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SUMMARY

Tumor-associated macrophages (TAMs) shape tumor immunity and therapeutic efficacy. However, 

it is poorly understood whether and how post-translational modifications (PTMs) intrinsically 

affect the phenotype and function of TAMs. Here, we reveal that peptidylarginine deiminase 4 

(PAD4) exhibits the highest expression among common PTM enzymes in TAMs and negatively 

correlates with the clinical response to immune checkpoint blockade. Genetic and pharmacological 

inhibition of PAD4 in macrophages prevents tumor progression in tumor-bearing mouse models, 

accompanied by an increase in macrophage major histocompatibility complex (MHC) class II 

expression and T cell effector function. Mechanistically, PAD4 citrullinates STAT1 at arginine 

121, thereby promoting the interaction between STAT1 and protein inhibitor of activated STAT1 

(PIAS1), and the loss of PAD4 abolishes this interaction, ablating the inhibitory role of PIAS1 in 

the expression of MHC class II machinery in macrophages and enhancing T cell activation. Thus, 
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the PAD4-STAT1-PIAS1 axis is an immune restriction mechanism in macrophages and may serve 

as a cancer immunotherapy target.

Graphical Abstract

In brief

Pitter et al. demonstrate that the PAD4-mediated citrullination of STAT1 in macrophages enforces 

the STAT1-PIAS1 interaction restraining STAT1 transcriptional activity and MHC class II 

machinery expression and, consequently, limits T cell-mediated anti-tumor immunity.

INTRODUCTION

Macrophages are among the major immune cellular components in the tumor 

microenvironment (TME). Tumor-associated macrophages (TAMs) often markedly 

outnumber other immune cells, including dendritic cells (DCs), and represent a prominent 

population of antigen-presenting cells (APCs) in the TME.1 Previous studies demonstrate 

high levels of PD-L1 (B7-H1) expression in myeloid APCs, including macrophages and DCs 

in the human TME and tumor-draining lymph nodes, contributing to immune resistance to 

immune checkpoint blockade (ICB) in the TME.2–4 It is generally thought that TAMs play 

an immunosuppressive role in anti-tumor immune responses.5–10 Preclinical models show 

that targeting macrophages, including with anti-CSF1 receptor antibodies, is considered a 

therapeutic modality.11–13 However, the number of TAMs can be positively associated with 

Pitter et al. Page 2

Cell Rep. Author manuscript; available in PMC 2024 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patient survival in some types of malignancies.14 Macrophages mediate phagocytosis and 

present antigens (including tumor antigens) to and activate T cells.14–16 This apparently 

paradoxical information has precluded the reaching of a consensus regarding the roles of 

TAMs and how to target TAMs in human cancer immunotherapy. Furthermore, TAMs are 

exposed to various environmental factors and would manifest versatile functions depending 

on the microenvironmental signals, such as metabolites and nutrients.12,13,17,18 Hence, it 

is not surprising that directly targeting macrophages has thus far failed to have a major 

therapeutic impact, although ongoing trials targeting TAMs in combination with other 

treatment modalities may change the overall picture. It is therefore important to explore 

previously undocumented intrinsic mechanisms controlling the phenotype and function of 

macrophages in the TME.

Post-translational modifications (PTMs), including citrullination, are covalent processing 

events that change the properties of a protein, often resulting in the addition of a 

modifying group.19–21 Citrullination is an irreversible PTM catalyzed by peptidyl arginine 

deiminases (PADs), which convert arginine residues into citrulline.22 There are 5 active 

PADs: PAD1–PAD4 and PAD6. It appears that PAD isozymes have mutually exclusive tissue 

localizations and substrate specificities and citrullinate a wide range of protein substrates 

and regulate numerous cellular processes, including cell signaling and immune responses.22–

26 Given that PTMs, particularly citrullination, have been extensively studied in cancer 

cells and neutrophils,26–29 but not in TAMs, we wondered if PTMs could act as intrinsic 

mechanism(s) shaping TAM phenotype and function. Therefore, exploration of PTMs in 

macrophages could generate previously unappreciated insight into TAM immunology. To 

this end, through cross-analyzing multiple bulk and single-cell RNA sequencing datasets 

from the mouse and human TMEs, we found that PAD4 manifested the highest expression 

levels among common PTM enzymes in TAMs and was negatively correlated with clinical 

response to ICB. Hence, we genetically and biochemically examined the role of PAD4 in 

determining TAM phenotype and function in vitro and in vivo in tumor-bearing animal 

models and assessed the underlying molecular mechanisms. We suggest that targeting PAD4 

in TAMs can serve as a potential approach in cancer immunotherapy.

RESULTS

PAD4 is an abundant post-translational-modification enzyme in TAMs

PTMs drive the final conformations and functions of proteins.30,31 However, it is poorly 

understood if and how PTMs control TAM functions. To address this question, we analyzed 

multiple RNA sequencing datasets to assess the expression levels and patterns of major 

PTM enzymes, including methyltransferases, kinases, ubiquitin enzymes, acyltransferases, 

acetyltransferases, deacetylases, and peptidylarginine deiminases, in the TAMs of both 

human and mouse cancers. In patients with breast cancer, differential expression (DE) 

analysis revealed that PAD4 was the most highly expressed PTM enzyme among major PTM 

enzymes in TAMs as compared to normal macrophages (Figures 1A, S1A, and 1B).1 Similar 

results were obtained in the TAMs of breast-cancer-bearing mice (Figures 1C, S1B, and 

1D).32

Pitter et al. Page 3

Cell Rep. Author manuscript; available in PMC 2024 April 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Following the observation that PAD4 expression is enriched in TAMs compared to normal 

macrophages, we then determined PAD4 expression patterns across immune cell subsets in 

the TME. We first analyzed a single-cell RNA sequencing dataset featuring CD45+ immune 

cells from the peritoneal lavage in mice.33 t-distributed stochastic neighbor embedding 

(t-SNE)-mediated visualization revealed that Padi4 was largely expressed in macrophages 

compared to T cells, B cells, and DCs (Figure 1E). Macrophages contained the highest 

proportion of Padi4-expressing cells (Figure 1F) as well as the highest mRNA expression 

of Padi4 (Figure 1G) compared to T cells, B cells, and DCs. In line with the mouse data, 

analysis of a single-cell RNA sequencing dataset featuring immune cells from patients 

with colorectal cancer34 revealed that PADI4 was also largely expressed in monocytes and 

macrophages but not in T cells, B cells, or natural killer cells (Figure S1C). Consistent with 

the mouse data, human macrophages contained the highest proportion of PADI4-expressing 

cells (Figure 1H). Thus, PAD4 is highly enriched in both mouse and human TAMs.

Given the enrichment of PAD4 in TAMs, we asked whether PAD4 expression correlated 

with an M1- or M2-type TAM phenotype. In patients with triple-negative breast cancer 

(TNBC),35 PADI4 expression correlated with the transcriptional networks known to promote 

protumor macrophages (Figure S1D). In patients with colorectal cancer,36 DE analysis 

revealed that PADI4 was among the most highly expressed PTM enzyme in CSF1Rhigh 

TAMs compared to CSF1Rlow TAMs (Figure S1E). CSF1Rhigh TAMs exhibit a strong 

immunosuppressive phenotype.37–39 In ID8 ovarian-cancer-bearing mice, Padi4 was among 

the most highly expressed PTM enzymes in peritoneal Tim-4high TAMs as compared to 

Tim-4low TAMs (Figure S1F). We validated that PAD4 protein was highly expressed in 

Tim-4high TAMs rather than in Tim-4low TAMs (Figure S1G). Tim-4high TAMs manifest an 

immunosuppressive phenotype in the TME.40,41 These data suggest that PAD4 expression 

correlates with protumor M2-type TAMs. In further support of this possibility, bulk RNA 

sequencing analysis of TAMs from ID8 tumor-bearing mice showed that the Padi4high TAMs 

expressed lower antigen presentation and T cell activation-associated genes, including Stat1 
and Ciita and major histocompatibility complex (MHC) class II-coding genes (Figure S1H). 

To further support the possibility that PAD4 activity was enhanced in macrophages in the 

TME, we exposed human primary monocytes and HL60, a myeloid cell line, to ascites fluid 

from patients with ovarian cancer. We found that ascites fluid increased PAD4 expression 

in both human primary monocytes and HL60 cells (Figures S1I and S1J). Ovarian 

cancer ascites fluids contain interleukin-6 (IL-6) and vascular endothelial growth factor 

(VEGF).42,43 We showed that both IL-6 and VEGF stimulated PAD4 expression in HL60 

cells (Figure S1K). Altogether, these data suggest that PAD4 may be a PTM enzyme driven 

by tumor microenvironmental factors and that it correlates with the immunosuppressive 

phenotype of TAMs.

PAD4 in macrophages negatively regulates anti-tumor immunity

To explore a role of PAD4 in macrophages in the context of tumor immune responses, 

we inoculated subcutaneously MC38 cells, a murine colon adenocarcinoma cell line, into 

wild-type (Padi4+/+) and total-body Padi4 knockout (Padi4−/−) mice. We found that Padi4−/− 

mice developed smaller tumors compared to Padi4+/+ mice as shown by tumor volume 

and weight (Figures 2A, 2B, and S2A). Fluorescence-activated cell sorting analysis (Figure 
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S2B) revealed that the Padi4−/− mice harbored higher levels of interferon γ+ (IFNγ+) and 

interleukin-2+ (IL-2+) T cells in the TME as compared to wild-type mice (Figures 2C and 

2D). We next asked whether the activated T cell phenotype and reduced tumor progression 

observed in the Padi4−/− tumor-bearing mice were attributed to the loss of PAD4 activity in 

T cells or macrophages. To specifically examine a role of PAD4 in T cells and macrophages, 

we bred Padi4fl/fl mice with Cd4cre and LysMcre mice to generate two conditional knockout 

mouse strains: Padi4fl/fl Cd4cre (Figure S2C) and Padi4fl/fl LysMcre mice (Figure S2D). We 

first asked whether specific loss of PAD4 in T cells could alter anti-tumor immunity in 

tumor-bearing mice. When we inoculated MC38 cells subcutaneously into Padi4fl/fl mice 

and Padi4fl/fl Cd4cre mice, we observed no difference in tumor volume and weight (Figure 

S2E). Interestingly, when we inoculated MC38 cells into Padi4fl/fl vs. Padi4fl/fl LysMcre 

mice, we observed that the Padi4fl/fl LysMcre mice developed smaller tumors compared 

to the wild-type Padi4fl/fl counterparts (Figures 2E and 2F). In line with this, there were 

higher percentages of IFNγ+ and tumor necrosis factor alpha+ (TNFα+)IFNγ+ T cells in 

MC38 tumors (Figures 2G–2J) and higher levels of IFNγ+ and TNFα+CD8+ T cells in 

MC38 tumor-draining lymph nodes (Figure S2F) in Padi4fl/fl LysMcre mice compared to 

the wild-type mice. Next, using an enzyme-linked immunosorbent spot assay, we detected 

higher amounts of tumor-specific IFNγ+ T cells in MC38 tumors in Padi4fl/fl LysMcre mice 

compared to wild-type mice (Figure 2K). Thus, the specific loss of PAD4 in macrophages 

enhances T cell activation and—consequently—enhances systemic antitumor immunity. To 

further substantiate this conclusion, we inoculated subcutaneously Py8119 cells, a mouse 

breast cancer cell line, into Padi4fl/fl mice and Padi4fl/fl LysMcre mice. Again, the Padi4fl/fl 

LysMcre mice developed smaller tumors compared to their wild-type counterparts (Figures 

2L, 2M, and S2G). To test whether PAD4 deficiency could affect tumor metastasis, we 

inoculated intravenously B16F10, a murine melanoma cell line, into Padi4fl/fl mice and 

Padi4fl/fl LysMcre mice. We observed less lung tumor nodules in the Padi4fl/fl LysMcre mice 

compared to wild-type counterparts (Figure 2N). We further assessed the T cell activation 

phenotype in B16F10 lung metastatic nodules in the wild-type and the Padi4fl/fl LysMcre 

mice. We observed higher levels of IFNγ- (Figures 2O and 2P) and TNFα-(Figures 2Q and 

2R) expressing T cells in the TME of the Padi4fl/fl LysMcre mice as compared to wild-type 

mice. Altogether, we conclude that PAD4 in macrophages negatively regulates anti-tumor 

immunity, thereby promoting tumor progression.

PAD4 restrains MHC class II machinery in macrophages

We next assessed the mechanism by which PAD4 negatively regulates TAM-mediated anti-

tumor immunity. First, we compared the immune phenotype of peritoneal macrophages 

from wild-type and Padi4−/− mice. By gating on CD45+CD11b+F4/80+ macrophages (Figure 

S3A), we observed that the levels of MHC class II were higher in Padi4−/− macrophages 

than in Padi4+/+ macrophages in the peritoneal cavity and lung tissues (Figures 3A–3C 

and S3B). Interestingly, there was no difference in MHC class I, CD80, and CD86 

expression between Padi4−/− and Padi4+/+ macrophages (Figure S3B). We next compared 

the expression of MHC class II-coding genes as well as the IFNγ signaling gene pathway. 

We found that the Padi4-deficient macrophages expressed higher levels of MHC class 

II-coding genes, including H2-Aa, Ciita, and Cd74, as well as IFN-signaling genes such as 

Stat1 and Gbp2 (Figure 3D). To validate these findings, we analyzed a publicly available 
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single-cell RNA sequencing dataset featuring mouse peritoneal immune cells.33 Based on 

Padi4 expression, we divided macrophages into two groups: high Padi4- (Padi4high) and low 

Padi4- (Padi4low) expressing cells (Figure S3C). We found higher expression levels of genes 

that directly code for MHC class II—such as H2-Aa, H2-Ab1, and Ciita—as well as genes 

that code for the several co-factors involved in the transcriptional regulation of MHC class 

II machinery in Padi4low macrophages as compared to the Padi4high macrophages (Figure 

S3D). We extended our analysis to TAMs in mice bearing different tumor types, including 

MC38 and Py8119 subcutaneous tumors and B16 lung metastatic melanoma. Based 

on previous reports,44–46 we used the lymphatic vessel endothelial hyaluronan receptor 

(Lyve1) to identify tissue-resident macrophages in subcutaneous tumor models (Figure 

S3F). We identified alveolar and interstitial macrophage subsets as tissue-resident and non-

tissue-resident macrophages, respectively, in the B16F10 lung metastasis model (Figure 

S3G).45,47,48 Flow cytometry analysis revealed an increase in MHC class II expression at 

different levels in the different Padi4fl/fl LysMcre macrophage subsets as compared to wild-

type macrophages across tumor models (Figures 3E–3G). Thus, PAD4 negatively regulates 

MHC class II expression on different macrophage subsets via transcriptional regulation.

We validated the inverse relationship between PAD4 and MHC class II-associated 

signaling in macrophages. Gene set enriched analysis (GSEA) performed on the single-

cell RNA sequencing data discussed above revealed that mouse Padi4high macrophages 

manifested several upregulated pathways, including peptidyl-arginine modification (GO: 

0018195), protein citrullination (GO: 0018101), and protein-arginine deiminase activity 

(GO: 0004668), and several downregulated pathways, including antigen processing and 

presentation of exogenous peptide antigen via MHC class II (GO: 0019886), MHC class 

II protein complex (GO: 0042613), and IFNγ signaling genes (GO: 0071346) (Figure 

3H). Similar results were obtained in human Padi4high monocytes (Figure 3H).49 These 

GSEA results support our findings that PAD4 negatively regulates MHC class II-associated 

pathways. Finally, we tested the immune function of enhanced MHC class II in Padi4−/− 

macrophages. To this end, we primed wild-type or Padi4−/− macrophages with irradiated 

ovalbumin-expressing (OVA+) MC38 cells in a co-culture system with OT-II cells.50 We 

observed that Padi4−/− macrophages induced a higher proportion of IFNγ+CD4+ T cells 

and IL-2+CD4+ T cells than Padi4+/+ macrophages (Figures 3I and 3J). The data suggest 

that PAD4 restrains MHC class II machinery in macrophages, thereby impairing the antigen-

presentation-mediated immune response.

PAD4 citrullinates STAT1 in the N-terminal domain

We next explored how PAD4 could regulate MHC class II expression in macrophages. 

In response to IFNγ, STAT1 binds to the promoter regions of the class II transactivator 

(CIITA) gene, resulting in the transcription and translation of CIITA, which then mediates 

the expression MHC class II.51,52 Moreover, PADs have been shown to be able to regulate 

transcription factors. For example, PAD2 in T cells regulates transcription factor activity 

via direct protein citrullination.53 We hypothesized that PAD4 may directly citrullinate 

STAT1, thereby regulating STAT1 transcriptional activity and consequently MHC class 

II expression. To begin to test this hypothesis, we performed the binding analysis for 

regulation of transcription (BART) on the Padi4high mouse peritoneal macrophages.33 The 
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BART analysis revealed that STAT1 was one of the most enriched transcription factors that 

correlated with high expression of PAD4 in mouse macrophages (Figure S4A).54 It has 

also been shown that PAD4 directly citrullinates RELA, regulating its transcription factor 

functions.55 This observation prompted us to explore a potential regulatory relationship 

between PAD4 and STAT1. We next tested if PAD4 mediated the citrullination of STAT1. 

Using a biotin-phenylglyoxal-based chemical probe that specifically modifies peptidyl 

citrulline under acidic conditions, enabling the visualization of citrullinated proteins,56 

we found that STAT1—in mouse splenocytes (Figures S4B and SAC) and in HL60 

(human myeloid leukemia) cells (Figures S4D and S4E)—was citrullinated in response to 

lipopolysaccharide (LPS) and IFNγ. Next, the co-immunoprecipitation (coIP) experiments 

demonstrated a physical interaction between PAD4 and STAT1 in the Padi4+/+ mouse 

macrophages but not in the Padi4−/− mouse macrophages (Figure 4A). Furthermore, we 

detected potent STAT1 citrullination in Padi4+/+ mouse macrophages, but not Padi4−/− 

mouse macrophages, in response to IFNγ (Figure 4B). We validated that the citrullination 

of STAT1 in response to IFNγ and LPS was dependent on PAD4 (Figures 4C and 

4D). Moreover, treatment with GSK484, a PAD4-specific inhibitor, suppressed STAT1 

citrullination in IFNγ-treated HL60 cells (Figure 4E). In an in vitro citrullination assay 

using recombinant proteins, we observed an accumulation of STAT1 citrullination over time 

in the presence of PAD4 (Figure 4F). Thus, PAD4 mediates the citrullination of STAT1.

We next examined the potential citrullination sites on STAT1. STAT1 includes the N-

terminal domain (N-domain), the “coiled-coil” domain, the DNA-binding domain, the linker 

domain, the SH2 domain, and the C-terminal transactivation domain (Figure S4F). The 

N-domain is indispensable in the process of STAT1 transcriptional activity.57–60 PTMs 

on the N-domain regulate STAT1 transcriptional activity.21,61 Given these insights, we 

asked whether the citrullination of STAT1 occurred at the N-domain, which is located 

within the first 136 amino acids of STAT1 (Figure S4F). To test this possibility, we 

incubated recombinant STAT1 with recombinant PAD4 protein and then performed mass 

spectrometry (MS). We found that arginine 121 (R121) was the only residue citrullinated 

in the N-domain (Figures 4G and 4H). Firstly, the citrullinated form of the peptide 

ILENAQRNQAQS, containing R121, was identified (Figures 4G and 4H). Interrogation of 

the high-resolution MS1 spectra confirmed the presence of the 0.98-Da-heavier citrullinated 

species for this peptide (Figure 4G). The lack of the corresponding monoisotopic peak for 

the non-citrullinated peptide within the isotopic envelope (indicated by the m/z of the far 

left peak) indicated that citrullination occurred within this peptide (Figure 4G). Generation 

of the high-resolution MS2 fragmentation spectra localized the site of citrullination to 

R121. Observation of unmodified ions up to y14 demonstrated that the Asn and Gln 

were not deamidated, a non-enzymatic modification that can also produce a 0.98 Da shift 

(Figure 4H). The presence of the unmodified b6 and the modified b7 ions further validated 

the citrullinated site, R121 (Figures 4H, 4I, and S4G). In addition, we used the Protein 

Prospector software62 to predict the m/z values at the b6 and b7 ions corresponding to 

Q120 and R121, respectively, of the ILENAQRNQAQS peptide. The results generated by 

the software matched our experimental results. Experimentally, through MS, the modified 

b7 ions (which correspond to R121) held an m/z of 826.43 because of citrullination (Figure 

4H). When comparing the m/z of R121 in the ILENAQRNQAQS peptide with and without 
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citrullination using Protein Prospector, the results showed that citrullination induced a shift 

in m/z from 825.45 to 826.43, which precisely matched our experimental results (Figures 

4H and 4I). As aforementioned, the b6 ions were not modified; therefore, with or without 

citrullination, Q120 sustained the same m/z value (Figures 4H and S4G). This peptide 

residue sequence containing R121—“AQRFN”—is evolutionarily conserved across species 

(Figure S4H). Altogether, PAD4 directly citrullinates STAT1 at R121 in the N-domain.

STAT1 citrullination facilitates the STAT1-PIAS1 interaction and MHC class II reduction

We next explored if and how PAD4-mediated STAT1 citrullination negatively regulates the 

transcription of MHC class II-coding genes. Loss of PAD4 enhanced STAT1 signaling and—

as a consequence—enhanced MHC class II expression and function (Figure 3). Hence, we 

hypothesized that STAT1 citrullination resulted in the inhibition of STAT1 transcriptional 

activity. PIAS1 (protein inhibitor of activated STAT1) physically interacts with STAT1 

and, consequently, antagonizes STAT1 DNA binding in the nucleus, thereby resulting in 

the inhibition of STAT1 transcriptional activity.63–65 Among the PAD family members, 

PAD4 is the only isozyme to contain the canonical nuclear localization signal. Thus, we 

examined the relationship between PAD4 and the STAT1-PIAS1 interaction. To this end, we 

generated bone-marrow-derived Padi4+/+ and Padi4−/− macrophages and performed a coIP 

experiment with anti-PIAS1 and probed with anti-STAT1. We detected a potent physical 

interaction between PIAS1 and STAT1 in Padi4+/+ macrophages (Figure 5A). Interestingly, 

the loss of PAD4 largely reduced STAT1 citrullination and abolished the interaction between 

STAT1 and PIAS1 (Figure 5A). We obtained similar results in freshly isolated peritoneal 

macrophages from Padi4+/+ and Padi4−/− mice (Figure 5B). We treated HL60 cells with 

GSK484, a PAD4-specific inhibitor. We detected a potent interaction between STAT1 and 

PIAS1 in the control conditions; however, treatment with GSK484 reduced this interaction 

in response to LPS (Figure 5C) and IFNγ (Figure 5D). Thus, PAD4 is required for the 

interaction between STAT1 and PIAS1.

We next assessed whether the citrullination of STAT1 at R121 was essential for the 

STAT1-PIAS1 interaction. We used CRISPR-Cas9 to generate STAT1−/− HEK293T cells. 

We ectopically expressed in STAT1−/− HEK293T cells a wild-type STAT1 plasmid or 

a mutated STAT1 plasmid whereby R121 was converted to a lysine (K121). We found 

that the STAT1 R121K mutants failed to interact with PIAS1, indicating that R121 is 

essential for the interaction between STAT1 and PIAS1 (Figure 5E). Moreover, we detected 

an increase in human leukocyte antigen - DR isotype (HLA-DR) expression in cells 

expressing R121K mutants as compared to cells expressing wild-type STAT1 (Figure 5E). 

Thus, loss of the STAT1-PIAS1 interaction results in enhanced MHC class II expression. 

To corroborate the observation that the STAT1-PIAS1 interaction controls MHC class 

II transcription, we analyzed a publicly available microarray dataset featuring wild-type 

(Pias1+/+) vs. Pias1 knockout (Pias1−/−) bone-marrow-derived macrophages from mice.66 

We observed higher levels of MHC class II-coding gene (H2-Aa and H2-Ab1) expression 

in Pias1−/− macrophages compared to Pias1+/+ macrophages (Figure S5A). The data provide 

additional evidence that the STAT1-PIAS1 interaction controls MHC class II expression in 

macrophages.
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PIAS1 interacts with STAT1 and antagonizes STAT1 DNA binding.63,67,68 Therefore, we 

hypothesized that the loss of the STAT1-PIAS1 interaction resulted in enhanced STAT1 

binding to the CIITA gene, leading to potentiated MHC class II expression. To test this 

hypothesis, we performed chromatin immunoprecipitation (ChIP) qPCR to detect STAT1 

binding in the CIITA gene. ChIP-PCR revealed higher levels of STAT1 occupancies at 

the key regulatory regions in the CIITA gene of Padi4−/− mouse cells as compared to 

Padi4+/+ mouse cells (Figures S5B and 5F). These regions included Promoter I, the classic 

region for macrophage-specific STAT1 binding in CIITA69,70; Peak A (−47 bp CIITA), 

a recently defined enhancer region in macrophages (Figure S5C)71; and exon 2, another 

critical regulatory region in CIITA.71,72 In line with the mouse data, treatment with 

GSK484 enhanced STAT1 binding to the Promoter IV of CIITA in HL60 cells (Figure 

S5D). Promoter IV is an IFNγ-responsive promoter region in human CIITA.69,70,73–75 To 

demonstrate that PAD4-mediated HLA-DR regulation is PIAS1 dependent, we knocked 

down PIAS1 using short hairpin RNA in 293T cells. We found that GSK484-mediated 

PAD4 inhibition failed to enhance HLA-DR expression in response to IFNγ in the absence 

of PIAS1 (Figure S5E). Together, these data show that STAT1 citrullination facilitates the 

STAT1-PIAS1 interaction, antagonizing the transcription of MHC class II in macrophages.

PAD4 negatively correlates with IFNγ signaling and impairs therapeutic response to ICB

Finally, we evaluated the therapeutic significance of PAD4 expression in TAMs from 

patients with cancer and TAMs from tumor-bearing animal models. We first demonstrated 

that the pharmacological inhibition of PAD4 with GSK484 could upregulate HLA-DR 

protein in the primary TAMs harvested from patients with ovarian cancer and in human 

blood monocytes in response to IFNγ (Figures 6A and 6B). We then analyzed a single-cell 

RNA sequencing dataset featuring immune cells in patients with TNBC receiving ICB 

therapy.35 Based on PADI4 expression in TAMs, we found that the levels of CIITA and 

HLA-DRA were higher in PADI4low TAMs compared to PADI4high TAMs (Figure 6C). In 

further support of this inverse relationship between HLA-DR-associated genes and PADI4, 

we found a negative correlation between PADI4 expression and an antigen presentation 

gene signature in the TAMs of patients with TNBC (Figure S6A). We then analyzed the 

relationship between PAD4 expression and T cell activation in patients with TNBC. GSEA 

revealed that PADI4high macrophages exhibited an upregulation of citrullination-associated 

pathways and a downregulation of pathways associated with IFNγ signaling, MHC class 

II-mediated antigen presentation, and T cell activation (Figure S6B). Analogously, high 

expression of PADI4 in TAMs negatively correlated with the response to IFNγ (GO: 

0034341) and MHC class II-mediated antigen presentation pathways (GO: 0002495) (Figure 

6D). Furthermore, PADI4 in TAMs negatively correlated with TBX21 and IL12RB2 (Figure 

6E) expression in CD4+ T cells. We next sought to assess the effect of macrophage PAD4 

on the response to ICB. Based on clinical response in the single-cell RNA sequencing 

dataset,35 we divided the patients into two groups: responders and non-responders (Figure 

S6C). As expected, TAMs expressed higher levels of CIITA (Figure S6D), HLA-DRA, and 

HLA-DRB1 (Figure S6E) in the responders compared to the non-responders. Importantly, 

PADI4 expression in TAMs was higher in the non-responders compared to the responders 

(Figures 6F and S6F). Finally, we tested the role of PAD4 in the therapeutic response to ICB 

in MC38-tumor-bearing mouse model. We showed that treatment with GSK484 inhibited 
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tumor progression and enhanced therapeutic efficacy of PD-L1 blockade in MC38-bearing 

mice (Figure 6G). Thus, PAD4 plays a negative role in tumor immunity.

DISCUSSION

In this study, we report that PAD4-mediated citrullination in TAMs restrains anti-tumor 

immunity via antagonizing the IFNγ/STAT1-MHC class II signaling pathway.

TAMs represent a prominent population of APCs in the TME. To discover previously 

undocumented immune regulatory molecule(s) in TAMs, we have explored the potential 

involvement of PTMs in the TME. By analyzing multiple sequencing datasets featuring 

human and mouse immune cells in the TME, we found that among the most common PTM 

enzymes, PADI4 (or Padi4) was highly enriched in TAMs. PADI4 expression negatively 

correlated with the gene signatures of IFNγ and T cell immune responses and with 

clinical response to ICB. Using several tumor-bearing mouse models with targeted deletion 

of Padi4 from macrophages, we demonstrate that PAD4 in macrophages restrains T cell-

mediated anti-tumor immunity. Previous studies have largely focused on the role of the 

PAD-mediated citrullination of histones in the formation of neutrophil extracellular traps76–

79 in autoimmune diseases.80–82 Our work demonstrates that PAD4 in macrophages plays a 

previously unrecognized role in negatively regulating anti-cancer immunity. Thus, our study 

fills the knowledge gap of PAD4 in the field of immunology.

After defining the role for PAD4 in macrophages, we have explored the molecular targets 

of PAD4 in TAMs. We show that the genetic and pharmacological inhibition of PAD4 

results in an increase in several molecules in the MHC class II machinery, particularly MHC 

class II. This regulation manifests a relative specificity at the cellular and molecular levels. 

PAD4 expression is highly enriched in TAMs, but not other mononuclear immune cells, in 

the TME. PAD4 deficiency in macrophages, but not in T cells, has an impact on tumor 

progression. Thus, it is plausible that PAD4 plays a major role in macrophages rather than 

other immune cells. Furthermore, Padi4 deficiency results in the upregulation of MHC class 

II, but not CD80, CD86, or MHC class I, gene expression in TAMs.

We have studied how PAD4 affects MHC class II expression in macrophages. STAT1 

mediates transcriptional regulation of MHC class II.52 We speculate that PAD4 mediates 

STAT1 citrullination, thereby altering MHC class II expression in TAMs. Indeed, we 

show that PAD4 citrullinates STAT1, resulting in reduced MHC class II expression and 

function. Interestingly, STAT1 citrullination promotes the interaction between STAT1 and 

PIAS1 in macrophages. Previous studies have defined an inhibitory role of PIAS in the 

JAK/STAT signaling pathway in macrophages and cancer cells.66,67,83 PIAS1 is an E3 small 

ubiquitin-like modifier (SUMO) ligase and can suppress STAT1 transcriptional activity via 

SUMOylation at lysine 114 (K114) in the N-domain as well as at other regions, leading to 

dephosphorylation and dissociation of STAT1 from DNA.67,84–87 PIAS1 can also diminish 

STAT1 activity via recruiting other transcriptional repressors.88 We demonstrate that the 

interaction between PIAS1 and STAT1 depends on STAT1 citrullination. The citrullination 

of R121 is essential for the STAT1-PAS1 interaction, which negatively regulates MHC 

class II expression. Thus, loss of PAD4 enhances STAT1 binding to key IFNγ-responsive 
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promoter regions in the CIITA gene, resulting in increased MHC class II transcriptional 

expression in macrophages and enhanced anti-tumor immunity.

PAD-mediated histone citrullination results in the formation of neutrophil extracellular 

traps,76 supporting cancer progression.78,89 PAD4-mediated STAT1 citrullination impairs 

TAM-induced tumor immunity. Thus, targeting citrullination in macrophages and 

neutrophils may constitute a potentially robust immunotherapeutic approach to treating 

patients with cancer.

Limitations of the study

We show that PAD4 citrullinates STAT1 and controls the STAT1-PIAS1 interaction, thereby 

altering STAT1 transcriptional activity and MHC class II expression. Given that PIAS1 

is a SUMO ligase, it remains to be studied whether PIAS1 SUMOylation affects the 

PAD4-regulated STAT1 activity. Previous studies on the role of PAD4 hypercitrullination 

in promoting rheumatoid arthritis have shown that specific mutations in the PADI4 gene 

drive the enhanced citrullination activity. Such study would add additional information on 

how to target PAD4 in macrophages for cancer treatment. Moreover, further work is needed 

to elucidate why the PAD4-STAT1-PIAS1 axis selectively targets MHC class II and whether 

this axis regulates other downstream molecular targets.

STAR⋆METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Weiping Zou (wzou@umich.edu).

Materials availability—No reagents were generated in the study.

Data and code availability

• The original mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE partner repository and are publicly 

available as of the date of publication. The accession number is listed in the key 

resources table.

• This paper does not report original code.

• This paper analyzes existing, publicly available bulk and single-cell RNA 

sequencing data. These accession numbers for the datasets are listed in the key 

resources table.

EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS

Cell lines—HL60 cells (CCL-240), HEK293T cells (CRL-3216), B16F10 (CRL-6475) and 

Py8119 (CRL-3278) were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA). Use of the MC38 cells were previously reported.3 HEK293T, MC38, 

B16F10 and Py8119 cells were maintained in RPMI-1640 Medium (HyClone SH30255, 

GE Healthcare, Chicago, IL) supplemented with 10% fetal bovine serum. HL60 cells were 
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maintained in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 20% fetal 

bovine serum. All cell lines were tested for Mycoplasma contamination by MycoAlert 

Mycoplasma Detection Kit and confirmed negative for Mycoplasma. All cells were cultured 

at 37°C under a humidified atmosphere containing 5% CO2.

Animal models—Padi4fl/fl mice, LysMcre mice, Cd4cre mice, and wild type C57BL/6J 

mice were purchased from the Jackson Laboratory. Padi4−/− mice were generated in house 

(Yongqing Li). Padi4fl/fl mice were crossed with LysMcre mice to generate both wild-type 

Padi4+/+ LysMcre mice and Padi4fl/fl LysMcre mice, which are deficient in their macrophage 

expression of Padi4. Respectively, these mice are referred to as Padi4fl/fl (LysMCre+) and 

Padi4fl/fl LysMcre (LysMCre–). Padi4fl/fl mice were crossed with Cd4cre mice to generate 

both wild-type Padi4+/+ Cd4cre and Padi4fl/fl Cd4cre mice, which are deficient in their CD4+ 

and CD8+ T cell expression of Padi4. As above, these mice are referred to as Padi4fl/fl 

(Cd4Cre+) and Padi4fl/fl Cd4cre (Cd4Cre–). Mice were bred in the specific-pathogen-free 

animal facility (~22°C with ~40% humidity) on a 12 h dark/12 h light cycle at the 

University of Michigan. All procedures were approved by the Institutional Animal Care 

and Use Committees (IACUC) and the Unit for Laboratory Animal Medicine (ULAM) at 

the University of Michigan.

Murine colon carcinoma (MC38) cells (3 × 106) were injected subcutaneously into the left 

flanks of age- and sex-matched Padi4−/− or C57BL/6J mice (8–10 weeks); Padi4+/+ Cd4cre 

or Padi4fl/fl Cd4cre mice (8–10 weeks) and Padi4+/+ LysMcre or Padi4fl/fl LysMcre mice (8–

10 weeks). Py8119 breast adenocarcinoma cells (2 × 104) were injected subcutaneously into 

the left flanks of age-matched, female Padi4+/+ LysMcre or Padi4fl/fl LysMcre mice (8–10 

weeks). Tumor monitoring began 7 days after inoculation and continued every 3 days until 

endpoint. Tumor length, width and height was measured with calipers fitted with a Vernier 

scale. Tumor volume was calculated as previously described90. B16F10 murine melanoma 

(2 × 105) was injected intravenously into the tail vein of age- and sex-matched Padi4+/+ 

LysMcre or Padi4fl/fl LysMcre mice (8–10 weeks).

Anti-PD-L1 and IgG1 isotype antibodies were given intraperitoneally at a dose of 100 μg 

per mouse on day 7 after tumor cell inoculation and then every 3 days for the duration of 

the experiment. Mice received 3 doses total. GSK484 was administered intraperitoneally at 

a dose of 4 mg/kg per mouse as previously described96 every day for the duration of the 

experiment.

Human samples—Primary ascites fluid was collected from patients with ovarian cancer 

at the University of Michigan and used as an agonist to induce PAD4 expression in HL60 

cells or in primary human monocytes. The study for which we acquired the patient ascites 

fluid was approved by the Institutional Review Boards of the University of Michigan (IRB: 

HUM00054493). Human monocytes were positively enriched from blood buffy coats (Carter 

BloodCare) using the EasySep Human Monocyte Isolation Kit (STEMCELL Technologies). 

Monocytes were differentiated into macrophages following overnight stimulation with 1 

μg/mL LPS and 10 ng/mL IFNγ. Patient mononuclear cells from primary patient ovarian 

tumors (Cooperative Human Tissue Network) were isolated from the tumor mass following 

processing into a single-cell suspension and then submitting to Ficoll density gradient 
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centrifugation. Mononuclear cells were then cultured in RPMI-1640 medium supplemented 

with 10% fetal bovine serum. TAMs were then identified via fluorescent staining as 

CD45+CD14+ mononuclear cells and analyzed via FACS. All human samples in our studies 

were collected with informed consent from each individual donor.

METHOD DETAILS

Magnetic-activated cell sorting (MACS) of peritoneal macrophages—Mice were 

euthanized via a CO2 overdose and peritoneal lavage was harvested in MACS buffer on 

ice. 10–15 mL of peritoneal lavage per mouse was collected after multiple washes of the 

peritoneal cavity. Cell suspensions were centrifuged and resuspended to be incubated with 

the primary PE–anti–Tim-4 antibody (clone RMT4–54, BD Biosciences) diluted (1:10) in 

MACS buffer at 4°C for 10 min in the dark. Cells were washed and centrifuged. The 

supernatant was aspirated completely and the pellet was resuspended in 80μL of MACS 

buffer prior to adding and mixing 20μL of anti–PE microbeads (Miltenyi Biotec) for a 

15-min incubation at 4°C in the dark. Cells were washed, centrifuged and resuspended in 

MACS buffer. The PE positive cells were sorted by passing them through LS columns 

(Miltenyi) according to the manufacturer’s instructions. Enriched macrophages were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal 

bovine serum. The purity of the enriched PE positive cells ranged between 86 and 91% 

across experiments.

Generation of mouse bone marrow–derived macrophages—Mice were 

euthanized via a CO2 overdose and the tibias and femurs were removed and scraped to 

isolate the bones only. Marrow was flushed out of the bones into a Petri dish with DMEM 

supplemented with 10% fetal bovine serum and 100X penicillin-streptomycin. Bone marrow 

cells were plated at 5×106 per well in 6 well plates and then treated with 10 ng/mL M-CSF. 

On Day 3 after plating, half of the volume of media per well was removed and replaced with 

fresh media. Cells were treated again with 10 ng/mL M-CSF. On Day 6, cells were treated 

with 2 μg/mL LPS and/or 10 ng/mL IFNγ to complete maturation.

Isolation of primary mouse splenocytes—Mice were euthanized via a CO2 overdose 

and spleens were removed. Spleens were mashed with a 1 mL syringe plunger and washed 

through a 70μM strainer over a 50 μL conical tube to collect 35 mL of a single-cell 

suspension. To isolate splenocytes from the granulocytes and other splenic tissue cells, we 

remove the latter subsets via density gradient centrifuge by overlaying the 35 mL of single-

cell suspension on top of 15 mL of 100% Ficoll. After centrifugation, with a reduced-speed 

starting and ending, the enriched layer of splenocytes was visible. The layer was removed 

and washed. Cells were quantified prior to experimentation.

Isolation of primary T-cells from OT-II transgenic mice—Mice were euthanized 

via a CO2 overdose and spleens were removed. Primary splenocytes were isolated in the 

process described above. Lymphocytes also served as a source for T-cells. Lymph nodes 

were removed from the euthanized mice and smashed with a 1 mL syringe plunger and 

washed through a 70μM strainer over a 50 μL conical tube to collect 35 mL of a single-

cell suspension containing splenocytes and/or lymphocytes. T-cells were isolated from the 
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splenocyte and/or lymphocyte single–cell suspensions using EasySep Mouse CD3+ T cell 

Isolation Kit (STEMCELL Technologies).

In vitro antigen presentation–mediated OT-II T cell activation assay—OT-II 

cells from the OT-II transgenic mice were isolated as described above. T-cells were either 

cultured alone, co-cultured with Padi4+/+ or Padi4−/− macrophages, or co-cultured with the 

macrophages and with ovalbumin–expressing (OVA+) MC38 cells (OVA, Sigma Aldrich) 

in RPMI-1640 medium supplemented with 10% fetal bovine serum. Tumor cells were first 

osmotically loaded with 10 mg/mL ovalbumin and then irradiated with ultraviolet (UV) 

light in 10 mm dishes as previously described.97 2 × 105 T-cells from OT-II transgenic 

mice were culture alone, or co-cultured only with 1 × 104 peritoneal macrophages, or with 

macrophages and 1 × 105 dead tumor cells in flat 96 well plates. After a 4-day incubation 

period in 37°C under a humidified atmosphere containing 5% CO2, cells were harvested 

and activated T cell cytokine production was assessed via fluorescent staining and FACS 

analysis.

In vitro citrullination assay—Recombinant human PAD4 (Sigma-Aldrich) was 

incubated with recombinant human STAT1 (Abcam) in a buffer containing 100mM HEPES, 

2mM CaCl2 and water at 37°C.

Detection of citrullination—Cells were lysed with 0.2% SDS and further disrupted 

with sonication. Protein lysates were then incubated with phenylglyoxal-biotin (PG-biotin) 

(0.1mM) in a buffer containing 50mM HEPES and 20% trichloroacetic acid at 37°C for 30-

min as previously described.56 Biotin-PG-labeled citrullinated proteins were then captured 

with streptavidin-agarose beads (Thermo Fisher) overnight at 4°C. The captured proteins 

were then subjected to Western blotting.

Identification of citrullination site by LC-Tandem MS

In-gel digestion: The protein samples were processed and analyzed at the Mass 

Spectrometry Facility of the Department of Pathology at the University of Michigan. 

Gel slice corresponding human STAT1 was destained with 30% methanol for 4 h. Upon 

reduction (10 mM DTT) and alklylation (65 mM 2-Chloroacetamide) of the cysteines, 

proteins were digested overnight with 500 ng of sequencing grade, modified trypsin 

(Promega) at 37°C. Peptides were extracted by incubating the gel with 150 μL of 50% 

acetonitrile/0.1% TFA for 30 min at room temperature. A second extraction with 150 μL of 

100% acetonitrile/0.1% TFA was also performed. Both extracts were combined and dried in 

a vacufuge (Eppendorf).

Mass spectrometry: Resulting peptides were dissolved in 9 μL of 0.1% formic acid/2% 

acetonitrile solution. Two μLs of the resulting peptide solution were resolved on a nano-

capillary reverse phase column (Acclaim PepMap C18, 2 μm, 50 cm, ThermoScientific) 

using a 0.1% formic acid/acetonitrile gradient at 300 nL/min over a period of 90 min (2–

25% acetonitrile in 35 min; 25–50% acetonitrile in 20 min followed by a 90% acetonitrile 

wash for 5 min and a further 30 min re-equilibration with 2% acetonitrile). Eluent was 

directly introduced into Q Exactive HF mass spectrometer (Thermo Scientific, San Jose 
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CA) using an EasySpray source. MS1 scans were acquired at 60K resolution (AGC target 

= 3×106; max IT = 50 ms). Data-dependent collision induced dissociation MS/MS spectra 

were acquired on 20 most abundant ions following each MS1 scan (NCE ~28%; AGC target 

1×105; max IT 45 ms).

Database search: Proteins were identified by searching the data against the UniProt human 

protein database (20315 entries; downloaded on 01/05/2023) using Proteome Discoverer 

(v2.4, Thermo Scientific). Search parameters included MS1 mass tolerance of 10 ppm and 

fragment tolerance of 0.05 Da; two missed cleavages were allowed; carbamidomethylation 

of cysteine (+57.012 Da) was considered fixed modification and oxidation of methionine 

(+15.994 Da), deamidation of arginine, asparagine and glutamine (+0.984 Da), were 

considered as potential modifications. False discovery rate (FDR) was determined using 

Percolator and proteins/peptides with an FDR of ≤1% were retained for further analysis.

Flow cytometry analysis—Single-cell suspensions were prepared from fresh mouse 

peritoneal lavage, lungs, spleen, lymph nodes, and tumor tissues. For surface staining 

alone, single cell suspensions were washed with PBS, pelleted via centrifugation and 

then resuspended in 50 μL of MACS buffer. Fluorescent antibodies were added and a 

20-min incubation followed at room temperature protected from light. For intracellular 

cytokine staining, lymphocytes were incubated in culture medium containing phorbol 

12-myristate-13-acetate (5 ng mL−1; Sigma-Aldrich), ionomycin (500 ng mL−1; Sigma-

Aldrich), brefeldin A (1:1000; BD Biosciences) and monensin (1:1000; BD Biosciences) at 

37°C for 4 h. Antibodies (0.6 μg) were added for 20-min for surface staining. The cells were 

then washed and resuspended in 1 mL freshly prepared Fix/Perm solution (BD Biosciences) 

at 4°C overnight. After being washed with Perm/Wash buffer (BD Biosciences), the cells 

were staining with 0.6 μg antibodies against intracellular proteins from 30-min, washed and 

fixed in 4% formaldehyde (Sigma-Aldrich). All samples were read on an LSR II cytometer 

and analyzed with FACS DIVA software v. 8.0 (BD Biosciences).

IFNγ ELISpot assay—Multiscreen filtration plates (96-wells/plate; Mabtech) were pre-

coated with anti-mouse interferon-γ (IFNγ) monoclonal antibody (clone AN18; Mabtech). 

T-cells were enriched from the tumors of wild-type and Padi4fl/fl LysMcre MC38–bearing 

mice. Tumor T-cells were added (1 × 105 cells/well) and stimulated for 20 h with 

UV-irradiated mouse MC38 cells (5 × 104 cells/well). Bonded IFNγ was detected by 

biotinylated rat anti-mouse IFNγ monoclonal antibody (R4–6A2; Mabtech) followed by 

anti-biotin streptavidin alkaline phosphatase. Spots were developed and visualized with 

5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue tetrazolium (NBT)–plus substrate 

and counted using a Luminex 200 Instrument System (Thermo Fisher). Results were 

quantified by calculating the ratio of the number of ELI spots detected to the number of 

T-cells plated per well.

Immunoblotting—Protein was extracted from the cells with RIPA buffer supplemented 

with 100X protease inhibitor (Thermo) and resolved on SDS-PAGE gels, then transferred 

to nitrocellulose or PVDF membranes. The primary antibodies against mouse PADI4 

(1:1000, Abcam, ab214810), STAT1 (1:1000, CST, 9172), phosphor-STAT1 (Tyr107) 
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(1:1000, CST, 9167), PIAS1 (1:1000, CST, 3350), β-actin (1:1000, CST, 3700), MHC-II 

(1:1000, Abcam, ab55152 or ab180779), CIITA (1:500, Abcam, ab70060) and HLA-DR 

(1:1000, Abcam, ab118347) were used. Peroxidase-conjugated secondary antibody (Vector 

Laboratories) was used and the antigen-antibody reaction was visualized using an enhanced 

chemiluminescence assay (ECL, BioRad).

Co-immunoprecipitation (Co-IP)—The cells were prepared in IP lysis buffer with 100X 

protease inhibitor (Thermo Fisher Scientific) and further disrupted by repeated passage 

through a 21-gauge needle and sonication. Lysates were then centrifuged for 15 min at 

12,000rpm and 4°C. Next, for pre-clearance, the supernatants were incubated with Protein 

A/G plus-agarose (SCBT) and with the IgG isotype control antibody for 30 min in rotation 

at 4°C. Samples were then incubated with indicated antibodies (2μg/sample) overnight at 

4°C followed by a 4-h incubation with Protein A/G plus-agarose at 4°C.

Quantitative PCR analysis—Total RNA was isolated from cells by column purification 

(Direct-zol RNA Miniprep kit; Zymo Research) with DNase treatment. Complementary 

DNA (cDNA) was synthesized using a High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific) with poly-dT or random hexamer primers. Quantitative PCR was 

performed on cDNA using Fast SYBR Green Master Mix (Thermo Fisher Scientific) on 

a QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific). Gene expression was 

quantified using the following primers:

mouse H2-Aa forward: GGAGGTGAAGACGACATTGAGG

mouse H2-Aa reverse: CTCAGGAAGCATCCAGACAGTC

mouse Cd74 forward: GCTGGATGAAGCAGTGGCTCTT

mouse Cd74 reverse: GATGTGGCTGACTTCTTCCTGG

mouse Ciita forward: ACCTTCGTCAGACTGGCGTTGA

mouse Ciita reverse: GCCATTGTATCACTCAAGGAGGC

mouse Stat1 forward: GCCTCTCATTGTCACCGAAGAAC

mouse Stat1 reverse: TGGCTGACGTTGGAGATCACCA

mouse Gbp2 forward: ACCAAGGGCATCTGGATGTG

mouse Gbp2 reverse: TAGCGGAATCGTCTACCCCA

mouse β-actin forward: AGATCAAGATCATTGCTCCTCCT

mouse β-actin reverse: ACGCAGCTCAGTAACAGTCC.

Chromatin immunoprecipitation (ChIP) quantitative PCR analysis—ChIP assay 

was performed according to the SimpleChIP Enzymatic Chromatin IP Kit (CST, 

9003). In brief, cells were fixed with formaldehyde and lysed, and chromatin 

was fragmented by partial digestion with Micrococcal Nuclease to obtain chromatin 

fragments of 1–5 nucleosomes. ChIP was performed using antibodies against STAT1 

(CST, 9172) and IgG control (CST, 2729), and ChIP-Grade Protein G Magnetic 
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Beads. After reversal of protein–DNA cross-links, the DNA was purified using 

DNA purification spin columns, ChIP–enriched chromatin was used for real-time 

PCR. Relative expression levels were normalized to input. Immunoprecipitation 

of STAT1 on the Ciita (mouse) or CIITA (human) gene was quantified using 

the following primers: mouse promoter I (forward: CTGCACCGGAATGAGGAAAC; 

reverse: AGCCTTGCAGCATCCAAAAC); mouse peak A (forward: GGTGGTGACATCG 

CTGTATGAC; reverse: TCTCCTCCACACAGGCTTGAG); mouse exon 2 (forward: 

AGAGGGCAGCTACCTGGAACTC; reverse: GCCA GGTCCATCTGGTCATAG); 

human promoter IV (forward: TCACGGTTGGACTGAGTTGG; reverse: 

CCTGAGTTGCAGGGAGCTTG). STAT1 DNA binding was quantified using the Fold 

enrichment method (also known as signal over background). ChIP signals are divided by the 

non-antibody signals, representing the ChIP signal as the fold increase in signal relative to 

the background signal. The cycle threshold (CT) value detected from the mock IgG sample 

is subtracted from the CT value detected from the antibody sample to compute the ΔΔCT 

value. Fold enrichment is calculated by computing the 2−(ΔΔCT) value from the antibody 

samples.

Generation of mutant plasmids—STAT1 mutant plasmids were generated to 

form a single nucleotide mutation converting R121 into K121 in the STAT1 

protein. The Site–Directed Mutagenesis Kit (200523) was used to generate the PCR 

product containing the STAT1-R121K mutant sequence. The mutant PCR product 

was then transformed using XL-1 Blue super compentant cells and then selected for 

kanamycin resistance on agar. Plasmids were then purified using the QIAprep Spin 

Miniprep Kit (QIAGEN). The mutant plasmids used for the overexpression of human 

mutant STAT1 (forward: CGCCCAGAAATTTAATCAGGCTCAGTCGGGGAA; reverse: 

TTAAATTTCTGGGCGTTTTCCAG AATTTTCCT) were generated.

Transfection of HEK-293T cells—Transfection of HEK-293T cells with the mutant 

STAT1R121K plasmid was performed using the Lipofectamine 2000 (ThermoFisher) kit. 

HEK 293T cells were seeded at 1×106 cells per well in a 6-well plate. After 24 h, the 

Lipofectamine reagent and the mutant STAT1-R121K plasmid were diluted separately in 

Opti-MEM Medium. The diluted Lipofectamine reagent and the diluted mutant STAT1 

plasmid were then applied to the cultured cells to be transfected. Cells were analyzed 1–3 

days later. All transfections were conducted at a ratio of 1μg plasmid: 2μL transfection 

reagent.

Bioinformatic analysis—Bulk and single-cell RNA-seq counts were obtained from 

the Gene Expression Omnibus database with the accession numbers GSE117970, 

GSE212643, GSE193814, GSE157673, GSE146771, GSE121521, GSE165905, GSE1552 

and GSE169246. In our analysis of bulk RNA sequencing data, raw counts were processed 

and normalized using Limma-Voom tools. Quality control measures were performed, raw 

counts were transformed into log counts per million and trimmed mean of M values (TMM) 

normalization methods were applied prior to assessing gene expression levels between 

groups. Differential expression analysis was performed using the EdgeR package. Single-

cell RNA-seq data were processed and analyzed using the Seurat (v. 4.3.0.1) workflow90 as 
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previously described.17 Immune cell subsets were determined based on the annotations of 

the clusters computed during the Seurat workflow. Comparisons of TAM gene expression 

between TNBC patient Responders and Non-responders to ICB therapy were achieved by 

applying single-cell RNA-seq data integration tools provided by Seurat. tSNE plots were 

generated using the RunTSNE package with Seurat object inputs. Gene set enrichment 

analysis (GSEA) was performed using the gseGO package. Generation of the antigen 

presentation gene set signature (Figure S6A) was achieved using the UCell package. 

Microarray data were RMA normalized. Prediction of functional relationship between PAD4 

expression and transcription factor STAT1 in macrophages was performed by analyzing 

the Padi4high macrophage gene set with binding analysis for regulation of transcription 

(BART).54 ProteinProspector v.6.4.9 (UCSF), was used to determine the theoretical mass-to-

charge ratio (m/z) of each amino acid within the noncitrullinated versus the citrullinated 

ILENAQRNQAQS peptide of interest.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine sample size. Statistical significance 

was calculated between two separate groups (i.e., wild-type versus knockout or control 

versus treatment) by an unpaired two-tailed Student’s t test. Statistical significance was 

calculated between two groups of the same cellular source (i.e., primary patient ovarian 

cancer TAMs treated with IFNγ subjected to treatment with DMSO or GSK484) by a 

paired two-tailed Student’s t test. The Mann-Whitney U-test was applied for comparisons 

between two separate groups of continuous outcomes. It has been shown that nonparametric 

tests are suitable for epigenetic data.98–100 One-Way analysis of variance (ANOVA) was 

applied to determine statistical difference between multiple (3 or more) experimental groups. 

Cell-based experiments were performed with at least 3 biological and 3 technical replicates 

unless otherwise stated. All FACS analysis was performed on at least 3 biological replicates. 

Animal experiments were performed with C57BL/6 mice including Padi4+/+, Padi4−/−, 

Padi4fl/fl, Padi4fl/fl LysMcre and Padi4fl/fl Cd4cre mice. Wild-type vs. Padi4–deficient mice 

were sex and age-matched during tumor inoculation. At least 5–10 mice were used for 

each group. Statistical analysis for animal or cell–based experiments was performed using 

GraphPad Prism9. Statistical analysis within the bioinformatic data was performed using 

RStudio.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• PAD4 is among the most active PTM enzymes in TAMs

• Loss of PAD4 enhances MHC class II and anti-tumor immunity

• PAD4 citrullinates STAT1, facilitating the STAT1-PIAS1 interaction

• STAT1 citrullination negatively correlates with IFNγ signaling and response 

to ICB
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Figure 1. PAD4 is an abundant post-translational modification (PTM) enzyme in TAMs
(A) Differential expression analysis of PTM enzymes in TAMs vs. normal macrophages 

from patients with breast cancer (GEO: GSE117970).

(B) Human PADI4 mRNA expression in normal breast macrophages vs. in breast cancer 

TAMs examined in a bulk RNA sequencing (RNA-seq) dataset (GEO: GSE117970) (n = 4).

(C) Differential expression analysis of PTM enzymes in TAMs vs. normal macrophages 

from breast-tumor-bearing mice (GEO: GSE212643).

(D) Mouse Padi4 mRNA expression in normal breast macrophages vs. in breast cancer 

TAMs examined in a bulk RNA-seq dataset (GEO: GSE212643) (n = 3).

(E) t-Distributed stochastic neighbor embedding (tSNE) plots generated from scRNA-seq 

data (GEO: GSE121521) showing distribution of macrophage-associated genes across 

peritoneal lavage subsets from mice.

(F) Proportion of Padi4+ cells in each immune cell subset of the mouse peritoneal lavage 

(GEO: GSE121521).

(G) Expression levels of Padi4 across immune cell subsets of the mouse peritoneal lavage 

(GEO: GSE121521).

(H) Proportion of PADI4+ cells in each immune cell subset of peripheral blood mononuclear 

cells from peripheral blood mononuclear cells (PBMCs) from patients with colorectal cancer 

(GEO: GSE146771).
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Data are shown as mean ± SEM (B, D, and G). Unpaired two-tailed student’s t test (B and 

D). One-way ANOVA test (G). *p < 0.05, **p < 0.01, and ****p < 0.0001. scRNA-seq, 

single-cell RNA sequencing; ns, not significant.
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Figure 2. PAD4 in macrophages negatively regulates anti-tumor immunity
(A) Growth kinetics of subcutaneous MC38 murine colorectal cancer in Padi4+/+ and 

Padi4−/− mice (n = 6).

(B) At endpoint, MC38 tumors from Padi4+/+ and Padi4−/− mice were excised (n = 6).

(C and D) Percentages of IFNγ+ (C) and IL-2+ (D) T cells from MC38-tumor-bearing 

Padi4+/+ and Padi4−/− mice (n = 5).

(E) Growth kinetics of subcutaneous MC38 murine colorectal cancer in Padi4fl/fl and 

Padi4fl/fl LysMcre mice (n = 5).

(F) At endpoint, MC38 tumors from Padi4fl/fl and Padi4fl/fl LysMcre mice were excised (n = 

5).

(G and H) Percentages of IFNγ+CD4+ (G) and IFNγ+CD8+ (H) T cells from MC38 tumors 

of Padi4fl/fl and Padi4fl/fl LysMcre mice (n = 5).

(I and J) Percentages of TNFα+IFNγ+ CD4+ (I) and TNFα+IFNγ+CD8+ (J) T cells from 

MC38 tumors of Padi4fl/fl and Padi4fl/fl LysMcre mice (n = 5).

(K) Mouse IFNγ enzyme-linked immunosorbent spot (ELISpot) assay measuring IFNγ 
production in tumor-infiltrating T cells from Padi4fl/fl and Padi4fl/fl LysMcre MC38-bearing 

mice following stimulation with dead ultraviolet (UV)-irradiated MC38 tumor cells (n = 

5–6).

(L) Growth kinetics of subcutaneous Py8119 murine breast cancer in Padi4fl/fl and Padi4fl/fl 

LysMcre mice (n = 5).
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(M) At endpoint, Py8119 tumors from Padi4fl/fl and Padi4fl/fl LysMcre mice were excised (n 

= 5).

(N) Lung nodule counts on the metastatic lungs excised from Padi4fl/fl and Padi4fl/fl LysMcre 

mice intravenously inoculated with B16F10 (n = 7).

(O–R) Percentages of IFNγ+ (O and P) and TNFα+ (Q and R) tumor-infiltrated T cells from 

the lung metastasis of B16F10-bearing Padi4fl/fl and Padi4fl/fl LysMcre mice (n = 7).

Data are shown as mean ± SEM (A, C–E, G–L, N, O, and Q). Unpaired two-tailed Student’s 

t test. *p < 0.05; **p < 0.01.
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Figure 3. PAD4 restrains MHC class II machinery in macrophages
(A) Representative histogram quantifying MHC class II protein expression in peritoneal and 

lung macrophages from Padi4+/+ and Padi4−/− mice.

(B) Mean fluorescence intensity (MFI) of MHC class II expression on unchallenged primary 

peritoneal macrophages harvested from Padi4+/+ and Padi4−/− mice. Representative of nine 

independent experiments.

(C) MFI of MHC class II expression on unchallenged primary lung macrophages harvested 

from Padi4+/+ and Padi4−/− mice. Representative of four independent experiments.

(D) Quantitative polymerase chain reaction (qPCR) results showing MHC class II-coding 

and IFNγ-responsive gene expression in the peritoneal macrophages from healthy Padi4+/+ 

vs. Padi4−/− mice (n = 6/group, qPCR normalized to β-actin expression).
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(E) Fluorescence-activated cell sorting (FACS) analysis showing the MFI of MHC class II 

in Lyve1+ and Lyve1– tumor macrophages from MC38-tumor-bearing Padi4fl/fl vs. Padi4fl/fl 

LysMcre mice (n = 5).

(F) FACS analysis showing the MFI of MHC class II in Lyve1+ and Lyve1– tumor 

macrophages from Py8119-tumor-bearing Padi4fl/fl vs. Padi4fl/fl LysMcre mice (n = 5).

(G) FACS analysis showing the MFI of MHC class II in alveolar and interstitial lung tumor 

macrophages from B16F10-bearing Padi4fl/fl vs. Padi4fl/fl LysMcre mice (n = 7).

(H) Gene set enrichment analysis (GSEA) of Padi4high mouse peritoneal macrophages from 

scRNA-seq data of murine peritoneal lavage (GEO: GSE121521) (top). GSEA of PADI4high 

human blood monocytes from scRNA-seq data of human PBMCs (GEO: GSE169246) 

(bottom).

(I) Percentages of IFNγ+ OT-II T cells cultured alone or with Padi4+/+ or Padi4−/− 

macrophages in the presence or absence of 105 UV-irradiated OVA+MC38 cells (n = 4).

(J) Percentages of IL-2+ OT-II T cells cultured alone or with Padi4+/+ or Padi4−/− 

macrophages in the presence or absence of 105 UV-irradiated OVA+MC38 cells (n = 4).

Data are shown as mean ± SEM (B–G, I, and J). Unpaired two-tailed Student’s t test. *p < 

0.05, **p < 0.01, and ***p < 0.001. MFI, mean fluorescence intensity; ns, not significant.
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Figure 4. PAD4 citrullinates STAT1 in the N-terminal domain
(A) Tim-4+ peritoneal macrophages from Padi4+/+ and Padi4−/− mice were stimulated 

with 10 ng/mL IFNγ ex vivo for 1 h. Whole-cell lysates from Padi4+/+ vs. Padi4−/− 

Tim-4+ macrophages were subjected to immunoprecipitation with anti-STAT1 or control 

immunoglobulin G (IgG). The immunoprecipitant was probed with anti-PAD4.

(B) Padi4+/+ and Padi4−/− primary mouse Tim-4+-enriched peritoneal macrophages were 

stimulated with 10 ng/mL IFNγ ex vivo for 1 h. STAT1 citrullination was detected via 

streptavidin pull-down of citrulline-labeled proteins and probed with anti-STAT1.

(C and D) 10 ng/mL IFNγ (C) or 1 μg/mL LPS (D) stimulation of Padi4+/+ vs. Padi4−/− 

splenocytes for 1 h followed by the detection of citrullinated STAT1.

(E) Treatment of HL60 cells with 10 ng/mL IFNγ and 10 μM GSK484 or DMSO followed 

by the detection of citrullinated STAT1.
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(F) The in vitro citrullination assay performed with recombinant human PAD4 (0.5 μg) and 

recombinant human STAT1 (0.5 μg) proteins supplemented with 2 mM CaCl2 and HEPES.

(G) High-resolution precursor ion (MS1) isotopic envelopes of the R121 peptide of 

citrullinated STAT1.

(H) MS2 fragmentation spectra originating from the same precursor ion. Observed b and y 
ions are indicated. Presence of unmodified b6 and modified b7 ions suggests that R121 is 

citrullinated. The resulting m/z of 826.43 due to the modified b7 ions is indicated in red.

(I) Protein Prospector results revealing the predicted m/z at the non-citrullinated vs. 

citrullinated R121 in the ILENAQRNQAQS peptide. m/z, mass-to-charge ratio.
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Figure 5. STAT1 citrullination facilitates the STAT1-PIAS1 interaction and MHC class II 
reduction
(A) Padi4+/+ and Padi4−/− bone marrow-derived macrophages were generated, and proteins 

were lysed and processed to detect STAT1 citrullination and for the co-immunoprecipitation 

with anti-PIAS1.

(B) Peritoneal macrophages were harvested from Padi4+/+ and Padi4−/− mice and 

stimulated with 10 ng/mL IFNγ for 1 h. Proteins were lysed and processed for the co-

immunoprecipitation with anti-PIAS1.

(C) HL60 cells were treated with 1 μg/mL LPS for 1 h with or without GSK484, and 

proteins were lysed and processed for the co-immunoprecipitation with anti-PIAS1.

(D) HL60 cells were treated with 10 ng/mL IFNγ for 1 h with or without GSK484, and 

proteins were lysed and processed for the co-immunoprecipitation with anti-PIAS1.

(E) A mutant STAT1 HEK293T cell line in which the R121 was converted into K121 was 

generated. Cells were treated with 10 ng/mL IFNγ for 1 h, and proteins were lysed and 

processed to detect HLA-DR levels and for the co-immunoprecipitation with anti-PIAS1.

(F) Chromatin immunoprecipitation was performed on DNA extracted from IFNγ-treated 

Padi4+/+ and Padi4−/− mouse splenocytes. qPCR primers for the detection of STAT1 at 

multiple IFNγ-responsive genomic regions in the CIITA gene were designed.

Data are shown as mean ± SEM. n = 3–4. One-tailed Mann-Whitney U test. *p < 0.05.
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Figure 6. PAD4 negatively correlates with IFNγ signaling and impairs therapeutic response to 
ICB
(A) Primary human ovarian cancer mononuclear cells were isolated from patient tumors, 

treated with 10 ng/mL IFNγ and 10 μM GSK484 or DMSO, and then processed to detect 

CD45+CD14+HLA-DR levels via flow cytometry (n = 6).

(B) Primary human macrophages were enriched and derived from PBMCs of blood buffy 

coats and treated with 10 ng/mL IFNγ and 10 μM GSK484 or DMSO. Proteins were lysed 

and processed to detect STAT1 citrullination and HLA-DR levels (n = 2).

(C) CIITA and HLA-DRA expression in PAD4-deficient (PADI4low) vs. PAD4-expressing 

(PADI4high) macrophages in patients with TNBC.

(D) GSEA was conducted on PADI4high macrophages, and the normalized enrichment 

scores (NESs) were assessed for the response to IFNγ and antigen presentation via MHC 

class II pathways.

(E) Pearson correlations were conducted between TAM PADI4 expression and the 

expression effector CD4+ T cell genes including TBX21 and IL12RB2 in patients with 

TNBC.

(F) Macrophages were isolated from the total CD45+ population of sequenced single cells 

from patients with TNBC treated with anti-PD-L1 monoclonal antibody (mAb; GEO: 

GSE169246) (left). CD33+ TAMs were further filtered from total responder (R) and non-
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responder (NR) macrophages, and PADI4 expression was assessed between R and NR 

patients with TNBC (n = 5 responders, n = 6 non-responders) (right).

(G) MC38 tumor progression in wild-type mice treated with or without 4 mg/kg GSK484 or 

100 μg anti-PD-L1 mAb treatment (n = 5/group).

Data are shown as mean ± SEM (C, F, and G). Paired two-tailed Student’s t test (A). 

Unpaired two-tailed Student’s t test (C, F, and G). *p < 0.05, **p < 0.01, and ****p < 

0.0001.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monocloncal antibody anti-mouse TIM-4 (clone 54) Cell Signaling Technology Cat#12-5866-82; RRID: 
AB_1257163

Rat monocloncal antibody anti-mouse CD90 (clone 30-
H12)

BD Bioscience Cat#553013; RRID: AB_2534246

Rat monocloncal antibody anti-mouse CD4 (clone RM4–
5)

BD Bioscience Cat#553051; RRID: AB_393575

Rat monocloncal antibody anti-mouse CD8 (clone 53–6.7) BD Bioscience Cat#564983; RRID: AB_2739032

Rat monocloncal antibody anti-mouse IFNγ (clone 
XMG1.2)

BD Bioscience Cat#563773; RRID: AB_2738419

Rat monocloncal antibody anti-mouse IL-2 (clone JES6–
5H4)

BD Bioscience Cat#554429; RRID: AB_398555

Rat monocloncal antibody anti-mouse TNFα (clone MP6-
XT22)

BD Bioscience Cat#557644; RRID: AB_395380

Rat monocloncal antibody anti-mouse CD80 (clone 16–
10A1)

BD Bioscience Cat#563687; RRID: AB_2738376

Rat monocloncal antibody anti-mouse CD86 (clone GL1) BD Bioscience Cat#563687; RRID: AB_2738376

Hamster monocloncal antibody anti-mouse CD11c (clone 
N418)

Invitrogen Cat# 25-0114-82; RRID: 
AB_469590

Rat monocloncal antibody anti-mouse CD11b (clone 
M1/70)

BD Bioscience Cat# 553312; RRID: AB_398535

Rat monocloncal antibody anti-mouse F4/80 (clone T45–
2342)

BD Bioscience Cat# 565613; RRID: AB_2734770

Mouse monoclonal anti-human Granzyme B (clone GB11) BD Bioscience Cat# 561142; RRID: AB_10561690

Rat monoclonal anti-mouse H-2 Class I (clone M1/42) BD Bioscience Cat# 566776; RRID: AB_2869859

Rat monoclonal anti-mouse I-A/I-E (clone M5/114.15.2) BD Bioscience Cat# 562564; RRID: AB_2716857

Rat monoclonal anti-mouse Ly-6G and Ly-6C (clone 
RB6–8C5)

BD Bioscience Cat# 557979; RRID: AB_396971

Mouse monoclonal anti-human CD14 (MØP9) BD Bioscience Cat# 562691; RRID: AB_2737725

Mouse monoclonal anti-human CD45 (HI30) BD Bioscience Cat# 564106; RRID: AB_2744405

Mouse monoclonal anti-human HLA-DR (L243) BD Bioscience Cat# 340688; RRID: AB_627944

Rat anti-mouse LYVE-1 (clone 223322) Bio-Techne Cat# FAB2125A; RRID: 
AB_10972770

7-amino-actinomycin (7AAD) BD Bioscience Cat# 51–68981E; RRID: 
AB_2869265

Recombinant anti-PADI4/PAD4 Rabbit mAb [EPR20706] Abcam Cat# ab214810

Anti-MHC Class II Rabbit mAb Abcam Cat# ab180779

Anti-HLA-DR Rabbit Abcam Cat# ab118347; RRID: 
AB_10900748

Anti-β-actin (D6A8) mAb Cell Signaling Technology Cat# 8457; RRID: AB_10950489

STAT1 Rabbit Cell Signaling Technology Cat# 9172; RRID: AB_2198300

Normal Rabbit IgG Cell Signaling Technology Cat# 2729; RRID: AB_1031062

PIAS1 (D33A7) XP Rabbit mAb Cell Signaling Technology Cat# 3350; RRID: AB_1904090

Goat anti-Rabbit IgG Antibody (H + L), Peroxidase Vector Laboratories Cat# PI-1000–1; RRID: 
AB_2916034

Horse anti-Mouse IgG Antibody (H + L), Peroxidase Vector Laboratories Cat# PI-2000–1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Lymphoprep™ STEMCELL Cat# 7861

Recombinant mouse IFNγ R&D Systems Cat# 485-MI

Lipopolysaccharides (LPS) from Escherichia coli O26:B6 Sigma-Aldrich Cat# L8274

Citrulline-specific Probe-biotin Cayman Chemical Cat# 17450

RIPA Lysis Buffer ThermoFisher Cat# 89900

IP Lysis Buffer ThermoFisher Cat# 87787

Halt Protease Inhibitor Cocktail ThermoFisher Cat# 78429

Pierce Streptavidin Agarose ThermoFisher Cat# 20353

Protein A/G PLUS-Agarose Santa Cruz Biotechnology Cat# sc-2003

GSK484 Sigma-Aldrich Cat# SML1658

Recombinant human PAD4 Sigma-Aldrich Cat# SAE0086

Recombinant human STAT1 Abcam Cat# ab82610

Fast SYBR Green master mix Abcam Cat# 4385612

4X Laemmli sample buffer Bio-Rad Cat# 161–0747

Ovalbumin Sigma-Aldrich Cat# A5503

Trichloroactic acid ACS reagent Sigma-Aldrich Cat# T6399

Formaldehyde solution for molecular biology, 36.5–38% 
in H2O

Sigma-Aldrich Cat# F8775

Anti-PE MicroBeads® Miltenyi Biotec Cat# 130-048-801

Macrophage Colony stimulating Factor from mouse Sigma-Aldrich Cat# M9170

Recombinant human VEGF protein R&D systems Cat#293-VE

Recombinant human IL-6 protein R&D systems Cat#206-IL

Clarity Western ECL Substrate, 500mL Bio-Rad Cat# 1705061

Critical commercial assays

SimpleChIP® Enzymatic Chromatin IP Kit (Magnetic 
Beads)

Cell Signaling Technology Cat# 9003

QuikChange Multi Site-directed Mutagenesis Kit Agilent Cat# 200513

EasySep Mouse T cell Isolation Kit STEMCELL Technologies Cat# 19851

EasySep Human Monocyte Isolation Kit STEMCELL Technologies Cat# 100–0697

LS columns Miltenyi Biotec Cat# 130-042-401

Anti-PE Microbeads Miltenyi Biotec Cat# 130-048-801

Lipofectamine 2000 Transfection Reagent Thermo-Fisher Cat# 11668019

QIAprep Spin Miniprep Kit (50) QIAGEN Cat# 27106

ELISpot Plus: Mouse IFN-γ (ALP) Mabtech Cat# 3321–4APT-2

Deposited data

Raw and searched mass spectrometry This paper PRIDE: PXD049188

Gene expression profile of patient monocytes and 
macrophages

(Cassetta et al., 2019)1 GEO: GSE117970

Gene expression profile of murine tumor-associated 
macrophages (TAMs)

(Nixon et al., 2022)32 GEO: GSE212643

Gene expression profile of sorted CSF-1Rhigh and 
CSF-1Rlow CRC patient TAMs

(Wang et al., 2022)36 GEO: GSE193814
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gene expression profile of sorted Tim-4high and Tim-4low 

murine peritoneal TAMs
(Xia et al., 2020)40 GEO: GSE157673

Gene expression profile of CRC patient immune cells (Zhang et al., 2020)34 GEO: GSE146771

Gene expression profile of healthy mouse peritoneal 
lavage

(Wang et al., 2020)33 GEO: GSE121521

Gene expression profile of human subjects vaccinated with 
seasonal influenza vaccine

(Wimmers et al., 2021)49 GEO: GSE165905

Gene expression profile of Pias1+/+ and Pias1−/− murine 
BMDMs

(Liu et al.,2004)66 GEO: GSE1552

Gene expression profile of TNBC patient immune cells (Zhang et al., 2021)35 GEO: GSE169246

Experimental models: Cell lines

Mouse cell line: MC38 (Lin et al., 2018)3 N/A

Mouse cell line: Py8119 ATCC Cat# CRL-3278

Mouse cell line: B16F10 ATCC Cat# CRL-6475

Human cell line: HL60 ATCC Cat# CCl-240

Human cell line: HEK293T ATCC Cat# 3216

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Cat# JAX: 000664

Mouse: OT-II TCR transgenic mice The Jackson Laboratory Cat# JAX: 004194

Mouse: Padi4-KO (Padi4−/−) Yongqing Li N/A

Mouse: Padi4 floxed The Jackson Laboratory Cat# JAX: 026708

Mouse: LysM cre The Jackson Laboratory Cat# JAX: 004781

Mouse: CD4 cre The Jackson Laboratory Cat# JAX: 022071

Oligonucleotides

ChIP-qPCR primers listed in method details

qPCR primers listed in method details

Recombinant DNA

Mutant STAT1-R121K plasmid (h) listed in method details

STAT1 CRISPR/Cas9 KO Plasmid (h) Santa Cruz Biotechnology Cat# sc-400086

Software and algorithms

Prism 8.0 https://www.graphpad.com/guides/
prism/8/user-guide/new-organization.htm

Commercial

Rstudio 3.6.0 https://rstudio.com Rstudio Team (2020). Rstudio: 
Integrated Development for R. 
Rstudio, PBC, Boston, MA

Seurat 4.3.0.1 https://satijalab.org/seurat Satija et al., 201590

clusterProfiler 3.18.1 https://guangchuangyu.github.io/
software/clusterProfiler/

Yu et al., 201291

UMAP 0.2.10.0 https://github.com/lmcinnes/umap McInnes et al., 201892

Enrichr https://maayanlab.cloud/Enrichr/ Kuleshov et al., 201693

BART http://bartweb.org/ Wang et al., 201854

enrichplot https://github.com/YuLab-SMU/
enrichplot

Guangchuang Yu Lab, School of 
Basic Medical Sciences, Southern 
Medical University

ggplot2 3.4.2 https://ggplot2.tidyverse.org/ Wickham et al., 201694

Cell Rep. Author manuscript; available in PMC 2024 April 17.

https://www.graphpad.com/guides/prism/8/user-guide/new-organization.htm
https://www.graphpad.com/guides/prism/8/user-guide/new-organization.htm
https://rstudio.com
https://satijalab.org/seurat
https://guangchuangyu.github.io/software/clusterProfiler/
https://guangchuangyu.github.io/software/clusterProfiler/
https://github.com/lmcinnes/umap
https://maayanlab.cloud/Enrichr/
http://bartweb.org/
https://github.com/YuLab-SMU/enrichplot
https://github.com/YuLab-SMU/enrichplot
https://ggplot2.tidyverse.org/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pitter et al. Page 40

REAGENT or RESOURCE SOURCE IDENTIFIER

dplyr 1.1.2 https://dplyr.tidyverse.org/news/
index.html

Wickham et al., 202395

BD FACSDiva https://www.bdbiosciences.com/en-
us/products/software/instrument-
software/bd-facsdiva-software#Overview

BD Bioscience

ProteinProspector v 6.4.9 https://prospector.ucsf.edu/ Baker et al. (1996–2023)62

Cell Rep. Author manuscript; available in PMC 2024 April 17.

https://dplyr.tidyverse.org/news/index.html
https://dplyr.tidyverse.org/news/index.html
https://www.bdbiosciences.com/en-us/products/software/instrument-software/bd-facsdiva-software#Overview
https://www.bdbiosciences.com/en-us/products/software/instrument-software/bd-facsdiva-software#Overview
https://www.bdbiosciences.com/en-us/products/software/instrument-software/bd-facsdiva-software#Overview
https://prospector.ucsf.edu/

	SUMMARY
	Graphical Abstract
	In brief
	INTRODUCTION
	RESULTS
	PAD4 is an abundant post-translational-modification enzyme in TAMs
	PAD4 in macrophages negatively regulates anti-tumor immunity
	PAD4 restrains MHC class II machinery in macrophages
	PAD4 citrullinates STAT1 in the N-terminal domain
	STAT1 citrullination facilitates the STAT1-PIAS1 interaction and MHC class II reduction
	PAD4 negatively correlates with IFNγ signaling and impairs therapeutic response to ICB

	DISCUSSION
	Limitations of the study

	STAR⋆METHODS
	RESOURCE AVAILABILITY
	Lead contact
	Materials availability
	Data and code availability

	EXPERIMENTAL MODEL AND SUBJECT PARTICIPANT DETAILS
	Cell lines
	Animal models
	Human samples

	METHOD DETAILS
	Magnetic-activated cell sorting MACS of peritoneal macrophages
	Generation of mouse bone marrow–derived macrophages
	Isolation of primary mouse splenocytes
	Isolation of primary T-cells from OT-II transgenic mice
	In vitro antigen presentation–mediated OT-II T cell activation assay
	In vitro citrullination assay
	Detection of citrullination
	Identification of citrullination site by LC-Tandem MS
	In-gel digestion
	Mass spectrometry
	Database search

	Flow cytometry analysis
	IFNγ ELISpot assay
	Immunoblotting
	Co-immunoprecipitation Co-IP
	Quantitative PCR analysis
	Chromatin immunoprecipitation ChIP quantitative PCR analysis
	Generation of mutant plasmids
	Transfection of HEK-293T cells
	Bioinformatic analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table T1

