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Abstract: Background: Breast cancer (BRCA) is one of the most prevalent malignancies in women. Macrophage
migration inhibitory factor (MIF) and its receptor CD74 molecule (CD74) have been implicated in tumor immunity,
yet their functional interplay within the BRCA microenvironment remains unclear. Methods: Transcriptomic datasets
and single-cell RNA sequencing analyses were performed to assess the expression patterns, prognostic signifi-
cance, and cellular localization of MIF and CD74. Their functional interactions were further investigated using an
in vitro co-culture system of MCF7 BRCA cells and macrophages, combined with MIF inhibition and CD74 block-
ade. Results: MIF and CD74 were significantly upregulated in BRCA and associated with poor prognosis. Single-cell
analysis showed that CD74 was predominantly expressed in tumor-associated macrophages, whereas MIF was
mainly produced by cancer cells. Tumor-derived MIF promoted M2 macrophage polarization through CD74-mediated
activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling pathway, and this effect was
abolished upon disruption of this signaling axis. Hypoxia was identified as a critical upstream regulator driving MIF
secretion. Conclusions: These findings identify a hypoxia-driven MIF/CD74 signaling axis that promotes immunosup-

pressive macrophage polarization in BRCA, highlighting its potential as a therapeutic target.
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Introduction

Breast cancer (BRCA) is the most common
malignant tumor among women worldwide [1].
Its hypoxic tumor microenvironment (TME) is
closely associated with disease progression
and poor prognosis. Recent studies have
revealed that macrophage migration inhibitory
factor (MIF), a pleiotropic inflammatory cyto-
Kine, is upregulated under hypoxic conditions
and plays a role in tumor progression by modu-
lating the immune microenvironment [2-4].
However, the molecular mechanisms through
which MIF promotes immune evasion through
macrophage polarization in the hypoxic BRCA
microenvironment remains unclear.

MIF is an important inflammatory mediator
involved in various cellular processes, especial-
ly cancer initiation and progression. Under

hypoxia conditions, activation of hypoxia-induc-
ible factor 1-alpha (HIF-1«) in BRCA cells sig-
nificantly increases MIF expression [2, 5].
Culturing MCF7 cells at 1% O,, for 48 hours can
mimic the hypoxic tumor microenvironment,
providing an appropriate model for investigat-
ing the mechanism underlying MIF induction [6,
7]. Recombinant MIF has been shown to stimu-
late the proliferation of BRCA cell lines [8]. MIF
depletion in BRCA cells increased intratumoral
cytolytic CD8* T cell infiltration and enhanced
pro-inflammatory macrophage responses, sug-
gesting that MIF may represent an attractive
therapeutic target to circumvent metabolic
reprogramming and immunosuppression in
BRCA [9].

MIF exerts its biological functions primarily
through binding to its receptor, CD74 molecule
(CD74). Lue et al. reported that MIF interacted
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with its receptor CD74 to promote cell survival
by activating the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT) signaling path-
way [10]. Wirtz et al. demonstrated that MIF-
CD74 interaction significantly promoted tumor
progression in a hepatocellular carcinoma
model [11]. Notably, the effects of MIF on mac-
rophage polarization appears to be highly con-
text-dependent. For instance, in a non-tumor
inflammatory model, Yang et al. demonstrated
that MIF deficiency reduced macrophage rec-
ruitment, promoted the transition from M1 to
M2 polarization, and enhanced regulatory T-cell
(Treg) responses [12]. In contrast, within the
TME, where MIF is frequently overexpressed by
malignant cells, emerging evidence indicates
that MIF acts as a pro-tumorigenic factor by
promoting macrophage polarization toward an
M2-like phenotype. Specifically, in a non-small
cell lung cancer brain metastasis model, radio-
therapy promoted microglia M1 polarization
and increased radiosensitivity by blocking the
MIF-CD74 axis and reducing HIF-1a-dependent
MIF secretion [13]. However, whether tumor-
derived MIF directly drives M2 polarization in
BRCA through the CD74/PI3K/Akt axis remains
largely unexplored. To address this knowledge
gap, we established a co-culture system using
THP-1-derived macrophages and MCF7 condi-
tioned medium (CM), combined with interven-
tions using the MIF inhibitor 1ISO-1 and the
CD74-blocking antibody Milatuzumab, to fur-
ther elucidate the role of this pathway in the
BRCA immune microenvironment.

Recent studies have highlighted the critical
role of TME in BRCA aggressiveness and treat-
ment failure. The TME consists of multiple com-
ponents, including immune cells, fibroblasts,
and extracellular matrix proteins [14]. Tumor-
associated macrophages (TAMs) play a critical
role in BRCA progression. Increased TAMs den-
sity has been correlated with poor prognosis in
BRCA [15]. Depletion of macrophages from
tumor sites delayed tumor progression in
mouse models of BRCA [15]. Furthermore, ele-
vated macrophage infiltration was significantly
associated with both shorter relapse-free sur-
vival and worse overall survival, establishing
macrophage infiltration as an independent
prognostic factor [16]. TAMs acquire an M2-like
phenotype driven by tumor-derived and T cell-
derived cytokines [17]. The predominance of
M2-like TAMs in BRCA contributes to an immu-
nosuppressive phenotype [18-20]. These find-
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ings indicate that M2 macrophages play a criti-
cal role in BRCA progression. Therefore, eluci-
dating the molecular mechanisms underlying
macrophage M2 polarization in BRCA tissues is
of substantial importance.

In this study, we investigated MIF/CD74 expres-
sion patterns and their prognostic value in
BRCA, and further explored the mechanism by
which MIF stimulates macrophage M2 polariza-
tion through CD74 engagement. These findings
provided new insights into targeting the MIF-
CD74 interaction as a potential therapeutic
strategy for BRCA.

Methods
Cell lines and cell culture

The MCF7 (SCSP-531) and THP-1 (SCSP-567)
cell lines were purchased from the National
Collection of Authenticated Cell Cultures. Both
cell lines tested negative for mycoplasma con-
tamination and were authenticated by short
tandem repeat profiling. MCF7 cells were cul-
tured in MEM (Gibco, 11095080, Thermo
Fisher Scientific, Inc.) supplemented with 10%
FBS (Gibco, 10099141C, Thermo Fisher Sci-
entific, Inc.), 1% NEAA (Gibco, 11140050,
Thermo Fisher Scientific, Inc.), and 0.01 mg/mL
human recombinant insulin (SIGMA, 91077C-
1G). THP-1 cells were cultured in RPMI 1640
medium (Gibco, 11875093, Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS
(Gibco, 10099141C, Thermo Fisher Scientific,
Inc.) and 0.05 mM BME (Gibco, 21985023,
Thermo Fisher Scientific, Inc.). All cells were cul-
tured in a cell culture incubator containing 5%
CO, at 37°C.

To investigate hypoxia-induced MIF production
in BRCA cells, MCF7 cells were incubated un-
der hypoxic conditions (1% 0,) for 48 hours. To
evaluate the role of HIF-1a in MIF regulation,
MCF7 cells were co-cultured with 50 yuM PX-478
(@an inhibitor of HIF-1a; MedChemExpress,
HY-10231) for 48 h.

The effect of MCF7-derived MIF on macrophage
polarization was evaluated by incubating THP-
1-derived macrophages with conditioned medi-
um (CM) collected from MCF7 cells for 48
hours. Specific interventions were applied as
follows: (1) To inhibit MIF, 1ISO-1 (MedChem-
Express, HY-16692) was added to MCF7-
derived CM at a final concentration of 20 uM.
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(2) To block CD74 signaling, THP-1 cells were
pre-incubated with 5 pg/mL anti-CD74 anti-
body Milatuzumab (MedChemExpress, HY-
P99731). DMSO was added to the RPMI 1640
medium as the vehicle control.

To further confirm that hypoxia-induced MIF
promotes macrophage M2 polarization through
the PIBK-AKT signaling pathway, rescue experi-
ments were performed using the PI3K inhibitor
LY294002 (MedChemExpress, HY-10108) at
30 uM for 48 h.

SiRNA transfection

MIF siRNA transfection was performed using
RNA TransMate according to the manufactur-
er's protocol. Mixture of siRNA and RNA
TransMate was prepared in serum-free RPMI
1640 medium and subsequently added to the
cell culture medium.

Data collection and analysis

The Gene Expression Omnibus (GEO) database
(http://www.ncbi.nim.nih.gov/geo) was used to
obtain transcriptomic datasets. The GSE45419
datasets, including 24 breast tumor tissu-
es and 8 benign breast lesions, and the
GSE229571 dataset, including 6 breast tumor
tissues and 6 normal tissues, were download-
ed for analysis. Data analysis was performed
using R software (version 4.2.0). Differentially
expressed genes (DEGs) (P-value < 0.05, |log2
fold-change (logFC)| > 1) were identified using
the limma package.

The Human Protein Atlas (HPA) portal provides
an open-access platform integrating proteo-
mics, transcriptomics, and systems biology
data, enabling the exploration of protein expres-
sion profiles across diverse tissues and organs.
The database includes information regarding
subcellular localization and expression pat-
terns in both tumor and normal tissues [21]. In
this study, we particularly focused on CD74
expression patterns in both normal and tumor
tissues. The expression levels and distribution
characteristics of CD74 were investigated to
provide insights into its potential role in BRCA
development and progression.

SCRNA-seq analysis

The scRNA-seq GSE268662 dataset (5 breast
tumor tissues and 4 normal tissues) was down-
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loaded from the GEO database. Downstream
analyses were conducted using the Seurat tool-
kit (version 4.1.1) in the R statistical environ-
ment (version 4.2.0). Principal component anal-
ysis (PCA) was performed using RunPCA func-
tion for dimensionality reduction, and the top
30 principal components were retained for sub-
sequent analyses. Batch effect correction was
applied across all samples using RunHarmony
from the Harmony package (version 0.1.0). A
shared nearest-neighbor (SNN) graph was con-
structed using the FindNeighbors function
based on the top 30 principal components.
Cell clustering was performed using the
FindClusters function with a resolution param-
eter of 0.7. Nonlinear dimensionality reduction
for visualization was achieved using RunUMAP.
Cluster-specific genes were identified using
FindAllIMarkers function based on the Wilcoxon
rank-sum test. Genes with avg_log2FC > 0.25
and P_val_adj < 0.05 were considered signifi-
cant marker genes. Cell types were annotated
according to established canonical markers.
The expression pattern of CD74 across anno-
tated cell clusters was visualized using the
FeaturePlot function, while CD74 expression
levels across individual cell populations were
further evaluated using DotPlot and ViolinPlot
functions.

Prognostic analysis

To evaluate the prognostic significance of CD74
in patients with BRCA, the Gene Expression
Profiling Interactive Analysis (GEPIA) platform
was utilized. GEPIA is a gene expression analy-
sis platform based on data from The Cancer
Genome Atlas and The Genotype-Tissue Ex-
pression databases, incorporating extensive
transcriptomic information from both tumor
and normal tissues [22]. Due to its efficiency
and accessibility, GEPIA has been widely
applied in cancer-related studies. In this study,
GEPIA was used to analyze CD74 expression
patterns and their relationship with clinical
prognosis in patients with BRCA, providing a
basis for subsequent investigations.

RT-gPCR

Primers were designed and synthesized by
Sangon Biotech (Shanghai, China). Total RNA
was extracted from cells using the RNAEx ZOL
RNA Extraction Kit (ECOTOP, China). RNA was
reverse-transcribed into complementary DNA
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(cDNA) using the Hifair Il First Strand cDNA
Synthesis Kit (YEASEN, China). The mRNA
expression level was then detected using HiEff
0gPCR SYBR Green Master Mix (YEASEN, China)
and determined via the 222¢t method. The prim-
er sequences are shown as follows: MIF, F:
ATGTGGGCTGGAACAACTCC, R: TTTCTCCCCAC-
CAGAAGGTTG; mannose receptor C-type 1
(MRC1, CD206), F: TACCTGCGACAGTAAACGAG,
R: CCTGGCTATAAGGGAATTGTG; CD163 mole-
cule (CD163), F: GCACGAGGACAGTGTTTGG, R:
GCGACCTCCTCCATTTACC; arginase 1 (ARG1), F:
CAGACTAGGAATTGGCAAGG, R: GGGTCCAGTC-
CGTCAACATC; actin beta (ACTB), F: GTGAC-
AGCAGTCGGTTGGAG, R: GTGGGGTGGCTTTTA-
GGATG.

Transcriptome analysis

Transcriptome sequencing was performed to
investigate gene expression changes in MCF7
cells cultured under normoxic and hypoxic con-
ditions. RNA sequencing was performed by
Wuhan Benagen Technology Co., Ltd. (Wuhan,
China). Library construction was performed
using the VAHTS Universal V6 RNA-seq Library
Prep Kit (Vazyme, China). Briefly, mRNA was
enriched using magnetic beads and fragment-
ed into 200-300 bp segments. First-strand
cDNA was synthesized using random hexamer
primers and M-MulLV reverse transcriptase.
Then, second-strand cDNA synthesis was per-
formed using DNA polymerase | and RNase H
with dUTP incorporation for strand-specific
labeling. The resulting cDNA fragments were
end-repaired, with A-tailed, and ligated with
sequencing adapters. Library amplification was
performed using high-fidelity DNA polymerase
with universal and index primers, followed by
purification using AMPure XP beads. Library
quality was assessed using Qubit 3.0. Library
integrity was assessed using the Agilent 2100
Bioanalyzer. Next, the concentration was quan-
tified by gPCR. Finally, sequencing was per-
formed on the DNBSEQ-T7 platform using a
PE150 sequencing strategy.

Western blot

Protein expression levels were determined by
Western blot. Total protein was extracted from
RIPA lysate (Solarbio, RO010) with protease
and phosphatase inhibitor (Abcam, ab201119).
Then supernatant was extracted after centrifu-
gation and protein content was determined
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using a BCA kit (Solarbio, PCO020). The protein
samples were mixed with 5x sample loading
buffer (Solarbio, P1040) and heated at 100°C
for 10 min. A volume of 40 g total protein
was added to each lane. The total protein was
separated by SDS-PAGE and then electrotrans-
ferred onto a PVDF membrane (Millipore,
ISEQO0010). The PVDF membrane was incu-
bated with a 5% skim milk (OXOID, LPOO33B)
solution for 1.5 h at room temperature. The pri-
mary antibody was incubated after dilution
overnight at 4°C. The secondary antibody was
incubated after dilution for 1 h at room tem-
perature. The PVDF membrane was visualized
with an enhanced chemiluminescence detector
system (Tanon). The antibodies used were as
follows: HIF-1a (Abcam, ab179483), PI3K
(Proteintech, 60225-1-1g), p-PI3K (Proteintech,
82796-4-RR), AKT (Abcam, ab179463), p-AKT
(Abcam, ab183758), MIF (Abcam, ab176565),
glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) (Abcam, ab181602), Goat Anti-Rabbit
IgG (Abcam, ab6721), Goat Anti-Mouse 1gG
(Abcam, ab6789).

ELISA analysis

MIF secretion levels in the CM collected from
MCEF7 cells, as well as interleukin 10 (IL-10) and
transforming growth factor beta 1 (TGF-B1)
secretion levels in the CM from macrophages
were quantified using human ELISA Kit (MIF,
MULTISCIENCES, EK1158; IL-10, MULTISCIE-
NCES, EK110; TGF-B1, MULTISCIENCES, EK-
981) according to the manufacturer’s protocol.
Briefly, standards, test samples, and biotinylat-
ed detection antibodies were added to the
microplate wells and incubated for 2 hours.
After washing, streptavidin-HRP was added and
incubated. Subsequently, TMB substrate was
added, and the plates were incubated in the
dark. The reaction was terminated by adding
stop solution, and absorbance was measured
at 450 nm using a microplate reader.

Flow cytometry analysis

Cells were washed twice with PBS and detached
using Accutase at 37°C. The collected cells
were centrifuged were washed with precooled
PBS. Following this, cells were resuspended in
PBS and incubated with 20 puL of FITC-
conjugated mouse anti-human CD206 (BD
Pharmingen, USA) at room temperature in the
dark for 30 minutes. After staining, samples
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were gently mixed and analyzed using a
CytoFLEX flow cytometer (Beckman Coulter).
Flow cytometry data were analyzed using
FlowJo software.

Statistical analysis

Data are presented as the mean * standard
deviation (SD). Statistical analyses were per-
formed using R 4.2.0 and SPSS 25.0.
Comparisons between two groups were per-
formed using independent-samples t-tests,
whereas comparisons among multiple groups
using one-way ANOVA. The significance levels
were indicated as follows: *P < 0.05; **P < 0.01;
and P < 0.001.

Results
CD74 was consistently upregulated in BRCA

The GSE45419 dataset was analyzed to iden-
tify DEGs, which were visualized using a volca-
no plot (Figure 1A). To further characterize the
expression pattern of CD74 in BRCA, transcrip-
tomic analyses were performed across four
datasets representing overall BRCA, estrogen
receptor-positive (ER*) breast cancer, human
epidermal growth factor receptor 2-positive
(HER2") breast cancer, and triple-negative
breast cancer (TNBC). Compared with normal
breast tissues, CD74 expression was signifi-
cantly increased in BRCA tissues (P < 0.05),
and this upregulation was consistently ob-
served across all molecular subtypes analyzed
(Figure 1B-E).

Survival analysis based on the GEPIA data-
base showed that CD74 expression was signifi-
cantly associated with patient prognosis (P <
0.05; Figure 1F). Single-cell RNA sequencing
analysis identified 11 major cell types, includ-
ing B cells, CD4* T cells, CD8* T cells, macro-
phages, endothelial cells, epithelial cells, fibro-
blasts, mast cells, MKI67* cells, pericytes, and
plasma cells (Figure 1G). CD74 expression was
detected across multiple cell populations in
both normal and tumor tissues; however, its
predominant cellular distribution differed be-
tween conditions. In normal tissues, CD74
expression was primarily enriched in B cells,
whereas in tumor tissues, CD74 expression
was primarily concentrated in macrophages
(Figure 1H, 11).
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Quantitative analysis revealed significant dif-
ferences in CD74 expression between tumor
and normal tissues across multiple cell types,
including CD4* T cells, CD8" T cells, endothelial
cells, fibroblasts, macrophages, mast cells,
pericytes, and plasma cells (P < 0.05). Notably,
CD74 expression was significantly higher in
macrophages derived from BRCA tissues than
in those from normal breast tissues. In con-
trast, no statistically significant differences
were observed in B cells, epithelial cells, or
MKIGT* cells (Figure 1J). These findings indi-
cate that CD74 is preferentially upregulated in
tumor-associated macrophages within the
BRCA microenvironment.

CD74 protein expression in normal breast and
BRCA tissues

Immunohistochemical data from the Human
Protein Atlas (HPA) showed that CD74 staining
was undetectable in adipocytes and myoepi-
thelial cells, whereas strong staining was ob-
served in glandular cells of normal breast tis-
sues. In BRCA tumor tissues, CD74 displayed
clearly positive staining (Figure 2A). In addition,
immunohistochemical analysis of 12 BRCA tis-
sue samples revealed heterogeneous CD74
expression levels, with one case exhibiting low
expression, ten cases showing moderate
expression, and one case showing high expres-
sion (Figure 2B).

MIF expression was upregulated in BRCA tis-
sues

The GSE229571 dataset was analyzed to iden-
tify DEGs, and the results were visualized in a
volcano plot (Figure 3A). Compared with nor-
mal breast tissues, MIF expression was signifi-
cantly increased in BRCA tissues (P < 0.05;
Figure 3B). Single-cell sequencing analysis
demonstrated that MIF expression was mainly
localized to epithelial cells in both normal and
tumor tissues (Figure 3C, 3D). Quantitative
comparison further revealed significant differ-
ences in MIF expression between tumor and
normal tissues across multiple cell types,
including CD4* T cells, endothelial cells, epi-
thelial cells, fibroblasts, and macrophages.
Notably, MIF expression was significantly high-
er in epithelial cells from BRCA tissues than in
epithelial cells from normal tissues (P < 0.05;
Figure 3E).
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in normal and tumor tissues. J. Statistical comparison of CD74 expression between tumor and normal tissues. Notes: DEG, differentially expressed gene; UMAP,
Uniform Manifold Approximation and Projection; ns, not significant; **, P < 0.001.
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Figure 2. Expression profiles of CD74 in normal breast tissues and BRCA tumor tissues based on the HPA database.
A. Immunohistochemical staining of CD74 in normal breast tissues and BRCA tumor tissues from the HPA database.
B. Immunohistochemical staining pattern of CD74 in 12 BRCA tumor tissues from the HPA database. Notes: BRCA,

breast cancer; HPA, Human Protein Atlas.

MIF protein expression in normal breast and
BRCA tissues

Immunohistochemical staining data from the
HPA database showed that MIF staining was
undetectable in adipocytes, weakly expressed
in myoepithelial cells, and strongly expressed
in glandular cells of normal breast tissues. In
BRCA tumor tissues, MIF exhibited clear posi-
tive staining (Figure 4A). Immunohistochemical
staining of 12 BRCA tissue samples revealed
heterogeneous MIF expression, with one case
showing undetectable expression, two cases
showing low expression, and nine cases show-
ing moderate expression (Figure 4B).

Cell-cell communication analysis identified MIF
signaling between epithelial cells and macro-
phages

Based on the scRNA-seq cell-type annotations,
intercellular communication within tumor tis-
sues was inferred using CellChat. Heatmaps
depicting interaction numbers and interaction
strengths showed strong communication be-
tween epithelial cells and macrophages (Figure
5A, 5B). Directionality analysis indicated that
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outgoing MIF signaling was predominantly
derived from epithelial cells, whereas ingoing
MIF signaling was mainly enriched in CD4* T
cells, CD8" T cells, and macrophages (Figure
5C). Consistently, the MIF signaling network
showed that MIF was primarily produced by
epithelial cells and interacted with receptors
expressed on CD4* T cells, CD8* T cells, and
macrophages (Figure 5D, 5E). Ligand-receptor
analysis further identified MIF-(CD74+CXCR4)
and MIF-(CD74+CD44) as the most frequent
interaction pairs in BRCA tissues (Figure 5F).
Protein-protein interaction analysis from the
STRING database supported an interaction
between MIF and CD74 (Figure 5G, 5H).

Hypoxia promoted MIF expression in BRCA
cells through HIF-1x

To explore the mechanism underlying increased
MIF expression, transcriptomic data from MCF7
cells cultured under normoxic and hypoxic con-
ditions were analyzed. The results showed that
hypoxia significantly increased MIF expression
(Figure 6A, 6B). This finding was further sup-
ported by increased MIF mRNA levels detected
by PCR and elevated MIF protein levels mea-
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A. Immunohistochemical staining of MIF in normal breast tissues and BRCA tumor tissues from the HPA database.
B. Immunohistochemical staining pattern of MIF in 12 BRCA tumor tissues from the HPA database. Notes: MIF,
macrophage migration inhibitory factor; HPA, Human Protein Atlas.

sured by ELISA (Figure 6C, 6D). Furthermore,
Western blot analysis demonstrated that pro-
tein expression levels of HIF-1a and MIF were
increased under hypoxic conditions compared
with normoxic conditions (Figure 6E). The pro-
tein expression of HIF-1la was downregulated
after incubation with 50 uM PX-478 (an inhibi-
tor of HIF-1a) for 48 h (Figure 6F). In addition,
both mRNA and protein expression of MIF were
decreased after incubation with PX-478 (Figure
6F-H). These findings indicate that hypoxia
induces MIF expression in BRCA cells in a HIF-
la-dependent manner.

Tumor cell-derived and hypoxia-induced MIF
mediated macrophage M2 polarization

To investigate the role of MIF in macrophage
M2 polarization, MCF7 cells were subjected to
MIF knockdown using siRNA. After siRNA inter-
ference, the mRNA and protein expression of
MIF significantly decreased (Figure 7A-C). After
incubation of macrophages with CM from MCF7
cells, CM derived from siMIF-treated cells sig-
nificantly decreased the mRNA expression of
M2 polarization markers, including CD206,
CD163, and ARG1 (Figure 7D-F). Flow cytome-
try analysis demonstrated that CD206 protein
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expression was also significantly decreased
(Figure 7G, 7H). In addition, siMIF-derived CM
reduced the secretion levels of IL-10 and TGF-
B4 from M2 macrophages (Figure 71, 7)).

MIF promoted macrophage M2 polarization
through CD74

To investigate the effect of tumor-derived MIF
on macrophage polarization, macrophages
were exposed to CM from MCF7 cells. Com-
pared with the control group, MCF7-derived
CM significantly increased the expression
of M2-like macrophages markers, including
CD206, CD163 and ARG1. This effect was
markedly attenuated following MIF inhibition
with ISO-1 or CD74 blockade with Milatuzumab,
suggesting that MIF promotes macrophage M2
polarization through CD74 signaling (Figure
8A-C). Flow cytometric detection of CD206
also showed similar results (Figure 8D, 8E). The
protein expression levels of PI3K, p-PI3K, AKT
and p-AKT were detected to investigate the
downstream signaling pathways involved in
MIF-CD74-mediated macrophage polarization.
MCF7-derived CM increased the phosphoryla-
tion levels of PI3K and AKT compared with the
control group, whereas this effect was reduced

Am J Transl Res 2026;18(9):8481-8500
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following treatment with ISO-1 (a MIF inhibitor)
or Milatuzumab (an anti-CD74 monoclonal anti-
body) (Figure 8F). In addition, MCF7-derived
CM enhanced the secretion of IL-10 and TGF-1
from M2 macrophages, and this effect was
attenuated by MIF inhibition or CD74 blockade
(Figure 8G, 8H).

Macrophages cultured with CM derived from
hypoxia- conditioned MCF7 cells exhibited
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more pronounced increases in CD206, CD163,
and ARG1 expression compared with those
cultured with CM from normoxic MCF7 cells
(Figure 9A-C). Flow cytometric analysis of
CD206 also showed similar results (Figure 9D,
9E). Hypoxic CM also increased p-PI3K and
p-AKT expression in macrophages compared
with normoxic CM (Figure 9F). Furthermore,
CM from hypoxia-treated MCF7 cells enhanc-
ed IL-10 and TGF-B1 secretion by M2 macro-
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phages (Figure 9G, 9H). Collectively, these
results indicate that hypoxia-enhanced MIF

PI3K/AKT signaling is required for MIF/CD74-
mediated macrophage M2 polarization

secretion from MCF7 cells promotes macro-

phage M2 polarization through CD74 -associat-

ed signaling.
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To further determine whether hypoxia-induced
MIF promotes macrophage M2 polarization
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through the PI3K-AKT signaling pathway,
rescue experiments were performed using
LY294002 (a PI3K inhibitor). Compared with
the control group, hypoxia-conditioned MCF7-
derived CM significantly increased the expres-
sion levels of the M2 macrophages markers,
including CD206, CD163, and ARG1. These
effects were attenuated by CD74 blockade
with Milatuzumab or PI3K inhibition with
LY294002 (Figure 10A-C). Flow cytometric
analysis of CD206 expression yielded similar
results (Figure 10D, 10E).

To evaluate the involvement of downstream sig-
naling pathways, the expression levels of PI3K,
p-PI3K, AKT and p-AKT were analyzed. MCF7-
derived CM increased the expression of p-PI3K
and p-AKT compared with the control group,
and these changes were attenuated following
treatment with Milatuzumab or LY294002
(Figure 10F). Moreover, hypoxia-conditioned
MCF7-derived CM increased the secretion of
IL-10 and TGF-B1 by M2 macrophages, while
these effects were attenuated following CD74
blockade or PI3K inhibition (Figure 10G, 10H).
These findings demonstrate that hypoxia-
induced MIF promotes macrophage M2 polar-
ization through CD74-mediated activation of
the PI3K-AKT signaling pathway.

Discussion

BRCA is a life-threatening malignancy with a
high incidence among female cancers [1]. The
present study revealed a critical mechanistic
link between hypoxia-induced MIF secretion
from BRCA cells and macrophage polarization,
providing new insights into TME remodeling
and potential therapeutic strategies. Hypoxia
acts as an important driver of MIF upregulation
in cancer cells, which in turn contributes to
immune evasion and the establishment of pro-
tumorigenic macrophage phenotypes. MIF is a
cytokine secreted by tumor cells and functions
as a ligand for CD74, a cell membrane-associ-
ated receptor. Upon binding to CD74, MIF acti-
vates downstream signaling cascade, leading
to the release of CD74 cytosolic intracellular
domain, which regulates transcriptional res-
ponses in immune cells [23].

CD74 plays an important role in BRCA progres-
sion. CD74 promotes tumor growth by inducing
the expansion of tumor-infiltrating regulatory B
cells and tolerogenic dendritic cells in TNBC
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[23]. Shi et al. reported that CD74 expression
was elevated in tumor tissues across multiple
cancer types compared with corresponding
normal tissues [24]. Consistent with these find-
ings, our results demonstrated that CD74 was
significantly upregulated in BRCA tissues and
predominantly expressed in macrophages with-
in the tumor microenvironment, and that CD74
expression was associated with patient prog-
nosis. Tian et al. reported that CD74 was posi-
tively expressed in 80.69% of BRCA cases and
was significantly associated with lymph node
metastasis and TNBC [25]. Previous studies
have shown that CD74 promotes the prolifera-
tion, invasion, and migration of BRCA cells [26,
27]. Greenwood et al. reported that Statl/
CD74-positive TNBC exhibited more aggressive
biological characteristics [28]. Wang et al. dem-
onstrated that CD74 mRNA and protein levels
were significantly increased in TNBC and were
closely associated with cancer stem cell prop-
erties and epithelial-mesenchymal transition
characteristics [29]. Moreover, a multi-omics
study revealed that CD74 expression was sig-
nificantly upregulated in most cancers com-
pared with matched normal tissues and exhib-
ited prognostic and predictive value [30].

MIF plays a critical role in BRCA progression
through the MIF-CD74 axis. In this study, we
observed that MIF was predominantly ex-
pressed in mammary epithelial cells, with sig-
nificantly higher expression levels in the epithe-
lial cells of BRCA tissue than those in normal
breast tissue. Based on these findings, we
hypothesized that MIF secreted by BRCA cells
binds to CD74 expressed on macrophage mem-
branes, thereby modulating macrophage func-
tion and contributing to BRCA progression. Our
results revealed that MIF secreted by MCF7
cells promoted M2 polarization and increased
the secretion of IL-10 and TGF-B1 from macro-
phages through interaction with the surface
receptor CD74 on macrophages. The binding of
MIF to CD74 may activate downstream signal-
ing pathways, including the MAPK or PI3K-AKT
signaling pathways, thereby regulating macro-
phage survival, migration, polarization, and
other functional responses. Consistent with
these findings, our study showed that MCF7-
derived MIF promoted M2 polarization by acti-
vating the PI3K-AKT signaling pathway. In brain
tumors, tumor-derived MIF promoted microglial
polarization toward an M2 phenotype by acti-
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Figure 10. PI3K/AKT signaling is required for MIF/CD74-mediated macrophage M2 polarization. A. The mRNA ex-
pression of MRC1 (CD206). B. The mRNA expression of CD163. C. The mRNA expression of ARG1. D. Flow cytometry
analysis of CD206 expression on macrophages. E. Percentage of CD206-positive macrophages. F. Western blot
analysis of PI3BK-AKT signaling pathway activation. G. Concentration of IL-10 in macrophage culture supernatants
under different co-culture conditions. H. Concentration of TGF-B1 in macrophage culture supernatants under differ-
ent co-culture conditions. Notes: *, P < 0.05; **, P < 0.01; ***, P < 0.001.

vating CD74 signaling, which inhibited inter- microglial ERK1/2 [31]. MIF also induced neu-
feron-y secretion through phosphorylation of trophil accumulation in the alveolar space
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through MIF’s interaction with CD74 on alveolar
macrophages, followed by activation of the
p44/p42 MAPK pathway and subsequent
release of neutrophil-recruiting chemokines
[32]. Furthermore, MIF binding to the CD74-
CD44 receptor complex on macrophage sur-
faces impaired amyloid-beta plaque clearan-
ce, thereby exacerbating Alzheimer’s disease
pathology [33]. Our intervention experiments
using ISO-1 (MIF inhibitor) and Milatuzumab
(anti-CD74) extended these findings by demon-
strating that MCF7-derived MIF preferentially
promoted M2-like polarization, consistent with
the anti-apoptotic and pro-angiogenic functions
of M2 macrophages in hypoxic TMEs [7, 34].

Hypoxia is a common characteristic of solid
tumors. MIF is an essential regulator involved
in tumorigenesis, angiogenesis, and tumor
metastasis. Previous studies have demonstrat-
ed that MIF expression is elevated in Hep2 cells
under hypoxic conditions [35]. Consistently, our
study showed that MCF7 cells produced signifi-
cantly higher levels of MIF under hypoxic condi-
tions than under normoxic conditions. MIF con-
tributes to tumor adaptation to hypoxic stress
by promoting HIF-1a stabilization. Hahne et al.
reported that MIF was redundantly regulated by
HIF-1 and HIF-2 pathways [36]. Liu et al. report-
ed that MIF was highly expressed in non-small
cell lung cancer and was associated with prog-
nosis [13]. Under hypoxic conditions, HIF-1a
protein stability is enhanced, resulting in its
intracellular accumulation. As a transcription
factor, HIF-1a binds to the MIF promoter and
promotes MIF transcription. Zhu et al. reported
that MIF expression was reduced following
knockdown of HIF-1a and HIF-2a in head and
neck squamous cell carcinoma cells [37].
Therefore, targeting MIF using small-molecule
antagonists may represent a potential thera-
peutic strategy for hypoxia-driven tumors.

It is important to acknowledge that the in vitro
functional experiments in this study were con-
ducted exclusively using the MCF7 cell line,
which represents the luminal A (ER*) subtype of
breast cancer. In contrast, our transcriptomic
analyses incorporated datasets covering multi-
ple molecular subtypes. Given that breast can-
cer is characterized by substantial inter- and
intra-tumoral heterogeneity, the use of a single
cell line may limit the generalizability of our find-
ings. Therefore, the conclusions derived from
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cellular experiments should be interpreted with
caution. Further validations using additional
breast cancer models, including HER2*, and
TNBC cell lines, are warranted to confirm whe-
ther the observed effects are subtype-specific
or universally applicable across different bio-
logical contexts.

Conclusions

This study identified a novel mechanism by
which the MIF-CD74 axis promoted BRCA pro-
gression through regulation of macrophage M2
polarization and highlighted the crucial role of
hypoxia in this process. Targeting the MIF-CD74
interaction may represent a potential therapeu-
tic strategy for BRCA treatment.
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