1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Neurointerv Surg. Author manuscript; available in PMC 2018 October 19.

-, HHS Public Access
«

Published in final edited form as:
J Neurointerv Surg. 2018 March ; 10(3): 301-305. doi:10.1136/neurintsurg-2017-013063.

Temporal cascade of inflammatory cytokines and cell-type
populations in monocyte chemotactic protein-1 (MCP-1)-
mediated aneurysm healing
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Abstract

Background—We have previously shown that monocyte chemotactic protein-1 (MCP-1)
promotes aneurysm healing.

Objective—To determine the temporal cascade and durability of aneurysm healing.

Methods—Murine carotid aneurysms were treated with MCP-1-releasing or poly(lactic-co-

glycolic) acid (PLGA)-only coils. Aneurysm healing was assessed by quantitative measurements
of intraluminal tissue ingrowth on 5 um sections by blinded observers.

Results—Aneurysm healing occurred in stages characteristic of normal wound healing. The 1st
stage (day 3) was characterized by a spike in neutrophils and T cells. The 2nd stage (week 1) was
characterized by an influx of macrophages and CD45+ cells significantly greater with MCP-1 than
with PLGA (p<0.05). The third stage (week 2—3) was characterized by proliferation of smooth
muscle cells and fibroblasts (greater with MCP-1 than with PLGA, p<0.05). The fourth stage (3-6
months) was characterized by leveling off of smooth muscle cells and fibroblasts. M1
macrophages were greater at week 1, whereas M2 macrophages were greater at weeks 2 and 3
with MCP-1 than with PLGA. Interleukin 6 was present early and increased through week 2
(p<0.05 compared with PLGA) then decreased and leveled off through 6 months. Tumour necrosis
factor a was present early and remained constant through 6 months. MCP-1 and PLGA treatment
had similar rates of tissue ingrowth at early time points, but MCP-1 had a significantly greater
tissue ingrowth at week 3 (p<0.05), which persisted for 6 months.

Conclusions—The sequential cascade is consistent with an inflammatory model of injury,
repair, and remodeling.

We have previously shown that local delivery of the cytokine monocyte chemotactic
protein-1 (MCP-1), via coils that sustain release MCP-1, promotes inflammatory tissue
healing of murine carotid aneurysms via a macrophage inflammatory protein 1a and
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macrophage inflammatory protein 2-dependent pathway.! However, the temporal cascade, in
which specific cell-type populations and the cytokines that recruit them are seen, is not
known. Additionally, since the durability of aneurysm repair is clinically important, the
long-term characteristics of MCP-1-aneurysm repair need to be studied. Finally, we believe
that macrophages are critical in MCP-1-aneurysm repair but the roles of macrophage
subtypes are unknown.2 Here we show that the temporal cascade of cytokines and cell-type
populations in MCP-1-mediated aneurysm healing closely resembles an inflammatory model
of injury, repair, and remodeling, and that the durability of aneurysm healing extends long
term.

METHODS

All animal experimentation was approved by the Institutional Animal Care and Use
Committee and in accordance with Animal Research: Reporting in Vivo Experiments
guidelines. Murine carotid aneurysms were created in C57BL/6 female mice (6—-10 weeks,
Charles River, Wilmington, Massachusetts, USA) using a method previously described.3 We
have previously shown that these aneurysms lack elastin and histologically resemble human
cerebral aneurysms.3 Mice were then randomized to treatment with MCP-1-releasing or
poly(lactic-co-glycolic acid) (PLGA)-only coils using a method previously described.! We
have previously demonstrated that the MCP-1-releasing coils release MCP-1 in a sustained
manner over 3 weeks.! Coiled aneurysms were harvested at 3 days, 1 week, 2 weeks, 3
weeks, 3 months, and 6 months after coil treatment (n=10 mice for 3-day, 1-week, and 2-
week time points for each coil-type, and n=15 mice for the 3-week time point for each coil-
type). The rationale for the chosen time points is based on previously described time points
of MCP-1-mediated wound healing in a murine excisional wound healing model (3 days, 1
week, 2 weeks, 3 weeks)* plus an additional two longer-term time points (3 and 6 months) to
assess the long-term durability of MCP-1-mediated aneurysm healing. Aneurysms were split
into 5 pm sections (five sections per aneurysm), and stained with hematoxylin and eosin or
underwent immunohistochemical staining: hematopoietic cells (anti-CD45, Abcam),
macrophages (anti-CD11b, BD Pharmingen), T cells (anti-CD3e, Abcam), smooth muscle
cells (anti-smooth muscle cell antibody (anti-SMA), Sigma), fibroblasts (anti-fibroblast-
specific protein 1, Abcam), M1 macrophages (anti-inducible nitric oxide synthase (anti-
iNOS) antibody, Abcam), M2 macrophages (anti-mannose receptor CD206, Abcam),
interleukin (IL)-6 (anti-IL6, Abcam), and tumor necrosis factor (TNF)-a (anti-TNF-a,
Abcam). Briefly, except for CD3e and SMA staining, the following antigen heat retrieval
methods were used before the primary antibody staining: target retrieval solution (Dako) was
used for CD45 and CD11b staining; citrate buffer (pH 6.0) was used for fibroblast-specific
protein 1, iNOS, CD206, IL-6, and TNF-a.. The primary antibody incubation was performed
overnight at 4°C followed by incubation with species-appropriate Alexa Fluor antibodies
created in donkey. All sections were mounted with VectaShield with 4”,6-diamidino-2-
phenylindole before imaging.

Quantitative tissue healing measurements and cell counting by immunohistochemistry for
temporal cascade analysis were performed as follows. Coiled aneurysms were harvested at 3
days, 1 week, 2 weeks, 3 weeks, 3 months, and 6 months after coil treatment. The tissues
were split into 5 um sections and five sections, which were collected every 100 um (20
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sections), from each sample. For tissue ingrowth analysis, sections were stained with
hematoxylin and eosin, than microscopic high-resolution images were obtained using a 10x
objective lens by blinded observers. Tissue ingrowth was measured by two blinded observers
using Image-Pro software (Media-Cybernetics, Silver Spring, Maryland, USA). For the
temporal cascade analysis, after the staining, five microscopic high-resolution images for
each slide were obtained using a 20x objective lens by blinded observers. None of the
images overlapped with other fields and all image files were blindly named. Cells were
counted by two blinded observers using Image-Pro software. For IL-6, TNF-a. and a-SMA,
the fluorescent intensity of their expression was analyzed using ImageJ software.

A two-way analysis of variance model® was used to compare mean transformed responses
between PLGA and MCP-1 animal groups observed at six different time points. Separate
groups of animals were observed at each time point. Animal group (PLGA, MCP-1),
observation day (3, 7, 14, 21, 91, and 182), and the interaction between animal group and
observation day was modeled as fixed effects.

Comparisons of animal groups at each observation day were evaluated for significance using
t statistics, with p values for this set of comparisons adjusted to maintain a family-wise type
| error rate of 0.05 using the method of Sidak.8 An optimal Box—Cox power transformation’
was applied to the response variable before model fitting to obtain normally distributed
errors. The optimal A coefficient used in the Box—Cox transformation (A=0.41) was nearly
equivalent to applying a square root transformation to the response variable (A=0.50).

Temporal cascade of cell-types

Figure 1A demonstrates that the first stage (day 3) of MCP-1-mediated aneurysm healing is
characterized by an early spike in neutrophil and T-cell infiltration, which occurs also with
PLGA-only treatment. The second stage (week 1) is characterized by an influx of
macrophages, both M1 and M2 phenotype, and CD45+ cells which are significantly greater
with MCP-1 than with PLGA-only (p<0.05 for macrophages, p<0.05 for CD45+ cells). The
third stage (week 2-3) is characterized by proliferation of smooth muscle cells and
fibroblasts. Fibroblasts are significantly greater at this stage with MCP-1 than with PLGA-
only treatment (p<0.05). The fourth stage (3—6 months) is characterized by leveling off of
smooth muscle cells and fibroblasts with both MCP-1 and PLGA-only treatment.

Macrophage subtypes

There has been great interest in different macrophage subtypes and their different functions.
While the paradigm of M1 (proinflammatory) and M2 (anti-inflammatory) macrophages has
been postulated, this is not entirely defined.8 Therefore we studied M1 macrophages, which
are known to be destructive, and M2 macrophages, which are believed to be reparative.

Figure 1B demonstrates that M1 macrophages infiltrate at stages 1-3 (day 3 to week 3) with
a spike at week 1 and then decline thereafter. At week 1, there are more M1 macrophages
with MCP-1 than with PLGA-only treatment (p=0.1 underpowered).
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Figure 1C demonstrates similarly that M2 macrophages infiltrate at stages 1-3 (day 3 to
week 3) with a spike at week 1, and then decline thereafter. However, whereas M1
macrophages are greater at week 1 with MCP-1 compared with PLGA-only, M2
macrophages are greater at week 2 and week 3 with MCP-1 than with PLGA-only treatment
(p=0.1 underpowered). This may be evidence that MCP-1-mediated aneurysm healing, as
compared with PLGA-only, is characterized by an early M1 ‘destructive’ phase at week 1
followed by a later M2 “reparative’ phase at weeks 2 and 3.

Temporal cascade of cytokines

The signaling factors that recruit the different cell-type populations in MCP-1-mediated
aneurysm tissue healing are characterized in figure 1D. As others have shown in models of
myocardial infarct,® aortic dissection,10 and tubulointerstitial inflammation, 11 IL-6 and
TNF-a are downstream mediators of MCP-1. We have also found that IL-6 is a downstream
mediator in MCP-1-mediated aneurysm healing.12

In MCP-1-mediated aneurysm healing, IL-6 is present early and increases through week 2
(p<0.05 compared with PLGA-only) then decreases and levels off through 6 months. TNF-a
is present early and remains constant through 6 months, similar to PLGA-only treatment.

Long-term durability of aneurysm healing

There was no morbidity or mortality in the animals. Figure 2 demonstrates that MCP-1 and
PLGA-only treatment have similar rates of tissue ingrowth at early time points (day 3, week
1, and week 2), but MCP-1 has significantly greater tissue ingrowth at week 3 (p<0.05)
compared with PLGA-only, which persists for 6 months (p=0.3 for 3 months, p=0.09 for 6
months, both underpowered). In our mouse model of aneurysm healing, intraluminal
aneurysm tissue ingrowth is a surrogate for aneurysm occlusion.

DISCUSSION

The goal of brain aneurysm treatment is durable, permanent cure. Our understanding of how
a cure can be achieved comes from a histological comparison of cured and incompletely
cured human brain aneurysms harvested at surgery or at autopsy. Completely cured human
brain aneurysms are characterized by intraluminal inflammatory fibrous scar formation with
connective tissue proliferation, fibroblasts, collagen, smooth muscle cells, capillary
ingrowth, and macrophages.13

We have previously shown that local delivery of MCP-1 on a MCP-1-releasing coil can
create intra-aneurysmal tissue healing inside murine aneurysms characterized by the same
findings that are seen in cured human brain aneurysms: connective tissue proliferation,
macrophages, fibroblasts, smooth muscle cells, and endothelial cells.}

In this follow-up study, we define the temporal cascade of inflammatory cytokines and cell-
type populations, including macrophage subtypes, which produce MCP-1-mediated
aneurysm tissue healing.
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The sequential cascade we see in this study is consistent with an inflammatory model of
injury, repair, and remodeling that has been described in other models, including myocardial
repair and remodeling after myocardial infarct.?

In the acute phase, circulating neutrophils are first recruited by chemokines and rapidly
infiltrate the area of injury. Neutrophils are then followed in the second stage by
proinflammatory monocytes circulating from the bone marrow and recruited to the site of
injury to remove extracellular matrix debris by phagocytosis. The third stage is repair and
remodeling with proliferation of fibroblasts and smooth muscle cells. The fourth stage is
scar formation characterized by collagen and fibrosis.

The chemokines we found in this temporal cascade are consistent with findings in other
models of repair and remodeling.? 1L-6, MCP-1, and TNF-a are important and critical
mediators of the inflammatory cascade, which appeared in the sequential cascade of MCP-1-
mediated aneurysm healing.

This model of aneurysm tissue healing is unlike others in that the scar formation is
intraluminal, meaning that there is no native matrix upon which repair and remodeling takes
place. While other models aim to reduce or eliminate scar formation, the goal in this model
is to create and promote scar. Because it is intraluminal, it is necessary to introduce a
scaffold for this cascade to take place, which in our model is the PLGA-coated platinum
coil. The local sustained delivery of MCP-1 promotes the inflammatory temporal cascade.

We also investigated the role of macrophage subtypes. It is believed that M1 macrophages
are the proinflammatory destructive macrophages and this is consistent in our model with
the infiltration of M1 macrophages in the early second stage to create a proinflammatory
environment and to remove extracellular debris by phagocytosis. It is believed that M2
macrophages are reparative. In our model, we found that M1 macrophages are greater at
week 1 with MCP-1 than with PLGA-only treatment (p=0.1 underpowered), whereas M2
macrophages are greater at week 2 and week 3 with MCP-1 than with PLGA-only treatment
(p=0.1 underpowered), demonstrating perhaps that MCP-1-mediated aneurysm healing, as
compared with PLGA-only, is characterized by an early M1 ‘destructive’ phase at week 1
followed later by a M2 ‘reparative’ phase at weeks 2 and 3. It is important to note that we
chose the antibodies used to demonstrate M1 versus M2 macrophages based on prior
studies, but there is controversy as to the most appropriate method for characterizing
different macrophage phenotypes. Among multiple models and studies, similar to our model
of aneurysm repair, in murine models of remodeling of murine myocardial infarction,
CD206+ ‘M2’ macrophages mediate repair, therefore, we used CD206 as a marker for M2
reparative macrophages,4 15 and iNOS has been commonly used as a marker for M1
macrophage phenotype.16 However, no precise method for identifying M1 versus M2
macrophages has been agreed.

We demonstrate the long-term durability of MCP-1-mediated aneurysm healing up to 6
months after treatment, which translates in murine lifespan to decades in human years.1? In
the early stages from day 3 to week 2, MCP-1 and PLGA-only have similar rates of tissue
ingrowth, and it is not until week 3 that we see a significant difference, where MCP-1 has
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robust ingrowth. This fits with the possibility that the M1 destructive phase of inflammation
occurs early (day 3 to week 1), and that the M2 reparative phase occurs later (week 2-3). It
is also expected that the process of MCP-1-mediated aneurysm healing occurs over time and
not immediately. The durability of MCP-1-mediated aneurysm healing persists up to 6
months. No statistical difference between MCP-1 and PLGA-only was found at 3 and 6
months because the number of animals was underpowered. Nevertheless, it is reassuring that
the tissue ingrowth we demonstrate in our aneurysm repair model is longlasting and
demonstrates real fibrous scar.

Our findings are similar to the work of others who have shown that aneurysm healing occurs
by cellular-mediated wound healing. The local delivery of mesenchymal stem cells has
demonstrated improved aneurysm healing in a rabbit model.18 Controlled release of
osteopontin and 1L-10,19 vascular endothelial growth factor,20 stromal cell-derived factor 1a
(and local delivery of mesenchymal stem cells and endothelial progenitor cells),?! and cyclic
peptide SEK-100522 from modified coils have been shown by other groups to accelerate
intra-aneurysmal tissue healing in rat models of aneurysms. This work is all consistent with
a theme of inflammatory wound healing as a mechanism for aneurysm tissue ingrowth.

MCP-1 has been studied by other groups as a mediator of aneurysm formation rather than
aneurysm healing.2324 This apparent paradox can be explained by the finding of MCP-1 and
macrophages within the aneurysm wall in these studies thereby causing inflammation and
degeneration of the structural validity of the vessel wall, whereas in our studies, we have
delivered MCP-1 locally to the lumen of the aneurysm thereby producing inflammation
which creates a scar in the aneurysm sac. The macrophages and MCP-1 in our studies are
found in the intraluminal tissue ingrowth.

A limitation of this study is that the sample sizes were not adequately powered to
demonstrate a statistically significant difference in cell-specific populations, cytokines, and
tissue ingrowth across all time points between MCP-1 coils and PLGA-only coils, although
the purpose of this study was not to demonstrate the differences between MCP-1 and PLGA,
but rather to characterize the temporal cascade of the MCP-1 inflammatory aneurysm
healing pathway. Another limitation is our murine aneurysm model is not intracranial. It is
extracranial to accommodate intrasaccular coils. Nevertheless, the pathway of intra-
aneurysmal tissue healing should be no different given that the process is intraluminal. Other
groups have used extra-cranial carotid animal aneurysm models to study aneurysm
healing®-22 and we are unaware of intracranial animal aneurysm models that can
accommodate intrasaccular coils. Finally, a limitation of the our murine aneurysm model is
that the carotid aneurysms do not rupture. However, our studies are similar to other studies
of aneurysm healing and aneurysm devices which use extracranial animal aneurysm models

that are not known to rupture, but are rather designed to accommodate intrasaccular devices.
18-2225-30

We are the first to demonstrate the presence of important cytokines, cell populations, and

temporal cascade in MCP-1-mediated aneurysm healing, which provides a basis for further
knowledge and identification of targets for novel therapies for cerebral aneurysms.
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Temporal cascade of monocyte chemotactic protein-1 (MCP-1)-mediated aneurysm healing.

(A) Temporal cascade of cell-type populations. (B) Temporal infiltration of M1

proinflammatory macrophages. (C) Temporal infiltration of M2 reparative macrophages. (D)
Temporal cascade of inflammatory cytokines. *p<0.05. IL-6, interleukin 6; PLGA,

poly(lactic-co-glycolic) acid; SMC, smooth muscle cells.
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Figure 2.
Long-term durability of monocyte chemotactic protein-1 (MCP-1)-mediated aneurysm

healing. (A) Tissue ingrowth at time points after MCP-1 or poly(lactic-co-glycolic) acid
(PLGA)-only coil treatment, *p<0.05. (B) Representative cross-axial 5 pm sections of
mouse aneurysms at the depicted time points after MCP-1 or PLGA-only coil treatment.
Scale bar is 200 pm.
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