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ARTICLE INFO ABSTRACT

Keywords: Globally, age-related macular degeneration (AMD) is the leading cause of irreversible visual
Choroidal neovascularization impairment. Up to 80% of severe vision loss is caused by AMD, which is characterized by the
TCZ

development of choroidal neovascularization (CNV). Uncertainty exists regarding the precise
pathophysiological mechanisms of CNV. It has been suggested that the interleukin (IL) IL-6/IL-6R
signaling pathway is crucial in the progression of CNV. Tocilizumab (TCZ), a monoclonal anti-
body, binds to soluble and membrane-bound IL-6R and competitively inhibits IL-6 downstream
signaling. Previous research has demonstrated that TCZ promotes several roles related to
inflammation and neovascularization. However, the effects of TCZ on CNV and the underlying
mechanism are still unknown. This study found that TCZ administration decreased the area and
leakage of CNV lesions in the mice model of laser-induced CNV. Additionally, results demon-
strated that TCZ promotes the expression of iNOS, CCL-3, CCL-5, TNF-a and inhibits the
expression of Arg-1, IL-10, YM-1 and CD206. Furthermore, TCZ treatment inhibited the signal
transducer and activator of transcription (STAT) STAT3/vascular endothelial growth factor
(VEGF) pathway, which was activated after CNV formation. Colivelin, a STAT3 agonist, reversed
the inhibitory effects of TCZ on CNV formation and macrophage polarization. In a mouse model of
laser-induced CNV, our findings demonstrated that TCZ attenuated CNV formation and inhibited
the leakage of CNV lesions by regulating macrophage polarization via inhibiting the STAT3/VEGF
axis. TCZ is the potential therapeutic strategy for CNV.

IL-6
Macrophage polarization

1. Introduction

The most common worldwide factor contributing to irreversible vision loss is age-related macular degeneration (AMD) [1].
Neovascular AMD (“wet” AMD) and Geographic atrophy (“dry” AMD) are the two primary categories for AMD clinically. Neovascular
AMD accounts for 15%-20% of all cases of this condition, while wet AMD accounts for up to 80% of severe vision loss [2].

Neovascular AMD is characterized by choroidal neovascularization (CNV). The development of abnormal vessels causes exudation,
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hemorrhage, retinal edema, pigment epithelium separation, fibrotic scar formation, and vision loss. The abnormal vessels grow in the
outer and subretinal regions after penetrating the Bruch’s membrane. The most common form of treatment for CNV is anti-vascular
endothelial growth factor (VEGF), which has made significant progress in the field and significantly altered the prognosis of the
disease [3]. However, anti-VEGF treatments can be expensive and ineffective in certain patients [4]. The pathogenesis of CNV needs to
be studied since it could help develop more effective CNV treatment plans.

We do not fully understand the precise pathophysiological mechanisms underlying CNV. According to previous research, the
progression of CNV is accelerated by infiltrating macrophages, which has revealed that monocytes in the circulation go to CNV lesions
and undergo macrophage differentiation [5]. Traditionally activated (M1 type) and alternatively activated (M2 type) macrophage
subtypes can exist simultaneously. Specific M1 macrophage markers, such as inducible nitric oxide synthase (iNOS) and CCL-3, have
anti-angiogenic effects [6]. The pathogenesis of CNV is aided by M2 macrophages bearing particular markers, such as Arg-1 and YM-1
[71. A higher ratio of M2/M1 macrophage was discovered in the CNV mouse model and the aqueous humor of patients with CNV [8,9].
When the vitreous cavities of mice are injected with M2 macrophages, the formation of CNV lesions is exacerbated, whereas M1
macrophages improved condition [9]. As a result, it is conceivable that inhibiting M2 macrophage polarization could be used as a
potential treatment for CNV.

Interleukin (IL) IL-6 has reportedly been shown to promote macrophage M2 polarization in recent decades [10]. In obese mice fed a
high-fat diet, IL-6 promotes macrophage M2 polarization and adipose tissue proliferation [11]. By secreting different cytokines, the
cancer-associated adipocytes (CAAs), created from adipocytes close to breast cancer tissues, promote tumorigenesis and the spread of
breast cancer. Breast cancer could advance due to CAAs being able to secrete large amounts of IL-6, which activates the signal
transducer and activator of transcription (STAT) STAT3 signaling pathway and causes macrophage M2 polarization [12]. Compared to
the healthy controls, IL-6 levels were elevated in the retinal pigment epithelium (RPE) choroid tissues of the laser-induced mouse CNV
model [13]. The intracellular signaling pathway is activated when IL-6 binds to IL-6R and subsequently connects with co-receptor
gp130. For instance, the IL-6/STAT3/VEGF pathway has been linked to macrophage activation and M2 polarization [14], and IL-6
increases macrophage polarization towards the M2-type through STAT3 activation [10]. Based on previous research, we proposed
that IL-6 promotes macrophage M2 polarization by binding to the IL-6R and activating the STAT3/VEGF signaling pathway,
contributing to the formation of CNV.

Tocilizumab (TCZ), a monoclonal antibody, blocks IL-6 downstream signaling [15] by binding to soluble and membrane-bound
IL-6R. A subconjunctival injection of TCZ prevents VEGF expression in the cornea [16] and corneal neovascularization brought on
by alkali burns. TCZ prevents the oncogene MCT-1 [17] from causing cancer invasion and macrophage M2-type polarization. However,
how TCZ affects the progression of CNV and macrophage polarization is unclear.

In conclusion, this study aimed to investigate more about how IL-6/IL-6R and its inhibitor, TCZ, influence macrophage polarization
and CNV progression.

2. Materials and methods
2.1. Animals

Male wild-type C57BL/6, aged 6-8 weeks, were randomized into five groups, including the normal group, CNV 7d, CNV 7d + PBS,
CNV 7d + TCZ (0.01 pg/pL), CNV 7d+ TCZ(0.02 pg/pL). The mice were kept in a typical housing arrangement with free access to water
and food during the 12-h light/dark cycle. As previously reported [18], the laser-induced mouse CNV model was used. Briefly stated
mice were given an intraperitoneal injection of 2% pentobarbital (Tocris, USA; 2% w/v) to induce anesthesia. Following pupil dilation,
a laser spot with a diameter of 50 pm was fired at the periphery of the optic disc of the mouse in the directions of 3, 6, 9, and 12 o’clock
using a PASCAL diode ophthalmic laser system (Topcon, USA). As a sign of the breakthrough of Bruch’s membrane, the appearance of a
bubble at the location of the photocoagulation point was used.

2.2. Quantitative real-time polymerase chain reaction (qQRT-PCR)

Using Trizol agents (Invitrogen, USA), the total RNA from RPE-choroid complexes was extracted. First-Strand complementary DNA
(cDNA) Synthesis Kit was used to reverse transcribe 1 pg of total RNA from each sample into cDNA. The SYBR Premix Kit (Takara) was
used for qRT-PCR following the manufacturers’ instructions. Supplemental Table 1 displays the target gene sequences, and the PYAVAS
method was used to determine the relative mRNA expression. GAPDH was used as an internal reference gene.

2.3. Western blots

RIPA buffer with proteinase and phosphatase inhibitors was used to extract the total protein from RPE-choroid complexes. The
protein from each sample was divided into equal quantities using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride filter (PVDF) membranes. The membranes were then treated at 4 °C for an overnight period
with primary antibodies, including STAT3, p-STAT3, VEGF, IL-6R, and GAPDH. Supplemental Table 2 displays specific information
about the antibodies. The membranes were then treated with the corresponding secondary antibodies and three washes. The internal
control was GAPDH. A Bio-Rad Gel Doc EZ Imager (Bio-Rad) was used to capture images of the gels.



Y. Tu et al. Heliyon 10 (2024) e27893
2.4. Hematoxylin and eosin (H&E) staining

Mice in each group were handled appropriately, after which they were sacrificed and had their eyes removed. As previously
described, Retina-RPE-choroid paraffin-embedded sections and H&E staining were carried out [19]. The sections, which passed
through the center of each lesion with the largest cross-sectional area, were used to assess the size of CNV lesions.

2.5. Fundus fluorescein angiography (FFA)

On the seventh day following laser photocoagulation, mice were anesthetized with 2% pentobarbital before receiving an intra-
peritoneal injection of 2% fluorescein sodium (0.3 ml, Akron Pharmaceuticals, USA). Five min following the injection, late angiograms
were taken. Finally, two experts evaluated the level of CNV leakage using the previously published CNV Leakage Rating Criteria [20].

2.6. Immunofluorescence of choroidal flat mounts

The mice were killed 7 d after laser photocoagulation, and the RPE-choroid complexes were surgically separated and examined
under a microscope. For 2 h, RPE-choroid complexes were fixed with 4% paraformaldehyde (Solarbio Lifesciences, China). They were
then permeabilized with 0.1% Triton X-100 (Beyotime, China) for 30 min and blocked with 1% bovine serum albumin (Sigma, MA,
USA). They were then incubated with primary antibodies against phalloidin, isolectin B4, F4/80, iNOS, Arg-1, and VEGF at 4 °C
overnight. RPE-choroid complexes were washed and then incubated with secondary antibodies. Pictures were captured using a
confocal microscope (Leica, Germany).
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Fig. 1. (A). The length and thickness of CNV lesions were measured using Hematoxylin & Eosin staining. Scale bar: 100 pm. (B). Quantification of
the length of CNV lesion. (C). Quantification of the thickness of CNV lesion. (D). Phalloidin (red) and isolectin B4 (green) were used to mark the
choroid flat mounts, and a confocal laser microscope was used to capture the images. Scale bar: 100 pm. (E). Measurement of the CNV lesion area.
*P < 0.05 vs. CNV 7 d group, *P < 0.05 vs. TCZ (0.1 pg/pL). n = 8/group. Data are expressed as Mean + SD.
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2.7. Statistical analysis

All data are expressed as mean + standard deviation. A significant difference between the two groups was examined using Stu-
dent’s t-test. Analysis of variance and the post-hoc Bonferroni test were used to determine the statistical significance of differences
between several groups. P < 0.05 was considered statistically significant.

3. Results
3.1. The effects of tocilizumab (TCZ) on the formation of choroidal neovascularization (CNV) lesions in a laser-induced mouse model

The role of TCZ in CNV was examined using a laser-induced mouse CNV model. The size of CNV lesions was analyzed using H&E
staining. The findings demonstrated that TCZ decreased the length and thickness of CNV lesions, with 0.02 pg/uL being the most
effective concentration (Fig. 1A-C). On the seventh day following laser photocoagulation, mice were euthanized, and the choroidal
tissues were made into flat-mounting RPE-choroid complexes. We used Phalloidin and IB4 to label CNV lesions. The high concentration
of 0.02 pg/pL demonstrated a more significant inhibitory effect on CNV formation, and similarly, the area of CNV lesions was
significantly inhibited by TCZ treatment (Fig. 1D-E).

3.2. The effects of TCZ on the leakage of CNV lesions in a laser-induced mouse model
We used FFA to determine how TCZ affected the pathological vascular leakage of CNV. The results showed that the mice in the TCZ

treatment group had fewer and smaller areas of vascular leakage, and the concentration of 0.02 pg/pL was most effective and chosen
for further experiments (Fig. 2A-B).
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Fig. 2. The effects of TCZ on the leakage of CNV lesions in a laser-induced mouse model.

(A) The Fundus fluorescein angiography (FFA) assay was used to find the leakage of CNV lesions. After 2% intraperitoneal fluorescein sodium was
administered to the mice under general anesthesia, late-phase angiograms were collected 5 min later. (B) Quantification of CNV lesion grade. *P <
0.05 vs. CNV 7 d group, P < 0.05 vs. TCZ (0.1 pg/pL). n = 8/group. Data are expressed as Mean + SD.
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3.3. The effects of TCZ on macrophage M1/M2 polarization

The RPE-choroid complexes after laser photocoagulation had higher mRNA levels of M1-type macrophage markers (iNOS, CCL-3,
CCL-5 and TNF-a) (Fig. 3A-D) and M2-type macrophage markers (Arg-1, IL-10, YM-1 and CD206) (Fig. 3E-H). TCZ administration
increased the expression of M1-type macrophage markers while it decreased the mRNA levels of M2 macrophage-related markers. The
RPE-choroid complexes marked with iNOS and Arg-1 responded similarly to qRT-PCR (Fig. 3I-J). These findings imply that TCZ
inhibits the formation of CNV by promoting macrophage polarization toward the anti-angiogenic M1-type and preventing their po-
larization toward the pro-angiogenic M2-type.

3.4. TCZ inhibits the activation of STAT3/VEGF axis

The IL-6R inhibitor TCZ is used to identify the role of STAT3/VEGF signaling pathway in the progression of CNV. After successfully
modeling CNV, we discovered that p-STAT3 and VEGF protein expression increased while being reversed by TCZ treatment
(Fig. 4A-E). These findings suggested that the STAT3/VEGF signaling pathway may be involved in the pathogenesis of CNV, and TCZ
therapy counteracted the effects.

3.5. The effects of colivelin on IL-6R/STAT3/VEGF signaling pathway

In the following investigations, a STAT3 agonist, Colivelin, was used to examine the STAT3/VEGF signaling pathway that TCZ
regulates in more detail. Western blot analysis revealed that IL-6R protein expression remained constant (Fig. 5A-B). However,
compared to the CNV + TCZ group, the expression of p-STAT3 and VEGF was significantly elevated in the CNV + TCZ + Colivelin
group (Fig. 5C-E). Colivelin abolished the effects of TCZ on CNV formation.
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Fig. 3. The effects of TCZ on macrophage M1/M2 polarization.

Quantitative real-time polymerase chain reaction was used to identify the mRNA levels of iNOS (A), CCL-3 (B), CCL-5 (C), TNF-a (D), Arg-1 (E), IL-
10 (F), YM-1 (G) and CD206 (H) were detected using RPE-choroid complexes. (I). Images were taken with a confocal laser microscope and marked
with F4/80 (red) and iNOS (green) on the flat mounts of the choroid. Scale bar: 100 pm. (J). F4/80 (red) and Arg-1 (green) are used to mark the flat
mounts of the choroid. Scale bar: 100 pm *P < 0.05 vs. Normal group, “P < 0.05 vs. CNV 7 d, n = 8/group. Data are expressed as Mean =+ SD.
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Fig. 4. TCZ inhibits the activation of STAT3/VEGF axis.

(A). A Western blot analysis found p-STAT3, STAT3, and VEGF proteins. (B). Quantification of p-STAT3/STAT3. (C). Quantification of VEGF. (D).
Iso-lectin B4 (green) and VEGF (red) were used to label the flat mounts of the choroid, Scale bar: 100 ym. (E). Quantification of choroid neo-
vascularization (CNV) area. *P < 0.05 vs. normal group, *P < 0.05 vs. CNV 7 d, n = 6/group. Data are expressed as Mean + SD.

3.6. The effects of colivelin on macrophage M1/M2 polarization

Using the STAT3 agonist Colivelin, the impact of the STAT3/VEGF pathway on CNV macrophage polarization was examined. When
compared to the CNV + TCZ group, the M1 macrophage marker (iNOS, CCL-3, CCL-5 and TNF-a) showed a decrease in mRNA
expression, while the M2 macrophage marker (Arg-1, IL-10, YM-1 and CD206) showed an increase in the CNV + TCZ + Colivelin group
(Fig. 6A-H). Immunofluorescence detection of choroidal flat mounts produced the same outcomes (Fig. 61-J).

3.7. The effects of colivelin on the formation of CNV lesions in a laser-induced mouse model

Next, we looked into how STAT3/VEGF signaling affected CNV. The size of CNV lesions was measured using H&E staining. The
findings showed that the length and thickness of CNV lesions were reduced in the CNV + TCZ + Colivelin group (Fig. 7A-C). Then,
using choroidal flat mount immunofluorescence, the CNV area was found. Colivelin, a STAT3 agonist, increased the area of the CNV
lesion compared to the CNV + TCZ group (Fig. 7D-E).

4. Discussion

Aqueous humor and serum levels of IL-6, a potent proinflammatory cytokine, are elevated in patients with AMD [21,22]. The
volume of macula within 6 mm positively correlated with the expression level IL-6 in aqueous humor. The maximum thickness of the
macula and the volume of the macula within 1, 3, and 6 mm were shown to be substantially correlated with the expression levels of IL-6
when the expression of IL-6 in the aqueous humor of patients with CNV was further screened [23]. The mRNA and protein expression of
IL-6 was elevated in mice’s retina and RPE-choroid complexes with CNV, according to research by Kim et al. [24] and Izumi-Nagai
et al. [25]. Blocking of IL-6 receptors or significantly reducing IL-6 levels prevented CNV formation. Additionally, in vivo and in
vitro, IL-6 receptor neutralization reduced the expression of molecules associated with inflammation and the infiltration of macro-
phages at the CNV 25. Accordingly, IL-6 may be a possible target for CNV therapy. In line with earlier research, we discovered in our
study that laser treatment increased the expression of IL-6 in the RPE-choroid complexes of mice. Additionally, TCZ administration
decreased the polarization of macrophage M2 in CNV mice models by blocking the IL-6/IL-6R signaling pathway.

A monoclonal antibody called TCZ prevents IL-6 from binding to IL-6R [26]. TCZ has been used to treat various cases of ocular
inflammation and neovascularization. After acute retinal necrosis and noninfectious uveitis [27,28], macular edema is treated with
TCZ. Comparing TCZ to anti-TNF-u agents, Leclercq et al. found that the complete response of macular edema brought on by uveitis
was improved [29]. After receiving TCZ treatment, the visual acuity of two patients with birdshot chorioretinopathy who had failed to
respond to conventional immunosuppressive drugs, such as interferon o2a and anti-TNFa agents, improved by 80% [28]. Furthermore,
it has been shown that TCZ plays a role in preventing ocular neovascularization [16,30]. Injecting TCZ subconjunctivally in New
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Fig. 5. The effects of colivelin on IL-6R/STAT3/VEGF signaling pathway.

(A). Western blot analysis was used to detect the protein of IL-6R, p-STAT3, STAT3, and VEGF. (B). Quantification of IL-6R. (C). p-STAT3/STAT3.
(D). Quantification of VEGF. (E). Iso-lectein B4 (green) and VEGF (red) were used to mark the flat mounts of the choroid, Scale bar: 100 pm *P <
0.05 vs. TCZ group, n = 6/group. Data are expressed as Mean =+ SD.

Zealand white rabbits prevented corneal neovascularization and had effects comparable to bevacizumab. Compared to the control
group, immunohistochemical analysis revealed that VEGF expression decreased [30]. However, the specific mechanisms were not
investigated. In our research, we discovered that the administration of TCZ decreased both the formation of CNV and the expression of
VEGF, and the activation of the STAT3 signaling pathway caused this effect.

CNV causes visual loss in the wet form of AMD, also known as vascular AMD. Numerous studies have noted the presence of
macrophages with CNV, and immune activation has been demonstrated to play a significant role in the pathogenesis of CNV [31]. The
number of IL-6" macrophages was increased in the peripheral blood and the eyes after laser injury [13]. The macrophage-depleted
mice displayed decreased vascularity and cellularity in the CNV lesions and a smaller area of CNV compared to the control group
[32]. Furthermore, CL2MDP-lip administration 2 days prior to laser injury was more advantageous than immediately after. The CNV
volume was correlated to the number of invading macrophages and the level of VEGF protein [33]. These reports verified that
macrophages have promoting effects on the formation of CNV.

Mouse CNV models and CNV patients’ bodily fluids showed a higher M2/M1 ratio [8,9]. When M2 macrophages were injected into
mice’s eyes, CNV lesions’ formation worsened, but M1 macrophages improved them [9]. M2 macrophages may more significantly
influence the pathophysiology of CNV. Macrophages with one phenotype can easily change to another when the microenvironment is
altered [34]. Zhiping Liu et al. reported that in laser-induced mouse CNV models, the necrotic RPE cells promoted the key glycolytic
activator 6-phosphofructo-2-kinasefructose-2,6-bisphosphatase-3 (PFKFB3)-induced glycolysis of macrophages, leading to the in-
duction of M1/M2 markers and proangiogenic cytokines, which eventually resulting in the reprogramming of macrophages towards to
an angiogenic phenotype to facilitate the development of CNV [35]. The hyperglycolytic macrophages/microglia also play an
important role in retinal angiogenic niche [36]. A research from Droho, Steven et al. [37] showed that CD11c ™ monocyte-derived
macrophages are pro-angiogenic and pro-glycolytic. CD11c © pro-angiogenic macrophages differentially express higher Argl and
Chil3/YM-1, which is in agreement with our results. However, this pro-angiogenic subset does not differentially express more
Mrc1/CD206 or IL-10 in disagreement with our results, this may be due to the fact that we assayed the entire RPE-choroid complex.
However, our study did not focus on the glycolytic process in macrophages. Previous studies have reported that STAT3 was involved in
glycolysis [38-40]. STAT3 inhibition attenuated the expression of PFKFB3 and the hyperglycolysis of HMrSV5 cells [39]. STAT3
activated by IL-6 promote the expression of PFKFB3, resulting in enhanced glycolysis in oncogenesis [41]. Based on the above research
results, we speculated that activated STAT3 in the laser-induced mouse CNV model may also be involved in the formation of CNV by
regulating the glycolysis process. Further experiments will be performed to verify our speculation in the future.
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Fig. 6. The effects of colivelin on macrophage M1/M2 polarization.

Quantitative real-time polymerase chain reaction (QRT-PCR) was used to identify the mRNA levels of iNOS (A), CCL-3 (B), CCL-5 (C), TNF-« (D),
Arg-1 (E), IL-10 (F), YM-1 (G) and CD206 (H) in RPE-choroid complexes. (I). Images were taken using a confocal laser microscope and marked with
F4/80 (red) and iNOS (green) on the flat mounts of the choroid. Scale bar: 100 pm. (J). F4/80 (red) and Arg-1 (green) were used to mark the flat
mounts of choroid, Scale bar: 100 pm *P < 0.05 vs. TCZ group, n = 6/group. Data are expressed as Mean + SD.

The complex mechanisms underlying macrophage polarization include a significant function for the STAT3 signaling pathway. By
triggering the STAT3 signaling pathway, tumor cell-derived leukemia inhibitory factor promotes macrophage M2 polarization [42]. By
regulating M2 macrophage polarization and invasion, targeting STAT3 is an efficient therapeutic approach for treating corneal
neovascularization [14]. Inhibiting the IL-6/STAT3 signaling pathway reduces the progression of hepatocellular carcinoma by
reducing M2-type macrophage polarization [10]. Our study demonstrated that mice with CNV have increased STAT3/VEGF pathway
activation and M2 macrophage polarization in RPE-choroid complex. STAT3 activation and M2 macrophage polarization were reduced
after TCZ treatment. STAT3 agonists abolished the promotion of macrophage M2 polarization by TCZ. In addition to impacting
macrophage polarization, inhibiting the STAT3/VEGF signaling pathway reduces CNV, which was consistent with previous studies
[43].

In conclusion, the current study showed that, in a mice model of laser-induced CNV, TCZ controlled macrophage polarization from
M2-type to M1-type by blocking the STAT3/VEGF axis, thereby reducing CNV formation and preventing lesion leakage. A potential
therapy approach for CNV could be TCZ.
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Fig. 7. The effects of colivelin on the formation of CNV lesions in a laser-induced mouse model.

(A) The length and thickness of CNV lesions were measured using Hematoxylin & Eosin staining. Scale bar: 100 pm. (B) Quantification of the length
of CNV lesion. (C) Quantification of the thickness of CNV lesion. (D) Isolectin B4 (green) and Phalloidin (red) were used to mark the flat mounts of
choroid, Scale bar: 100 pm. (E) Measurement of CNV lesion area. *P < 0.05 vs. TCZ group, n = 5/group. Data are expressed as Mean =+ SD.
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