, Japan) 
supplemented with 10% heat‑inactivated fetal bovine serum 
(FBS). THP‑1 cells were cultured in Roswell Park Memorial 
Institute (RPMI, Nacalai Tesque) 1640 medium containing 
10% FBS, and THP‑1-Lucia NF‑κB cells were cultured in 
RPMI‑1640 containing 10% FBS and 25 mM HEPES.

Human peripheral blood mononuclear cells (PBMCs) were 
obtained from healthy volunteer donors using differential 
density gradient centrifugation (lymphocyte isolation solution; 
Nacalai Tesque). PBMCs were incubated in a 6‑well plate 
at 37˚C for 1 h as a plastic adhesion method of isolating human 
monocytes. To generate macrophages, human monocytes were 
cultured in the presence of 100 ng/ml rM‑CSF (Peprotech) for 
6 days.

Plasmid construction. cDNA of human SPA‑CRD 
(GenBank accession no. M68519.1) was replaced with that of 
membrane‑type protein CL‑P1 without the cytoplasmic tail but 

with a flag‑tag between the CRD and integrin domain (Fig. 1A). 
The cDNA was inserted into the expression vector pCXN2 
(chick beta‑actin promoter  +  CMV enhancer  +  neomycin 
resistance), which was transfected into SECs (Fig. 1B).

Preparation of SEC transfectants via lipofection. Five micro‑
grams of a plasmid containing SPA‑CRD were mixed with 40 µl 
Lipofectamine™ LTX with Plus™ Reagent (Thermo Fisher 
Scientific, Tokyo, Japan) and incubated with SECs at 37˚C for 
3 h (Fig. 1C). Transfected cells were selected by culturing in 
DMEM containing 400 µg/ml G418 (Thermo Fisher Scientific, 
Inc.). The CL‑SPA‑transfected SEC (SEC/SP‑A) was either bulk 
type (SEC/SP‑A bulk) or a clonal line (SEC/SP‑A #11 and #23) 
obtained via limiting dilution. The SEC/SP‑A bulk, #11 or #23 
was used for the assay after 2 months of transfection. SEC without 
lipofection was used as a control because we have confirmed that 
there is no difference between SEC without lipofection and SEC 
with lipofection by an empty vector in the cytotoxicity assay.

Semi‑quantitative RT‑PCR of SP‑A. Total RNA was extracted 
from SEC and SEC/SP‑A #11 and #23 with the TRIZOL 
reagent (Invitrogen). cDNA was synthesized from total RNA 
using Prime Script TM II 1st strand cDNA synthesis kit 
(Takara Bio Inc.). The specific PCR products for sus scrofa 
GAPDH and human SP‑A were amplified with KOD FX 
Neo (Toyobo) using Veriti 96 well Thermal Cycler (Applied 
Biosystems, Waltham, MA). PCR products were loaded on 1% 
agarose gel. After electrophoresis, the agarose gel was visu‑
alized under ultraviolet light. The sequences of the primers 
were as follows: Sus Scrofa GAPDH F, 5'‑ACC​ACG​GTC​CAT​
GCC​ATC​ACT​GC‑3'; Sus Scrofa GAPDH R, 5'‑TCC​ACC​ACC​
CTG​TTG​CTG​TAG​CC‑3'; Primer1: 5'‑GAG​AAG​GTG​TTC​
AGC​AGC​AAC​G‑3', Primer2: 5'‑GCC​ACA​CCA​GCC​ACC​
ACC​TTC​TG‑3'. The sites of Primer1 and 2 in the transfecting 
plasmids were shown in Fig. 1A.

Cytotoxicity assay. Naive SEC and SEC/SP‑A were plated at a 
concentration of 1.0x104 or 1.3x104 cells/well in a flat‑bottom 
gelatin‑coated 96‑well plate at 37˚C on Day 0. On Day 1, 
THP‑1 or THP‑1-Lucia cells (5.0x104 cells/well) were added 
to each well, and the cells were co‑cultured with 200 nM 
phorbol‑12‑myristate‑13‑acetate (PMA). On Day  2, 10  µl 
of WST‑8 reagent solution was added to each well, and the 
absorbance was measured at 450 nm using a microplate reader 
(Thermo Fischer Scientific, Inc.).

Phagocytosis assay. Human PBMCs were plated at a concentra‑
tion of 3x106 cells/well in a flat‑bottomed 6‑well plate on Day 0 
and cultured in the presence of 100 ng/ml rM‑CSF for 6 days. 
SECs or SEC/SP‑As (3x105) were labeled with calcein‑AM 
(Nakalai Tesque) by incubating with 2  µl/ml calcein‑AM 
at 37˚C for 10 min. Calcein‑AM‑stained SEC or SEC/SP‑A 
was added to plates, and the cells were co‑cultured for 24 h. 
The cells were then harvested and stained with APC‑labeled 
anti‑human CD14 antibody (1:40; cat. no. 982506; BioLegend). 
The stained cells were analyzed using a fluorescence‑activated 
cell sorter (FACS) FACSVerse™ flow cytometer (BD 
Bioscience) using the BD FAC Suite software (ver. 10.6). The 
percentage of phagocytosis was calculated as (CD14+ and 
calcein‑AM+ cells)/(CD14+ cells) x100(%).
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Figure 1. The design of CL‑SPA and creation of SEC/SP‑A. (A and B) cDNA for human SPA‑CRD was replaced with that of membrane‑type protein CL‑P1 
without the cytoplasmic tail but with a flag‑tag between the CRD and integrin domain. (C) CL‑SPA was transfected into SECs and (D) RNA expression of 
CL‑SPA in cells was confirmed by semi‑quantitative RT‑qPCR. The RNAs of CL‑SPA were expressed in the cell lines (SEC/SP‑A #11 and SEC/SP‑A #23). 
(E) The expression of FLAG (SP‑A marker) on SEC/SP‑A was measured via flow cytometry. SEC/SP‑A bulk and SEC/SP‑A #11 expressed 96 and 97% of 
FLAG, respectively. SEC, swine endothelial cell; SP‑A, surfactant protein‑A; CL‑SPA, collectin placenta 1 with carbohydrate recognition domain of surfactant 
protein‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.

https://www.spandidos-publications.com/10.3892/etm.2022.11527
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Figure 2. THP‑1‑induced cytotoxicity with SEC and SEC/SP‑A. After co‑culturing SEC or SEC/SP‑A with THP‑1 cells, cytotoxicity was evaluated using WST‑8 
assay. (A) First, we confirmed that SEC without lipofection and SEC with lipofection by the empty vector (SEC/pCX) had no difference in the cytotoxicity assay. 
(B) Using SEC as a control, CL‑SPA on SECs significantly suppressed THP‑1‑induced cytotoxicity. Bars represent mean ± SD. n=7‑10, *P<0.05. SEC, swine 
endothelial cell; SP‑A, surfactant protein‑A; CL‑SPA, collectin placenta 1 with carbohydrate recognition domain of SP‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.

Figure 3. Suppression of macrophage‑mediated phagocytosis with CL‑SPA. Human macrophages were generated by culturing monocytes with M‑CSF 
(100 ng/ml), and subsequently, the cells were co‑cultured with SEC or SEC/SP‑A for 24 h. (A) Phagocytosis of SEC or SEC/SP‑A #11 was assessed via flow 
cytometry. Data are representative of five different experiments. These histograms showed the percentage of calcein‑AM‑positive cells within CD14‑positive 
cells. The percentage of phagocytosis was calculated as (CD14+ and calcein‑AM+ cells, thick‑bordered box)/(CD14+ cells, thin box) x100(%). (B) CL‑SPA 
induced a significant suppression of phagocytosis. Bars represent SD. n=5‑8, **P≤0.01, ***P≤0.001. SEC, swine endothelial cell; SP‑A, surfactant protein‑A; 
CL‑SPA, collectin placenta 1 with carbohydrate recognition domain of SP‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.
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Detection of ROS in macrophages. ROS levels were quanti‑
fied after staining with CellROX™ Green Reagent (Life 
Technologies). CellROX™ reagent was added to cells at a final 
concentration of 5 µM, and this was followed by incubation in the 
dark at 37˚C for 30 min. The stained cells were then resuspended 
in phosphate‑buffered saline, and fluorescence images were eval‑
uated using a FACSVerse™ flow cytometer (BD Biosciences).

Luciferase assay and PMA‑induced activation of THP‑1-
Lucia NF‑κB cells. To evaluate the PMA‑induced activation of 
THP‑1-Lucia NF‑κB cells, PMA was added to the cell culture 
at concentrations ranging between 20 nM and 2 µM. After 24 h, 
a 10 µl aliquot of supernatant from each well was placed into 
a 96‑well white plate. Following this, 50 µl of QUANTI‑Luc™ 
assay solution, the substrate for luciferase reaction, was added 
to each well, and light signals were measured using a luminom‑
eter (Centro XS3 LB960, Berthold Technologies). The obtained 
values are expressed as relative light units.

Naive SECs or SEC/SP‑As were plated in a 96‑well plate 
as in the cytotoxicity assay on Day 0. Following this, THP‑1-
Lucia NF‑κB cells (5.0x104) were added to each well on Day 1. 
After co‑culturing, a 10 µl aliquot of supernatant in each 
well was measured using 50 µl of the QUANTI‑Luc™ assay 
solution and a luminometer.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total RNA 
was extracted from cells using TRIzol® reagent (Invitrogen) and 
used for RT‑qPCR experiments. mRNA was amplified using a 
One‑Step SYBR® Prime Script® RT‑PCR kit (Takara Bio Inc.), 
and it was quantified using a Light Cycler 96 (Roche). A total of 
20 µl of PCR mixture was prepared containing 50 ng RNA, 2 U 
TaKaRa Ex Taq HS, 0.4 µl PrimerScript RT enzyme Mix II, and 
the corresponding paired primers at a concentration of 0.2 µmol/l 
of each primer. The thermal cycling conditions were as follows: 
42˚C for 5 min, followed by 95˚C for 10 s and then 40 cycles 
at 95˚C for 5 s and 60˚C for 20 s. The amount of mRNA was 
normalized to that of GAPDH mRNA and analyzed (32). The 
primer sequences for each gene were the same as previously 
reported (33): iNOS‑Fwd, ATT​CTG​CTG​CTT​GCT​GAG​GT; 
iNOS‑Rev, TTC​AAG​ACC​AAA​TTC​CAC​CAC; IL‑1β‑Fwd, 
ACA​GAT​GAA​GTG​CTC​CTT​CCA; IL‑1β‑Rev, GTC​GGA​GAT​
TCG​TAG​CTG​GAT; TNF‑α‑Fwd, CCC​AGG​GAC​CTC​TCT​
CTA​ATC; TNF‑α‑Rev, ATG​GGC​TAC​AGG​CTT​GTC​ACT; 
ARG‑1‑Fwd, GTT​TCT​CAA​GCA​GAC​CAG​CC; ARG‑1‑Rev, 
GCT​CAA​GTG​CAG​CAA​AGA​GA; IL‑10‑Fwd, GGC​GCT​GTC​
ATC​GAT​TTC​TT; IL‑10‑Rev, GGC​TTT​GTA​GAT​GCC​TTT​
CTC​TTG; GAPDH‑Fwd, TTA​AAA​GCA​GCC​CTG​GTG​AC, 
GAPDH‑Rev, CTC​TGC​TCC​TCC​TGT​TCG​AC.

Statistical analysis. GraphPad Prism9 software [GraphPad 
Prism version 9.0.0 for Mac; GraphPad Software, Inc.] was 
used to perform statistical tests and to generate graphs. 
Comparisons between two groups were performed using 
a two‑tailed Welch's t‑test or unpaired Student's t‑test. 
Comparisons between multiple groups were evaluated using a 
two‑way ANOVA multiple comparisons test and Tukey's test. 
Statistical significance was set at P<0.05. Data in the figures 
are presented as mean ±  standard deviation. P‑values are 
shown as; *P<0.05; **P≤0.01; and ***P≤0.001.

Results

CL‑SPA expression on SEC/SP‑A. To investigate the effect 
of CL‑SPA on macrophage‑mediated xenogeneic rejection, 
a plasmid containing cDNA for CL‑SPA was transfected 
into SECs. The RNA expression of CL‑SPA in SEC/SP‑A 
was confirmed by semi‑quantitative RT‑PCR (Fig. 1D). The 
expression of a flag on SEC/SP‑A itself was measured using 

Figure 4. Production of ROS in macrophages under xenogeneic conditions. 
Human macrophages were co‑cultured with SEC or SEC/SP‑A #11 for 24 h. 
The MFI percentages were calculated as (MFI of SEC/SP‑A #11)/(median 
MFI of SEC) x100(%). (A) Representative data are shown and (B) produc‑
tion of ROS in macrophages under xenogeneic conditions was significantly 
suppressed with CL‑SPA. Bars represent mean ± SD. n=5, *P<0.05. SEC, 
swine endothelial cell; SP‑A, surfactant protein‑A; CL‑SPA, collectin 
placenta 1 with carbohydrate recognition domain of SP‑A; SEC/SP‑A, 
CL‑SPA‑transfected SEC; ROS, reactive oxygen species; MFI, mean 
fluorescence intensity.

https://www.spandidos-publications.com/10.3892/etm.2022.11527
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flow cytometry because CL‑SPA is a membranous protein 
(Fig. 1E). We used SEC/SP‑A bulk cells and a clonal line that 
expressed more than 95% of CL‑SPA.

Suppression of macrophage‑mediated cytotoxicity via 
CL‑SPA. We confirmed that SEC without lipofection and SEC 
with lipofection by empty vector (SEC/pCX) had no differ‑
ence in the THP‑1‑induced cytotoxicity assay (SEC: 0.447 
vs. SEC/pCX: 0.410, P=0.371, Fig. 2A). SECs without lipofec‑
tion were used as a control.

To evaluate the cytotoxicity of macrophages against SEC 
cells, THP‑1 cells were used as effector cells (Fig. 2B). After 
co‑culturing SEC or SEC/SP‑A with THP‑1 cells, we evaluated 
the cytotoxicity of effector cells using a WST‑8 assay. CL‑SPA 
significantly suppressed THP‑1‑induced cytotoxicity (SEC: 

Figure 5. mRNA expression of pro‑inflammatory and anti‑inflammatory cytokines in macrophages. Macrophages were co‑cultured with SEC or SEC/SP‑A 
for 24 h, and they were analyzed via RT‑qPCR. A significant suppression of TNF‑α expression and upregulation of IL‑10 expression were observed in macro‑
phages cultured with SEC/SP‑A as compared to those in macrophages cultured with SEC. The balance between iNOS and Arg‑1 was significantly suppressed 
with CL‑SPA. Bars represent SD. n=5‑8, **P≤0.01, ***P≤0.001. SEC, swine endothelial cell; SP‑A, surfactant protein‑A; CL‑SPA, collectin placenta 1 with 
carbohydrate recognition domain of SP‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.

Figure 7. The suppressive effects of THP‑1 and macrophages with CL‑SPA 
on SECs. SEC‑derived DAMPs induce inflammatory cytokines and ROS 
production in macrophages via TLRs. CL‑SPA suppressed the cytotox‑
icity and phagocytosis of macrophages, including the reduction in mRNA 
expression of TNFα and ROS production. As a result, macrophage‑mediated 
xenogeneic rejection was suppressed by CL‑SPA on SECs. DAMPs, 
damage‑associated molecular patterns; SEC, swine endothelial cell; SP‑A, 
surfactant protein‑A; CL‑SPA, collectin placenta 1 with carbohydrate recog‑
nition domain of SP‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.

Figure 6. Activation of THP‑1-Lucia NF‑κB cell with PMA and suppression 
with CL‑SPA. (A) THP‑1-Lucia NF‑κB cells were incubated with PMA 
at concentrations ranging between 20  nM and 2  µM for 24  h. RLUs 
were obtained in a dose‑dependent manner. (B)  THP‑1-Lucia NF‑κB 
cells and SEC or SEC/SP‑A were co‑cultured with 200  nM PMA and 
incubated for 24  h. CL‑SPA on SEC suppressed PMA‑induced NF‑κB 
activation as compared to SECs. Bars represent SD. n=6, *P<0.05. PMA, 
phorbol‑12‑myristate‑13‑acetate; SEC, swine endothelial cell; SP‑A, 
surfactant protein‑A; CL‑SPA, collectin placenta 1 with carbohydrate 
recognition domain of SP‑A; SEC/SP‑A, CL‑SPA‑transfected SEC.
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0.407 vs. SEC/SP‑A bulk: 0.2265 or SEC/SP‑A #11: 0.2293, 
P=0.0131, P=0.0252, respectively).

Suppression of macrophage‑mediated phagocytosis via 
CL‑SPA. To evaluate macrophage‑mediated phagocytosis 
against SECs, macrophages were generated by culturing 
monocytes with 100 ng/ml rM‑CSF, and then co‑cultured with 
SEC or SEC/SP‑A. Significant phagocytosis was induced in 
SECs (75.9%), and CL‑SPA significantly suppressed phago‑
cytosis by macrophages (SEC/SP‑A bulk: 27.1%, SEC/SP‑A 
#11:33.0%, P=0.0085, P=0.0010, respectively, Fig. 3).

Suppression of innate immune responses via CL‑SPA. To 
evaluate the suppressive effect of CL‑SPA on innate immune 
responses, macrophages were cultured with SEC or SEC/SP‑A. 
The production of ROS in macrophages under xenogeneic 
conditions was significantly suppressed by CL‑SPA (SEC: 
99.9 vs. SEC‑SP‑A #11:79.5, P=0.0138, Fig. 4). The expres‑
sion of pro‑ and anti‑inflammatory cytokines in macrophages 
was analyzed using RT‑qPCR. Significant suppression of 
TNF‑α expression (SEC: 1.160 vs. SEC/SP‑A #11:0.009, 
P=0.0022) and upregulation of IL‑10 expression (SEC: 1.357 
vs. SEC/SP‑A #11:10.20, P=0.0007) were observed in macro‑
phages cultured with SEC/SP‑A as compared to that in those 
cultured with SECs (Fig. 5). The balance between iNOS and 
Arg‑1 was significantly suppressed via CL‑SPA (SEC: 1.002 
vs. SEC/SP‑A #11:0.4792, P=0.0027), indicating that CL‑SPA 
on porcine cells inhibited the differentiation of peripheral 
blood monocytes into inflammatory M1 macrophages. 
Additionally, NF‑κB activation in macrophages was evaluated 
with a luciferase assay using THP‑1 Luc NF‑κB cells. CL‑SPA 
significantly suppressed PMA‑induced NF‑κB activation as 
compared to THP‑1 cells co‑cultured with SEC (SEC: 1160 vs. 
SEC/SP‑A #11:983.8, P=0.0258, Fig. 6).

Discussion

The study findings indicated that SP‑A induced a significant 
suppression of macrophage‑mediated phagocytosis. This is the 
first report evaluating the suppressive function of SPA‑CRD.

Xenotransplantation using a porcine with transgenic 
modifications has been reported recently (34). The geneti‑
cally engineered porcine harbored ten genetic modifications, 
including the targeted insertion of two human complement 
regulatory genes (hDAF, hCD46), two human anti‑coagulant 
genes (hTBM, hEPCR), and two immunomodulatory genes 
(hCD47, hHO1) as well as deletion (knockout) of 3 pig carbo‑
hydrate antigens and the pig growth hormone receptor gene. 
Our study suggested that the control of macrophage‑mediated 
xenogeneic reaction by SPA‑CRD may potentially be a new 
approach to genetic modification of xenografts.

SP‑A has been reported to suppress macrophage phagocy‑
tosis by binding to SIRPα in macrophages (30). As expected, 
SP‑A significantly suppressed phagocytosis. In RT‑qPCR 
analysis, SP‑A caused suppression of the pro‑inflammatory 
cytokine, TNF‑α, and upregulation of the anti‑inflammatory 
cytokine, IL‑10, similar to our previous report describing the 
effect of SP‑D on macrophages (31). The graphical abstract is 
shown in Fig. 7. The CRD of SP‑A has been reported to bind 
to toll‑like receptor (TLR)‑2,4 and suppress TLR‑mediated 

inflammation (35‑37). Suppression of NF‑κB by SP‑A (Fig. 6) 
might be a result of CL‑SPA binding to TLRs. Since our 
result may involve TLR‑mediated inhibitory effects, further 
investigation of these mechanisms is necessary. Regarding the 
control of CXR, suppression of pro‑inflammatory cytokines 
from macrophages may also contribute to the suppression of 
neutrophil‑induced rejection. Pro‑inflammatory cytokines 
from macrophages have been reported to contribute to 
nuclear extracellular trap (NET)osis in neutrophils (38), and 
ectopic expression of SP‑A in SEC is an effective strategy for 
suppressing the innate immunity associated with xenotrans‑
plantation. Neutrophils also contribute to CXR and induce 
tissue damage under xenogeneic conditions in antibody‑depen‑
dent and ‑independent manners (18,39,40). NETs produced 
by neutrophils cause extensive endothelial cell damage in 
response to xenogeneic antigen (41‑43). However, neutrophil 
apoptosis contributes to the resolution of inflammation. The 
phagocytosis of apoptotic cells by macrophages is central to 
the successful resolution of an inflammatory response, and it 
is increasingly apparent that the dying neutrophils themselves 
exert anti‑inflammatory effects by modulating surrounding 
cell responses, particularly the release of inflammatory cyto‑
kines from macrophages (44,45). These findings indicate that 
the ectopic expression of CRD in SP‑A can suppress macro‑
phage‑mediated cytotoxicity as well as neutrophil‑mediated 
tissue damage. Furthermore, increasing neutrophil apoptosis 
and decreasing NETosis by NF‑κB suppression would lead to 
anti‑inflammatory conditions and resolution of inflammation.

In conclusion, we reported that the CRD of SP‑A 
suppressed macrophage‑mediated cytotoxicity and phago‑
cytosis. Moreover, SP‑A suppressed NF‑κB activation and 
reduced the expression of pro‑inflammatory cytokines in 
macrophages. To further investigate the effects of SP‑A on 
innate immunity in more detail, in vivo studies should be 
performed in the future.
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