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Abstract

Cells of the mononuclear phagocytic system including monocytes and macrophages (e.g., pooled 

human monocytes, bone marrow-derived macrophages, etc.) are often employed for in vitro 
assessment of novel biomaterials and to assay anti-inflammatory drug activity. In this context, 

numerous macrophage cells are treated interchangeably in the literature despite a lack of 

demonstrated equivalence among immortalized cell lines and further, between cell lines and 

primary-derived macrophages of different species. Three murine (monocyte-) macrophage cell 

lines (IC-21, J774A.1, and RAW 264.7), commonly utilized in biomaterial and pharmaceutical 

screening research, have been compared with primary-derived murine bone marrow macrophages. 

Significant differences were discovered in the expression of cell surface proteins requisite for cell 

adhesion and activation among cell lines and primary-derived cells as well as between the different 

cell lines. Results demonstrate activation but with reduced cytokine expression to chemical 

stimulus (lipopolysaccharide) by cell lines compared with that of primary-derived macrophages. 

Limited correlation between cultured primary and immortalized cells in cytokine production, 

phenotype and intrinsic activation states has relevance to fidelity for in vitro testing. These 

differences warrant justification for selection of various cell lines for specific assay purposes, and 

merit caution if comparisons to primary cell types (i.e., for biocompatibility) are required.
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INTRODUCTION

Animal models have been extensively utilized in pre-clinical studies of pharmaceuticals and 

biomaterials testing for nearly a century.1 Inflammatory disease and related biomaterials/

biocompatibility research have both exploited numerous in vitro and in vivo experimental 

systems required prior to human clinical trials. Because of an abundance of reagents and 

species-specific probes, cost effectiveness, and abundant gene knock-in and knock-out 

variants, murine models are often employed in survey and pre-clinical studies as the first 

step in the transition between in vitro models and pre-clinical trials. The prevalence of the 

murine model in pre-clinical in vivo studies has led to extensive use of murine cells as 

in vitro models.2,3 Significantly, use of the same species for in vivo and in vitro studies 

allows identical assay reagents to be used, and permits facile comparisons of in vitro to 

in vivo data. However, equivalence of murine models to humans is frequently questioned; 

obvious differences in comparative disease pathology and healing, as well as physiology and 

anatomy exist (e.g., murine vs. human bone, skin, blood). Hence, human cells are often used 

for in vitro studies of inflammation, and many similarities between immortalized human 

monocytic cell lines (e.g., U937, THP-1) and primary human blood monocytes have been 

demonstrated.4–6 Significantly, studies employing these immature phenotypes often require 

addition of a stimulant phorbol ester [e.g., 12-O-tetradecanoylphorbol-13-acetate (TPA)]7,8 

to promote differentiation to a mature, adherent phenotype. This further complicates the 

study of inflammatory outcomes related to these cell types given that these stimulant 

molecules are known to have specific effects on cellular behavior, including activation of 

protein kinase C, calcium release, and increases in proliferation.8,9 Additionally, maturation 

protocols vary across the literature, with concentrations of TPA varying from 10 to 100 

ng/mL, and incubation times ranging from hours to days.6,7,10,11

In contrast, murine cell lines offer the advantage of an immortalized, relatively stable, 

mature, adherent macrophage phenotype. The murine cell lines J774A.1, RAW 264.7 and 

IC-21 all exhibit the maturity markers F4/80 and Mac-1,12,13 indicating their macrophage-

like phenotype, and have been used for models of macrophage activation in numerous 

studies.2,14–22 Thousands of published reports use these murine cells interchangeably as 

putative analogs to human macrophages without sufficient assessment of their functional 

changes according to their stage of differentiation.2,14–21 To date, extensive characterization 

studies which examine basal expression levels of relevant biomarkers (extracellular 

matrix proteins, signaling proteins, cytokines, chemokines, etc.) in 2D tissue culture 

systems employed for in vitro modeling have not been performed sufficiently on these 

models. Although several murine cell types have been repeatedly employed for in 
vitro studies,15,21,23–25 limited validation by direct comparison to either primary murine 

macrophage cells or to each other has been reported. Thus, accurate comparisons between 

numerous studies using different immortalized murine cell lines are difficult, making precise 

relevance and fidelity to in vivo murine or human inflammatory responses indeterminable.

Macrophage cells represent a highly differentiated cell phenotype of the mononuclear 

phagocyte system that orchestrate host inflammatory response and wound healing.26 These 

cells originate in the bone marrow as monoblasts and promonocytes, which mature into a 

peripheral blood monocyte and finally differentiate into a tissue-resident macrophage. Cells 
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exist along this maturation pathway in a gradient of immature to mature phenotypes.26 In 
vitro studies commonly involve culture of commercially sourced macrophage cell lines on 

medical device surfaces or culture surfaces (e.g., 96-well plastic plates).18,27 Macrophage 

cells involved in inflammatory responses are activated by certain chemical (e.g., pathogenic) 

and physical (e.g., medical implant) stimuli, initiating the release of signaling molecules 

including cytokines and chemokines that activate other cell types and chemotactically 

recruit new cells to the site that play a role in healing and wound resolution.28 As 

noted above, assessments of novel anti-inflammatory drugs and biomaterials regularly 

utilize the adherent (monocyte-) macrophage cell lines IC-21,14–16 J774A.1,2,17,18 and 

RAW 264.7,19–22 to profile cytotoxicity, inflammatory response and biocompatibility. 

Current phenotyping of these cells indicates an intermediate monocyte-macrophage stage of 

development for J774A.1 cells and RAW 264.1 cells, and a mature macrophage phenotype 

for IC-21 cells.29,30 Despite the abundance of inflammatory assays performed with 

numerous inflammatory cells, molecular phenotyping of these cells, as well as comparisons 

to assert relative equivalence to each other, to primary-derived murine macrophages, or to 

human models has not been undertaken. As the desired endpoint for most anti-inflammatory 

pharmaceutical and biomaterials research and development is demonstrated efficacy and 

safety in humans, some confidence in reliability, fidelity and equivalence of in vitro testing 

is necessary. Developing a greater understanding of the maturation, activation, and cytokine 

response of these cell lines will facilitate development of models for studies, and allow for 

greater equivalence between in vitro and in vivo studies.

Activation of macrophage cells can occur through multiple pathways, resulting in different 

types of inflammatory responses. Classical activation of macrophages is initiated by 

pathogens, (e.g., lipopolysaccharide (LPS), a gram-negative bacterial cell-wall component), 

and the production of interferon gamma (IFN-γ) by T-helper 1 (TH1) cells.28,31 This 

TH1 type response requires the interaction of LPS, the CD14 receptor and toll-like 

receptor 4 (TLR-4), and is propagated by macrophage production of the cytokines 

IL-12 and IL-18.32,33 Alternative activation of macrophages involves T-helper 2 (TH2) 

cell production of IL-4 and IL-13, and primes macrophages to combat parasitic and 

extracellular pathogens. This type of macrophage activation results in the upregulation 

of the macrophage mannose receptor (MMR), and induces the expression of cytokines 

and enzymes involved in granuloma formation.28,31 Macrophage activation at or on the 

surface of biomaterial implants and other foreign bodies is ubiquitous and a major 

challenge in medical implant interfacing within the human body.34 Inflammation derived 

from macrophages activated at biomaterial surfaces is similar to a TH2 type response: 

in a chronic phase, granulomatous tissue forms at the implant surface, often producing 

implant fibrous encapsulation within an avascular collagenous capsule.34–36 Macrophages 

can also be activated innately via a humoral route through binding of antibody or opsonins 

to cell Fc or complement receptors.31,37 Therefore, establishing a model system that reliably 

and accurately recapitulates essential cellular and molecular features of inflammatory 

signaling is essential for proper in vitro testing of anti-inflammatory drugs and implanted 

biomaterials. Understanding the behavior and relevance of cellular components in these in 
vitro inflammatory models is critical.
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The murine cell lines (IC-21, J774A.1, and RAW 264.7) and primary bone marrow-derived 

macrophage (BMMΦ) cells were compared with respect to phenotype and cytokine 

production upon exposure to (1) a positive control stimulus (endotoxin, LPS) and (2) 

control and model biomaterial surfaces: tissue culture polystyrene (TCPS), polystyrene (PS), 

poly-L-lactide (PLLA) and Teflon-AF®, using in vitro assay techniques previously described 

(Scheme 1).29,30 Results indicate that these cell types exhibit different phenotypes relevant 

to monitoring the foreign body response. Specifically these cells exhibit different activation 

states based on macrophage lineage (F4/80, CD14, and Fc receptor) and activation markers 

(CD40, TLR-4 and MMR). The cell lines tested, irrespective of maturity, do not reflect a 

primary-derived phenotype. Cytokine responses of cell lines to LPS and surface stimulation 

differ significantly from BMMΦ, with lower or no response by cell lines to LPS, and 

different cytokine profiles resulting from culture on model biomaterials.

MATERIALS AND METHODS

Mice

Specific-pathogen-free female C57BL/6 mice (6–8 weeks old, Jackson Laboratory, Bar 

Harbor, ME) were maintained in the biosafety level 2 facilities at Colorado State University, 

and given sterile water, mouse chow, bedding, and enrichment for the duration of the 

experiments. The specific pathogen-free nature of the mouse colonies at these facilities 

is demonstrated by testing sentinel animals, shown to be negative for 12 known mouse 

pathogens. Animal guidelines for the care and use of laboratory animals have been observed, 

all experimental protocols used in this study were approved by the Animal Care and Use 

Committee of Colorado State University.

Primary cell harvest

Bone marrow cells were harvested from murine tibias and femurs and differentiated into 

macrophage cells using previously described methods.30,38 Briefly, bone marrow cells were 

flushed from long bones, and then differentiated into a macrophage phenotype by incubating 

in complete DMEM (cDMEM, 10% heat inactivated fetal bovine serum (FBS, Hyclone®, 

Logan, UT), 10% L-929 fibroblast conditioned medium, 1% penicillin–streptomycin (Gibco, 

Carlsbad, CA), 0.01M Hepes buffer, 1 mM sodium pyruvate, and 1% of a ×100 MEM non-

essential amino acids solution (all Sigma) in Dulbecco’s modified Eagle’s medium (DMEM, 

Mediatech, Herndon, VA). Cells were differentiated for 7 days with media changes every 

2 days. All cell cultures were incubated under “standard conditions” (37°C, 5% CO2, 98% 

humidity). Primary cells used in experiments are defined as mature bone marrow-derived 

macrophage cells from 7-day cultures (BMMΦ). Replicates were defined as cells sourced 

from different mice.

Immortalized murine cell culture

Adherent murine (monocyte-)macrophage cell lines IC-21, J774A.1 and RAW 264.7 were 

purchased from the American Type Culture Collection (ATCC, Manassas, VA). RAW 264.7 

and IC-21 cells were cultured in RPMI-1640 (Mediatech, Herndon, VA) and J774A.1 cells 

were cultured in DMEM (Mediatech, Herndon, VA) per vendor recommendations. All 

growth media used to culture cell lines were supplemented with 10% FBS (Hyclone, Logan, 
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UT), 1% penicillin–streptomycin (Gibco, Carlsbad, CA), and 0.01M Hepes buffer (Sigma). 

Cell cultures were maintained below 80% confluence in TCPS flasks and passaged by 

incubation with divalent cation free Dulbecco’s Phosphate Buffered Saline (dPBS Hyclone, 

Logan, UT) prior to scraping with a rubber policeman. All cells were used at or below 

passage number 30 as received from ATCC and incubated under standard conditions. 

Replicates were defined as cells harvested from different passages and/or flasks.

Biomaterials and surface preparation

Model and control materials used in this study have been characterized previously for 

cell culture: standard TCPS (15 × 100 mm Petri dishes, Falcon®, BD Biosciences, San 

Diego, CA); PS (Corning); PLLA (Polysciences, Warrington, PA) and Teflon-AF (DuPont 

Fluoroproducts).39 PS and TCPS were selected for their known differences in surface 

chemistries39 that distinguish TCPS over PS as highly conducive to cell attachment and 

proliferation, as well as for their ubiquitous availability and common use in various tissue 

culture protocols. Teflon-AF surfaces were prepared as previously reported.29,30 Briefly, 

100-mm PS Petri dishes were coated with Teflon-AF (3 mL of a 0.1% solution diluted from 

stock in 3M™ Fluorinert™ Electronic Liquid FC-40 solvent, 3M Corp. St. Paul, MN) prior 

to vacuum drying overnight at 65°C. PLA surfaces (50,000 MW) were prepared as described 

previously by solvent casting a 0.2% w/v solution of PLA in methylene chloride.29,30 Glass 

Petri dishes (ø =100 mm) were coated with 10 mL of PLA solution, loosely covered, and 

allowed to dry in a fume hood for ~1 h. Teflon-AF and PLA-coated plates were misted 

with 70% ethanol in cell-grade water (Hyclone, Logan, UT) in a biosafety cabinet and 

sterilized by treatment with culture-hood UV light for 15 min (a process shown to have no 

detectable effect on surface chemistry).40 All surfaces and cell culture materials were tested 

for the presence of contaminating endotoxin using a Pyrogene™ Assay kit (Cambrex, East 

Rutherford, NJ), and endotoxin levels were determined to be below the kit detection limit 

(0.02 EU/mL).

Cell culture on model surfaces

All model and control surfaces were equilibrated with media containing 10% serum for ~4 h 

prior to plating. BMMΦ, IC-21, J774A.1 and RAW 264.7 cells were removed from culture 

flasks by rinsing with divalent-cation free dPBS prior to scraping with a rubber policeman. 

Equilibration media were removed from surfaces, and cells were plated at sub-confluent 

levels (to avoid profiling of quiescent cells) on model and control surfaces and incubated 

for 36 h under standard conditions, these conditions resulted in adherent cultures of ~80% 

confluence. Cells were lysed in situ for RNA collection.

Cell imaging

Live adherent cells were photographed using phase contrast microscopy on a Nikon Eclipse 

TE 2000-U microscope (Nikon, Torrance, CA), a Photometrics Coolsnap ES camera (Roper 

Scientific, Tucson, AZ), and Metamorph™ software (Molecular Devices, Downingtown, 

PA).
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Flow cytometric analysis of surface markers

Cells from adherent, sub-confluent cultures propagated on TCPS under standard conditions 

were assayed for expression of membrane proteins. Cells were scraped from flasks after 

rinsing with divalent cation-free dPBS. After removal from culture surfaces, cell suspensions 

were incubated with purified monoclonal antibodies (MAbs) CD16/32 (clone 93, rat IgG2a 

anti-mouse, eBioscience, San Diego, CA) using at least 1 μg of MAbs per million cells in 

staining solution (dPBS with 1% FBS and 0.01% w/w NaN3) at 4°C for 15 min to block 

Fc receptors41). After rinsing Fcblocked cells twice with staining solution, cell suspensions 

were transferred to a 96-well plate for staining with 1 μg of antigen-specific MAbs at 4°C 

for 30 min in the dark. MAbs against CD11b (clone M1/70, rat anti-mouse IgG2b), CD18 

(clone m18/2, rat anti-mouse IgG2a), CD11c (clone N418, armenian hamster anti-mouse 

IgG), CD54 (clone YN1/1.7.4, rat anti-mouse IgG2b), F4/80 (clone BM8, rat anti-mouse 

IgG2a), Fc (clone 93, rat anti-mouse IgG2a), CD14 (clone Sa2–8, rat anti-mouse IgG2a), 

CD40 (clone MR5D3, rat anti-mouse IgG2a), TLR-4 (clone UT41, mouse IgG1, shown to 

cross-react with mouse, rat, and human), and CD206 (MΦ mannose receptor, MMR, clone 

MR5D3, rat anti-mouse IgG2a) were used in this study. All MAbs were purchased from 

AbD Serotec (Raleigh, NC) or eBioscience (San Diego, CA) as direct conjugates to FITC 

or Alexa Fluor 488. Data acquisition and analysis used a FACscalibur (BD Biosciences, 

Mountain View, CA), Cell-Quest software (BD Biosciences, San Jose, CA), and WinMDI 

2.9 software (J. Trotter, The Scripps Research Institute, La Jolla, CA). A minimum of three 

replicates for each cell type were performed.

Intracytoplasmic cytokine staining

Measurement of intracellular TNF-α, IL-6, IL-12, IL-10, and MCP-1 in all cell types from 

TCPS cultures was conducted by plating cells at sub-confluent levels in TCPS flasks. Cells 

were allowed to adhere to surfaces overnight prior to incubating cells with 1 μL/mL of 

GolgiPlug™ (monensin solution, BD Pharmingen, San Diego, CA) and/or 5 μg/mL LPS (E. 
coli LPS, Sigma–Aldrich, St. Louis, MO) for 8 h under normal culture conditions. This 

treatment stops export of cellular products, allowing for buildup of cytokines within the cell. 

Cells were removed from the culture surface, fixed and permeabilized in suspension using 

Perm Fix/Perm Wash (BD Pharmingen, San Diego, CA) and finally stained for intracellular 

TNF-α (clone MP6-XT22, rat IgG1), IL-6 (clone MP5–20F3, rat anti-mouse IgG1), IL-12 

(clone C17.8, rat anti-mouse IgG2a), IL-10 (clone JES5–16E3, rat anti-mouse IgG2b) 

and monocyte chemotactic protein (MCP-1, also known as CCL-2, clone 2H5, armenian 

hamster anti-mouse IgG). All MAbs were purchased from eBioscience (San Diego, CA) as 

direct conjugates of phycoerythrin. Data acquisition and analysis for this study was done 

using a FACScalibur (BD Biosciences, Mountain View, CA), CellQuest™ software (BD 

Biosciences, San Jose, CA), and Summit™ software (DakoCytomation, Carpinteria, CA). 

Data presented represent at least three replicates per cell type.

Analysis of flow cytometric data

Data from flow cytometry was used to determine both the percent positive cells as well as 

the mean fluorescent channel (MFC, correlated to marker expression intensity). Histograms 

of isotype control and antigen-specific stained cells were overlaid. A gate containing 5% 
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of the negative control was set, and any cells in the antigen-specific stained sample above 

the gate were considered to be positive for the antigen. MFC values were calculated by 

subtracting the mean isotype control intensity from the mean antigen specific intensity.

Multiplex and single-plex RT-PCR

RNA was extracted from BMMΦ, IC-21, J774A.1, and RAW 264.7 cells at sub-confluent 

levels on TCPS, PS, PLA, and Teflon-AF surfaces, as well as from all cell types cultured 

on TCPS treated with 5 μg/mL LPS for 6 h, using an RNeasy kit (Qiagen, Valencia, CA) 

per the manufacturer’s instructions. Up to 4 μg of RNA was used to make cDNA with the 

SuperScript III 1st strand RT kit for PCR (Invitrogen, Carlsbad, CA), poly d(T)15 primers 

were used for reverse transcription. The resulting cDNA stocks were used for multiple 

PCR reactions. Two MPCR kits were purchased from Maxim Biotech. The Inflammatory 

Cytokines MPCR kit was used to assay mRNA expression of TNF-α, IL-6, IL-1β, TGF-B, 

and GM-CSF from all cDNA samples. The TH1 and TH2 cytokine kit was used to assay 

mRNA expression of IL-10, IL-2, IL-4, IL-5, IFN-γ, IL-12, and IL-13 from non-LPS treated 

cDNA samples. Single-plex PCR primers (Table I) were designed for MMR and MCP-1 

using Primerquest software from Integrated DNA Technologies (IDT, Coralville, IA). 

Primers were also purchased from IDT. The specificity of designed primers was confirmed 

by sequencing at least two positive results. MPCRs were performed per manufacturer’s 

suggested protocols using 2 μL of the cDNA stock. Single-plex PCRs were performed 

with 1.25 units of BioRad iscript™ DNA polymerase, 1.5 mM magnesium chloride, 200 

μM each of dNTPs, 500 nM of each primer, and 2 μL of the cDNA stock. MPCRs 

used manufacturer’s recommended thermal cycling settings whereas single-plex PCRs were 

performed with 30 cycles of a 95°C melt, 60°C anneal and 72°C extension. Analysis of PCR 

products was performed on ethidium bromide-stained TBE based 2% agarose gels run at 100 

V for 1 h and visualized with UV light. A minimum of three replicates were performed for 

each condition. 100% agreement among all replicates was required to determine a positive 

or negative result.

Statistical analysis

Statistical significance among cell types was determined using ANOVA followed by 

post hoc t-tests. Two tailed student’s t-tests were used to determine significant increases 

in cytokine/chemokine production following LPS treatment for individual cell types. 

Significance is determined by p-values less than 0.05. Error bars represent the standard 

error of the mean.

RESULTS

(Monocyte-) macrophage cells exhibit different morphologies in 2D

Characteristic morphological features of each cell type in 2D culture are shown in Figure 1. 

Similar to previous observations, adherent BMMΦ and IC-21 cells show greater spreading 

and more cytoskeletal features than less mature RAW and J774A.1 cells.29,30 Cells were 

able to adhere, grow and proliferate on all culture surfaces tested. BMMΦ and IC-21 

cells are larger, and exhibit numerous filopodial extensions and membrane ruffling whereas 

Chamberlain et al. Page 7

J Biomed Mater Res A. Author manuscript; available in PMC 2023 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



J774A.1 and RAW 264.7 cells have a smaller, more rounded phenotype with fewer 

cytoplasmic extensions.26,42

Surface antigen expression indicates significant phenotypic differences between primary 
macrophage cultures and (monocyte-) macrophage cell lines

The percent of cells in BMMΦ and IC-21 populations expressing the macrophage marker 

F4/80 was significantly higher than that from J774A.1 and RAW 264.7 cells, Figure 2. 

However, the MFC values of F4/80 molecules were not significantly different among cell 

types (83.79, 275.24, 50.42, and 35.57, for BMMΦ, IC-21, J774A.1, and RAW 264.7, 

respectively). The percentage of cells expressing the CD14 marker was significantly higher 

in BMMΦ, J774A, and RAW 264.7 cells than in IC-21 cells, with RAW cells expressing 

CD14 in significantly more cells than BMMΦ (>80% in BMMΦ, J774A.1 and RAW 264.7 

vs. 62% in IC-21) MFC values of J774A.1 and RAW 264.7 were also significantly higher 

than IC-21 (MFC of 103.10 in BMMΦ, 35.73 in IC-21, 196.91 in J774A.1, and 306.64 

in RAW 264.7). The Fc receptor included in this study as an additional differentiation 

marker,43 was found to be expressed by more than 60% of all cells in each cell type. 

However, the highest MFC corresponded to the J774A.1 cell line (MFC of 263.22 for 

J774A.1 versus MFC less than 60 for all other cell types).

Cell adhesion molecules CD11b and CD18 were expressed by more than 75% of cells in 

all cell types. The MFC for the same molecules showed no statistical differences between 

cell lines. Other integrins do exhibit demonstrable differences (e.g., CD11c and CD54). 

CD11c is expressed at a higher level in IC-21 cells than all other cell types (MFC of 

21.05 for BMMΦ, 50.61 for IC-21, 19.45 for J774A.1, and 20.77 for RAW 264.7) whereas 

CD54 shows higher percentages of positive cells in the cell lines than in BMMΦ (61.39 for 

BMMΦ, 81.44 for IC-21, 78.14 for J774A.1, and 86.28 for RAW 264.7). MFC for CD54 on 

IC-21cells was also significantly higher than that on BMMΦ (31.53 for BMMΦ, 121.52 for 

IC-21, 68.79 for J774A.1, and 66.46 for RAW 264.7).

The constitutive levels of expression of activation markers CD40 and TLR-4 were assessed 

in each cell type. The amount of CD40 per cell varied between cell types with BMMΦ 
expressing the least amount, and IC-21 expressing the most. TLR-4 was expressed by less 

than 35% of the population in each cell type. MFC and percent positive values for TLR-4 

showed no significant differences. The expression of MMR was observed at a higher level in 

macrophages versus monocytes with levels of 26.26% of cells in BMMΦ cultures, 20.83% 

in IC-21 cells, 7.18% in J774A.1, and 5.08% in RAW 264.7. However, the MFC values for 

MMR were not significantly different across the cell types.

Primary macrophages and (monocyte-) macrophage cell lines exhibit different cytokine 
expression profiles upon exposure to LPS activation

Cells assayed were cultured on TCPS and tested before and after stimulation with LPS. 

Expression of cytokines TNF-α, IL-6, IL-1β, TGF-β, and GM-CSF was observed at the 

transcript level using nonquantitative multiplex RT-PCR. Flow cytometry was used to 

confirm protein expression of these cytokines, chemokines TNF-α, IL-6, IL-12, IL-10, and 

MCP-1 (related to inflammation and the foreign body reaction).
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As shown in Table II, all cell types expressed mRNA for all cytokines tested following 

stimulation with LPS. Notably, despite the similar expression profiles of all cells for TLR-4 

(i.e., LPS-sensitive receptor), significant differences in cell activation were observed when 

cytokine expression was studied by intracellular staining for cytokines and chemokines of 

activated cells. Results of these experiments are shown in Figure 3 for percent of cells and 

the MFC in each population producing cytokines (TNF-α, IL-6, IL-10, and MCP-1) when 

cultured on TCPS. These results compare the un-stimulated cytokine expression among cell 

types, changes in cytokine expression prior to and after stimulation in each cell type, and 

changes in expression among cell types. Basal cytokine levels are represented by white bars 

in Figure 3. TNF-α expression varied significantly among all cell types when normalized to 

the percent of positive cells in populations (p ≤ 0.05, ANOVA followed by post hoc t-tests). 

However, the MCF was negligible for all cell types (MCF for TNF-α was 4.53, 14.19, 0, and 

21.41 for BMMΦ, IC-21, J774A.1, and RAW 264.7, respectively). IL-6 cytokine expression 

did not differ among cell types, and MCF data was similarly low (MFC of 2.23, 7.10, 0, 

and 0.93 in BMMΦ, IC-21, J774A.1, and RAW 264.7 cells, respectively). Constitutive levels 

of IL-12 were low for all cell types (MFC of 4.56 for IC-21, vs. 0.73 for J774A.1 and 

0 for RAW 264.7 and BMMΦ). Percent positive cells for IL-10 were significantly lower 

than BMMΦ for all cell lines, with 14.43% of BMMΦ cells expressing IL-10 prior to LPS 

treatment, MCF values were again very low for all cell types. MCP-1 was expressed at very 

low levels if at all prior to activation with LPS (0.05% of BMMΦ, 7.40% of IC-21, and 

no J774A.1 or RAW 264.7 with MCF values of 0, 1.8, 0, and 0, respectively). Following 

LPS treatment, cytokine expression significantly increased for many cytokines. TNF-α data 

show significant increases in the percent positive cells for BMMΦ, J774A.1, and RAW 

264.7 cells but not for IC-21 cells, and significant increases for all cell types in the MCF. 

The percent positive cells for IL-6 increased significantly for only BMMO and J774A.1, but 

MCF increased for BMMΦ, IC-21, and J774A.1. RAW 264.7 cells were unable to induce 

IL-6 expression under our conditions. IL-12 data showed significant increases only in the 

percent positive cells for BMMΦ and J774A.1, and IL-10 showed a significant decrease 

for the percent positive cells only for BMMΦ. MCP-1 expression increased following LPS 

treatment for the percent-positive cells and MCF for all cell types. The final observation we 

made was the change in expression from control to LPS-treated cells. Changes in cytokine 

expression following LPS stimulation induced a significantly higher change of TNF-α and 

MCP-1 in BMMΦ cells than all other cell lines at the MCF level.

Cytokine mRNA expression differs in primary macrophages versus macrophage-like cell 
lines when cultured on different surfaces

Different materials induce foreign body reactions of varied severity in vivo.36 Cytokine 

expression at the mRNA level in each cell type was used to assess constitutive levels 

of mRNA expression for cells cultured on TCPS, PS, PLA, or Teflon-AF surfaces to 

correlate material composition to inflammatory response in vitro. Reverse transcriptase PCR 

(RT-PCR) produced qualitative expression data for TNF-α, IL-6, IL-12, MCP-1, IL-10, 

IL-1β, TGF-β, GM-CSF, IFN-γ, IL-2, IL-4, IL-5, and IL-13 from activation by surfaces, as 

well as expression of two surface molecules implicated in macrophage fusion (CCR-2 and 

MMR). Results are summarized in Table III. mRNA for TNF-α, TGF-β, MCP-1, and the 

surface receptors CCR-2 and MMR was expressed by all cell types on all surfaces, whereas 
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IL-1β, IL-2, IL-4, IL-5, and IL-13 mRNA were not detected in any of the cells. Interestingly, 

mRNA for IL-10 was differentially expressed by different cells. The immunosuppressive 

cytokine IL-10 was expressed at the mRNA level by J774A.1 cells cultured on all surfaces, 

but not detected in any other cell type. Expression of mRNA for other cytokines (IL-6, 

IL-12, GM-CSF, and IFN-γ) appeared to be affected by the type of material used during 

culture conditions; (e.g., mRNA for IL-12 was only expressed in BMMΦ cultured on 

Teflon-AF and IFN-γ was only expressed in J774A.1 on PLA). Similarly, mRNA expression 

of GM-CSF, was detected only for IC-21 cells on PS, PLA, and Teflon-AF, and RAW 264.7 

cells on TCPS and PS surfaces. Finally, mRNA expression of IL-6 was the most variable of 

all cytokines studied, detected in BMMΦ on TCPS, J774A.1 on Teflon-AF, and RAW 264.7 

on Teflon-AF and PLA.

DISCUSSION

Morphology, macrophage cell surface markers, integrin expression, and cell surface proteins 

associated with cell activation state, as well as cytokine response to chemical (LPS) 

and physical (model surfaces) stimuli, demonstrate significant differences among murine 

macrophage cell types commonly used in inflammatory research. In this study, murine 

(monocyte-) macrophage cells routinely employed in published studies of wound healing, 

pathogenesis, implant reactions, the foreign body reaction, drug testing and inflammation 

mechanisms (BMMΦ, IC-21, J774A.1, and RAW 264.7) are shown to differ in their 

phenotypes and responses to stimuli. Significant in vitro differences observed for responses 

to stimuli among these cell types may reflect extended exposures to 2D culture substrates, 

or intrinsic cell–cell differences rather than cell-based biocompatibility or anti-inflammatory 

analyses in vitro or in vivo.

Macrophages represent a diverse, dynamic family of phenotypes derived by cues 

received from individual environments. Physiologically, the macrophage differentiates from 

hematopoietic stem cells in bone marrow, exhibiting heterogeneity along differentiation 

pathways from monocytes to macrophages as well as between macrophage populations 

from different tissue microenvironments in the body.44,45 Such heterogeneity stems 

from different functions required by macrophages in different tissues and can result 

in different morphologies, signaling, phenotypes and responses to stimuli. Visual 

morphological characterization of adherent macrophage lineage cells largely agrees 

with previously observed differentiation states, assigning BMMΦ and IC-21 cells a 

macrophage phenotype, and J774A.1 and RAW 264.7 as monocyte-macrophage phenotypes, 

respectively.29,30 Molecular characterization supports these designations. F4/80 is a 

surface marker preferentially expressed on highly differentiated macrophages;46 less-

differentiated monocytes preferentially express CD14 and the Fc receptor.26,45 Our analysis 

of these monocyte/macrophage markers corroborates morphological characterizations, 

with relative differentiation states of monocyte to macrophage ranked as RAW 

264.7<J774A.1<BMMΦ<IC-21. This is consistent with precedent phenotyping of these 

cells.29,30,47,48

Macrophage adhesion to biomaterial surfaces is an essential step in initiation of the 

foreign body reaction. Therefore, cell adhesion markers could reflect the incumbent cell 
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inflammatory response relevant to inflammatory testing of biomaterials. Interestingly, our 

previous work showed very few differences in expression and activation of intracellular 

GTPase signaling molecules involved in macrophage adhesion (i.e., Rho, Rac1, Cdc42) 

despite gross morphological differences between these same adherent cell types.30 Similarly, 

our current findings show only a few detectable differences in adhesion molecule expression 

(i.e., integrins) despite important phenotypic differences (Figs. 1 and 2). Data sets from 

current and precedent work support our contention that macrophage cells share certain 

common non-distinguishing features despite important phenotypic differences in culture. 

All cell adhesion proteins assayed were expressed in all cell populations, but at varying 

levels for some markers (CD11c, CD54, Fig. 2). Similar repertoires of adhesion molecules 

in all cell types might therefore promote similar adherence properties to these cultures. 

Nonetheless, some quantitated phenotypic disparities in expression of adhesion molecules 

among primary and secondary cell types were also clearly exhibited.

In addition to phenotypic roles in adhesion, monocyte and macrophage surface receptors 

have diverse functions in activation and initiation of inflammation. CD40 is involved in 

antigen presentation and its expression is elevated in activated macrophages,44 while TLR-4 

in conjunction with CD14 binds LPS as an initiating step in “classical” inflammatory 

responses. CD40 was expressed in greater than 50% of all cell populations tested (Fig. 2). 

However, IC-21 and RAW 264.7 cells had significantly higher numbers of cells expressing 

this cell receptor than BMMΦ, which may indicate a higher classical activation state in 

these cells. TLR-4 was expressed at similar levels in all cell types (Fig. 2). Combined with 

CD14 expression in all cell types (Fig. 2), this indicates similar potentials for activation 

by LPS. Yet, BMMΦ cells show greater induction of cytokine expression following LPS 

stimulation compared with all other cell types (Fig. 3). Immortalized cells exhibit reduced 

cytokine production in response to LPS stimulus. MMR supports macrophage maturity, 

activation, and potential for fusion into foreign body giant cells during a foreign body 

reaction.36,49 Expression of MMR was observed in significantly fewer immortalized cells 

than primary-derived cells, and also less in monocyte (J774A.1 and RAW 264.7) than 

macrophage (BMMΦ and IC-21) phenotypes, indicating that BMMΦ cells may have more 

potential for fusion than cell lines, and that these (monocyte-) macrophage cell lines are not 

equivalent in maturity or activation potential to primary-derived macrophage cells.

Adhesion of monocytes and macrophages to surfaces engages cell surface receptors, 

inducing cell signaling cascades and thus affecting the production of immunomodulatory 

substances.50 Therefore, activation of adherent monocyte/macrophage cells in culture 

is often correlated with the inflammatory potential of the surface.18,51 Some concern 

remains that cell culture surfaces are intrinsically activating to monocyte and macrophage 

phenotypes, causing adherent populations to become maximally activated in culture 

under all conditions and therefore indistinguishable. To assess the activation of monocyte/

macrophages from adherent culture, multiplex RT-PCR was used to assess qualitative 

expression of common inflammatory cytokines under standard culture conditions on model 

biomaterials, and after 8 h of LPS treatment on TCPS. Additionally, these same cytokines 

plus additional cytokines and cell surface receptors were assayed for cells propagated 

on all model biomaterials Results show that all cell types can be further activated by 

LPS stimulation and are not maximally activated simply by adhesion to culture surfaces. 
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Multiplex and single-plex RT-PCR of these and additional cytokines, chemokines and 

surface receptors were used to assess cellular response to surfaces (Table III). All cell types 

expressed cytokines TNF-α, MCP-1 and TGF-β as well as the surface receptors CCR-2 and 

MMR on all materials. However, IL-6, IL-10, GMCSF and IFNγ are only detected in certain 

cells in response to particular surfaces (Table III). Clear differences in cytokine response 

to surfaces demonstrate non-equivalence of cell lines to each other and to primary-derived 

cells. Expression of IFNγ by J774A.1 cells on PLLA surfaces is interesting. Expression of 

IFNγ by mononuclear phagocytes is reported but often attributed to contaminating T-cells.52 

By contrast, mRNA expression of IFNγ here is from a mononuclear cell line where T-cell 

contamination is not an issue. This indicates that monocyte/macrophage cells can produce 

IFNγ at the mRNA level, but production of the protein product has yet to be shown.

RT-PCR assays deliver only qualitative data, and mRNA expression does not always reflect 

protein translation. Thus, two important cytokines probed at the mRNA level (TNF-α 
and IL-6) as well as a cytokine involved in TH-1 type immune responses (IL-12), an 

anti-inflammatory cytokine (IL-10), and a chemokine implicated in inflammation and 

macrophage fusion (MCP-1) were assayed using flow cytometry techniques both before 

and after LPS treatment. Upregulation of TNF-α protein after LPS treatment further defines 

the gap between BMMΦ and cell lines, as BMMΦ cells expressed significantly more TNF-α 
following LPS stimulation than all other cell types. This indicates a greater sensitivity to 

LPS induction of TNF-α compared with immortalized cell lines, despite similar TLR-4 and 

CD14 receptor expression profiles (Figs. 2 and 3). IL-6 was also expressed in significant 

numbers of cells prior to LPS stimulation (Fig. 3), but expressed at significantly higher 

levels in BMMΦ cells than in all cell lines. Following LPS treatment, BMMΦ, IC-21 and 

J774A.1 cells increase IL-6 expression. By contrast, RAW 264.7 cells did not up-regulate 

this cytokine in response to LPS. Lack of IL-6 protein production by RAW 264.7 cells after 

stimulation with LPS could easily produce false negative assay results in vitro regarding 

inflammatory potential. Observed inability of IC-21 and RAW 264.7 cells to initiate 

significant IL-12 protein translation after LPS treatment groups these cells together despite 

their maturity differences. This demonstrates yet another discrepancy both among the cell 

lines and between primary cells and cell lines, and demonstrates that macrophage maturity is 

not always indicative of increased response to stimuli.

IL-10 is an anti-inflammatory cytokine with TH-1 inhibiting properties. The observed 

decrease in the number of BMMΦ cells expressing these molecules after LPS stimulation 

indicates increasing TH-1 activation. No IL-10 expression was observed for any cell lines, 

demonstrating one more distinction between primary-derived and immortalized cell lines. 

Interestingly, IL-10 mRNA was only detected in the J774A.1 cell line (Table III) yet only 

BMMΦ cells showed detectable expression of this cytokine at the protein level (Fig. 3). 

Assays of mRNA production were conducted after 72 h of culture on model surfaces to 

allow for cells to proliferate to near-confluent numbers, whereas protein production assays 

occurred after 32 h of culture on surfaces. This result indicates that cytokine expression 

may change over time following adhesion to a surface. MCP-1, although upregulated by all 

cell types following LPS stimulation, was greatest in BMMΦ. Overall, cytokine expression 

at the protein level varies greatly between primary-derived macrophages and immortalized 

Chamberlain et al. Page 12

J Biomed Mater Res A. Author manuscript; available in PMC 2023 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(monocyte-)macrophage cell lines, with primary cells initiating stronger and more diverse 

responses than all cell lines tested.

CONCLUSIONS

BMMΦ, IC-21, J774A.1, and RAW 264.7 cells have all been routinely employed to 

assess biomaterials and pharmaceutics in vitro and to predict pre-clinical murine in vivo 
performance testing.2,14–22 These cultured cell responses may or may not be relevant to 

in vitro models of material biocompatibility. Fidelity of these cell phenotypes on materials 

in culture has been presumed to represent in vivo states rather than actually proven. This 

study delineates specific phenotypic and molecular-level differences and similarities in these 

commonly used murine cells that should be useful to guide their utility in inflammatory 

cell-based assays. Significant differences in cell morphology, membrane protein, cytokine 

expression and LPS activation are observed between all murine macrophage cell types in 

this study. Not only are cultured murine primary macrophages distinct from immortalized 

(monocyte-) macrophage cell lines phenotypically but markers used for inflammatory 

predictions are irregular across the cell types on different culture substrates. Substantial 

evidence for non-equivalence of these cells in common assay configurations exists for 

various in vitro tests. Correlations between cultured primary and immortalized cells in 

cytokine production, phenotypes, and intrinsic states of activation relevant to in vitro testing 

are inconsistent.

Such differences warrant justification for the selection of various cell lines for 

specific purposes, and merit caution if comparisons to primary cell types are required. 

Interchangeable use of these multiple cell types generically as macrophages in in vitro 
methodologies makes extrapolation of results published across different macrophage 

inflammatory activation studies difficult. Intensive comparisons at the molecular level have 

been reported for immortalized human monocyte cell lines (i.e. U937 and THP-1)5,53 

allowing some assessment of their potential relevance in experiments on inflammatory 

activation. Murine cells for in vitro use in such experimentation should be carefully 

characterized in culture for standard macrophage markers (F4/80, CD14, CD11b, Fc 

receptor) and reliable cytokine response to chemical stimuli. Validation of phenotypic 

fidelity for commonly used macrophage-like cell phenotypes against accepted benchmarks 

for a standard phenotype would improve comparison and correlation in cell-based responses 

reported in inflammatory biomaterials and drug assays. This could also instill confidence 

in comparing published outcomes as well as pre-clinical in vivo results on biomaterials and 

experimental therapeutics.
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Figure 1. 
Morphology of macrophage-lineage cell types. Phase contrast microscopy images of RAW 

264.7, J774A.1, IC-21, and BMMΦ cells on tissue culture-treated polystyrene (TCPS).
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Figure 2. 
Phenotypic characteristics of primary-derived macrophages and macrophage cell lines. Flow 

cytometric mean percent positive and mean fluorescent channel (MFC) data for macrophage 

cell-surface markers F4/80, CD14, FcR, CD11b, CD18, CD11c, CD54, CD40, TLR-4, and 

MMR, ± the standard error (data are representative of at least three experiments, statistical 

significance of p ≤ 0.05 is indicated by an asterisk). Cells were cultured on TCPS for 24 h in 

serum containing media as described in Materials and methods section.
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Figure 3. 
Flow cytometric analysis of inflammatory cytokines. Cells were incubated with LPS 

and/or a complex to stop Golgi complex export of cytokines for 8 h prior to intracellular 

immunostaining and flow cytometry analysis. White bars indicate basal cytokine expression 

on TCPS and black bars indicate cytokine expression after treatment with LPS. Error bars 

represent standard error. The induction of cytokine expression varies greatly from cell type 

to cell type. (Data are representative of at least three experiments, statistical significance of p 
≤ 0.05 is indicated by an asterisk).
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Scheme 1. 
Flowchart of experimental procedures. Methods for comparison of cell types included 

culture with various stimuli (model surfaces, lipopolysaccharide), followed by data 

collection at both the mRNA transcript (PCR, MPCR) and the protein (flow cytometry) 

level.
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TABLE I

RT-PCR Primers

Gene Primer Sequence Amplicon Length (bp)

MCP-1 TCACCTGCTGCTACTCATTCACCAAAAGGTGCTGAAGACCTTAGGGCA 250

MMR AGCTACCATGGCATGAAGCAGAGAACCCATTCGAAGGCATTCCAGAGA 464

CCR-2 TGTTACCTCAGTTCATCCACGGCAAGCCCTGTGCCTCTTCTTCTCATT 746

Primers used for amplicons not included in multiplex PCR kits.
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TABLE II

Inflammatory Cytokine Expression at the mRNA Level with and without LPS Treatment

Cell Type BMMΦ IC-21 J774A.1 RAW 264.7

−LPS

 TNF-α + + + +

 IL-6 + − − −

 IL-1β − − − −

 TGF-β + + + +

 GM-CSF − − − −

+LPS

 TNF-α + + + +

 IL-6 + + + +

 IL-1β + + + +

 TGF-β + + + +

 GM-CSF + + + +

Under standard culture conditions (see Materials and Methods section) all cell types expressed mRNA for TNF-α and TGF-β; only BMMϕ cells 
expressed IL-6.

Following LPs treatment, all cell types expressed all tested cytokines (TNF-α, IL-6, IL1-β, TGF-β, and GM-CSF).
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