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Macrophages contribute to post-transplant lung rejection. Disulfiram (DSF), an anti-
alcoholic drug, has an anti-inflammatory effect and regulates macrophage chemotactic
activity. Here, we investigated DSF efficacy in suppressing acute rejection post-lung
transplantation. Male Lewis rats (280–300 g) received orthotopic left lung transplants from
Fisher 344 rats (minor histocompatibility antigen-mismatched transplantation). DSF
(0.75 mg/h) monotherapy or co-solvent only (50% hydroxypropyl-β-cyclodextrin) as
control was subcutaneously administered for 7 days (n = 10/group). No post-
transplant immunosuppressant was administered. Grades of acute rejection, infiltration
of immune cells positive for CD68, CD3, or CD79a, and gene expression of monocyte
chemoattractant protein and pro-inflammatory cytokines in the grafts were assessed
7 days post-transplantation. The DSF-treated group had significantly milder lymphocytic
bronchiolitis than the control group. The infiltration levels of CD68+ or CD3+ cells to the
peribronchial area were significantly lower in the DSF than in the control groups. The
normalized expression of chemokine ligand 2 and interleukin-6 mRNA in allografts was
lower in the DSF than in the control groups. Validation assay revealed interleukin-6
expression to be significantly lower in the DSF than in the control groups. DSF can
alleviate acute rejection post-lung transplantation by reducing macrophage accumulation
around peripheral bronchi and suppressing pro-inflammatory cytokine expression.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Lung transplantation is an established therapy for end-stage lung
disease. However, lung rejection remains the most challenging
complication after transplantation. Acute lung rejection can be a
risk factor for developing chronic lung allograft dysfunction
(CLAD) even after a single episode [1, 2]. Thus, preventing
acute rejection may improve long-term survival by preventing
the development of CLAD. Despite using common maintenance
immunosuppressive drugs, such as calcineurin inhibitors, anti-
metabolites, and steroids, over 25% of lung transplant recipients
experience acute rejection at least once within a year after
transplantation [1, 3]. In recent years, a few research groups
have proposed that not only T cells, but also macrophages are
involved in the development of acute lung rejection [4–6]. Cell
profiles during acute rejection obtained using single-cell RNA
sequencing (RNA-Seq) of human samples provide evidence of
macrophage involvement [7].

Disulfiram (DSF), a well-known anti-alcoholic drug [8], also
shows other pharmacological effects, such as anti-inflammatory
and anti-cancer effects [9–12]. Furthermore, DSF inhibits the
activity of the cytoplasmic protein FROUNT, which regulates the
chemotactic signals of macrophages [12, 13]. Owing to the broad
therapeutic potential of DSF, repositioning of DSF has garnered
interest recently. Drug repositioning is the process of discovering
new indications for approved or failed drugs [14]. Clinical trials
on the use of DSF for various diseases, such as coronavirus disease
2019, human immunodeficiency virus infection, and treatment-

refractory multiple myeloma have been conducted or are ongoing
[15]. However, there are no reports on the therapeutic efficacy of
DSF in acute post-transplant rejection. We hypothesized that
DSF could attenuate acute lung rejection by suppressing the
chemotaxis of macrophages to allografts after lung
transplantation. Therefore, in this study, we aimed to
investigate the efficacy of DSF in a rat model of acute
rejection after orthotopic lung transplantation.

MATERIALS AND METHODS

Animal Models
This study was approved by the Experimental Animal Ethics
Committee of the University of Tokyo under license number
H20-204 (issued January 19, 2021). All procedures complied with
the Institutional Animal Care and Use Committee Guidelines of
the University of Tokyo. Specific-pathogen-free inbred male rats
were purchased from Japan SLC, Inc. (Hamamatsu, Japan). All
rats (age: 12–13 weeks; weight: 280–300 g) received adequate care
according to the animal study protocols. The animal experiments
were conducted using Lewis (LEW; RT1l) and Fischer 344 (F344;
RT1lv1) rats in accordance with the guidelines. Allogenic
orthotopic left lung transplantation was performed using the
modified cuff technique as reported previously [16]. F344 rats
were used as donors, whereas LEW rats were used as recipients in
the minor histocompatibility (MiHC) antigen-mismatched
transplantation procedure.
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Preparation of DSF Solution
DSF (Mitsubishi Tanabe Pharma, Osaka, Japan) was dissolved in
50% hydroxypropyl-β-cyclodextrin (HBC) (Tokyo Chemical
Industry, Tokyo, Japan) with agitation to a final concentration of
37.5 mg/mL, and it was stored at 4 °C under a light shield. ALZET
osmotic pumps (model 2ML1; DURECT, Cupertino, CA,
United States), which deliver solutions continuously at a rate of
10 μL/h for 7 days, were filled with 2 mL of the DSF solution or 50%
HBC per piece just before implantation. The pumps were unlabeled;
hence, the operator was blinded to the content of each pump.

Treatment Protocols
The treatment protocols for the recipients are summarized in
Figure 1. Prior to making the skin incision, methylprednisolone
sodium (10mg per animal unit; SHIONOGI, Osaka, Japan) and
cefazoline sodium (10mg per animal unit; Nipro Medical, Osaka,
Japan) were injected subcutaneously or peritoneally into the
recipients to prevent reperfusion injury and infection,
respectively. These injections were administered under general
anesthesia. It is important to note that the recipients did not
receive any post-transplant immunosuppressive drugs. After
reperfusion, two osmotic pumps, primed with 50% HBC (control
group, n = 10) or DSF solution (DSF group, n = 10), were
subsequently embedded under the skin of each recipient. The
recipients were euthanized on day 7 post-transplantation. The
DSF group rats were administered 18mg DSF/day until sacrifice,
equivalent to approximately 600mg/day in humans. All rats had ad
libitum access to water throughout the study. Recipient feeding was
fixed at 200 g for 7 days and body weight was measured daily.

Histopathological Evaluation and
Immunohistochemical Staining
The cranial sections (approximately two-thirds) of the allograft
were fixed in 10% formalin (FUJIFILM Wako Pure Chemical,
Osaka, Japan) and embedded in paraffin. The sections were
stained with hematoxylin–eosin. According to the criteria of

the International Society for Heart and Lung Transplantation
for acute lung rejection, expert pathologists (M.S. and A.U.)
graded sections A (subtypes: 0–4, X) when they observed
infiltration of perivascular mononuclear cells or B (subtypes:
0–2R, X) when they observed lymphocytic bronchiolitis, in a
double-blinded fashion (Figure 2) [17]. The extent of
perivascular inflammation, referred to as A-grade, is
determined by examining the infiltration of mononuclear cells
around vascular structures, within the interstitial spaces of the
submucosa, and along the alveolar partitions. This is
systematically categorized into various levels: A0 (none), A1
(minimal), A2 (mild), A3 (moderate), A4 (severe), and AX
(ungradable). Additionally, the evaluation of airway
inflammation, designated as B-grade rejection, focuses on the
lymphocytic activity within the bronchiole submucosa. The
extent of this response is classified into the following distinct
categories: B0 (none), B1R (low grade), B2R (high grade), and BX
(ungradable). Particularly, when lymphocyte infiltration beyond
the basement membrane was observed, the more advanced stage
B2R was graded. For immunohistochemistry (IHC), sections
were deparaffinized and incubated with 0.1% pepsin for
40 min at 37 °C for CD3 and CD68 staining, and with 0.01 M
citrate buffer at a pH of 6.0 for 20 min at 120 °C for
CD68 staining. This was followed by overnight incubation
with the following primary antibodies: anti-CD3 (rabbit
polyclonal; 1:300; DAKO, Tokyo, Japan), anti-CD79a (mouse
monoclonal; 1:100; Biocare Medical, Pacheco, CA, United States),
and anti-CD68 (mouse monoclonal; 1:1000; BMA Biomedicals,
Augst, Switzerland). Histofine Simple Stain Rat MAX PO
(MULTI; Nichirei Bioscience, Tokyo, Japan) was used as the
secondary antibody, and 3,3′-diaminobenzidine (DOJINDO,
Kumamoto, Japan) was used for detection. The primary
antibodies were omitted to serve as negative controls for each
CD staining, and assessments were conducted to detect false
positives. The sections were counterstained with hematoxylin. In
the IHC evaluation, six high-power field images
(magnification ×400) were randomly chosen from each section

FIGURE 1 | Treatment intervention protocols with osmotic pumps for 7 days. Minor histocompatibility complex-mismatched left lung transplantation was
performed from Fisher 344 rats to Lewis rats. The control group was administered 50% hydroxypropyl-β-cyclodextrin as a solvent and disulfiramwas administered to the
treatment group. Samples such as lung tissues (n = 10/group) and bronchoalveolar lavage fluid (n = 5/group) were collected on post-operative day 7. DSF, disulfiram.
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and the positive cell counts per field were automatically
determined using a hybrid cell count application (BZ-H4C;
KEYENCE, Osaka, Japan) in BZ-X Analyzer software (BZ-
H4A; KEYENCE). We separately conducted our analyses of
the perivascular/peribronchiolar area when grading the extent
of rejection or the alveolar area without vascular and bronchial
structures (Figure 3).

Transcriptome Analysis via RNA-Seq
We selected representative rejection cases based on
histopathological findings (n = 3/group) for RNA-Seq. Total
RNA was extracted from the frozen samples, that is, the
caudal one-third of the allografts, using ISOSPIN Cell and
Tissue RNA (Nippon Gene, Tokyo, Japan). RNA quality was
checked using Agilent 4150 TapeStation (Agilent Technologies,
Santa Clara, CA, United States). A strand-specific RNA library
was prepared using 1 µg of each sample with the NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswich,
MA, United States) and NEBNext Ultra II Directional RNA
Library Prep Kit (NEB). RNA sequences were obtained using
paired-end reads (150 bp × 2) on the NovaSeq 6000 platform
(Illumina, San Diego, CA, United States). Differentially expressed

genes (DEGs) between the control and DSF groups were
identified with the cut-off criteria |log2 fold change| > 1 and
Q-value <0.05 using DESeq2 software1. Raw read counts were
normalized using the relative log expression method (Figure 4).
Heat maps with z-scores of the normalized gene expression were
created using all genes that matched the criteria2. Ward’s
clustering method and correlation distances were also used to
generate hierarchical clusters of genes from the generated heat
maps. To further examine the potential biological roles of the
DEGs affected by DSF, we conducted a Gene Ontology (GO) term
enrichment analysis using the DAVID WebService package3.

Validation Using Real-Time Quantitative
Polymerase Chain Reaction
The remaining samples (n = 7/group) were used to validate the
transcription levels obtained via RNA-seq using real-time

FIGURE 2 | Physical and histopathological effects of disulfiram. (A)% Body weight. Daily body weight was measured, and it is indicated as a percent of that right
after surgery. (B)Macroscopic (black arrows denote allografts) andmicroscopic images (H&E staining; high-power field, magnification ×400). Scale bar: 100 µm. (C) A/B
grading of acute lung rejection. The scores were settled according to the criteria of the International Society for Heart and Lung Transplantation. Two cases in the control
group were excluded because of AX. ns, not significant. **p < 0.01. DSF, disulfiram; H&E, hematoxylin and eosin.

1https://bioconductor.org/packages/release/bioc/html/DESeq2.html
2https://www.rdocumentation.org/packages/stats/versions/3.6.2
3https://www.rdocumentation.org/packages/RDAVIDWebService/versions/1.10.0
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quantitative polymerase chain reaction (RT-qPCR). Relative
expression of CCL2 and IL-6 in both groups was normalized
against the expression level of the internal control gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Total RNA
(1 μg) isolated from samples was used for reverse transcription with
the High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific,
Waltham, MA, United States) in a 20 μL volume. The protocol
involved incubating at 37 °C for 60min, followed by heating to 95 °C
for 5 min, and finally cooling to 4 °C. RT-qPCR was then performed
on the Applied Biosystems® 7500 System (Thermo Fisher Scientific)
using 100 ng of cDNA and the TaqMan™ Gene Expression Master
Mix (Thermo Fisher Scientific). Each sample was processed in
duplicate. The PCR conditions were as follows: an initial 2-min
step at 50 °C, a 10-min step at 95 °C, followed by 40 cycles of 15 s at
95 °C and 1min at 60 °C, concluding with a cooldown to 25 °C. Data
analysis was conducted using the 7500 System SDS Software Version
1.4 (Thermo Fisher Scientific). The following probes were used for
RT-qPCR: CCL2 (NM_031530), GAPDH (NM_017008), and IL-6
(NM_012589). For the negative controls, a no-template control from
the RT reaction and a no-template control from the RT-qPCR
reaction were used. Relative gene expression was calculated using the
comparative ΔΔCT method [18].

Bronchoalveolar Lavage Fluid (BALF)
Collection
Additional rats (n = 5/group) were subjected to left lung
transplantation and implantation of osmotic pumps to obtain

BALF samples. Briefly, their tracheas were cannulated, and lungs
were lavaged thrice with 3 mL of phosphate-buffered saline on
day 7 post-transplantation. The LUNA-FL Dual Fluorescence
Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea) was
used to measure total cell count (TCC). Smears stained with Diff
Quick were then used by pulmonologists to assess cell fractions in
a double-blinded manner.

Determination of Pro-inflammatory
Cytokine Levels and Potent Chemokines for
Macrophages
On post-operative day (POD) 7, blood samples (3 mL) were
collected from the inferior vena cava of the rats before
heparinization and centrifuged to obtain sera (2,500 g, 10 min,
21 °C). The sera (n = 10 each), and the remaining BALF (n =
5 each; additional rats) after centrifugation (3,200 g, 20 min, 4 °C)
were preserved at −80 °C. A MILLIPLEX MAP Kit Rat Cytokine/
Chemokine Magnetic Bead Panel (MilliporeSigma, Burlington, VT,
United States) was used tomeasure the protein concentrations in the
serum and BALF. The levels of the following cytokines and
chemokines were measured: chemokine ligand (CCL)2,
interleukin (IL)-1β, IL-6, interferon-γ, and tumor necrosis factor-α.

Statistical Analysis
Continuous variables are presented as medians and interquartile
ranges, except for % body weight, which is presented as the
mean ± standard deviation due to its normal distribution.

FIGURE 3 | Immunohistochemical staining. The plots show the counts of CD68-, CD3-, and CD79a-positive cells in the negative control, control, and disulfiram
(DSF) groups per high-power field (HPF; magnification, ×400). (A) Perivascular/peribronchiolar area. (B) Alveolar area. The box-and-whiskers dot plots represent the
medians and interquartile ranges with the minimum and maximum values. ns, not significant. **p < 0.01; ***p < 0.001.
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Mann–WhitneyU test or Student’s t-test was used to compare the
values, respectively. Analyses were performed using R software
(version 4.2.1; R Foundation for Statistical Computing, Vienna,
Austria). The Benjamini–Hochberg method was used to identify
DEGs. GraphPad Prism (version 9; GraphPad Software, San
Diego, CA, United States) was used for creating figures. p <
0.05 or Q < 0.05 indicated significant differences in two-
tailed tests.

RESULTS

Weight Changes
The percentage of rats’ weights after treatment to the baseline
value (% body weight) is shown in Figure 2. Both groups showed
weight loss for 2 days with gradual recovery thereafter.
Specifically, the % body weight was 95.2% ± 4.7% in the
control group and 99.1% ± 3.6% in the DSF group on POD 7
(p = 0.052; Figure 2A).

Histological Findings
On POD 7, allogenic transplanted lungs in rats treated with DSF
had a more whitish appearance and milder rejection than the

control (Figure 2B). Perivascular lymphocytic infiltration (p =
0.321; Figure 2C) was not significantly altered, while lymphocytic
bronchiolitis (p = 0.0031; Figure 2C) was significantly milder in
the DSF group than in the control group. In the perivascular/
peribronchiolar area, the infiltration of CD68+ and CD3+ cells
was significantly inhibited after DSF treatment (p = 0.0001 and
p = 0.0029, respectively; Figure 3A). In the alveolar area, the
proportions of infiltrating CD68+, CD3+, and CD79a+ cells were
not reduced after DSF treatment (Figure 3B). No false positives
were observed in any of the CD staining instances.

Differential Gene Expression Analysis
In the DEG analysis between the control and DSF groups, 258 genes
that matched the cut-off criteria (|log2 fold change | > 1.0, and Q <
0.05) were identified from RNA-Seq analysis. The expression heat
map of DEGs indicated that 134 genes were downregulated after DSF
treatment (Figure 4A). Among them, the expression of genes
associated with macrophages and acute lung rejection was
downregulated in the DSF group compared with that in the
control group (Figure 4B). The expression of CD86 and CD163
was significantly downregulated in the DSF group compared with
that in the control group (Q = 0.002 and Q = 0.014, respectively;
Supplementary Figure S1). The expression of IL-6 was significantly

FIGURE 4 |Gene expression analyses using RNA sequencing (RNA-Seq) and real-time quantitative polymerase chain reaction (RT-qPCR). (A)Heat map based on
the z-scores of differentially expressed genes between the control and disulfiram (DSF) groups (n = 3/group). (B) Extracted heat map focusing on the genes related to
macrophages and acute rejection. (C) RT-qPCR analysis to validate the RNA-Seq results. The expression of CCL2 and IL-6 (n = 7 each) was normalized with that of
GAPDH. The box-and-whiskers dot plots represent the medians and interquartile ranges with the minimum and maximum values. ns, not significant. *p < 0.05.
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downregulated in the DSF group compared with that in the control
group (Q = 0.037; Supplementary Figure S1), and these findings are
consistent with the RT-qPCR results (p = 0.047; Figure 4C).
Additionally, the expression of the monocyte chemotactic protein
CCL2 was lower in the DSF group than in the control group (Q =
0.100; Supplementary Figure S1); however, the RT-qPCR analysis
showed only a slight change in its expression in both groups (p =
0.874; Figure 4C). When the cut-off value was increased to 1.5-fold
higher expression (|log2 fold change| > 0.6), upregulation of IL-10
expressionwas observed in theDSF group, but the difference between
the groups was not significant (Q = 0.654; Supplementary Figure
S1). No-template controls exhibited undetermined Ct values,
indicating the absence of detectable amplification.

GO Analysis
The downregulated genes in the DSF group were significantly
enriched in eight biological process terms (Figure 5A), the top

five being oxygen transport (GO:015671; Q < 0.001), cellular
oxidant detoxification (GO:0098869; Q < 0.001), hydrogen
peroxide catabolic process (GO:0042744; Q = 0.0104), immune
response (GO:0006955;Q = 0.0104), and aging (GO:0007568;Q =
0.0296). In contrast, the upregulated genes were not significantly
enriched in any biological process (Figure 5B).

TCC and Cell Fractionation in the BALF
The TCC in the BALF was markedly lower in the DSF group than
in the control group (p = 0.0159; Figure 6A). The cell profile of
the DSF group showed that the proportion of macrophages
significantly decreased (p = 0.032; Figure 6B), whereas the
percentage of lymphocytes significantly increased (p = 0.024;
Figure 6C) compared with that in the control group. There was
no difference in the proportion of neutrophils between the groups
(p = 0.143; Figure 6D). In terms of the absolute counts in the
BALF (Supplementary Figure S2), macrophages in the DSF

FIGURE 5 | Gene Ontology (GO) analysis of the differentially expressed genes between the control and disulfiram (DSF) groups. The top 10 most enriched GO
terms (biological process) of (A), downregulated genes and (B), upregulated genes after DSF treatment. The vertical axis shows the GO terms, whereas the horizontal
axis shows the adjusted p-values (Q-values). Gradations are applied according to the adjusted p-values. Circles represent the gene counts related to each GO term. If the
GO terms had the same adjusted p-value, they are listed alphabetically from top to bottom.

FIGURE 6 | Bronchoalveolar lavage fluid and their cell profiles. (A) Total cell count per milliliter of bronchoalveolar lavage fluid. (B) Macrophages (%), (C),
lymphocytes (%), and (D), neutrophils (%). The box-and-whiskers dot plots represent the medians and interquartile ranges with the minimum and maximum values. ns,
not significant. *p < 0.05. BALF, bronchoalveolar lavage fluid; DSF, disulfiram; TCC, total cell count.
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group significantly decreased compared to those in the control
group (median: 3.8 × 105 vs. 7.3 × 105 cells/mL; p = 0.008).
Conversely, there was no significant difference in lymphocyte
counts between the DSF and control groups (median: 9.9 × 103 vs.
4.0 × 103 cells/mL; p = 0.151).

Protein Concentrations in the Serum
and BALF
The median concentration of CCL2 in the serum was 2,123 pg/
mL in the control group and 2,493 pg/mL in the DSF group, and
the difference between the groups was not significantly different
(p = 0.805; Figure 7A). Among the measurable samples (n =
3 each), the CCL2 level in the BALF was relatively lower in the
DSF group than in the control group (median: 3,400 pg/mL vs.
189 pg/mL; p = 0.100; Figure 7B). The levels of other cytokines in
the serum did not significantly change after DSF treatment
(Figure 7A), and they were undetectable in the BALF of
both groups.

DISCUSSION

In this study, we demonstrated that DSF could attenuate acute
rejection after MiHC lung transplantation in rats without using

immunosuppressants. DSF reduced the accumulation of
macrophages and T cells around the bronchioles in allografts,
which might contribute to the prevention of bronchiolitis
obliterans (BO). Furthermore, the expression of genes
associated with macrophages and inflammatory cytokines in
the lungs was downregulated after DSF treatment. These
results support our hypothesis that macrophages are involved
in acute rejection after lung transplantation and that DSF
suppresses their chemotaxis.

The direct allorecognition of T cells is generally observed in acute
lung rejection cases [19, 20]. DSF may have the potential to inhibit
allorecognition and suppress macrophage migration and activation.
Following lung transplantation, cells of the acquired immune system
in recipients are mobilized to the graft by recognizing alloantigens
presented by the donor’s antigen-presenting cells [21]. In addition,
monocyte-derived macrophages could migrate and cause injury to
the graft together with T cells because they depend on the
microenvironment and are particularly plastic [6, 22]. The
present study showed that the post-operative regimen of DSF
monotherapy for 7 days resulted in a reduction of lymphocytic
bronchiolitis and decrease in the number of CD68+ and CD3+ cells
in the perivascular/parabronchial area. The reduced accumulation of
immunocompetent cells was presumably associated with the DSF-
induced inhibition of their mobilization from circulation. Similarly,
some animal studies have also shown that inhibiting macrophage

FIGURE 7 | Cytokines and chemokines in (A), serum (n = 7 each) and (B), bronchoalveolar lavage fluid (n = 3 each). The box-and-whiskers dot plots represent the
medians and interquartile ranges with theminimum andmaximum values. ns, not significant. CCL2, chemokine ligand 2; DSF, disulfiram; IFN-γ, interferon-gamma; IL-1β,
interleukin-1 beta; IL-6, interleukin-6; TNF-α, tumor necrosis factor α.
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migration to the allograft suppressed acute lung rejection [4, 5, 23].
Furthermore, single-cell RNA-Seq data of the BALF from humans
with acute rejection of the lungs and biopsy samples of lungs with
chronic rejection suggested the involvement of macrophages [7].
These findings strongly indicate the involvement of macrophages in
lung transplant rejection.

Our group reported that DSF inhibits the expression of the
cytoplasmic protein FROUNT in macrophages, suppressing
their migration and activation [12, 13], whose effect may have
decreased the proportion of CD68+ cells in the grafts. We did
not observe a decrease in CCL2 levels in the serum or lung
tissues in this study, and this is consistent with the fact that
DSF has been shown to inhibit intracellular signaling between
FROUNT and chemokine receptors (CCR2 or CCR5) on
macrophages [24]. A previous study showed that when
CCR2-positive cells accumulated in the inflamed lung,
CCL2 was consumed in the serum and lung tissue [25].
Conversely, another study reported that CCL2 levels in the
serum and grafts were higher in CCR2-deficient recipients
than in wild-type recipients [26]. The results of these studies
support a part of our results.

Repositioning for DSF has been proposed since it also has
other therapeutic benefits, such as anti-inflammatory and anti-
cancer effects [9–12]. However, there have been no reports on the
preventive effect of DSF on rejection after solid organ
transplantation. In a previous study, RNA-Seq of samples of
rodents infected with severe acute respiratory syndrome
coronavirus 2 and then administered DSF revealed the
downregulation of the immunity pathway and complement
and coagulation cascade [27]. The GO analysis in the present
study also showed similar findings. Therefore, DSF is considered
to have the potential to downregulate the immune response,
attenuating organ and tissue rejection.

The number of macrophages in the alveolar area was not
significantly different after DSF treatment compared with that in
the perivascular/peribronchial area. This may have the advantage of
maintaining their activity against bacteria and viruses to alveolar
invasion. The imbalance in drug efficacy between areas can result
from the main rejection site being a perivascular/peribronchial area
and the differences in the turnover rates of tissue-resident and
monocyte-derived macrophages. Monocyte-derived macrophages
are produced from the bone marrow and have a short half-life,
whereas tissue-derived macrophages exist in the lungs from early
embryonic development and survive for long periods through self-
renewal [28–30].

The inhibitory effect of DSF on lymphocytic bronchiolitis
observed in this study may contribute to the prevention of BO
because lymphocytic bronchiolitis is regarded as its precursor
lesion [31]. IL-6, a pro-inflammatory cytokine, is strongly
implicated in acute rejection after lung transplantation [32,
33]. The suppression of IL-6 signaling reportedly inhibits the
development of BO [34]. As the expression of IL-6 in allografts
was downregulated in the DSF group in our study, DSF may be
able to inhibit BO. Furthermore, we also hypothesized that DSF
suppresses inflammation in the bronchi because of the decrease in
the TCC in the BALF. In the BO lesions of human lung tissue,
phosphorylation-induced activation of nuclear factor (NF)-κB

and STAT3 and an increase in the proportions of CD4+ T cells
and macrophages have been reported [34]. As there is some
evidence that DSF inhibits the NF-κB pathway [35, 36], it can be
expected to prevent not only acute lung rejection but also BO and
subsequent CLAD development.

There were a few limitations to this study. First, the effect of
administering DSF via the oral route was not investigated. To
stabilize DSF concentrations in the blood and prevent aspiration
related to dosing and handling, we implanted osmotic pumps and
administered the drug solutions subcutaneously. Second, the
immune system varies from species to species. In this study, we
employed the combination of F344 and Lewis rat strains, which is
characterized by a minor mismatch in the MHC class I region. We
acknowledge that this model does not fully represent the genetic
diversity usually observed between human lung transplant donors
and recipients. Furthermore, rodents, including the strains used in
our study, are generallymore likely to develop spontaneous tolerance
compared to humans. However, we chose this model because it
enables us to achieve relatively uniform levels of acute rejection
within the same groups, without the complicating effects of intense
post-transplant immunosuppression required in major mismatch
models. Further studies are needed to confirm our findings in a large
animal model before clinical trials. Third, this study focused on
whether DSF can prevent acute lung rejection; therefore, the
mechanism of drug action was not clarified. Although our group
has previously revealed a part of its mechanism of action [12, 24],
additional studies should be conducted to clarify its molecular
mechanism in a rat lung transplantation model. The
pharmacokinetics and safety profile of DSF are also well-known
because the Food and Drug Administration approved it
approximately 70 years ago [8].

In conclusion, DSF inhibited acute rejection after rat MiHC
lung transplantation through an anti-immune response effect,
especially involving macrophages. Targeting macrophages using
DSF can be a new immunotherapeutic option to attenuate the
rejection of allografts.
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