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Abstract

The role of innate immunity and macrophages in the host response to biomaterials has received
renewed attention. A context-dependent spectrum of macrophage phenotypes are shown to affect
tissue integration and performance of implanted biomaterials and medical devices. Recent studies
by our group demonstrated that the host response in aged animals was characterized by delayed
macrophage recruitment, differences in marker expression and a shifted pro-inflammatory (M1)
response, associated with an unresolved host response in the long-term. The present work sought
to study the effects of single and sequential cytokine delivery regimens in aged mice to restore
delayed recruitment of macrophages and shift the inflammatory host response towards an M2-like
phenotype, using MCP-1 (macrophage chemotactic protein-1) and IL-4 (interleukin-4),
respectively. Implantation of cytokine-eluting implants showed a preserved response to MCP-1 in
both young and aged animals, restoring delayed macrophage recruitment in aged mice. However,
the response elicited by IL-4, sequential delivery of MCP-1/IL-4 and coating components was
distinct in young versus aged mice. While single delivery of IL-4 did not counteract the high
inflammatory response observed in aged mice, the sequential delivery of MCP-1/IL-4 was capable
of restoring both recruitment and shifting the macrophage response towards an M2-like phenotype,
associated with decreased implant scarring in the long-term. In young mice, sequential delivery
was not as effective as IL-4 alone at promoting an M2-like response, but did result in a reduction
of M1 macrophages and capsule deposition downstream. These results demonstrate that a proper
understanding of patient/context-dependent biological responses are needed to design biomaterial-
based therapies with improved outcomes in the setting of aging.
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Introduction

Macrophages are considered to be key mediators of the success or failure of implanted
biomaterials due to their regulatory role in numerous phases of the host response to implants
[1-3]. The classically defined host response to biomaterials begins immediately upon
implantation and proceeds in phases which include protein adsorption, acute inflammation,
chronic inflammation, foreign body reaction and eventual fibrotic encapsulation of the
implant [4]. It is now understood that the macrophages which participate in the host
response to implantable materials can adopt multiple phenotypic and functional profiles
contained in a continuum between multiple extremes, including pro-inflammatory (M1) and
pro-regenerative (M2) phenotypes, among others [5-10]. Characterization of the macrophage
response to biomaterials has shown that materials that elicit a predominantly M1-type
response are associated with poor remodeling outcomes compared to those which elicit a
more M2-type or mixed M1/M2 response. Specifically, a persistent inflammatory M1
response has been associated with tissue degradation, scarring and downstream
complications [11-14]. On the other hand, better remodeling outcomes have been observed
when the early host response shifts from an initially M1 to a more M2-like profile. These
improved outcomes can include enhanced integration, new site-appropriate and functional
tissue formation, depending upon the material and location of the implant [15-20].

For these reasons, an increasing number of studies in biomaterials and regenerative medicine
have begun to use macrophage modulation as an approach to improve tissue remodeling,
biomaterial integration and functional recovery, with promising results. These studies have
demonstrated that remodeling outcomes are improved when M2-polarizing cytokines such
as IL-4 (interleukin-4) and 1L-10 (interleukin-10) are delivered to the implantation site,
while the opposite is observed for M1-polarizing cytokines such as IFN-y (interferon-y)
[21-24]. Other studies have demonstrated the importance of both M1 and M2 responses, and
a timely transition from M1 to M2 phenotypes, by showing enhanced vascularization and
remodeling of bone scaffolds that promoted an M1 response followed by an M2 response via
sequential delivery of IFN-y and IL-4, respectively [23]. A recent study by our group
demonstrated that shifting the macrophage response towards an M2 phenotype at the tissue-
implant interface during the first two weeks post-implantation via delivery of IL-4 mitigated
the foreign body reaction and improved implant integration of polypropylene mesh implants
downstream [25].

While such approaches have shown promise for improving outcomes associated with
biomaterial implantation, their success is likely predicated upon an understanding of the
local tissue environment and disease context in which the materials are used. Aging
represents one such context. Aging is accompanied by an unavoidable decline in
physiological function known to affect multiple aspects of the immune system and is highly
associated with age-related disorders such as diabetes, cancer and cardiovascular disease
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[26-30]. Macrophages, central effectors of the innate immune system and primary
responders to biomaterial implants, have been demonstrated to elicit impaired responses in
both the response to infection and tissue regeneration following injury in aged individuals
and animal models [31-34]. In particular, aging has shown to have the strongest impact upon
the function of tissue-resident populations, while the activity of bone-marrow derived
macrophages remains largely intact [33-35]. Therefore, understanding the impact of aging
and related concomitant disorders in the host response to implanted biomaterials is
instrumental for the success of biomaterial-based therapies and devices in an increasingly
aged population. In a recent study, we examined the impact of aging on the host response to
polypropylene mesh implanted subcutaneously in 2-month and 18-month old mice [35]. The
results of this study demonstrated that, while macrophages derived from the bone marrow of
aged animals were largely functionally intact and were able to effectively polarize towards
both an M1 and M2 phenotype, macrophage polarization observed at the tissue level was
markedly different. The host response in aged mice was characterized by delayed cell
recruitment, significant differences in macrophage marker expression, a highly shifted pro-
inflammatory (M1) response in tissue macrophages at early stages, and an unresolved host
response in the long-term as compared to young mice. This mimics delays in cellular and
immune infiltration observed in aged wound healing, which has been associated with a
decline in chemokine levels in aged mice [36-38]. In addition, there has been shown to be
impaired activation of macrophages to the M2 phenotype in aged mice previously [30, 39,
40].

For these reasons, we hypothesized that a revised strategy for cytokine delivery would be
required in aged animals to account for the observed delays in cellular recruitment and the
predominantly pro-inflammatory polarization observed in aged animals compared to young.
The present study examines the ability of a sequential delivery regimen for aged mice to
restore the delayed recruitment of functionally intact, circulation-derived macrophages and
shift the highly inflammatory macrophage response towards an M2-like phenotype, using
MCP-1 (macrophage chemoattractant protein-1) and IL-4, respectively. To do so, we have
developed a multi-layered nanometric coating for concomitant and sequential delivery of
MCP-1 and IL-4. In addition, we have studied the effect of multiple delivery regimens in the
host response of both young and aged mice to demonstrate how the biological context of an
aged microenvironment and a targeted design affect the performance of biomaterial-based
approaches.

Material and methods

Materials.

A polypropylene mesh, Gynemesh® PS (Ethicon, Somerville, NJ) was used. Maleic
anhydride, chitosan (low molecular weight, deacetylation degree 85%), dermatan sulfate
(chondroitin sulfate B, from porcine intestinal mucosa, = 90% purity), chitosanase,
chondroitinase ABC, bovine serum albumin (BSA) and histologic staining materials were
purchased from Sigma Aldrich (St. Louis, MO). Murine IL-4, MCP-1 and ELISA kits were
purchased from Peprotech (Rocky Hill, NJ), all with = 98% purity by SDS-PAGE and HPLC
analyses. Rabbit anti-mouse arginase (Arg-1, cat. ab91279), inducible nitric oxide synthase
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(iNOS, cat. ab3523), and anti-rabbit, anti-rat Alexa-fluor (donkey) secondary antibodies
were purchased from Abcam (Cambridge, MA). Rat anti-mouse F4/80 (cat. MCA497R) was
purchased from ABD Serotec (Raleigh, NC). DAPI and Milli-Q water were purchased from
Thermo Fisher Scientific (Pittsburgh, PA).

Plasma treatment and Layer by Layer coating of polypropylene meshes.

Polypropylene (PP) meshes were cleaned using a 1:1 acetone:isopropanol mixture and then
air dried prior to irradiation with 15 seconds of argon plasma at 600W, an argon gas flow of
35 mL/min and a steady state pressure of 250 mTorr (50 mTorr initial pressure) using an lon
40 Gas Plasma System (PVA Tepla America, Inc) to induce a surface charge which enabled
layer by layer deposition as previously described [41]. Maleic anhydride powder (1.5 gr)
was placed into a glass plate inside of the machine chamber. 1 cm? pieces of PP mesh were
then placed around the plate to a distance of 8.5 cm. After an initial pressure of 50 mTorr
was reached, 30 seconds of maleic anhydride plasma treatment was performed at 600W, an
argon gas flow of 35 mL/min and a steady state pressure of 250 mTorr. Finally, PP meshes
were rinsed for 30 minutes with milli-Q water and then boiled for 20 minutes in fresh milli-
Q water.

Coating was performed in a customized and automated dipping instrument (8-position
SILAR coating system, PTL-SC-6A. MTI Corporation, Richmond, CA). 1 cm? pieces of PP
mesh were dipped in chitosan (2 mg/mL in 0.5% acetic acid) for 10 minutes at RT, then
washed three times (1-minute each) in milli-Q water. Next, meshes were dipped in a
dermatan sulfate solution (2 mg/mL in water) for 10 minutes at room temperature. Meshes
were washed again three times in milli-Q water. This cycle was repeated until a core coating
of 10 bilayers (PPT[CH/DS]4g) was achieved. After coating, meshes were lyophilized and
stored at 4°C until further treatment to achieve cytokine loading as described below.

MCP-1 and IL-4 loading and release assays.

Dermatan sulfate (2 mg/mL) was incubated overnight at 4°C with IL-4 (1.5 pg/mL) or
MCP-1 (0.75 and 1.5 pg/mL) prior to coating. For concomitant and sequential regimens,
both MCP-1 (0.75 pg/mL) and IL-4 (1.5 ug/mL) were added to dermatan sulfate (2 mg/mL)
and incubated overnight at 4°C. Then, polypropylene meshes with a 10-bilayer core coating
were further coated with 40 bilayers containing IL-4 or 20 bilayers containing MCP-1. For
concomitant and sequential delivery, core-coated meshes were further coated with 20
bilayers containing IL-4 and then coated with 20 additional bilayers containing both MCP-1
and IL-4. After coating, cytokine-loaded meshes were lyophilized and stored at —20°C. All
mesh materials were then terminally sterilized using ethylene oxide and stored at —20°C
before use.

Immunolabeling was used to qualitatively demonstrate the loading and distribution of IL-4
and MCP-1 throughout the coating. Cytokine eluting meshes and controls were immersed in
a 1% BSA solution to block non-specific adsorption of antibodies (1h, RT). Washing was
performed in between each step by dipping the meshes four times in 0.05% Tween 20. Then
meshes were immersed and incubated in a solution of rabbit anti-murine IL-4 or MCP-1 as
primary antibody (1:100 in 0.1% BSA, 2 hours, RT). Meshes were then immersed in a
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solution of anti-rabbit-Alexa Fluor 546 as a secondary antibody (1:100 in 0.1% BSA, 30
min, RT). Mesh fluorescence was observed under confocal microscopy (Leica DMI14000 B,
Buffalo Grove, IL), in which an excitation/emission of 480/520 nm was used to observe the
mesh autofluorescence (green) and 561/572 nm to observe the specific fluorescence due to
the loaded IL-4 or MCP-1 (red).

Loading efficiency and release assays were performed by ELISA (Peprotech) following
manufacturer instructions for both 1L-4 and MCP-1. First, 1 cm? pieces of mesh containing
IL-4 (40 B), MCP-1 (20 B), IL-4/MCP-1 (20B) + IL-4 (20B) or coated (no cytokine) meshes
were immersed into 400 pL of a solution 0.05 units/mL chondroitinase ABC and 0.05
units/mL chitosanase in 1X PBS. Incubation was performed to multiple time points (6 h, 1
day, 2 days and then every 2 days) at 37°C, after which 400 puL of solution were aliquoted
and stored at —80°C until the end of the experiment. After collection, replacement with fresh
solution was performed to continue the release assay. To perform the ELISA assays, 100 pL
aliquots were used from each sample at each time point. Ratio of release was calculated
from the amount of cytokine released at each time point divided the total amount cytokine
released at the end of the experiment (plateau in the curve).

Mouse implantation model.

An implantation model with C57BL/6J female mice (2 months and 18 months old) was used
following proper housing and treatment procedures approved by the Institutional Animal
Care and Use Committee (IACUC) of the University of Pittsburgh. NIH guidelines for the
care and use of laboratory animals were observed. A midline incision was made and a
subcutaneous pocket was created in the abdomen of each mouse in order to implant a 1 cm?
piece of polypropylene mesh. 4-0 polyglycolide co-polycaprolactone (PGCL) sutures were
used to close the incision, then 0.5 mg/kg of Baytril and 0.2 mg/kg of Buprenex were
administered for 3 days as antibiotic and analgesic, respectively. Buprenorphine (Buprenex),
an opioid analgesic, has been studied and shown not to exert any effects nor alterations in
the immunological response, both acutely and chronically administered [42, 43]. After 3, 7
or 90 days, mice were euthanized and skin/mesh/muscle tissue complexes were harvested
and fixed for 72 hours in neutral buffered formalin. Finally, fixed tissues were paraffin
embedded and cross-sections of 7 pm were used for histological studies.

Histologic staining and evaluation.

Paraffin embedded tissue cross-sections were used for H&E and Masson’s Trichrome
staining. H&E and Masson’s Trichrome stained tissue sections were imaged on a Nikon
Eclipse E600 microscope (Tokyo, Japan) at 10X and 20X, respectively. ImageJ (version
1.48, NIH) equipped with a color deconvolution plug-in (version 1.5) was used to quantify
the collagen capsule deposition surrounding mesh fibers at 90 days (3 different single fibers
per sample, N = 5 each group) in images taken from histological tissue sections stained with
Masson’s Trichrome. These measurements included total capsule area (total capsule area in
blue minus the mesh fiber in white) and density (blue area % from the total capsule area).
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Immunolabeling of histological sections.

Paraffin embedded tissue sections were deparaffinized and rehydrated in a series of xylene/
alcohol/water. Incubation with proteinase K (1X) for 10 minutes at 37°C was performed to
retrieve antigens. After 3 washes in water, samples were incubated at 37°C in 50 mM of
CuSQy in 10 mM NH4Ac buffer pH =5, to reduce tissue background fluorescence. Slides
were washed twice in TBST (25 mM Tris buffer + 0.1% tween 20). Then, a 5% donkey
serum + 2% BSA + 0.1% tween 20 + 0.1% triton X-100 solution was used as blocking agent
(2 hours, RT). To immunolabel M2 macrophages, arginase-1 (1:150, rabbit) and F4/80 (1:50,
rat) primary antibodies were used (overnight at 4°C), followed by anti-rabbit Alexa Fluor
594 (1:400) and anti-rat Alexa Fluor 488 (1:100) secondary antibodies (40 min at RT) in
blocking buffer. To immunolabel M1 macrophages, iNOS (1:100) and F4/80 (1:50) primary
antibodies were used (overnight at 4°C), followed by anti-rabbit Alexa Fluor 594 (1:100)
and anti-rat Alexa Fluor 488 (1:100) secondary antibodies (40 min at RT) in blocking buffer.
Vectashield with DAPI mounting media (\Vector laboratories, Burlingame, CA) was used to
counterstain nuclei and mount. Images of centered single fibers (3 different single fibers per
sample, N = 5 each group) were taken on a Nikon Eclipse E600 microscope equipped with
epi-fluorescence at 40X and cell counts were analyzed using ImageJ (version 1.51a, NIH).

Statistical analysis.

A power analysis was performed based upon previous studies using the same model to
determine that n=5 animals per group were required to detect an effect of 25%, with a
statistical power of at least 80% and significance level of p=0.05 [25, 35]. Comparisons of
means were performed by either one-way or two-way analysis of variance (ANOVA), using
at least p < 0.05 as statistical significance criteria followed by Tukey’s test to compare
groups and Sidak’s test to compare time points. Shapiro-Wilk was used to test normality. All
statistical tests were performed on GraphPad Prism V7 (La Jolla California, USA).

Results and discussion

The present study utilizes a previously developed multi-layered coating technology to
provide controlled and sequential delivery of both IL-4 and MCP-1. Our previous studies
have shown that IL-4 can be loaded into the coating in a uniform manner throughout the
entire surface of the mesh implant [25]. We have additionally shown that the released IL-4 is
bioactive and that the amount and length of release can be increased by simply adding more
bilayers. Chitosan, the only polycation of natural origin, has been used as a component of
the coating due its excellent film deposition properties, biocompatibility and selective
degradation by macrophages, which express chitinase-like enzymes [44-46]. Dermatan
sulfate has been used because it binds and enhances the activity of anti-inflammatory
cytokines and growth factors that include IL-4 and FGF-2, respectively [47, 48]. In the
present study, an increase of macrophage recruitment in the first week post-implantation was
desired based upon previous studies in mice showing that the macrophage response
predominates during the first week, and then starts to decline to allow the regenerative phase
to initiate [4, 23, 25, 35, 49, 50], and therefore this is a key time frame for macrophage
phenotype modulation.
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MCP-1 bioactivity, dosing and release assays.

Preliminary studies were performed to demonstrate the ability to load and control the release
of MCP-1, as well as to elicit the desired increase in cellular recruitment to the site of
implantation. Similar to IL-4 loading which has been previously described, MCP-1 can be
incorporated into the mesh coating by incubation with dermatan sulfate prior to layer-by-
layer coating [25]. Additionally, we have demonstrated that the length of release and amount
of MCP-1 is also dependent on the number of coating bilayers in a manner previously
observed for IL-4 [25]. Confocal microscopy confirmed that MCP-1 is uniformly distributed
through the entire surface of the mesh (Figure 1a). Release assays confirmed that the full
release of MCP-1 using 20-bilayers (coating solution containing 1.5 pg/mL of MCP-1) of
coating was achieved within approximately 8 days (Figure 1c). Despite using the same
concentration of loading solution, 20-bilayers of MCP-1 eluted higher amounts of cytokine
than 20-bilayers of IL-4 [25]. Even though these two cytokines have similar molecular
weights (13.5 kDa for IL-4 and 13.8 kDa for MCP-1), the isoelectric point of MCP-1 (9.3) is
slightly higher than IL-4 (8.18), and therefore the higher positive charge and potentially
other structural properties may be increasing the affinity for the negatively charged dermatan
sulfate.

A pilot study investigated the implantation of MCP-1 (20 bilayers, 20B) eluting meshes
subcutaneously into young-adult mice, and compared to control coated (no cytokine) and
pristine (non-modified) polypropylene mesh (Gynemesh ®), the latter used clinically for
pelvic organ prolapse repair and associated with chronic foreign body reaction and potential
complications in humans [11, 12, 51]. Histological assessment three days post-implantation
showed a highly exacerbated and localized cell recruitment in MCP-1 mesh implanted over
pristine and control coating mesh (Figure 1b). There were also signs of inflammation and
mesh erosion in Hematoxylin and Eosin (H&E) stained tissue sections, confirming that
MCP-1 is bioactive after loading and mesh sterilization (Figure 1d). The dose of MCP-1 was
then adjusted by decreasing the amount of MCP-1 in the coating solution from 1.5 to 0.75
ug/mL, expecting that the number of cells recruited to the tissue-implant interface would be
approximately half. Release assays confirmed that the resulting loading of MCP-1 was
reduced by nearly half while preserving the same length of release (Figure 1c). Although
more concentrations and mechanistic studies are required to clearly demonstrate this
relationship, the present results suggest that the released amount of MCP-1 is proportional to
the amount of MCP-1 in the coating solution, but that the duration of release is associated
with the number of bilayers used. Implantation of meshes containing 0.75 ug/mL of MCP-1
were also capable of increasing cell recruitment compared to coated (polymers only, no
cytokines) and pristine meshes, but did not elicit the erosion and poor histological response
associated with mesh containing a higher amount of MCP-1 (Figure 1b, d). Also, the number
of recruited cells in meshes containing 0.75 pg/mL of MCP-1 were approximately a half
compared to 1.5 pg/mL of MCP-1. Therefore, the following studies utilized MCP-1 meshes
with 20 bilayers where the coating solutions contained 0.75 pg/mL of MCP-1.

Concomitant and sequential release of MCP-1 and IL-4.

A concomitant and sequential delivery regimen of MCP-1 and IL-4 was desired to restore
the delayed macrophage recruitment and shift the highly inflammatory response towards an
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M2 phenotype, respectively. Previous studies have shown that macrophages recruited at the
tissue implant interface adopt a predominantly M1 phenotype [11, 12, 25, 35, 52-55].
Therefore, a sequential regimen in which MCP-1 is released alone and followed by IL-4
likely would not be as successful at reducing the inflammatory response as a regimen that
delivers concomitantly both cytokines followed by single release of 1L-4 thereafter.

The multilayered nature of the coating was used to provide first concomitant release of both
MCP-1 and IL-4 in the 20 external layers, then followed by single release of 1L-4 in the 20
internal layers of the coating (excluding a 10B core coating without cytokine). ELISA assays
demonstrated that the release profile of IL-4 was similar when released from both single
IL-4 and sequential 1L-4/MCP-1 eluting meshes (Figure 2a). Similarly, MCP-1 release
profile in both single MCP-1 and sequential I1L-4/MCP-1 eluting meshes were not
significantly different (Figure 2b). Sequential release was then observed by an initial
concomitant release of MCP-1 and IL-4 which was followed by release of 1L-4 only (Figure
2c). Eighty percent of the total dose of MCP-1 and IL-4 was released in 8 and 12 days,
respectively (Figure 2d) /n vitro. This delivery regimen will be referred to as sequential
herein after.

Mesh implantation studies of single and sequential delivery regimens in young and aged

mice.

The efficacy of single and sequential delivery regimens of IL-4 and MCP-1 were evaluated
by subcutaneous implantation of eluting meshes containing each or both cytokines in young
adult (2 month-old) and aged (18 month-old) mice. Histological assessments at 3 days post-
implantation showed increased cell recruitment in all eluting meshes containing MCP-1 in
both young and aged mice (Figure 3). An exception was coated (no cytokine) mesh in aged
mice which resulted in the highest infiltration of cells, localized around the mesh fibers
(Figure 3b). This suggests that the host response to chitosan and/or dermatan sulfate is
significantly different in aged individuals, which can be modified with the addition of
MCP-1 and/or IL-4.

At 7 days, cell recruitment was similar in all aged mouse groups, but still increased for
young mice, suggesting that the effects of MCP-1 were more robust in the younger mice. Of
note, the exacerbated cell infiltration observed in the coated (no cytokine) aged mice group
diminished to similar levels observed in other groups. A study performed by Lohmann et al.
[58], has shown that glycosaminoglycan-based hydrogels sequester inflammatory
chemokines such as MCP-1, IL-8 and MIP-1p, from chronic wound fluids. It may be
possible that the coating also captures the inflammatory chemokines from the aged
microenvironment, but instead of sequestering and diluting the cytokines in the bulk of a
hydrogel, the coating concentrates all the inflammatory cytokines in the surface of the mesh
biomaterial, enhancing cell infiltration. This would also be consistent with results at 7 days,
where the coating has been mostly degraded and therefore both cytokine sequestering and
cell recruitment have diminished. This would not be the case for young mice, where the
microenvironment is not as inflammatory as in aged mice [35, 59-61]. Another potential
explanation for the exacerbated response against these materials may be due to alterations in
the tissue-resident populations in aged mice, as previously described [33-35].
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Effects of single and sequential delivery regimens on macrophage polarization at the
early-stages of the host response.

Co-immunolabeling of histological tissue sections was performed to assess the effects of
each single and sequential delivery regimen on macrophage (F4/80*) recruitment and
polarization towards M2 (Arg-1* F4/80", Figure S1) and M1 (iNOS* F4/80*, Figure S2)
phenotypes. Quantification revealed that all eluting coated meshes containing MCP-1 were
capable of increasing F4/80" macrophage recruitment at 3 days in both young adult and
aged mice. Increased macrophage presence in MCP-1 mesh over pristine mesh persisted in
aged mice at 7 days, while young animals showed increased macrophage infiltration from
pristine mesh over all coated groups (Figure 4 a,b). Even though coated (no cytokine) mesh
elicited an exacerbated recruitment of cells, this was not correlated to F4/80* macrophage
recruitment, suggesting that cells other than F4/80* macrophages (including non-
macrophage cells) participate in this response in a manner which is influenced by the aged
microenvironment. An study performed in MCP~~ KO young mice has shown that wound
healing is delayed, no changes in the number of macrophages was observed [62]. Other
inflammatory models where either MCP-1 or its receptor were blocked presented a lack of
monocytes and macrophages at the peritoneum, indicating a context-dependent role for
MCP-1 [63-65]. When considered with our findings, these results suggest that early
inflammatory infiltration in aged mice may be delayed due to alterations in tissue-resident
macrophages, which are later compensated by circulatory populations.

While increased macrophage recruitment was observed in both young and aged animals
when implanted with MCP-1 eluting meshes, the host response to IL-4, sequential delivery
of IL-4/MCP-1 and coating components was distinct in young versus aged implanted mice.
M2 macrophages were quantified via colabeling sections with F4/80* and Arg-1 (arginase 1;
a marker of the M2 phenotype [66]). Results showed that aged mice implanted with IL-4
single eluting coatings did not have a significantly higher percent of M2 (Arg-1* F4/80%)
macrophages, compared to the pristine mesh group. However, the percentage of M2
macrophages in the sequential MCP-1/IL-4 group was significantly increased at both 3 and 7
days, compared to all groups with no IL-4 (Figure 4 c,d). Therefore, while single delivery of
IL-4 was not able to counteract the high inflammatory response present in aged mice, the
sequential delivery regimen of IL-4 and MCP-1 was capable of restoring recruitment and
shifting the macrophage response towards an M2-like phenotype. These findings may be
related to those in previous studies which demonstrated that macrophages within the
implantation site were dysfunctional, while those in the bone marrow were intact [33-35].
That is, it may be necessary to recruit macrophage populations from the circulation to cause
an effective polarization towards an M2 phenotype in aged animals. Of note, the half-life of
circulating monocytes in humans is approximately three times longer than in mice,
therefore; recruitment, tissue extravasation and turnover of human macrophages would be
difficult to discern from each other [67]. In contrast, sequential delivery regimens in young
mice were not as effective as IL-4 alone in promoting an M2-like response. Young mice
implanted with MCP-1/IL-4 eluting mesh showed an initial increase in the percentage of M2
macrophages at 3 days, but dramatically decreased to similarly low percentages found in all
groups other than IL-4 at 7 days. Therefore, IL-4 eluting mesh was the most effective
regimen shifting the response towards an M2 phenotype in young mice.
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To quantify M1 macrophages, co-labeling for F4/80* and iNOS (inducible nitric oxide
synthase; an M1 phenotype marker [66]) was performed. Results revealed differences
between young and aged animals. In young mice, the percentage of M1 macrophages was
similar for all groups at 3 days (Figure 4 e,f). At 7 days, the pristine mesh group presented
the highest percentage of M1 macrophages, while MCP-1 mesh showed no difference from
other coated groups. In aged animals, mice implanted with both pristine or MCP-1 eluting
meshes presented the highest percentages of M1 (iNOS* F4/80*) macrophages compared to
all other groups. Percentage of M1 macrophages in these two groups was similar in both 3
and 7 days. This suggests that MCP-1 only affects macrophage recruitment, but does not
have an effect on macrophage polarization, which is consistent with previous reports
showing high expression of MCP-1 in both M1 macrophages (e.g. tissue injury and
infection) [68, 69] and M2 macrophages (e.g. tumors, hepatic fibrosis) [70, 71]. Polarization
towards M1 macrophages is mainly due to an inflammatory response against the
polypropylene biomaterial. The increased percentage of M1 macrophages found in aged
mice implanted with MCP-1 is likely a consequence of the high percentage of F4/80*
macrophages recruited to the surface of the biomaterial, that become M1 macrophages due
to the increased inflammatory environment in aged mice [60, 72, 73].

Effects of single and sequential delivery regimens in the host response in the long-term.

The effects of macrophage recruitment and polarization via single and sequential delivery
regimens in the long term were evaluated by assessment of capsule deposition at 90 days
post-implantation. Histological tissue sections were stained with Masson’s trichrome to
reveal the presence, morphology and distribution of the fibrotic capsule surrounding the
surgical mesh implant. Both young and aged mice implanted with MCP-1 mesh showed
higher capsule density than all other coated groups, but similar capsule area to mice
implanted with pristine mesh (Figure 5).

In young mice, only mice implanted with I1L-4 eluting mesh exhibited both decreased
density and area of the capsule, while the sequential regimen of MCP-1 and IL-4 was
capable of decreasing capsule area alone. In aged mice, implantation of IL-4 eluting mesh
was not associated with a reduction in collagen density, but presented diminished capsule
area, compared to all other groups. On the other hand, the MCP-1/1L-4 group showed less
dense capsules compared to all other mesh groups, but no significant differences in capsule
area. In a previous study, we showed that the host response to polypropylene mesh in aged
animals is not resolved by 90 days, with higher number of cells surrounding the implant
[35]. To evaluate the resolution of the host response in the presence of single and sequential
delivery regimens, we quantified the number of cells at 90 days. Results show that mice
implanted with MCP-1 eluting mesh have similar cell numbers to the pristine mesh groups
in both young and aged mice (Figure 5d, g). In aged mice, only IL-4 presented a significant
reduction in the number of cells, compared to the pristine mesh group. A reduction in the
number of cells was also observed in young mice implanted with both IL-4 and MCP-1/IL-4
eluting meshes, compared to pristine mesh groups.

Taking together both outcomes at early and long-term stages of the host response in aged
animals, the sequential delivery of both MCP-1 and IL-4 was the only regimen capable of
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shifting the response of macrophages towards an M2-like phenotype, reducing both capsule
density and area in the long term, while single delivery of IL-4 did not achieve these
outcomes. This further corroborates previous studies claiming that macrophages are indeed
necessary for healthy tissue remodeling and implant integration [2, 23, 25]. In particular, the
imbalances in macrophage response present in aged mice would make IL-4 ineffective due
to either a suboptimal number of M2-like macrophages or altered response of tissue-resident
macrophages to IL-4. This would suggest that the recruitment of functionally intact
circulating cells may be required to produce a shift towards the M2 phenotype. On the other
hand, the single delivery of IL-4 in young animals was more effective shifting macrophages
towards an M2 phenotype and reducing capsule formation, compared to the sequential
delivery. These outcomes may be related to an unnecessary increase in recruited
macrophages promoted by MCP-1, which would make the current dose of I1L-4 suboptimal
to shift the macrophage response towards an M2-like phenotype.

Limitations and future directions.

Release assays were used to study the release of cytokines /n vitroand as an estimate for
release /n vivo, however, it is currently unknown whether coating degradation and release of
MCP-1 and IL-4 /n vivo occurs in a similar manner. The implantation studies and results
regarding the effects of cytokines at early stages of the host response seem to suggest that
the length of /in vivo cytokine release is shorter - with 1L-4 lasting less than 14 days and
MCP-1 less than 7 days, in which the effects of these cytokines are not present. Further
studies will be performed using fluorescently tagged cytokines on live imaging systems to
determine the release of cytokines /n vivo. Similarly, we have investigated the effects of only
40 bilayers of IL-4 (2 ng/cm? of mesh) and 20 bilayers of MCP-1 (1 - 2 ng/cm? of mesh) on
the host response against mesh, so further regimens will be evaluated based on /in vivo
release studies.

The present study used only a limited set of surface markers and makes inferences about the
origin of cells based upon these markers. Further study is necessary to determine the specific
origin of the cells which participate in the host response in young and aged animals as well
as to clearly determine their in vivo phenotype and functional profile.

Another limitation inherent in the present implantation model involves differences in
macrophage pathophysiology between mice and humans [74]. Leukocyte populations in
C57BL/6 mice, the same strain used in this study, contain 10-25% neutrophils, 75-90%
lymphocytes and approximately 2% monocytes; while humans have 50-70% neutrophils and
20-40% lymphocytes [66, 75, 76]. In addition, arginase-1 and iNOS are effective markers of
M1 and M2 macrophage population in mice, but do not correlate well with macrophage
phenotype in humans [77, 78]. Although the functional importance of these differences is
not clear in the context of the host response to biomaterials, the results of the present study
in terms of macrophage biology should be taken with caution when extrapolating to human.
To address these limitations, the use of a humanized mouse model has been proposed to test
the immune response to naturally-derived biomaterials, representing a promising tool to
study the human host response to biomaterials /77 vivo, and a substantial step towards
translation [79].
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Even though degradation of the components of the coating and uptake of I1L-4 is mainly
performed by macrophages, other non-macrophage cells participating in the host response
could potentially respond to both MCP-1 and IL-4. MCP-1 has mostly effects over migration
and infiltration of macrophages and monocytes, and the effects on other immune cells
participating in the host response against biomaterials has been shown to be of minor
relevance [52-55, 68]. Similar to macrophages, IL-4 also shifts the response of Th cells
towards a Th2 response, which can in turn lead to polarization of macrophages to an M2
phenotype, and has been associated to pro-regenerative outcomes in other materials [80].
However, these cells do not predominate at early stages the host response, and their role in
the host response was not within the scope of the present study. Overall, it is clear that there
are differences in the host response between young and aged animals, and that a better
understanding of these differences will help to design materials and strategies which more
effectively modulate the host immune response in aged individuals.

Conclusions

The present study demonstrates that layer by layer coatings can be used to provide both
concomitant and sequential delivery of MCP-1 and IL-4. The concentration of cytokine in
the coating solution is proportional to the amount released /n vitro, while the number of
layers influences both the amount and length of release. /n vivoimplantation of eluting
meshes revealed that MCP-1 promoted cell and macrophage recruitment in both young and
aged animals, restoring the delayed recruitment in the host response of aged mice. However,
the host response in presence of I1L-4, sequential delivery of IL-4/MCP-1 and coating
components alone was distinct in young versus aged implanted mice, suggesting that the
host response to chitosan and/or dermatan sulfate is significantly different in aged
individuals, which can be modified with the addition of MCP-1 and/or 1L-4.

While single delivery of IL-4 was not enough to counteract the high inflammatory response
present in aged mice, the sequential delivery regimen of IL-4 and MCP-1 was capable of
restoring recruitment and shifting the macrophage response towards an M2-like phenotype,
which is associated with decreased capsule deposition in the long term. In contrast,
sequential delivery regimens in young mice were not as effective as IL-4 alone which
promoted an M2-like response, but were still capable of reducing inflammatory macrophage
presence and capsule deposition. In addition, the exacerbated cell recruitment in aged mice
implanted with coated (no cytokine) mesh was not correlated to an increase in recruitment of
F4/80* macrophages nor effects on polarization, suggesting that other cells influenced by the
aged microenvironment may play an important role promoting this response. These results
raise important questions about the design and performance of biomaterial-based therapies
and devices often intended to treat elderly patients and demonstrates that a proper
understanding of patient- and context-dependent biological responses have the potential to
improve outcomes in aged individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Layer by layer can provide concomitant and sequential delivery of MCP-1
and IL-4.
. In young mice, single IL-4 delivery shifts the host response to an M2
phenotype.
. In aged mice, single IL-4 delivery does NOT shift the response to an M2
phenotype.
. In aged mice, sequential delivery restores macrophage recruitment.
. In aged mice, sequential delivery shifts the host response to an M2 phenotype.
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Figure 1.
[a] Confocal microscopy images of MCP-1 immunolabeled (red) polypropylene fibers

(green) of pristine (i), coated [no cytokine] (ii) and MCP-1 loaded [20B] (iii) mesh. Scale
bars represent 100 um. [b] H&E stained tissue sections at 10X from mice implanted with a 1
cm? piece of pristine, coated (no cytokine), MCP-1 (0.75 and 1.5 pg/mL in coating
solutions, 20B) at 3 days post-implantation. Scale bars represent 200 um. Arrows indicate
mesh erosion. [c] Cumulative release of MCP-1 (nanograms) versus time (days) from 1 cm?
pieces of coated mesh loaded with 0.75 and 1.5 pg/mL of MCP-1 (20B). Coated (no
cytokine) mesh was used as a control. Points represent the mean + SEM. [d] Image analysis
of total cells (DAPI) surrounding single mesh fibers of tissue cross sections of mice
implanted with MCP-1 eluting meshes and controls, 3 days post-implantation. Bars
represent the mean £ SEM. Statistical significance as (*) p < 0.05, (***) p < 0.001 and
(****) p < 0.0001, using two-way ANOVA with Tukey’s tests. All other differences are non-
significant.
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Figure 2.

[a] Cumulative release of IL-4 (nanograms) versus time (days) from eluting meshes
containing 40 bilayers of IL-4 (black curve) and 20 bilayers of MCP-1/IL-4 plus 20 bilayers
of IL-4 (gray curve). [b] Cumulative release of MCP-1 (nanograms) versus time (days) from
eluting meshes containing 20 bilayers of MCP-1 (black curve) and 20 bilayers of MCP-1/
IL-4 plus 20 bilayers of IL-4 (gray curve). [c] Cumulative release of MCP-1 (gray curve)
and IL-4 (black curve) versus time (days) from eluting meshes containing 20 bilayers of
MCP-1/IL-4 plus 20 bilayers of IL-4. [d] Ratio of released MCP-1 and IL-4 (nanograms)
versus time (days) from eluting meshes containing 20 bilayers of MCP-1/1L-4 plus 20
bilayers of IL-4. Points represent the mean + SEM.
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Figure 3.

Images of H&E stained tissue cross sections (10X) and total cell counts (DAPI) surrounding
single mesh fibers (40X) at 3 and 7 days from [a] young and [b] aged mice implanted with a
1 cm? piece of pristine, coated (no cytokine), single and sequential MCP-1 and IL-4 eluting
meshes. Scale bars represent 200 um. Bars represent the mean + SEM. Statistical
significance as (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001, using
two-way ANOVA with Tukey’s tests. All other differences are non-significant.
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Image analysis of total F4/80* macrophages [a, b], Arg-1* F4/80* (M2) macrophages [c, d]
and iNOS* F4/80* (M1) macrophages [e, f] surrounding single mesh fibers of co-
immunolabelled tissue cross sections from young [a, c, €] and aged [b, d, f] mice implanted
with a 1 cm? piece of pristine, coated (no cytokine), single and sequential MCP-1 and IL-4
eluting meshes, 3 and 7 days post-implantation. Bars represent the mean £ SEM (N = 5).
Statistical significance as (*) p < 0.05, (**) p < 0.01, (***) p < 0.001 and (****) p < 0.0001,
using two-way ANOVA with Tukey’s (groups) and Sidak’s (days) tests. All other differences
are non-significant.
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Figure 5.
[a] Masson’s Trichrome stained tissue sections of young and aged mice implanted with a 1

cm? piece of pristine, coated (no cytokine), single and sequential MCP-1 and IL-4 eluting
meshes, 90 days post-implantation. [b] Image analysis of capsule density [area %; b, €],
capsule area [um?; c, f] and total cell number [d, g] on single mesh fibers (20X) from young
[b —d] and aged [e — g] mice. Bars represent the mean + SEM. Statistical significance as (*)
p <0.05, (**) p <0.01, (***) p<0.001 and (****) p < 0.0001, using two-way ANOVA with
Tukey’s test. All other differences are non-significant.
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