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Targeting the NF‑κB pathway 
enhances responsiveness 
of mammary tumors to JAK 
inhibitors
Aditi S. Bapat 1, Christine H. O’Connor 2,3 & Kathryn L. Schwertfeger 1,3,4,5*

Interactions between tumor cells and the tumor microenvironment are critical for tumor growth, 
progression, and response to therapy. Effective targeting of oncogenic signaling pathways in 
tumors requires an understanding of how these therapies impact both tumor cells and cells within 
the tumor microenvironment. One such pathway is the janus kinase (JAK)/signal transducer and 
activator or transcription (STAT) pathway, which is activated in both breast cancer cells and in tumor 
associated macrophages. This study demonstrates that exposure of macrophages to JAK inhibitors 
leads to activation of NF‑κB signaling, which results in increased expression of genes known to be 
associated with therapeutic resistance. Furthermore, inhibition of the NF‑κB pathway improves 
the ability of ruxolitinib to reduce mammary tumor growth in vivo. Thus, the impact of the tumor 
microenvironment is an important consideration in studying breast cancer and understanding such 
mechanisms of resistance is critical to development of effective targeted therapies.

Abbreviations
JAK/STAT   Janus kinase/signal transducer and activator of transcription
NF-κB  Nuclear factor kappa-B
TME  Tumor microenvironment
TAM  Tumor-associated macrophage
CM  Conditioned media
BMDM  Bone marrow derived macrophages
GO  Gene ontology
GSEA  Gene set enrichment analysis

Tumor associated macrophages (TAMs) are important components of the tumor microenvironment (TME) that 
greatly influence tumor growth and  progression1. While the effects of macrophages on tumor cell behavior are 
complex and often context dependent, they are thought to correlate with poor prognosis in breast  cancer2,3. TAMs 
regulate the growth and progression of the tumor either by directly influencing the tumor cells or by manipulating 
the TME by promoting angiogenesis, modifying the components of the extracellular matrix, promoting stem-
ness, and by inhibiting immune response against the  tumor4. Macrophages also mediate resistance of tumor cells 
to tumor-directed inhibitors, by activating compensatory survival  pathways5. Several approaches for targeting 
macrophage recruitment, survival, and activation in the TME have been successful in pre-clinical models of 
cancer and have also led to investigations in clinical  trials5.

In order to understand how macrophages contribute to therapeutic responsiveness in tumors, is it important 
to define how these inhibitors impact macrophage function. By virtue of their proximity to the tumor, inhibitors 
are likely to affect their target pathways in TAMs as well. The Janus Kinase (JAK)/Signal Transducer and Activator 
of Transcription (STAT) pathway is an oncogenic transcription factor pathway activated in tumor  cells6. Due to 
extensive studies linking JAK/STAT signaling to oncogenic functions in cancer cells, JAK inhibitors are being 
investigated in the clinic for treatment of solid tumors and hematological  malignancies6. The JAK proteins 
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are associated with tyrosine kinase receptors activated by cytokines and growth  factors6. Activated JAKs 
phosphorylate the STAT proteins, which in turn dimerize and translocate to the nucleus to activate several 
pathways involved in tumor cell survival, proliferation, and immune  evasion7. More than 50% of tumor samples 
from breast cancer patients show evidence of activated JAK  signaling8. The JAK/STAT pathway is of special 
interest in triple negative breast cancer since these tumors do not respond to conventional hormone-receptor 
targeted  therapies8. Several inhibitors of JAK signaling, most prominently the JAK1/2 inhibitor ruxolitinib, are 
currently being investigated for solid tumors in clinical  trials9. Ruxolitinib has been approved for treatment 
of rheumatoid arthritis and has shown promising results in clinical trials of myeloproliferative neoplasm, 
pancreatic cancer, and pre-clinical models of prostate  cancer10–14. However, in pre-clinical models of breast cancer 
metastasis, ruxolitinib was shown to enhance metastasis due to decreased NK cell  activation15. Ruxolitinib also 
inhibited T cell activation and differentiation in models of myeloproliferative  neoplasms16. Given the promising 
therapeutic strategy presented by JAK inhibition, it is important to investigate its effect on the tumor stroma as 
a possible mechanism of resistance.

In addition to regulating tumor cells, the JAK/STAT pathway is also a critical regulator of macrophage function 
under normal and other pathophysiological  conditions17. We have previously shown that tumor-cell derived 
factors from triple negative-like mammary tumor cell lines activate the JAK/STAT pathway in macrophages in 
culture and in mouse mammary tumor  models18. Thus, JAK inhibitors are likely to have an effect on TAMs as 
well, consequently altering their behavior in the TME. Our studies with the JAK inhibitor ruxolitinib have shown 
that TAMs upregulate a subset of tumor-promoting genes in response to JAK inhibition by ruxolitinib. These 
genes are enriched in cancer-associated pathways and may be mediators of macrophage-derived resistance to 
 ruxolitinib18. We sought to elucidate this phenomenon further and investigate the mechanism of macrophage 
mediated resistance to ruxolitinib. We demonstrate here that JAK inhibition in macrophages leads to activation 
of the Nuclear Factor kappa-B (NF-κB) transcription factor pathway.

One of the most prominent mediators of immune cell function, the NF-κB transcription factor pathway 
regulates transcription of several genes involved in the innate immune  response19. Activation downstream 
of the tumor necrosis factor receptor (TNFR) is one of the most extensively studied mechanisms of NF-κB. 
However, several other stimuli are involved in the activation and regulation of the  pathway19. The canonical 
activation pathway involves phosphorylation of the p65 (RelA) subunit of the NF-κB dimer, by upstream kinases 
including but not limited to inhibitor of kappa B (IκB) kinase IKKα/β, which targets the sequestering protein 
IκB for ubiquitination, and releases the p65-p50 dimer to translocate to the nucleus and regulate  transcription20. 
In this study, we investigated NF-κB as a mechanism through which macrophages mediate resistance to JAK 
inhibition. Our studies show that ruxolitinib treatment in TAMs activates the NF-κB pathway, which upregulates 
transcription of a subset of genes. Combining an NF-κB inhibitor with ruxolitinib showed improved survival over 
either inhibitor alone. These findings highlight the importance of investigating the effects of targeted therapy on 
cells of the tumor stroma and targeting possible mechanisms of resistance.

Materials and methods
Mice
Wild-type (WT) Balb/c mice were obtained from Envigo. All experiments were performed with 8-week-old 
female mice and all animal care and procedures were approved by the Institutional Animal Care and Use 
Committee of the University of Minnesota and in accordance with the procedures detailed in the Guide for the 
Care and Use of Laboratory  Animals21.

Cell culture and stimulation
HC11/R1 cells were obtained from Jeffrey Rosen, Baylor College of Medicine, Houston, TX and maintained as 
described  before22. 4T1 cells were obtained from Thomas Griffith, University of Minnesota, Minneapolis, MN 
and grown in media containing RPMI, 10% FBS, 1% penicillin/streptomycin (Life Technologies), 1% l-glutamine 
(Life Technologies), 10 mM HEPES (Life Technologies), 1 mM sodium pyruvate (Life Technologies). Mouse 
bone marrow-derived macrophages (BMDMs) were isolated and maintained as described  previously23. Serum 
starved HC11/R1 cells were treated with 30 nM B/B homodimerizer (Clontech) for 24 h. 4T1 cells were serum 
starved for 24 h. Conditioned medium (CM) was collected from both cell lines and spun down to remove cell 
debris. Prior to CM treatment, BMDMs were serum starved for 2 h to downregulate any baseline activation of 
pathways. For BMDMs treated with CM and ruxolitinib, 0.5 μM ruxolitinib was added during pre-treatment to 
enable activation specifically by soluble factors from the CM. BMDMs were treated with conditioned media (CM) 
from HC11/R1 and 4T1 cells with ruxolitinib for 15 min for immunoblots, to observe rapid phosphorylation of 
proteins of interest, and 4 h for isolating RNA, to allow for transcriptional changes to occur after phosphorylation. 
Alternatively, BMDMs were treated with 5 μM JAK1 inhibitor solcitinib (MedKoo Biosciences) and 5 μM JAK2 
inhibitor NVP-BSK085 (Tocris Biosciences) for 15 min with or without CM. In experiments with IKK-16, 
BMDMs were pre-treated as described above and 0.8 μM IKK-16 was added along with ruxolitinib and CM. For 
co-culture of macrophages with tumor cells to measure the number of surviving cells, tumor cells were plated in 
the bottom of a 24-well plate. BMDMs were plated in a 0.4 µm hanging insert. The tumor cells and macrophages 
were treated together with 0.5 µM ruxolitinib for 24 h. For treatments with different concentrations of ruxolitinib, 
tumor cells and macrophages were plated in coculture as described above and treated with 0.1, 0.5, 1.0, 5.0 and 
10.0 µM for 24 h. For studying the effect of ruxolitinib independent of tumor-derived factors, macrophages were 
first treated with ruxolitinib for 4 h. Media was replaced after 4 h and macrophages were incubated for 24 more 
hours. This supernatant was then used to treat 4T1 and HC11/R1 cells in presence of ruxolitinib for 24 h. Cell 
survival for all inhibitor treatments was measured by staining the attached cells with Crystal Violet (0.5 mg/mL) 
and solubilized in 70% ethanol. Absorbance was measured at 590 nm.
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Nuclear fractionation
BMDMs were stimulated as described above. Nuclear and cytoplasmic proteins were separated 15 min after CM 
and ruxolitinib treatment using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher), according 
to manufacturer’s protocol. Protein lysates were analyzed by immunoblot as described below.

Immunoblot analysis
Cells were lysed in RIPA buffer with added protease inhibitors and protein content was measured by BCA assay. 
Total protein was resolved using SDS-PAGE and subjected to immunoblot analysis. Nuclear and cytoplasmic 
protein fractions were separately processed similar to total protein and analyzed by immunoblot. Densitometric 
analyses were performed using ImageJ and phospho-p65 values were normalized to total p65. Uncropped blots 
are included with supplemental data. Antibodies used were phospho-STAT3 (1:1000, Cell Signaling #9131S), 
phospho-STAT5 (1:1000, Cell Signaling 9314S), phospho-p65 (1:1000, Cell Signaling #3033S), total STAT3 
(1:1000, Cell Signaling #12640), total STAT5 (1:1000, Cell Signaling #94205), total p65 (1:1000, Cell Signaling 
#8242), GAPDH (1:10,000, Cell Signaling #2118), β-tubulin (1:1000, Cell Signaling #2146S), Lamin B1 (1:1000, 
Cell Signaling #12586S). We detected two bands for total STAT5 proteins, which correspond to Stat5a and 
STAT5b, isoforms of STAT5 encoded by homologous  genes24. We also detected two bands for p65, which may 
correspond to one of the reported isoforms for p65, of which the larger one is transcriptionally  active25.

In vivo studies
For tumor studies, 10,000 4T1 cells in 50% Matrigel (BD Biosciences) were injected in mammary fat pads 
of 8-week-old WT Balb/c mice. Mice were examined for tumor growth by palpation. Once the tumor size 
reached 200  mm3 the mice were randomly assigned to one of 4 treatment groups: DMSO (control for ruxolitinib 
and IKK-16), Ruxolitinib (Astatech) (ruxolitinib and DMSO), IKK-16 (Astatech) (IKK-16 and DMSO) and 
Ruxolitinib + IKK-16. (n = 4 for ruxolitinib + DMSO treatment group, n = 5 for all others, total 19 WT mice were 
used for the experiment). Beginning treatment at 200  mm3 tumor size allows for establishment of the tumor, 
enables consistent accurate measurement of the tumors at the beginning of treatment, and also recapitulates 
clinical conditions where treatment is begun after patients present to the clinic with a detectable tumor. Tumor 
volumes were measured in a random sequence of cages each day, with treatment conditions being blinded. 
Ruxolitinib was resuspended in DMSO and diluted in 2% Tween20 in PBS for administration of 60 mg/kg as daily 
oral gavage. IKK-16 was resuspended in DMSO and diluted in 1% Tween20 in PBS for 30 mg/kg administered 
subcutaneously every alternate  day18,26,27. Tumors were measured by calipers using the formula V = (L ×  W2)/2. 
Mice were euthanized when tumors reached 1000  mm3. Survival was plotted as number of days until tumor 
endpoint. Mice were included in the study if they underwent successful injection of tumor cells in the mammary 
fat pad. One experimental mouse did not get a successful injection of tumor cells and was excluded from drug 
treatments and further analysis. For tumor volume measurements and tissue processing for each animal, the 
investigator (AB) was blinded to the treatment group until after the completion of the analyses, with each mouse 
tracked on the basis of its random identifier. All experiments performed in the study were in accordance with 
ARRIVE  guidelines28.

Tissue analysis
All mice were injected with 30 mg/kg of 5-bromo-2’-deoxyuridine i.p 2 h prior to sacrifice. Tumors were fixed 
in 4% paraformaldehyde for 4 h and embedded in paraffin. 5 µm thick sections were stained with anti-BrdU 
antibody (1:200, Abcam) and DeadEnd Fluorometric TUNEL System (Promega).

Microscope image acquisition
All Images were taken on a Keyence Fluorescence microscope BZ-X800E with a 20X objective. 5 images were 
randomly captured for each tumor section and number of BrdU and TUNEL positive cells per section were 
quantified using ImageJ.

RNA‑seq analysis
Total RNA was isolated using RNeasy Mini Kit (Qiagen) from mouse BMDMs treated with either 4T1 CM, CM 
with 0.5 μM ruxolitinib or CM with 0.5 μM ruxolitinib and 0.8 μM IKK-16. Samples were submitted in triplicate 
to the University of Minnesota Genomics Center. Library preparation was done through TruSeq Stranded mRNA 
Library Preparation and quality control was performed using Agilent Bioanalyzer/TapeStation analysis. Samples 
were multiplexed in one lane of NovaSeq S2 and 150 bp paired-ends were sequenced (20 M reads/sample). 
All samples passed quality control, containing > 500 ng of RNA and having an RIN above 8. Individual gene 
expression plots were obtained by calculating counts per million (CPM) for each gene. For downstream analysis, 
genes with LogFC > 0.5 and FDR < 0.05 were selected.

RNA‑seq data processing
Bulk RNA-seq samples were processed and aligned using the CHURP version 0.2.2 command line interface 
 framework29. A full description of the CHURP pipeline can be found in Baller et al.30. Briefly, trimmomatic 
version 0.33 was used to clean reads for adapter contamination and low-quality sequence, and FastQC was used 
to generate sequence quality reports for raw and trimmed  reads31. HISAT2 version 2.1.0 was used to align samples 
to the genome reference consortium mouse build 38 reference  genome32. FeatureCounts v1.6.2 was used to count 
mapped reads to genes. M. musculus GRC build 38.100 gtf file was  used33.



4

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5349  | https://doi.org/10.1038/s41598-023-32321-0

www.nature.com/scientificreports/

Gene expression and pathway analysis
Differential gene expression analysis was done in EdgeR v 3.34.134. Differentially expressed genes were identified 
between DMEM and CM treated samples, CM and CM + Ruxolitinib (Rux) treated samples and CM + Rux and 
CM + Rux + IKK-16 treated samples. Counts were normalized using the relative log expression normalization 
method and only genes with counts per million greater than one in two or more samples were kept. A gene 
was categorized as differentially expressed if the p-value was less than 0.05 after p-value adjustment and if 
the log2 fold change was greater than 0.5 or less than − 0.5. P-values were adjusted using the Benjamini & 
Hochberg method. GO term enrichment analysis and gene set enrichment analysis (GSEA) were done using the 
ClusterProfiler R  package35. The hallmark gene set from the Molecular Signatures Database v 7.4 (https:// www. 
gsea- msigdb. org/ gsea/ msigdb/ index. jsp) was used in the GSEA analysis. Human gene orthologs of mouse genes 
were obtained from the Mouse Genome Informatics website (http:// www. infor matics. jax. org/ downl oads/ repor 
ts/ HMD_ Human Pheno type. rpt). Pathway analysis on significantly upregulated genes was done using DAVID 
Functional Annotation Tool and Microarray analysis (https:// david. ncifc rf. gov/)36,37. Transcription factor analysis 
was performed using the LISA Cistrome Analysis tool (http:// lisa. cistr ome. org/)38. Volcano plots for differential 
gene expression were created using VolcaNoseR (https:// huyge ns. scien ce. uva. nl/ Volca NoseR/)39. Gene Venn 
Diagrams were created using  Venny40.

Statistical analysis
All experiments were performed at least 3 times. Statistical analyses for 3 or more conditions were performed 
using one-way ANOVA with Tukey’s multiple comparison test. Patterns of tumor growth were compared by using 
two-way ANOVA with Tukey’s multiple comparison test on each time point. Bar graphs represent means ± SEM. 
Kaplan Meier curves were compared by using log-rank tests (GraphPad prism v9). For analyses of differentially 
expressed genes from RNA-seq results, Student’s unpaired, two-tailed t test was used with Tukey’s multiple 
comparison test.

Results
Macrophages mediate resistance of the tumor cells to JAK inhibitor ruxolitinib
Numerous inhibitors of the JAK/STAT pathway are being investigated for breast cancer and importantly as 
targeted therapy for triple negative breast cancer. We have previously demonstrated that macrophages contribute 
to resistance to the JAK1/2 inhibitor ruxolitinib in human breast cancer cell  lines18. To extend these findings to 
include additional models, we assessed the effect of macrophages on mouse mammary tumor cell lines treated 
with ruxolitinib. We used the mouse tumor cell line 4T1 and the previously characterized cell line HC11/R1, 
which contains a chemically inducible FGFR1  construct22. Dimerization and activation of the inducible FGFR1 
can be achieved by treating HC11/R1 cells with the chemical homodimerizer B/B22. Treatment with B/B in vivo 
promotes migration, invasion, and tumor  growth22. We have previously demonstrated that soluble factors from 
4T1 and HC11/R1 cells activate the JAK/STAT pathway in  macrophages18,41. We treated 4T1 cells and HC11/R1 
cells with ruxolitinib in the presence of BMDMs plated in a transwell, also treated with ruxolitinib as shown in 
Supplementary Fig. S1a. We measured tumor cell viability using a crystal violet assay. While treatment of tumor 
cells with ruxolitinib reduced viability of both the 4T1 and HC11/R1 cells, we observed increased viability of 
both cell lines upon treatment with ruxolitinib in the presence of macrophages (Fig. 1a,b). We used increasing 
concentrations of ruxolitinib to assess survival and found that ruxolitinib was able to induce cell death in tumor 
cells at concentration as low as 0.5 μM (Supplementary Fig. S1c,d). This finding indicates that soluble factors 
released by macrophages promote resistance of the tumor cells to JAK inhibition. We also treated macrophages 
with ruxolitinib in absence of tumor CM and studied the efficacy of ruxolitinib on tumor cells in presence of the 
supernatant from macrophages (Supplementary Fig. S1b–d). Soluble factors from macrophages not treated with 
tumor CM were not able to reduce efficacy of ruxolitinib, indicating that tumor-derived factors are necessary to 
induce a tumor-promoting response in macrophages.

Macrophages upregulate a subset of genes associated with tumor promotion in response to 
JAK inhibition
Further studies were performed to elucidate the gene expression profiles of macrophages in response to soluble 
factors from tumor cells and in presence of JAK inhibition. First, we treated macrophages, in the presence 
of conditioned media (CM) from 4T1 tumor cells, to study the effect of tumor-derived soluble factors on 
macrophages. Gene expression and pathway analysis showed that tumor CM activated a number of pathways 
in macrophages, such as the tumor necrosis factor pathway (TNF), PI3K-Akt pathway and the VEGF signaling 
pathway (Fig. 2a,b). Consistent with our previous  results18, we also observed that CM treatment activated the 
JAK-STAT pathway in macrophages, making them susceptible to JAK inhibition. Next, to study changes induced 
by JAK inhibition specifically in tumor-associated macrophages, we treated macrophages with tumor-conditioned 
media in the presence of either vehicle or ruxolitinib. As expected, ruxolitinib treatment downregulated the 
expression of several genes in macrophages, including genes associated with the STAT5 signaling pathway 
(Fig. 2c,d). However, we also observed induction of a subset of genes as a result of JAK inhibition (Fig. 2d). 
Further analysis of these upregulated genes using the DAVID pathway analysis  tool36,37 showed that ruxolitinib 
activated pathways in macrophages that are known to be associated with tumor-promoting function. For example, 
ruxolitinib treatment induced genes associate with the Ras/MAPK signaling pathway, which has been shown 
to promote tumorigenesis by driving the macrophages to a pro-tumor  phenotype42,43 (Fig. 2e). Similarly, the 
NF-κB pathway was also significantly activated in response to JAK inhibition, which is known to drive cancer-
related inflammation and tumor-promotion by myeloid cells in the tumor  stroma43–46.Using the LISA Cistrome 
 tool38, analysis of transcription factors potentially driving gene expression in ruxolitinib-treated macrophages 

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
http://www.informatics.jax.org/downloads/reports/HMD_HumanPhenotype.rpt
http://www.informatics.jax.org/downloads/reports/HMD_HumanPhenotype.rpt
https://david.ncifcrf.gov/
http://lisa.cistrome.org/
https://huygens.science.uva.nl/VolcaNoseR/
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demonstrated the RelA transcription factor to be the most common transcription factor associated with 
the upregulated genes (Fig. 2f). RelA (or p65) is a subunit of the NF-κB transcription factor complex that is 
phosphorylated and translocates to the nucleus to regulate  transcription19. In concordance with these studies, 
analysis of data from our previous studies shows that RelA also regulates gene expression in human primary 
macrophages treated with MDA-MB-231-derived CM and ruxolitinib (Supplementary Fig. S2a,b)18. We thus 
hypothesized that ruxolitinib-mediated JAK inhibition activates the NF-κB transcription factor pathway in 
TAMs. We did not observe a similar induction of genes in macrophages treated with ruxolitinib in absence 
of tumor CM (data not shown), suggesting the requirement of tumor derived soluble factors in activating this 
transcriptional response in macrophages.

NF‑κB is activated in tumor‑conditioned macrophages following treatment with JAK inhibitors
NF-κB is a critical transcription factor pathway predominantly activated downstream of the TNFα  receptor20. The 
p65 and p50 subunits of NF-κB are phosphorylated by the upstream kinase Inhibitor of kappa kinase (IKK). The 
complex of p65 and p50 subunit then translocates to the nucleus to regulate  transcription20. Our results suggest 
that NF-κB is activated in macrophages treated with ruxolitinib. To confirm this finding, we isolated BMDMs 
from WT Balb/c mice and treated them with CM from B/B-treated HC11/R1 (Fig. 3a,b) and 4T1 (Fig. 3c,d) 
tumor cell lines. We observed increased phosphorylation of the p65 subunit of NF-κB in macrophages treated 
with tumor cell CM in the presence of ruxolitinib. Both STAT3 and STAT5 are activated by 4T1 and HC11/R1 
CM in BMDMs. However, HC11/R1 cells secrete significantly more IL-6 upon treatment with B/B than 4T1 
cells, which robustly phosphorylates STAT3 in macrophages treated with  CM18,47. Conversely, 4T1 cells secrete 

Figure 1.  Macrophages mediate resistance of the tumor cells to JAK inhibitor ruxolitinib. Cell survival was 
measured by Crystal Violet Assay and absorbance was measured at 590 nm for HC11/R1 (a) and 4T1 (b) cells 
co-cultured with macrophages. HC11/R1 (c) and 4T1 cells (d) were treated with conditioned media from 
macrophages treated with ruxolitinib only, without tumor conditioned media. Tumor cell survival was measured 
using crystal violet assay *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 3 biological replicates.
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significant amounts of the cytokine GM-CSF, which we have previously shown to phosphorylate STAT5 in 
 macrophages18,41. Therefore, we further investigated whether activation of STAT proteins in macrophages was 
downstream of JAK1/2. Immunoblot analysis of phospho-STAT3 in BMDMs treated with HC11/R1 CM, and for 
phospho-STAT5 in BMDMs treated with 4T1 CM demonstrated that phosphorylation of both the STAT proteins 
is inhibited by ruxolitinib (Fig. 3). Together, our data suggest increased phosphorylation of the p65 subunit of 
NF-κB following inhibition of JAK in tumor associated macrophages. To determine whether the activation 
is specific to JAK inhibition by ruxolitinib, we treated BMDMs with CM from 4T1 tumor cells in presence 
of Solcitinib (Fig. 3e,f) and NVP-BSK805 (Fig. 3g,h), inhibitors specific for JAK1 and JAK2  respectively48,49. 
We observed a similar increase in phosphorylation of p65 in BMDMs treated these inhibitors, suggesting that 
NF-κB activation is not specific to ruxolitinib-mediated JAK inhibition. Our results thus far suggest that NF-κB 
is activated in tumor associated macrophages treated with JAK inhibitors.

Figure 2.  Macrophages upregulate a subset of genes associated with tumor promotion in response to JAK 
inhibition. (a) Volcano plot of differentially expressed gene in macrophages treated with tumor conditioned 
media (CM) from 4T1 cells, compared to DMEM. Genes with  log2FC ≥ 0.5, p-value ≤ 0.05 were included in 
downstream analyses (b) Pathway analysis on upregulated genes from (a), using DAVID Pathway analysis tool. 
(c) Changes in expression of the IL-2 STAT5 signaling pathway in macrophages treated with tumor CM and 
vehicle vs CM and ruxolitinib (rux). (d) Volcano plot showing differentially expressed genes in macrophages 
treated with CM in presence of vehicle or ruxolitinib. Genes with  log2FC ≥ 0.5 and p-value ≤ 0.05 were used for 
downstream analyses. (e) Pathway analysis on upregulated genes from (d), using DAVID pathway analysis tool 
(f) Transcription factor analyses on upregulated genes from (d) using the Lisa Cistrome analysis tool.
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Ruxolitinib treatment increases nuclear localization of NF‑κB in TAMs
Upon phosphorylation, the p65 and p50 units of NF-κB translocate to the nucleus and bind to promoter regions 
of target genes to regulate  transcription20. In order to determine if ruxolitinib treatment increases nuclear 
translocation of phosphorylated p65, we performed immunoblot analyses on cytoplasmic and nuclear fractions 
separately of BMDMs treated with HC11/R1 (Fig. 4a–c) and 4T1 (Fig. 4d–f) CM. We detected increased 
phosphorylated p65 in nuclear lysates of BMDMs treated with CM and ruxolitinib, suggesting increased nuclear 
translocation of activated NF-κB. Our results indicate that ruxolitinib leads to increased NF-κB activation and 
increases nuclear translocation in TAMs, thus also suggesting an increase in NF-κB transcriptional activity.

Inhibition of NF‑κB through the canonical pathway inhibits the induction of a subset of genes 
in TAMs treated with ruxolitinib
The p65 subunit of NF-κB is phosphorylated by upstream kinases IKKα and IKKβ, by mediating degradation of 
the sequestering protein IκB as well as directly phosphorylating the S536 site on  p6519. This activation mechanism 
is a part of the canonical NF-κB activation  pathway50. While these results suggested increased phosphorylation 
of p65 at the S536 site, the upstream kinases responsible for the activation remained unclear. We treated BMDMs 
with IKK-16, an inhibitor of IKKα/β kinases, in addition to ruxolitinib and tumor cell-conditioned media. We 
found that IKK-16 inhibits the phosphorylation of p65 observed in BMDMs treated with HC11/R1 and 4T1 CM 
and ruxolitinib (Fig. 5a–d). This finding suggests that the p65 activation observed in ruxolitinib treated BMDMs 
is mediated through the canonical NF-κB pathway.

To study the effect of NF-κB inhibition on gene expression in macrophages, and to assess whether IKK affects 
the induction of genes observed in Fig. 2d, we treated BMDMs with IKK-16 in addition to CM and ruxolitinib 
and compared gene expression to macrophages treated without the NF-κB inhibitor. Macrophages treated 
with conditioned media with ruxolitinib showed a positive enrichment score for genes involved in the NF-κB 
pathway, in comparison to treatment with ruxolitinib and IKK-16 (Fig. 5e). This suggests inhibition of the NF-κB 
pathway by IKK-16 in macrophages. Comparing expression of the genes upregulated by ruxolitinib (Fig. 2d) to 
their expression when additionally treated by IKK-16 shows that NF-κB inhibition downregulates 50 percent 
of the genes induced by ruxolitinib alone (Fig. 5f). Several genes such as Csf2, Has1, Ccl22 and Tnf induced 
by ruxolitinib and inhibited by IKK-16 (Fig. 5g–j) are associated with driving tumor-promoting functions in 
macrophages and increasing survival of tumor  cells51–57. Taken together, our results suggest that the NF-κB 

Figure 3.  NF-κB is activated in tumor-conditioned macrophages treated with JAK inhibitors. (a–d) 
Immunoblot and quantification of protein lysates from BMDMs treated with CM from HC11/R1 cells (a,b) and 
4T1 cells with ruxolitinib (c,d). (e–h) immunoblot of BMDMs treated with CM from 4T1 cells with solcitinib 
(e,f) and NVP-BSK805 (g,h). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 Representative blots from n = 3 
biological replicates.
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pathway mediates upregulation of a gene expression profile associated with tumor progression in macrophages 
treated with JAK inhibitor and may be a mediator of macrophage derived resistance to JAK inhibition.

NF‑κB inhibition in combination with ruxolitinib improves therapeutic efficacy
Our results thus far demonstrate that the NF-κB pathway mediates induction of a subset of genes in macrophages 
known to be associated with tumor progression. Based on these results, we hypothesized that NF-κB may be 
a possible mediator of resistance to ruxolitinib mediated by macrophages. We evaluated the effectiveness of a 
combination of NF-κB and JAK inhibition in vivo compared to single therapy with JAK inhibition. 4T1 tumor 
bearing mice were treated ruxolitinib and IKK-16 either alone or in combination. Tumor growth rates were not 
significantly different between vehicle control, ruxolitinib-only and IKK-16 only treatment groups (Fig. 6a). This 
is consistent with our previous results where we observed a lack of efficacy of ruxolitinib in vivo18. However, 
we observed significantly slower tumor growth rates in mice treated with ruxolitinib and IKK-16 together. 
Similarly, we observed improved survival in mice treated with the combination therapy compared to vehicle 
control and each inhibitor alone (Fig. 6b). While there was no significant difference in the extent of proliferation 
between the treatment groups, as measured by staining with the DNA ortholog BrdU (Fig. 6c,e), labeling of 
apoptotic cells using the TUNEL fluorometric system showed increased apoptosis in the tumors treated with the 
combination of ruxolitinib and IKK-16 (Fig. 6d,f). These data further corroborate the involvement of NF-κB in 
mediating resistance to JAK inhibition. These findings also suggests that IKK-16 helps combat the compensatory 
negative effects of macrophages that cause resistance to ruxolitinib, and inhibition of NF-κB in combination with 
ruxolitinib is beneficial over treating with ruxolitinib alone.

Figure 4.  Ruxolitinib treatment increases nuclear localization of NF-κB in TAMs. BMDMs were treated with 
CM from HC11/R1 cells (a–c) and 4T1 cells (d–f) with ruxolitinib, and protein lysates from the cytoplasmic 
and nuclear fraction were immunoblotted for phospho-p65. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
Representative blots from n = 3 biological replicates.
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Figure 5.  Inhibition of NF-κB through the canonical pathway inhibits the induction of genes in TAMs treated 
with ruxolitinib. Immunoblots of BMDM lysates treated with HC11/R1 CM (a,b) and 4T1 CM (c,d) with 
ruxolitinib and IKK-16. Representative blots from n = 3 biological replicates. (e) Changes in expression in TNF 
signaling via NF-κB pathway in 4T1 CM and ruxolitinib treated cells vs CM, ruxolitinib and IKK-16 treated 
cells. (f) Heatmap showing gene expression of upregulated genes from Fig. 1f in BMDMs treated with CM and 
ruxolitinib vs CM, ruxolitinib and IKK-16. (g–i) Gene expression of Csf2, Has1, Ccl22 and Tnf in macrophages 
treated with CM, ruxolitinib and IKK-16, plotted as counts per million from RNA-sequencing reads. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Discussion
The TME and its impact on every aspect of tumor development is an immensely important consideration while 
developing anti-tumor  therapies58–61. Our results from this and previous studies indicate that the JAK/STAT 
pathway is activated in tumor and stromal cells  alike18,47,62. Targeting oncogenic pathways in tumor cells is 
accompanied by the unavoidable caveat of targeting the same pathways in cells of the TME. Our study shows 

Figure 6.  Inhibition of NF-κB in combination with JAK inhibition enhances responsiveness to ruxolitinib. 
(a) Tumor volume graph for each treatment group in 4T1 tumor bearing mice. Treatments were started when 
tumors reached  200mm3 and mice were euthanized at tumor size of 1000  mm3. (b) Kaplan–Meier curves of 
4T1 tumor bearing mice for each treatment group. % survival on Y-axis indicates proportion of mice reaching 
tumor end point of 1000  mm3. (c–f) Representative immunofluorescent images and quantification of BrdU 
staining (c,e) (red) and TUNEL staining (d,f) (green) from tumor sections of 4T1 tumor bearing mice from 
each treatment group. 5 images were randomly captured from each tumor section and quantified using ImageJ. 
n = 4 for ruxolitinib treatment group, n = 5 mice for all other treatment groups. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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that this off-cell-type targeting can lead to development of resistance to tumor-targeted therapy and targeting 
the TME in combination with the tumor cells may be beneficial.

Ruxolitinib, a JAK1/2 inhibitor is currently in clinical trials for ER+, HER2+ and triple negative breast cancer 
either as a single therapy or in combination with  chemotherapy9. However, two clinical trials investigating 
ruxolitinib in triple negative breast cancer have been terminated due to lack of efficacy over  placebo63,64. We have 
previously shown that soluble factors from macrophages promoted resistance to ruxolitinib in human breast 
cancer cell  lines18. We have also shown that a combination therapy targeting the macrophage-derived soluble 
factors in addition to the tumor cells is beneficial over single treatment with JAK inhibitors in vivo18. We observed 
an improved response to ruxolitinib in our murine mammary tumor models when combined with macrophage 
depletion from the  TME18. In the current study, our in vitro co-culture experiments indicate that the presence of 
macrophages increases survival in cells treated with ruxolitinib. We did not observe the same protective effect if 
the macrophages were treated with ruxolitinib in the absence of tumor conditioned media, suggesting that soluble 
factors from tumor cells were necessary for macrophages to mediate resistance to ruxolitinib. Gene expression 
studies of TAMs treated with ruxolitinib showed that mammary tumor cells activate the JAK/STAT pathway 
in TAMs via secreted soluble factors, and thereby activate several tumor promoting pathways such as the TNF 
signaling pathway, PI3-Akt signaling pathway, VEGF signaling  pathway65,66. Inhibiting the JAK pathway in the 
TME also targets the TAMs, and our studies have shown that in macrophages this upregulates a subset of genes 
enriched in cancer associated pathways and known to be associated with tumor  promotion42,65. Of note, we did 
not observe upregulation of genes in macrophages treated with ruxolitinib without tumor-conditioned media, 
further corroborating the requirement of tumor-derived soluble factors. In this study we aimed to elucidate the 
mechanism underlying the activation of a gene signature observed in macrophages following JAK inhibition.

The NF-κB transcription factor pathway emerged as the most upregulated pathway when we analyzed our 
gene set via the DAVID and LISA pathway  analysis36–38. In our previous study, we observed a similar phenotype 
in human macrophages treated with tumor cell-derived CM, which was also regulated by NF-κB. While there 
were few individual genes common between the two studies, likely owing to species differences in tumor and 
macrophage models used, the transcriptional analyses identifying NF-κB as the regulating transcription factor 
were in concordance, further corroborating our hypotheses. In this study, we observed increased phosphorylation 
of p65 at S536 site within 15 min after treatment in BMDMs treated with tumor CM and ruxolitinib, which 
suggests an interaction upstream of transcriptional regulation in the nucleus. We also observed an increase 
in p65 phosphorylation when the macrophages were treated with ruxolitinib in absence of tumor CM, which 
did not translate to an increased gene expression profile similar to the one observed in presence of CM (data 
not shown). Other JAK inhibitors such as Solcitinib and NVP-BSK805 also induced phosphorylation of p65 
in TAMs, suggesting that this mechanism is not specific to JAK inhibition by ruxolitinib. In several cancer 
models, activation of NF-κB in stromal cells has been shown to be required for onset of  tumorigenesis43–46. 
Release of cytokines such as TNF-α and IL-6 following NF-κB activation activates pro-survival signals in 
tumor cells and promotes growth and  progression67. Inhibition of these inflammatory cytokines in a mouse 
model of hepatocellular carcinoma lead to decrease tumor load and delay in tumor  onset68. Whereas genetic 
deletion and inhibition of NF-κB led to an anti-tumor effect in these models, defective NF-κB activity was also 
reported in tumor associated macrophages from a late stage murine sarcoma model, and restoring NF-κB activity 
was associated with tumor regression in a mouse mammary carcinoma  model69–71. The role of NF-κB in the 
functions of macrophages in the tumor microenvironment thus seems to be dependent on tumor type, stage, 
and progression. Our gene expression studies in tumor-associated macrophages demonstrate that ruxolitinib 
treatment in presence of CM activated genes associated with the NF-κB pathway, several of which were associated 
with tumor-promoting function. Ruxolitinib upregulated expression of Csf1, widely associated with tumor 
promoting phenotype of  macrophages72–74. Numbers of circulating tumor cells and metastases were shown 
to be reduced by genetic ablation of Csf1, a major growth factor required for macrophage  differentiation75. 
Expression of several other genes upregulated by ruxolitinib such as Csf2, Cx3cl1, Cx3cr1, Has1, and Ccl22 in 
myeloid cell populations is known to be associated with tumor progression, myeloid cell accumulation, and tumor 
 progression51–56,76,77. This unforeseen effect needs to be considered during development and investigation of other 
JAK inhibitors as potential therapeutic options. CSF2 has been shown to mediate resistance to Csf1r inhibition, 
and to induce accumulation of tumor-promoting myeloid  cells51,52. In mouse models of skin carcinogenesis, the 
CX3CL1-CX3CR1 axis was found to be important for promoting recruitment of tumor associated macrophages 
and promoted tumor  progression76. HAS1 is an enzyme involved in expression of hyaluronan, an important 
component of the extracellular matrix, and a hyaluronan-rich tumor microenvironment is associated with 
enhanced malignancy and poor prognosis in cancer  patients56,77. CCL22 is an important chemokine involved in 
recruitment of regulatory T cells, and blocking the CCL22-CCR4 axis inhibited tumor progression in in vitro 
and in vivo models. The effect of macrophages on mediating resistance to ruxolitinib may be due to mechanistic 
co-operation between these and several other factors, and further studies are needed to determine the role of 
specific soluble and intracellular factors.

IKK-16, an inhibitor of the kinase upstream of p65, IKKα/β, inhibited the phosphorylation of p65 by 
ruxolitinib, suggesting that the observed induction may be regulated by the canonical NF-κB pathway. Gene 
expression studies using RNA-sequencing in cultured BMDMs treated with CM and inhibitors, either alone or in 
combination, demonstrate that ruxolitinib treatment in presence of CM induced expression of 189 genes, 90 of 
which were significantly inhibited by IKK-16. This finding corroborates our hypothesis that the NF-κB pathway 
is one of the major regulators of the gene expression profile induced in TAMs by JAK inhibition. We observed 
an improved response to ruxolitinib when combined with IKK-16 in vivo, providing further evidence of the 
NF-κB pathway mediating resistance to ruxolitinib. Our studies demonstrated an increase in Tnf expression 
with ruxolitinib, which was inhibited by IKK-16. Ligands from the TNF superfamily are known to promote 
tumor cell proliferation and progression and induce tumor-promoting  inflammation57. The ability of the NF-κB 
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inhibitor to decrease TNF expression by macrophages and also inhibit downstream signaling in tumor cells may 
be a potential mechanism by which NF-κB inhibition improves efficacy of ruxolitinib in combination. Treating 
with IKK-16 in vivo is likely to target the entire TME in addition to macrophages, thereby inhibiting NF-κB in 
tumor cells as well. In a study with glioblastoma cell lines U251-MG and U87-MG, increased phosphorylation 
of p65 was observed after treatment with STAT3 inhibitor JSI-124, which is suggestive of a similar mechanism 
being activated in breast tumor  cells78. Further studies are therefore needed to determine whether JAK inhibition 
induces a similar NF-κB-driven genetic profile in tumor cells, further contributing to resistance.

Several studies have described interactions between NF-κB and members of the JAK/STAT pathway at various 
interfaces in the cell. Members of the NF-κB pathway such as RelA have been shown to physically interact 
with STAT proteins such as STAT3, resulting in either co-operative transcriptional synergy or repression of 
 transcription79–83. STAT5 inhibition can inhibit expression of NF-κB by downregulating expression of the NF-κB 
activator  BCL1084. STAT5b has also been shown to inhibit NF-κB mediated signaling via protein interactions and 
limiting access to  coactivators85. Genetic ablation of STAT5 in leukemia cells showed that STAT5 deregulated 
expression of NF-κB target genes by binding to promoter regions of overlapping target  genes86. The co-operative 
as well as co-repressive nature of STAT and NF-κB pathways seems to be cellular context and stimulus dependent. 
We also observed increased activation of the TNF-NF-κB pathway in our myeloid specific STAT5 deletion 
 model41. Similar to these observations, in TAMs with decreased STAT mediated transcription, NF-κB may 
upregulate expression of a subset of genes by binding to promoter regions of target genes in the nucleus. In our 
study, we observed increased phosphorylation of p65 within 15 min of treatment by tumor conditioned media 
and ruxolitinib, which begets the possibility that in our model, this interaction may be upstream of the nuclear 
function of these transcription factors.

The results from these studies support the concept that macrophages are key drivers of response to tumor-
targeted therapy. Small molecule inhibitors are often developed and investigated with majority of their attention 
on the tumor cells. The signaling pathways are present and activated in most cells of the TME, and thus the effect 
of tumor-targeted inhibitors on the cells of the TME complicates the response to the inhibitors. Several other 
protein kinase inhibitors such as imatinib, temsirolimus, sorafenib and sunitinib have been shown to affect 
tumor-immune response by inhibiting critical pathways in T  cells87. Special attention thus needs to be given 
to such counter-productive effects of inhibitors. Several inhibitors and antibodies targeting components of the 
NF-κB pathway are being investigated in pre-clinical and clinical models, making it an ideal target for exploring 
combination  therapies88,89. Our studies with the JAK inhibitor ruxolitinib highlight an important mechanism 
employed by TAMs to create an immune suppressive environment around the tumor and mediate resistance to 
ruxolitinib. Development of novel inhibitor combinations targeting the TME in addition to the tumor cells may 
be beneficial for patients who do not respond to single therapy.

Data availability
The datasets used and analyzed for bulk RNA sequencing experiments in the study are available in the NCBI 
GEO database under the accession number GSE218138.

Received: 5 December 2022; Accepted: 25 March 2023

References
 1. Cassetta, L. & Pollard, J. W. Targeting macrophages: Therapeutic approaches in cancer. Nat. Rev. Drug Discov. 17, 887–904 (2018).
 2. Medrek, C., Pontén, F., Jirström, K. & Leandersson, K. The presence of tumor associated macrophages in tumor stroma as a 

prognostic marker for breast cancer patients. BMC Cancer 12, 1–9 (2012).
 3. Pathria, P., Louis, T. L. & Varner, J. A. Targeting tumor-associated macrophages in cancer. Trends Immunol. 40, 310–327 (2019).
 4. Aramini, B. et al. Cancer stem cells and macrophages: Molecular connections and future perspectives against cancer. Oncotarget 

12, 230–250 (2021).
 5. Ruffell, B. & Coussens, L. M. Macrophages and therapeutic resistance in cancer. Cancer Cell 27, 462–472 (2015).
 6. Thomas, S. J., Snowden, J. A., Zeidler, M. P. & Danson, S. J. The role of JAK/STAT signalling in the pathogenesis, prognosis and 

treatment of solid tumours. Br. J. Cancer 113, 365–371 (2015).
 7. Yu, H. & Jove, R. The stats of cancer—New molecular targets come of age. Nat. Rev. Cancer 4, 97–105 (2004).
 8. Wei, W. et al. STAT3 signaling is activated preferentially in tumor-initiating cells in claudin-low models of human breast cancer. 

Stem Cells 32, 2571–2582 (2014).
 9. Manore, S. G., Doheny, D. L., Wong, G. L. & Lo, H.-W. IL-6/JAK/STAT3 signaling in breast cancer metastasis: Biology and 

treatment. Front. Oncol. 12, (2022).
 10. Harrison, C. et al. JAK inhibition with ruxolitinib versus best available therapy for myelofibrosis. N. Engl. J. Med. 366, 787–798 

(2012).
 11. Vannucchi, A. M. et al. Ruxolitinib versus standard therapy for the treatment of polycythemia vera. N. Engl. J. Med. 372, 426–435 

(2015).
 12. Verstovsek, S. et al. Safety and efficacy of INCB018424, a JAK1 and JAK2 inhibitor, in Myelofibrosis. N. Engl. J. Med. 363, 1117–1127 

(2010).
 13. Hurwitz, H. I. et al. Randomized, double-blind, phase II study of ruxolitinib or placebo in combination with capecitabine in patients 

with metastatic pancreatic cancer for whom therapy with gemcitabine has failed. J. Clin. Oncol. 33, 4039–4047 (2015).
 14. Toso, A. et al. Enhancing chemotherapy efficacy in Pten-deficient prostate tumors by activating the senescence-associated antitumor 

immunity. Cell Rep. 9, 75–89 (2014).
 15. Bottos, A. et al. Decreased NK-cell tumour immunosurveillance consequent to JAK inhibition enhances metastasis in breast cancer 

models. Nat. Commun. 7, 1–12 (2016).
 16. Parampalli Yajnanarayana, S. et al. JAK1/2 inhibition impairs T cell function in vitro and in patients with myeloproliferative 

neoplasms. Br. J. Haematol. 169, 824–833 (2015).
 17. Malyshev, I. & Malyshev, Y. Current concept and update of the macrophage plasticity concept: Intracellular mechanisms of 

reprogramming and M3 macrophage ‘switch’ phenotype. Biomed. Res. Int. 2015, 1–22 (2015).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5349  | https://doi.org/10.1038/s41598-023-32321-0

www.nature.com/scientificreports/

 18. Irey, E. A. et al. JAK/STAT inhibition in macrophages promotes therapeutic resistance by inducing expression of protumorigenic 
factors. Proc. Natl. Acad. Sci. U. S. A. 116, 12442–12451 (2019).

 19. Zhang, Q., Lenardo, M. J. & Baltimore, D. 30 Years of NF-κB: A blossoming of relevance to human pathobiology. Cell 168, 37–57 
(2017).

 20. Bonizzi, G. & Karin, M. The two NF-κB activation pathways and their role in innate and adaptive immunity. Trends Immunol. 25, 
280–288 (2004).

 21. Animals NRC (US) C for the U of the G for the, Laboratory C and U of. Guide for the Care and Use of Laboratory Animals. Guid 
Care Use Lab Anim. (2011).

 22. Xian, W., Schwertfeger, K. L., Vargo-Gogola, T. & Rosen, J. M. Pleiotropic effects of FGFR1 on cell proliferation, survival, and 
migration in a 3D mammary epithelial cell model. J. Cell Biol. 171, 663–673 (2005).

 23. Freedman, T. S. et al. LynA regulates an inflammation-sensitive signaling checkpoint in macrophages. Elife 4, 1–22 (2015).
 24. Mui, A.L.-F., Wakao, H., Harada, N., O’Farrell, A.-M. & Miyajima, A. Interleukin-3, granulocyte-macrophage colony-stimulating 

factor, and interleukin-5 transduce signals through two forms of STAT5. J. Leukoc. Biol. 57, 799–803 (1995).
 25. Spinelli, G. et al. A new p65 isoform that bind the glucocorticoid hormone and is expressed in inflammation liver diseases and 

COVID-19. Sci. Rep. 11, 22913 (2021).
 26. Waelchli, R. et al. Design and preparation of 2-benzamido-pyrimidines as inhibitors of IKK. Bioorg. Med. Chem. Lett. 16, 108–112 

(2006).
 27. Enzler, T. et al. Cell-selective inhibition of NF-κB signaling improves therapeutic index in a melanoma chemotherapy model. 

Cancer Discov. 1, 496–507 (2011).
 28. Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M. & Altman, D. G. Improving bioscience research reporting: The ARRIVE 

guidelines for reporting animal research. PLoS Biol. 8, 1–5 (2010).
 29. Baller, J. & Kono, T. CHURP : A lightweight CLI framework to enable novice users to analyze sequencing datasets in parallel.
 30. Baller, J., Kono, T., Herman, A. & Zhang, Y. ChURP: A lightweight CLI framework to enable novice users to analyze sequencing 

datasets in parallel. ACM Int. Conf. Proc. Ser. https:// doi. org/ 10. 1145/ 33321 86. 33331 56 (2019).
 31. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120 

(2014).
 32. Kim, D., Paggi, J. M., Park, C., Bennett, C. & Salzberg, S. L. Graph-based genome alignment and genotyping with HISAT2 and 

HISAT-genotype. Nat. Biotechnol. 37, 907–915 (2019).
 33. Liao, Y., Smyth, G. K. & Shi, W. Sequence analysis featureCounts: An efficient general purpose program for assigning sequence 

reads to genomic features. Bioinformatics 30, 923–930 (2014).
 34. Robinson, M. D., Mccarthy, D. J. & Smyth, G. K. edgeR: A Bioconductor package for differential expression analysis of digital gene 

expression data. Bioinformatics 26, 139–140 (2010).
 35. Yu, G., Wang, L. G., Han, Y. & He, Q. Y. ClusterProfiler: An R package for comparing biological themes among gene clusters. Omi. 

A J. Integr. Biol. 16, 284–287 (2012).
 36. Huang, D. W., Sherman, B. T. & Lempicki, R. A. Systematic and integrative analysis of large gene lists using DAVID bioinformatics 

resources. Nat. Protoc. 4, 44–57 (2009).
 37. Sherman, B. T. et al. DAVID: A web server for functional enrichment analysis and functional annotation of gene lists (2021 update). 

Nucleic Acids Res. 50, W216–W221 (2022).
 38. Qin, Q. et al. Lisa: inferring transcriptional regulators through integrative modeling of public chromatin accessibility and ChIP-seq 

data. Genome Biol. 21, 1–14 (2020).
 39. Goedhart, J. & Luijsterburg, M. S. VolcaNoseR is a web app for creating, exploring, labeling and sharing volcano plots. Sci. Rep. 

10, 20560 (2020).
 40. Oliveros, J. (2007–2015) Venny. An interactive tool for comparing lists with Venn’s diagrams. http:// Bioin fogp. Cnb. Csic. Es/ Tools/ 

Venny/ Index. Html 2015 at https:// ci. nii. ac. jp/ naid/ 20001 505977 (2015).
 41. Jesser, E. A. et al. STAT5 is activated in macrophages by breast cancer cell—Derived factors and regulates macrophage function 

in the tumor microenvironment. Breast Cancer Res. https:// doi. org/ 10. 1186/ s13058- 021- 01481-0 (2021).
 42. Gou, Y. et al. Ectopic endometriotic stromal cells-derived lactate induces M2 macrophage polarization via Mettl3/Trib1/ERK/

STAT3 signalling pathway in endometriosis. Immunology (2022).
 43. Karin, M. & Greten, F. R. NF-κB: Linking inflammation and immunity to cancer development and progression. Nat. Rev. Immunol. 

5, 749–759 (2005).
 44. Thorsten, H. et al. “Re-educating” tumor-associated macrophages by targeting NF-κB. J. Exp. Med. 205, 1261–1268 (2008).
 45. He, Z. et al. Exosome-derived FGD5-AS1 promotes tumor-associated macrophage M2 polarization-mediated pancreatic cancer 

cell proliferation and metastasis. Cancer Lett. 548, 215751 (2022).
 46. Greten, F. R. et al. IKKβ links inflammation and tumorigenesis in a mouse model of colitis-associated cancer. Cell 118, 285–296 

(2004).
 47. Bohrer, L. R. et al. Activation of the FGFR–STAT3 pathway in breast cancer cells induces a hyaluronan-rich microenvironment 

that licenses tumor formation. Cancer Res. 74, 374–386 (2014).
 48. Kahl, L. et al. Safety, tolerability, efficacy and pharmacodynamics of the selective JAK1 inhibitor GSK2586184 in patients with 

systemic lupus erythematosus. Lupus 25, 1420–1430 (2016).
 49. Baffert, F. et al. Potent and selective inhibition of polycythemia by the quinoxaline JAK2 inhibitor NVP-BSK805. Mol. Cancer Ther. 

9, 1945–1955 (2010).
 50. Christian, F., Smith, E. L. & Carmody, R. J. The regulation of NF-κB subunits by phosphorylation. Cells https:// doi. org/ 10. 3390/ 

cells 50100 12 (2016).
 51. Sielska, M. et al. Tumour-derived CSF2/granulocyte macrophage colony stimulating factor controls myeloid cell accumulation 

and progression of gliomas. Br. J. Cancer 123, 438–448 (2020).
 52. Klemm, F. et al. Compensatory CSF2-driven macrophage activation promotes adaptive resistance to CSF1R inhibition in breast-

to-brain metastasis. Nat. Cancer 2, 1086–1101 (2021).
 53. Tiainen, S. et al. High numbers of macrophages, especially M2-like (CD163-positive), correlate with hyaluronan accumulation 

and poor outcome in breast cancer. Histopathology 66, 873–883 (2015).
 54. Wang, D. et al. Macrophage-derived CCL22 promotes an immunosuppressive tumor microenvironment via IL-8 in malignant 

pleural effusion. Cancer Lett. 452, 244–253 (2019).
 55. Anz, D. et al. Suppression of intratumoral CCL22 by type I interferon inhibits migration of regulatory T cells and blocks cancer 

progression. Cancer Res. 75, 4483–4493 (2015).
 56. Koyama, H. et al. Significance of tumor-associated stroma in promotion of intratumoral lymphangiogenesis: Pivotal role of a 

hyaluronan-rich tumor microenvironment. Am. J. Pathol. 172, 179–193 (2008).
 57. Aggarwal, B. B. Signalling pathways of the TNF superfamily: A double-edged sword. Nat. Rev. Immunol. 3, 745–756 (2003).
 58. Mbeunkui, F. & Johann, D. J. Cancer and the tumor microenvironment: A review of an essential relationship. Cancer Chemother. 

Pharmacol. 63, 571–582 (2009).
 59. Place, A. E., Jin Huh, S. & Polyak, K. The microenvironment in breast cancer progression: Biology and implications for treatment. 

Breast Cancer Res. 13, (2011).

https://doi.org/10.1145/3332186.3333156
http://Bioinfogp.Cnb.Csic.Es/Tools/Venny/Index.Html
http://Bioinfogp.Cnb.Csic.Es/Tools/Venny/Index.Html
https://ci.nii.ac.jp/naid/20001505977
https://doi.org/10.1186/s13058-021-01481-0
https://doi.org/10.3390/cells5010012
https://doi.org/10.3390/cells5010012


14

Vol:.(1234567890)

Scientific Reports |         (2023) 13:5349  | https://doi.org/10.1038/s41598-023-32321-0

www.nature.com/scientificreports/

 60. Jin, M. Z. & Jin, W. L. The updated landscape of tumor microenvironment and drug repurposing. Signal Transduct. Target. Ther. 
5, (2020).

 61. Whiteside, T. L. The tumor microenvironment and its role in promoting tumor growth. Oncogene 27, 5904–5912 (2008).
 62. Zhang, W. et al. Crosstalk between IL-15Rα+ tumor-associated macrophages and breast cancer cells reduces CD8+ T cell 

recruitment. Cancer Commun. 42, 536–557 (2022).
 63. Ruxolitinib Clinical Trial 1. https:// clini caltr ials. gov/ ct2/ show/ resul ts/ NCT015.
 64. Ruxolitinib Clinical Trial 2. https:// clini caltr ials. gov/ ct2/ show/ NCT02 120417? term= ruxol itini b& cond= Breast+ Cance r& cntry= 

US& draw= 2& rank=6.
 65. Zhang, J. et al. Tumor hypoxia enhances non-small cell lung cancer metastasis by selectively promoting macrophage M2 polarization 

through the activation of ERK signaling. Oncotarget 5, 9664–9677 (2014).
 66. Baradaran, A. et al. The cross-talk between tumor-associated macrophages and tumor endothelium: Recent advances in 

macrophage-based cancer immunotherapy. Biomed. Pharmacother. 146, 112588 (2022).
 67. Maeda, S., Kamata, H., Luo, J.-L., Leffert, H. & Karin, M. IKKβ couples hepatocyte death to cytokine-driven compensatory 

proliferation that promotes chemical hepatocarcinogenesis. Cell 121, 977–990 (2005).
 68. Pikarsky, E. et al. NF-κB functions as a tumour promoter in inflammation-associated cancer. Nature 431, 461–466 (2004).
 69. Biswas, S. K. et al. A distinct and unique transcriptional program expressed by tumor-associated macrophages (defective NF-κB 

and enhanced IRF-3/STAT1 activation). Blood 107, 2112–2122 (2006).
 70. Saccani, A. et al. p50 nuclear factor-κB overexpression in tumor-associated macrophages inhibits M1 inflammatory responses and 

antitumor resistance. Cancer Res. 66, 11432–11440 (2006).
 71. Guiducci, C., Vicari, A. P., Sangaletti, S., Trinchieri, G. & Colombo, M. P. Redirecting in vivo elicited tumor infiltrating macrophages 

and dendritic cells towards tumor rejection. Cancer Res. 65, 3437–3446 (2005).
 72. Noy, R. & Pollard, J. W. Tumor-associated macrophages: From mechanisms to therapy. Immunity 41, 49–61 (2014).
 73. Fujiwara, T. et al. CSF1/CSF1R signaling inhibitor pexidartinib (PLX3397) reprograms tumor-associated macrophages and 

stimulates t-cell infiltration in the sarcoma microenvironment. Mol. Cancer Ther. 20, 1388–1399 (2021).
 74. Ries, C. H. et al. Targeting tumor-associated macrophages with anti-CSF-1R antibody reveals a strategy for cancer therapy. Cancer 

Cell 25, 846–859 (2014).
 75. Wyckoff, J. B. et al. Direct visualization of macrophage-assisted tumor cell intravasation in mammary tumors. Cancer Res. 67, 

2649–2656 (2007).
 76. Ishida, Y. et al. Pivotal involvement of the CX3CL1-CX3CR1 axis for the recruitment of M2 tumor-associated macrophages in 

skin carcinogenesis. J. Investig. Dermatol. 140, 1951-1961.e6 (2020).
 77. Toole, B. P. Hyaluronan: from extracellular glue to pericellular cue. Nat. Rev. Cancer 4, 528–539 (2004).
 78. McFarland, B. C., Gray, G. K., Nozell, S. E., Hong, S. W. & Benveniste, E. N. Activation of the NF-κB pathway by the STAT3 inhibitor 

JSI-124 in human glioblastoma cells. Mol. Cancer Res. 11, 494–505 (2013).
 79. Ji, Z., He, L., Regev, A. & Struhl, K. Inflammatory regulatory network mediated by the joint action of NF-kB, STAT3, and AP-1 

factors is involved in many human cancers. Proc. Natl. Acad. Sci. U. S. A. 116, 9453–9462 (2019).
 80. Yang, J. et al. Unphosphorylated STAT3 accumulates in response to IL-6 and activates transcription by binding to NFκB. Genes 

Dev. 21, 1396–1408 (2007).
 81. Walker, S. R. et al. STAT5 outcompetes STAT3 to regulate the expression of the oncogenic transcriptional modulator BCL6. Mol. 

Cell. Biol. 33, 2879–2890 (2013).
 82. Grivennikov, S. I. & Karin, M. Dangerous liaisons: STAT3 and NF-κB collaboration and crosstalk in cancer. Cytokine Growth Factor 

Rev. 21, 11–19 (2010).
 83. Wienerroither, S. et al. Cooperative transcriptional activation of antimicrobial genes by STAT and NF-κB pathways by concerted 

recruitment of the mediator complex. Cell Rep. 12, 300–312 (2015).
 84. Nagy, Z. S. et al. STAT5 regulation of BCL10 parallels constitutive NFκB activation in lymphoid tumor cells. Mol. Cancer 8, 67 

(2009).
 85. Luo, G. & Yu-Lee, L. Stat5b inhibits NFκB-mediated signaling. Mol. Endocrinol. 14, 114–123 (2000).
 86. Katerndahl, C. D. S. et al. Antagonism of B cell enhancer networks by STAT5 drives leukemia and poor patient survival. Nat. 

Immunol. 18, 694–704 (2017).
 87. Ott, P. A. & Adams, S. Small-molecule protein kinase inhibitors and their effects on the immune system: Implications for cancer 

treatment. Immunotherapy 3, 213–227 (2011).
 88. Ramadass, V., Vaiyapuri, T. & Tergaonkar, V. Small molecule nf-kb pathway inhibitors in clinic. Int. J. Mol. Sci. 21, 1–43 (2020).
 89. Yu, H., Lin, L., Zhang, Z., Zhang, H. & Hu, H. Targeting NF-κB pathway for the therapy of diseases: mechanism and clinical study. 

Signal Transduct. Target. Ther. 5, (2020).

Acknowledgements
The authors would like to thank Dr. Jeffrey Rosen (Baylor College of Medicine) and Dr. Thomas Griffith 
(University of Minnesota) for providing tumor cell lines. This research received histology assistance from the 
University of Minnesota’s Biorepository and Laboratory Services program and was supported by the National 
Institutes of Health’s National Center for Advancing Translational Sciences, grant UL1TR002494. Research in 
this publication was supported by NIH funding R01HD95858, R01CA265004, R01CA215052 and DOD funding 
BC191153 to KLS. The content is responsibility of the authors and does not represent the official views of the 
National Institute of Health or the Department of Defense.

Author contributions
K.L.S. and A.S.B. designed the research; A.S.B. performed the research; C.H.O. and A.S.B. analyzed the data; 
A.S.B. and K.L.S. wrote the manuscript. All authors approved the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 32321-0.

Correspondence and requests for materials should be addressed to K.L.S.

Reprints and permissions information is available at www.nature.com/reprints.

https://clinicaltrials.gov/ct2/show/results/NCT015
https://clinicaltrials.gov/ct2/show/NCT02120417?term=ruxolitinib&cond=Breast+Cancer&cntry=US&draw=2&rank=6
https://clinicaltrials.gov/ct2/show/NCT02120417?term=ruxolitinib&cond=Breast+Cancer&cntry=US&draw=2&rank=6
https://doi.org/10.1038/s41598-023-32321-0
https://doi.org/10.1038/s41598-023-32321-0
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |         (2023) 13:5349  | https://doi.org/10.1038/s41598-023-32321-0

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023, corrected publication 2023

http://creativecommons.org/licenses/by/4.0/

	Targeting the NF-κB pathway enhances responsiveness of mammary tumors to JAK inhibitors
	Materials and methods
	Mice
	Cell culture and stimulation
	Nuclear fractionation
	Immunoblot analysis
	In vivo studies
	Tissue analysis
	Microscope image acquisition
	RNA-seq analysis
	RNA-seq data processing
	Gene expression and pathway analysis
	Statistical analysis

	Results
	Macrophages mediate resistance of the tumor cells to JAK inhibitor ruxolitinib
	Macrophages upregulate a subset of genes associated with tumor promotion in response to JAK inhibition
	NF-κB is activated in tumor-conditioned macrophages following treatment with JAK inhibitors
	Ruxolitinib treatment increases nuclear localization of NF-κB in TAMs
	Inhibition of NF-κB through the canonical pathway inhibits the induction of a subset of genes in TAMs treated with ruxolitinib
	NF-κB inhibition in combination with ruxolitinib improves therapeutic efficacy

	Discussion
	References
	Acknowledgements


