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A B S T R A C T

Macrophages have been recognized as a vital factor that can promote renal fibrosis. Previously we reported that
the EGFR mimotope could alleviate the macrophage infiltration in the Sjögren's syndrome-like animal model. In
current study, we sought to observe whether the active immunization induced by the EGFR mimotope could
ameliorate renal fibrosis in the murine Unilateral Ureteral Obstruction (UUO) model. A series of experiments
showed the EGFR mimotope immunization could ameliorate renal fibrosis, reduce the expressions of fibronectin,
α-SMA and collagen I and alleviate the infiltrations of F4/80+ macrophages in UUO model. Meanwhile, the
EGFR mimotope immunization could inhibit the EGFR downstream signaling. Additionally, the frequency of and
F4/80+CD9+/FAS+ macrophages significantly increased in spleen after the EGFR mimotope immunization.
These evidence suggested that the EGFR mimotope could alleviate renal fibrosis by both inhibiting EGFR sig-
naling and promoting macrophages apoptosis.

1. Introduction

Chronic kidney disease (CKD), which leads to aggressive and irre-
versible kidney destruction, is a devastating disease and therefore re-
cognized a worldwide health problem that presents tremendous socio-
economic challenges [1,2].

Renal fibrosis, the common characteristic of CKD, is generally ob-
served in almost every type of CKD during progression to the end stage
of the disease.

Chronic fibrosis is exacerbated by the persistence of kidney in-
flammation, which involves both immune cells and activation of in-
trinsic renal cells. Thus pro-fibrotic cytokines and growth factors are
released by these cells to attract more inflammatory cell infiltration
served as major driver of persistent fibrosis [3,4]. Macrophages have
been recognized as a vital factor that can promote renal fibrosis. Mac-
rophages can activate and support myofibroblast survival by recruiting
inflammatory cells and secreting growth factors such as TGF-β1 [5].
Meanwhile, macrophages could be induced to develop into collagen-
producing a-SMA+ myofibroblast type cells in renal fibrosis environ-
ment [6,7]. Macrophages can also produce galectin-3, a beta-galacto-
side binding lectin, promote renal fibrosis through the profibrotic

activation of renal fibroblasts independent of TGF-β expression or
downstream signaling [8]. Macrophages are also a major source for
matrix metalloproteinase (MMP), which can alter MMP-mediated ex-
tracellular matrix (ECM) homeostasis to promote fibrosis [9–11].
Therefore, targeting macrophage could be a potential effective ther-
apeutic strategy.

Despite EGFR inhibitors and monoclonal antibodies (mAbs) are
widely used in the clinical management, several common limitations of
EGFR inhibitors and mAbs still need to be overcome: (i) retreatment is
required to achieve disease control, but this exposes patients to the risk
of the delayed-type hypersensitivity infusion reactions; (ii) a relatively
high cost of production may not be acceptable to patients for a long-
term treatment; (iii) inadequate patients compliance to the repeated
infusions planned on a regular basis [12–14].

A mimotope is one kind of small peptides that structurally mimic a
given antibody-binding site but are composed of different amino acids
[15,16]. Active immunization using mimotopes has been developed as a
strategy to overcome these practical limitations of EGFR inhibitors and
monoclonal antibodies via initiation of the ongoing production of si-
milar but more effective antibodies, which could recognize the mi-
micked natural epitope, and thereby prevent downstream signaling
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[17].
In previous study, we reported that the EGFR mimotope could al-

leviate the macrophage infiltration in exocrine glands in an auto-
immune disease animal model [18]. In light of the important role of
macrophage in renal fibrosis, we sought to observe whether the EGFR
mimotope could ameliorate renal fibrosis in the murine Unilateral Ur-
eteral Obstruction (UUO) model by inhibit EGFR signaling and promote
macrophage apoptosis.

2. Materials and methods

2.1. Animals

Female 6-week-old C57BL/6J mice were purchased from shanghai
laboratory animal center (Shanghai, China). The animals were main-
tained in a pathogen-free facility of Laboratory Animal Science of
Hangzhou Normal University. Ethical approval for the use of animals in
this research study was obtained from the Ethics Committee of
Hangzhou Normal University. All procedures involving animals were
performed according to the Research Animal Administration Guidelines
of China and the Guidelines for the Care and Use of Laboratory Animals

Fig. 1. Mimotope immunization ameliorated renal fibrosis in UUO model at day 14 after UUO. (A) Procedures of immunization and UUO. (B) Kidneys were harvested
at days 5 and 14 after UUO for masson-trichrome staining. The results showed that a significant increase collagen accumulation could be observed in the kidneys at
day 14, but not at day 5. EGFR mimotope immunization could significantly reduce the collagen deposition induced by UUO surgery. Although collagen accumulation
was not observed in the kidneys at day 5 after UUO, we found severe nephron structure destructions in the kidneys from UUO and UUO+CP groups and the EGFR
mimotope immunization could prevent the destructions obviously. (Mean ± SEM; ***, p < .001; **, p < .005; n.s.: non-significant; Representative image, n=6
mice per group).
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in China.

2.2. Peptide immunization and unilateral ureteric obstruction (UUO)

The EGFR mimotope WHTEILKSYPHEGGGSGGGS [19] and control
peptide (AIPLVVPFYSHSGGGSGGGS) (purity of the peptide was>
98%) were synthesized chemically via the solid-phase procedure by
SBS Co. Ltd. (Beijing, China).

The C57BL/6J mice were divided into either the sham group
(n=12 mice), the UUO group (n=12 mice), the UUO+control
peptide group (UUO+CP, n= 12 mice), the UUO+EGFR mimotope
group (n=12 mice). UUO was performed by ligation of the left ureter
as described previously [20]. Sham-operated control mice underwent
an identical surgical procedure to the UUO mice except ligation of the
ureter was not performed. The immunization and UUO procedures are
shown in Fig. 1A. Complete Freund's adjuvant (CFA) and incomplete
Freund's adjuvant (IFA) were purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Renal fibrosis may not only be triggered by pro-inflammatory
macrophages, but instead by profibrotic macrophages in the different
stages of CKD [21,22]. Thus, we sacrificed mice at day 5 and 14 after
UUO to observe renal fibrosis and macrophages.

2.3. Histology analysis

Kidneys were harvested at days 5 and 14 after UUO. Sections were
thawed, dried, and then fixed with 4% paraformaldehyde PBS for
30min. Paraffin-embedded sections were deparaffinized by immersion
in xylene, followed by dehydration in ethanol. The tissue sections were
prepared and stained with Masson-trichrome. For im-
munohistochemistry staining, sections were incubated with anti-fi-
bronectin, -α-SMA, -collagen I, -F4/80 (fibronectin: sc-29011, santa
cruz biotechnology; α-SMA: 19245, Cell Signaling Technology; collagen
I: ab34710; F4/80: ab16911, Abcam). Sections were observed with a
Leica microscope (DM3000, Leica). The images were obtained using a
Leica Application Suite v3.6.

2.4. Flow cytometric analysis

In previous study, we reported that the EGFR mimotope could al-
leviate the macrophage infiltration in exocrine glands in an auto-
immune disease animal model by upregulating the expression of FAS in
macrophage. Additionally, CD9 was reported to be a negative regulator
of macrophage activation [23,24]. Thus, we evaluated the expression of
FAS and CD9 in macrophages at day 5 and 14 after UUO.

Fig. 2. Mimotope immunization reduced the expressions of fibronectin, α-SMA and collagen I at day 14 after UUO. (A) For immunohistochemistry staining, kidney
sections were incubated with anti-fibronectin, -α-SMA, -collagen I, followed by incubation with anti-rabbit secondary IgG. The results showed that the EGFR
mimotope immunization could significantly reduce the expressions of fibronectin, α-SMA and collagen I at day 14 after UUO. (B) Western blot assay showed the
similar changes on the expressions of fibronectin, α-SMA and collagen I at day 14 after UUO. (Mean ± SEM; ***, p < .001; **, p < .005; n.s.: non-significant;
Representative image, n=6 mice per group).
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When we isolated the spleens, we found the spleens were sig-
nificantly enlarged after UUO. Consequently, we measured the weight
of the spleen. The spleen weight index was calculated using the formula
[spleen weight (mg)/mouse weight (g)× 10]. After the red blood cells
were removed from the splenocytes by treatment with 0.16M NH4Cl
solution, the splenocytes were collected and incubated with APC-la-
beled anti-CD9, Alexa Flour 488-labeled anti-F4/80+, APC-labeled
anti-FAS (CD9: 17-0091-82; F4/80+, MF48020; FAS: MA1-10313) for
30min at room temperature. Then, the cells were analyzed by flow
cytometry (BD, FACSCanto II).

2.5. Western blot analysis

Kidneys were dissected and homogenized in Tissue Extraction
Reagent I (Invitrogen). After centrifugation at 15,000g for 15min at
4 °C, equal amounts of protein lysate were loaded directly after im-
munoprecipitation onto 7%–15% SDS-PAGE, transferred onto
Immobilon-P transfer membranes (merck millipore). For fibrosis ana-
lysis, the membranes were incubated with anti-fibronectin, -α-SMA,
-collagen I (fibronectin: ab2413; α-SMA: ab32575; collagen I: ab34710,
Abcam). For signaling analysis, The membranes were incubated with

Fig. 3. Mimotope immunization inhibited EGFR downstream signaling. Kidneys were dissected and homogenized for signaling analysis by western blot assay. The
membranes were incubated with anti- p-ERK, -ERK, -p-STAT3, -STAT3 and –TGF-β antibody. The results showed that the EGFR mimotope immunization could
significantly inhibited EGFR downstream signaling induced by UUO. The experiment was performed in triplicate. Gray value ratio was calculated for statistical
analyses by using Image J. (Mean ± SEM; ***, p < .001; **, p < .005; *, p < .05; n.s.: non-significant).
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anti- p-P44/42MAPK (ERK, Thr202/Tyr204), -ERK, -p-STAT3 (Tyr705),
-STAT3, (p-ERK: 4307; ERK: 4695; p-STAT3: 9145; STAT3: 4904, Cell
Signaling Technology) and –TGF-β antibody (ab311013, Santa Crus
biotechnology) with a 1:1000 dilution overnight at 4 °C. The primary
antibodies were detected with peroxidase-labeled goat anti-rabbit IgG
or goat anti-mouse IgG and exposed on film by using enhanced che-
miluminescence (merck millipore).

2.6. Statistical analyses

Image Pro Plus 6.0 (Media Cybernetics) was used for histology
analysis. The positive count value was obtained from the analysis of five
fields (×20 objective) by measuring the integrated optical density
(IOD) for aniline blue- (Masson trichrome staining) or DAB-
(Immunohistochemistry) stained region in every microscopic field. For
western blot assay, the intensity of each band was quantified using
ImageJ software (version 1.46r; NIH). For flow cytometric analysis, the
frequency of cell was quantified using BD Accuri C6 software (BD,
FACSCanto II). We performed the statistical analyses using GraphPad
Prism 5.0 (GraphPad Software). The data are expressed as the
mean ± SEM. Differences between groups were evaluated for statis-
tical significance using the t-test or the one-way analysis of variance
(ANOVA), and p values < .05 were considered to be statistically

significant.

3. Results

3.1. Mimotope immunization ameliorated renal fibrosis in the UUO mouse
model

We first evaluated the renal fibrosis of mice from each group with
an analysis of Masson trichrome. As shown in Fig. 1B, a significant
increase collagen accumulation could be observed in the kidneys at day
14, but not at day 5. EGFR mimotope immunization could significantly
reduce the collagen deposition induced by UUO surgery. Although
collagen accumulation was not observed in the kidneys of the mice
from all groups at day 5 after UUO, we found severe nephron structure
destructions in the kidneys and the destructions could be prevented by
EGFR mimotope immunization obviously. Fibrosis can also be char-
acterized through the detections of fibronectin, α-SMA and collagen I.
Thus, we detected the expressions of fibronectin, α-SMA and collagen I
in kidney tissues. As shown in Fig. 2, we found EGFR mimotope im-
munization could significantly reduce the expressions of fibronectin, α-
SMA and collagen I at day 14 after UUO. Considering Masson trichrome
staining at 5 day failed to show significant fibrosis, the results of the
expressions of fibronectin, α-SMA and collagen I were showed in

Fig. 4. Mimotope immunization ameliorated F4/80+ macrophage infiltration in the kidneys and reduced the frequency of F4/80+ macrophages from spleen. (A)
F4/80+ macrophage infiltration in the kidneys was evaluated by immunohistochemistry staining. The results showed the EGFR Mimotope immunization could
ameliorate F4/80+ macrophage infiltration in the kidneys induced by UUO. (B) The spleen weight index of mice from different groups. (C) The splenocytes were
collected and incubated with Alexa Flour 488-labeled anti-F4/80 antibody. Then, the cells were then analyzed by flow cytometry. The results showed that the EGFR
Mimotope immunization could reduce the frequency of F4/80+ macrophages from spleen. (Mean ± SEM; ***, p < .001; **, p < .005; *, p < .05; n.s.: non-
significant. Representative image, N=6 mice per group for immunohistochemistry staining; n= 3 mice per group for flow cytometry analysis)

L. Yang, et al. Clinical Immunology 205 (2019) 57–64

61



Supplemental Fig. 1.

3.2. Mimotope immunization inhibited the EGFR downstream signaling
induced by UUO

To observe what changes would be induced on the EGFR down-
stream signaling in the kidneys by peptide immunization, kidneys were
dissected, homogenized and used in signaling pathway analysis. The
results showed that additional mimotope immunization could sig-
nificantly down-regulate the expressions of pSTAT3, STAT3, pERK, ERK
and TGF-β induced by UUO at day 5 and 14. However, we noticed that
the expression of pERK and TGF-β increased after CP immunization,
which could be down regulated by EGFR mimotope at day 5 after UUO
(Fig. 3).

3.3. Mimotope immunization could up-regulate CD9/FAS expressions in
F4/80+ macrophages in spleen

To observe whether EGFR mimotope immunization could alleviate
the macrophage infiltration in the kidneys after UUO, we performed the
immunohistochemistry staining. The results showed that the macro-
phage infiltration decreased significantly in the kidneys with the EGFR
mimotope immunization at day 5 and day 14 after UUO. The spleen

weight index showed the similar changes to those of macrophage in-
filtration. The frequency of F4/80+ cells was significantly increased in
the spleens after UUO, and these cells were statistically inhibited by
EGFR mimotope immunization at day 14 after UUO, but not at day 5
(Fig. 4). The EGFR mimotope immunization could increase the ex-
pressions of both FAS and CD9 in macrophages at day 14 after UUO
(Fig. 5).

4. Discussion

The major finding of our study was that immunization with an EGFR
mimotope could alleviate renal fibrosis by inhibiting EGFR signaling.
Meanwhile, the EGFR mimotope could up-regulated expression of CD9
and FAS in macrophages, which may promote macrophages apoptosis
in UUO animal model.

The initial development of mimotope was to overcome the limita-
tions of monoclonal antibodies, which were widely used in treatment of
cancer. Active immunotherapy relies on the injection of mimotope at
longer intervals and offers the advantage of generating an Ag-specific
humoral- and/or cell-mediated complete-self-immune response.
Furthermore, this response would be polyclonal, and induce more ef-
fective biological effects than those observed with the passive admin-
istration. However, few studies reported the mimotope immunization

Fig. 5. Mimotope immunization increased the expression of CD9 and FAS in F4/80+ macrophages. The splenocytes were collected and incubated with APC-labeled
anti-CD9, Alexa Flour 488-labeled anti-F4/80+ and APC-labeled anti-FAS. Then, the cells were then analyzed by flow cytometry. The results showed that the EGFR
Mimotope immunization could increase the expressions of CD9 and FAS in F4/80+ macrophages. (Mean ± SEM; ***, p < .001; **, p < .005; *, p < .05; n.s.:
non-significant; n= 3 mice per group).
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could induce macrophages apoptosis. In previous study, we reported
that the EGFR mimotope could alleviate the macrophage infiltration in
an autoimmune disease animal model. Thus, we sought to confirm
whether the EGFR mimotope has the similar functions on macrophage
populations in a renal fibrosis animal model.

As we expected, the EGFR mimotope could significantly reduce the
infiltration of macrophages in the kidney of mice in the different UUO
injury stages. Notably, flow cytometric analysis showed that the fre-
quency of macrophages in spleens increased significantly in mice at day
14 after UUO, but not at day 5 and the EGFR mimotope could increase
the expression of FAS in these macrophages generated in spleens. Since
the renal fibrosis was significantly enhanced at day 14, we assumed that
the renal fibrosis may be triggered by the macrophages generated from
spleen in a later stage in UUO model, but not the macrophages existed
in the kidneys in the early stages of injury. The increased expression of
FAS in these later generated macrophages induced by the EGFR im-
munization may help to alleviate renal fibrosis in UUO model.

CD9 is a 21–24 kDa member of the tetraspanin protein family and
shows a wide cellular and tissue distribution. It was implicated in a
range of cellular functions, including motility, proliferation, differ-
entiation, fusion, and adhesion [25,26]. CD9 regulates activated leu-
kocyte cell adhesion molecule (ALCAM) -mediated cell adhesion and T
cell activation through its ligand CD6 [27]. Meanwhile, CD9 is the only
tetraspanin that has been reported to associate directly with disintegrin
metalloproteinase domain-containing protein (ADAM) 17 and inhibit
ALCAM shedding induced by ADAM17 and to increase ALCAM levels on
the cell surface and augmented ALCAM-mediated cell adhesion [28]. In
addition, CD9 was reported to be a negative regulator of macrophage
activation and lung inflammation because deletion of CD9 in mice en-
hances macrophage infiltration and TNF-α production [23]. In current
study, we detected the expression of CD9 in macrophages from spleen
of mice and the results showed the expression of CD9 was significantly
higher in the EGFR mimotope immunized mice. The results suggested
the EGFR mimotope immunization could increase cell adhesion or in-
hibit macrophage activation by up-regulating the expression of CD9 in
macrophages. Importantly, ADAM17 has been reported to be involved
in EGFR ligand processing [29]. Thus we assumed that EGFR mimotope
may inhibit EGFR signaling in UUO model not only through neu-
tralizing antibodies induced by immunization, but also by CD9 medi-
ated-ADAM 17 regulations.

We noticed that the UUO+CP group shows worse collagen I ac-
cumulation and macrophage infiltration compared to UUO alone or
UUO+EM at day 5 after UUO. We assumed that these outcomes may
relate to the application of adjuvant. When the mice of UUO+CP and
UUO+E-M groups received peptide immunization, the CFA were used.
The CFA contains Drakeol 5NF, Arlacel A and Mycobacterium butyr-
icum dry cells. Mycobacterium butyricum dry cells in adjuvant could
attract macrophages and other cells to the injection site which enhances
the immune response. In light of the important role of macrophages in
renal fibrosis, we assumed that the worse outcomes showed by
UUO+CP group may due to the CFA.

In conclusion, the EGFR mimotope could alleviate renal fibrosis in
UUO model. The mechanism involved may offer a potential alternative
pathway to fight against CKD.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clim.2019.05.014.
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