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Abstract

Macrophages are effector cells of the immune system and essential modulators of

immune responses. Different functional phenotypes of macrophages with specific

roles in the response to stimuli have been described. The C57BL/6 and BALB/c

mouse strains tend to selectively display distinct macrophage activation states in

response to pathogens, namely, the M1 and M2 phenotypes, respectively. Herein

we used RNA-Seq and differential expression analysis to characterize the baseline

gene expression pattern of unstimulated resident peritoneal macrophages from

C57BL/6 and BALB/c mice. Our aim is to determine if there is a possible

predisposition of these mouse strains to any activation phenotype and how this

may affect the interpretation of results in studies concerning their interaction with

pathogens. We found differences in basal gene expression patterns of BALB/c and

C57BL/6mice,whichwere further confirmed using RT-PCR for a subset of relevant

genes. Despite these differences, our data suggest that baseline gene expression

patterns of both mouse strains do not appear to determine by itself a specific

macrophage phenotype.
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Impact statement

In this study, we used RNA-Seq to analyze the baseline gene expression profiles of

peritoneal macrophages from C57BL/6 and BALB/c mice, which are known for their Th1-

and Th2-biased immune responses, respectively. Our goal was to understand how these

baseline patterns influence the interpretation of gene expression changes in other studies
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where pathogen interaction is considered. We found that, while

there are significant differences in the basal gene expression

profiles between BALB/c and C57BL/6 peritoneal macrophages,

these differences do not dictate the macrophage activation

phenotype. Therefore, baseline gene expression in resident

peritoneal macrophages should not influence the

interpretation of transcriptomic analyses conducted in

response to pathogen infection. This finding is crucial for

analysing the results of studies comparing gene expression

patterns in resident peritoneal macrophages during pathogen

challenges. This research underscores important considerations

for studying the mechanisms that shape resident peritoneal

macrophage phenotypes in response to intracellular pathogens.

Introduction

Macrophages are cells from the innate immune system that

are essential in the elimination of pathogens and the initiation of

the immune response. Tissue resident macrophages adapt to

their microenvironment and exhibit specific functions essential

to maintain tissue homeostasis. Distinct transcriptional

regulators determine tissue-specific transcription programs in

resident macrophages [1]. Macrophages are usually in a naïve

phenotype, which is altered depending on environmental signals.

Two main activated states of macrophages have been proposed,

the classically activated subtype (M1), which shows a pro-

inflammatory and microbicidal profile, and the alternative

activated subtype (M2), which is associated with an anti-

inflammatory response and tissue repair and homeostasis [2].

Various M2 subsets have been described, induced by the

exposure of naïve macrophages to different cytokines, all of

which have immunosuppressive features [3]. Polarization into

either of these activated states results in the alteration of cell

surface marker expression and inflammatory-related factors. The

M1 macrophages are characterized by overexpression of the

surface markers CD80, CD86 and CD16/32, and actively

produce pro-inflammatory cytokines such as the tumour

necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and IL-12

[4]. Meanwhile, M2 macrophages have been shown to express

higher levels of mannose receptor (CD206), arginase-1, and the

anti-inflammatory cytokine IL-10 [4]. Currently, new knowledge

in areas such as proteomics and transcriptomics has revealed a

more complex scenario within this classification that requires

further studies.

Activated lymphocytes can modulate the differentiation

states of macrophages through the profile of cytokines that

they secret, thus controlling the type of immune response to

specific stimuli. For example, Th1 cytokines like TNF-α and

interferon gamma (IFN-γ) promote the development of the

M1 phenotype, while promotion of the M2 phenotype is

directed by Th2 cytokines, usually IL-4 and IL-13 [5].

However, other factors that are not characterized in the

context of Th1 Th2 responses elicit similar macrophage

phenotypes [6]. Although there are discrepancies between in

vivo and in vitro studies regarding the expression of markers that

characterize these phenotypes [7], in vitro studies have shed light

on the mechanisms involved in the differential response of

macrophages to several stimuli.

Laboratory mouse strains C57BL/6 and BALB/c respectively

display Th1-biased and Th2-biased immune responses, thusmaking

them interesting models for studying the mechanisms involved in

the heterogeneity of macrophage activation. For instance,

macrophages isolated from C57BL/6 tend to show higher levels

of nitric oxide (NO) production in comparison to BALB/c-derived

macrophages after stimulation with IFN-γ and LPS [2, 8, 9]. These

innate differences between the two mouse strains have been also

reflected in the higher resistance of C57BL/6 against infections to

different pathogens such asMycobacterium tuberculosis, Pasteurella

pneumotropica, Chlamydia and Leishmania spp. [10–13].

Furthermore, studies on murine macrophage infection with

Leishmania species have shown that macrophages from Th1-

biased strains are more easily activated than those from Th2-

biased strains [14, 15]. However, it has also been shown that

infection with Leishmania can increase the ability of

macrophages to stimulate a Th2 response [16]. In fact, a quite

heterogeneous range of responses and patterns of gene expression

have been reported when studying the immune response of C57BL/

6 and BALB/c to different Leishmania species [17–22].

During the last few years, our group has been working in

characterizing the immune response of BALB/c and C57BL/

6 mice to the infection with Leishmania panamensis [23, 24].

Our results have shown that BALB/c-infected mice are more

susceptible to the infection than C57BL/6, exhibiting higher

inflammation and parasite loads at the inoculation site [24].

In a study conducted in vitro, we observed that infection of

C57BL/6 macrophages with L. panamensis induced a pro-

inflammatory gene expression pattern associated with a classic

M1 phenotype, whereas BALB/c macrophages showed gene

expression patterns intermediate between M1 and M2 [23]. In

this study, we compared the baseline gene expression patterns

from uninfected BALB/c and C57BL/6 macrophages, used as

controls in the previous study. Our main goal is to assess if there

is a possible predisposition of these mouse strains to the M1 or

M2 phenotype, which may in turn affect the interpretation of

changes in gene expression patterns associated with the

interaction with pathogens such as Leishmania spp.

Materials and methods

Institutional ethics committee statement
and laboratory animal handling

All experimental procedures involving mice were approved

by the Institutional Animal Care and Use Committee of
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INDICASAT (protocol number IACUC-14-002, approved on

30 May 2014, and renewed on 29 July 2019). All procedures were

performed following international and institutional regulations

for the ethical handling of laboratory animals. Animals were

maintained in Specific Pathogen Free (SPF) conditions at

INDICASAT’s animal facility with free access to food and

water, a constant temperature of 24°C and a 12-hour light/

dark cycle.

Murine macrophage isolation

Resident peritoneal macrophages were obtained from female

BALB/c and C57BL/6 mice, by peritoneal washing with chilled

Roswell Park Memorial Institute (RPMI) (Gibco, Gaithersburg,

MD, United States). A density of 1 × 106 cells per well in 24-well

plates were seeded in RPMI with 10% fetal bovine serum,

penicillin/streptomycin (100 U/mL/100 μg/mL). Cells were

incubated for 2 h at 37°C and 5% CO2. After removing non-

adherent cells by washing with RPMI medium, adherent

macrophages were incubated for 24 h more at 37°C and 5%

CO2. Peritoneal macrophages were processed independently for

each mouse strain and each experiment was performed in

triplicate.

Flow cytometry

After 24 h of culture, cells were harvested, washed with

phosphate-buffered saline (PBS), and blocked with 1% BSA

for 15 min. After washing, cells were incubated with 5 μg/mL

of anti-mouse CD11b FITC, CD80 APC, CD86 PE-Cy5, MRC1

(CD206) APC, MHC-II PE (eBioscience, San Diego, CA,

United States) and/or anti-mouse F4/80 PE (Abcam,

Cambridge, United Kingdom) diluted in 1% BSA, for 30 min

at 4°C. Following two sequential washes, cells were resuspended

in PBS for flow cytometry analysis. Events were acquired with a

CyFlow cytometer, and the data were analyzed using FloMax

software (PARTEC, Münster, Germany) and FlowJo v10.10

(Becton, Dickinson and Company, East Rutherford, NJ,

United States). Statistical calculations of mean, standard error

of the mean (SEM), one-way ANOVA followed by Sidak’s

multiple comparison test were performed using GraphPad

Prism version 10.2.3 (GraphPad Inc., La Jolla, CA,

United States). Differences between groups were considered

significant if P < 0.05 (****P < 0.0001).

RNA isolation and transcriptome
sequencing

Macrophage total RNAwas purified using Trizol (Invitrogen,

Carlsbad, CA, United States) and chloroform separation.

Integrity and purity of the RNA samples were evaluated using

the Agilent RNA 6000 Nano kit on a 2100 Bioanalyzer system

(Agilent Technologies, Santa Clara, CA, United States). RNA

concentration was estimated by fluorometry using Picogreen

(Invitrogen, Carlsbad, CA, United States) and a Victor

3 multilabel plate reader (PerkinElmer, Waltham, MA,

United States). The TruSeq RNA v2 sample preparation kit

(Illumina, San Diego, CA, United States) was used for

generating libraries of complementary DNA (cDNA)

fragments from polyadenylated [poly(A)] RNA. A NovaSeq

6000 sequencer (Illumina, San Diego, CA, United States) was

used to sequence cDNA libraries, yielding a total of 100 million

150-bp paired-end reads per sample.

Mapping and transcript abundance
estimation

Alignment of the cDNA-derived reads to the mouse

reference genome was performed using HISAT2 (version

2.1.0) [25], following the implemented default parameters for

paired-end and non-strand-specific RNA-Seq data. The mouse

reference genome (mm10, build name GRCm38) was retrieved

from the UCSC Genome Browser.1 FeatureCounts (version 1.6.3)

[26] was used to estimate transcript abundance from read

alignments. Those gene features having a single count across

all samples or counts equal to zero were classified as suspected

non-expressed genes and further removed before

subsequent analyses.

Data quality assessment and differential
expression analysis

For visualization of sample-to-sample distances, gene counts

were normalized to correct for differences in sequencing depth.

The normalized counts were subsequently transformed to

logarithms to the base 2 and the variance stabilizing

transformation (VST) algorithm was used to stabilize the

variance across the mean [27]. The transformed data was used

for calculating all pairwise Euclidean distances and the resulting

relationships were visualized by using principal component

analysis (PCA).

The DESeq2 R package (version 1.38.1) [28] was used for

conducting differential expression analysis on raw counts.

C57BL/6-derived counts were taken as the reference for

determining the relative difference in basal expression.

Therefore, DESeq2 results are interpreted as higher or lower

expression levels in BALB/c with respect to C57BL/6.

1 http://genome.ucsc.edu/
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Differentially expressed genes were defined as those having a

logarithm to the base 2 of fold change (log2FC) of at least 0.5 and

a Benjamini- Hochberg (BH)multiple-testing adjusted P-value of

< 0.05. The overall results of the differential expression analysis

were visualized using volcano and log ratio and mean average

(MA) plots.

Functional enrichment analysis

The ClusterProfile R package (version 3.12.0) [29] was used

for identification of signaling and metabolic pathways defined in

the Kyoto Encyclopedia of Genes and Genomes (KEGG)

database. A cut-off P-value of 0.05 was used to identify KEGG

pathways overrepresented in the differentially expressed genes.

Two independent lists of genes with higher and lower expression

in BALB/c with respect to C57BL/6 were separately used as input

files. The non-redundant list of genes contained in all identified

enriched KEGG pathways except for those describing pathogen-

or disease-specific pathways was extracted. Differences in basal

gene expression levels between mouse strains in the non-

redundant list of genes were visualized as an expression plot

and a heatmap based on the RNA-Seq counts normalized by size

factor and variance stabilizing transformation (VST).

Quantitative PCR

For quantitative real time (RT)-PCR, 1 µg of total RNA was

first reverse-transcribed using the High-Capacity cDNA reverse

transcription kit (Applied Biosystems, Waltham, MA,

United States). Subsequently, RT-PCR was performed on a

QuantStudio 5 thermocycler (Applied Biosystems, Waltham,

MA, United States) using SYBR Green PCR Master Mix

(Applied Biosystems, Waltham, MA, United States). Cycling

conditions consisted of an initial hold at 95°C (10 min) and

40 cycles of 95°C (15 s), and 60°C (60 s). The housekeeping gene

encoding hypoxanthine phosphoribosyltransferase (hprt) was

used as endogenous control for data normalization. Analyses

of relative gene expression of Tnf, Il10, Il4ra, Mrc1, Ccl5, Fcgr1,

iNos, Sod3 and Il4 were performed by the 2(−ΔΔCT) method.

Briefly, cycle threshold (CT) values of the target genes and

hprt were obtained, and ΔCT values were calculated by

substracting the CT values of hprt from CT values of the

target genes for each sample. The ΔΔCT was calculated using

C57BL/6 as reference and substracting its ΔCT from the ΔCT of

the BALB/c sample. The relative gene expression of each target

gene was then determined using the formula 2(−ΔΔCT). The primer

sequences used are listed in Supplementary Table S1. Statistical

calculations of mean and SEM for fold differences of all target

genes from 4 independent experiments were performed using

GraphPad Prism version 10-2.3 (GraphPad Inc., La Jolla, CA,

United States).

Results

RNA sequencing and data quality
assessment

To characterize differences in basal expression between

BALB/c and C57BL/6, RNA-Seq and differential expression

analysis were conducted in unstimulated peritoneal resident

macrophages cultured in triplicate. The proportion of

macrophages in peritoneal lavages was determined by the

percentage of CD11b and F4/80 double positive cells, which

was 33.2 ± 3.1% for BALB/c and 41.7 ± 3.0% for C57BL/6

(Supplementary Figure S1). From the double positive

population, the proportions of F4/80LowCD11bLow and F4/

80HighCD11bHigh were respectively, 43.2 ± 0.7% and 47.0 ±

1.1% for BALB/c and 30.4 ± 2.5% and 61.3 ± 2.6% for

C57BL/6 (Supplementary Figure S1). Total RNA was purified

from cells of both mouse strains at 24 h of culture. Sequencing

of poly(A)-enriched RNA generated ~120 million paired-end

reads 150-bp long per sample. Sequence data of this project

can be retrieved from the Sequence Read Archive (SRA)

through BioProject PRJNA656921, accession numbers

SRX10075500, SRX10075501 and SRX10075504 for BALB/c

samples, and SRX10075508, SRX10075509 and

SRX10075510 for C57BL/6 samples. On average, 98% of

reads from each mapped unambiguously to the mouse

reference genome.

In order to evaluate if our samples from each mouse strain

are reasonably different, a principal component analysis (PCA)

based on Euclidean distances was performed. For sample

distances estimation, data was previously transformed by

means of the variance stabilizing transformation (VST)

algorithm [27], to correct for sample distance and variance

overestimation resulting from calculating [25] the logarithm

of small counts. The PCA analysis explained 99% of the total

variance and showed a clustering pattern that clearly separates

samples according to mouse strain (Supplementary Figure S2).

Differential expression analysis and
pathway enrichment analysis

For differential expression analysis, the C57BL/6 strain was

considered as the reference state. Therefore, our results should be

interpreted as higher or lower basal expression levels for genes

from BALB/c with respect to C57BL/6, instead of the up- or

downregulation of such genes. Altogether, we found

615 differentially expressed (DE) genes between BALB/c and

C57BL/6 unstimulated macrophages. From these genes,

266 showed a higher relative basal expression level in BALB/c

with respect to C57BL/6 macrophages, whereas 349 showed

lower relative basal expression (Figure 1; Supplementary

Figure S3; Supplementary Table S2).
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Additionally, we performed a pathway enrichment analysis

to identify KEGG pathways enriched by genes with higher and

lower basal expression in BALB/c with respect to C57BL/6. In

total, 38 KEGG pathways were found to be enriched, 30 and

8 when considering genes with higher and lower basal expression

in BALB/c, respectively (Supplementary Table S3). Since we were

interested in intrinsic differences between unstimulated

macrophages from the two mouse strains, pathogen- or

disease-specific pathways (26 in total) were not considered for

subsequent analyses. Pathways associated with antigen

processing and presentation, cellular senescence and apoptosis,

cell adhesion, processing within the lysosome, and metabolism of

amino acids were all enriched by genes with higher basal

expression in BALB/c with respect to C57BL/6 (Table 1).

Conversely, pathways found to be enriched by genes with

lower basal expression in BALB/c with respect to C57BL/

6 were mainly associated with cytokine-cytokine receptor

interaction and hematopoietic cell lineage differentiation

(Table 2). In general, pathway enrichment analysis showed

that, of all the genes with basal differences in expression

between the two mouse strains, 42 appear to be associated

with cellular and immune functions that could shed light on

macrophage activation patterns (Figure 2;

Supplementary Figure S4).

Interestingly, pathways related to the phagosome and

mechanisms of antigen processing and presentation were

found to be enriched by genes encoding non-classical MHC

class I (MHC-Ib) H-2Q molecules, loci 4, 6 and 10 (H2-Q4, H2-

Q6 and H2-Q10), and their basal expression levels were 2 to 5-

fold higher in BALB/c than C57BL/6 (Table 1). Among genes

found to have higher basal expression in BALB/c are those

encoding cathepsins E, G, L, S, F and D (Ctse, Ctseg, Ctsl,

Ctss, Ctsf, Ctsd), arylsulfatase B (Arsb) and

N-sulfoglucosamine sulfohydrolase (Sgsh), all of which are

associated with lysosomal degradation, ranging from 2 to 10-

fold in the case of Ctse. Other genes associated with arginine and

proline metabolism, including those encoding arginase type II

(Arg2) and L-arginine:glycine amidinotransferase (Gatm)

showed basal expression levels of 4.7 and 30 times higher in

BALB/c with respect to C57BL/6, respectively. Additional genes

with higher expression in BALB/c included those encoding

proteins associated with cellular senescence and apoptosis,

such as mitogen-activated protein kinases 11/p38 MAPK-β
(Mapk11) and MAPK3/Extracellular signal-regulated kinase

(ERK) 1 (Mapk3), with expression levels approximately two

times higher, as well as the apoptosis-activating serine

protease granzyme B (Gzmb), with 6.7-fold expression in

BALB/c.

Conversely, genes with lower basal expression in BALB/c

were mostly associated with cytokine-cytokine receptor

interaction and with the phagosome, showing expression

levels that ranged from 0.52 to 0.16 times those of C57BL/6

FIGURE 1
MA-plot of gene expression differences in macrophages of BALB/c in comparison to C57BL/6. The log2 fold change for BALB/c against C57BL/
6 samples (y axis) is plotted against the average of normalized counts (x axis). Each gene is represented with a dot. Genes with significant fold
difference between mouse strains (BH multiple testing adjusted P-value <0.05) are shown in blue.
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TABLE 1 Genes with higher basal expression in BALB/c relative to C57BL/6 macrophages along with their assigned KEGG pathways.

Gene Product Fold change

Phagosome/Antigen processing and presentation (mmu04145/mmu04612)a

H2-Bl Histocompatibility 2, blastocyst 185.60

H2-T-ps Histocompatibility 2, T region locus, pseudogene 8.82

H2-Q10 Histocompatibility 2, Q region locus 10 5.37

Clec7a C-type lectin domain family 7, member a 3.24

H2-Q6 Histocompatibility 2, Q region locus 6 2.41

H2-Q4 Histocompatibility 2, Q region locus 4 2.03

Cellular senescence (mmu04218)

Mapk11 Mitogen-activated protein kinase 11/p38 MAPK-β 2.19

Mapk3 Mitogen-activated protein kinase 3/ERK-1 1.77

Lysosome (mmu04142)

Ctse Cathepsin E 10.44

Ctsg Cathepsin G 8.10

Ctsl Cathepsin L 3.12

Ctss Cathepsin S 2.91

Arsb Arylsulfatase B 2.62

Ctsf Cathepsin F 2.46

Sgsh N-sulfoglucosamine sulfohydrolase (sulfamidase) 1.92

Ctsd Cathepsin D 1.90

Neutrophil extracellular trap formation (mmu04613)

H2bc18 H2B clustered histone 18 101.15

H2bc13 H2B clustered histone 13 17.54

Ctsg Cathepsin G 8.10

H2bc11 H2B clustered histone 11 4.33

H2bc12 H2B clustered histone 12 3.60

Clec7a C-type lectin domain family 7, member a 3.24

Plcb2 Phospholipase C, beta 2 3.21

Mapk11 Mitogen-activated protein kinase 11 2.19

Mapk3 Mitogen-activated protein kinase 3 1.77

Cell adhesion molecules (mmu04514)

F11r F11 receptor 2.30

Arginine and proline metabolism (mmu00330)

Gatm Glycine amidinotransferase (L-arginine:glycine amidinotransferase) 30.32

Arg2 Arginase type II 4.72

Maoa Monoamine oxidase A 2.61

Got1 Glutamic-oxaloacetic transaminase 1, soluble 1.76

(Continued on following page)
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(Table 2). Genes associated with these pathways include those

encoding interleukin 10 (Il10), chemokine (C-C motif) ligand 5

(Ccl5), chemokine (C-C motif) receptors 5 (Ccr5) and 6 (Ccr6),

chemokine (C-X-C motif) receptor 6 (Cxcr6), α subunits of IL-
4 and IL-13 receptors (Il4ra and Il13ra1), mannose receptor

C-type 1 (Mrc1), and the high-affinity Fc-gamma receptor

(Fcgr1). Additionally, genes encoding enzymes involved in the

regulation of oxidative stress such as glutathione reductase

(Gsr), superoxide dismutase 3 (SOD3) (Sod3), and

glutathione-S transferase mu 2 (Gstm2) also had a lower

basal expression in BALB/c showing respectively expression

levels of 0.39, 0.29 and 0.02 times those of C57BL/6

(Supplementary Table S2).

Relative gene expression and
cytometry analyses

To confirm the transcriptomic findings discussed above, we

used RT-PCR to compare the relative expression of a subset of genes

on BALB/c cells respective to C57BL/6. We examined genes Il10,

Il4ra,Mrc1, Ccl5, Fcgr1 and Sod3, all of which exhibited differential

expression in the transcriptomic analysis. Consistent with the results

obtained in differential expression analysis, cells from BALB/c mice

showed a lower expression of Il10, Il4ra,Mrc1 and Fcgr1 in the non-

activated condition, when compared to cells from C57BL/6 mice

(Figures 3A, B). Meanwhile, Sod3 was not detected in the examined

samples (Figure 3B).

TABLE 1 (Continued) Genes with higher basal expression in BALB/c relative to C57BL/6 macrophages along with their assigned KEGG pathways.

Gene Product Fold change

Apoptosis (mmu04210)

Gzmb Granzyme B 6.69

Tyrosine metabolism (mmu00350)

Fah Fumarylacetoacetate hydrolase 2.50

aKEGG pathways database accession numbers are indicated next to the pathway name.

TABLE 2 Genes with lower basal expression in BALB/c relative to C57BL/6 macrophages along with their assigned KEGG pathways.

Gene Product Fold change

Cytokine-cytokine receptor interaction (mmu04060)a

Il10 Interleukin 10 0.16

Ccr6 Chemokine (C-C motif) receptor 6 0.28

Il4ra Interleukin 4 receptor, alpha 0.30

Cxcr6 Chemokine (C-X-C motif) receptor 6 0.31

Ccl5 Chemokine (C-C motif) ligand 5 0.37

Il13ra1 Interleukin 13 receptor, alpha 1 0.44

Ccr5 Chemokine (C-C motif) receptor 5 0.44

Phagosome (mmu04145)

Msr1 Macrophage scavenger receptor 1 0.05

H2-Eb2 Histocompatibility 2, class II antigen E beta2 0.08

C3 Complement component 3 0.31

Fcgr1 Fc receptor, IgG, high affinity I 0.48

Mrc1 Mannose receptor, C type 1 0.53

Hematopoietic cell lineage (mmu04640)

Csf3r Colony stimulating factor 3 receptor (granulocyte) 0.16

Fcgr1 Fc receptor, IgG, high affinity I 0.48

aKEGG pathways database accession numbers are indicated next to the pathway name.
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Additionally, we also used RT-PCR to evaluate the relative

expression of genes Tnf, iNos, and Il4, which are relevant to the

M1 or M2 macrophage phenotypes, although they were not

found to be differentially expressed in the transcriptomic

analysis. Interestingly, we observed slight differences in the

relative expression of these genes between BALB/c and

C57BL/6 cells. Tnf showed increased expression in BALB/c

compared to C57BL/6, while iNos and Il4 exhibited a slight

FIGURE 2
Expression plot of genes in selected enriched KEGG pathways. The plot displays differences in basal gene expression levels between BALB/c
(pink) and C57BL/6 (cyan) macrophages for the non-redundant list of genes contained in all identified enriched KEGG pathways except for those
describing pathogen- or disease-specific pathways. Data represents log2 RNA-Seq counts normalized by size factor and variance stabilizing
transformation (VST).

FIGURE 3
Relative gene expression of selected genes on BALB/c respective to C57BL/6. Adherent cells obtained from peritoneal lavage were cultured for
24 h. Total RNA was obtained and mRNA for Il10, Il4ra,Mrc1, Ccl5, Fcgr1 and Sod3 determined by quantitative real-time (RT)- PCR. (A) Graph shows
results normalized to hprt expression and are presented as the fold difference of mRNA expression on BALB/c relative to C57BL/6. (B) Table shows
the results represented by mean ± SEM. Results were obtained from four independent experiments performed in duplicates.
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decreased in BALB/c (Supplementary Figure S5). These

discrepancies between results from RNA-Seq and RT-PCR are

likely associated with inherent features of each methodology and

differences in their detection limits [30]. These results suggested

that there is not an evident predisposition for the M1 or

M2 phenotypes in the cells of these mouse strains.

Moreover, to investigate if there was a marker expression

pattern indicative of a predisposition towards any specific

macrophage phenotypes, we examined the cell surfaces markers

expression of CD80, CD86, MRC1 and MHC II in unstimulated

peritoneal cells from BALB/c and C57BL/6 mice. CD80 and

CD86 are essential for antigen presentation and activation of

T cells and are considered M1 phenotype markers [31–33].

Meanwhile, MRC1 is a classical M2 cellular marker [34]. In the

CD11b population we did not observe significant differences in the

mean fluorescence intensity (MFI) for CD80 or CD86 markers

(Figure 4; Supplementary Table S4). These genes were not identified

as differentially expressed by the RNA-Seq analysis between cells

from BALB/c and C57BL/6 mice. No significant differences in the

expression levels of MRC1 were also found between CD11b+ BALB/

c and C57BL/6 peritoneal cells (Figure 4; Supplementary Table S4).

Despite the lower gene expression levels of MRC1 in BALB/c cells

compared to C57BL/6, we were unable to detect these differences at

the protein level. In the case of MHC II, recognized as a marker for

both phenotypes [34] BALB/c cells exhibited significant higher

expression than C57BL/6 cells (Figure 4B).

Discussion

C57BL/6 and BALB/c mice are known to mount opposite

T-cell polarization responses that influence a different phenotype

of macrophage programs [35]. In vivo, C57BL/6 displays a

predominant Th1 response to intracellular pathogens, whereas

BALB/c displays a Th2 response [36–38]. It has been suggested

that BALB/c mice have specific allelic variants of genes encoding

immune-related molecules that promote Th2 responses [39, 40].

Available data indicates that macrophages derived from C57BL/

6 or BALB/c mice exhibit distinct activation pathways in

response to the same stimuli, ultimately steering a

characteristic response of the M1 and M2 phenotypes,

respectively [2, 8, 9]. We have studied herein the baseline

gene expression patterns of resident peritoneal macrophages

from BALB/c and C57BL/6 mice to provide insights into

whether the cells of these mouse strains might exhibit a

predisposition to any of the macrophage phenotypes.

Ultimately, we are interested in understanding if this baseline

gene expression could affect the interpretation of results

concerning differential gene expression analysis in further

presence of pathogens colonizing macrophages.

Our results showed a lower basal expression of M2-related

genes, such as IL-4Rα, in BALB/c macrophages. IL-4Rα can bind

IL-4 and IL-13, promoting the expression of M2-associated

genes. In the absence of this receptor both IL-4- and IL-13-

mediated functions are compromised [41]. In vivo, IL-4Rα
deficiency in macrophages has been shown to reduce the

number of M2 macrophages in the liver in a pathogen-free

mouse model of induced fibrosis [42]. An IL-4Rα-independent
mechanism of Th2 differentiation has also been observed in IL-

4Rα-deficient BALB/c mice after infection with L. major [43].

Meanwhile, in vitro, Th2 differentiation appears to be affected by

the absence of IL-4Rα [43]. In macrophages, the IL-4 produced

by these cells acts in an autocrine manner through the IL-4Rα
receptor; however, IL-4 does not appear to be relevant for the

FIGURE 4
Cell surface marker expression of CD80, CD86, MRC1 and MHC II in unstimulated peritoneal cells from BALB/c and C57BL/6 mice. Adherent
cells obtained from peritoneal lavage were culture for 24 h. Surface expression of CD11b, CD80, CD86, MRC1 and MHC-II was analyzed by flow
cytometry. Representative histograms (A) and bar plots for the mean fluorescence intensity (MFI) (B) of each marker on CD11b+ positive cells. Bar
plots represent mean ± SEM from peritoneal lavages seeded in duplicates from two independent experiments. ****, p < 0.0001.

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine09

Restrepo et al. 10.3389/ebm.2024.10377

https://doi.org/10.3389/ebm.2024.10377


in vitro differentiation of the M2 phenotype under type II

activation [44]. We have previously observed an upregulation

of the gene encoding IL-4 in BALB/c resident peritoneal

macrophages in response to infection with L. panamensis, but

no changes were found in IL-4Rα expression levels [23]. Since the
expression of IL-4Rα is known to be very low in macrophages

[44], the lower basal expression of this receptor found here in

resting BALB/c cells is not likely to determine the phenotype of

macrophages in response to in vitro intracellular pathogens.

We also observed a lower basal expression for the M2-related

marker, the type 1 mannose receptor C (MRC1), in unstimulated

BALB/c cells relative to C57BL/6 cells. MRC1 appears to be an

essential regulator of glycoprotein homeostasis [45]. It has been

observed that the lack of MRC1 is related to the upregulation of

pro-inflammatory cytokines in endotoxemia models [46].

Additionally, MRC1 expressed on M2 macrophages has been

implicated as a mediator of the infection with virulent strains of

some pathogens, such as Mycobacterium tuberculosis and

Leishmania, increasing the severity of the disease [47, 48]. The

lower basal expression of this and other M2-related genes

observed here for BALB/c, associated with a higher basal

expression in C57BL/6, is consistent with a previous study

where increased M2-related marker expression was reported

for C57BL/6 resident peritoneal macrophages in the absence

of specific stimulation [49]. It has been suggested that tissue

microenvironment favors MRC1 expression in tissue resident

macrophages in both, mice and humans [50, 51]. At the protein

level, however, no differences in the surface expression of

MRC1 was observed between peritoneal cells of BALB/c and

C57BL/6 mice. These findings are consistent with other studies

demonstrating that, in unstimulated human PBMC-derived

macrophages, the expression levels of MRC1 do not follow

the pattern observed in the MRC1 marker gene expression

[33]. These results collectively suggest that these mouse strains

do not show a predisposition for either macrophage phenotype.

Although a higher basal expression of genes encoding

cathepsins and other lysosomal enzymes was observed here in

BALB/c cells relative to C57BL/6, previous data showed

downregulation or no changes in the expression of these

genes in response to L. panamensis infection [23]. Cathepsins

are involved in antigen processing and thus influence immune

responses [52, 53]. Cathepsin L, which was found to be increased

at the basal level in BALB/c cells, seems to be involved in the

generation of a Th1 response against Leishmania [54]. We also

observed a higher basal expression of cathepsin D in BALB/c

cells. The role of cathepsin D in the modulation of immune

response is not well understood; however, it has been shown that

the inhibition of cathepsin D during L. major infection affects

both Th1 and Th2 responses [55]. Thus, BALB/c macrophages

appear to be genetically prepared to generate a response favoring

the resolution of Leishmania infection, nevertheless, these cells

tend to show an inability to efficiently respond to infection

during host-parasite interaction. Indeed, BALB/c cells

expressed similar levels of cell surface markers characteristic

of the M1 phenotype, such as CD80 and CD86, to those

expressed by C57BL/6 cells. Moreover, surface expression

levels of MHC II were higher in BALB/c than in C57BL/

6 CD11b+ peritoneal cells. Since overexpression of MHC II is

found in both M1 and M2 phenotypes [34], these results support

the idea that BALB/c is well-equipped to respond to

inflammatory stimuli. However, there seems to be no evident

predisposition for any of the macrophage phenotypes in the cells

of both mouse strains in their basal state.

Interestingly, BALB/c showed a higher basal expression of

genes encoding non-classical MHC class I (MHC-Ib) molecules

H2-Q4 (Qb-1), H2-Q6 and H2-Q10. Although, no specific role

has been defined for H2-Q4 (Qb-1) and H2-Q6 [56], H2-Q10 has

been recently identified as a ligand of the inhibitory Ly49C

receptor, suggesting that it may act as a regulator of NK cell

activation [57]. Additionally, H2-Q10 has been found to have

high affinity for CD8αα, thus possibly playing a role in the

control of liver-resident CD8αα γδT cells [58]. Moreover, H2-

Q10 stabilizes the expression of the MHC-1b molecule H2-T23

(Qa-1b), the murine homolog of HLA-E. This fact suggests that

H2-Q10 may have additional immune-modulating effects.

Specifically, antigen presentation through Qa-1b has been

shown to induce an upregulation of the inhibitory NK

receptors CD94/NKG2A in secondary infections with Listeria

monocytogenes. This leads to reduced apoptosis of cytotoxic

T-lymphocytes and a prolonged cytotoxic response [59]. As

recent data has demonstrated that H2-Q10 has multiple roles

that are relevant to the regulation of immunity, further research

is required to determine if the higher basal expression of H2Q

molecules in BALB/c mice macrophages may contribute to the

response to infections with intracellular pathogens.

Among the genes with a lower basal expression in BALB/c,

which indicates a higher expression in C57BL/6 is the high-

affinity Fc-gamma receptor, which is important for taking

opsonized pathogens. It has been previously reported that

thioglycolate-elicited macrophages from C57BL/6 mice also

express higher basal levels of this receptor [60]. Other genes

found to have a higher basal expression level in C57BL/6 were

those encoding pro-inflammatory chemokines and chemokines

receptors. Although the gene encoding the IL-10 anti-

inflammatory cytokine was also found to have a higher basal

expression, which was confirmed by RT-PCR. Despite the higher

expression of both anti- and pro-inflammatory genes, it has been

previously shown that macrophages from C57BL/6 mice infected

with Leishmania exhibit a gene expression pattern consistent

with an M1 phenotype and have lower levels of intracellular

amastigotes than BALB/c cells [23]. These findings suggest that

C57BL/6 macrophages are intrinsically prepared to battle

infections with intracellular pathogens such as Leishmania.

Although not found to be associated with any specific KEGG

pathway, genes encoding enzymes involved in antioxidant

programs such as superoxide dismutase 3 (SOD3), glutathione
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reductase and glutathione-S transferases also showed high

expression in C57BL/6 compared to BALB/c. SOD3 is an

important antioxidant enzyme, which prevents the formation

of peroxynitrite (ONOO−) through superoxide (O2
−) -mediated

inactivation of NO [61, 62]. Glutathione reductase, on the other

hand, preserves the pool of reduced glutathione, which

significantly contributes to regulating reactive oxygen species

within the cells [63]. Intracellular glutathione levels in antigen-

presenting cells influence the pattern of Th1/Th2 cytokines [64].

It has been shown that the induction of glutathione reductase in

response to L. major infection in C57BL/6 bone marrow-derived

macrophages is several times greater than in BALB/c cells [65].

Higher gene expression and protein levels of antioxidant systems

in C57BL/6 compared to BALB/c have also been observed at the

basal level in bone marrow-derived macrophages [66]. Since

higher levels of NO are produced by cells from C57BL/6 animals

compared to BALB/c in response to L. panamensis infection [23],

the results presented herein support the idea that C57BL/6 cells

might be better prepared to counteract the negative effects of

oxidative stress associated with infection than BALB/c cells.

Since we were working with tissue-resident cell

populations, it is important to highlight the role of the

microenvironment in the pattern of gene expression and

the function of macrophages. Tissue-resident macrophages

have a specific genetic signature and can be distinguished by

specific gene expression patterns. The tissue

microenvironment is essential for establishing macrophage

identity [1, 67]. Macrophages populate tissues very early in the

embryonic process and it has been suggested that tissue-

resident macrophages originate from precursors present in

the yolk sac [68–71]. Despite their common origin, these

macrophages develop independently, acquiring specialized

functions according to the local microenvironment [72–74].

It has been shown that macrophage populations from

different organs express unique mRNA transcripts that

allow them to perform specialized local functions [1].

However, evidence have shown that mouse resident

peritoneal macrophages change their gene expression

pattern when transferred to the lungs, assimilating the

pattern of the local macrophage population [67]. These

data indicate that the tissue microenvironment has the

potential to reprogram differentiated macrophages.

It has been shown that ex vivo culture of tissue resident

macrophages influences the gene expression pattern and

activation status of these cells [67, 75, 76]. The transition

of macrophages from the peritoneal cavity to culture medium

enriched with M-CSF and/or TGF-β results in marked

changes in gene expression [75]. Furthermore, the transfer

of alveolar macrophages (AM) from the lung

microenvironment of ovalbumin-sensitized rats to ex vivo

culture and their subsequent reintroduction into AM-

depleted sensitized rats results in an increase in

Th1 cytokines in bronchoalveolar lavage and a reduction in

the alveolar hyperresponsiveness [67]. Together these data

indicate the importance of the tissue microenvironment in cell

activation status and highlight the effect of ex vivo culture on

cellular responses. Although unstimulated macrophages were

culture for 24 h before RNA-Seq analysis in this study, the

pattern of gene expression was markedly different from that

obtained in response to infection under the same experimental

conditions in a previous study [23]. This emphasizes the

importance of considering the basal pattern of gene

expression for the subsequent analysis of the changes

induced in the presence of a stimulus in an ex vivo

experimental setting.

We also analyzed the proportion of F4/80highCD11bhigh

and F4/80lowCD11blow in peritoneal lavages of C57BL/6 and

BALB/c. F4/80highCD11bhigh cells have been identified as large

peritoneal macrophages (LPM) and F4/80lowCD11blow cells as

small peritoneal macrophages (SPM) [76]. Evidence shows

that both populations of macrophages coexist in the peritoneal

cavity and although they show strong similarities in gene

expression pattern [75] they are functionally different [76].

Thus, the differences in the basal pattern of gene expression

observed herein might not be influenced by differences in the

proportion of these two populations between C57BL/6 and

BALB/c cells. However, it has been shown that adhesion to

culture dishes induces morphological, phenotypic, and

functional modifications of LPM and SPM [76, 77]. This

reinforces the need to consider the basal patterns of gene

expression when performing differential expression analyses

in response to stimuli.

We observed that BALB/c peritoneal cells exhibit a higher

mean fluorescence intensity of MHC II compared to C57BL/

6 cells. Previous studies have indicated that SPM express

elevated levels of MHC II [73, 76] and the numbers of this

subset of cells increase in response to inflammatory conditions

[78]. The differences in the expression of MHC II observed

herein could be related to the varying proportions of SPM and

LPM present in both mouse strains [76]. Furthermore, it has

been reported that the levels of MHC II expression are

dependent on the cell cycle [79]. It has been observed in

BMDMs that cell cycle regulators could modulate the basal or

activated transcription of genes not directly associated with

cell cycle progression [80]. Macrophages arrested in the G1

phase of the cell cycle exhibit higher basal expression levels of

MHC II; however, they do not increase MHC II expression in

response to IFN-γ stimulation [79]. We could speculate that

the cell populations analyzed from BALB/c and C57BL/6 mice

may have been in different phases of the cell cycle, affecting

the basal expression of MHC II. Nevertheless, additional

subsets of MHC II+ cells have been identified in the

peritoneal cavity [81], thus these differences might be also

associated with specific cell populations. It has also been

suggested that the expression level of certain haplotypes of

MHC II molecules in macrophages could promote
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Th1 differentiation. It has been shown that Th1 bias appears

to be influenced by the presence of the I-Ab allele [82]

Interestingly, this allele is expressed by C57BL/6 mice,

while BALB/c express the I-Ad allele. The latter emphasizes

the need of further studies to characterize in depth resident

peritoneal cell populations in these mouse strains.

One limitation of this study is that resident peritoneal cells

are a heterogeneous population, thus, we cannot rule out the

possible contribution of cells other than macrophages in the

observed gene expression patterns. However, the higher

proportion of cells in our samples were F4/80+CD11b+,

which are macrophages. Moreover, as tissue resident

macrophages could harbour diverse populations of

macrophages exhibiting a range of activation states [73,

75], this could contribute to a gene expression pattern that

mixes markers for different activation phenotypes.

Furthermore, several studies use resident peritoneal cells to

understand the mechanisms involved in a variety of disease

models where macrophages play an essential role. Hence, the

results shown here are relevant for the interpretation of gene

expression patterns analysis in the resident peritoneal

macrophage population under a pathogen challenge. The

impact of baseline gene expression of different tissue-

macrophages for the understanding of disease pathogenesis

requires further studies.

Globally, the gene expression pattern of uninfected

C57BL/6 macrophages exhibited significant differences to

that of BALB/c macrophages. Our results suggest that

macrophages from each mice strain have a specific basal

gene expression pattern, which probably influences, but

does not appear to determine by itself, the phenotype in

response to pathogens. The final phenotype may be

influenced also by post-transcriptional modifications, which

in turn could be modulated by the pathogens [83]. This study

highlights important aspects to consider when studying the

mechanisms involved in the development of resident

peritoneal macrophage phenotypes in response to

intracellular pathogens.
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