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Abstract  

Genotoxin-based cancer therapies trigger a DNA damage response (DDR) to eliminate cancer 

cells but similarly exert profound alterations to the immune cell compartment. Macrophages in 

the tumor microenvironment are important and multifaceted components in actively sustaining 

tumor progression but also in clearance of tumor cells and play an important role in the outcome 

of chemotherapy. Here, we report that post neo-adjuvant chemotherapy macrophages in tumor 

samples display elevated expression of the immune checkpoint PD-L1. We determined that 

chemotherapy or direct application of DNA damage to macrophages in vitro triggers a specific 

MDDR polarization phenotype characterized by increased phagocytic activity, elevated PD-L1 

expression, and induction of endotoxin tolerance. Phospho-proteomics analysis revealed 

epigenetic alterations and ATM-dependent induction of senescence in macrophages upon DNA 

damage. We propose that ATM-induced senescence and PD-L1 immune checkpoint induction 

mediate a specific MDDR macrophage polarization that might contribute to chemotherapy 

responses. Furthermore, our results clarify the functional role of tumor associated macrophages 

in the context of DNA damage and combination therapies including checkpoint inhibition. 

 

Introduction 

DNA damaging chemotherapy and radiation therapy is employed to eliminate malignant cells 

through apoptotic outcomes of the DNA damage response (DDR). However, non-transformed 

components of the tumor microenvironment also play an important role in the therapeutic 

outcome and adverse events (1). Systemic chemotherapy is affecting multiple tissues and cell 

types. In particular, hematotoxicity represents a major proportion of adverse events in genotoxic 

therapies with effects on immune cells showing a multitude of effects ranging from T-cell 

depletion and subsequent immune suppression to complex inflammatory responses.  

Within the tumor microenvironment macrophages have emerged as key regulators of disease 

progression and immune regulation. Moreover, macrophages are highly plastic phagocytic cells, 

capable of performing tissue-specific homeostatic, protective and pathogenic functions (2,3). 

Macrophages show plasticity in their programming and are capable of switching from one 

functional phenotype to another in response to variable microenvironment signals (e.g., 

microbial products, damaged cells, activated lymphocytes). They acquire context-dependent 

phenotypes that either promote or inhibit host antimicrobial defense, antitumor immunity and 

tissue repair (4,5). Macrophages represent a spectrum of activated phenotypes but are 
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categorized in discrete polarized population such as, classically activated macrophages (M1), 

alternatively activated macrophages (M2) and tumor-associated macrophages (TAMs). M1 

mount an innate immune response against a variety of bacteria, protozoa and viruses, and have 

roles in antitumor immunity, while M2 have anti-inflammatory functions and regulate wound 

healing. In contrast to M1, TAMs suppress antitumor immunity (6,7).  

Compelling evidence suggests the interplay and overlap between the DDR and innate immune 

responses: Some pathogens can induce genotoxic stress (8,9), while macrophages generate 

potent genotoxic species – ROS and NOS, during infections and tissue injury (10). Notably, the 

DDR has been reported to be involved in diverse macrophage functions such as inflammatory 

and antimicrobial responses and in the protection against sepsis (11–15). Specifically, ROS 

plays a role in differentiation of alternatively activated macrophages, while NOX2-induced ATM 

activation causes pro-inflammatory macrophage activation (13). Additionally, chemo- and 

radiotherapy induces DNA lesions leading to a DDR that consequently triggers the apoptotic 

demise or senescence of cancer cells (16). Recently, it has been suggested that in numerous 

chemotherapy regimens the induction of innate and adaptive immune responses towards 

malignant cells significantly contribute to anti-tumor outcomes (1,17,18). Radiation-induced 

changes in macrophages include M2-like polarization and have been associated with disease 

progression (19–21). Chemotherapy also increases the immunogenicity of malignant cells and 

disrupts immunosuppressive circuitries in the tumor microenvironment (1,22). DNA damage also 

leads to activation of immune responses and tumor cell death may impact immune cells in the 

tumor microenvironment (23). We have recently reported that cyclophosphamide treatment 

rewires the tumor microenvironment thus enabling macrophages to exert effector functions 

against lymphoma cells in the context of antibody-mediated chemoimmunotherapy via 

phagocytosis of tumor cells (24). 

Despite a plethora of studies linking the DDR with macrophages, the reprogramming of 

macrophages in response to DNA damage remains incompletely understood (25). Here we 

report clinical evidence of specific alterations in macrophages induced by DNA damage. We 

report that the DDR primes macrophages, thus altering their functional orientation. We 

characterized the functional phenotype of DNA damage-primed macrophages and through a 

phospho-proteomics approach reveal a comprehensive map of post-translational modifications 

of ATM target proteins. DNA damage-priming of macrophages caused a fundamental 

phenotypic shift, involving changes in histone organization and modification, metabolic 

pathways, followed by altered surface receptor repertoire and functional reprograming. 
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Collectively, our findings show that the ATM-mediated DDR primes macrophage and modulate 

its immune function.  

 

Results 

Chemotherapy- induced DNA damage modulates Macrophage function 

We primarily analyzed the effects of neo-adjuvant chemotherapy on macrophages in follow-up 

samples in three cohorts of sarcoma, esophageal and breast cancer patients. Comparing biopsy 

specimens prior to neo-adjuvant chemotherapy with surgery tumor specimens post 

chemotherapy, we detected a significant increase of PD-L1 expression in CD68 positive 

macrophages by immunohistochemistry (Figure 1A, Supplemental Figure 1) (McNemar test 

p=0.044, Chi-square 8.1). Furthermore, we observed a change in morphology of macrophages 

after chemotherapy and an increase of phagocytosis in post-chemotherapy tissues (Figure 1B). 

These findings indicate a functional shift in tumor-associated macrophages after chemotherapy. 

Since we have observed rewiring of macrophage compartments in the context of alkylating DDR 

via an indirect cytokine response from lymphoma cells (26), we now intended to further dissect 

the mechanisms of DNA damage-induced functional changes. In order to determine the 

immediate effects of DNA damage in macrophages, we further addressed the DDR in 

macrophages ex vivo to exclude tissue dependent indirect modulation such as paracrine effects.  

To assess the direct effects of chemotherapy on macrophage viability, we addressed induction 

of apoptosis by chemotherapy in human monocyte-derived macrophages in vitro.  DNA-

alkylating treatment by mafosfamide (as an in vitro surrogate for cyclophosphamide therapy) 

induced apoptosis in very high dosages (IC50 46 µM) in macrophages, whereas monocytes 

(IC50 3.9 µM) and particularly T-cells (IC50 1.8 nM) displayed higher susceptibility towards 

induction of apoptosis by mafosfamide (Figure 1C). Chemotherapy exerts a plethora of cell-

autonomous and non-autonomous effects. To differentiate the observed changes in 

macrophage phenotype after chemotherapy being induced as an indirect response to tissue 

damage or a direct effect mediated by the DDR, we next analyzed various macrophage cell 

lines and primary macrophages in vitro. In J774A.1 macrophages treated with mafosfamide or 

doxorubicin we primarily observed a change in cellular morphology with enlarged cell size, 

increased cytoplasmic volume and a significant increase in phagocytosis of fluorescently 

labeled beads (Figure 1D-F). Phagocytosis of fluorescently labeled BCG mycobacteria was 

similarly elevated significantly after mafosfamide and doxorubicine treatment (Figure 1G). 
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Moreover, we assessed the antibody-dependent cellular phagocytosis (ADCP) of lymphoma 

cells by the anti-CD52 antibody alemtuzumab (Figure 1H). Here, pre-treatment of macrophages 

revealed significantly increased tumor cell clearance. Similar to the post-chemotherapy patient 

samples, we observed a direct induction of the immune checkpoint PD-L1 on macrophages by 

mafosfamide, doxorubicin and etoposide. The MDM2 inhibitor and indirect p53 activator Nutlin-

3A, however, did not induce PD-L1 expression (Figure 1I). To further characterize the 

immunophenotype of macrophages following DNA damage we assessed markers of 

macrophage polarization and observed particularly increased expression of the M2-marker 

CD206 (Figure 1J) (27) as well as increased expression of M1-polarization markers CD68, 

CD80 and CD86. In contrast, the MDM2 inhibitor Nutlin-3A did only induce insignificant changes 

in polarization markers expression. 

CD38, which was shown to be induced on macrophages in response to the senescence 

associated secretory phenotype (SASP) (28), was also induced after DNA-damage. As such, 

upon DNA damage, we observe a CD86high, CD206high, CD38high PD-L1high immunophenotype of 

the macrophages that does not display a pure M1- or M2-polarization 

In conclusion, upon DNA damage-inducing chemotherapeutic drug exposure macrophages 

exhibit a phenotype that is characterized by altered expression of immune checkpoints, 

morphological changes, and increased phagocytic function. 

 

Macrophage priming with UV-induced DNA damage modulates its functional plasticity 

While chemotherapy might display a combination of pure DNA damage and other compound-

mediated effects, UV irradiation provides a most pure application of DNA damage. We 

employed UVC irradiation because treatment with 254 nm results in clearly defined physically-

induced cyclobutane pyrimidine dimer (CPD) and pyrimidine 6-4 pyrimidone (6-4PP) DNA 

lesions. CPDs and 6-4PPs serve as experimental paradigm for helix-distorting lesions, which 

block replicative DNA polymerases as well as elongation of RNA polymerases. In addition, UV-

induced lesions can be precisely dosed and chromatin re-organization after UVC-induced DNA 

damage is well-studied (29–34). Therefore, we employed UV-induced DNA damage as 

experimental cause-effect paradigm for genotoxins that similarly to chemotherapeutic agents 

interfere with replication and transcription elongation. Henceforth, UV-primed macrophages are 

referred as “MDDR” and mock-treated macrophages as “MC”.  
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Similar to chemotherapeutics-primed macrophages, MDDR macrophages showed a modulation 

of macrophage polarization markers (Figure 1J), significant upregulation of CD206 (Figure 2A) 

and PD-L1 (Figure 2B) compared to MC macrophages. We also observed morphological 

changes such as increased cell size and enhanced F-actin staining in MDDR macrophages 

(Figure 2C).  

We next assessed the functional plasticity of macrophages upon UV-induced DNA damage. We 

employed two in vitro assays to study different aspect of MDDR macrophage function – (i.) 

response to inflammatory stimuli (Endotoxin tolerance (ET) assay) (Figure 2D) and (ii.) 

phagocytosis (Figure 2G). In a classical ET assay, macrophages that have been pre-challenged 

with LPS (primed) secrete less inflammatory cytokines - IL6 (mouse) and TNFα (human THP-1 

cells) (35) when they are re-challenged with LPS compared to unprimed macrophages. To 

determine whether DNA damage modulates macrophage function, LPS pre-treatment was 

replaced with a low non-lethal UVC dose, and macrophages were examined for induction of the 

endotoxin tolerance phenotype. 

Strikingly, the level of IL6 secretion and IL6 mRNA both were strongly reduced in response to 

the LPS challenge in UV-primed J774A.1 macrophages compared to naïve J774A.1 

macrophages (Figure 2E, F). Similarly, the level of IL6 secretion was also reduced in response 

to LPS challenge in UV-primed RAW264.7 (Figure S2A) and peritoneal macrophages (Figure 

S2C). In UV-primed THP-1 macrophages, TNFα secretion was reduced (Figure S2B). The 

chemotherapeutics-primed macrophages also showed a trend towards downregulation of IL6 

secretion upon subsequent exposure to LPS (Figure S2D). These findings suggest that UV-

induced DDR mimics the LPS priming effect, resulting in a gain of endotoxin tolerance 

phenotype in MDDR macrophages, similar to LPS re-challenged macrophages.  

We next analyzed antibody independent phagocytosis capacity by incubating MDDR 

macrophages and MC macrophages with pHrodo E.coli bioparticles. These bioparticles are non-

fluorescent outside of cells but fluoresce bright red in phagosomes. Strikingly, MDDR 

macrophages exhibit higher relative fluorescence units (RFU) compared to MC macrophages 

(Figure 2H, Figure S2E). UV-irradiated macrophages also showed significantly enhanced 

capability to provide ADCP of lymphoma target cells (Figure 2I). 

Collectively, our findings show that DNA damage primes MDDR macrophages to attain an 

endotoxin tolerance phenotype and modulate their immune function towards increased 

phagocytosis and regulation of the adaptive immune response via up-regulation of the immune 

checkpoint PD-L1. 
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Phosphoproteomics analysis indicates chromatin remodeling and a central role of ATM 

signaling in the macrophage DDR 

To gain further insight into the molecular mechanisms underlying the DDR in macrophages, we 

performed phosphoproteomics of UV-primed macrophages. Phosphopeptides were generated 

by in-solution digestion followed by TiO2 bead-based enrichment. Phosphorylated sites were 

localized and quantified using a label-free based liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) approach (Figure 3A). 

To exclude that detected alterations of the phosphorylation peptides originated from different 

abundance of the corresponding protein, we measured the proteome using a data-independent 

approach. None of the 4969 detected proteins were significantly (FDR < 5%) changed in 

abundance (Figure S3A; Table S1) suggesting that the macrophage respond within the tested 

time frame to DNA damage primarily through post-translational modifications (PTMs). 

Therefore, phosphorylation peptide abundance was not normalized to the protein level.  

We identified 9.160 phosphosites, out of which 1.305 phosphosites were significantly (FDR < 

0.01) upregulated (65%) or downregulated (35%) in MDDR compared to MC (Figure S3E; Table 

S2). The false discovery rate was estimated by a permutation-based calculation using a fudge 

factor (s0) of 0.1 using a total number of 500 permutations (36). To obtain an unbiased 

systematic view of the phosphoproteome data, we performed a PCA analysis and found that the 

UV and control group segregated from each other (Figure S2B). Additionally, we performed 

correlation analysis and calculated the Pearson correlation coefficient between all experiments. 

(Figure S3C, D). Biological replicates of MC and MDDR clustered together indicating that the UV 

treatment induced unique phosphorylation patterns in macrophages.  

To analyze the phosphoproteome changes systematically, we performed a 1D enrichment 

analysis of annotated Gene Ontology (GO), Kinase-Motifs, and Reactome terms (Table S3, S4). 

This type of analysis tests for every annotation term whether the corresponding log2 fold 

changes of the phosphorylation sites have a preference to be systematically up- or 

downregulated. A two-sample test is performed between the log2 Fold Change Distribution of 

the phosphorylation sites that were found to carry the ATM target consensus motif and all other 

remaining phosphorylation sites. The analysis provides a mean of the log2 fold changes 

between MDDR and Mc of tested phosphorylation sites (here ATM target consensus motif) as well 
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as an adjusted p value (FDR). The mean Log2FC value (t-test difference) obtained from 1D 

enrichment represents the mean of the Log2FC UV/control of all phosphosites of protein 

annotated by the respective GO terms, thus identifying systemic up or down regulation of 

categorical terms. The mitotic G2/M transition checkpoint associated phosphosites were highly 

induced suggesting a DNA damage checkpoint-induced cell cycle arrest in MDDR, while CDK1, 2, 

4, 6, and CDK5 kinase substrate motifs were downregulated (Figure 3B). 

Strikingly, phosphosites associated with the induction of histone H3-K9, H4-K16 acetylation as 

well as histone H4-K20 methylation were significantly increased. Among those, Brca1 

phosphosites (P48754) were the only phosphosites that were commonly annotated in all of 

those three GO terms. Brca1 was significantly upregulated at 11 phosphosites (S240, T522, 

S710, S717, S810, S815, S831, S1481, S1533, S1584, and S1585). These phosphosites were 

matched to the PhosphoSite Plus® database to identify the novel phosphosites, revealing 6 out 

of 11 that were not documented in the PhosphoSite Plus® database (underlined). These data 

suggest that the DDR affect epigenetic modifications on histones. 

The DNA damage-induced phosphorylation sites harboring the ATM target consensus motif 

Ser/Thr-Glu (S*/T*-Q) were the single most significantly enriched motif (p=9.04E-38) that was 

systematically upregulated (Mean Log2FC value (t-test difference)=0.58) in MDDR compared to 

MC (Figure 3C, 4). 129 of the significantly upregulated phosphosites sites were at the ATM 

specific consensus motif suggesting a central role of this DDR kinase (Figure 3C). We next 

generated a pathway network determining the overlap between functional annotations of ATM-

target phosphorylation sites. As the “recruitment and ATM-mediated phosphorylation of repair 

and signaling proteins at DNA double-strand breaks” was significantly enriched, we analyzed its 

overlap with other GO terms with highly enriched phosphosites (Figure 3D). 

We found the maximum overlap with the DNA damage/Telomere induced senescence and 

cellular senescence reactome pathway, which is consistent with the association of the  

physiological reprogramming of macrophages towards an M2-like phenotype with commonly 

accepted biomarkers of cellular senescence: constitutive p16Ink4a expression and 

senescence‐associated β‐galactosidase (SAβGal) (37).  

Altogether, the GO term enrichment analysis suggests that post UV treatment, checkpoint 

activation occurs in MDDR along with histone acetylation and methylation marks. Moreover, a 

very profound ATM kinase signature indicates that ATM might regulate the function of 

macrophages and promote a senescence phenotype in response to DNA damage. 
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Phosphoproteome analysis reveals a regulatory network of MDDR 

To generate an overview of phosphorylation sites that function within the detected reactome 

pathways, we created the network for over-represented pathways in the reactome database 

showing specific phosphorylation sites (Figure 4). ATM kinase (Q62388) hyperphosphorylated 

at S1987 was identified, which is used as a common biological marker for ATM kinase activation 

(38). In the phosphoproteomics data analysis, this was exemplified by hyperphosphorylation of 

ATM kinase targets such as γH2A.X (P27661) and NCL (P09405; S403, S425, S563). 

The ATM-mediated γH2A.X forms the foundation of chromatin-based signaling cascade (39) 

involving histone PTMs, histone deposition and eviction, and nucleosome reorganization. 

γH2A.X binds directly to MDC1 (E9QK89; S176, T445, S592, S733, S1437, S1444) to further 

amplify the DDR. The histone chaperon NCL recruited via RAD50 (A8Y5I3; S574) (a subunit of 

MRN complex) (40) promotes nucleosome destabilization at DSBs. Interestingly, a study 

demonstrated that NBN (Q9R207; S398, S605, S638, S644, S645), which was highly 

phosphorylated in our analysis, a subunit of MRN complex plays a role in macrophage 

functional activity. Moreover, several studies reported that ATM is involved in diverse 

macrophage function, inflammatory response, antimicrobial response, and protection against 

sepsis (11–15). 

We detected an expansive differential regulation of phosphoposites involved in histone 

modifications (Figure 4). Further coordination of DDR with histone dynamics occurs in the 

context of an ‘Prime-Repair-Restore’ model (31–34). According to this model, DNA damage is 

recognized, and histone-modifying proteins and chromatin remodelers reorganize local 

chromatin architecture to allow DNA repair factors to access and repair the DNA (41).  

We identified two regulators of the onset of cellular senescence, hyperphosphorylated p53 

(Q549C9, S389) and hypophosphorylated Rb (P13405) (active)(42). Strikingly, HMGA1 

(P17095, S2, S6, S9, S44)  is also hyper-phosphorylated in MDDR, which was reported to be an 

essential component of senescence-associated heterochromatin foci (SAHFs) (43). We 

furthermore identified phosphorylation of MAPK14 (B2KF34, S2, Y182) (also known as p38 

MAP kinase) as a downstream target of ATM.  
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Taken together, the phosphoproteomics analysis suggests that ATM functions as the central 

regulator of the DDR in macrophages that impacts multitude of targets such as histone 

modifications, chromatin remodeling as well as p38 signaling. 

 

 

Epigenetic regulation of MDDR phenotype induction 

The pattern of epigenetic regulation in the phosphoproteomics appeared in a multitude of 

targets. In order to elucidate the functional relevance of this broad pattern we applied histone 

deacetylate inhibitor Trichostatin A (TSA) to inhibit heterochromatin foci formation.  As the 

phosphoproteomics data indicate that the DDR in macrophages might induce senescence, we 

performed SAHF staining with DAPI and senescence-associated beta-galactosidasae (SA-β-

Gal) staining in MDDR. SAHF foci formation and SA-β-Gal staining were significantly increased in 

MDDR (Figure 5A, B). TSA treatment slightly reduced the number of SAHF positive cells but had 

no effect on SA-β-Gal staining and Annexin V staining (Figure 5A-D). We further assessed the 

endotoxin tolerance and phagocytosis capacity of MDDR in the presence of TSA. TSA treatment 

reversed the reduced IL6 expression in response to LPS (Figure 5E) and significantly 

suppressed the phagocytosis capacity (Figure 5F) of MDDR macrophages. Collectively, these 

data emphasize the role of DNA damage induced histone acetylation in modulation of 

macrophage function. 

 

ATM-dependent induction of MDDR functional phenotypes  

As the phosphoproteomics analysis showed ATM kinase substrate motifs containing 

phosphopeptides were highly upregulated upon exposure to DNA damage (Figure 3C,D; 4), we 

further examined whether ATM inhibition had any impact on SA-β-Gal staining. Remarkably, 

ATM inhibitor treatment not only diminished SA-β-Gal staining (Figure 6A,B) but instead induced 

apoptosis in MDDR (Figure 6C). In line with this, Annexin V+ cells were detected in 

chemotherapeutic-treated macrophages in the presence of the ATM inhibitor (Figure S4A). We 

further assessed the endotoxin tolerance and phagocytosis capacity of MDDR in the presence of 

the ATM inhibitor. ATM inhibition reversed the IL6 expression in response to LPS (Figure 6D) 

and also the phagocytosis capacity of MDDR macrophages (Figure 6E). Moreover, the enhanced 

PD-L1 expression in MDDR was also lost in presence of ATMi (Figure 6F).  
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To further elucidate phosphosites from our phosphoproteomic analysis downstream of ATM and 

dissect the relevance of particular pathways downstream of ATM. Here, we primarily elucidated 

the impact of p38 and p53 as major downstream components of the DNA damage checkpoint 

signaling in the regulation of key processes such as apoptosis and autophagy. We generated 

p38 and p53 deficient J774.A1 macrophages by specific shRNA retroviral transduction and used 

p38- and p53 deficient macrophages for functional analysis of DDR to UV and chemotherapy 

with mafosfamide and doxorubicin. We did not detect differences in PD-L1 expression due to 

p38- or p53-loss upon DDR treatment (Figure S4B). Assessing the capacity for ADCP, we also 

did not detect a decrease of phagocytosis in mafosfamide treated p53-deficient macrophages 

(Figure S4C). In contrast, p38 knock-down significantly diminished the phagocytic increase in 

comparison to empty vector control macrophages (Figure S4C). Similarly, p38 knockdown 

blunted the elevated phagocytosis in UV-treated macrophages (Figure 6G).  

Collectively, these data show that genotoxic stress leads to phenotypic adaptations of 

macrophages through ATM mediating up-regulation of PD-L1, enhanced phagocytosis, 

endotoxin tolerance, cellular senescence and protection from apoptosis. Amongst the multiple 

ATM downstream effects histone modification particularly is involved in endotoxin tolerance and 

phagocytosis regulation, while p38 particularly regulates the phagocytic activity.  

 

Discussion 

Our findings were initiated by observations in clinical samples showing that following clastogenic 

chemotherapy, macrophages display enhanced PD-L1 expression and increased phagocytosis. 

To define the mechanistic basis for the macrophage response to chemotherapy, we chose to 

examine the DDR in independent sources of macrophages utilizing both macrophage cell lines 

as well as primary peritoneal macrophages. To exclude any indirect effects of the chemotherapy 

such as cytokine release from the microenvironment and contact with apoptotic debris, we 

focused on the phenotypic alterations in macrophages upon direct infliction of defined DNA 

lesions through UVC treatment in vitro. We have shown here that the DDR in macrophages 

induces a specific MDDR phenotype with increased cell size and elevated phagocytic activity. 

Particularly the expression of CD206 and PD-L1 indicate similarities of MDDR consistent with M2 

polarization.  

We show that similarly to pre-challenge with LPS, macrophages build a non-specific memory 

upon being primed with DNA damage resulting in heightened phagocytosis and suppressed IL6 
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secretion when re-challenged with bioparticles and LPS, respectively. While the chronic DDR in 

many cell types such as fibroblasts triggers inflammation (44,45), our study shows that DNA 

damage-primed macrophages exhibit an anti-inflammatory phenotype. This is consistent with a 

study that showed that IL6 is SWI/SNF-dependent in LPS-stimulated macrophages, while it is 

SWI/SNF-independent in LPS-stimulated primary mouse embryonic fibroblasts (MEFs), thereby 

implying that IL6 is induced in a cell-type-specific manner by a given stimulus (46).  

The function and polarization state of macrophages is regulated through specific transcriptional 

programs in a context-dependent manner. These gene expression programs have been 

attributed to epigenetic regulation at the level of histone modification and chromatin remodeling 

(47–49). This raises the question whether chromatin plasticity can be viewed as multifaceted 

signal integration platform to regulate the phenotypic plasticity of macrophages. The ATP 

dependent chromatin remodelers, histone chaperons and histone modifiers play central role in 

transient disruption of chromatin organization post DNA damage (31–34). 

Our phospho-proteomics data show differential regulation of phosphosites of ATP-dependent 

chromatin remodelers such as SWI/SNF Complex and NuA4 complex, histone chaperones such 

as CAF-1 and CENPA specific chaperones and many histone modifying enzymes in response 

to UV exposure of macrophages (Figure 4). The histone chaperons promote new histone 

deposition (50) with DNA damage specific histone modifications (51). This could reshape the 

epigenetic landscape leading to modulation of gene expression thus reprogramming the 

macrophage and altering its identity in response to genotoxic stress (31,52).  

The functional assays showed that after exposure to UV or chemotherapeutics drugs, 

macrophages react differently to LPS and E.coli bioparticles. Interestingly, these functional 

adaptations were lost upon the treatment of MDDR with the histone deacetylase inhibitor TSA or 

an ATM inhibitor. The data indicate that DNA damage-induced ATM mediates chromatin 

remodeling and epigenetic modification in macrophages, which acts as DNA damage memory 

and upon re-challenge, alters the functional response of macrophages. Therefore, these 

findings lend further credence to the notion that DNA damage scars persist as epigenetic 

memory and could potentially modulate macrophage function. The MDDR macrophages not only 

adapt to exposure to genotoxic agents by acquiring phenotypic characteristics but also creates 

a DNA damage memory, modulating its response to subsequent immunogenic insult, a 

phenomenon analogous to immune memory.   

Recently, the significant role of epigenetic regulation in macrophage biology and polarization 

has been more evident (53,54). Schmidt et al. have demonstrated that macrophages acquire 
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specific epigenetic and transcriptional signature in response to various stimuli (55). Several 

reports have shown epigenetic regulation of macrophages in the context of infectious and 

chronic inflammatory diseases mostly involving M1s (49,53,56,57). In particular, histone 

methylation and acetylation adjacent to inflammation-related genes contribute to M1 or M2 

phenotypes. Interestingly, histone methyltransferases are reported to be strongly associated 

with M2 activation by repressing M1 phenotype signature genes and promoting the transcription 

of M2 genes while histone demethyltransferase modulates polarization to both M1 and M2. 

Histone acetyltransferases are involved in initiating gene expression in macrophages during 

inflammation while histone deacetylases induce epigenetic changes to facilitate alternative gene 

expression (49). Accordingly, many pharmacologic modulators of epigenetic enzymes are 

documented to influence macrophage polarization (58). This raises the question of whether 

chromatin plasticity in macrophages can be viewed as a multifaceted signal integration platform 

for environmental cues.  

The analysis of the differential PTMs indicated that the DDR including the regulation of the 

epigenetic changes is exerted by ATM. Indeed, we demonstrate that ATM functions as central 

regulator of DNA damage induced effects leading to the MDDR phenotype. ATM is one of the 

apical kinases responsible for cellular responses to DNA damage including alterations in 

chromatin structure, DNA repair and transcription regulation (59–62). ATM is activated in 

response to DNA double strand breaks and also upon UV-induced DNA lesions (63). The ATM 

dependent DNA damage checkpoint temporarily arrest cell cycle or induces permanent cell 

cycle arrest that is senescence (64). Furthermore, ATM triggers chromatin alteration to facilitate 

accessibility of damaged chromatin to DNA repair proteins, followed by restoration of chromatin 

organization (31–34).  

In accordance with our findings, Figueiredo et al. demonstrated that in response to 

anthracycline mediated DNA damage, ATM, ATR and Chek1 act as mediators of anti-

inflammatory effects that can protect against sepsis (65). Additionally, recent studies reported 

elevated IL8 and IL6 levels (an inflammatory phenotype) in A-T patient serum (66,67). Our 

results are thus highly consistent with prominent role of ATM in regulating an anti-inflammatory 

response.  

Interestingly, the immune checkpoint PD-L1 was also upregulated in macrophages primed with 

UV or DNA damage-inducing chemotherapeutic drugs. Our data indicate that chemotherapeutic 

drug treatment elicits “off-target” immunomodulatory effects such as an immunosuppressive 

phenotype and PD-L1 expression in macrophages. In agreement, recent studies have also 
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shown that combining radiotherapy and chemotherapy with an immune checkpoint (PD-1 and 

PD-L1) inhibitor treatment significantly improved the survival of cancer patients (68,69). 

Moreover, targeting DDR proteins increased PD-L1 expression, thus enabling the anti-tumor 

response of antibodies against PD-L1 in SCLC and breast cancer models (70,71). The PD-L1 

expression is positively correlated with γH2A.X (72) and it is upregulated in ATM/ATR/Chk1 

kinases-dependent manner in cancer cells in response to DSBs (73).  

Our results link immunological responses to chemotherapy and DDR with immune checkpoint 

therapy in macrophages. Targeting the DDR in macrophages during cancer therapy represents 

a novel strategy for enhanced macrophage mediated clearance of cancer cells. In this context, 

combining chemotherapy with immune checkpoint inhibitor as a front-line combinatorial principle 

appears as a novel rationale that was recently adopted in clinical routine with significantly 

improved survival of cancer patients such as in non-small lung cancer first line treatment with 

pembrolizumab plus chemotherapy  (Deng et al., 2014; Twyman-Saint Victor et al., 

2015);Gandhi et al.2018).  

Finally, our findings allocate a central regulatory role for macrophages in the tumor 

microenvironment in the response to DNA damage-based therapies. The MDDR phenotype 

represents an immune suppressive element capable of removing cellular debris and 

simultaneously limiting adaptive T-cell responses by PD-L1 induction. These findings offer a 

mechanistic rationale for the recent clinical results. In combining conventional chemotherapy 

with checkpoint inhibitors and targeted drugs will improve the understanding and development 

of combinatorial approaches in cancer therapy. 

  

Material and Methods: 

Cell culture 

The murine macrophage cell lines J774A.1, RAW264.7 were cultured in DMEM (Gibco) 

supplemented with 10 % FBS (Biochrom GmbH) and 1% Pen/Strep (Gibco). THP-1 cells were 

cultured in RPMI 1640 containing 10 % FBS and 1 % Pen /Strep. The THP-1 monocytes (106 

cells/ml) were plated in a 100 mm Petri dish (Sarstedt) and treated with 100μM PMA for 24 h. All 

cells were kept at 37°C in a 5% CO2 incubator (Binder). The cells were split every 2-4 days, at a 

confluence of 70-90 %. Peritoneal macrophages were cultured in DMEM (Gibco) supplemented 

with 10 % FBS (Biochrom GmbH) and 1% Pen/Strep (Gibco). The J774A.1 and RAW264.7 cells 

were scraped off the cell culture Petri dish while peritoneal macrophages and PMA-treated 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 15

THP-1 cells were trypsinized (0.5 % trypsin/EDTA (Gibco)) at 37° C. The trypsinization was 

stopped after 2-3 minutes by adding respective complete media. The live cell number was 

determined using trypan blue (Gibco) and a hemocytometer (Marienfeld). 

The murine macrophage cell line J774A.1 and HEK293T derived ecotropic Phoenix cells were 

cultured in Dulbecco�s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum 

(FBS) and 1% Penicellin/Streptomycin (P/S). The human- MYC/BCL2 (hMB) cell line (strain 

102), generated by Leskov et al., was cultured in B Cell Culture medium composed of a 1:1 ratio 

of Iscove�s Modified Dulbecco�s Medium (IMDM) and DMEM, supplemented with 10% FBS, 

1% P/S, 1% GlutaMAX and 1% β-Mercaptoethanol (74). 

For generation of RNAi targeted J774.A1 macrophages the MLS and MLP retroviral vector 

system was used as previously published. Specifically, shRNA target sequences for p53: 5„-

CCACTACAAGTACATGTGTAA-3„ and for p38: 5„-ATACCACGATCCTGATGATGAA-3„ were 

used. 

Primary cell isolation and culture 

CD3+ and CD14+ cells isolated from healthy donor PBMC using MACS positive selection 

magnetic beads (Miltenyi, Bergisch Gladbach, Germany) directly plated out at a concentration of 

5x105 cells/ml in white 96-well plates (100μl/well) in RPMI 1640 medium + 10% FBS + 1 % P/S. 

Subsequently, Mafosfamide or Doxorubicin was added in a dilution series ranging from 0.33nM 

to 333.33μM (for Mafosfamide) or from 0.33nM to 500μM (for Doxorubicin) in triplicate for each 

concentration (Figure 6). Furthermore, three wells contained only medium (no cells), three wells 

did not receive a chemotherapeutic treatment and three wells were treated with dimethyl 

sulfoxide (DMSO) as control. The outer most wells were only filled with sterile PBS to reduce 

the effect of evaporation. The plates were then incubated for 48h at 37°C with 5% CO2. 

To isolate peritoneal macrophages, wild type C57BL/6 mice were injected intraperitoneal with 

thioglycolate and macrophages obtained via peritoneal lavage after 4 days. Bone- marrow-

derived macrophages were obtained from C57BL/6 mice and differentiated in vitro using 

recombinant M-CSF. 

CD3+ and CD14+ cells isolated from healthy donor PBMC using MACS positive selection 

magnetic beads (Miltenyi, Bergisch Gladbach, Germany). Another part of the isolated CD14+ 

cells were then differentiated into macrophages using recombinant M-CSF (Miltenyi, Bergisch 

Gladbach, Germany). After harvest, the macrophages were plated out in a concentration of 

5x105 cells/ml in RPMI 1640 medium containing 10% FBS, 1% P/S and 50U/ml human 
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recombinant M-CSF on a white 96 well cell culture plate. The same concentration series of 

Mafosfamide and Doxorubicin as for T cells and monocytes were added to the wells (Figure 6) 

and incubated for 48h at 37°C with 5% CO2. 

For generation of bone marrow derived macrophages (BMDM) cells from the bone marrow, 

wild-type (wt) C57BL/6 mice were sacrificed by cervical dislocation and both femurs were 

extracted by removing all muscle and connective tissue from the bones. The bones were then 

cut open at the very ends and flushed with cold PBS by using a 27G needle to remove the bone 

marrow. The flushed bone marrow cells were thoroughly resuspended and filtered with a 100μm 

cell strainer before they were centrifuged at 1500rpm for 8 minutes. Remaining erythrocytes 

were lysed using 5ml ACK lysis buffer for 5 minutes at room temperature. After adding PBS, 

cells were again centrifuged like previously described. Per femur, cells were plated out in 10ml 

differentiation medium for 24h. The non-adherent cells were then counted and plated out at a 

concentration of 6x105/ml on a 10cm bacterial dish in differentiation medium. After 48h, 4ml of 

fresh differentiation medium was added. After an additional 3 days, medium was replaced by 

normal DMEM + 10% FBS + 1% P/S and incubated for 24h. Cells were then scraped off, 

counted and plated out for experiments at a concentration of 5x105 cells/ml. After plating out, 

cells were allowed to reattach and recover for 24h before the start of an experiment. 

To isolate peritoneal macrophages, wild type C57BL/6 mice were injected intraperitoneal with 

thioglycollate (BD). After 4 days peritoneal lavage was performed. Upon resuspending the cells 

in DMEM +10% FBS +1% P/S, the cells were counted and plated out at and were allowed to 

reattach and recover for 24h before the start of an experiment. 

UV irradiation 

Cells were irradiated with 254 nm UV-C light using Phillips UV6 bulbs. The irradiance was 

measured using a UVX digital radiometer and a UVX-25 probe from UVP before the irradiation 

every time. Media from the cells was aspirated, and they were subsequently washed with DPBS 

(Lonza) before irradiation.  The Petri dish with cells was opened and placed under the UVC 

machine for the calculated time. Immediately after exposure cells were supplemented with 

complete fresh media and incubated at 37°C, 5% CO2.  

Chemical inhibitor and Chemotherapeutic treatment  

Media was aspirated, and cells were subsequently washed with DPBS (Lonza) before 

irradiation.  The Petri dish with cells was opened and placed under the UVC machine for the 

calculated time. Immediately after exposure, either fresh media with DMSO or fresh media with 
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one of the inhibitors was added, or cells were incubated at 37°C, 5% CO2. The chemical 

inhibitors were used in following concentration. Trichostatin A (10 nM) (Sigma), KU55933 (10 

μM) (Selleckchem). 

The cells were washed with DPBS and replenished with fresh media supplemented with one of 

the drugs or DMSO (0.05 %). Subsequently, the cells were incubated overnight at 37°C and 5% 

CO2 incubator. The cells for experiments performed in the presence of chemical inhibitor were 

treated with supplemented with one of the chemotherapeutics drugs along with chemical 

inhibitor and incubated overnight at 37°C and 5% CO2 incubator. The chemotherapeutic drugs 

were used in following concentration: Doxorubicin (5μM) (Tocris Bioscience), Mafosfamide 

(5μM) (Santa Cruz), Etoposide (5μM) (Sigma). 

Endotoxin tolerance assay 

The cells were primed with UV or chemotherapeutics according to the protocol mentioned 

above. After priming treatment, cells were incubated overnight (16 h) at 37°C and 5% CO2. The 

next day, cells were counted, and cells were plated at conc. of 106 cells/ml/well in a 12-well 

plate with fresh media or with fresh media supplemented with 1000 ng/ml LPS (Sigma) for 6 hrs. 

After 6 h of LPS exposure (referred as 0 h time point), immediately supernatants were collected. 

Levels of IL6 and TNFα were assessed with a murine and human ELISA kit (R&D Systems) 

respectively, according to the company’s protocol. For qPCR, cells were pelleted and frozen at 

0 h.  

Polybead Phagocytosis Assays: 

Polybead Amino Microsphere 3μm latex beads were labeled with the fluorescent dyes 

CypHer5E or DyLight680, both mono-N-hydroxysuccinimide (NHS) ester- activated. The 

lyophilized powder was dissolved in 0.1M sodium carbonate (pH: 9,0) to a final concentration of 

100mg/ml. Five-hundred microlitres of the latex beads were centrifuged at 3000xg for 5 minutes 

and the pellet was resuspended in 500μl 0,1M sodium carbonate (pH: 9,0). Three-hundred 

micrograms of CypHer5E or DyLight680 NHS ester was added and incubated for 2h at room 

temperature while rotated. Afterwards, the labeled beads were centrifuged at 3000xg for 5 

minutes and washed three times in 20ml PBS (with the same centrifugation conditions). Finally, 

beads were resuspended in 1ml PBS and correct labeling as well as the concentration of the 

beads was measured and calculated via flow cytometry. Labeled beads were stored at 4°C. 

pHrodo phagocytosis assays 
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Cells were primed according to the protocol mentioned above. The primed cells were counted, 

and 100,000 cells per well were plated in 96 well-plate. Cells were allowed to settle and adhere 

to the microplate for at least 1 h at 37°C 5% CO2. pHrodo® Red E.coli Bioparticles® (Life 

Technologies) were resuspended in 2 ml of Live Cell Imaging Solution (Cat. no. A14291DJ) and 

sonicated for 5 mins. The resuspended pHrodo® Red E.coli Bioparticles® were incubated with 

the cells for 1 h at 37 °C and then measured using PerkinElmer Enspire, fluorescence plate 

reader according to the company’s protocol. 

 

Bead based phagocytosis assay 

J774A.1 cells (wt as well as KDs) were plated out as follows: 1x105 cells per 12 well for DMSO 

and negative control and 2x105 cells per 12-well for treated samples. Murine BMDM and human 

M-CSF differentiated macrophages were plated out at a concentration of 5x105 cells per 12 well 

for all conditions. After 6h of reattachment for J774A.1 cells and 24h for primary macrophages, 

cells were treated with 5μM Mafosfamide, Doxorubicin, Nutlin-3A or the same volume of DMSO 

(0.05%) for 24h. Then, the medium was changed to fresh medium, containing 5x105 DyLight680 

labeled latex beads. The plate was centrifuged at 300xg for 1 minute to promote interaction of 

beads and cells. The incubation time of beads and macrophages was further optimized from 

16h to 1.5h due to a very rapid phagocytosis of the beads by macrophages in general. After this 

time, non-phagocytosed beads were washed off the plate two times with PBS and cells were 

scraped off the plate and transferred to a 5ml FACS tube. Cells were centrifuged at 300xg for 5 

minutes at 4°C, resuspended in 100μl PBS and stained with 1μl of CD11b-BrilliantViolet421 

antibody for 20 minutes at 4°C. After 2 washes with PBS and centrifugation at 300xg for 5 

minutes, the cells were resuspended in 250μl PBS and 50μl of this cell suspension were 

measured with the MACSQuant X flow cytometer. Analysis was performed with the MACSQuant 

software. Cells were gated for living and single cells, before the amount of double positive cells 

in the V1 (BrilliantViolet421) and R2 (DyLight680) channel was determined. For the transduced 

J774A.1 KD cell lines, single cells were also gated for GFP+ cells and only these were further 

used for the identification of double positive cells. The percentage of phagocytic active 

macrophages was normalized to each DMSO control. The ratio between counted cells via flow 

cytometry and used beads was calculated for each sample. 

Cell-based phagocytosis assay 

On a 12 well plate, 2x105 J774A.1 wt and KD cells were plated out in 1ml DMEM + 10% FBS + 
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1% P/S. After 12h of reattachment, they were treated with 5μM Mafosfamide, Doxorubicin or 

Nutlin-3A for 24h. Treated cells were then scraped off the plate, counted and 4x104 cells per 

well in 100μl DMEM + 10% FBS + 1% P/S were seeded on a 96 well plate. Per condition, 5 

replicates were seeded. Additionally, 10 wells were only filled with 100μl medium for hMB single 

cell control. The outer most wells were only filled with PBS to reduce evaporation. After 6h of 

reattachment, 1.5x105 hMB cells in 100μl B cell medium were added to the macrophages and 

the wells that only contained medium. The coculture was incubated for 16h and the remaining 

GFP+ hMB cells in the medium were measured using the MACSQuant VYB flow cytometer. The 

percentage of phagocytosed hMB cells (difference of remaining cells to hMB single cell controls) 

was normalized to each DMSO control. 

Immunofluorescence staining 

18mm glass coverslips (Menzel-gläser) were coated with Poly-L-lysine solution (Sigma-Aldrich, 

P4707) for 1 h at 37°C. After incubation, the coverslip was washed with DPBS and dried. Cells 

were plated onto coverslips and treated as per experiment. After 24 h of treatment, cells were 

fixed with 4% paraformaldehyde (Roth) for 10 mins. The cells were then washed twice with 1 x 

wash buffer (1 x DPBS containing 0.05% Tween-20) and permeabilized with 0.1% Triton X-100 

for 5 mins. Next, cells were washed twice and blocked for 30 min in 1% BSA (Sigma). For SAHF 

foci staining, cells were mounted on a slide using a Fluoromount-G ™, with DAPI (Invitrogen ™, 

00-4959-52). For morphology imaging, cells were incubated with TRITC/conjugated Phalloidin 

(1:1000), and FITC conjugated secondary antibody for 60 minutes. The cells were rewashed 

thrice and mounted onto a slide using Fluoromount-G ™, with DAPI. The images were 

visualized with a confocal fluorescent microscope. 

Quantitative RT-qPCR 

The RNA was extracted using RNeasy mini kit (Qiagen). The RNA was quantified using a 

Nanodrop 8000 spectrophotometer (Thermo Scientific). 1 μg of extracted RNA was dissolved in 

RNase-free water to get a total volume of 11.5 μl, and then the reverse transcription (RT) 

reaction was carried out. The RNA sample was denatured by incubating it at 70°C for 2 min in 

S1000TM or C1000TM Thermal Cycler PCR machine (Bio-Rad). The denatured RNA was 

quickly transferred on ice, and 8.5 ml of RT reaction Master-mix containing Superscript III 

(Invitrogen) was added. The PCR mix was placed back in the PCR machine to complete the RT 

PCR run for generating the complementary DNA (cDNA). Then, the cDNA sample was diluted 

by adding 80 μl distilled water and stored at -20 C. The cDNA samples generated with RT PCR 

were then used for performing qPCR using SYBR Green I (Sigma) and Platinum Taq 
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polymerase (Invitrogen) on CFX96TM Real-Time PCR Detection System (Bio-Rad). The cDNA 

was added to qPCR buffer Master-mix, and 20 μl of it was pipetted per well in the 96-well plate 

(BIOplastics), and the corresponding 5 μl of Primer Master-mix was added followed by sealing 

the plate with Microseal ® adhesive sealer (Bio-Rad). The 60S acidic ribosomal protein P0 

(rplp0), Peptidyl-prolyl cis-trans isomerasa (ppia) and Beta-2 microglobulin (β2m) were used as 

internal control to which the expression levels were normalized. The sequences of primers used 

in this study are as follows:  

Il6 fwd ACACATGTTCTCTGGGAAATC, Il6 rev AAGTGCATCATCGTTGTTCATACA;  

cd206 fwd TGCCGACATGCCAGGACGAAA, cd206 rev GTGGGCTCTGGTGGGCGAGT;  

rplp0 fwd TGAAATTCTGAGTGATGTGC, rplp0 rev TTGTACCCATTGATGATGGAG;  

pipa fwd CAAGACTGAATGGCTGGATG, pipa rev GTGATCTTCTTGCTGGTCTT;  

β2m fwd CCCTGGTCTTTCTGGTGCTT, β2m rev ATTTCAATGTGAGGCGGGTG 

Fluorescence-activated cell sorting (FACS)  

The cells were mock treated or primed with UV or chemotherapeutic drugs (according to 

protocol mentioned above) and incubated for 24 hrs. Next, cells were washed and scraped with 

DPBS. The cells were pelleted by centrifugation at 300xg for 5 minutes. The pellet was 

resuspended in 100μl of 1:10 dilution of FcR blocking reagent (Miltenyi Biotec) in DPBS and 

incubated at 4°C for 10 minutes in sterile FACS tubes. Afterward, cells were incubated for 15 

minutes at 4°C either with 1μl of rat IgG2b isotype antibody or PE/Cy7 anti-mouse CD274 (B7-

H1, PD-L1) antibody (Bio Legend) except for unstained control cells. Cells were washed twice 

and resuspended in 200 μl DPBS. Mean Fluorescence Intensity (MFI) was measured using the 

MACSQuant X flow cytometer for at least 10,000 cells.  The MFI was analyzed using the 

MACSQuantify software. MFI values were isotype corrected and normalized to the mock-treated 

cells. 

Phosphoproteomics sample preparation and data acquisition and processing 

The J774A.1 cells were treated with 10 J/m2 of UVC dose and incubated at 37° C, 5%CO2. The 

samples were collected after 4 h of UV exposure. CECAD / ZMMK Proteomics Facility carried 

out the sample preparation, data acquisition, and processing. In brief, 1.5 mg protein/sample 

was lysed in 8M Urea And digested in-solution using Trypsin and Lys-C. Next, generated 

peptides were desalted using 50 mg C18 Sep Pack-columns (Waters, #WAT 054955). 

Phosphopeptides were enriched using the High-Select™ TiO2 Phosphopeptide Enrichment Kit 
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(A32993, Thermo Fisher) following manufacturer’s instructions. All samples were analyzed on a 

Q Exactive Plus Orbitrap (Thermo Scientific) mass spectrometer that was coupled to an EASY 

nLC LC (Thermo Scientific). Phosphopeptide raw data were processed with Maxquant (version 

1.5.3.8) using default parameters. Whole Proteome DIA data were processed and quantified 

using Spectronaut 10 (Biognosys). 

The data and details about the used mass spectrometry settings are available via 

ProteomeXchange with identifier PXD013938. Reviewer account details: 

 Username: reviewer01988@ebi.ac.uk 

 Password: UcBG5wF4The softwares used for the phosphoproteome data analysis and 

representation are Cytoscape, Reactome database and InstantClue. 

 

Senescence β-Galactosidase staining 

The cells were mock treated or primed with UV with and without chemical inhibitor (according to 

protocol mentioned above). After incubation at 37 °C and 5% CO2 for 24 h, samples were 

processed according to the company’s protocol of Senescence β-Galactosidase staining kit 

(Cell Signaling Technology, 9860). The growth media was removed, and cells were rinsed with 

2 ml of DPBS. Then cells were fixed by adding 1 ml of 1X Fixative Solution for 12 mins at room 

temperature. Next, the cells were washed 2 times with DPBS, and 1 ml of the β-Galactosidase 

staining solution was added to each well. The plate was then incubated overnight at 37°C, and 

cells were imaged using the EVOS FL Auto 2 imaging system. 

Annexin V staining 

The cells were mock treated or primed with UV with and without chemical inhibitor (according to 

protocol mentioned above). After incubation at 37°C and 5% CO2 for 24 h, cells were washed 

twice with cold DPBS and resuspended in 1X Annexin binding buffer (BD Pharmingen™, 

556454) at a concentration of 1 x 106 cells/ml. The 100 μl of the resuspended solution was 

incubated with 5 µl of FITC Annexin V (BD Pharmingen™, 560931) in FACS tube for 15 min at 

RT (25°C) in the dark. Next, 400 µl of 1X Binding Buffer was added to each tube, and cells were 

analyzed by flow cytometry within 1 hr. 

Statistics  

Data were evaluated, and graphs were generated using GraphPad Prism 5. Unless otherwise 

stated, values represent the mean ± SD of three biological replicates. Statistical comparison of 
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two groups was performed using an unpaired Students' two-tailed t-test. Differences were 

considered statistically significant at p-values less than 0.05 (ns; P > 0.05, P > 0.05; *, P ≤ 0.05; 

**, P ≤ 0.01; ***, P ≤ 0.001). All statistical analyses were performed using GraphPad Prism 

version 5.00 (GraphPad Software, San Diego, CA). 
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Figure legends 

 

Figure 1: DNA damage modulates macrophage phenotype and increases phagocytic 

acitivity A) A bar graph displaying PD-L1 status of CD68+ macrophages in cancer patient 

samples prior and post chemotherapy B) A micrograph example of breast cancer tissue 

(Giemsa) after neoadjuvant treatment displaying multiple macrophage with high phagocytic 

activity C) Dose response curve of in vitro treatment human primary T-cells, monocytes and 

macrophages D) Example micrographs of macrophage in vitro treatment with Doxorubicine and 

mafosfamide with assessment of phagocytosis activity of fluorescent beads (red) E) a bar graph 

displaying significantly increased  macrophage cell size after chemotherapy treatment in vitro, 

F) a bar graph showing increased phagocytic bead uptake after chemotherapy treatment G) a 

bar graph showing increased phagocytic BCG-mycobacteria uptake after chemotherapy 

treatment H) a bar graph showing increased antibody-dependent cellular phagocytosis (ADCP) 

of hMB-lymphoma cells after chemotherapy pre-treatment of macrophages I) a bar graph 

displaying increased PD-L1 expression after in vitro treatment J) a radar plot  displaying 

macrophage marker expression profile, mean fluorescence intensity rate normalized to 

untreated control (values represent the mean ± SD of three biological replicates; * = p ≤ 0.05, ** 

= p ≤ 0.01, *** = p ≤ 0,001). 

 

Figure 2: DNA damage modulates macrophage inflammatory response to LPS and 

phagocytosis: J774A.1 Macrophages were treated with UVC or chemotherapeutics and 

allowed to recover for 24 h and RT-qPCR and FACS was performed. A) MDDR have higher fold 

change of cd206, shown relative to the expression in MC. RT-PCR quantification of mRNA 

extracted from MDDR and MC 24 h after treatment, normalized to beta-Tubulin and Peptidyl-prolyl 

cis-trans isomerasa. B) FACS analysis with antibody against PD-L1 or isotype controls shows 

more PD-L1 expression in MDDR compared to MC. C) Immunofluorescence staining for F-

actin(yellow), and DAPI (blue) of the MDDR and MC post 24 h of UV exposure. D,G) Working 

scheme for functional assays – endotoxin tolerance and phagocytic capacity of macrophages 

post direct DNA damage induced by exposure to UV. E) ELISA for IL6 quantification, 

supernatant collected from MDDR and MC macrophages at 0 h after LPS exposure. F) RT-PCR of 

IL6 mRNA extracted at 0 h after LPS exposure quantified over MC macrophages, normalized to 

60S acidic ribosomal protein P0 (Rplp0 ) and Peptidyl-prolyl cis-trans isomerase (Ppia). H) 

Relative fluorescence unit (RFU) is measured 1 h after MDDR and MC incubation with pHrodo 
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E.coli. (values represent the mean ± SD of three biological replicates *P�<�0.05, **P�<�0.01 

and ***P�<�0.001 (unpaired two-sided Student’s t-test). 

 

Figure 3 Phosphoproteomics analysis of MDDR A) Experimental workflow: J774A.1 were 

mock-treated or UVC (10 J/m2) treated. Post 4 h of treatment sample were collected and the 

phosphoproteome was analyzed by LC-MS/MS. B) Significant GO and motif terms 

representation identified via an 1D enrichment approach. C) Volcano plot of phosphosites 

detected upon UVC treatment. Significantly (FDR < 0.01) different phosphosites are highlighted 

with big circles and ATM kinase motif containing phosphosites are highlighted by green color. D) 

Reactome network for ATM-mediated phosphorylation using the phosphoproteomics data from 

MDDR and MC. The color is based on the mean Log2FC value of UV compared to Control (FDR 

<0.01). Dark red represents the maximum mean Log2FC =1.5, and light red represents the 

minimum mean Log2FC =0.9. 

 

Figure 4. Network created via reactome analysis of phosphoproteome. The network for 

over-represented pathways identified via the reactome database showing specific 

phosphorylation sites upon UVC treatment. Symbols are as follows: filled rectangles, 

phosphopeptides detected by MS as downregulated (blue shades) or upregulated (red shades). 

Grey arrows indicated the phosphopeptides identified to have ATM kinase substrate motif in our 

phosphoproteomics. 

 

Figure 5: MDDR show senescence phenotype and trichostatin A partially rescue MDDR 

functional phenotypes. A, B) Immunofluorescence staining with DAPI 24 h of MDDR with and 

without TSA and quantification. C,D) Βeta-Galactosidase staining of MDDR with and without TSA. 

E) RT-PCR of IL6 mRNA extracted at 0 h of LPS treatment from MDDR with and without TSA, 

quantified over MC macrophages exposed to LPS, normalized to beta-Tubulin and Peptidyl-

prolyl cis-trans isomerase. F) Phagocytosis assay of MDDR with and without TSA. Values 

represent the mean ± SD of three biological replicates *P�<�0.05, **P�<�0.01 and 

***P�<�0.001 (unpaired two-sided Student’s t-test). 
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Figure 6: ATM inhibition reverses MDDR functional polarization A,B) Βeta-Galactosidase 

staining of MDDR with and without KU 55933(ATMi). C) FACS analysis of MDDR and MC 

macrophages with and without KU 55933(ATMi) for Annexin V+ cells. D) RT-PCR of IL6 mRNA 

extracted 6 h after LPS treatment from MDDR with and without KU 55933(ATMi), quantified over 

MC macrophages exposed to LPS, normalized to beta-Tubulin and Peptidyl-prolyl cis-trans 

isomerase. E)) Phagocytosis assay of MDDR with and without KU 55933(ATMi). F) FACS 

analysis with antibody against PD-L1 or isotype controls shows more PD-L1 expression in MDDR  

compared to MC with and without KU 55933(ATMi)  G) ADCP of WT J774.1 macrophages vs. 

p38-targeted macrophages shows loss of UV-induced phagocytosis increase in p38-deficient 

macrophages Values represent the mean ± SD of three biological replicates *P�<�0.05, 

**P�<�0.01 and ***P�<�0.001 (unpaired two-sided Student’s t-test).  
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Supplemental Figure Legends 

Supplementary Figure 1. A micrograph example of breast cancer tissue (Giemsa) before (A-C) 

and after (D-F) neoadjuvant treatment displaying multiple macrophage with induction of PD-L1 

post CTX treatment. 

Supplementary Figure 2. DNA damage modulates macrophage inflammatory response to 

LPS and phagocytosis ELISA for IL6 quantification, supernatant collected from MDDR and MC 

macrophages at 0 h after LPS exposure in RAW264.7 (A), and peritoneal macrophages (C). 

ELISA for TNFα quantification, supernatant collected from MDDR and MC macrophages at 0 h 

after LPS exposure PMA-treated THP-1 (B). D) ELISA for IL6 quantification, supernatant 

collected from doxorubicin, mafosfamide and etoposide primed MDDR and MC macrophages 0 h-

post LPS exposure. E) Relative fluorescence unit (RFU) is measured 1 h after MDDR and MC 

incubation with E.coli bioparticles called pHrodo in RAW264.7, THP-1, and peritoneal 

macrophages. Values represent the mean ± SD of three biological replicates *P�<�0.05, 

**P�<�0.01 and ***P�<�0.001 (unpaired two-sided Student’s t-test). 

Supplementary Figure 3. A) The Log2 Fold change for the detected proteome B)PCA analysis 

variance ratio (C) for phosphoproteome. D) Correlation matrix with the Pearson correlation 

coefficient for phosphoproteome between 5 control (MC) and 5 UV primed (MDDR) replicates. 

Clustering was performed using Euclidean distance, complete linkage method. E) The 

distribution of phosphoproteome data. The phosphosites detected were 9160, out of which 1305 

were significantly regulated, The significantly upregulated phosphosites were 854 and 

downregulated phosphosites were 451.  

Supplementary Figure 4. MDDR phenotpe depends on ATM and p38 signaling A) Induction 

of apoptosis assessed by Annexin V staining in J774.A1 macrophages treated ATM inhibitor 

KU55366, Doxorubicin, mafosfamide, etoposide and respective combinations B) Bead 

phagocytosis in J7774.A1 macrophages transduced with empty vector (MLS/MLP) or shRNA 

targeting p38 or p53 respectively. C) ADCP assessed in p53- and p38-shRNA targeted J774.A1 

macrophages, RNAi mediated knock-down of p38 disrupts mafosfamide-induced increase of 

ADCP Values represent the mean ± SD of three biological replicates *P�<�0.05, **P�<�0.01 

and ***P�<�0.001 (unpaired two-sided Student’s t-test). 
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Supplementary table legend 

Table S1: The Whole Proteome DIA data processed and quantified using Spectronaut 10 

(Biognosys) in five replicates of Control and UV treated J774A.1 macrophage cell line.  

Table S2: The phosphoproteome data processed with Maxquant (version 1.5.3.8) using default 

parameters in five replicates of Control and UV treated J774A.1 macrophage cell line.  

Table S3: The 1D enrichment analysis of annotated Gene Ontology (GO), Motifs, and 

Reactome terms. The yellow highlighted columns are represented in the figure 3B 

Table S4: The 1D enrichment analysis showing overlap between enriched GO terms. The 

yellow highlighted columns are represented in the figure 3B 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 28

References 

 

1.  Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunological Effects of 

Conventional Chemotherapy and Targeted Anticancer Agents. Cancer Cell. 

2015;28:690–714.  

2.  Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat 

Rev Immunol. Nature Publishing Group; 2011;11:723–37.  

3.  Lavin Y, Mortha A, Rahman A, Merad M. Regulation of macrophage development and 

function in peripheral tissues. Nat Rev Immunol. Nature Publishing Group; 2015;15:731–

44.  

4.  Stout RD, Suttles J. Functional plasticity of macrophages: reversible adaptation to 

changing microenvironments. J Leukoc Biol. 2004;76:509–13.  

5.  Stout RD, Jiang C, Matta B, Tietzel I, Watkins SK, Suttles J. Macrophages sequentially 

change their functional phenotype in response to changes in microenvironmental 

influences. J Immunol. 2005;175:342–9.  

6.  Murray PJ. Macrophage Polarization. Annu Rev Physiol. 2017;79:541–66.  

7.  Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associated 

macrophages as treatment targets in oncology. Nat Rev Clin Oncol. 2017;14:399–416.  

8.  Bergounioux J, Elisee R, Prunier A-L, Donnadieu F, Sperandio B, Sansonetti P, et al. 

Calpain Activation by the Shigella flexneri Effector VirA Regulates Key Steps in the 

Formation and Life of the Bacterium’s Epithelial Niche. Cell Host Microbe. 2012;11:240–

52.  

9.  Chumduri C, Gurumurthy RK, Zadora PK, Mi Y, Meyer TF. Chlamydia Infection Promotes 

Host DNA Damage and Proliferation but Impairs the DNA Damage Response. Cell Host 

Microbe. Cell Press; 2013;13:746–58.  

10.  Chatzinikolaou G, Karakasilioti I, Garinis GA. DNA damage and innate immunity: links 

and trade-offs. Trends Immunol. 2014;35:429–35.  

11.  Figueiredo N, Chora A, Raquel H, Pejanovic N, Pereira P, Hartleben B, et al. 

Anthracyclines induce DNA damage response-mediated protection against severe 

sepsis. Immunity. 2013;39:874–84.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 29

12.  Pereira-Lopes S, Tur J, Calatayud-Subias JA, Lloberas J, Stracker TH, Celada A. NBS1 

is required for macrophage homeostasis and functional activity in mice. Blood. 

2015;126:2502–10.  

13.  Wu Q, Allouch A, Paoletti A, Leteur C, Mirjolet C, Martins I, et al. NOX2-dependent ATM 

kinase activation dictates pro-inflammatory macrophage phenotype and improves 

effectiveness to radiation therapy. Cell Death Differ. Nature Publishing Group; 

2017;24:1632–44.  

14.  Morales AJ, Carrero JA, Hung PJ, Tubbs AT, Andrews JM, Edelson BT, et al. A type I 

IFN-dependent DNA damage response regulates the genetic program and inflammasome 

activation in macrophages. Elife. 2017;6:1–20.  

15.  Härtlova A, Erttmann SF, Raffi FAM, Schmalz AM, Resch U, Anugula S, et al. DNA 

Damage Primes the Type I Interferon System via the Cytosolic DNA Sensor STING to 

Promote Anti-Microbial Innate Immunity. Immunity. 2015;42:332–43.  

16.  Torgovnick A, Schumacher B. DNA repair mechanisms in cancer development and 

therapy. Front Genet. 2015;6:157.  

17.  Zitvogel L, Galluzzi L, Smyth MJ, Kroemer G. Mechanism of Action of Conventional and 

Targeted Anticancer Therapies: Reinstating Immunosurveillance. Immunity. Cell Press; 

2013;39:74–88.  

18.  Galluzzi L, Senovilla L, Zitvogel L, Kroemer G. The secret ally: immunostimulation by 

anticancer drugs. Nat Rev Drug Discov. 2012;11:215–33.  

19.  Leblond MM, Pérès EA, Helaine C, Gérault AN, Moulin D, Anfray C, et al. M2 

macrophages are more resistant than M1 macrophages following radiation therapy in the 

context of glioblastoma. Oncotarget. 2017;  

20.  Hughes R, Qian BZ, Rowan C, Muthana M, Keklikoglou I, Olson OC, et al. Perivascular 

M2 macrophages stimulate tumor relapse after chemotherapy. Cancer Res. 2015;  

21.  Tsai CS, Chen FH, Wang CC, Huang HL, Jung SM, Wu CJ, et al. Macrophages From 

Irradiated Tumors Express Higher Levels of iNOS, Arginase-I and COX-2, and Promote 

Tumor Growth. Int J Radiat Oncol Biol Phys. 2007;  

22.  Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic Cell Death in Cancer Therapy. 

Annu Rev Immunol. 2013;  

23.  Rodriguez-Ruiz ME, Vitale I, Harrington KJ, Melero I, Galluzzi L. Immunological impact of 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 30

cell death signaling driven by radiation on the tumor microenvironment. Nat Immunol. 

2020;21:120134.  

24.  Pallasch CP, Leskov I, Braun CJ, Vorholt D, Drake A, Soto-Feliciano YM, et al. 

Sensitizing protective tumor microenvironments to antibody-mediated therapy. Cell. 2014;  

25.  DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity and 

immunotherapy. Nat. Rev. Immunol. 2019.  

26.  Pallasch CP, Leskov I, Braun CJ, Vorholt D, Drake A, Soto-Feliciano YM, et al. 

Sensitizing protective tumor microenvironments to antibody-mediated therapy. Cell. 

2014;156.  

27.  Martinez FO, Helming L, Gordon S. Alternative Activation of Macrophages: An 

Immunologic Functional Perspective. Annu Rev Immunol. 2009;  

28.  Chini C, Hogan KA, Warner GM, Tarragó MG, Peclat TR, Tchkonia T, et al. The NADase 

CD38 is induced by factors secreted from senescent cells providing a potential link 

between senescence and age-related cellular NAD + decline. Biochem Biophys Res 

Commun. 2019;  

29.  Smerdon MJ, Tlsty TD, Lieberman MW. Distribution of ultraviolet-induced DNA repair 

synthesis in nuclease sensitive and resistant regions of human chromatin. Biochemistry. 

1978;17:2377–86.  

30.  Adam S, Polo SE, Almouzni G. Transcription recovery after DNA damage requires 

chromatin priming by the H3.3 histone chaperone HIRA. Cell. Elsevier; 2013;155:94–106.  

31.  Soria G, Polo SE, Almouzni G. Prime, Repair, Restore: The Active Role of Chromatin in 

the DNA Damage Response. Mol Cell. 2012;46:722–34.  

32.  Smerdon MJ. DNA repair and the role of chromatin structure. Curr Opin Cell Biol. 

1991;3:422–8.  

33.  Polo SE, Almouzni G. Chromatin dynamics after DNA damage: The legacy of the access-

repair-restore model. DNA Repair (Amst). Europe PMC Funders; 2015;36:114–21.  

34.  Groth A, Rocha W, Verreault A, Almouzni G. Chromatin Challenges during DNA 

Replication and Repair. Cell. 2007;128:721–33.  

35.  Singh U, Tabibian J, Venugopal SK, Devaraj S, Jialal I. Development of an In Vitro 

Screening Assay to Test the Antiinflammatory Properties of Dietary Supplements and 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 31

Pharmacologic Agents. 2005;  

36.  Goss Tusher V, Tibshirani R, Chu G. Significance analysis of microarrays applied to the 

ionizing radiation response.  

37.  Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, Virtuoso LP, et al. p16(Ink4a) 

and senescence-associated β-galactosidase can be induced in macrophages as part of a 

reversible response to physiological stimuli. Aging (Albany NY). Impact Journals, LLC; 

2017;9:1867–84.  

38.  Bakkenist CJ, Kastan MB. DNA damage activates ATM through intermolecular 

autophosphorylation and dimer dissociation. 2003.  

39.  Scully R, Xie A. Double strand break repair functions of histone H2AX. Mutat Res. NIH 

Public Access; 2013;750:5–14.  

40.  Goldstein M, Derheimer FA, Tait-Mulder J, Kastan MB. Nucleolin mediates nucleosome 

disruption critical for DNA double-strand break repair. Proc Natl Acad Sci. 

2013;110:16874–9.  

41.  Price BD, D’Andrea AD. Chromatin Remodeling at DNA Double-Strand Breaks. Cell. 

2013;152:1344–54.  

42.  Ben-Porath I, Weinberg RA. The signals and pathways activating cellular senescence. Int 

J Biochem Cell Biol. 2005;37:961–76.  

43.  Narita M, Narita M, Krizhanovsky V, Nuñez S, Chicas A, Hearn SA, et al. A Novel Role 

for High-Mobility Group A Proteins in Cellular Senescence and Heterochromatin 

Formation. Cell. Cell Press; 2006;126:503–14.  

44.  Kidane D, Chae WJ, Czochor J, Eckert KA, Glazer PM, Bothwell ALM, et al. Interplay 

between DNA repair and inflammation, and the link to cancer. Crit Rev Biochem Mol Biol. 

2014;49:116–39.  

45.  Pálmai-Pallag T, Bachrati CZ. Inflammation-induced DNA damage and damage-induced 

inflammation: a vicious cycle. Microbes Infect. 2014;16:822–32.  

46.  Ramirez-Carrozzi VR, Braas D, Bhatt DM, Cheng CS, Hong C, Doty KR, et al. A unifying 

model for the selective regulation of inducible transcription by CpG islands and 

nucleosome remodeling. Cell. Elsevier; 2009;138:114–28.  

47.  van der Heijden CDCC, Noz MP, Joosten LAB, Netea MG, Riksen NP, Keating ST. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 32

Epigenetics and Trained Immunity. Antioxid Redox Signal. 2018;29:1023–40.  

48.  Seeley JJ, Ghosh S. Molecular mechanisms of innate memory and tolerance to LPS. J 

Leukoc Biol. 2017;101:107–19.  

49.  Kapellos TS, Iqbal AJ. Epigenetic Control of Macrophage Polarisation and Soluble 

Mediator Gene Expression during Inflammation. Mediators Inflamm. Hindawi; 

2016;2016:1–15.  

50.  Polo SE, Roche D, Almouzni G. New Histone Incorporation Marks Sites of UV Repair in 

Human Cells. Cell. 2006;127:481–93.  

51.  Loyola A, Bonaldi T, Roche D, Imhof A, Almouzni G. PTMs on H3 Variants before 

Chromatin Assembly Potentiate Their Final Epigenetic State. Mol Cell. 2006;24:309–16.  

52.  Dabin J, Fortuny A, Polo SE. Epigenome Maintenance in Response to DNA Damage. Mol 

Cell. 2016;62:712–27.  

53.  Ivashkiv LB. Epigenetic regulation of macrophage polarization and function. Trends 

Immunol. 2013;34:216–23.  

54.  Van den Bossche J, Neele AE, Hoeksema MA, de Winther MPJ. Macrophage 

polarization. Curr Opin Lipidol. 2014;25:367–73.  

55.  Schmidt S V, Krebs W, Ulas T, Xue J, Baßler K, Günther P, et al. The transcriptional 

regulator network of human inflammatory macrophages is defined by open chromatin. 

Cell Res. 2016;26:151–70.  

56.  Hoeksema MA, de Winther MPJ. Epigenetic Regulation of Monocyte and Macrophage 

Function. Antioxid Redox Signal. 2016;25:758–74.  

57.  Gosselin D, Glass CK. Epigenomics of macrophages. Immunol Rev. 2014;262:96–112.  

58.  de Groot AE, Pienta KJ. Epigenetic control of macrophage polarization: implications for 

targeting tumor-associated macrophages. Oncotarget. 2018;9:20908–27.  

59.  Ciccia A, Elledge SJ. The DNA Damage Response: Making It Safe to Play with Knives. 

Mol Cell. Cell Press; 2010;40:179–204.  

60.  Pateras IS, Havaki S, Nikitopoulou X, Vougas K, Townsend PA, Panayiotidis MI, et al. 

The DNA damage response and immune signaling alliance: Is it good or bad? Nature 

decides when and where. Pharmacol Ther. Elsevier Inc.; 2015;154:36–56.  

61.  Lee J-H, Paull TT. ATM Activation by DNA Double-Strand Breaks Through the Mre11-

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 33

Rad50-Nbs1 Complex. Science (80- ). 2005;308:551–4.  

62.  Shiloh Y, Ziv Y. The ATM protein kinase: Regulating the cellular response to genotoxic 

stress, and more. Nat. Rev. Mol. Cell Biol. 2013.  

63.  Garinis GA, Mitchell JR, Moorhouse MJ, Hanada K, De Waard H, Vandeputte D, et al. 

Transcriptome analysis reveals cyclobutane pyrimidine dimers as a major source of UV-

induced DNA breaks. EMBO J. 2005;  

64.  Sulli G, Di Micco R, Di Fagagna FDA. Crosstalk between chromatin state and DNA 

damage response in cellular senescence and cancer. Nat Rev Cancer. Nature Publishing 

Group; 2012;12:709–20.  

65.  Figueiredo N, Chora A, Raquel H, Pejanovic N, Pereira P, Hartleben B, et al. 

Anthracyclines induce DNA damage response-mediated protection against severe 

sepsis. Immunity. NIH Public Access; 2013;39:874–84.  

66.  McGrath-Morrow SA, Collaco JM, Detrick B, Lederman HM. Serum Interleukin-6 Levels 

and Pulmonary Function in Ataxia-Telangiectasia. J Pediatr. 2016;171:256-261.e1.  

67.  McGrath-Morrow SA, Collaco JM, Crawford TO, Carson KA, Lefton-Greif MA, Zeitlin P, et 

al. Elevated Serum IL-8 Levels in Ataxia Telangiectasia. J Pediatr. Mosby; 2010;156:682-

684.e1.  

68.  Deng L, Liang H, Burnette B, Beckett M, Darga T, Weichselbaum RR, et al. Irradiation 

and anti–PD-L1 treatment synergistically promote antitumor immunity in mice. J Clin 

Invest. 2014;124:687–95.  

69.  Twyman-Saint Victor C, Rech AJ, Maity A, Rengan R, Pauken KE, Stelekati E, et al. 

Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in 

cancer. Nature. NIH Public Access; 2015;520:373–7.  

70.  Sen T, Chen L, Rodriguez BL, Yang Y, Fan YH, Stewart CA, et al. Abstract B72: 

Combining immune checkpoint inhibition and DNA damage repair (DDR) targeted therapy 

in small cell lung cancer (SCLC). Cancer Immunol Res. American Association for Cancer 

Research; 2017;5:B72–B72.  

71.  Jiao S, Xia W, Yamaguchi H, Wei Y, Chen M-K, Hsu J-M, et al. PARP Inhibitor 

Upregulates PD-L1 Expression and Enhances Cancer-Associated Immunosuppression. 

Clin Cancer Res. 2017;23:3711–20.  

72.  Osoegawa A, Hiraishi H, Hashimoto T, Takumi Y, Abe M, Takeuchi H, et al. The Positive 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Bansal et al. 

 34

Relationship Between γH2AX and PD-L1 Expression in Lung Squamous Cell Carcinoma. 

In Vivo (Brooklyn). 2018;32:171–7.  

73.  Sato H, Niimi A, Yasuhara T, Permata TBM, Hagiwara Y, Isono M, et al. DNA double-

strand break repair pathway regulates PD-L1 expression in cancer cells. Nat Commun. 

Nature Publishing Group; 2017;8:1751.  

74.  Leskov I, Pallasch CP, Drake A, Iliopoulou BP, Souza A, Shen CH, et al. Rapid 

generation of human B-cell lymphomas via combined expression of Myc and Bcl2 and 

their use as a preclinical model for biological therapies. Oncogene. 2013;  

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


Contro
l

Doxo
ru

bici
n

Mafo
sfa

mide 
0.0

0.5

1.0

1.5

2.0

2.5

B
ea

d 
P

ha
go

cy
to

si
s 

ra
te ***

**

Contro
l

Doxo
ru

bici
n

Mafo
sfa

mide 

Contro
l

Doxo
ru

bici
n

Mafo
sfa

mide 

Control Doxorubicin Mafosfamide

20 µM

Mafosfamide

Doxorubicine

Etoposide

UV 10 J/m2

Nutlin-3A

Untr. Control
MHC-II

CD200CD38

TGFbetaCD68

CD86

CD206CD80
******

***

**

D

101 102 103 104 105 106 107
0

25

50

75

100

Vi
ab

ili
ty

 %

T-cells
Monocytes
Macrophages

Mafosfamide Conc./ nM

C

F H

J

BA

20 30

All Entities

Esophageal C.

Breast Cancer

Sarcoma

PD-L1+ Macrophages

staying negative

staying positive

turning positive*

**

10

PD
L1

 e
xp

re
ss

io
n/

 M
FI

DMSO

Mafo
sfa

mide

Doxo
rubici

n

Etoposid
e

Nutlin
-3A

0

1

2

3 ***
**

*

0.0

0.5

1.0

1.5

2.0

2.5
***

***

B
C

G
 P

h
ag

o
cy

to
si

s 

 C
el

l P
ha

go
cy

to
si

s
0.0

0.5

1.0

1.5

2.0
**

***

0

5000

10000

15000

20000

C
el

l S
iz

e 
/P

ix
el

***
**

G

Contro
l

Doxo
ru

bici
n

Mafo
sfa

mide 

E

I

20 µM 20 µM

12 03456
norm. MFI

Figure 1

No. of patients

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

0

1

2

3

4

5
R

el
at

iv
e 

cd
20

6 
m

R
N

A
Fo

ld
 c

ha
ng

e

Control 10 J/m2 

*

H

0

1

2

3 ***

PD
-L

1
no

rm
al

iz
ed

 M
FI

Control 10 J/m2 

B

0

10

20

30

40

F-
A

ct
in

M
FI

*

Control 10 J/m2 

C

LPS
(6 h)

LPS
(6 h)

Mock-treated

UV 
(16 h)

Control 10 J/m2 

10 μm DAPI F - actin

D
**

*
IL

6 
pg

/m
l 

0

5000

10000

15000

20000

Control 10 J/m2 5 J/m2 

E

F

Bioparticles
 (1 h)

Tumor cells
 (24 h)

Bioparticles
 (1 h)

Tumor cells
 (24 h)

Mock-treated

UV 
(24 h)

G

- 3

- 2

- 1

0

1

2

R
el

at
iv

e 
IL

6 
m

R
N

A
Fo

ld
 c

ha
ng

e 

*

Control 10 J/m2 

0

500

1000

1500 ***
ns

R
FU

Control 10 J/m2 5 J/m2 

Figure 2

0.0

0.5

1.0

1.5

2.0

10 J/m2 Control

A
D

C
P

 n
o

rm
al

iz
ed

   
 p

h
ag

o
cy

to
si

**I

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

Mock-treated

UV

4 h

5x

5x

5x

5x

5x
5x

Sample lysis in
8 M Urea

Reduction and
alkylation

Trypsin
digestion

Desalting

Stage tips

3 mg

 
LC-MS/MS gradient

50µg

Phosphopeptide
enrichment

Mitotic G2/M transition 
checkpoint
Positive regulation of 
histone H3-K9 acetylation

Positive regulation of 
histone H4-K16 acetylation
Positive regulation of 
histone H4-K20 methylation

ATM kinase substrate motif

CDK1,2,4,6 kinase 
substrate motif

CDK5 kinase substrate motif

0.50

0.25

0.00

-0.25

B

Figure 3

C

−4 −2 0 2 4

0

2

4

6

8

- +

-L
og

10
 t-

te
st

 p
-v

al
ue

ATM kinase substrate motifs

D
   

Regulation of TP53 Activity
 through Phosphorylation 

Transcriptional Regulation
by TP53

Cellular responses
to stress

DNA Damage/Telomere Stress
 Induced Senescence 

Cellular responses 
to external stimuli

Cellular 
Senescence

Recruitment and ATM-mediated 
 phosphorylation of repair and 

signaling proteins at 
    DNA double strand breaks  

   

SUMO E3 ligases 
SUMOylate target 

proteins 

Post-translational 
protein modification 

SUMOylation

Metalloprotease 
DUBs

Cell Cycle 
Checkpoints

G2/M DNA 
damage checkpoint

Cell Cycle

DNA Double-Strand 
Break Repair

Processing of DNA 
double-strand break ends  

Resolution of D-loop Structures through 
Holliday Junction Intermediates  

Resolution of 
D-Loop Structures

DNA Repair

Presynaptic phase of homologous 
DNA pairing and strand exchange 

Homologous DNA Pairing and 
Strand Exchange 

1.0 1.1 1.2
mean(log2 Fold Change)

mean(log2 Fold Change)

log2 Fold Change MDDR vs. MCTRL

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


MIS18P1
CENPC
HJURP
RSF1
SMARCA5
BAZ1A

Histone acetylation

KAT2 complex
SUPT20H
TAF9
YEATS2

KAT7
BRPF1
BRPF3
ATF2

BRD4
CDYL
MED24
CREBBP

NSL complex
HCFC1
KANSAL3 MCRS1

PHF20

Histone-H4

Histone-H3

Histone deacetylation

HDAC1/2 complex ARID4A ARID4B
CHD4 PHF21ARCOR1

Deposition of new CENPA- 
containing nucleosome at 
the centromere

CAF-1 complex

SWI/SNF complex

NuA4 complex

CHAF1A
CHAF1B

EP400
MSL3
ACTL61
VPS72
TRRAP

DAXX
ATRX
SMARCA4
ARID1A
ARID1B

Positive epigenetic 
regulation of rRNA 
expression

B-WICH complex
SF3B1
MYBBP1A

BAZ1B
EP300
TAF1D
TAF1C
DDX21

Chromatin remodelling and nucleosome assembly

DNA damage-induced
senescence

CDKN1A
CDKN1B
EP400
RB1
CABIN1
HMGA1

ATM
γ-H2AX

MDC1

CHEK1

Histone methylation
                          H3K79
DOT1L
                          H3K4
KMT2A
KMT2B
SETD1B
ATF71P
                         H3K9

                        H3K27
EZH2
WHSC1
SETD2
                        H3K36 
                                     
BRWD1

Transcriptional activation of
 mitochondrial biogenesis
NCOR1
MEF2C
MEF2D
ATF2
CRTC2
GABPA
HCFC1
MED1

Histone demethylation

                     MeK37-H3
KDM2A
KDM2B
       
                     MeK10-H3
KDM3B

BRCA1
UIMC1

TP53BP1
TP53

mTOR1-mediated signaling

EIF4BP1
EIF4B
EIF4G1

Macroautophagy

RB1CC1
AMBRA1

Up
regulated

Down
regulated

Log2 Fold Change

mTORC1
(inactive)

mTORC1
(active)Translocation to lysosomal surface

LAMTOR1

PRKAA1 TSC2
(inactive)

AKT1S1
(inactive)

Upstream regulators of mTORC1

NCL

MOF1

RIF1

Figure 4

MAPK14

MRN complex
NBN
RAD50
MRE11

RNF20

EYA3

-2,5  2,5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


TSA 10 J/m 2 10 J/m2+TSAControl

Control TSA 10 J/m 2 10 J/m2+TSA

DAPI

0

10

20

30

40
ns

ns

***
***

%
 β

-G
al

-p
os

iti
ve

 c
el

ls
TSAControl 10 J/m2 10 J/m2

+ TSA 

0

20

40

60

80

100

**

ns
***

***

%
 S

A
H

F-
po

si
tiv

e 
ce

lls

Control 10 J/m2 10 J/m2

+ TSA 
TSA

ns

ns
***

0

2000

4000

6000

8000

IL
6 

pg
/m

l 

***

Control 10 J/m2 10 J/m2

+ TSA 
TSA

**

***
***

***

0

500

1000

1500

2000

2500

R
FU

 

Control 10 J/m2 10 J/m2

+ TSA 
TSA

A

B C

D

E
F

5 µm

Figure 5

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/


ATMi 10 J/m 2 10 J/m2 + ATMiControl

0

10

20

30

40

ns

ns
******

%
 β

-G
al

-p
os

iti
ve

 c
el

ls

Control 10 J/m2 10 J/m2

+ ATMi
ATMi

%
  A

nn
ex

in
 V

+  c
el

ls

*
*

*
*

0

5

10

15

20

25

Control 10 J/m2 10 J/m2

+ ATMi
ATMi

0

1000

2000

3000

4000

R
FU

 

**

***
***

***

Control 10 J/m2 10 J/m2

+ ATMi
ATMi

0.0

0.5

1.0

1.5

2.0 **

*

PD
-L

1
N

or
m

al
iz

ed
 M

FI

Control 10 J/m2 10 J/m2

+ ATMi
ATMi

- 4

- 2

0

2

4

R
el

at
iv

e 
IL

6 
m

R
N

A
Fo

ld
 c

ha
ng

e

**

10 J/m2 10 J/m2

+ ATMi

A

B

D

F

C

E

no
rm

al
is

ed
 A

DC
P 

ra
te

MLP p38 KD
0.0

0.5

1.0

1.5

2.0
** n.s.

G

Figure 6

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 15, 2020. ; https://doi.org/10.1101/2020.03.14.987438doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.14.987438
http://creativecommons.org/licenses/by-nc-nd/4.0/

