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Abstract

Background Lymphedema is an intractable disease that can be caused by injury to lymphatic vessels, such as by sur-
gical treatments for cancer. It can lead to impaired joint mobility in the extremities and reduced quality of life. Chronic
inflammation due to infiltration of various immune cells in an area of lymphedema is thought to lead to local fibro-
sis, but the molecular pathogenesis of lymphedema remains unclear. Development of effective therapies requires
elucidation of the immunological mechanisms involved in the progression of lymphedema. The complement

system is part of the innate immune system which has a central role in the elimination of invading microbes and acts
as a scavenger of altered host cells, such as apoptotic and necrotic cells and cellular debris. Complement-targeted
therapies have recently been clinically applied to various diseases caused by complement overactivation. In this con-
text, we aimed to determine whether complement activation is involved in the development of lymphedema.

Results Our mouse tail lymphedema models showed increased expression of C3, and that the classical or lec-

tin pathway was locally activated. Complement activation was suggested to be involved in the progression

of lymphedema. In comparison of the C3 knockout (KO) mouse lymphedema model and wild-type mice, there

was no difference in the degree of edema at three weeks postoperatively, but the C3 KO mice had a significant
increase of TUNEL™ necrotic cells and CD4™ T cells. Infiltration of macrophages and granulocytes was not significantly
elevated in C3 KO or C5 KO mice compared with in wild-type mice. Impaired opsonization and decreased migra-
tion of macrophages and granulocytes due to C3 deficiency should therefore induce the accumulation of dead cells
and may lead to increased infiltration of CD4* T cells.

Conclusions Vigilance for exacerbation of lymphedema is necessary when surgical treatments have the potential
to injure lymphatic vessels in patients undergoing complement-targeted therapies or with complement deficiency.
Future studies should aim to elucidate the molecular mechanism of CD4* T cell infiltration by accumulated dead cells.
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genitourinary cancers [3]. Surgical treatments, includ-
ing lymph node dissection, skin excision and radiation
therapy, can cause damage to lymphatic vessels, lead-
ing to abnormal formation of collateral lymphatic vessels
and impaired lymphatic function [2, 4, 5]. Lymphedema
has virtually no effective treatments [6], so to prevent
disease progression or to ameliorate symptoms there are
only conservative treatments consisting of multimodal
approaches known as ‘complete decongestive therapy’
[7-10].

In the pathophysiology of lymphedema, inflammation
plays an essential role in both experimental and clinical
studies [11]. Inflammatory cells infiltrate lymphedema
tissue such as macrophages, neutrophils, and lympho-
cytes [12]. Infiltration of CD4* T cells was suggested in
a mouse model to be involved in fibrosis and impaired
function of lymphatic vessels [13]. However, there are
insufficient reports on the molecular mechanisms by
which immune cells infiltrate lymphedema tissue. The
wound healing process is also known to be accompanied
by infiltration of many immune cells and fibrosis. Expres-
sion of genes related to acute inflammation and wound
healing was also reportedly upregulated in the tissue of a
mouse lymphedema model [14].

The complement system functions as an innate
immune system which recognizes pathogens and
altered host cells, protecting the host from them and
maintaining homeostasis. It is also known to be acti-
vated in the wound healing process [15, 16]. In a mouse
model, the deficiencies of complement components
C3, C5 and the C5a receptor 1 (C5aR1) accelerated the
process of cutaneous wound healing [17]. The acceler-
ated healing has been suggested to be mediated by the
inhibition of C5aR1 signaling and the decreased infil-
tration of inflammatory cells to wound regions. How-
ever, the roles of the complement system in formation
of lymphedema remain unclear. All three complement
activation pathways in the complement system [the
classical pathway, the lectin pathway, and the alterna-
tive pathway (AP)] act to form the C3 convertase com-
plex, which degrades C3, generating C3a and C3b [18].
The terminal pathway is initiated through the cleavage
of the 5th component of complement, while C5a, the
9 kDa cleavage product acts as a potent anaphylatoxin
and chemotactic reagent major, C5b the major cleav-
age product C5 initiates the formation of membrane
attack complex (MAC) through subsequent binding of
the terminal pathway components C6, C7, C8 to form
the C5b-C8 complex that inserts into the bilayer of cell
membranes and initiates the binding, polymerization
and insertion of poly-C9 which forms a cylindrical pore
that penetrates the cellular membrane and poses an
osmolytic challenge to target cells coated with MAC.
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The major cleavage product of complement C3 cleav-
age, C3b can either bind to the AP zymogen factor B to
form the AP zymogen complex C3bB or bind covalently
to the pathogen surfaces where it is cleaved into its
degradation product iC3b or C3dg to serve as ligands
of C3-receptors CR1, CR2, CR3 and CR4 or CD18
(which belongs to the family of B-integrins) [18, 19].

Eculizumab and ravulizumab, humanized monoclonal
antibodies blocking cleavage of C5, have been clinically
applied to two disorders, paroxysmal nocturnal hemo-
globinuria (PNH) and atypical hemolytic uremic syn-
drome, in which activation of the complement system by
abnormal complement regulatory mechanisms destroys
autologous cells [18, 20]. These antibodies have also
been used in treatment of neurological disorders caused
by autoantibodies such as myasthenia gravis and neuro-
myelitis optica spectrum disorders [21]. If complement
activation was shown to have a significant effect on the
development of lymphedema, these treatments could be
expected to be effective in treating lymphedema. Mean-
while, if complement activation promoted the develop-
ment of lymphedema, the potential for administration of
these treatments exacerbating the lymphedema should
be regarded with caution. In the present study, we ana-
lyzed whether complement activation is involved in the
development of lymphedema using C3 knockout (KO)
mice and C5 KO mice.

Results

Upregulation and activation of C3 in the mouse tail
lymphedema

Mouse tail models have been widely used to study the
cellular and molecular mechanisms of lymphedema
[1, 22, 23]. In this tail model, we observed the degree
of tail lymphedema. As in previous reports, prominent
tail swelling reached its maximum around postopera-
tive day (POD) 21 and then decreased gradually until
entering a plateau phase around approximately POD49
(Fig. 1A) [1].

To examine the activation of the complement system
in lymphedema formation, we analyzed the expression
of C3 in the tissue of tail lymphedema on POD21 using
real-time RT-PCR and fluorescent immunohistochemis-
try. Augmented expression of C3 transcript was detected
in the tissue of tail lymphedema (Fig. 1B). In addition,
C3 proteins were distributed around the dilated lym-
phatic vessels in lymphedema tissue (Fig. 1C). To further
explore whether the complement system is activated in
lymphedema tissue, we examined whether complement
component C4, which is activated by the classical or lec-
tin pathway, was detected at serial sections. C4 was co-
localized with C3 around the dilated lymphatic vessels,
suggesting that the classical or lectin pathway should be
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Fig. 1 Postoperative upregulated C3 expression and complement activation in the tail ymphedema. A The time course of the increased ratio

of tail swelling volume after the surgery in wild-type C57BL6/J mice (n=3). Data are shown as the means + standard error. B Relative expression
levels of C3 mMRNA in the tail lymphedema tissue (edema) compared with non-operated controls (Ctrl) (n = 3/group). The expression levels were
normalized to those of 18s rRNA. Data are shown as the means + standard deviation; *P<0.05. C Representative image of C3 protein (Green)
around lymphatic vessels (LYVET, Magenta) on POD21. Nuclei were stained with DAPI (Blue). Scale bars = 100 um. D Representative image of C4
protein (Green) around lymphatic vessels (LYVE1, Magenta) at an adjacent section of (C). Nuclei were stained with DAPI (Blue). Scale bars = 100 um

activated in the lymphedema region of the mouse tail
model (Fig. 1D).

Contribution of C3 and C5 in the mouse tail lymphedema
models

Activation of the complement pathways was observed
in lymphedema tissue, so we compared the extent of
lymphedema swelling in C3 KO mice and C5 KO mice
with that in wild-type mice. There were no significant dif-
ferences in the extent of tail swelling at any of the ana-
lyzed time points (Fig. 2A and C, Supplementary Fig. 3).
Next, we histologically analyzed lymphedema tissues on
POD21 in C3 KO and C5 KO mice. More cells, includ-
ing immune cells, accumulated in lymphedema tissues of
C3 KO and C5 KO mice than in wild-type mice (Fig. 2B
and D). These results suggest that inflammation is more
strongly induced in lymphedema tissues of C3 KO and
C5 KO mice compared with those of wild-type mice. We
therefore used fluorescent immunohistochemistry to fur-
ther examine what kind of cells are increased.

Increased infiltration of CD4* T cells in lymphedema

of C3 KO mice

To investigate whether macrophages and granulocytes
infiltrate the lymphedema region in C3 and C5 KO mice
models, we detected F4/80" macrophages and Ly6G™*
granulocytes using fluorescent immunohistochemistry. We
detected increased infiltration of both F4/80" macrophage
cells (Fig. 3) and Ly6G™ granulocyte cells (Supplementary
Fig. 4) into lymphedema tissues of some of C3 KO and C5
KO mice, but the change was not significant.

Next, we examined the infiltration of CD4" T cells,
which are known to be critical immune cells involved
in the development of lymphedema. More CD4% T
cells infiltrated around lymphatic vessels and through-
out lymphedema regions of C3 KO mice compared with
wild-type mice (Fig. 4A and B). We also investigated the
infiltration of CD4* T cells in regions of lymphedema
of C5 KO mice; the infiltration of CD4" T cells into the
lymphedema region tended to be increased in C5 KO
mice, but without statistical significance (Fig. 4C and D).
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Fig. 2 Development of lymphedema in C3 KO and C5 KO mice. A The time course of the increased ratio of tail swelling volume after the surgery
in C3 KO mice (blue line) and wild-type mice (WT, black line) (n=7/group). Data are shown as means + standard error. B Representative image

of histology stained with H&E in wild-type (WT) and C3 KO mice on POD21. Scale bars=100 um. C The time course of the increased ratio of tail
swelling volume after the surgery in C5 KO mice (orange line, n=9) and wild-type mice (WT, black line, n=7). Data are shown as means + standard
error. D Representative image of histology stained with H&E in wild-type (WT) and C5 KO mice on POD21. Scale bars=100 um
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Fig. 3 Infiltration of macrophages in lymphedema tissues on POD21. A Detection of F4/80* macrophages (Green) in lymphedema tissues
of wild-type (WT) and C3 KO mice. B Comparison of numbers of F4/80% macrophages per field (8 fields/mouse) of wild-type (WT) and C3 KO mice
in lymphedema tissues (n=5/group). Horizontal bars indicate the averages. C Detection of F4/80" macrophages (Green) in lymphedema tissues
of wild-type (WT) and C5 KO mice. D Comparison of numbers of F4/80* macrophages per field (8 fields/mouse) of wild-type (WT) (n=4) and C5 KO
(n=5) mice in lymphedema tissues (n=4/group). Horizontal bars indicate the averages. Representative images are shown in (A) and (C). Nuclei were
stained with DAPI (Blue). Scale bars=100 um
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Fig. 4 Infiltration of CD4* T cells in lymphedema tissues on POD21. A Detection of CD4" T cells (Green) and lymphatic vessels (Magenta)

in lymphedema tissues of WT and C3 KO mice. B Comparison of numbers of CD4" T cells per field (8 fields/mouse) of WT and C3 KO mice

in lymphedema tissues (n=8/group). Horizontal bars indicate the averages; * P < 0.05. C Detection of CD4* T cells (Green) and lymphatic vessels
(Magenta) in lymphedema tissues of WT and C5 KO mice. D Comparison of numbers of CD4* T cells per field (8 fields/mouse) of WT (n=5) and C5
KO (n=6) mice in lymphedema tissues (n=8/group). Horizontal bars indicate the averages. Representative images are shown in (A) and (C). Nuclei

were stained with DAPI (Blue). Scale bars=100 um

Increased dead cells in lymphedema of €3 KO mice
Deficiency of C3 causes impaired elimination of apop-
totic and necrotic cells [18, 19], possibly resulting in the
enhanced inflammation, so we used TUNEL analysis to
examine the accumulation of dead cells in lymphedema
regions (Fig. 5). TUNEL" cells increased in the C3
KO lymphedema region (Fig. 5A and B). Most of the
TUNEL™ cells were appeared to be granulocytes as they
were also positive for Ly6G (Supplementary Fig. 5).
Cells with active caspase 3 were not detected in the C3
KO lymphedema region. TUNEL™ cells in lymphedema
regions are therefore indicated to be necrotic cells.
TUNEL? cells also tended to increase in the lymphedema
region in some C5 KO mice, but without significant dif-
ference (Fig. 5C and D).

Discussion

In the present study, C3 was shown to be transcription-
ally upregulated in the mouse tail lymphedema model
and C3, as well as C4, was shown to be detected around
the dilated lymph vessels. This suggests that lymphatic
injury should induce activation of the classical or lec-
tin pathway during lymphedema formation, leading to
chronic inflammation. Chronic inflammation has been
suggested to exacerbate lymphedema, and regulatory T
cells (Treg) may inhibit the progression of lymphedema

by suppressing inflammation [24]. Furthermore, the defi-
ciency of C3 or C5 has been suggested in a mouse skin
model to promote wound healing [17]. During the wound
healing process, as well as the formation of lymphedema,
inflammation is initially induced, which subsequently
leads to local fibrosis of the skin. We therefore inves-
tigated the effects of the complement deficiency on the
development of lymphedema. However, lymphedema of
C3 and C5 KO mice showed no such improved pheno-
types compared with wild-type mice as in wound heal-
ing. Interestingly, more immune cells seemed to infiltrate
the lymphedema region in both C3 KO and C5 KO mice
compared with in wild-type mice.

The complement system has an important role in elimi-
nating altered host cells such as apoptotic or necrotic cells,
as well as in protecting the host from pathogens [18, 19].
These altered host cells activate the classical pathway, and
are opsonized by C3 degraded products. Macrophages
recognize the opsonized cells via complement receptor 3
and phagocytose them. Impaired elimination of altered
host cells by the complement system triggers various
inflammatory responses, leading to autoimmune diseases
such as systemic lupus erythematosus [25, 26]. In the pre-
sent study, an increased number of dead cells was detected
in the lymphedema region of C3 KO mice compared
with that of wild-type mice. Although without statistical
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Fig. 5 Accumulation of TUNEL" cells in lymphedema tissues on POD21. A Detection of TUNEL* cells (Green) in lymphedema tissues of WT and C3
KO mice. B Comparison of number of TUNEL™ cells per whole field in lymphedema tissues of WT and C3 KO mice (n=4/group). Horizontal bars
indicate the averages; * P <0.05. C Detection of TUNEL* cells (Green) in lymphedema tissues of WT and C5 KO mice. D Comparison of number

of TUNEL* cells per whole field in lymphedema tissues of WT (n=4) and C5 KO mice (n=5). Horizontal bars indicate the averages. Representative
images were shown in (A) and (C). Yellow arrowheads indicate TUNEL™ cells. Nuclei were stained with DAPI (Blue). Scale bars=100 um

significance, dead cells tended to be increased in the
lymphedema of some C5 KO mice. This may be because
in C5 KO mice, dead cells may be opsonized and removed
by macrophages recruited by C3a, while in C3 KO mice,
there is no induction of opsonization of dead cells by C3
degradation products.

Activation of C3 and C5 induces the production of C3a
and Cba, respectively, and these increase vascular perme-
ability as anaphylatoxins and attract macrophages and
granulocytes to the inflammatory sites. In some C3 KO
and C5 KO mice, macrophages and granulocytes were not
significantly increased in the lymphedema region, possi-
bly because there was little or no production of C3a and
Cb5a. However, the lack of a significant increase of dead
cells in C5 KO mice may be due to the production of C3a.

No prominent augmentation of edematous swelling
was observed in C3 KO mouse tails, but there was a
significant increase in infiltration of CD4% T cells
in the lymphedema tissues. CD4* T cells have been
reported to increase in the tissue of lymphedema in
a mouse lymph node-dissection model and in human
lymphedema tissue after breast cancer surgery [13].
In the early stage of lymphedema, CD4" T cells often
activate macrophages to promote excessive lymphang-
iogenesis, leading to lymphedema [27]. CD4" T cells
could be sensitive to various kinds of tissue damage,
such as increased debris and cell death [13]. Specifi-
cally, infiltration of Th2 CD4% T cells characterized

by signature cytokines such as IL-4, IL-5, and IL-13
promotes lymphedema but Treg cells inhibit the
development of lymphedema. In the present study, a
much larger number of TUNEL* necrotic cells were
observed in the lymphedema region of C3 KO mice.
The increased dead cells should trigger the accumu-
lation of CD4™" T cells around lymphatic vessels and
throughout lymphedema tissue. Although the acti-
vated complement and CD4" T cells mainly accumu-
lated around lymphatic vessels, the TUNEL™ cells were
detected throughout the lymphedema tissue. Danger-
associated molecular patterns derived from dead cells
induce infiltration of CD4* T cells, leading to chronic
inflammation [28]. Future studies should analyze the
molecular mechanism by which the impaired clearance
of dead cells due to the complement deficiency leads to
the infiltration of CD4" T cells and effects of the com-
plement deficiencies on the process of lymphedema
through the enhanced inflammation.

Conclusion

Complement-targeted therapies such as eculizumab and
ravulizumab, anti-C5 antibodies, and sutimlimab, an
anti-Cls antibody, have recently been applied for vari-
ous hematologic, renal, and neuroimmune diseases. C2
deficiency and deficiencies of components of the ter-
minal complement pathway including C5 are relatively
common. Vigilance for exacerbation of lymphedema is
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required when surgical treatments are performed that
may injure lymphatic vessels in patients undergoing these
complement-targeted therapies, or in patients with com-
plement deficiency.
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Measurement of tail swelling volumes

Mouse tails after surgery were digitally photographed on
a weekly basis, and the tail volumes were calculated using
the following truncated cone formula (Supplementary
Fig. 2C) [30] :

5
V="n { (Rl2 + RIR2 + R22) T (Rz2 + R2R3 + R32) S (RSZ + RSR9 + R92) }

12

Materials and methods

Mice

Wild-type C57BL/6] mice were purchased from CLEA
Japan (Tokyo, Japan). C3 KO mice (B6.129S4- C3tmlrr/J;
#029661) were obtained from the Jackson Laboratory
(Bar Harbor, ME) [29]. The C3 KO mice and their con-
trol mice were male offspring of C3 KO mice and wild-
type mice, respectively, obtained by intercrossing C3
heterozygous mice. C5 KO mice were generated using the
Alt-R CRISPR/Cas9 system (Integrated DNA Technolo-
gies, Inc.) (Supplementary Fig. 1A). The C5 heterozy-
gous mice were backcrossed to C57BL6/] mice more
than five times. The C5 KO mice and their control mice
were male offspring of C5 KO mice and wild-type mice,
respectively, obtained by intercrossing the backcrossed
mice. We used male wild-type and mutant mice as a tail
lymphedema model because in preliminary experiments,
there was great variation in the extent of female mouse
lymphedema.

Surgical model of lymphedema

A tail lymphedema model was created in 9 to 10-week-
old male C56BL6/] and mutant mice, as previously
described [1].

After the mice were fully anesthetized by intraperitoneal
injection of mixed anesthetic agents [0.75 mg/kg medeto-
midine hydrochloride (Medetomin, Meiji Seika Pharma,
Tokyo, Japan), 4 mg/kg midazolam (Dormicum, Astellas
Pharma, Japan), 5 mg/kg butorphanol (Vetorphale, Meiji
Seika Pharma, Tokyo, Japan)], a 3-mm wide strip of skin
was circumferentially excised 1 cm distal to the base of the
mouse tail, and lymphatic vessels in the superficial skin
layer were removed. After patent blue was injected subcu-
taneously 2 cm distal to the surgical site of the mouse tail,
the deep lymphatic vessels running parallel to the lateral
tail vein were ligated with 10—0 nylon (Supplementary
Fig. 2A and B). After the surgical treatment, the mice were
intraperitoneally treated with 0.75 mg/kg atipamezole
(Mepatia, Meiji Seika Pharma, Tokyo, Japan). The operated
tail region was circumferentially wrapped with an Opsite
Quick Roll (Smith & Nephew, Watford, UK) to keep it
moist for 24 h. To obtain tissues for RNA and histological
analysis, the mice were euthanized by cervical dislocation.

Tail diameters (RI, R2,...and R9) were measured
with Image] (public domain, developed by Wayne
Rasband at the National Institutes of Health) at every
5 mm interval from 2 to 42 mm distal to the mouse tail
surgical site [31].

Real-time qPCR analysis

Total RNA was extracted from the lymphedema region
of the mouse tail using RNeasy Mini Kit (Qiagen, Venlo,
Netherlands) according to the manufacturer’s proto-
col. Bone-depleted mouse tail tissues were disrupted in
buffer RLT by using a multi-beads shocker (Yasui Kikai,
Osaka, Japan). cDNA was synthesized using SuperScript
III First-Strand Synthesis System (Thermo Fisher Scien-
tific, Waltham, MA). Real-time qPCR was performed by
the TagMan gene expression assay with TagMan Primer
and probe sets for C3 (MmO01232779_m1, Thermo Fisher
Scientific, Waltham, MA) and 18 S ribosomal RNA probe
as the internal control (Hs99999901_s1, Thermo Fisher
Scientific). We determined the threshold cycle (Ct) to the
relative standard curve method to calculate the relative
quantification of mRNA expression.

Histology and fluorescent immunohistochemistry
Lymphedema tail tissues were fixed in 4% paraformalde-
hyde at 4 °C for 48 h, decalcified using 10% ethylenedi-
aminetetraacetic acid in phosphate buffered saline (PBS),
and embedded in paraffin. Paraffin sections were pre-
pared at 6 um, and stained with hematoxylin and eosin
(H&E) or specific antibodies (Supplementary Table 1).
Frozen tissues were cryoprotected with 30% sucrose/PBS
after decalcification, and embedded in OCT compound
(Sakura Finetek, Tokyo, Japan) and 30% sucrose/PBS.
Frozen sections were prepared at 18 pum.

For immunofluorescent staining, antigen retrieval was
achieved by sodium citrate (pH 6.0) or Tris-EDTA (pH
9.0) at 121 °C, for 1 min using an autoclave. Sections
were incubated at 4 °C overnight with primary antibodies
(Supplementary Table 1) and appropriate secondary anti-
bodies conjugated with Alexa Fluor 488 and 568 for 1 h at
room temperature. Vector TrueVIEW Autofluorescence
Quenching Kit with DAPI (Vector Laboratories, Newark,
CA) was used to reduce erythrocyte autofluorescence.
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The TUNEL method was performed using Apoptag Flu-
orescein in Situ Apoptosis Detection Kit (Sigma-Aldrich,
St. Louis, MO) and nuclei were visualized with DAPIL
Images of sections were taken using BZ X-800 microscope
(Keyence, Osaka, Japan) and analyzed using Image].

Statistical analysis

Student’s T-test was used to compare differences between
the two groups. P<0.05 was considered to indicate a sig-
nificant difference.

Abbreviations
KO knockout

C5aR1  Chareceptor 1

MAC membrane attack complex

PNH paroxysmal nocturnal hemoglobinuria
POD postoperative date

Treg regulatory T cell

Ct threshold cycle

PBS phosphate buffered saline

H&E hematoxylin and eosin
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Fig. 5. Detection of TUNELY granulocytes in lymphedema tissues on
POD21. Supplementary Table 1. List of antibodies.

Acknowledgements

We thank Yukari lkeda, Kazuko Watase, and Fumiko Saito for their technical
assistance. We acknowledge proofreading and editing by Benjamin Phillis at
the Clinical Study Support Center at Wakayama Medical University.

Authors’ contributions

KK, SK, NI'and SA conceived and designed the study. TN, KI, TB, HT and NI per-
formed the experiments and analyzed data. TN and NI wrote the manuscript. GY
and SA reviewed the paper. All authors read and approved the final manuscript.

Funding

This work was supported by JSPS KAKENHI| Grant (JP21K09772) and a grant
on Priority Areas from Wakayama Medical University Research (20TS01 and
K21TS01). The funding body did not participate in the design of the study and
collection, analysis, and interpretation of data and in writing the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

All procedures and protocols have been approved by the Wakayama Medical
University Animal Care and Use Committee (No. 1066). Animal experiments
were conducted in accordance with our institutional guidelines and regula-
tions prepared based on Guidelines for Proper Conduct of Animal Experi-
ments (Science Council of Japan) and the ARRIVE guidelines.

Page 8 of 9

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 April 2023 Accepted: 25 October 2023
Published online: 08 November 2023

References

1. Kumegawa S, Yamada G, Hashimoto D, Hirashima T, Kajimoto M, Isono
K, Fujimoto K, Suzuki K, Uemura K, Ema M, Asamura S. Development of
Surgical and visualization procedures to analyze vasculatures by mouse
tail Edema Model. Biol Proced Online. 2021,23(1):21.

2. Warren AG, Brorson H, Borud LJ, Slavin SA. Lymphedema: a comprehen-
sive review. Ann Plast Surg. 2007;59(4):464-72.

3. Bernas M, Thiadens SRJ, Stewart P, Granzow J. Secondary lymphedema
from cancer therapy. Clin Exp Metastasis. 2022;39(1):239-47.

4. Petrek JA, Pressman PI, Smith RA. Lymphedema: current issues in research
and management. CA Cancer J Clin. 2000;50(5):292-307. quiz 8-11.

5. Cormier JN, Askew RL, Mungovan KS, Xing Y, Ross MI, Armer JM.
Lymphedema beyond Breast cancer: a systematic review and
meta-analysis of cancer-related secondary lymphedema. Cancer.
2010;116(22):5138-49.

6. LiCY,Kataru RP, Mehrara BJ. Histopathologic Features of Lymphedema: a
Molecular Review. Int J Mol Sci. 2020;21(7):2546.

7. Szuba A, Cooke JP, Yousuf S, Rockson SG. Decongestive lymphatic therapy
for patients with cancer-related or primary lymphedema. Am J Med.
2000;109(4):296-300.

8. Liao SF, Huang MS, Li SH, Chen IR, Wei TS, Kuo SJ, Chen ST, Hsu JC.
Complex decongestive physiotherapy for patients with chronic cancer-
associated lymphedema. J Formos Med Assoc. 2004;103(5):344-8.

9. Uzkeser H, Karatay S, Erdemci B, Koc M, Senel K. Efficacy of manual
lymphatic drainage and intermittent pneumatic compression pump
use in the treatment of lymphedema after mastectomy: a randomized
controlled trial. Breast Cancer. 2015;22(3):300-7.

10. MclLaughlin SA, DeSnyder SM, Klimberg S, Alatriste M, Boccardo F, Smith
ML, Staley AC, Thiruchelvam PTR, Hutchison NA, Mendez J, MacNeill
F Vicini F, Rockson SG, Feldman SM. Considerations for clinicians in
the diagnosis, Prevention, and treatment of breast Cancer-related
Lymphedema, recommendations from an Expert Panel: part 2: preventive
and therapeutic options. Ann Surg Oncol. 2017;24(10):2827-35.

11. Ly CL, Kataru RP, Mehrara BJ. Inflammatory manifestations of
Lymphedema. Int J Mol Sci. 2017;18(1):171.

12. Olszewski WL. Pathophysiological aspects of lymphedema of human limbs:
. Lymph protein composition. Lymphat Res Biol. 2003;1(3):235-43.

13. Zampell JC, Yan A, Elhadad S, Avraham T, Weitman E, Mehrara BJ. CD4(+)
cells regulate fibrosis and lymphangiogenesis in response to lymphatic
fluid stasis. PLoS ONE. 2012;7(11):e49940.

14. Tabibiazar R, Cheung L, Han J, Swanson J, Beilhack A, An A, Dadras SS,
Rockson N, Joshi S, Wagner R, Rockson SG. Inflammatory manifestations
of experimental lymphatic insufficiency. PLoS Med. 2006;3(7).e254.

15. Cazander G, Jukema GN, Nibbering PH. Complement activation and
inhibition in wound healing. Clin Dev Immunol. 2012;2012:534291.

16. Begieneman MPV, Kubat B, Ulrich MMW, Hahn NE, Stumpf-Stolker Y, Tem-
pelaars M, Middelkoop E, Zeerleder S, Wouters D, van Ham MS, Niessen
HWM, Krijnen PAJ. Prolonged C1 inhibitor administration improves local
Healing of burn wounds and reduces myocardial inflammation in a rat
burn Wound Model. J Burn Care Res. 2012;33(4):544-51.

17. Rafail S, Kourtzelis |, Foukas PG, Markiewski MM, DeAngelis RA, Guariento
M, Ricklin D, Grice EA, Lambris JD. Complement deficiency promotes
cutaneous wound healing in mice. J Immunol. 2015;194(3):1285-91.

18. Garred P, Tenner AJ, Mollnes TE. Therapeutic targeting of the com-
plement system: from Rare Diseases to Pandemics. Pharmacol Rev.
2021,73(2):792-827.

19. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-BacchiV, Roume-
nina LT. Complement system part II: role in immunity. Front Immunol.
2015;6:257.


https://doi.org/10.1186/s12865-023-00580-1
https://doi.org/10.1186/s12865-023-00580-1

Nishioka et al. BMC Immunology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2023) 24:42

Duval A, Frémeaux-Bacchi V. Complement biology for hematologists. Am
J Hematol. 2023;98:55-519.

Dalakas MC, Alexopoulos H, Spaeth PJ. Complement in neurological
disorders and emerging complement-targeted therapeutics. Nat Reviews
Neurol. 2020;16(11):601-17.

Ly CL, Nores GDG, Kataru RP, Mehrara BJ. T helper 2 differentiation is
necessary for development of lymphedema. Transl Res. 2019;206:57-70.
Rutkowski JM, Moya M, Johannes J, Goldman J, Swartz MA. Secondary
lymphedema in the mouse tail: lymphatic hyperplasia, VEGF-C upregula-
tion, and the protective role of MMP-9. Microvasc Res. 2006;72(3):161-71.
Gousopoulos E, Proulx ST, Bachmann SB, Scholl J, Dionyssiou D, Demiri

E, Halin C, Dieterich LC, Detmar M. Regulatory T cell transfer ameliorates
lymphedema and promotes lymphatic vessel function. JCI Insight.
2016;1(16):289081.

Gullstrand B, Martensson U, Sturfelt G, Bengtsson AA, Truedsson L.
Complement classical pathway components are all important in clear-
ance of apoptotic and secondary necrotic cells. Clin Exp Immunol.
2009;156(2):303-11.

Kenyon KD, Cole C, Crawford F, Kappler JW, Thurman JM, Bratton DL,
Boackle SA, Henson PM. IgG autoantibodies against deposited C3 inhibit
macrophage-mediated apoptotic cell engulfment in systemic autoim-
munity. J Immunol. 2011;187(5):2101-11.

Ogata F, Fujiu K, Matsumoto S, Nakayama Y, Shibata M, Oike Y, Koshima |,
Watabe T, Nagai R, Manabe I. Excess Lymphangiogenesis Cooperatively
Induced by macrophages and CD4(+) T cells drives the Pathogenesis of
Lymphedema. J Invest Dermatol. 2016;136(3):706-14.

Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, Furusawa
J-i, Ohtani M, Fujii H, Koyasu S. Innate production of TH2 cytokines

by adipose tissue-associated c-Kit + Sca-1 + lymphoid cells. Nature.
2010;463(7280):540-4.

Wessels MR, Butko P, Ma M, Warren HB, Lage AL, Carroll MC. Studies of
group B streptococcal infection in mice deficient in complement com-
ponent C3 or C4 demonstrate an essential role for complement in both
innate and acquired immunity. Proc Natl Acad Sci. 1995;92(25):11490-4.
Sitzia J. Volume measurement in lymphoedema treatment: examination
of formulae. Eur J Cancer Care (Engl). 1995;4(1):11-6.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagelJ: 25 years of
image analysis. Nat Methods. 2012,9(7):671-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Increased infiltration of CD4+ T cell in the complement deficient lymphedema model
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Upregulation and activation of C3 in the mouse tail lymphedema
	Contribution of C3 and C5 in the mouse tail lymphedema models
	Increased infiltration of CD4+T cells in lymphedema of C3 KO mice
	Increased dead cells in lymphedema of C3 KO mice

	Discussion
	Conclusion
	Materials and methods
	Mice
	Surgical model of lymphedema

	Measurement of tail swelling volumes
	Real-time qPCR analysis
	Histology and fluorescent immunohistochemistry
	Statistical analysis

	Anchor 21
	Acknowledgements
	References


