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Abstract

Harvesting cultivated macrophages for tissue engineering purposes by enzymatic digestion of cell adhesion molecules can
potentially result in unintended activation, altered function, or behavior of these cells. Thermo-responsive polymer is a
promising tool that allows for gentle macrophage detachment without artificial activation prior to subculture within engineered
tissue constructs. We therefore characterized different species of thermo-responsive polymers for their suitability as cell
substrate and to mediate gentle macrophage detachment by temperature shift. Primary human monocyte- and THP-1-derived
macrophages were cultured on thermo-responsive polymers and characterized for phagocytosis and cytokine secretion in
response to lipopolysaccharide stimulation. We found that both cell types differentially respond in dependence of culture and
stimulation on thermo-responsive polymers. In contrast to THP-1 macrophages, primary monocyte—derived macrophages
showed no signs of impaired viability, artificial activation, or altered functionality due to culture on thermo-responsive polymers
compared to conventional cell culture. Our study demonstrates that along with commercially available UpCell carriers, two
other thermo-responsive polymers based on poly(vinyl methyl ether) blends are attractive candidates for differentiation and
gentle detachment of primary monocyte—derived macrophages. In summary, we observed similar functionality and viability
of primary monocyte—derived macrophages cultured on thermo-responsive polymers compared to standard cell culture
surfaces. While this first generation of custom-made thermo-responsive polymers does not yet outperform standard culture
approaches, our results are very promising and provide the basis for exploiting the unique advantages offered by custom-made
thermo-responsive polymers to further improve macrophage culture and recovery in the future, including the covalent binding
of signaling molecules and the reduction of centrifugation and washing steps. Optimizing these and other benefits of thermo-
responsive polymers could greatly improve the culture of macrophages for tissue engineering applications.

Keywords
Thermo-responsive polymers, monocytes, macrophages, cell detachment, cytokines

Date received: 20 May 2017; accepted: 25 July 2017

Introduction

'Center for Sepsis Control and Care, Jena University Hospital, Jena,
Germany

2L eibniz Institute of Polymer Research Dresden, Institute of
Biofunctional Polymer Materials, Max Bergmann Center of

Macrophages are essential in the homeostasis of higher
vertebrates and the defense against pathogenic germs and
helminthes. Their functions range from initiating, main-

taining, and resolving host inflammatory responses and
wound healing to presentation of microbial antigens via
major histocompatibility complexes to T cells resulting in
immunity of the host against the pathogen.!:? To fulfill
these functions, macrophages react sensitive to xenobiotic
stimuli such as microbe-associated molecular patterns
(MAMPs) or changes in the microenvironment within tis-
sues. As part of the activation process, macrophages
secrete soluble factors, such as cytokines, that is, to recruit
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circulating immune cells as part of the host defense
response.’ Macrophages reside in most of the human tis-
sues where they are central in the inflammatory responses
upon MAMP stimulation.

However, most in vitro models neglect the function of
tissue macrophages. Reasons for this include the remark-
able firm attachment of mature macrophages to the cell
substrate during cell culture and the low threshold of an
artificial activation during cell detachment. So far, most
protocols for macrophage detachment rely on enzymatic
digestion of cell adhesion molecules. However, the degra-
dation of cell surface molecules potentially alters mac-
rophage behavior and function. Supporting this assumption,
Chen et al.* have recently shown that trypsin treatment of
macrophages renders their surface marker expression level
and alters cellular functionality on standard cell culture
surfaces.

Furthermore, enzymatic harvesting of cells requires
additional centrifugation and washing steps potentially
resulting in a loss of valuable cell material. Alternatives
to enzymatic harvesting procedures are therefore required
to allow an appropriate transfer and embedment of dif-
ferentiated non-activated macrophages into engineered
tissues.

Over the last decades, many groups reported different
protocols for the controlled detachment of adherent cells
and cell sheets using thermo-responsive polymers (TRPs)
for tissue engineering purposes.® TRPs, such as the widely
used polymers poly(N-isopropylacrylamide) (PNiPAAm)
or poly(vinyl methyl ether) (PVME), exhibit a thermally
stimulated volume phase transition close to the physiologi-
cal cultivation temperature.®’ A variety of technological
approaches to prepare and to permanently anchor TRP
coatings on suitable substrate materials were reported.®?
Beyond the straightforward observation of cell detach-
ment, the change in physico-chemical properties of respon-
sive coatings!*1* as well as respective cell interactions
were investigated.!>!6 It was reported that the thermo-
responsive detachment of cells and cell sheets including
their extracellular matrix is a complex phenomenon with a
number of cell-type-specific effects to be considered.!”
Within this context, the crucial role of cell-type-specific
balance between adhesion and thermo-responsive detach-
ment was studied to meet the requirements of particular
cells and tissues.!®!? These studies established a platform
technology to fabricate thermo-responsive cell culture car-
riers with graded properties including physico-chemical
and biomolecular parameters. Based on this, in this study,
we focused on the characterization of various TRPs for
culture and detachment of macrophages. We systemati-
cally investigated the effects of four recently established
PVME-based TRP cell culture carriers!®!? and compared
the results of macrophage functionality before and after
cell detachment with the commercially available
PNiPAAm-based cell culture carrier UpCell™ (UC;

Nunc™, Thermo Fisher Scientific, Waltham, MA, USA).
In particular, we used macrophages differentiated from the
myeloid cell line THP-1 as well as macrophages differenti-
ated from isolated human primary monocytes.?’2* Both
cell types were characterized for cell viability after cell
detachment. Metabolic activity, phagocytic capacity as
well as the expression and secretion of pro- and anti-
inflammatory cytokines in response to lipopolysaccharide
(LPS) stimulation were investigated before detachment
from TRP specimens.

Materials and methods

This study does not include experiments using animals.
The ethics committee of the Jena University Hospital
approved the study (3939-12/13).

Cell culture carriers

PVME-based TRP coatings were prepared on Nunc™
Thermanox™ coverslips with a diameter of 13 or 25 mm
(Thermo Fisher Scientific) as follows: coverslips were
treated with air plasma (Harrick Plasma Cleaner PDC-002,
1 min) to improve the wetting behavior for the following
coating procedures. Subsequently, different blends of
PVME as the main component (TCI Europe, Zwijndrecht,
Belgium), the alternating copolymer of PVME and maleic
acid (PVMEMA, Sigma-Aldrich, Munich, Germany), and
poly(N-isopropylacrylamide) (PNiPAAm, Sigma-Aldrich)
were prepared by spin coating (solution 2% (w/w) or 10%
(w/w) in methanol, 2000 rpm, 1500 rpm s~!, 30 s) on hydro-
philized Thermanox™ surfaces. Simultaneous cross-
linking and immobilization® was carried out with 150keV
electron beam irradiation using the low-energy electron
facility ADU (Advanced Electron Beams, Wilmington,
MA, USA) under nitrogen atmosphere at room tempera-
ture. Samples were irradiated with an absorbed dose of
258 or 774kGy. The dose was applied stepwise in order to
reduce the temperature increase during electron beam
treatment. Samples were rinsed in de-ionized water and
ethanol to remove any unbound material. Finally, maleic
acid groups were converted into anhydride moieties in a
thermal annealing step (90°C, overnight) to allow for
covalent protein binding.

The variety of PVME-based TRP carriers used in this
study is summarized in Table 1. Structure formulae of
applied blend components are shown in Figure 1.
Additional information on physico-chemical characteriza-
tion of TRP coatings by spectroscopic ellipsometry,
nanoindentation, and X-ray photoelectron spectroscopy is
given in Teichmann et al.!$1°

The selected blend compositions represent favorite
cases identified in previous studies. Briefly, the prepara-
tion parameters correspond to the actual surface proper-
ties of the cell culture carrier as follows: the ratio of the
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Table I. Preparation parameters for thermo-responsive cell culture carriers used for this study.

Identifier Blend composition (wt %) Solution (wt %) Irradiation dose (kGy)
Al PVME;,-PNiPAAmM,,-PYMEMA 2 774
A2 PVME;,-PNiPAAmM,,-PYMEMA 10 774
Bl PVMEy,-PYMEMA,, 10 774
B2 PVMEy-PYMEMA, 10 258

Identifiers are used throughout the text.
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Figure 1. Structure formulae of applied blend components.

TRPs PVME and PNiPAAm determines cell adhesion and
detachment properties. The content of PVMEMA deter-
mines the density of reactive anhydride moieties for cova-
lent protein binding from the cell culture medium. A high/
low concentration of the solution during spin coating
leads to a high/low dry thickness of the obtained polymer
layer (a few 10nm vs a few 100nm). A high/low irradia-
tion dose during electron beam cross-linking leads to low/
high degree of swelling below the transition temperature,
which corresponds to a high/low elastic modulus of the
swollen material '8!

TRP blends composed of PVME and PNiPAAm were
compared to commercially available PNiPAAm-based
UCs and uncoated Thermanox™ cell culture carriers
(CTRL). All cell culture carriers were initially sterilized
with 70% ethanol for 30 min before cell seeding. Results
of cell culture evaluation were normalized to cell density
and culture area.

Primary monocytes and THP-1 cultivation and
differentiation

Primary monocytes were isolated from whole blood of
healthy human individuals as previously reported.?#?
Monocytes were collected from one donor per experiment.
We normalized the obtained data for each experiment to
the corresponding CTRL condition (see figure captions),
due to well-known donor-specific inter-individual variates
in monocyte biology and responsiveness to TRP coatings.
Subjects were informed about the aim of the study and
gave written informed consent. Cell isolation and culture

were performed in a sterile, endotoxin-low environment.
Primary monocytes were seeded on the above-mentioned
cell culture carriers and were differentiated to primary
monocyte—derived macrophages for 6 days in X-VIVO15
medium containing 10% autologous serum and 10ng/mL
granulocyte-macrophage colony-stimulating factor. THP-1
cells were obtained from German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig,
Germany) and cultured in Roswell Park Memorial Institute
(RPMI) 1640 supplemented with 10% fetal calf serum
(FCS) (Life Technologies, Karlsruhe, Germany). After
seeding on cell culture carriers, THP-1 were differentiated
for 6days to macrophages by addition of 10ng/mL
12-O-tetradecanoylphorbol-13-acetate (TPA) in RPMI
1640 supplemented with 10% FCS. 1.5x 103 THP-1 cells/
cm? or 1.0x 105 primary monocytes/cm? were seeded on
cell culture carriers.

Growth, detachment, and quantification of
macrophages

Adherent macrophages cultured on PVME-based TRPs A1,
A2, B1, B2, or CTRL were transferred after 6 days of differ-
entiation into a new six-well plate (Greiner BioOne,
Frickenhausen, Germany) containing 37°C warm X-VIVO15
medium and were used for indicated assays. Macrophages
on UC dishes were rinsed with 37°C warm X-VIVOI5
medium and were used for the indicated assays.

Prior to cell detachment, carriers were rinsed once with
37°C warm medium on a 37°C warm heating plate HP-3
(Kunz Instruments, Nynashamn, Sweden). Subsequently,
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for detachment and flow cytometry analysis (vitality assay
and phagocytosis assay), TRP carriers with differentiated
macrophages were transferred into a new six-well plate
(for UC, cells were left in the dish) filled with 25°C warm
X-VIVOI15 medium and were incubated for 60min at
25°C. Macrophages on CTRL were detached by incuba-
tion with 0.25% trypsin for 10 min at 37°C. Detached cells
were collected by centrifugation at 300 x g for Smin at
room temperature and resuspended in 1x annexin V bind-
ing buffer or phosphate-buffered saline (PBS)/0.1% bovine
serum albumin (BSA)/2mM EDTA for subsequent viabil-
ity and cell content analysis using flow cytometry.

Quantification was performed by flow cytometry and
cell debris was excluded from counting by adjustment of
forward and sideward scatter. Cell counts of macrophages
detached from thermo-responsive carriers were normal-
ized to cell counts obtained from CTRL (uncoated
Thermanox™ cell culture carriers).

Evaluation of macrophage viability using MTT

Differentiated adherent macrophages on TRPs and CTRL
were transferred into a new well plate and washed once
with the respective culture medium at 37°C. For the MTT
assay, cells were incubated for 4h at 37°C in 500 uL of
37°C warmed medium containing 50 uL of 3-(4,5-methyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
VWR, Darmstadt, Germany) solution (2mg/mL in PBS,
pH 7.4). Subsequently, supernatants were discarded and
the remaining formazan crystals formed from MTT were
dissolved in 1 mL isopropanol. Then, the plate was shaken
for 10min and centrifuged (400xg, Smin). Finally, the
isopropanol/formazan solution was aliquoted (100 uL)
into a 96-well plate. The absorption of dissolved formazan
was measured at 570nm using a FLUOstar omega micro-
plate reader (BMG Labtech, Germany) and MARS data
analysis software version 2.41.

Viability assay

Cell viability assay was performed using Annexin V PE and
7-amino-actinomycin D (7-AAD) staining. Fluorescence
intensity was measured on a FACSCanto II within 1h
according to manufacturer’s recommendations. Gating for
detecting viable, apoptotic, and dead cells is shown in
Supplementary Figure 1. Data were analyzed using FlowJo
version 7.6.5. (TreeStar, Ashland, OR, USA).

Phagocytosis assay

Differentiated and attached macrophages on TRPs and CTRL
were incubated 24h with opsonized pHrodo™ Escherichia
coli BioParticles® (Invitrogen, Karlsruhe, Germany) accord-
ing to manufacturer’s protocol. Bioparticles-to-monocyte
ratio was adjusted to 2:1. Macrophages were detached by a
temperature shift to 25°C for 60 min (TRPs) or by trypsin

treatment for 10min at 37°C (CTRL). Subsequently,
detached cells were collected by centrifugation at 300x g
for 5min at room temperature and cells were resuspended
in PBS/2mM EDTA/0.1% BSA. Particles taken up by
phagocytosis were measured by flow cytometry. Gating
strategy for phagocytosis quantification is shown in
Supplementary Figure 2. Extracellular pHrodo™-
Bioparticles® adhering to cell surface did not contribute to
quantification (lack of signal).

Ribonucleic acid isolation and complementary
deoxyribonucleic acid synthesis

Differentiated adherent macrophages on TRPs and CTRL
were stimulated with 100ng/mL LPSs (E. coli strain
EO0111:B4; Sigma-Aldrich) or left untreated for 24h.
Supernatants were cleared by centrifugation at 300 x g at
4°C for 10min and were transferred into a new vial and
subsequently stored at —80°C until cytometric bead array
(CBA) analysis. Adherent macrophages were lysed using
Trizol (Invitrogen) and total RNA was isolated with the
Qiagen RNeasy Mini kit (Qiagen, Hilden, Germany)
including on-column DNase I digestion (Qiagen).?
Complementary DNA (cDNA) was prepared with Revert
Aid First Strand ¢cDNA Synthesis Kit (Fermentas, St.
Leon-Rot, Germany), 5ug of total RNA, and 500ng/pL
oligo-dT primers (Table 4).27

Quantitative real-time polymerase chain
reaction

Quantitative real-time polymerase chain reaction (PCR)
was performed on a LightCycler 480 (Roche Diagnostics,
Mannheim, Germany) using QuantiTect SYBR® Green
PCR kit (Qiagen).?” Primers (Table 4) were purchased
from Invitrogen. PCR runs included a 15 min pre-incuba-
tion at 95°C, followed by a 40-cycle two-step PCR con-
sisting of a denaturing phase at 94°C for 15s and a
combined annealing and extension phase at 60°C for 30s.
Results were analyzed using LightCycler software version
1.5.0.39. The sequences of PCR primers used in this study
are given in Table 2.

Cytometric bead array

Secreted interleukin (IL)-10, IL-1f3, and tumor necrosis fac-
tor (TNF) were measured by CBA FlexSets (BD Biosciences,
Heidelberg, Germany) and analyzed with the FCAP Array
software version 2.0.2 (Soft Flow, Pecs, Hungary).

Statistical analysis

All results are reported as mean with standard deviation
(SD). Vitality and cytokine expression and secretion assays
were analyzed by multiple comparison using two-way
analysis of variance (ANOVA) with Tukey’s multiple



Rennert et al.

Table 2. PCR primers used in this study.

mRNA mRNA name GenBank Forward primer Reverse primer Amplicon
accession no. size (bp)

TNF Tumor necrosis factor NM_000594.1 TCTTCTCGAACCC GGTACAGGCCCTCT 159
CGAGTGAC GATGGC

IL-1B8 Interleukin I, beta NM_000576 TCCCTGCCCACAG GTGCATCGTGCACA 115
ACCTTC TAAGCCT

RPL37A Ribosomal protein L37a NM_000998 ATTGAAATCAGCCA AGGAACCACAGTGC 94
GCACGC CAGATCC

IL-10 Interleukin 10 NM_000572.2 CCTGTGAAAACAAG TCACTCATGGCTTT 88
AGCAAGGC GTAGATGCC

PCR: polymerase chain reaction; mRNA: messenger RNA; TNF: tumor necrosis factor; IL: interleukin.

In each case, forward and reverse primers are located in different exons.

testing correction. Comparison of cytokine secretion
between the two macrophage types was analyzed by two-
way ANOVA with Sidak’s multiple comparisons test.
Statistical analysis of cell quantification and phagocytosis
efficiency was done with two-tailed, paired Student’s
t-test. All statistical tests were performed using GraphPad
Prism 6 software (Graphpad Software, La Jolla, CA,
USA). Statistical significances between CTRL and TRPs
are indicated by *p<0.05, **p<0.01, ***p<0.001, and
*A**p<0.0001. Statistical significances between primary
monocyte—derived macrophages and THP-1 macrophages
are indicated by #p<0.05 and ##p<0.01.

Results

Culture and detachment

Adherence and growth of primary human macrophages
(derived from primary monocytes and THP-1 monocytes)
on Al, A2, Bl, B2, UC, and CTRL were evaluated by
microscopic images (Figure 2(a)). Both monocyte cell
types adhered and differentiated to macrophages within
6days. No morphological differences were observed
between culture of adherent macrophages on TRPs and
CTRL (Figure 2(a)). Macrophages were subsequently
detached from TRPs by decreasing the temperature to
25°C for 60min. We observed a higher number of both
monocyte-derived and THP-1 macrophages remaining on
cell culture carriers coated with TRP B1 compared to TRPs
Al, A2, B2, and UC. Furthermore, after temperature
reduction, a minor amount of THP-1 macrophages still
adhere to PVME-based TRPs but not to UC surfaces
(Figure 2(a)). However, with respect to harvested cell
numbers, we found no significant differences between
macrophages detached from TRPs and from CTRL, where
cells were detached by trypsin treatment (Figure 2(b)).

Viability
Cell viability and metabolic activity were measured using
the MTT assay. We observed no differences in the metabolic

activity of attached macrophages cultured on TRPs and
CTRL, indicating that adhesive cells were not altered in
their metabolic capacity by the cell substrate (Figure 3(a)).
Furthermore, after cell detachment from TRPs and from
CTRL, the cell viability and induction of cell death were
assayed by Annexin V and 7-AAD staining (Figure 3(b)).
For human primary monocyte—derived macrophages, we
found no differences after TRP detachment compared to
trypsin-treated cells from CTRL. However, viability of
THP-1 macrophages was significantly reduced after detach-
ment from PVME-based TRPs compared to CTRL. In addi-
tion, THP-1 macrophages detached from A2, B1, and B2
exhibited an increased number of dead cells, which was not
observed after cell detachment from UC (Figure 3(b)).

Phagocytosis

Phagocytosis of microbial components and endogenous
cell debris is a major function of differentiated mac-
rophages in vivo. Phagocytosis capability was therefore
analyzed by quantification of pHrodo™ E. coli bioparti-
cles internalized within 24 h by adherent macrophages cul-
tured on TRPs and on CTRL (Figure 4 and Supplementary
Figure 3). Although no differences to CTRL were meas-
ured for attached primary monocyte—derived macrophages
cultured on TRPs A2, B2, and UC, macrophages cultured
on TRP A1 displayed a significant decrease in their phago-
cytosis activity (mean+SD: 85%=+12%) compared to
CTRL (Figure 4(a)).

For adherent THP-1 macrophages, statistically signifi-
cant differences were detected for TRPs A2 and B1 when
compared to CTRL. On these TRPs, the efficiency of mac-
rophage phagocytosis was marginally increased (A2:
114%+8%; B1: 112%+9%; Figure 4(b)).

Cytokine expression and secretion

Macrophages can become easily activated by contact to
MAMPs but also xenobiotic substrates such as biomateri-
als used in tissue engineering which is not desirable.?8?? In
addition, it is necessary to maintain the reactivity of
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(a) Primary monocyte-
derived macrophages after detachment THP-1 macrophages after detachment
(60 min at 25°C) after 6 d differentiation (60 min at 25°C)

after 6 d differentiation
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Figure 2. Culture of human primary monocyte—derived macrophages and THP-1 macrophages on TRPs and CTRL and their
detachment. (a) Representative microscopic images of adherent macrophages differentiated for 6 days on TRPs and CTRL are
shown in the first (primary monocyte—derived macrophages) and third (THP-1) columns. Representative microscopic images of
the TRPs after detaching macrophages for 60 min at 25°C are shown in the second (primary monocyte—derived macrophages) and
fourth (THP-1) columns. Magnification: 40x%. (b) Quantification of detached macrophages from TRPs by temperature reduction
compared to trypsin-treated macrophages from CTRL. The means and standard deviations of three independent experiments are
shown.
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Figure 3. Metabolic activity and vitality state of macrophages attached to TRPs and CTRL (a) and detached (b) from TRPs

and CTRL. (a) MTT assay of primary monocyte—derived macrophages (left panel) and THP-1 macrophages (right panel). Data
obtained were set into relation to data from macrophages on CTRL. (b) Viability analysis of detached primary monocyte—derived
macrophages (left panel) and THP-I macrophages (right panel) were performed by flow cytometry. Cells were stained with 7-AAD
(dead cells) and Annexin V PE (apoptotic cells) allowing discrimination of vital, apoptotic, and dead cells. For better view, error bars
are only shown in one direction. For MTT and vitality assays, the means and standard deviations of three independent experiments
are shown. (b) Asterisks inside the bar represent significant changes in vital cells detached from TRPs compared to detached cells
from CTRL. Asterisks above the bars represent significant changes of dead cells from TRPs compared to CTRL.
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Figure 4. Effect of TRPs on phagocytic activity of adherent macrophages. Phagocytosis of opsonized pHrodo™ Escherichia coli
BioParticles® for 24 h by (a) primary monocyte—derived macrophages and (b) THP-1 macrophages is shown for the indicated TRPs
compared to CTRL. Relation of MFI of phagocytosed fluorescent pHrodo particles in macrophages on TRPs to MFl of phagocytosed
fluorescent pHrodo particles in macrophages on the control surface is shown. The means and standard deviations of four
independent experiments are shown.

macrophages to MAMPs, for example, LPS, to achieve  with the expression and release of various cytokines
responsive macrophages for tissue engineering applica- including pro-inflammatory cytokines TNF, IL-1p, as well
tions. Activation of macrophages is thereby associated as the anti-inflammatory cytokine IL-10.3> We therefore
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Figure 5. Cytokine secretion of adherent macrophages grown on TRPs and CTRL surface. Secretion of TNF, IL-1f, and IL-10 by
unstimulated and 100ng/mL LPS stimulated primary monocyte—derived macrophages is shown in (a)—(c). Secretion of TNF, IL-1b,
and IL-10 by unstimulated and 100 ng/mL LPS stimulated THP-1 macrophages is shown in (d)—(f). Stimulation was performed for
24h. Data from attached macrophages on TRPs were set into relation to data from macrophages adhered to CTRL. The mean and

standard deviation of three independent experiments are shown.

measured the mRNA expression and the release of these
three cytokines by adherent macrophages cultured on the
respective TRPs. Furthermore, the inducibility of mac-
rophage immune response upon LPS stimulation was
characterized.

Attached human primary monocyte—derived mac-
rophages displayed no significant differences in TNF,
IL-1B, and IL-10 mRNA expression on all investigated
TRPs compared to CTRL, irrespective of whether they
were left untreated or challenged with LPS for 24h
(Supplementary Figure 4(a)—(c)). In contrast, adherent

THP-1 macrophages showed significantly higher TNF,
IL-18, and IL-10 mRNA expression on TRP B2
(Supplementary Figure 4(d)—(f)).

Significant differences for cytokine secretion were
observed for adherent primary monocyte—derived mac-
rophages and THP-1 macrophages (Figure 5 and
Supplementary Figure 5). Primary monocyte—derived mac-
rophages showed similar secretion levels of cytokines when
cultured on TRPs and CTRL. However, after LPS treatment,
adherent macrophages cultured on B2 secreted a signifi-
cantly reduced amount of TNF. Furthermore, attached
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Table 3. Trends observed with different assays for human primary monocyte—derived macrophages on TRPs and CTRL.

Read-out TRP

Al

A2

ucC

Detachment

Vitality

Phagocytosis

TNF secretion untreated
TNF secretion +LPS
IL-1B secretion untreated
IL-1B secretion +LPS
IL-10 secretion untreated
IL-10 secretion +LPS

1A

TRP: thermo-responsive polymer; TNF: tumor necrosis factor; LPS: lipopolysaccharide; IL: interleukin; =: similar to CTRL; <: lower than CTRL; >:

higher than CTRL.
CTRL was set as standard.

Table 4. Trends observed with different assays for THP-1 macrophages on TRPs and CTRL.

Read-out TRP

Al

Detachment

Vitality

Phagocytosis

TNF secretion untreated
TNF secretion+LPS
IL-1B secretion untreated
IL-18 secretion+LPS
IL-10 secretion untreated
IL-10 secretion +LPS

I A

AN NN ANANA

AN ANV A

Al

1A

A NV A

Al

AN NN NANNA

TRP: thermo-responsive polymer; TNF: tumor necrosis factor; LPS: lipopolysaccharide; IL: interleukin; =: similar to CTRL; <: lower than CTRL; >:

higher than CTRL.
CTRL was set as standard.

macrophages cultured on UC exhibited a significantly
increased IL-10 secretion upon LPS challenge (Figure 5(a)
and (c) and Supplementary Figure 5(a)).

Adherent THP-1 macrophages displayed a significantly
reduced secretion of TNF compared to adherent primary
monocyte—derived macrophages on TRP A1, A2, B1, and
UC (Supplementary Figure 5(d)). THP-1 macrophages
further secreted significantly reduced cytokine levels of
TNF and IL-1B on all PVME-based TRPs compared to
CTRL, either left untreated or LPS challenged (Figure 5(d)
and (e)). In addition, THP-1 macrophages cultured on UC
showed a significantly reduced TNF secretion (Figure
5(d)). For IL-10 secretion, we only found minor differ-
ences depending on TRP substrate or LPS stimulation.
Secretion of IL-10 by THP-1 macrophages was reduced on
TRP A1 and A2 (Figure 5(f)). Furthermore, THP-1 did not
show any induction of IL-10 secretion after LPS treatment,
which is in line with previous reports.’® All observations
are summarized in Tables 3 and 4.

Discussion

Today’s standard method to detach macrophages relies on
enzymatic digestion of surface molecules. However, it is
known that enzymatic digestion could harm macrophages
marker expression and functionality. Chen et al. recently
observed significant impact of enzymatic cell detachment
by trypsin treatment on macrophage functionality. They
detected reduced macrophage expression of CD14, CD163
and CD206, decreased uptake of hemoglobin AO/hapto-
globin, and dextran after macrophages detachment.*
Furthermore, it was shown that partial cleavage of CD14
by enzymatic digestion correlates with the loss of the func-
tional response to LPS.31:32 This could potentially intro-
duce bias in studies involving macrophages intended for
functional studies. The use of recently established TRPs
could allow to circumvent these drawbacks. Therefore, we
evaluated in this study whether custom-made TRPs could
be useful as non-activating cell substrates and alternative
detachment approach of macrophages.
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Adhesive THP-1 macrophages on TRPs already exhib-
ited a significant decline in cytokine secretion compared
to culture on uncoated surfaces already in the absence of
LPS. As cytokine mRNA expression of macrophages on
TRPs was not significantly reduced compared to mac-
rophages grown on uncoated surfaces, the reduced
cytokine secretion observed could be a result of a dimin-
ished protein stability or an impaired cytokine exocyto-
sis. However, this has to be proven in follow-up studies.
In contrast, macrophages derived from primary mono-
cytes and cultured on TRPs were fully responsive to LPS.
Furthermore, significant differences in secreted TNF lev-
els between primary monocyte—derived macrophages
and THP-1 macrophages were observed. Schildberger
et al.’% had demonstrated that THP-1 monocytes exhibit
significantly reduced TNF secretion compared to primary
monocytes upon LPS challenge. This impairment was
also seen for THP-1 macrophages cultured on uncoated
surfaces compared to macrophages derived from primary
monocytes.

The effects of TRPs on cytokine secretion by murine
macrophages were studied by others.?33* Fan et al. used
the cell line RAW264.7 cultured on PNiPAAm polymers
in different compositions. They observed an increase in
IL-1p secretion when growing cells for 48 h without addi-
tional stimulation. Bygd et al.3* have demonstrated that
functionalized PNiPAAm particles with different chemical
modifications induce specific cytokine secretion of TNF,
IL-10, and arginase. These results, however, are difficult to
extrapolate to our study, as differences might be related to
variations in the chemical composition of the polymers,
species-related differences of macrophages, and a short-
ened cell incubation time.

Both macrophage types adhesive on TRPs and CTRL
efficiently phagocytose microbial particles. We demon-
strated that macrophages cultured on PNiPAAm or PVME-
based polymers were not altered in their phagocytic
capacity. Phagocytosis of THP-1 macrophages on UC sur-
face was also investigated by MaeB et al.3> Although dif-
ferent particles and different time points were used, both
studies show no effect of the UC surface on macrophage
phagocytosis when compared to control.

The characterized thermo-responsive carriers allowed
an appropriate initial adhesion of macrophages and a
decrease in temperature for 1h to 25°C resulted in the
expected detachment of almost all adherent macrophages.
The number of detached macrophages obtained from TRPs
and uncoated surfaces were comparable. Similar results
were found by Collier et al.,>® where monocyte adhesion
and macrophage detachment were studied on different
PNiPA Am-coated surfaces and compared to tissue culture
polystyrene substrates. Collier et al. measured cell viabil-
ity by determination of the number of adhesive monocytes
upon subculture. Here, we have given additional insight
into the effect of the thermo-responsive carriers by

analyzing the metabolic activity of attached macrophages
including a quantification of the percentage of vital, apop-
totic, and dead cells after detachment from TRPs. We dem-
onstrated that THP-1 macrophages had a higher percentage
of dead cells after detachment from TRPs A1, A2, B1, and
B2 compared to enzymatically harvested cells. In contrast,
we found no differences in viability for human primary
monocyte—derived macrophages detached from TRPs and
uncoated surfaces.

THP-1 macrophage differentiation is induced by TPA
stimulation. However, THP-1 macrophages dedifferentiate
again into a monocytic cell types when TPA is detracted
from the cell culture medium.?? In addition, a prolonged
culture of THP-1 macrophages with the diacylglycerol
analogue TPA will likely lead to physiological alterations
in co-cultured cells. Due to this limitation in macrophage
differentiation of THP-1 and the known impairment of
cytokine secretion ability upon LPS stimulation, this cell
line might not be an optimal model to study inflammatory
responses in bioengineered tissues.

Conclusion

In conclusion, our study reveals that along with commer-
cially available UCs, the TRPs A2 (PVME,,-PNiPAAm,;-
PVMEMA () and B1 (PVME,;-PVMEMA ) appear to be
attractive candidates for differentiation of primary mono-
cyte—derived macrophages. Macrophages were shown to
adhere to these polymers without additional activation and
show similar cellular functionality like macrophages on
conventional cell culture surfaces. These macrophages are
vital, show no signs of an unintended activation, and main-
tain their responsiveness to inflammatory triggers when
cultured on TRPs.

Although there is no obvious advantage for the func-
tionality of primary monocyte—derived macrophages on
TRPs compared to standard cell culture surface, the cus-
tom-made TRPs exhibit two important benefits: First,
TRPs as cell substrate permits the reduction of centrifuga-
tion and washing steps, thereby minimizing the risk of cell
loss. Second, and most important, these TRPs owe maleic
acid groups that can be converted into reactive anhydride
moieties allowing covalent protein binding. In the future, it
could be important to polarize macrophages depending on
the favored organ model or application. Macrophages
orchestrate acute inflammation, host defense, and resolu-
tion of inflammation where they undergo marked pheno-
typic and functional changes toward pro-inflammatory M1
and anti-inflammatory M2 subtypes.’® In this simplified
model, M1 and M2 are hallmarks of two opposite activa-
tion stages within a continuum and rapid transitions among
each other. Custom-made TRPs allow the coupling of a set
of bioactive substances, that is, chemokines or small mol-
ecule agonists could be bound to the anhydride moieties
before seeding monocytes. These functionalized polymers
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would allow the induction and collection of macrophages
in an already pre-defined differentiation and polarization
state for subsequent tissue integration.

This characteristic feature is unique to our novel TRP
specimens, which have been thoroughly characterized for
its impact on macrophage physiology.
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Supplementary Figure |. Gating for macrophage viability assay. Upper panel: primary monocyte—derived macrophages, lower

panel: THP-1 macrophages. Representative analyses of macrophages grown on CTRL and detached by trypsin are shown. Regions
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macrophage populations and their representative histogram plot for pHrodoTM MFl is shown.



Rennert et al. 15

Primary
monocyte-derived macrophages THP-1 macrophages

150- 1501

>

100+ 100

50+

Metabolic activity
(% compared to control)

Metabolic activity
(% compared to control)

= = Bl Dead cells

3 1 R Apoptotic cells
3 100, 3 1001 3 Vital cells

3

82 e

S— sn_ - sn.

£ £

g 8

= S

> >

CTRL A1 A2 B1 B2 uc

Supplementary Figure 3. Phagocytosis of macrophages on TRPs and CTRL. Macrophages were incubated for 24 h with
opsonized pHrodoTM Escherichia coli BioParticles and subsequently detached by temperature reduction or trypsin treatment and
analyzed by flow cytometry. Percentages of pHrodo positive primary monocyte—derived macrophages and THP-1 macrophages are
shown in (A) and (B), respectively. (C) and (D) show MFI of intracellular pHrodo in primary monocyte—derived macrophages and
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Supplementary Figure 4. Cytokine expression of macrophages grown on TRPs and CTRL. After 6 days of differentiation
adherent macrophages were stimulated with 100 ng/mL LPS or left untreated for 24 h. Expression levels in primary monocyte—
derived macrophages (A) to (C) for TNF (A), IL-1B (B), and IL-10 (C) grown on TRPs compared to CTRL are shown. Expression
levels in THP-1 macrophages (D) to (F) for TNF (D), IL-1B (E), and IL-10 (F) grown on TRPs compared to CTRL are shown. The
means and standard deviations of four independent experiments are shown.
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Supplementary Figure 5. Cytokine secretion of macrophages grown on TRPs and CTRL. Six days differentiated and adherent

macrophages were stimulated with 100ng/mL LPS or left untreated for 24 h. Secretion levels (pg/mL) of primary monocyte—derived

macrophages (A) to (C) for TNF (A), IL-1 (B), and IL-10 (C) grown on TRPs and CTRL are shown. Secretion levels (pg/mL) of

THP-1 macrophages (D) to (F) for TNF (D), IL-1§3 (E), and IL-10 (F) grown on TRPs and CTRL are shown. The means and standard

deviations of three independent experiments are shown.





